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Abstract

Nitroxides are intermediates in the accepted reaction mechanisms of the antioxidant activity of
diarylamines and hindered alkyl amines. The parent amines are used as additives to preserve synthetic and
natural hydrocarbon-based materials from oxidative degradation. New methodology which enables
monitoring of hydrocarbon autoxidations at low rates of radical generation has revealed that
diarylnitroxides and hindered nitroxides are far better inhibitors of unsaturated hydrocarbon autoxidation
than their precursor amines, implying intervention of a previously overlooked mechanism. Experimental
and computational investigations suggest that the nitroxides catalyze the cross-dismutation of
alkylperoxyl and hydroperoxyl radicals to yield a hydroperoxide and O, thereby halting the autoxidation
chain reaction. The hydroperoxyl radicals — key players in hydrocarbon combustion, but essentially
unknown in autoxidation — are proposed to derive from a tunneling-enhanced intramolecular (1,4)-
hydrogen-atom transfer/elimination sequence from oxygenated radical addition intermediates. These
insights suggest that nitroxides are preferred additives for the protection of unsaturated hydrocarbon-
based materials from autoxidation since they exhibit catalytic activity under conditions where their
precursor amines are less effective and/or inefficiently converted to nitroxides in situ.

Polyunsaturated fatty acids (PUFAS) are highly autoxidizable lipids that are integral structural
components of biological membranes as well as substrates for enzymes the produce inflammatory
mediators implicated in a host of degenerative diseases. In particular, the interactions between these
substrates and their respective native enzymes are hotly pursued since elucidation of the underlying
mechanisms could lead to the discovery of better small molecule inhibitors for the ailments to which they
contribute. In the past decade, an additional mode of cellular degeneration has been unveiled in the
process of ferroptosis whose hallmark includes a sharp increase in the cellular pool of PUFA derived
hydroperoxides. As a result, there is further incentive to uncover all mechanisms by which these
inflammatory precursors are developed. Herein, progress toward the synthesis of fluorinated PUFAs is
presented. These are proposed to be useful to probe the interactions of PUFAs with lipoxygenase

enzymes, which metabolize polyunsaturated fatty acids to their hydroperoxide derivatives.
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(left), TEMPO (middle) or Ar,NO (right). Reaction progress was monitored at 591 nm (g = 139,000 M !

Figure S16. Representative co-autoxidation of styrene (3.5 M) and STY-BODIPY (10 uM) in PhCl at 70
°C, initiated with AIBN (62.5 (black), 125 (red), 250 (blue), 375 (magenta) pM) inhibited by 4.0 uM of
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Figure S17. Co-autoxidation of STY-BODIPY and styrene (3.5 M) in PhClI at 70 °C initiated by di-tert-
butylperoxide (218 mM) as a function of STY-BODIPY concentration (left). Reaction progress was
monitored by absorbance at 571 nm (¢ =97,235 M ' cm™'), and the observed rates were plotted as a function
of STY-BODIPY concentration (right) to yield ky=4012 £ 96 M2 s, ..o 68
Figure S18. Co-autoxidation of STY-BODIPY and styrene (3.5 M) in 2-octanone at 70 °C initiated by di-
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Figure S19. Co-autoxidation of STY-BODIPY and cyclooctene (3.1 M) in PhCl at 70 °C initiated by di-
tert-butylperoxide (218 mM) as a function of STY-BODIPY concentration (left). Reaction progress was
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function of STY-BODIPY concentration (right) to yield ky=2689 + 134 M1s™ .., 69
Figure S20. Co-autoxidation of PBD-BODIPY and 1-hexadecene (2.8 M) in PhCI at 100 °C initiated by
dicumylperoxide (1 mM) as a function of PBD-BODIPY concentration (left). Reaction progress was
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function of PBD-BODIPY concentration (right) to yield ko= 17,802 £ 414 M1s. ..o, 69
Figure S21. Co-autoxidation of STY-BODIPY and ethylbenzene (3.3 M) in PhCl at 70 °C initiated by di-
tert-butylperoxide (87 mM) as a function of STY-BODIPY concentration (left). Reaction progress was
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monitored by absorbance at 569 nm (¢ = 123,481 M' cm™!), and the observed rates were plotted as a
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Chapter 1

Background and Significance

1.1.  Hydrocarbon Autoxidation

Petroleum derived products of every dimension are comprised of hydrocarbons. Industries that
are built upon these products including fuels, plastics, cosmetics, polymers and fuel additives, are
tirelessly in pursuit of methods and systems that protect their foundational materials. Autoxidation is the
ubiquitous, radical-mediated oxygenation involved in the degradation of all hydrocarbons. Every
hydrocarbon that exists in an aerobic environment is vulnerable to this process to some extent. This
includes both saturated and unsaturated petroleum-based consumer goods such as fuels and polymers as
well as biologically integral components such as lipids and terpenes.>? The primary oxidation products
from an autoxidation are substrate-derived hydroperoxide (ROOH) and/or peroxides (ROOR).2 In
addition, the relative lability of the weak O-O bond in these hydroperoxides and peroxides can breakdown
and result in downstream oxidation products such as alcohols, aldehydes, ketones, esters, and carboxylic
acids, all of which contribute to degradative structural and chemical changes from the parent substrate.*®

Since the 1950’s, a tremendous amount of work has been put into the mechanistic studies on how
autoxidation proceeds on a variety of substrates. This includes implications of autoxidation on the onset
of several degenerative diseases and its direct involvement in the shortening of petroleum-based
consumer product longevity.* In general, autoxidation is comprised of the same three phases of any chain
reaction: initiation, propagation and termination.? A fourth phase, inhibition, can be invoked with the
addition of a radical-trapping antioxidant (RTA).? Initiation reactions generate new radicals within the
reaction. Propagation reactions comprise the key chain-carrying steps that are largely responsible for
hydroperoxide formation. Termination reactions are any reactions that remove chain-carrying radicals
from an autoxidation, primarily in the form of the self-reaction of two substrate-derived radicals. Finally,
intervening inhibition reactions arise from the cross reaction between substrate-derived radicals and

radical-trapping antioxidants. A summary of the autoxidation process can be seen in Scheme 1.1. below.
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Scheme 1.1. General mechanism for hydrocarbon autoxidation and inhibition with radical trapping-
antioxidants (RTA).

