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CHAPTER 1

The Antioxidant Chemistry of
semiguinone as a radical
Intermediate.

Kinetic and mechanistic studies.



Abstract

Ferroptosis is a recently identified from on regoptotic programmed cell death
mediated peroxidation of phospholipid membranes, which can be counteracted by
lipophilic antioxidants confined into the lipophilic bilayer. Although antioxidants
represent a ature field of research, their application in biomedicine still require efforts

in rationalizing their dual antioxidant end prooxidant roles. In this conjunction, the
recent discovery by our group of a rRoonventional antioxidant system based on the
cataltic redox cycling of catechol/semiquinone/quinone (QH2AQH of polyphenols

in the presence of superoxide or its neutral form, the hydroperoxyl radical, which
serves as sacrificial reducing agent, in spite of its established role as detrimental
biologicd oxidant, opens the way to unexplored application of such redox active
systems in biology. To this end, we prepared a series of lipophilic catechols by
derivatization of natural dihydrocaffeic acid, and their corresponding oxidized
guinones, and we invegated for the first time their antioxidant chemistry in
heterogenous biomimetic system, namely methyl lineolate micelles in phosphate buffer
and unilamellar liposomes of egg phosphatidylcholine. Our preliminary results indicate
that depending on their kyphilicity, in the presence of a source of H&@dicals,

some of these compoundan afford unprecedented protection both to micelles and

| i posomes, outperforming N atdcaphesld Mostp r e r
interestingly the antioxidant chemistig shared both by the catechols and the
corresponding qguinones and was rational
the QH2/QHIQ redox system catalyses the cross dismutation of alkylperoxyl ROO
and hydroperoxyl (HO@ radicals at the watenflid interface, causing the export of

the unpaired electron outside the lipid particle. Although preliminary, the relevance

and potential of these findings in fighting ferroptosis is discussed.
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INTRODUCTION

1.1. Autoxidation and oxidative stress

Foods, plastics, gasoline, lubricating and edible faits, rubber, cosmetics, medicines,

or other organic materials that are exposed to air are subjected to spontaneous oxidation
that leadsto degradation and the loss of their physiclaémical, organoleptic
nutritional or medicinalgualities. This process has a great econompact it can be
triggered by UV radiation, transition metals, high temperatures, mechanical stress, etc.
andit occurs aeven aimoderate temperatures in thegence of molecular oxygen in

its triplet ground state 3Q,). The process is known as autoxidation or
peroxidation Although almost all organic materials are susceptible to air oxidation,
some types are more vulnerable than others, espeomllgculeswith weak GH

bonds, such as allylic and benzylic compounds and other unsaturated derivatives.
Autoxidation initially produces hydroperoxiddROOH), which are then transformed

into various oxygenated species like alcohols, ketones, aldehydes, acids,easnd est
called carbonyl compounds. The formation of hydroperoxides goes along with the
formation of dialkylperoxides (ROOR) and is intermediated by transient peroxyl
radicalsROO" These and other oxygeentred radicals that can form in biological
systems frm peroxides hydroperoxides and oxygen, namely hydroxyl radicald,(HO
alkoxyl radicals (R® and hydroperoxyl radicals/superoxide (HI@, 4 are called
reactive oxygen species, RJ$]. ROS cause oxidative stress in cdligy are
important in redox signalling and regulati@t low concentration but at higher
concentration they coulditiate and propagaiisruptive radical oxidative chamand

bring to tissue damage and death amhth[2]. Antioxidant enzymes and other
antioxidant systemare necessary to protect against the growing levels of oxidative

damage to living systenj3].

1.1.1 Autoxidation reaction mechanism
In general, oxidative degradation of organic compounds in air involves a free radical

chain. A heat or photochemical process that releases an initiating radjchris the
11



chain reaction. The fast addition of molecular oxygen to create a-icltaating
peroxyl radical, InO®which is ROO" usually occurs if Ifiis, or rapidly forms, a
carboncentred radical, &R[4]. The resulting peroxyl radicals (R®Qypically go
through two types of reactiofi§]: (1) theyquench their own free valence by stealing
a hydrogn from the hydrocarbon substrate, generating another radical:

ROO + RH — ROOH + R (1.1)

or terminate with another peroxyl radicals losing the free valence:

ROO + ROO _. ROOR + O, (1.2)

To sum up, hydrocarbon oxtlon involves three different phases: chain initiation,

chain propagation and chain termination as shown in Scheme 1.1.

0,
- . . ROO -
Initiation — R ROO —)- ' ]€TMInation
ROOH RH

Scheme 11 Autoxidation reaction mechanism

As the preservation of organic materials is one of the most important goals of our work,
we will go deeply into the knowledge of autoxidation mechanism and discuss kinetics
step by step6]. We will focus on lipid oxidation in heterogenous mulbmponents
systems, a particular yet commoase in redife conditions The kineticsprocess is
affected by thénteractions between tlexidizing lipids and watephasestressinghe
interface betweethem. The differences in antioxidant efficiency between solution and
emulsion systems are nptedicted by the traditional mechanismiolfiibited lipid
oxidation. Prooxidant metal catalysts, which can exist in free form or as complexes
with proteins, aresubjectedto the same interfacial phenomena. studies on lipid
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oxidation and its control, na@l systems have been utilized extensively to simulate
biological samples. Working with a variety of model systamsld be misleading
compare the firealb foods degradation. ce it oversimplifies the interfacial
interactions of numerous componermithoughresearch on model systems is essential
for the succedsl establishingof the chemical principles that would be relevant to

many foodd7].

The initiation process is usually spontaneous due to air exposition, UV light er pro
oxidant components. Initiator molecules are used to set kipegically controlled
autoxidation. They generate radical species because of their weak molecular bond with
a BDE (bonding dissociation energy) around-200 kJ mot [8].

hv or heat .
Initiator Vv In

l

In + RH InH + R (1.3)

The most common initiators are peresters or (hydro)peroxides breakiniggddds and
generating alkoxyl radical§ R O A ) or hydr oxy l-initiatsdarec al s
largely used at certain temperatures, splitting two sigma bonds and forming 2
equi val ents of ad kyl radicals (RA) and
In the presence of an initiatBrrepresents the decomposition rate constant. In practice,
the decomposition rate of initiator is usuafiiven by the haHife (ti.), the time
necessary to consume half of their initial concentration at a certain temperature, and it
depends on temperagyrthe viscosity of the solvent and the intrinsic characteristics of
the initiator itself. 2,2-Azobis(2amidinopropane) dihydrochloride (AAPH)s

degraded at 4C in aqueous solutions over a wide pH rarj§k the thermal

decomposition rateonstanbf AAPH to form radical species arages at2.1 x 10°s't
and thanks this propriety it is useful
the R from thethermal decomposition rate of AARkhultiplying the value by the

concentration of the initiator.

13



_+ + L
Cl1 2HN : NH2(] 40 °C Cl 2HN>_{ 5 + N
N:=N Py 2

H,N NH, H,N

Scheme 12. AAPH decomposition to nitrogen and two alkyl radicals

At this stage th@ropagationof alkyl radicals generated from the initiator occurs and
they usually react rapidlyk(~ 1@ M-s?) with oxygen, forming peroxytadicals

( ROOA), which reaI WOOR lesaomackessiig ane
another alkyl radical, which takes into the firsttisting phase and propagates the
radical chairfl11].

kp

RH + ROO’ R° + ROOH

ROO°

R * O, (1.4)

The propagation rate constaRy, is therefore specific to each oxidizable substrate
because of the structures of the substrates. As thie HOnd strength weakens,
oxidation becomes e@s. Therefore depending on the substrégestructure and the
temperature of the autoxidation, the propagation rate conggantl| vary for each
oxidizable substratg 2].

Theterminationof the radical chain turns out when two radical species react with each
other to give a nomadical product. There could be three possibilities: (1) a
combination of two peroxyl radical, (2) the combination of two caibemtered radical

or (3) a mixture bboth.

2k,
1. 2ROO’ ROOR + O,
. 2k
2. 2R R-R
. 2k
3. ROO" + R ROOR

(1.5)
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Generally, the more substituted the alkyl group the slower the termination rate
constant (R;), due to increasing steric etfs [13]

1.2. Antioxidants and inhibition

Numerous studies have been done to learn how to limit the autoxidation process.
Antioxidants(AH) have been the subject of much multidisciplinary research over the
past 60 years to better understand their actildigect antioxidantsare substances that

can directly inhibit the generation of free radicals and the chain reaction of oxidation.
Thes substances can be either natural or synthetic, and they have been the focus of
many studie$14]. In the last decades of 2@entury it was established that there are

two main groups ofdirect antioxidantg15]: (1) RadicalTrapping Antioxidants
(RTAS), also known ashainbreaking antioxidants, capture chaiarrying radicals

and thus break the oxidation chaf2) PreventiveAntioxidants insteadreduce the

rate at which newadical chains are stad[4,14]. Chainbreaking antioxidants react

with peroxyl radicals quickly and more effectively than oxidative chain propagation to
create new inactive radicals that do not propagate the autoxidation [G&din
Preventive antioxidants includeompounds like UV filters, which stop the
photochemical breakdown of biomolecules like melanin in mantskisn, metal
(copper and iron) chelators, that inhit
ROA radical s, and s supeoxitRdiSadecSO0), maiabse e r S
(CAT), glutathione peroxidase (GPx) and relatedymeg17].
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Initiation Propagation Termination
0O,
L] [ ] I_ R(:}': o _
RH + In R RO ——— ROOR + O,
Preventives Chain-breaking
antioxidants antioxidants
ROOH RH

Scheme 13 Mechanism of different types of antioxidants interfering with free radigaixidation.
In green preventives antioxidants blocking the initiation process and in red -bhed@king

antioxidants interrupting the propagatistate.

The most widely used RTgare phenols and aromatic aming®y must outcompete
the substrate for chatoarrying peroxyl radicals, both the relative reactivities and the
concentrations of the RTA and substrate are keyce it should b&.,[ AT | H]

ke[ RT [].

inh

ROOH + A’

ROO ' + AH

. . . t
ROO + A v fas

non-radical product (1.6)

Moleculessuch as tocopherol (vitamin E), flavonoids, and ulngl (CoQH) set the
basis for the study of more innovative ativatives.The OH BDE of phenols is
directly influenced by the substituents on the aromatic ring. Generally, electron
donating substituents (e.g.-Gme) lower the ©H BDE, inversely, electron
withdrawing substituents (e.g-MO,) increase the ™ BDE [19]. The growing
biological significance of lipid autoxidation and its possible role in the
pathophysiology okeveral diseases boosted the interdgtpugh efforts to develop
optimized RTAsdate back to the 1950#terest in this field has grown beyond a
specific area of industrial chemistmue toits involvement indegenerative diseases
and aging. In fact, Burton and Ing&écefforts to comprehend the structuaetivity
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connections in chige of Utocopherol( JOH), the most biologically active form of
vitamin E, were what actually made a differe{@]. Both catechol and hydroquinone
are well known biological antioxidants withika, c | o s e t elOH butatheir o f
chemistry is still controversigR1]. This work wants to elucidate different aspects of
the antioxidant proprieties of the catechol/quinone redox coapetta better picture

of such complex compounds and help design novel optimized antioxidant systems.

1.3. How to test antioxidant activity

Numerous techniques have been developed to assess the antioxidant activity of distinct
samples from varioustudy areaf22]. Our group built up an oximetry apparatus where
autoxidations of kinetically well characterized oxidizable substrates initiated by azo
compoundsare performed and monitored. The instrument consgists differential
oxygenuptake apparatygormed bytwo identicalthermostatecind closedeaction
vesselsconnected to a differentipressure transducg3]. The same reaction mixture

is placed in both vessels1 the reference flask we block any the autoxidation with a
large excess of a reference antioxidant k& OH while in the sample flask the
autoxidation is allowed to proceedninhibited or is controlled bya modest

concentration of the antioxidant to tesb to allow some oxygen consumption

Syringe T Thermostatted bath

~ Pressure transducer

3-Way tap
Glass tap
i
HPLC tubing
Magnetic stirrer——

Reference  Sample

Figure 1.1 Differential oxygen uptake apparatus set in our lab for autoxidation kinetics.
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Under sandardized condition any differenecgaressure is converted in mole of oxygen
consumed in the sample, which we monitor over time. Kinetic analysis of the oxygen
consumption plots affords both the rate constant for trapping chain carrying peroxyl
radicalsby the antioxidant and the stoichiometry of radical trappiegpectively from

the slope and from the length of the inhibited period.

0.7 J
/0
/
0.6 e}
7/
5°
o 0.5
= =) fo .
g e g§® L
= =~ 04 @ 7
= ;! 9] o7 e
03 o ®
o
{ >
/O .
0.2
[ ]
. : : . 0.1 : . . . .
0 500 1000 1500 2000 0 1 2 3 4 5
Time (s) —In(1 - t/7)
(a) (b)

Figure 1.2 From ref. 23a) Typical Q consumption traces observed during the autoxidation of an
organic substrate in the absence (A) or in the presence of antioxidants with low (B), intermediate
(C), and high (DjQnvalues. (b) Analysis of the @onsumptiorfor the antioxidants hawg
intermediate) and high 8 Q.

1.3.1 Data Analysis

In practice, oxygen consumptiam the sampldlask measures how fast the substrate
oxidation process advancingThe introduction of an azo initiator at the beginning of
autoxidation, when there r&a no antioxidants present, removes the Kkinetic
complications of spontaneous oxidatiomnd produces a linear plot of oxygen
consumption (plot A in figure 2). Fortranseentr adi cal species | ik
steadystate approximation is us@ukinetic analysis

D[R/dt =0 (1.7)

d[ROOY/dt = 0 (1.9

18



When the autoxidation chain is sufficiently long, the autoxidation kinetics of the
substrate could be calculated as follow®)since theconsumptiorof the reactants

(O, and RH) andhe formation oproducts (ROOH) with time is numerically identical

Al A2 ( A2/ 7 (
A A A

i”u Ye2 (Y, (1.9

In 1.9 [RH]o is the starting concentration of oxidizable substrRtes the initiation
rate, andky/(2k)? is the oxidizability of substrates (the substrate consumption during
the initial phases of autoxidatiamassumed to be small).

According toplot D in Figure 12, an efficient antioxidant can prevent the oxygen from
being consumed almost entirely up to the point whieeeantioxidant is completely
consumed At that point, an uninhibited autoxidatioidentical to the one achieved
without theantioxidant will then restart.

The length of the inhibition periods (Figur@)lcan be analyzed witbquation 110to
establish the stoichiometric factarbecause antioxidants quench the peroxyl radicals

created by the initiators (or from substrate oxidationyguthe inhibited periogiL4].
Y — (1.10)

[AH], is the antioxidards initial concentration, andis thedurationof the inhibition

period. The initiation rateR) of an autoxidation that has bemhibited by a known
quantity of an effective antioxidant, suchl&sTOH, whose stoichiometric coefficie

is well known(n = 2), might also be calculated using this equation. By assuming that
each ROOA radical is trapped by the ant
1.11, which uses the initial slope of oxygen consumption during the inhibited period,

may be used to calculate the inhibition rate con¥ant

Y (1.11)

Equation 112 can be applied if the inhibited period in Figur@ is not as easily
distinguished as in pld, or if the first portion of the plot cannot be used to calculate
the oxygen consumption ratgl@t C).

p2( Ei
ETE

3/ 0 Ip - (1.12)
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Equation 113was used by Denisov and Khudyakov to deterrkipnen circumstances
where the antioxidatg efficacy is too low to allow for a clear observation of the
inhibition time, as in ploB [24].

'I'"ﬁi "'|' V@ ET E (113

I @ | &
In Eq. 113, Rox and Rypare the oxygen consumption rates (&Jfat) in the presence

and absence of the antioxidant, respectively, as determined by the plots under similar

experimental conditions. Additionally, kinetic information and changes in reactants
and products could be obtained using computer simutaticthe oxygeruptake trace

(using, for example, the Copasi software).

1.4. Antioxidant activity of catechol and hydroquinone

Both catechols and hydroquinones are known antioxidants, formally able to trap two
alkylperoxyl radical to form the corresponding quinori&gt, while 1,2isomers trap

two peroxyl radicals as expected4-hydroquinoneshow formally a low valuef n,

the socalled stoichiometric factor, corresponding the number of peroxyl radicals
trapped by one antioxidant molecule.

catechols hydroquinones

©:OH . OH OoH 0-
+ROO ——~ @[ O .,
. +
OH 0) HO ROO HO
oH 0 o , 16)
SIS N e
0 HO 0 (1.14)

0
Wondering about the nature of this behavior our group started to investigate the
reactivity of those systeni$6]. Their high reactivity depends on the low value of OH
bond dissociation energy, which is due to the electron donating mairdn of the
second OH group in conjugated position. Howewves, noticefor catecholalsothe
formation of an intramolecular hydrogen bondhich significantly boasts the

reactivity. In fact, while the intramolecular hydrogen bonstsbilize the starting

20



catechol it provides higher stabilization of the semiquinone radical, thereby decreasing
the nergy gap, which means it decreasige BDE of thainboundOH group(Fig.1.3)

o
0N
H\O +H
O, 1
BDE, AH'yg
. Y __
AHyp ¢
H_J; ______________________ BDE;
~Qe---- H O-----H
0] 0]
+H-

Figure 1.3 From ref. 16 a ortho hydroxyl group stabilizes both the phenol @ad larger extent)
the radical (BDE3 < BDE1) by donating an intramoleculavdtd

Additionally, para-semiquinones react rapidly with oxygen to form the hydroperoxyl
radical, which starts a new oxidative chatherefore, the apparent stoichiometric
factor for 1,4isomers decreases, as it is the results of the oxidative chains that are
broken minus the oxidative chains that are started.

para- semiquinone oxidation

0 0 .
O +0, ——~ JZZ + HOO
HO o

This is normally not observedr not relevantwith ortho-semiquinone due to their

(1.15)

stabilization by the intramolecular-bbnd. As a result, cateclsohre far better
antioxidans reacting faster with chain carrying peroxyl radicals and trapping two of
them, while hydroquinorsghave muchower apparent stoichiometric factor due to the
generation of new chain propagating species. The reaction of semiquathoas

21



with oxygen to afford the quinoren d  HOa@IRknown but much less is known

on the back reaction

1.4.1 Antioxidant chemigy of semiquinoneNitroxidesRTAinibitors-like
mechanism hypothesis

Previous work from our group revealed that phenols could reacttmetiphenoxyl
radical ofvitamin E andregenerate it, behavings ceantioxidants to increase the
antioxidant activity[25]. At the same time it is known thtte hydroperoxyl radical
has an exceptionally weak-BOABDE (49.2 kcamol), [26], which allowsoneto
consider HOOAas potentially good Fitom donating agenStarting from these two
points our collaborators, ProRiccardo Amorati wh the group ofProf. Greg
Litwinienko, created a new protoctal measure the reactivity of phenolic antioxidants
in the presence dfydroperoxyl radical$27]. They added cyclohexadief€HD) to
autoxidizing styreneCHD act as hydrogen atom donor (HAT) dueatomatization
driving force andas its ceoxidation is a welknown source of hydroperoxyl radicals

as the propagating radical.

aw () O O ©
R

ROOH HOOH intermidiate ( 1 16)

AIBN

The chainbreaking effect of TOHvas moreclearly visible in styrenebecause this
substratehasa lower propagatiorrate constanthan CHD(41[27] vs. 1400M1stin
chlorobenzenagspectively)in CHD, howeverthe lengthof theinhibition periodwas
up to 10 timedonger (corresponding taearly 20 radicals quencheloy eachTOH
molecule) thanin styrene.as it shown in figurel.4Therefore thg attributed the
enhanced antioxidant activity ¥TOH to its regeneration from the phenoxyl radjcal

due to its reduction by Hdtom transfe(HAT) from the hydroperoxyl radicals itself.
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-A[0,]/ mM

0 2 4 6 8 10 12 14
time / 10° seconds

Figure 1.4 Fromref. 27, aitoxidationexperimentsn chlorobenzensupporting the hydroperoxyl
radical cepartecpation theory.

This chemistrywas somehowreminiscent ofthe behavior of nitroxides whicbur
research group wasvestigating as neaonventional antioxidants in thersa period

[28]. In the presence of a source of hydroperoxyl radicals nitroxides can undergo two
redoxcycles Theoxidativeone,which is relevant only in protic mediand a reductive

one observed in aprotic media, in which the nitroxide is reduced to the parent
hydroxylamine by HAT from the hydroperoxyl radical.

8] o OH
,?I:;H B e “':{ e/ +H' - N
SN SN —
- l - “T" - g J . e/ .H - [
' TEMPO
H,0, HOO +H' H;0;  HOO orROO°
’)_Qmm' )_«

0 's) OH
,NHTL Oxidative cvele Y N_/ Reductive evele  N_/

" Meter J_ Aprotic evele —[ T

HOO 0.+H'

At
,

Scheme 14 Caalytic Quenching of HOO- by TEMPO
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The hydroxylamine is then oxidized back by another hydroperoxyl radical or by
alkylperoxyl radicals, so in this way nitroxides acts as catalytic antioxidefdsding

very efficient and extended protection of lipidd/e asked ourselves if the same
chemistry occurs with semiquinomadical intermediates in the presence HOOA

given their similar electronic position compared to nitroxides.
OH

0 o +e/+H" OH +e/+H* OH
-e/-H" Te/-HT
(1.17)

1.5. Antioxidant activity of ortho and para quinonesin the
presence oH O O A

Our groupnicely demonstratethat methyl1,4-cyclohexadiengMeCHD) could

serve as reducing agent for quinones to synthesize the corresponding hydroquinones
[29]. Based on a somewhat similar chemistry, the group also demonstrated that
MeCHD and the naturab-terpinene sharing the sarpes-aromatic strueire, could

extend the antioxidant activity of catechols and hydroquinones and turn into good
antioxidants even the corresponding quinohte=CHDa n d t h e-terpi@ehenas a | 2
used as the firt time ofgood Hatom sourcgenerating the shelived HOOAradical

and giving rise a catalytic antioxidant cycle[30, 31. 3,5Di-tert-butyl-1,2-
benzoquinone (1) and 2¢i-tert-butyl-1,4-benzoquinon€2) have been taken as model
compounds to test the theory and in fig.arB represented the keys mechanistic step

of the catalytic antioxidant behaviour
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Figure 1.5.From rif. 30,key reactions explaining the antioxidant activity of orémal para
quinones, Q, in the presence of-tytlohexadiene (X=H dRr).

An interesting findingwas that, while neitherortho or para-quinone have any
antioxidantactivity in the absence of cyclohexadielewever,the addition of the
same excess of cyclohexadiene to the quinones preducewhatifferent outcomes
with the ortho versus thepara quinone. Thepara-quinone forms a far less effective
antioxidant system than tloetho, which might be due to less efficient reduction to the
hydroquinone or to the lower antioxidant activity of the hydroquinone compared to the
catechol or botl30]. They studied the autoxidation process inhibited by compounds
1, 1H2, 2, 2H.. The chainbreaking antioxidant awity of 1 and2 was evaluated by
measuring, at 30C and in a lowpolarity solvent (chlorobenzene), the rate of O
consumption during the azobis(isobutyronitrile) (AIBN) initiated oxidation of styrene,
a reference organic substrate whose autoxidatitowatemperature is propagated by
ROOAMeCHD was used as oxidizable-soibstrate to produce HZO,
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Figure 1.6 From rif. 31,0. consumption during the autoxidation of styrene in chlorobenzene
at 30°C initiated with 25 mM AIBN in the absence of inhibitors (dashed line), and in the
presence of quinones 1 and 2 (5 mM) with or without 0.023 M CHD..Bp@sumption

during the autoxidtion of CHD (0.23 M) initiated by 25 mM AIBN at 3C in
chlorobenzene with no antioxidants (dashed line), or with added 406fr@Mr 2H, and with
5mM 1Hor 1.

The rate constants for the reaction betweetho-benzoquinone antHOOA was
calculated byusing equation 13, which relates the rates of the inhibited and-non
inhibited autoxidationRnn andRy, respectively) to the rate constant for the reaction of
the antioxidant with the chaicarrying radicals and the stoichiometry of radical
trapping ). The rate of initiationR) was determined experimentally as 3.1°1@

s'1, while % for CHD in chlorobenzene is 1.2>x3B1 s 1[12]. With the assumptions
thatn = 2, ko was obtained as (1.4+0.2) ¥1M !si. It was found thabxidized
qguinore 1 is a far better antioxidant than cateclél., but only in the presence of
H O Q Results also show that a substantial quantity of catd¢hadl formed from,

in line with previous hypothesis (Fig 1,&Jthough somewhat counterintuitive, and it
means that the antioxidabis being reducedt leastransiently, during the inhibition
of CHD autoxidation. This characteristic of ortoinone could explain whyedox

system for med b QHlsGdMpormmta plotec@dietiy ApidE31]
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and hasalso been proposedas main contributor ofthe antioxidant behavior of
biologicalmacranoleailes likemelanin[30]. There is an open windoanthe possible
application of this kind of chemistry and the aim of this research project was to
investigate different aspects, using such an interesting antioxidant model. We started
with testing the protection from oxidative damage of micelles and phogighol
bilayers as a model for future studies on cells to evaluate their protection from

ferroptosis, as the cause of different neurological pathologies.