1.1.1. Initiation

An initiation reaction is brought about by thermal or photochemical induced bond cleavage of a
susceptible bond in the reaction mixture (Eq 1.1).57 This homolysis affords two initiator-derived radicals

(In") that react with the hydrocarbon substrate and generate the initial carbon centered radicals (Eq 1.2).2

R; .
Ing ———— 21In (1.1)

InN+RH ————— 3 InH+ R (1.2)

The resultant substrate-derived radical is trapped by triplet state molecular oxygen at rates
approaching the diffusion limit (k2% =3 x 10° Mt s1) 2| furnishing a substrate-derived peroxyl radical.
This peroxyl radical can abstract a hydrogen atom from another molecule of substrate thus, propagating
the chain. In addition, at elevated temperatures the resultant hydroperoxides can also decompose (O-O
BDE ~ 45 kcal mol?) into substrate-derived alkoxyls and hydroxyl radicals which are also competent
chain initiating radicals.® In effect, autoxidation is potentially autocatalytic and will lead to rapid decay of
the native substrate as the number of initiating radicals generated spirals out of control.®

In effect, primary products from the autoxidation can further initiate the overall reaction. Thus, at
elevated temperatures the rate of initiation (R;) increases as more hydroperoxides are produced in the
propagation steps. As a result, systems where the hydroperoxides are susceptible to decomposition are
considered autocatalytic.® Moreover, hydroperoxide decomposition is not limited to just thermal or

photochemical processes. Low-valent metal species such as (Fe (1) or mechanical components) can
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reductively heterolyze the hydroperoxides through a Fenton-type reaction into radical-ion pairs (RO-/HO"
or RO/HO') where the radical component can serve as another competent chain-carrying radical.’ The
rate of initiation is critical to the success of establishing a competent autoxidation. Rates of initiation that
are too high favour radical-radical reactions over radical-substrate reactions leading to short chain lengths
(i.e. termination reactions or radical antioxidants reacting with substrate-derived radicals.? At lower rates
of initiation, the inverse paradigm unfolds, radical-substrate reactions dominate whereas radical-radical
reactions are minimized with the result being elongated chain lengths. The rate of initiation is
characterized in equation 1.3. The parameter ‘e’ is the efficiency of radical generation, which is
influenced by solvent and temperature. The parameter kq represents the rate constant for the
decomposition of the initiator into radicals. The final parameter [In] is the concentration of the initiator

multiplied by two since two radicals are typically furnished in the initiation step.

Ri = 2ekq[In] (1.3)

1.1.2. Propagation

Propagation reactions are the primary source of hydroperoxides in an autoxidation and the net
sum of elementary propagation steps represents the net chemical transformation observed in autoxidation.
Once the initiation step has furnished a substrate-derived alkyl radical, the first propagation step involves
the rapid addition of molecular oxygen to yield the corresponding peroxyl radical (k?*®K =3 x 10° M1 s?)
(Eq 1.4).1

° kdiff~ 109 [
R + Op ——— > ROO (1.4)

The peroxyl radical then performs an H-atom abstraction on another molecule of the substrate to

yield a new substrate-derived alkyl radical and a hydroperoxide (Eq 1.5).

. Ky .
ROO +RH ——"— 3 ROOH* R (1.5)

Since this is the rate-limiting step of the propagation sequence, its rate second order rate constant (k) is
proportional to the rate of the autoxidation (Eq 1.6), where [ROOH] is the concentration of the substrate-
derived hydroperoxides, k; is the rate constant of termination, [RH] is the concentration of substrate and R;

is the rate of initiation.
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It is influenced by the C-H bond dissociation enthalpy (BDE) of the most susceptible substrate-derived C-
H bond. In effect, fully saturated substrates autoxidize relatively slowly under ambient conditions while

allylic, benzylic or alpha-alkoxy substituted positions react significantly faster due to conjugative effects

(Figure 1.1).121314
0O
HO 5 CsHy4
(@)

ky =62 M s ky =41 M7s™ ky=4.0M"s
linoleic acid styrene 1,4-dioxane
C1eHa4

kp=34x10"M"'s"  k,=7.3x10%* M s
cumene n-hexadecane

Figure 1.1. Structures and associated rate constants of propagation (kp) of various studied hydrocarbon
substrates with peroxyl radicals calculated at 303K.

Alkenyl substrates also undergo peroxyl addition to the double bond furnishing a peroxy alkyl
radical that can be trapped by oxygen and propagate the chain.'® Alternatively, they can undergo
intramolecular homolytic substitution to yield epoxides and chain-initiating alkoxyl radicals. Alkenyl
aromatic compounds such as styrene autoxidize primarily via this addition pathway to generate co-

polymers of oxygen and substrate (Scheme 1.2).1516
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Scheme 1.2. Primary reaction of a peroxyl radical with styrene and formation of oxygen-substrate co-
polymers in the autoxidation of styrene.



1.1.3. Termination

Termination reactions occur between two substrate-derived radicals and give rise to non-radical
products thereby removing the radicals from the overall reaction (Egs 1.7-1.9).1” While termination can
occur between any substrate derived radical shown below, the rapid reaction between alky! radicals and
oxygen effectively reduces the pool of alkyl radicals such that the recombination of two peroxyl radicals
becomes the predominant termination pathway.