1.6. Antioxidant activity of lipophilic catechol/quinone redox
couples in biomimetic heterogeneous systems

Ferroptosis was first recognized in 2012 as an-dependent form on nonapoptotic

cell death[32]. Although distinct from apoptosifiecrosis and autophagy, cells
undergoing ferroptosis undergo similar morphologidanged33]. Recent studies

have shown thaerroptosis is closely related to the pathophysiological processes of
many diseases, particularly tumours, nervous system diseasgisyasclar diseases

and kidney injury{34]. Therefore, regulating cell ferroptosis (in both directions) has
become an importarstrategy to target the related dised8&§. It is becoming clear

that lipid peroxidation (LPO), the oxidative degradation of lipidfbye e r adi c all
reaction, is the main biochemical event triggering ferrop{@&k Iron is involved in
initiating LPO by thedecomposition of phospholipid hydroperoxides (LOOH) in
biomembranes (Fenton reaction), which is described as the main trigtgardptosis

[37]. However, work in Prattds group poin
causative event, regardless obding triggered by irofi38]. Interestingly, a recent

work proved a signifiant positive correlation between the antioxidant activity of
molecules in a model liposome system and theirfantoptosis activity in cell§39].

This prompts reseah on novel redoactive systems to target ferroptosis as a key
modulator of the related diseas&esearch on antioxidants remain to be addressed
adequatelyin particular for the applications in biomedicine, in part owing to
incomplete understanding of the dualistic antioxidant and prooxideotes of

antioxidants[40]. An important issue on ferroptosis that certainly deserves better
27



understanding is the role of superoxiti¢hile superoxide gainduce ferroptosis by
increasing the release @¥e’*) and initiating LPQ[41], it might paradoxically protect

the cell under some setting42]. The mechanism might rely on the tfared
behaviour of superoxide, that can woloth as oxidantand reductant.The
hydroper oxyl radi c alof superox@d (@) produtes inthe u t r
mitochondrial respiratory chain, is universally considered a detrimental oxidizing
speciestesponsible for the oxidative damage of membsaand biomolecul¢3]. Yet,

our grouphasshown that it can play a role in tepposite direction, reducing rather
than oxidizing biomolecul es. HOOA rapi
(HAT) nitroxides( > NOA) t o hydr ok§,landmitroxeles, i theN O H )
presence of a source of H O O A dismatationcofr | s |,
alkylperoxyl radicals, thereby acting as an exiedy effective catalytic antioxidant
system[43], [44]. In more recent workhe group hashown that a similar chemistry
woul d occur with the qui none)reddysystem e mi
in organic solventas discussed in paragraph .1®ie aim offuture project in
coll abor at i o meseawhet Wil berstudyt thes(Q)/ semiquione

( QHA) / ¢ a t) eedok systenmr{ b@iimetic solvent

biomimetic solvent

Nitroxide-catalyzed Semiquinone-catalyzed
HOO+/ROO- (cross) dismutation HOO+/RO0* (cross) dismutation
1O C HOO+ [} HOO- 0, WOO- O,

o o o
ROO- ROOM ROO+ ROOH ROO-

State of the art This project

Figure 1.7 Scheme of catalyzed credsmutation of hydroperoxyl and alkyl peroxyl radicals by nitroxides
(left) and quinone/catechol system (rigim biomimetic solvent

1.6.1Catalytic radicattrapping antioxidants in the presence of HAI®
heterogeneous system

Nitroxides are forming a catalytic antioxidant cyckh e n HOOA sourc
cyclohexadienes, triethylamine, ihdroquinones, or benzyl alcohadye present
during he oxidation of styrene in organic solvemnhis chemistry was demonstrated

by our group during inhibited autoxidations in soluti@8]. Pr at t 6 s gr oup
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recently investigatk the antioxidant behavior of lipophilic nitroxides localized in
autoxidizing liposomes and reported an increase of the antioxidant protection by the
nitroxide in the presence of a thermal source of superoxide radical (SOTS) in the
aqueous phase. The belmviwas explained by the reduction of nitroxide to the
hydroxylamine by @*followed by protonation or concerted with protonation, thereby
paralleling the mechanism our group identified in soluf#].

The study aimed at identifyingf non-conventional antioxidant systems that could
work combinati on @iradicds® tawget fereoptosis, fvith FoEud A /
on their therapeutic potential againsturodegenerative conditior$&tepping from the
combination of such results in liposomes and our results in homogenous solution both
using nitroxides or catechol/quinone systems, aumed at investigating thatho
quinone systems( Q/ QHA/ QH 2as potestial ecatdlytic redox system in

biomimetic conditionsi,e.in heterogeneous lipid systems like micelles and liposomes.

HOO 0,
. OH
0 :
10) )
HN)(C"Hn HNWCnst
O O
ROOH ROO"

Scheme 15 Proposednechanisms of cantioxidant activityof lipophilic nitroxides in
heterogenous systems in the presencel®f"in the aqueous phase (ref)42

RESEARCH OBJECTIVES

With the semiquinone chemistry in mind, my research objectiee todig into a
specific aspect of semiquinone as radical intermediate in specific reaction conditions.
The antioxidant characterization of orthainone/catechol redox systewmas be

extendedo heterogeneous systeno deeply understand the fundamental interaction
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between semiquinond/O O Aand oxidable substrate dispersed in aqueous
environments. The result will trigger the research for biological studies and pave the
way to the use of these catat antioxidant systems as remedy for pathologies
produced by lipids peroxidation. To do that a collaboration between our group and
Proi,Pr att s research group at the Ottawa
their findings about antioxidant chemistry in liposomes systdmeoretically, a source

of hydroperoxyl radicals in combination with the redox catalytic couple would cause
dismutation of HOd in the aqueous phase and crdisnutation of RO®and HOJ

i n the | ipid phase, mi micking the Arad

antioxidant couple Vitamin E/Vitamin.C

RESULTS AND DISCUSSION

1.7 Antioxidant activity of lipophilic catechol/quinone redox
couples inmicelles andbiomimetic liposomal systems.

Polyphenolic secondary plant metabolites, such as flavonoids, chalcones, and caffeic
acid esters, have been the subject of much research thertgarious biochemical
properties. These compounds are kndama variety of beneficiaproperties most
many of which are associated to themtioxidant activity{52]. Many such compounds
share the catechol function. ReseanoQ / Q H A ky&teém hd previouslyfocused

on a limited numbeof catechols (12li-hydroxybenzenes) and hydroquinones {1,4
di-hydroxybenzenesland has demonstrated that thieho-benzoquinone moiety is
essential for efficient catalytic reaction with hydroperoxyl radicals (AQ#®]. So,
dihydrocaffeic acid(DHCA) was selected as lead structure in our stutdywas
functionalized with suitable lipophilic chains to modulate the affinity for the
phospholipidmembranesThe aim was to force the localization of the antioxidant in
thelipid phaseand investigate its interplay witHOOA D,”radicalsproduced in the
aqueous phase, so to fully mimic the scenario found in cells. Along with DHCA

derivatives, the (commercigllavailable)lipophilic catechol/quinone couple, 3¢b-
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tert-butyl-catechol (3,DTBC) and 3,&di-tert-butyl-benzoquinone (3;DTBQ), was
first used agxperimentamodel to gain proebf-concept that the chemistry observed
in solution could also be relemin liposomes. Other studiesJabeen maden
micellesto investigate the behavior of lipophilic catechols and quinones in a different
kind of heterogeneous system. The synthesis of the DHCA derivatives dahew
proceduregrevioudy reportedn literature[53-56] with some modificationBriefly,

a onepot Fisher esterificatiomsingparatoluenesulfonic acid abe catalyst (method

1) was chosen to create shorter chaamivatives(ethanoland butanol derivatives),
while and a two steps synthesmdthod 2 consistingfirst in the formation of thacyl
chloride theron its reaction with the desiredcohols was preferrefdr longer chain
derivatives {-octanol, 1-dodecawol, 1-tetradecanoland 1-esadecang| to avoid the
very difficult removal of the large excess of reolatile alcohol from the reaction
mixture, which was necessary to achieve satisfactory yields mvédthod 1 The
lipophilic catechols have then been oxelil using silver oxidéAg.0) [57] to afford
the correspondingrtho-quinonesBriefly, to a solution of the lipophilic catechol was
addedAg.,O powder. The mixture was vigously stirred at room temperature to
maintainthe suspension of the AQ. Thenafter nearly one hour the green solution
shift to red andvasfiltrated with 0.7 um porosity paper filtelhesolutionchanging
colouredwas the oxidationeyesign stared and the low porosity of the filter was
calculated to better remove the silver oxidetipls. The organic solution was
evaporated under reduced presgsarafford the desired quinone in nearly quantitative
amount(from a range 065.13 %,to 99 %) The product was used without further
purification Overall, the following molecules wereprepared for testing in

heterogenous systems.
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Scheme 1.6ynthetic procedures for lipophilic catechol and quinone DHCA derivatives

1.7.1 Autoxidation ofmethyl linoleate micelles in phosphate buffer inhibited by
lipophilic catechol C2DHCA, C4DHCA, C8DHCA, C12DHCA, C14DHCA, C16

DHCA andthe correspondinguinones.
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Autoxidation studies were performed by monitoring the oxygen consumption in closed
systens using miniaturized oxygen sensors based on NIR fluorescence quenching, The
instrumental settings and apparatus was identical to that described in detail Chapter 3
and we referto that discussion for detail3he autoxidizing systems consisted in
micelles of methyl linoleate (MeLin, 2.74 mM) in Tritdh X-100neutralmicelles (8
mM),i ni tiated by water s oi$ aellvalidated knetic a t
model[59]. Preliminary esultsaresummarized in Figre 1.8. Tocopherol was used as
antioxidant standartb test thecredit ofthe new analytical method

Although these are just partial and preliminary results, which were obtained in the last
periodof my project and would certainly require further effort for fiwnation and

full rationalization, some interesting observati@ne already possible. All catechols
showed good to excellent antioxidant activity in micellgsich appeared to depend

on the size of the lipophilic chaiHCA derivatives bearing C2, C4 or C8 tails had
much improved antioxidant activities (Fig.81A-C). C2DHCA and C4DHCA
afforded neat inhibited periods of reduced s|apdicating ahigh rate castant for
trapping peroxyl radicals. Most surprisingly, the duration of inhibition @xdended

with an apparent stoichiometric factor 5 for C2DHCA andn = 6 for C4DHCA.
C8-DHCA showed theateof peroxyl adical trappingvith an apparem = 8. Instead,
C12DHCA has slightly higher slope of the inhibited period indicating lower rate of
peroxyl radical trapping compared @B8-DHCA, which howeveiit outperformed in
terms of duration of inhibition, with approximately double apparéoitisiometric

factor = 4). C14DHCA has ahallow reactivity in trapping peroxyl radicalsut
similar stoichiometridactor (n =2).Only C16DHCA had modest antioxidant activity

with lack of a distinct inhibition period which dlinot allow to determine the
stoichiometric factor.Since a catechol can trap on two peroxyl radicals of
stoichiometric basis, the larger apparent n value recorded for all lipophilic DHCA
derivatives (exceptC14 andC16) suggests their regeneration frone tbxidized
(quinone form). V& hypothesize that regeneration occurs by the A@@duced as a

side event during the autoxidation of methyl linoleate. To gain confirmation in this
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regard parallel autoxidation experiments were conducted using the corresgondin
oxidized forms, the quinones in place of the catechols. As it can be judged in figure
1.8, the quinones from C2 to C8 gave clear inhibition of the autoxidation albeit more
modest the corresponding catechdM&asurementsould not per performed with the
guinones from C12 to C16 as we were unable to incorporate them into the micelles
owing to their waxy high melting nature, and we believe that the high melting point
with limited mobility inside the micelles also explaifsetmore modest antioxidant
activity of C14DHCA and C16:DHCA catechgl which were also difficult to
incorporate into the micelles.

Although further studies are necessary, these preliminary findings promise a
breakthrough in antioxidant chemistry in biomime settings, conforming the

expectations arising from previous studies in homogenous solution.
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Figure 1.8. Representative autoxidation of methyl linole&& 4 mM) in 8 mM Triton X-100
micelleswith AAPH 2.5mM at 37°C (A) with 2.5nmM C2-DHCA (green), 2.5rM Ox-C2-DHCA
(black), 2.5mV Utocopherokeference (red), or uninhibited (dotted black), (B) withr#vbC4-
DHCA (green), 2.5M Ox-C4-DHCA (black), 2.5mM Utocopherokeference (red), or uninhited
(dotted black), (C) with 2.&M C8-DHCA (green), 2.5rVl Ox-C8DHCA (black), 2.5mM U
tocopheroreference (red), or uninhibited (dotted black), (D) withfb C12-DHCA (green), 2.5

34



mvl U-tocopherokeference (red), or uninhibited (dotted black), (Emn.0nM C14-DHCA
(green)2.5mM C14-DHCA (blacK), 2.5mvl Utocopherokeference (red), or uninhibited (dotted
black), (F) with 2.5vM C16-DHCA (green), 2.5vM Utocopherokeference (red), or uninhibited
(dotted black). N.B: autoxidation plots for-@12-DHCA, ox-C14DHCA, oxxC16DHCA ar en o6t
showed in the figures becauseddficult incorporation into micelles

1.7.2 Egg yolk phosphatidylcholine (EggPC) unilamellar lipopges as model
biomimetic lipid system.

Pratt s group has previously val i dat e
antioxidants under biomimetic settings. It consists of unilamellar liposomes with
diameter of 100 nm in phosphate buffer (pH 7.4) prepdrech 1 mM L- a-
phosphatidylcholine from egg yolk (EggRQ)y the extrusion technique. The lipid
matrix can incorporate the lipophilic antioxidant and a lipophilic initiator of the
autoxidation. To guarantee the localization of the initiator within thd bpayer and
improve the control of autoxidation kinetics, we used the very lipopHiliert-
undecyl hyponitrite (DTUN)as thermal initiator Owing to its lipophilicity, upon
suspension in the phosphate buffer the initiator is incorporated in themgmidlx,
where it thermally decomposes as illustrate in ef 4tdrting the radical chain reaction
[39].

HO.__CgHy
N, N
CSH17><O' N N -0 CgHy7 / . OXCSHW ' Ro. ROO *
DTUN R-H (1.18)

This previously validated model [39,42] was used for our studies.

1.7.3Monitoring the autoxidation by tHieENIX method

A reliable method to study antioxidants under biomimetic settings iF=ENIX
method, with enabés accurate quantification of radical trapping and antioxidant
activity in the phospholipid bilayerd?ratt research group developed the FENIX
method Fluorescencé&nabled Inhibited Autoxidatignto quantify the radical
trapping antioxidant activity of compounds in phospholipid bilagera step forward

over existing methods, such as the DPPH -(phenytl picrylhydrazyl) assay,
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because it is meraccurate and allows for the reliable prediction of the antiferroptotic
potency of redoyactive compoundg39]. The lipid peroxidation kinetic was studied

by using tle autoxidation reaction at the nohain radical condition of 1 mM-&
Phosphatidylcholine from egg yolk (EggPC) liposomes, which were extruded to 100
nm. The reaction was initialized by 0.2 mM-tdirt-undecyl hyponitrite (DTUN)
thermal initiator,suspended in phosphate buffer solution at pH Thk reaction
monitoring relies on the use of the fluorescent pr8b&-BODIPY included in the

lipid matrix. The probe carries a styryl moiety conjugated with the BOQH3Ystem,
which can be oxidized (byadical addition) by chawsarrying peroxyl radicals with a

rate constark = 894 Mlstat 37°C. Upon attack by peroxyl radicals the probe changes
its spectroscopic properties, hence its oxidation can be monitored either
spectrophotometrically by followintipe decrease of absorbancé af 565 nm, or by
monitoring the increase of its fluorescencé ak 512 nm upon excitation &t,.x 488

nm. If appropriately dosed the oxidation of the probe can compete with that of the
lipids, progressing in parallel, theby allowing the monitoring of autoxidation

progress by spectrophotometry or spectrofluorimetry, as illustrated in Figure 1.9.
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Figure 1.9. From ref. 39, A) Simplified mechanism of lipid peroxidation (autoxidation) and its
inhibition by RTAs. The reaction of ST BODIPY and PBBBODIPY with peroxyl radicals can be
used as a signal carrier in inhibitedaatoxidations to obtain inhibition rate constaris and
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stoichiometriesr{) of added RTAs. [BODIPY] = dye concentration at t = 0 (M} stoichiometry;
[RTA] = antioxidant concentration (MR = rate of initiationksopipy = rate constant of
propagationtinn = inhibition time (s).

Under our settings, the method was implemented to be suited for a miciogdatd
assay.Upon additionof 1 M STY-BODIPY probe, the reaction kineticwas
monitored by fluorescence set on excitation at 488 nm and emission at 518 nm. The
data were analyzed by dividing the raw response uniéxig/values) by the response
factor of 5.46x10RFUMM for ST-BODIPY, which was calculated for radiecthain
condition carrying out a preliminary set of uninhibited autoxidations, with varying
concentration of the probe (1, 2 andm#l). The inhibition rate constank,) and
stoichiometry ) were determiné@ for each experiment (repeated three timéhg
secondorder rate constant for the dye ksry.sopipy = 894 Mis! for nonchain
conditionswas used in calculation3he rate of initiation) was determined using
2,2,5,7,8Pentamethyb-chromanol (PNHC) as a reference antioxidant, which has a

well-known stoichiometry ofi = 2.
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Figure 1.10Example of calculation foriRn, Rnn
Once P MCO seprddacible, they BENIX method was used to determinate the
kinnandn the model compound35-DTBC and 3,5DTBQ, which were initially used

to set the optimal experimental conditions.
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1.7.4 Autoxidation of EggPC) unilamellar liposomeashibited by the redox couple
3,5DTBC and 3,5DTBQin the absence and presence of a source of superoxide

0.7

[ox-STY-BODIPY] uM

I T T T T T T

0 2000 4000 6000 8000 10000 12000 14000
time (sec)
tBu tBu
HO MTJ%I 0. ,L
HO™ ™% “{Bu o0~ “‘m;ﬁﬁ:;]\“ﬂ tBu
35 DTBC 3,5-DTBQ

Figure 1.11. Representative eautoxidation of STYBODIPY (1niM), 1 mM Egg PC liposomes ar
0.2 mM DTUN with 2nM 3,5DTBC (green), 2rM 3,5-DTBBQ (dark red), 2rM PMHC reference
(red), or uninhibited (black).

As can be observed in figure 1.11, under our settings the cagbHdI'BC produced

a marked inhibition of liposomes autoxidation, with a duration similar to that of
PMHC, however at the formal end of the inhibited period the catechol maintained some
retarding of the autoxidation (reduced rate compared to uninhibited).

The calclatedR using PMHC inhibition as reference wagx10'°s* hence the value

of kinnfor 3,5-DTBC could be determined ds53x1¢ M-stwith an experimental rate

of inhibed autoxidation R, of 1.073x10' M/s and a stoichiometric factom
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correspondig to 2.1. 3,8DTBQ shows an antioxidant behavior, batclear inhibition
period is observed. I&pparenstoichiometricfactoris too low to determine precisely
thekinn. Interestingly, however, its autoxidation plot runs parallel to the final portion of
the plot obtained witl3,5DTBC, suggesting that the residual inhibition3pg5-DTBC

Is due to radical trapping by its oxidation product, the quinone, or to the generation of
some hydroperoxyl radicals as side event during the autoxidation of
phosphatidytholine HOO"could therreduce the quinone back to the starting catechol,
reviving its antioxidant activity, as previously observed in homogenous solution [27].
To prove the engagement of hydroperoxyl radicals in the -clisgsutation
guinone/ catechol r e dhermal source of OSQTSIhaseen s u p
used.As shown in Figure 1.12 SOTS is water soluble, hence it would thermally
decompose utside the lipi bilayer to for@®“, which might then react with the
antioxidant system at the interfa&0OD, superoxide disatase enzyme, has also been
added in matched experiments, prove that any effect observed upon addition of
SOTS was due to the formation of superoxide, so to achiembiguous clarification

of the main role of HO® O,.

2 Nz 0 o] 0 0 [}
00
Y©/‘o' N 0 — Ho. ——— HO Oy + H®
eo0, * .
M 00

H-atom shift

o SOTS

Figure 1.12. F r o Rotefit Ferroptosis Inhibitors Can Catalyze the CRismutation of Phospholipid
Derived Peroxyl Radicals and Hydroperoxyl Radigalsb y J . F .RapPesentra supdr oxigd thermal
source (SOTS) was used to produce superoxide
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Figure 1.13. Representative eautoxidation of STYBODIPY (1niM) and 1 mM Egg PC liposomes at
37°C, with 0.2 mM DTUN, in the presence ofii?2l 3,5-DTBC (green), 2rM 3,5-DTBQ (dark red), 2rimM
3,5DTBQ and 251M SOTS (orange), &M 3,5-DTBQ and 5ahiM SOTS (red), 2rM 3,5-DTBQ, 50nM

SOTS and 2 U/mL SOD (light gray),@V 3,5-DTBQ, 50nmM SOTS and 10 U/mL SOD (dark grey), or

uninhibited (dotted).

As can be seen in FigurelB, the addictiorof increasing doses of SOT®m 12.5 to
50 nM progressivelyincreased then value of the quinone and themultaneous
addiction of 110 U/mL of SOD reverted the activity

11,37

SUPER OXIDE DISMUTASE
568 ADDICTION
227 3,21
o= l m
2 M 35 2 uM 35 2uM35 1 2uM3s 2 pM3 .5 2 pM3 5-
DIBBQ DIBBQ +12 DIBBQ+ DIBBQ + DTBBEQ + DIBBOQ +
LM SOTS 25 pM S0 M SOpMSOTS + 50 M SOTS +
SOTS SOTS 1UmLSOD ) qpr 0D

Figure 1.14.Istogram showing n values oM 3,5-DTBQ upon #heddition of different
concentrations of SOTS and SOD.
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This provides clear evidence that the chemistry previously observed in homogenous
solution, i.e. the reduction of the quinone to the parent catechdi®p" O,* can

occur at the water/lipid interface of biomimetic liposomes, and this chemistry is able
to establish a synergic antioxidant system based on ®@pt2 andHOQO" O,% which

works as sacrificial reducing agent.

Figure 114 shows the apparent stoichiometric factor of3JBQ as a function of the
added SOTS and/or SOD, clearly proving the estaiblisof the antioxidant catalytic
cycle Q/QH/QH2 as the maximum value of n recorded for the quinone largely exceeds
both the negligible initial value and the value determined for the corresponding
catechol K = 2), a behavior that is abolished by removis§ upon addition of SOD.

1.7.5Autoxidation ofEggPC) unilamellar liposomashibited by the redox couple
C8-DHCA andOx-C8-DHCAn the absence and presence of a source of superoxide

Once we had obtained these encouraging results as good proof of our hhacyy,
dihydro caffeate @8-DHCA) and its benzoquinone derivative {6@8DHCA) were
investigated as a lipophilic antioxidant catechol/quinone co@8éDHCA has been
synthesied as previously described (section8)l. Although other lipophilic
homologues were also prepared, time was not sufficient to investigate the entire series,
hence studies are currently in progress and the C8 derivative is illustrated as prototype.

The twomolecules were tested as previouddscribedwith microplate FENIX assay
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Fig. 1.15 Representative eautoxidation of STYBODIPY (1nM) and 1 mM Egg PC liposomes with

0.2 mM DTUN, in the presence o C8-DHCA (green), 2rM ox-C8DHCA (dark red),
2 mM ox-C8DHCA and 50nM SOTS (red), 2rM DHCA (black), or uninhibited (dotted).

From these preliminary results, it is possible to dedinatC8-DHCA has a higher
antioxidant activity than DHCA and the benzoquinone form@&DHCA) shows
someretardation of the autoxidation proce€¥ interest, upon addition &OTSin the
aqueous phase the antioxidant activityoafC8-DHCA is significantly increased
supporting the reduction of the quinone to the parent semiquinone and catechol by
superoxide, thereby paralleling the behavior shown by the c8Up@TBC and 3,5

DTBQ.

The higher activity of C8-DHCA compared to more hydrophilic DHCA is explained

by the higher incorporation into the lipid bilayer. In this picture, the antioxidant
performance of quinone derivatives in our model system is expected to depend on their
lipophilicity.

As localization of the quinone in the bilayer is key to its protective activity toward the

bilayer itself, weit would be important to complete the investigation using the other
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derivatives of DHCA with variable lipophilicity, which we have prepared the
purpose. This would allow establishirthe optimal lipophilicity for maximum
protection of the lipid bilayer and for the highest efficiency of the regeneration of the
antioxidant by superoxide at the water/lipid interface

The experiments with SOBr en6t shown i n the picture
of the internship.butni conclusion, the positive results put down the basic knowledge

to move forward in this research, finding the optimal catechol/quinone couple with the
purpose of identifyingeffective nomconventional antioxidant systems to be used as

inhibitors of ferroptosis.