2 R. . (1.7)

R +ROO. — » non-radical (1.8)
products

2RO0T — 2K o (1.9)

The combination of two peroxyl radicals leads to a largely unstable tetroxide intermediate that
rapidly fragments through a mechanism first suggested by Russell.X® Initially described for tertiary
peroxyls, the transient tetroxide fragments asymmetrically to generate an alkoxyl radical and a trioxyl
species that also fragments within the solvent cage to liberate triplet oxygen and a second alkoxyl. With
no readily abstractable hydrogen atoms, the two nascent alkoxyls undergo in-cage recombination to
furnish the dialkylperoxide.’” The rate of termination is highly dependent on the structure of the peroxyl
radical.’® Recent computational studies by Coote provide evidence that a similar mechanism operates for
primary and secondary peroxyls except that the nascent alkoxyls can disproportionate to afford a ketone,
triplet oxygen and an alcohol.?

Tertiary peroxyls exhibit markedly lower rate constants of termination compared to their
structurally analogous secondary and primary counterparts. This is most clearly shown in the reduction of
methyl group substitution at the benzylic position in a peroxyl radical termination series comprised of
cumene (ki = 2.3 x 10* M1s?), ethylbenzene (k: = 2.0 x 10" Ms) and toluene (ki = 1.5 x 108 M-1s1), 1321
In the instance of tertiary peroxyls it is suggested that the lack of an abstractable alpha-hydrogen atom
increases the likelihood that the peroxyls will escape the solvent cage further propagating the chain by

reacting with substrate rather than terminating through recombination (Scheme 1.3). %
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Scheme 1.3. Proposed mechanisms for Russell termination of two substrate-derived peroxyl radicals.

Overall, the Kinetics of an uninhibited autoxidation with a constant R; (assuming no

autocatalysis), is described by the following equation. (Eq 1.10).2

SROOH] _ -8[05] _ kp[RHIJ/Ri
& & J2k (1.10)

1.2. Inhibition of Autoxidation

Antioxidants are compounds that remove radical species from an autoxidation via processes
distinct from termination reactions. Preventative antioxidants serve to decrease the rate of radical chain
initiation; they decompose the produced hydroperoxides or other initiating compounds in the
autoxidation system.>2 These compounds take the form of nucleophilic two-electron reducing species
capable of converting hydroperoxides to their corresponding alcohols. In contrast, radical-trapping
antioxidants (RTAs) inhibit autoxidation by trapping the chain-propagating radicals. Primarily, this
involves the trapping of substrate-derived peroxyl radicals.>? Under certain conditions (low O
concentration), alkyl radicals may be trapped to inhibit propagation, however, the RTAs must be
administered in exceedingly high concentrations to kinetically outcompete oxygen addition.?2232425 As
such, the primary parameter used to determine RTA efficacy is the rate at which it can trap peroxyl

radicals. 2



1.2.1. Kinetic Parameters of Autoxidation Inhibition

Inhibited autoxidations initiated at a constant rate generally follow the kinetics described in
equation 1.11, when the propagating peroxyl radicals are trapped to yield non-propagating species. 2 As
such, the rate constant for the reaction of a peroxyl radical with an RTA, ki, can be determined from the
initial rate of hydroperoxide formation during the inhibited portion of the autoxidation.

SROOH] _ -8[05] _ kp[RHIR
s &  nkpp[RTA]

(1.11)

The other notable parameter used to assess RTA efficacy is the stoichiometric factor, n, which
accounts for the average number of radicals trapped per molecule of RTA. The stoichiometric number can
be derived from equation 1.12, where tinn is the length of time the autoxidation is identified to be inhibited
by the RTA.

_ n[RTA]
R =
finh

(1.12)

1.2.2. Phenol and Diarylamine Antioxidants

In response to the growing demand for petrochemical preservation, phenolic and diarylaminic
compounds were developed and comprise two of the three most commonly used antioxidant maotifs in
industrial applications.>? Both classes trap peroxyl radicals via a proton-coupled electron transfer (PCET)
stemming from the activated O-H or N-H bonds, characterized by an inhibition rate constant of roughly
10*M* st for both BHT and diphenylamine shown below (Scheme 1.4.).2627 Each of these PCET
processes align with an Evans-Polanyi relationship such that the bond dissociation enthalpies (BDE) of
these reactive bonds and the rate constants of inhibition in their respective inhibition reactions correlate
positively as the substituents on the aryl rings vary. This relationship indicates that the weaker bonds in

the radical trapping antioxidants are instrumental in faster trapping of peroxyl radicals.
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Scheme 1.4. Reactions of BHT and diphenylamine with peroxyl radicals, and their associated rate constants.

In addition, the BDE’s also exhibit positive Hammett correlations with respect to op" such that the
BDE of the reactive bond decreases in the presence of stronger electron donating groups.?®2° This is
attributed to the stabilizing effect an electron donating group would have on the electron-deficient RTA-
derived radical produced by the PCET reaction,30313233

Most phenols exhibit a RTA reaction stoichiometry of n = 2 under ambient conditions, where the
first chain propagating peroxyl radical is trapped via a PCET mechanism and the second trapping occurs
via combination of the resultant phenoxyl radical and another peroxyl radical.®* Increasing the
temperatures beyond ambient conditions decreases the phenolic stoichiometric number (e.g. n = 1.2 for
BHT at 160 °C).* Crucially, the RTA-derived radical after the initial peroxyl radical trapping event must
remain inert to H-atom abstraction from the substrate or ROOH, otherwise it would serve as a chain
transfer agent and help maintain the autoxidation rather than inhibit it. 2,2,5,7,8-Pentamethyl-6-
chromanol (PMC), an analogue of a-tocopherol (the most active form of Vitamin E), is known to trap
peroxyls through a well-defined mechanism (Scheme 1.5).% This is presumably due to increased
probability of non-productive side reactions with the phenoxyl radical and/or heightened rates of initiation

as the initial dialkylperoxide products also homolyze at these temperatures.*’

HO N 1 @) ROO O

Scheme 1.5. Inhibition mechanism for peroxyl radical trapping by a phenolic RTA (PMC).
Conversely, diarylaminic RTAs feature a stoichiometric number of 2 at ambient temperatures but
exhibit higher stoichiometric numbers at elevated temperatures (>120 °C).26383° This observation suggests

that the inhibition reaction affords a product that is also a competent RTA. In the 1990°s Korcek et. al
8



observed that an autoxidation of hexadecane inhibited by bis(4-octylphenyl)nitroxide at 160 °C yielded
the corresponding amine in quantities up to 70%.%° Moreover, another autoxidation proposed containing a
mixture of O-alkyl bis(4-octylphenyl) alkoxyamines also afforded the parent amine in yields up to 64%.
Given that these aminic derivatives appeared to revert to the parent amine, a catalytic cycle was proposed
(Scheme 1.6) to depict the apparent regeneration of the initial diarylaminic RTA and its high
stochiometric numbers exhibited at elevated temperatures.