EXPERIMENTAL PART

1.8 Materials and methods

1.8.1 Materials

Dihydrocaffeic acidDHCA), ethano)butano| 1-octanol, 2dodecanol, 4etradecanol,
1-esadecanol,oluensulfonic acigpTSA), thionyl dichloride(SOC}), -tddopherol

silver oxide,A AP H {azbhis2methylpropionamidine) dihydrochloride), methyl
linoleate (MeLin) ( 98%) and Tritole X-100, were used as receivéédm Sigma
Aldrich (Milan, Italy). Di-tert-undecyl Hyponitrite (DTUN) Superoxide thermal
source (SOTS) and SFTBODIPY wetr available at the hostlabcvat ( Der ek Pr
group a University oDttawa) from previous studies [6@3tock solutions of AAPH in

the desired solvents were prepared immediately prior to use and/or maintained for
maximum 2h or 4h, respectively, at 4b€tween subsequent uses, to avoid significant
decompositionSolvents and other chemicals were of the highest grade commercially

available (Sigm&ldrich, Merck, VWR; Milan, Italy) and were used as received.

1.8.2 General methods
1H NMR spectra were recorded deuteated chloroforr@DCI3, indeuterated water
D20, or indimethyl sulphoxideDMSO at 400 MHz on a Bruker spectrometer. 13C
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NMR spectra were record@dCDCI3 at 400 MHz on a Bruker 400 MHz spectrometer.
Analytical and preparative TLC were carried aut silica gel plates (0.25 and 0.50
mm, respectively) from Merck usingexanéethyl acetatén different proportionsas
the eluantinfinityLab LC/MSD Series and 6100 Series LC/MS single quada(siD)
instrument was used for HPEESIMS analysisDetecton wavelength was set240
nm, 254 nmand 280 nmEluant system: 0.1 % formic acidwater and acetonitrile
(ACN) starting from 30:7®10:90v/v. The gradient is 30:70 fdiO minutes50:50 for
10 minutes, 70:30 for 10 minutes and 10:90 in 15 minutéS! sourceusedthe
following conditions:nebulizer pressure 35 psig; drying gas (nitrogen) flush&d.at

L / min at a temperature of @3C; capillary voltage G00 V. An Eclipse Plus €8
column (150 x 4.6 mm, 5 um) at a flow rate of L / min was used, using the same

eluant asaboveat 40°C.

1.83 Synthesis o£2-DHCA

The title compound was prepared following a procedure previously reported with
modifications[53]. 1 g DHCA (molecular weight-m.w-: 182.17 g/mal 5.5 mmol),
ethanol(m.w: 46,07g/mol, 1 mmo) 40 mL and 0.2TSA was mixedand refluxed in
a round bottom flaskmmerse in silicon bath at 128 degreeequipped with a
refrigerator for 2hoursandthen heatlessnly stirredfor 18 hoursunder nitrogenThe
reaction was stoppeghdwork upwas executewith 5 % bicarbonate solution, brine
and extraction withdicloromethane ICM). The product was purified by columns
chromatography on silica gel eluting w50 ACNhexaneYield: 0.60g C2DHCA
(MW: 210.09 g/mol, 2.87 mmol), 52%. HPLC-ESIMS analysis $ee Appendixand
1H-NMR (see Appendixconfirmed the identity

1.8.4 Synthesis o€4-DHCA

The title compound was prepared following a procedure previously reported with
modificationg[53]. 1 gDHCA (5.5mmol), butanol(74,121g/mol, 1 mmol) 30 mL and
0.2pTSAwas mixedrefluxed in a round bottom flask immerse in silicon bath at 120

°C degree equipped withrefrigerator for 2 hoursand then heatless only stirred for 18
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hours, under nitrogenThe reaction was stoppamdwork upwas executewith 5 %
bicarbonate solution, brine and extraction with DCIWe product was purified by
columns chromatography on silica gel eluting vith50 ACNhexaneYield: 0.85 g
C4-DHCA (MW: 238.12 g/mol, 3.55 mmol), 8%. HPLC-ESIMS analysis ¢ee
Appendi®y and 1HNMR (see Appendixconfirmed the identity

1.8.5 Synthesis o£8-DHCA

The title compound was prepared following a procedure previously reported with
modificationg[55]. 1 g DHCA (5.5 mmol)was reacted with.6 mL SOQ, (1.5 eq) in

25 mLof anhydrouslioxanein a 3neck round bottom flask equipped with refrigerator
The reaction mixture wastirredunder nitrogen anbdeatingat200°C for one hour.1.3

mL octanol (n.w.: 130,23g/mol, 1.5 eq) was added aride mixture was stirred at
200°C for 18 hours then allowed to reach room temperature and quenched with brine
and5 % bicarbonate solutiofhe product wagxtracted in DCMand evaporatedo
afford a viscous oil which wasurified bycolumn chromatography on silica gel eluting
with 75:25 hexanéethyl acetate EtOAC). Yield: 0.13 g MW: 294.18 g/mol, 0.44
mmol) 8&6. HPLC-ESIMS analysis $ee Appendix and 1HNMR (see Appendix
confirmed the identity

1.8.6Synthesis o£12DHCA
The title compound was prepared following a procedure previously reported with
modificationg[55]. 1 g DHCA (5.5 mmol)was reacted with.6 mL SOCJ (1.5 eq) in
25 mLof anhydrouslioxanen a 3neck round bottom flask equipped with refrigerator
The reaction mixture wairredunder nitrogemndheating aR00°C forone hourl.84
mL dodecanolrf.w.: 186.33g/mol, 1.5 eq) wasdded and the mixture was stirrad
200°C for 16 hours then allowed to reach room temperature and quenched with brine
and5 % bicarbonate solutiohe product wagxtracted in DCM and evaporated to
afford a viscous oil which wasurified by column chnmatography on silica gel eluting
with 75:25 hexanéEtOAc. Yield: 0.75g C12DHCA (MW: 350.25 g/mol, 2.14 mmol)
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35.19%. HPLC-ESIMS analysis ¢ee Appendix and 1HNMR (see Appendix

confirmed the identity

1.8.7Synthesis o£14DHCA
The title compound was prepared following a procedure previously reported with
modificationg[55]. 1 g DHCA (5.5 mmol)was reacted with.6 mL SOCJ (1.5 eq) in
25 mLof anhydrouslioxanen a 3neck round bottom flask equipped with refrigerator
The reaction mixture wastirredunder nitrogen antieating a00 °C for one hour.
1.8 gg tetradecanolng. w.: 214.39g/mol, 1.5 eq) wasadded and the mixture was
stirredat 200 °C for 24 hours then allowed to reach room temperature and quenched
with brine and5 % bicarbonate solutiohe product wagxtracted in DCM and
evaporated to afford a viscous oil which wasified by column chromatography on
silica gel eluting with75:25 hexané=tOAc. Yield: 0.68 g C14-DHCA (PM: 378.28
g/mol, 1.79mmol) 41.26. HPLC-ESFMS analysis $ee Appendixand 1IHNMR (see
Appendiy¥ confirmed the identity

1.88 Synthesis o€16-DHCA
The title compound was prepared following a procedueviously reported with
modifications[55]. 1g DHCA (5.5 mmol)was reacted with.6 mL SOCJ} (1.5 eq) in
25 mLof anhydrouslioxanen a 3neck round bottom flask equipped with refrigerator
The reation mixture wasstirredunder nitrogerandheating a00 °C for one hour 2
g hexadecandim. w.: 242,44g/mol, 1.5 eq)added and the mixture was stirr&00
°C for 20 hours then allowed to reach room temperature and quenched with brine and
5 % bicarbonate solutioithe product wasxtracted in DCM and evaporated to afford
a viscous oil which wapurified by column chromatography on silica gel eluting with
80:20 hexanéEtOAc.. Yield: 0.64 g CLEDHCA (MW: 406.31 g/mol, 1.57 mmol)
48.6%0. HPLC-ESIMS analysis ¢ee Appendix and 1HNMR (see Appendix

confirmed the identity.
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1.89 Synthesis afuinones: oXC2-DHCA, oxC4-DHCA, oxC8-DHCA, oxC12-
DHCA, 0xC14DHCA andC16:DHCA

Thequinones wer@reparedrom the corresponding catechddlowing a procedure
previously reported with modificatio®7]. To a stirred solution othe lipophilic
catechol in DCM was adde5 equivalents of silver oxidgowder The mixture was
vigorously stirred at room temperature to maintain the suspension of e Huen
after nearly one hour the green solution shift to red aasfiltrated with 0.7 um
porosity paper filterThe solution changing coloured was the oxidationsge started
and the low porosity of the filter was calculated to better remove the silver oxide
particles. The organic solution was evaporated under requesdureo afford the
desired quinone in nearly quantitative amount (from a ran§6.&B %o 99 %) The
product was used without further purificatiGiPLC-ESI-MS analysis $ee Appendik
1H-NMR and 13GNMR (see Appendix confirmed the identity, showing variable
amounts of impurities arising from oligonmation and polymerization of the

guinones.

1.8.10 Autoxidation kinetics in MeLin micelles
The miceles model used in this investigation was similar to that previously described
and validated bKonopkoandLitwinienko [59]. In a typical experiment, 2.5 mL
of air-saturated buffered (PBS, 50 mM, pH 7.4) aqueous dispersibtebih (final
concentration 2.74 mM) in Tritdh X-100 (final concentratioB mM) micelles were
prepared by vortex mixing, then addindgrashly prepared stock solution of AAPH
(final concentratior2.5-5 mM), immediately followed by additionid 6 €L ©f a
1 mM) stock solutiorof the antioxidant in acetonitrile (final concentratimin2.5 10
e M) roant temperature. After brief additional vortex stirringX6 sec.) thenixture
was used to fill in a sealed 2.4 mL glass vial provided wiRiTBEcoated stirring bar.
The sampl e was e g thermosttrectategdippedtwith3azealddC i
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magnetic stirrer and £©Oconsumption was recorded. Oxygen concentration was
monitored withthe same equipment described for mTYR kinetics and data were
similarly treated by the equation: V (M/s) = ¢#/qd) x 0.210 x 10 3/P0O,whereP0

is the initial 20 % O2 saturation reading that correspondst®2 1 0 mM at 37 |
consumption in the presence of the antioxideas compared with that recorded with
identical referencenixtures lacking the antioxidarifferent initiator concemtations
wereused to find the optimal experimental condition to test the antioxidant molecules
andthe bessettingswith the oxygen sensor was with AAPH 2.5 mM. The theoretical

R calculated with equatiol.10 was 1.88 x 10 M/s, which was confirmed by
monitoring the oxygen consumption during thermaldegradation of AAPH in buffer

solutionin the absence of micelles and antioxidants.

1.8.11 Autoxidation studies in Egygolk unilamellar liposomes (performed during
a visiting period at the University of Ottawa)

Measurementsvere performed according to the previously published protocol by
Prattos gr ooablagk®d@vé¢ll polygopylend plate, wastadded a solution
containing liposomes (1 mM) and STBODIPY (1 mM) in PBS at pH 7.4 to a final
volume of 295 mL EggPCliposomes were prepared by the extrusion techniques
according to literaturgsl], followed by the addition of inhibitors (L aliquots) at
desired concentrations to the appropriate wells. The wkdencubated for 10 minutes

at 37C in theBioTek Synergy H1 plate reader followed by a vigorous mixing protocol
for 5 minutes. Thelate was ejected from the plate reader and the autoxidation was
initiated by the addition of a BL aliquot of DTUN (0.2mM in EtOH), followed by
another mixing praicol for 5 minutes. The plateas incubated for an additional 10
minutes to equilibrate at 3C before data was acquired by excitation of the probes at
488 nm ancemission was measured at 518 nm (gain: 70). The data was transformed
by diving the raw RFU Jaes by the response factor @a#9x1¢ RFU/mM The data
shown is an average of three independegerimentsData analysis followed the
published procedure [60].
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Appendix to Chapter 1
HPLC-ESI-MS chromatogram
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Figure A 1.1 Chromatogram o€2-DHCA r.t.(4.38 min), inacetonitrile #DAD 210 nm b) MS
FULL SCAN NEGATIVE principle mass peak209.1, 210, 245, 419, 42) MS EXTRACTED
NEG ION 209

49



mALl -

5741
,

2500
2000 3
1500 4

1000 3
500

0 e ! T 8 -
T T T T T T T T T T T T T T T T T T T T T T T T I T T T T I T T T T I T T T T

800000 3
700000 3
600000 3
500000 3
400000 3
300000 |
200000 - |
100000 -
L e B S S L e A L B RO

~
* N O
300000 —|
Zooooo
100000 —
|
)
\
L
R
o] —————— e
15 Zo B =5 a0
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CHAPTER 2

The anomalous regiochemistry of
thiol addition to o-quinones
explained by a free radical
mechanism

(Published on The Journal of Organic Chemistry 2022 D&3l:
10.1021/acs.joc.1c02911) The research was carried on in collaboration
with the research group of Prof. Alessandra Napolitano (University of
Naples, Federico |l
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Abstract

During an investigation on the synthesis of novel catechol/quinone type antioxidants
containing chalcogens like sulphur as substituents in the ring, a work which the
research group of Prof. Alessandra Napolitano (University of Naples) has been
carrying onin collaboration with our research group, it was observed an anomalous
regiochemistry of for mal A -quinonkese Weospthol | i
investigate in detail the mechanism at the basis of this unusual behaviour as a
collaborative projetchetween the research groups. It was discovered thattiigon

of thiol compounds, such as cysteine or benzenethiol, -¢mirmnes, such as
dopaquinone, proceeds through a free radical chain mechanism triggered by the
addition of thiyl radicals to theo-quinone. This contrasts with the usual -1,4
nucleophilic addition mechanism, which is typically seen in the addition of amines to
o-quinones. The proposed mechanism has been supported by density functional theory
(DFT) calculations, which consistentlygalicted the correct regiochemistry only for

the thiyl radicalquinone addition pathway. These findings suggest that the commonly
accepted mechanisms for thimlquinone conjugation may need to be revised and that
further work is needed to assess the impddtee radical processes in biologically

relevant thiolquinone interactions.
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INTRODUCTION

2.1 Thiol-o-quinone reaction

The reactions of-guinones with natural thiol compounds like cysteine or glutathione
[1] are important in a variety of biological processes, including pigment synthesis,
metabolic transformations, and crdsgking mechanisms. These reactions are also
relevant in food, agriculture, materials science, toxicology, and organic synthesis.
our gecific case, this reaction was key to the synthesis of novel antioxidants containing
both the catechol function and chalcogens (sulfur) as substituents on the ring, since
these molecules might offer distinctive advantage to handle oxidative stress in
biological systemd?2]. However, a distinguishing feature of the thostjuinone
reaction is the anomalous regiochemistry of the coupling reactiochvdads mainly

to C5linked adducts, in contrast to the usuab Conjugates seen in other nucleophile
addition pathways. This regiochemistry has been a puzzle and has prompted intensive

investigations.

1
BN
. 6 HO R
S H
\ HS-R C6 adduct
HO
HO: ;
S.
R
CS adduct

Scheme2.1 Coupling reactions of cathecols with thiol or amine compounds leadingtor@6
conjugates, respectively

The anomalous regiochemistry of the thdejuinone reaction, which leads mainly to
C5-linked adducts, has been observed in the conjugation of DédRAtecholamines

with cysteine or glutathionf8]. Electronwithdrawing substituents on the alkyl chain
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of catecholamines can direct the attack of the thiol toward the more hindposdian

of the aquinone rind4] [5]. However, in no case is the typical regiochemistry via 1,4
nucleophilic addition observed. The structuaatl mechanistic basis for this unusual
regiochemistry has not been fully understood. Early studies on the reaction of 4
methyto-benzoquinone with thioacetic acid showed that the "norm&#afiduct
prevails in an aqueous or alkaline medium, while the rtamlous" 5S-adduct
dominates at acidic pH or in organic solvgjt This divergent behavior was attributed

to the differential reactivity of the thiolate anion versus the thiol, with the thiol being
less reactive andxpected to react more selectively at the less sterically hindered

position, benefitting also from greater resonance stabilization.

CHzClz or HO.
D/ )K diluted HCI
t
HS HO C5 adduc
S
Hzo, pH>7 \”/

0
HO

OB
HO )J\

S

C6 adduct

Scheme2.2 Schematic reaction ofdhethylo-benzoquinone with thioacetic
acid under different reaction conditions.

The anomalous regiochemistry of the thtedjuinone reaction, which leads mainly to
C5linked adducts, has been a subject of investigation for some time. It has been
observed that other sulfur nucleophiles, saslihioureas and derivatives, usually add

to the "canonical" €& position, suggesting that the regiochemistry may be related to
the typical reactivity of the thiol groufy]. Studies have suggested that the reaction
may involve a free radical pathway, possibly involving the generation of semiquinone
radicals or thiyl radicald8]. Density functional theory (DFT) calculations have
suggested that the initial adduct may evolve through the migration of the thiolate to the
adjacent 5or 2-positions through energetically viable reaction chanf@lsOther
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studies have suggested a role for thiols as both reactants and catalysts in-the rate
determining propagation step of the reaction, and the possibility of a radical chain
mechanism triggerety the addition of thiyl radicals to the-quinone has been
proposed[10]. However, the exact mechanisms and factors contributing to the
anomalous regiochemistry of the thmljuinone reaction are still not fully understood

and require further investigat.

RESULTS AND DISCUSSION
2.2 Investigations of free radical intermediates

Experimental support to the intermediacy of thiyl radicals in the reaction was gained
through investigation afis-transisomerization in olefins due to reversible additedn
thethiyl radicalsto the C=C double bonds (Schefn8), a reaction that was found to

be key to the thieiediated isomerization of lipids in brmembranes, associated with

oxidative stress related toxicity.

/R H H'*?_ H H R

RS’ + o> |>@ ) RS + N
R® R R R R® 'H

Scheme2.3 Thiyl radicatmediated isomerization of olefins

Since this reaction is specific of thiyl radicals and not observed to any significative
extent with other transient or persistent radicalg.phenoxyl, aminyl, nitroxyl), we

set to exploit this process selectively detect the formation of thiyl radical during the
reaction of thiols with MBQ. (2)-stilbene promptly reacts with thiyl radic4lsl] and

its E/Zisomers are easily distinguished by their UV spgd2hor by GCMS analysis,
therefore we used the E isomerization of stilbene as a reporter of the formation of
thiyl radicals.In this study it has beennvesigatedthe formation of thiyradicals in

the reaction betweenmethylbenzoquinone {MBQ) and various thiols, including
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thiophenol (PhSH), mercaptoethanol;(tdrt-butoxycarbonyB(L)-cysteine methyl

ester (LipCys), and thioacetic acitlhas been founthat when 4MBQ is incubatd

with PhSHin the presence oZf-stilbene (E)-stilbene is formed as a product, but when
4-MBQ is incubated with the other thiols, no isomerization is observed. This suggests
that the intermediacy of thiyl radicals is important for the observed isortienza
however, the radicals need to be sufficiently stable to reach a thresholdstimady

concentration in order to produce detectableE isomerization of stilbene

disulphide

adducts

(2)-stilbene

- al f e T AL |__ || J“'""“I“'"L“‘ '-.“.'-":.‘_":-_"!'."_.':;_"""' - “"-'-l- L"'-J" j‘ g

= sz e ikl - b

Figure 2.1(Top) GGMS analysis of the reaction mixture of PhSH 1 mE);<tilbene 0.1 mM and
4-methylbenzoquinone {MBQ) 1 mM in MeCN after 1 hour at 30°C showing isomerization of
(2)-stilbene to E)-stilbene (r.t. 5.90 min), formation of phenyldisulphide (r.t. 6.28 min) and of

unresolved quinone adducts and dimers; anddlaiand bottom) the corresponding mass spectra.

To confirm the intermediacy of thiyl radicals, sfprapping experimentsave been set

up with alphaphenytN-tert-butyl nitrone (PBN) and fdiethoxyphosphoryip-
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methyt1-pyrroline-N-oxide (DEPMPO) as spitraps, whichwould allow them to

detect the presence of thiyl radicals in the reaction mixture by electron paramagnetic
resonance (EPR) spectroscopy. WheMBQ was incubated with PhSH in the
presence of either PBN or DEPMPO, weak yet detectable sigttalsuted to the
trapping of PhSA rasshown anl figure v2 €imdieating ¢he o r d

intermediacy of thiyl radicals in the reaction path.

80 30
40 4 & . 20 4
20 4

B Amnen Sttt

EPR Inbansity (A.U.)
EPR Intensity (AL}

20 4

-4 4 " 30 4

a0 = e . v v e - W
2 3340 30 3280 MO0 A0 3300 A0 AM0 M0 30 MO0 30 JaaD

Magnetc Field ! Gauss Magnetic Field / Gauss

Figure 2.2 EPR spectra (dotted lines) recorded in gpapping experiments with (A) PBN 30 mM,
PhSH 15 mM, 4MBQ 15 mM in 1:1 MeCN/acetate buffer (pH = 5.0) or (B) DEPMPO 30 mM,
PhSH 15 mM, MBQ 15 mM in 1:1 MeCN/ acetate buffer (pH = 5.0). Corresponding computer

simulations (full lines) have been obtained with the following parametersaNA)15.1 Gan = 3.9

G (2.067); (B) an = 14.6 Ga1 =209 Gar=47.4 G ¢=2.0064)

After these encouraging resyltse attempted to confirm the intermediacy of thiyl

radicals in the reaction betweeAVBQ and cysteine usinthe samespintrapping

experiments with PBN and DEPMPO. When DEPMPO was used as theagpinveak

but reproducible electron paramagnetic resonance (EPR) signals were detected,

shown in figure B (ay = 14.4 G; a=19.8 G; a=47.0 G;g = 2.0064) which, on the
basis of the spectral parameteng compatible with the trapping of a cysteine derived

thiyl radicd [12].
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Figure. 2.3EPR spectrum (dotted lines) and corresponding computer simulation (full line) recorded
in spintrapping experiments with DEPMPO 50 mM, cysteine 8.5 miMIBD, 5 mM in 1:1
Me CN/ acet ate buffer (pH = 5.0), showing

However, when PBN was used as the gpap, we were unable to obtain clear,
reproducible EPR signal©nly in one experiment we could obtain a very weak
spectrum which might be compatible with the expected adduct, for which thetieevas
good agreement dhe spectral parametersy@ 15.1 G; a = 3.0 G;g = 2.0068) with

the literaturg 13]. However, we were unable to repeat the experinpassibly due to

the instability and high reactivity of cysteine thiyl radicals in solution, which leads to

low steadystate concentrations in the reaction mixture

CySH/4-MBQ/ PBN
Ho

6 1 cys N+
4_

EPR Intensity (A.U.)
o
= e

T T T T T
3320 3340 3360 3380 3400 3420

Magnetic Field / Gauss

Figure 2.4 Spin adduct obtained by incubating PBN 85 mM, CySH 16 mMBQ) 16 mM in 1:1
MeCN/acetate buffer (pH = 5). Spectrum (black) was recorded with the following settings:
modulation amplitude 1 G, sweep time 60 s, microwave power 10fregdiency 9.76 GHz (g =
2.0068), while its computer simulation (red) was obtained using the following parameters: a(N) =
15.1 G, a(H) =3.0 G.
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As for the case oZ/E isomerization experiments, we attribute the modest signals
obtained with cysteine in spitnapping experiments to the major instability and high
reactivity of Cy®\ (al i phatic) thiyl radicals in
state concentratiortd the thiyl radical, possiblformed as intermediate in the reaction
of CySH with 4MBQ. Given this not fully conclusive result, we decided to revert the
experimental approacho find independent confirmation tfe intermediacy of thiyl
radicals in the reaction betweertho-quinones like 4MMBQ and thiols like cysteine
we synthesied nitrosog/steine (CySNO) and N-acetylcysteine nitroso derivative
(NAC-NO), which are known to generate thiyl radicals upon photo]¢gis[15]. We

then performed spirtrapping experiments by photolyzing the nitrosothiols in the
presence of PBN and found clear evidencéhefformation of thiyl radical addugts

starting from either of the two photochemical sources, as can be seen in figure 2.5.

EPR Intensity (AV.)
———
— e
3\
X
— - —
1
|
EPR Intensity (A.U.)