Analysis of the proposed intermediates unveils the decomposition of the N, N-diarylalkoxyamine
to regenerate the amine as the rate-determining step. This decomposition is envisioned to proceed either
via N-O bond homolysis followed by in-cage disproportionation of the resultant diarylaminyl and alkoxyl
radicals** At the same temperatures, Haidasz et al elucidated that the alkoxyamines formed from
diphenylamines and unsaturated substrates or N-phenyl-f-naphthylamine and saturated substrates
diarylamines needed to fragment via a concerted retro-carbonyl-ene reaction in order to observe this
catalytic radical trapping activity.*?

Through employment of recombination of substrate — derived alkyl radicals and nitroxide and the
disproportionation, the RTA can be competently turned overusing the substrate itself as a reducing
equivalent after the initial peroxyl radical trapping event (Scheme 1.6).
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Scheme 1.6. Proposed mechanism for the catalytic activity of diarylamine RTAs (Korcek Cycle).



1.2.3. Hindered Alkyl Amines

A third class of RTA commonly used in industry is hindered alkyl amines, also known as
hindered amine light stabilizers. These key additives to plastics and other petroleum-derived products are
structurally based upon a 2° or 3° hindered alkyl amine. It is believed that dialkylnitroxides play a pivotal
role in the RTA activity of HALS in an analogous, but distinct, manner to the role of diarylnitroxides in
the RTA activity of diarylamines. Hindered nitroxides such as 2,2,6,6-tetramethylpiperidine-N-oxyl
(TEMPO) have been reported to trap peroxyl radicals with very high stoichiometric numbers. TEMPO
has been reported to trap peroxyls in paraffin oil at 130 °C with a stoichiometric number of 510. % The
prevailing dogma on nitroxides is that they are unreactive to peroxyl radicals but very reactive toward
alkyl radicals. In reacting with alkyl radicals, the nitroxide is converted to its alkoxyamine derivative
which is suggested to decompose in some fashion to recover the nitroxide as the most active form of the
RTA. This cycle is generally depicted as the ‘Denisov Cycle’ shown below (Scheme 1.7).
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Scheme 1.7. General scheme for the catalytic activity of hindered alkyl amines.

It has been shown previously that nitroxides such as TEMPO do not react with peroxyl radicals
but react exceptionally well with alkyl radicals at rates of kinn ~ 108 M s at 30°C. 2?4As a result,
nitroxides are proposed to first trap alkyl radicals to form alkoxyamines such (e.g. TEMPOR). The
regeneration of the nitroxide in the cycle has been under extended investigation and was rationalized by

the involvement of H-atom abstraction from the alkoxyamine followed by quick p-fragmentation of the
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resultant carbon centered radical. Lastly, the newly generated hindered aminyl radical could then be
oxidized back to the parent nitroxide (Scheme 1.7).%

More recently, our group has shown that acid may play a role in the turnover of nitroxides after
their rapid trapping of oxygen centered radicals.* Weak acids, such as carboxylic acids, promote
nitroxide mediated inhibition for extended time frames which support the high stoichiometric numbers
measured previously at 130 °C by Bolsman, Blok and Frins.* It was also found that the nitroxides were
not being consumed during the reaction despite the large number of apparent peroxyl radicals trapped. It
is known that nitroxides can disproportionate to an oxoammonium ion and hydroxylamine in (Kinn = 2.4 X
10® M 1) under acidic conditions. However, the rate constant of inhibition found for the nitroxide in
this system was found to be much larger (kinn 7.0 X 108 M1 s with 4.3 mM TFA). It was found that the
nitroxide in solution was protonated and has been found to be a formal hydrogen atom donor ina PCET
reaction. The resultant oxoammonium ion is then reduced back to the nitroxide and exemplifies the

elevated capacity for the nitroxide catalytic turnover (Scheme 1.8).
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Scheme 1.8. Proposed mechanism for the acid-catalyzed RTA activity of nitroxides.

Similar to diarylamines, hindered alkyl amines and their derivative nitroxides can be regenerated
in several distinct pathways based on the autoxidation conditions to exhibit potent radical-trapping

efficacy.

1.3. Measuring the Activity of Radical Trapping Antioxidants

The efficacy of radical trapping antioxidants is assessed by their ability to trap chain carrying

peroxyl radicals, and in certain instances, alkyl radicals. The mechanisms behind these radical trapping
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events have been studied for decades and several techniques have been developed to monitor RTA

efficacy. #4%°

1.3.1. Continuous Visible Light Spectrophotometric Inhibited Co-autoxidations

Recently, a technique was developed to capture all the valuable kinetic data obtained from an
inhibited autoxidation with the accessibility and high-throughput nature of a spectrophotometric
qualitative antioxidant assays. A spectrophotometric approach that employs BODIPY based signal
carriers in an inhibited co-autoxidation was developed by Haidasz et al.*® The BODIPY probes were
conjugated to a 1-phenylbutadiene or styrene unit that when oxidized, the break in conjugation would
blue-shift the lambda max of the dye outside the set wavelength of the spectrophotometer. This competing

process could then be used as a continuous, indirect reporter of the rate of autoxidation (Scheme 1.9).
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Scheme 1.9. STY-BODIPY and PBD-BODIPY as signal carriers in the autoxidation of organic substrates.
Co-autoxidations of styrene (4.3 M) and PBD-BODIPY (10 pM) in PhCl initiated with AIBN (1 mM) at 37 °C
(black) inhibited by 2 uM (red) 4 uM (green) and 6 uM (blue) of PMC (blue). Reaction progress was
monitored at 591 nm (g = 139,000 M~ cm™). Reprinted (adapted) with permission from E. A. Haidasz, A. T. M.
Van Kessel and D. A. Pratt, J. Org. Chem., 2016, 81, 737—744. Copyright (2019) American Chemical Society.