3320 3340 3360 3380 3400

Magnetic Field/ Geuss Magnetic Field / Gauss

Figure. 2.5 Spin trapping of the thiyl radical from CySH and NACys upon photolyzing in the EPR
cavity a solution of the correspding nitrosocCyS-NO and NAGNO (25 mM) in the presence of
PBN (6 mM) in MeCN/acetate buffer (pH = 5.0) 7:3 at 30°C. Photolysis was performed-49@40
nm (22063000 mW/cn) for 40s. Experimental spectra (black) were recorded with the following
settings modulation amplitude 1 G, sweep time 60 s, microwave power 5 mW, frequency 9.76 GHz
(g = 2.0068), while their computer simulations (red) were obtained using the following parameters:
(CySPBN) a(N) = 15.0 G, a(H) = 3.2 G; (NACyBN) a(N) =14.9 G, a(H) 2.9 G;

Having obtained clear evidence that both @yQ and NAGNO produce detectable

levels of thiyl radicals under our setting, we replacgith 4-MBQ and irradiated the
90



mixture, to verify the formation of the thiyl adduct of the quinofiéis would hae
provided evidence that, under conditions in which there is no thiol and the reaction is
certainly carried out by thiyl radicals, the same radical adducts typically observed by
reacting4-MBQ with cysteine or other aliphatic thiols are obtainkidwever,the
analysis of the reaction mixture showed the presence of relevant amounts of the starting
thiols and disulfidespwing to the impossibility to better purify the unstable €yS

and NAGNO from the starting thiols. The presence of some starting thiohen
reaction mixturanadeit difficult to confirm that the observed adducts to the quinone
derived from the thiyl radicals rather than the thisEefAppendix).To circumvent the
problem weturned to glutathione (GS) as a probe thiol and synthesized@Svhich
(unlike CySNO and NAC-NO), we were able to obtain in pure formvithout
impurities of the starting thiollhen werepeated the experiments using-N86, in an
attempt to provide unambiguous evidence for the intermediacy of thiyl radicals in the

reaction between-#MBQ anda cysteinelike thiol. The experiment is illustrated in

scheme 2.5.
A) N»,O
(0] (0] SH (0] HCI 2N (0] (0] S g ©O
HO)J\-/\/U\N N\)J\ oH * NaNO2 HO)J\-/\/U\N N\)J\OH
z H acetone/water - H
NH, (0] NH, (0]
Glutathione (GSH) S-Nitrosoglutathione (GSNO)
B)

Gsno UVlight g, no®

o cst

GS*® + ©):N+ P
PBN GS/PBN

Scheme2.4 A) Synthesis ofs-nitrosoglutathione; Bjeaction scheme of spinapping experiments
by photolyzing thenitrosoglutathione in the cavity of the EPR spectrometer in the presence of PBN.

Spintrapping with PBN afforded good EPR sighathich were unambiguously
assigned to the trapped GSA thiyi6el.radi c
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Figure.26Spin trapping of the thiyl r@SNOQ&ZIMMGSA u
in the presence of PBN (9 mM) in MeCN/acetate buffer (pH = 5) at 30°C (dashed line; the asterisk
indicates the persistent signal of the EPR cavity Dewar). Simulatedwspgét! line): av = 15.1

G, a1 = 3.1 G, gfactor = 20070.

To confirm the generation ofMIBQ/GS adduct under radical conditiohso
matched reaction mixtures where prepared:

1) a solution containing 1 mM ofMIBQ and 1 mM GSNO in acetate buffer/MeCN
(pH 5.0), which was irradiated with a 400 mW Hamamatsu ldivip (4500
mW/cm2, set at 50%) for 5 minutes at 30°C;

2) a solution containing 1 mM ofMIBQ and 1 mM GSH in acetate buffer/MeCN
(pH 5.0) which was incubated in the dark at 30°C for 15uteis

. HO
o (o) (o) Su \)(J)\ Acetate buffer (pH 5.0) :©/
+ )J\/\/U\

D/ HO N N OH ACN HO

o NH, H oo o) o) g O
4-MBQ GS" HO)J\,/\/U\N N\)J\OH

NH, H 0
5-S-adduct

Scheme2.5 Generation of MBQ/GS adduct under radical conditions

The HPLCGQ-TOF analysisof the two reaction mixtureshowedin both caseshe
formation of an adduct, which was identified as th&$% adduct by comparing its
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chromatographic behaviour to an authentic sample. The analysis also showed that the
adduct had a characteristic ion signal at m/z 430 and a specific fragmentation pattern
when subjected to MS/MS analysidomparison of the MS spectra and retention time
confirmed that the two reaction mixtures had produced the same athisslggests

that both reactionmust proceedia the transient formation dhiyl radicals[6]. The

thiyl radical would then add to the quinone to afford the final adduct, normally
attributed to nucleophilic addition of the thidlVe identified th& there was the
formation of 5-GS becauséor the reactionregiochemistrysimilarity using PhSH
Previously was isolated and characterized as th&-@henyl adduct(5-methyl3-
(phenylthiol)benzene 1;@iol) by complete spectral analysonfirming that the
reaction with PhSH followed the same regiochemistry observaddgsteineand so

glutathione The NMRspectra are shown in AppaiK.

2.3DFT calculations

To support the main conclusions from the above sets of experiments, and to gain a
deeper insight into the origin of the anomalous regiochemistry, a systematic
computational investigation was carried out at the DFT level of thé&atially, the
relative emergies were computed for the various regioisomers that can be formed by
reaction of the thiol with the-quinonevia three alternate pathways: 1a) thiplinone

and 1b) thiolatequinone nucleophilic addition; 2a) thiyl radigathenoxyl radical and

2b) thiyl radicalsemiquinone radical anion coupling, and 3) thiyl radgqahone
coupling. Coupling pathways 2 and 3 wolle consequent to a preliminary electron
transfer step between the thiol and the quinone leading to thiyl radicals and
semiquinonegsee Appendix). The computational work has been carried our at the
University of Naples by Prof. Orlando Crescerizihas feen used @omputational
method to calculate the free energy of several chemical species in different solvents.
The free energy is a measure of the thermodynamic feasibility of a chemical reaction
or process, and it can be computed using density functioeaty (DFT) and a basis

set, which is a set of mathematical functions used to describe the electronic
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wavefunction of a molecule. The species being studied inclei®&@, phenoxyl

radical, semiquinone, methanethiol, thiolate, and thiyl radidag initially formed
adducts, or the products of chemical reactions, under the assumption that the reactions
were kinetically controlled, meaning tr@mpetitive reaction paths are selected on the
basis of their relative rate, rather than by théwermodynamic dvourability. The

results of the calculations are reported in Table 1, and they show the relative free
energies of different regioisomers, or isomers that differ in the arrangement of their

atoms, produced by different pathways.

Table 2.1. Relative free rergies (kcal mol) for the regioisomers depicted in Schenwksulated wittPBEO

density functional and wittvB97X-D functional(data reported in brackets)

Path In vacuo In water

-5 | n.d? -5 unstablglunstablg®
ta -6 | n.d2 1-6 unstablgunstablé®
L) 2b 11-5 | n.da 11-5 | 1.9 (2.6)

11-6 | n.da 11-6 | 0.0 (0.0)
2 111-5 [ 3.7(3.0)| 111-5: | 4.8(5.2)

111-6 | 0.0 (0.0)| 111-6 [ 0.0 (0.0)
] IV-5 | 0.0 (0.0)| IV-5 [ 0.0 (0.0)

IV-6 | 6.5 (6.2)] IV-6 | 4.2 (3.2)

8 Charged / zwitterionic species were examined only in water.

bl Most starting structures of the zwitterionic adduct dissociate during optimization; only few minima have
been identified. The comput&G° for the reaction (PBEO level) is 22.7 kcal nol

[l All starting structure examined dissociate during optimizatio

It has been conducted additional computational calculations using a different
functional, called wB97XD, to validate their results. They found that the wBIFX
functional, which has been specifically validated for modeling khichael additions,
gavethe same overall trend as the PBE058 functional. The data from the computational
calculations suggest that thiyl radical addition to the quinone is the only mechanism
that is compatible with the anomalous regiochemistay is experimentally observed.

However,there isa more complex analysis needed to fully understand the mechanism
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of the reaction, taking into account factors such as the role of oxygen, protonation and
deprotonation of the substrate and adduct, and redox exchange between the different
species.By combining the evidence for the intermediary of thiyl radicals obtained in
our previous experiments, the specific regioselectivity observed in the final adduct,
amd the results of calculations, it is possible to suggest and overall reaction israchan

for the thiolquinone reaction.lt is shown in Schem@&.7 to account for most of the
experimental evidencé&or simplicity, only the prevalent-S adduct is shown in the

scheme.

OH- H,0
.0
%I7< inhibition
.0 .0 O of chain
- SN propagation
O H HO R
S. S
R R

HS-R

chain
ropagation
Eteppl ° S-R chain Q/
o propagation | & H
D/ adduct oxidation step 2 h

R

HO:@/
HO ji;/ H 0 PH 7 OH-
O

catechol
S
| R
diadduct formation,
oxidative polymerization

Scheme2.6 Proposed mechanism fthre 5S-adduct formation.

In this scheme, a thiyl radical, even if produced in trace amounts by oxidizing agents
present in the medium, including the starting quinone, would initiate a free radical

chain process hinging on the strongeatdm abstractionapacity of the intermediate
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radicallV -5 with respect to the semiquinone isomer. Hence, the overall outcome of the
reaction would be based on the competition betweatokh abstraction from the thiol
and isomerization to semiquinone. TaBI2 reports comuted free energies (kcal mol

1 for the main reaction steps.

Table 2.2. Relative free energies (kcal mlfor the reaction steps proposed in Scheme 6.

Step In vacuo| In water

chainpropagation, step | -12.4 -11.8

chainpropagation, step | 2.4 6.1

rearomatization -20.3 -19.7

The mechanism depicted in Sche6 would also be consistent with the following

observations:

1) At pH 7.0, the first formed free radical adduct or the equivalent phenoxyl radical
would undergo deprotonation to give a semiquinone radical anion, thus preventing
H-atom transfer from the thiol would account for thiyl radigaherating chain
propagatiorstep 2. Moreover, deprotonation of the resulting adduct would increase
its facility to oxidationvia redox exchange with the starting quinone resulting both
in catechol accumulation and adduct conversion to the corresponding quinone. This
latter step wouléccount for diadduct formation and the general decrease in adduct
yield at pH 7.0.

2) At pH 4.0, when both autoxidation and anion formation are minimized, allowance
of oxygen into the medium would ensure both a greater efficiency of the thiyl
radicalgenerating initiation steps and themadation of any catechol/semiquinone
produced by redox exchange thus regenerating the quinone and enhancing the key

coupling step.
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CONCLUSION AND PERSPECTIVES

The anomalous regiochemistry of the coupling reaction of treaisgysteine, witho-
guinones was rexaminedin this project by an integrated experimental and
computational approach. Both experimental and theoretical results pointed strongly to
a mecharsm based on generation of thiyl radicals and their subsequent addition to the
o-quinone. This latter step would promote a free radical chain process in which the
initial adduct would continuously produce thiyl radicals from the thimEkfficient H
atomabstraction. The proposed free radical mechanism would be compatible with the
observed dependence of product yield and distribution on both air and pH and would
open new vistas into a range of reactions and processes of biological relevance.
Additionally the understanding of the reaction mechanism will allow rational
optimization of synthetic strategies to prepare novel chalcogetaining

polyphenolic antioxidants.

EXPERIMENTAL PART

2.4 Materials and methods

2.4.1Materials

4-methylo-catechol,  kcysteine, thiophenol (PhSH), -§/droxy2,5,7,8
tetramethylchromang-carboxylic acid (Trolox), (Zgtilbene, (Est i | be-ne,
azobisisobutirronitrile (AIBN), mercaptoethanol (HSEtOH)(tErt-butoxycarbonyh
(L)-cysteine methyl est (LipCys), tedb ut vy | p e r-phanyi Rtertzaty-leutyl U
nitrone (PBN), %diethoxyphosphorytb-methyll-pyrrolineN-oxide (DEPMPO),
sodium nitrite, Nacetylcysteine and glutathione were purchased from Sigma Aldrich
(Milan, Italy), sodium periodatevas purchased from Carlo Erba (Milan, Italy)S6

cysteinyl isomer was prepared as previously desciibgd
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2.4.2General methods

UV-vis spectra were recorded with a Jaseb6d UV-vis spectrophotmeter (Lecco,
Italy) or with a Biomate 5 (Thermo Scientifiiglilan, Italy) coupled with a Heto DBT
Hetotherm (Birkergd, Denmark) thermostatting water circulator for temperature
control set aB0°C.1H NMR spectra were recorded in CDCI3, in D20, or in DMSO
at 400 MHz on a Bruker spectrometer. 13C NMR spectra were recor@doCI3 at

400 MHz on a Bruker 400 MHz spectrometer. 1H,1H COSY, 1H,13C HSQC, and
1H,13C HMBC were run at 400 MHz usiBguker standard pulse programs. Structural
assignments were made Wwiadditional information from gCOSY, gHSQC, and
gHMBC experimentsAnalytical and preparative TLC were carried out on silica gel
plates (0.25 and 0.50 mm, respectively) from Merck usimgroform/methanol 9:1

vlv as the eluantdPLC analyses were perforch@n an Agilent 1100 binary pump
instrument (Agilent Technologies, Milan, Italy) equipped with a SPD10AV VR UV
visible detector using a Phenomenex Sinergy 4U HyRFPocolumn (250 mml 4.6

mm, 4 em parti cl Retedionzavavilength wa®setZ54 mml Eluamt n .
system: 0.1 % formic acidmethanol 75:25 v\L.C-MS analyses were performed in
positive ion mode using an Agilent 1260/6230DA H®IF instrument in the
following conditions:nebulizer pressure 35 psig; drying gas (nitrogen) flushed @t 5
min at a temperature of 325 ° C; capillary voltage 3500 V; fragmenttage 175 V.