The rate constant for propagation of the autoxidation of the BODIPY dye could be obtained by
measuring its rate consumption in co-autoxidations with variable concentrations of dye, assuming a
steady-state of peroxyl radicals. The rate of BODIPY dye consumption plotted against the dye
concentration affords a linear correlation where the slope comprises keopiey, Ri and k; as shown in eq.
1.13. The rate of initiation can be approximated from literature values, if available for the given substrate
under the same conditions. Alternatively, and preferably, it can be determined from the inhibition period
(tinn) of an autoxidation containing an antioxidant of known stoichiometry and concentration run carried

out under the exact autoxidation conditions as the test antioxidant. Typically, 2,2,5,7,8-pentam-
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ethylchroman-7-ol (PMC) is used for this purpose because of its well-defined reaction mechanism in the
trapping of peroxyl radicals giving rise to stoichiometry of n = 2.4

-5[PBD-BODIPY] _ kpgp-sopipy[PBD-BODIPY]R,
5t a Nnkinh[RTA]

(1.13)

With keopipy and Ri known, the inhibition rate constant of the unknown antioxidant can be
calculated using equations 1.11 and 1.12 with the term for k, substituted with keopiey as seen in equation
1.13. The kinetic data obtained from this technique generates data which is indistinguishable from those
obtained from oxygen consumption methods with the operational benefit of employing a standard UV-Vis
spectrophotometer over more specialized differential pressure apparatuses. Moreover, once the key
kinetic parameters ksopipy and R; for the given co-autoxidation have been established, this technique
enables rapid mechanistic studies, such as measurements of kinetic solvent effects and kinetic isotope
effects. 4

13



1.4.  Lipid Peroxidation

1.4.1. Lipid Peroxidation

Unsaturated lipids are oxidatively labile hydrocarbons and serve as perfectly viable substrates for
autoxidative systems. Following an initiation event, the lipid derived alkyl radical has oxygen rapidly
added to it to form the lipid derived peroxyl which can go on to perform another hydrogen atom transfer

and propagate the chain reaction (Scheme 1.10).%
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Scheme 1.10. Free radical autoxidation mechanism of lipid substrates both in the presence and absence of an
enzyme (LOX).

The rate determining step in this process is the formal hydrogen atom transfer (HAT) from a
labile C-H bond on a molecule of substrate to a peroxyl radical. In effect, the strength of the C-H that is
broken dictates the rate of oxidation. This is best illustrated in the scheme below where substrate units
that can best stabilize the resultant alkyl radical exhibit a higher rate constant of propagation (kp) over

other structurally similar motifs (Scheme 1.11).%
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Scheme 1.11. Selected polyunsaturated lipids and their associated rate constants of propagation with peroxyl
radicals at 298 K.

As the degree of lipid unsaturation increases from oleic acid to eicosapentaenoic acid, the rate
constant of propagation (kp) also increases in correspondence to higher lability of the allylic hydrogen
atom most susceptible to HAT in each lipid molecule. The transition from the k; of oleic acid at 0.9 M s°
! to the ky, of linoleic acid at 62 M st highlights the weakening of the C-H bonds in the allylic position of
oleic acid versus the bis-allylic C-H bonds in linoleic acid. As more bisallylic units are made available in
the higher order polyunsaturated lipids the respective k,’s also increase in magnitude as a result of
increasing the number of labile C-H bonds.*®

In the 1980s, Porter and co-workers elucidated many important features of the mechanism of
unsaturated lipid autoxidation.**° They showed that the primary products of radical autoxidation of diene
fatty acids were the diene hydroperoxides. Notably, methyl linoleate, the methyl ester of linoleic acid can
be oxidized at the bis-allylic position at C11, and the nascent pentadienyl radical oxygenated at either of
the three separate carbon positions (C9, C11 and C13). Addition of molecular oxygen is reversible with
the rates of B-fragmentation of the various isomers determining the distribution of the hydroperoxide
products formed in a methyl linoleate autoxidation.*® The various isomers are depicted below in (Scheme
1.12).

15



R, XY R, R, M R,
3.2 3.3
— — 02 - —
RSN TN, —2 > R| YOOH R,
3.4

R1= CsHuy
OOH HOO,
R2= (CH2)7COOM9 N—<
R—7 R

3.5 3.6

Scheme 1.12. Products of methyl linoleate autoxidation.

In the presence of a hydrogen atom donor, the two trans, cis products (3.2, 3.3) and the single
skipped diene product (3.4) dominate the product profile as the kinetic products. In the absence of a good
hydrogen atom donor, S-fragmentation predominates, and the product profile skews toward the more
stable trans products (3.5, 3.6). The rate constant of propagation (kp), the rates of -fragmentation (ksz) and
the rate constant of inhibition (kinn) of a given antioxidant are all contributors to an autoxidation. The
relative rates of these processes ultimately determine the final product distribution (Scheme 1.15).
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Scheme 1.13. Mechanism and distribution of methyl linoleate autoxidation.

Methyl linoleate is the simplest polyunsaturated fatty acid (PUFA) susceptible to autoxidation
giving rise to five major products. In contrast, arachidonic acid with its four successive skipped diene
units gives rise to a much more complex product distribution of hydroperoxyeicosatetraenoic acids
(HPETES) and other products resulting from intermolecular reactions of the initially produced peroxyl
radicals. 5%

These HPETE products have been implicated in a number of pathophysiologies when generated

in vivo due to their disruption of cell membranes and their propensity to breakdown into electrophilic
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species such as acrolein (AC), 4-hydroxy-2-noneal (HNE) and malondialdehyde (MDA), all known for
their cytotoxicity (Scheme 1.14). These activated aldehydic compounds pose a great risk to cells due to
their propensity to form adducts with DNA and nucleophilic proteins, leading to improper DNA
replication, DNA mutations and protein misfolding, all of which can trigger the onset of degenerative
diseases. The products of these lipid oxidation events are implicated in a wide array of pathophysiological
states. These implications have spurred on the pursuit to determine the mechanisms by which lipid

peroxidation occurs and what preventative measures can be taken to slow its progression.5354%

O OH
//_// PN O
AC HNE MDA

Scheme 1.14. Metabolic end-products of lipid hydroperoxides.

1.4.2. Enzyme-catalyzed Lipid Peroxidation

Lipid peroxidation can also be achieved by enzymatic processes fully independent of
autoxidation. Two enzyme classes will be discussed: lipoxygenases (LOXs) and cyclooxygenases
(COXs). COXs, also known as prostaglandin endoperoxide synthases, and LOXs, use PUFAs such as
arachidonic acid and linoleic acid as substrates and catalyze the production of myriad lipid-derived
signaling molecules. COX enzymes catalyze the formation of prostanoids (prostaglandins, prostacyclins
and thromboxanes) while LOX enzymes catalyze the formation of HPETEs and leukotrienes.* These
lipid-derived products are mediators for a bevy of physiological responses including inflammation,
immunity, pain, fever, homeostatic regulation and renal functionality.®**’ Leukotrienes and HPETEs are
principally involved in the pathophysiology of asthma and allergic responses. Since lipoxygenases
facilitate the production of these inflammatory mediators, methods that inhibit these enzymes are

important respiratory disease treatment.®’

1.4.3. Lipoxygenases

Lipoxygenases are a class of non-heme iron containing enzymes that catalyze the peroxidation of
PUFAs to generate their fatty acid hydroperoxide derivatives.5”%85%60 The native enzyme is activated by
low levels of endogenous lipid peroxides which first oxidize the inactive ferrous Fe?* form to the active
ferric Fe3* form via proton-coupled electron transfer (PCET) mechanism. The active ferric form mediates
a tightly controlled stereoselective hydrogen atom abstraction at the central C-3 position of a 1,4-cis, cis
pentadiene (bis-allyl) unit to afford a delocalized pentadienyl radical intermediate. The enzyme channels
molecular oxygen to the pentadienyl radical and regioselectively dioxygenates the substrate antarafacial
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to the abstracted hydrogen atom to afford a peroxyl radical. The peroxyl radical is formally reduced by
the ferrous Fe(l11)-H.O centre to yield the fatty acid hydroperoxide and restore the Fe(l11)-OH active form.
The reduction step is purportedly achieved via a tunneling-enhanced PCET mechanism as well, whereby
the electron tunnels to the ferric iron while the proton transfers simultaneously to the hydroxide ligand
(Scheme 1.15). 57:58:59,60
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Scheme 1.15. Proposed mechanism for the initial reaction catalyzed by lipoxygenases with coordination
sphere of the active site iron centre. Depiction of 5-LOX active site chiral environment shown in red.

Three-dimensional structures of native lipoxygenases have proven incredibly difficult to obtain
due to the enzyme’s instability at a wide range of conditions. Lipoxygenases are found ubiquitously in
biological organisms including plants and mammals — and more recently in coral, mosses, fungi and
various bacteria strains.>® Plants have three isoforms of lipoxygenase named LOX-1, LOX-2 and LOX-
3.51 The native substrate for plant lipoxygenases is linoleic acid which notably contains only one 1,4-cis,
cis pentadiene unit that is susceptible to oxidation. Presently, six isoforms of mammalian lipoxygenases
have been identified: 5-LOX, 15-LOX-1, 15-LOX-2, 12S-LOX, Platelet Type 12-LOX and eLOX-3. The
5-LOX, 12S-LOX and 15-LOX-1 isoforms have been linked to various human pathophysiological
conditions. °” The native substrate for mammalian lipoxygenases is the considerably more complex
arachidonic acid, which contains three 1,4-cis, cis pentadiene units.

LOXs are monomeric proteins that range from 95-100 kDa in size with two domains: an N-
terminal barrel domain proximally involved to the membrane binding site and an a-helical domain.
57.8.59.80 There is a single iron atom octahedrally coordinated within the active site by a water-hydroxide
ligand and 5 basic amino acid side chain units. Plants LOXs employ three histidines, one asparagine and
the free carboxylate of the C-terminal isoleucine in the iron coordination site. In contrast, mammalian

LOXs employ four histidines and a similar recruitment of the carboxylate of the C-terminal isoleucine.>®
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The diverse product output of LOX enzymes is made possible by changes in substrate binding.
The binding pocket’s width and depth tightly control the substrate’s entry and positioning of the central
carbon of the bis-allylic unit in accordance to the coordinated iron centre. Steric shielding and the oxygen

channeling event are also dictated by the enzyme’s conformation.>®

1.4.3.1. 5-Lipoxygenase

Human 5-lipoxygenase (5-LOX) catalyzes the peroxidation of arachidonic acid at the 5-position
to afford 5-HPETE, a precursor to leukotrienes. Leukotriene derivatives participate in allergenic immune
responses and contribute significantly to inflammation in lung bronchioles resulting in airway
constriction, asthma and bronchitis.>%2 5-LOX containing cell types are abundant, being found in
dendritic cells, B-lymphocytes, monocytes, mast cells and granulocytes (Scheme 1.16).%’
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Scheme 1.16. Enzymatic arachidonic acid peroxidation via the lipoxygenase pathway to afford various
inflammation mediating metabolites in their respective cell types.

Due to its pathophysiological proclivity, complete tertiary structure elucidation of native 5-LOX

would be valuable for effective structure-activity relationships within the active site and pharmaceutical
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compounds aimed at treating asthma and bronchitis. The complete tertiary structure of active 5-LOX has
proven elusive due to the membrane bound enzymes marked instability.5? The catalytic iron centre
inactivates in the presence of oxygen and renders analysis extremely difficult.

The three dimensional structure of 5-LOX has been pursued for decades and Newcomer et al
were the first to report on a stably engineered human 5-LOX based on the known structures of rabbit 15-
LOX and coral 8-LOX.52 Two key areas were identified to human 5-LOX’s enhanced instability
compared to the other LOX variants including rabbit 8-LOX, coral 8-LOX and indeed human 8-LOX and
human 15-LOX.%3% In addition to the iron centre’s oxidizability, leucine 655 in most LOX homologies is
replaced by a lysine in 5-LOX and this amino acid variant causes the iron centre to orient itself differently
within the active site. Also, common salt bridges that are used to affix the peptide chain to the membrane
are absent in 5-LOX that are present in other LOX structures including 8-LOX and 15-LOX.%2 The
replaced lysine unit was inspired by sequences in coral 8-LOX, integrated with the exchange of two
cysteine residues for alanines allowed for increased stability of the engineered enzyme. The activity of the
enzyme construct was monitored through detection of the initial 5S-HPETE product and downstream
leukotriene A4 product via high performance liquid chromatography (HPLC).6262

Analysis of the substrate-enzyme co-crystal structure brought forth additional evidence that the
iron centre is coordinated to three histidine residues analogous to other lipoxygenases. However, the
engineered human 5-LOX showcased a peculiar substrate cavity where two aromatic amino acid residues
(Phel77 and Tyr181) appeared to have sealed off substrate entry via a cork-shaped arrangement.®? A
significant question remains on how the native substrate arachidonic acid docks into the substrate cavity
given the blockage caused by the aromatic residues, either the cork structure needs to unwind when the

enzyme is active, or the other end of the cavity needs to undergo a conformational change.

1.4.3.2. 15S-Lipoxygenase

In contrast to the implications of 5-LOX in respiratory pathophysiology, 15-LOX products have
been linked to cardiovascular disease particularly in their promotion of vascular permeability and
coronary artery restriction.®*®® Of the six types of human lipoxygenases, two are 15-LOXs that
dioxygenate arachidonic acid at the Cys position. Reticulocyte 15S-LOX-1 is typically found in
reticulocytes and eosinophils while epithelial 15S5-LOX-2 is found in epithelial cells.®*%® 15S-LOX-1
facilitates the production of lymph node metastasis promoters and signals the recruitment of breast cancer
cells.5” While there is a 40% amino acid sequence match between the two 15S-LOX isoforms, the
structural changes that may dictate the difference in product distribution and dioxygenation selectivity at

the C -15 position remain unclear.546¢
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1.4.3.3. 12-Lipoxygenase

Like 15-LOX, there are two isoforms of 12-LOX, but they differ in the stereochemistry of the
HPETES products that are produced: 12S-LOX makes 12S-HPETE and 12R-LOX makes 12R-HPETE.
These 12-LOXs have been linked to atherogenesis derived from oxidized LDL.%8%%7° Depending on the
cell type, epidermal, platelet or leukocyte, either or both isoforms can be found.12-LOX initially
dioxygenates arachidonic acid at the C-12 position to generate the 12-hydroperoxy product (12-
HPETE).% Prostate cancer appears to be linked to platelet-type 12S-lipoxygenase activity and skin barrier
junctions appear to be influenced by 12R-lipoxygenases activity.” Predictions on the active site of 12-
LOX has led to speculation that the active site is roughly 6% larger than that found in 15-LOX and could
contribute to the difference in specificity.585°

1.4.3.4. Epidermal lipoxygenase-3

Epidermal lipoxygenase-3 (eLOX3) is the sixth human isoform of lipoxygenases. This isoform is
involved in epithelial barrier formations but does not feature the typical lipoxygenase behaviour of fatty
acid deoxygenation in any capacity.”? eLOX3 takes its place in the lipoxygenase family due to its peptide
sequence sharing 58% similarity to 12R-LOX. Its enzymatic activity is centered around the isomerization
of a fatty acid derived hydroperoxide to epoxy-alcohols and ketones.”>" The link between mode of action

and physiological response is still not fully understood (Scheme 1.17).
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Scheme 1.17. eLOX-3 mediated conversion of lipid hydroperoxides to epoxy-alcohols and ketones.

1.4.4. Lipoxygenase Inhibition

5-LOX has been a target for drug development for several decades. Its enzymatic function lies at
the front of a critical inflammation cascade in the leukotriene pathway and contributes heavily in chronic
respiratory pathophysiology. The goal to address these ailments is of global concern as mitigating
leukotriene production is essential to alleviating the production of inflammatory mediators. Research in
leukotriene product inhibition has led to the development of montelukast, zafirlukast and pranlukast, all

three target downstream leukotriene receptors with varying degrees of efficacy (Scheme 1.18).7
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Scheme 1.18. Cysteinyl-leukotriene type 1 receptors.

A more elegant solution would be to target 5-LOX directly and shutdown the entire cascade. The
few drugs on the market aimed at this goal suffer from toxicity issues. To date Zileuton is the only 5-LOX
specific inhibitor believed to function by binding the catalytic iron core of the active site with its
hydroxamic acid warhead. However, the key hydroxamic acid also carries several side effects due to
oxidative lability - namely poor bioavailability and a short half-life.”*™

CAY10649 is a newer thiazolinone compound discovered through virtual screening that has also
demonstrated direct inhibition of 5-LOX (Scheme 1.19).7
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Scheme 1.19. Isoform-specific 5-LOX inhibitors.
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1.5.  Ferroptosis

Lipid peroxidation has been implicated in numerous forms of human pathophysiology over
decades. However, in 2012, a unique mode of cell death dubbed ‘ferroptosis’ was linked directly to lipid
peroxidation.”” Ferroptosis is a non-apoptotic form of cell death associated with an unregulated build-up
of lipid hydroperoxides. Ferroptosis was initially characterized by glutathione depletion by system x¢
inhibitor erastin resulting in caspase-independent cell death.” Glutathione is the reducing co-substrate for
glutathione peroxidase 4 (GPX4), which is the sole enzyme capably of detoxifying phospholipid
hydroperoxides (LOOH) by reduction to their corresponding phospholipid alcohols (LOH). Ferroptosis
can also be induced by GPX4 inhibition by RSL3, or induced deletion of the GPX4 encoding gene.”®% In
effect, mechanisms that involve glutathione depletion or GPX4 inhibition result in a buildup of lipid
hydroperoxides that can sensitize the cell to ferroptosis.’”8!

Lipid hydroperoxide concentrations can increase via autoxidation of polyunsaturated lipids or
enzyme-mediated peroxidation of lipids.? This led to the implication that lipoxygenase inhibition could
contribute to ferroptosis resistance in cells and was supported by the evidence that known LOX inhibitors
were shown to be cytoprotective in ferroptotic assays.888 |t has been shown that cells can exhibit
resistance to ferroptosis when LOX activity is inactivated by small interfering RNAs.2* However, only
pharmacological inhibitors of LOX were shown to rescue gpx4” knockout mice.® As such, it was unclear
how lipoxygenases were critical to ferroptosis other than their inhibition appeared to confer ferroptoptic
resistance.®

Using high-throughput screening, ferrostatin-1 (Fer-1) and liproxstatin-1 (Lip-1) were identified
as potent ferroptosis inhibitors.®>#" Fer-1 and Lip-1 compared remarkably well to the LOX inhibitors such
as the 5-LOX inhibitor zileuton and the general LOX inhibitor NDGA. Notably, Fer-1 and Lip-1 are not
potent inhibitors of LOX but are potent radical-trapping antioxidants. Given the select potencies of Fer-1
and Lip-1 as potent RTAs, but poor LOX inhibitors, it appears that ferroptotic resistance is derived from
global lipid hydroperoxide reduction rather than directly inhibiting lipoxygenases.®® Thus, lipoxygenase
inhibition merely contributes to a reduction in the overall pool of lipid hydroperoxides available.
Moreover, other isoform-specific LOX inhibitors were shown to be poorly correlated to ferroptosis
inhibition based on lipoxygenase inhibitory performance but rather these inhibitors were shown to be
competent RTAs.8 Correlations of RTA efficacy and ferroptosis inhibition of these purported
lipoxygenase inhibitors much more clearly distinguishes which compounds are effective as ferroptosis
inhibitors. A compiled scheme of the various known inducers and inhibitors of ferroptosis are shown in
Scheme 1.20.
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Scheme 1.20. Demonstrative schema of small molecule and enzymatic ferroptosis inducers and inhibitors of
(phospho)lipid hydroperoxides (LH). Reprinted and adapted with permission from (R. Shah, M. S. Shchepinov
and D. A. Pratt, ACS Cent. Sci., 2018, 4, 387-396.]. Copyright [2018] American Chemical Society

Thereby, a mechanism that can contribute to the overall pool of lipid hydroperoxides can also sensitize a
cell towards ferroptosis if it overwhelms the capacity for GPX4 to reduce the present pool of lipid
hydroperoxides.

Recent results by Pratt and Stockwell also support the efficacy in modulating the bis-allylic
methylene unit in arachidonic acid and linoleic acid.®# Previous syntheses have been developed where
all three bis-allylic units of arachidonic acid were systematically functionalized with deuterium atoms.%
These deuterated analogues were developed to see if they had an observable Kinetic isotope effect in
enzymatic and non-enzymatic lipid hydroperoxide production. This was a tenable hypothesis given that
the enzymes are known to react via a hydrogen atom abstraction event that would most likely be involved
in the rate limiting step. HEK293 cell lines were transfected to overexpress each of the human
lipoxygenase isoforms implicated in disease: 5-LOX, 12-LOX and 15-LOX-1 rendering them sensitized
to ferroptosis. When these transfected cell lines were supplemented with 7,7,10,10,13,13-d6-arachidonic
acid and ferroptosis was induced using GPX4 inhibitor RSL3, it was observed that a significant
population of cells were protected from ferroptotic cell death. This only held true when all three bis-

allylic sites (6 hydrogen atoms total) were fully exchanged from hydrogen to deuterium. Cells
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supplemented with deuterated arachidonic acid analogues where only one or two of the three methylene
sites were functionalized showed minimal ferroptosis resistance in this regard. Curiously, additional
experiments showed that only 20% of the total lipid pool in the cells had to be supplemented with
7,7,10,10,13,13-d6-arachidonic acid in order to remain ferroptotically resistant.

Dixon and co-workers revealed that monounsaturated fatty acids (MUFAS) such as oleic acid also
appear to show an inhibitory effect on ferroptosis in cells where GPX4 has been suppressed.® The
authors noted that based on the observations that oleic acid did not reactivate the expression of GPX4 or
decrease the expression of ACSL4, a ferroptosis inducer, that it must inhibit ferroptosis ether downstream
or in parallel to GPX4 activity. MUFAs were also shown to block plasma membrane lipid hydroperoxide

accumulation by the supplanting of more reactive PUFAs from being incorporated into phospholipids.
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1.6. Research Objectives

Korcek and co-workers put forth the notion that diarylamines could be regenerated in high
temperature inhibited autoxidations in a cyclic process that featured diarylamines as a key intermediate.
In a similar context, Denisov and co-workers also invoked the regeneration of hindered alkyl nitroxides in
elevated temperature autoxidations after the parent hindered alkyl amine had been oxidized. Recently, it
was observed that hindered alkyl nitroxides and diarylInitroxides displayed stoichiometric numbers and
rate cons