An Eclipse Plus C18 column (150 x 4.6 mm, 5 um) at a flow rate of 0.4 mL / min was

used, using the same eluanthsve.

2.4.3 Synthesis of-fnethyto-quinone (4MBQ)

The title compound was prepared following a procedure previously reported with
modifications[18]. To a solution of 4methylcatechol (4 mmol, 40 mL) in cold water,
sodium periodate (4.4 mmol), preusly dissolved in cold water, was rapidly added,
and the mixture was kept under vigorous stirring in an ice bath. After 30 s the mixture
was extracted with cold dichloromethane (3x50 mL). The organic layers were dried
over anhydrous sodium sulfate and take dryness to give a rd@town powder in 96

% yield and pure form as confirmed by bN6 analysis, HPLEQ-TOF analysisgee
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Appendiy) and 1HNMR (see Appendix . 1H NMR (CDCI 3) 0 (p
6.33 (d, 1H), 6.20 (s, 1H), 2.21 (s, 3H).

2.4.4 GC-MS analysis of stilbene isomerization
GC-MS analyses were performed in a Agilent 68V 3N system equipped with
7683B autosampler (Agilent Technologies, Milan, Italy) mounting &SNS 0.25 mm
3 30 m3 0.25 um column, using He as carrier gas at ftate 1 mL/min. Temperature
programming was: 100°C, hold 1 min, ramp to 270°C at 30°C/min, hold 8 min. Injector
and detector temperatures were 250°C and 270°C respectively, injection volume 1 pL,
split ratio 20:1. Mass spectra were recorded in El+ (70 edann the range 3200
m/z. For Z E isomerization studies a mixture of 0.1 mM-&ilbene was incubated
with PhSH (310 mM) and 1 mM 4MBQ in MeCN at 30 °C and analyzed at different
time-intervals. Control experiments lackingMBQ were performed. Thioatic acid,
HSEtOH and LipCys were also tested as the thiol reactant in place of PhSH. As a
positive control 0.1 mM (Z¥tilbene was incubated with a thiot{D mM) and AIBN
or tertbutyl perbenzoate (TBPB) {80 mM) at 3670°C.

245 HPLC-Q-TOF(MS) amlysis of quinone/thiol reactions

Analyses were performed on a Acquity UPCi(tass Plus coupled to a Xevo 85
QTOF spectrometer (Waters, Milan Italy) mounting a SepaChrom Adamsl@&dsic

(250 mm?3 4.6 mm, 5 um particle size) column eluted isocratically with 30% A (0.1%
trifluoroaceticacid in MeCN) and 70% B (0.1% trifluoroacetic acid in water) at flow
rate 0.6 mL/min. ESI+ : cone 30V, capillary 0.8 kV, temp. 120°C, desolv. temp. 600°C,
cone gas flow 50 L/h, desolv. flow 1000 L/h. Mass range 50 to 1250 m/z, High CE
ramp 20 to 30 eV. MMS: CID 20 to 30 eV with Ar. TOF: acceleration 10/100V,
pusher/puller 1900V/1400V, flight tube 9 kV, reflectron 1.6 kV. In experiments
probing quinone/thiol reaction a mixture of 1 mMVMBQ and the $hitroso thiol (GS

NO, NAC-NO or CySNO) at 1 mM contaied in a quartz cuvette was irradiated using
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Hamamatsu UV lamp (4500 mW/cm2 at 24900 nm) provided with an optical fiber,
at 3070% power for 5 minutes at 30°C, then immediately subjected to analysis,
alternatively a mixture of4MBQ 1 mM and glutathion& mM was incubated in the

dark at 30 °C for &5 min then immediately analysed.

2.4.6 Reaction of MBQ with cysteine

To a solution of 10 mM cysteine (0.02 mmol) in 50 mM phosphate buffer (2 mL) at
pH 7.0, 4MBQ dissolved in a minimal amount of acetivile was added up final
concentration 1 mM, and the mixture was kept in air under stirring (400 rpm). After 15
min aliquots were withdrawn, treated with an excess of solid sodium dithionite and
analyzed by HPLC and UVis spectrophotometry. The same exments were also

run in 50 mM phosphate buffer at different pHs (in the ran@ghkbth in air and under

an argon atmosphere. All experiments were run in triplicate. IdentificatioMiB@-
cysteine adducts was achieved by comparison of their chromplagtzehavior with
those of authentic sampl¢&9]. Control experiments were run in the absence of
cysteine. Selected reaction mixtures were analysed biM&Ginder the conditions
detailed above. In other experiments to a solution of cysteine -MBQ both at 1

mM, in 50 mM phosphate buffer at pH 4.0,fdient amounts of trolox (-5 mM)

were added and the mixture was kept in air under stirring. After 3 min withdrawn
aliquots were analyzed by HPLC as ab@ae(Appendix The same experiments were
also run at 1:5 catecholcysteine/Trolox ratio at diffepas (in the range-4) under

an argon atmosphere and after 3 min were analyzed as above.

2.4.7 Reaction of MBQ with thiophenol

To a solution of 10 mM PhSH (8.2 mmol) in 50 mM phosphate buffer at pH 4.0, a
solution of 4MBQ (0.82 mmol) in acetonitie was added and the mixture was kept
under stirring (400 rpm) in air. After 15 min the mixture was analyzed by HPLC. The

chromatographic profile revealed the presence of a major component eluted at tR =16

100



min. The mixture was then extracted with ethyltate(3x800 mL), and the combined
organic phases were taken to dryness after treatment with anhydrous sodium sulphate.
TLC analysis showed the presence of a main product (Rf = 0.6, eluant CHCI3/MeOH
9:1 v/v). Purification was run by preparative TLC usingl@3: MeOH 9:1 v/v
containing 1 % acetic acid as eluant to give the product (30% yield) in pure form. UV
3max (MeOH): 256 nm {3630 Mlcnt), 295 nm (5899 Micm?). *H NMR (DMSO-

d) 0 (ppm): 2.14 (s, 3H), 6.63ndH57.731H) ,
(d, 2H).BC{*H}NMR(DMSO-ds¢) U (ppm): 19.27 (CH3), 1
127.29 (CH), 128.15 (C), 129.56 (C), 129.86 (CH), 133.40 (CH), 142.39 (C), 143.82
(C), 151.02 (C).

2.4.8Synthesis of CylO and NAGNO [78]
The title compounds were prepared accordingly to protocols previously reported with
modifications. Briefly, L.cysteine (0.18 mmol) and sodium nitrite (0.18 mmol) were
dissolved in 0.5 M HCI (5 mL) and the mixture was keiptler stirring in an ice bath.
After 30 min a 0.1 M NaOH solution was added to the mixture up to pH 5.0. The
concentration of CydlO was estimated by measuring absorbance at 332 nm using a
molar coefficient of 0.75 mMcm1 as 15.2 mM, corresponding to ielg of ~50%.
Similarly, the concentration of NACNO was estimated from absorbance at 330 nm
using a molar coefficient of 0.73mi¥cm-1. HPLGQ-TOF analysis revealed in both
cases the presence of the starting thiol and the corresponding disulphide. Tibe solut
was used for product study and spin trapping experiments. Synthesis-HDGS
[79],[80] To a stired icecold solution of GSH (500 mg, 1.7 mmol) in water (2.5 mL)
NaNO2 (120 mg, 1.7 mmol) was added and then acidified by adding HCI 2N (0.9 mL).
After 40 minutes during which the temperature was maintained from O to 5 °C the red
solution was treated withcetone (3.5 mL) and stirred for further 10 minutes. The
resulting fine pale red precipitate was filtered off and washed successively with ice
cold water (2 mL), acetone (2 mL) and diethyl ether (2 mL) to afford S

nitrosoglutathione (300 mg, 76%), whosentity and purity was assessed by-W\g,
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'H NMR (see Appendix and HPLGQ-TOF analysis fee Appendix UV-Vis amax
H0O): 335 ntmy U 528 Mrcm).OHNVR.(BOM U (ppm
4.6014.50 (m, 1H), 4.1071 3. 8H, 260n{t 2HLH) ,
2. 1071 1. 95-TQFRESH &/kt B37 (INDHHT , 2%), 307, 289 (bp), 232, 118.

2.4.9EPR spinrtrapping experiments

The X-band EPR spectra were collected in 1 mm quartz tubes with Elexsys 500
(Bruker, Milan, Italy) and aMiniScope MS 5000 (Magnettech, Freiberg, Germany),
both equipped with temperature control, and all spectra were recorded at 30°C. When
needed UV irradiation in cavity was provided by an optical fiber from a mexangn

lamp (Hamamatsu Lightningcure LCB{0-400 nm, max 4500 mW/cth Spectra were
analysed by the WInESR program (developed by Prof. Marco Lucarini, University of
Bologna) and subjected to iterative simulatioatching based on the systematic
application of MonteCarlo method. Measurethgtorswere corrected with respect of
2,2,6,6tetramethylpiperidinéN-oxyl (TEMPO) radical, g = 2.006120], [21] and that

of 2,2diphenytl-picrylhydrazyl (DPPH) radical in acetonitrile, g = 2.00B%.
Spectra were recorded with the following settings: modulation amplitud@. 2 T,

sweep width 12 mT, modulation frequency 100 kHz, fregyed.76 Hz, sweep time

60s, microwave power 10 mW. For sgirapping experiments 1000 mM spin trap

(PBN or DEPMPO) was added to a mixture of the thi@01mM and 4MBQ 1-20

mM in MeCN/acetate buffer (pH = 5.0) 1:1 in a quartz tube in the cavity dE@ie
spectrometer (30°C) and spectra were recorded every 5 minutes. For experiments with
S-nitroso derivatives a mixture of Gy¢0, NAC-NO or GSNO 1-25 mM and PBN 5

10 mM in MeCN/acetate buffer (pH = 5.0) was briefly irradiated4@6, 50% power)

in the pectrometer cavity (30°C) and the spectra recorded immediately after.
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2.4.10Computational analysis

Calculations were mostly performéegt Prof. Orlando Crescengiith the Gaussian 09
package of program$23] only DLPNO-CCSD(T)}F12 calculations were perioed

with Orca 4.2.1[24], [25]. The spn-unrestricted formulation was used for ogshrell
species. All structures were optimized with the PBEO functi¢26),the PBE hybrid
including 25% exact exchange. In several cases, independent optimizations were also
carried out -Wifunchonal [B7¢ a lanBrangeXorrected functional
including empirical dispersion, which in a recent stydg] has been specifittg
validated to model thidlichael additions. For each species, different tautomers /
conformers, as well as different protonation states were explored. In those cases where
enantiomers exist, a single enantiomeric series has been explored. All conformers
identified were further characterized by single point energy evaluations with the M06
2X functional [29] in conjunction with a much larger basis s@311++G(2d,2p).
Reference conventional coupletlister singles and doubles calculations were also
carried out[30] [31]] including noniterative treatment of triple ekations,[32] with

the cepVTZ basis sef33] [34or wi t h basis s erieg35.0br t he
openshell species, a restricted opgmell reference wave function was used. Domain
based local pair natural orbital coagicluster (DLPNGCCSD(T)) calculationsvith
inclusion of explicit correlation (F12) in the wavefunctiware performed with the ec
pVTZ-F12 basis sef36) and wi th a ATi ght PNOO pair
uniform treatment of ogn- and closeeés h e | | speci es, t he A
keyword was set to fAfalseo for t he «cl
performed either in vacuo, or by adoption of a polarizable continuum medium (PCM)
[37] [38] [39] [40] to account for the influence of the solution environment. In view of
the faster convergence, aaked van der Waals cavity based on universal force field
(UFF) radii;[41] [42] [43] nonelectrostatic contributions to the solvation free energy
were disregarded at this stage: these terms were accounted for irpsimgl®CM
calculations (at the PCM geometries) employing radii andatectrostatiderms of

the SMD solvation modd#4]. Vibrationalrotationd contributions to the free energy
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at 298.15 K were also computed. G values reported in the tables are referred to a 1 atm
standard state; however, they were converted to a 1 M standard state in order to

compute the reaction free energies discussed ipaper{45].
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Appendix to Chapter 2

UPLC-Q-TOF chromatograms and mass spectraNMR spectra, andmechanistic
details.
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Figure A 2.1 Chromatogram of $itrosocysteine (CYSNO) (r.t. 3.39 min), in acetate
buffer/MeCN (pH 5.0), showing residues of the starting cysteine (CYS) (r.t. 3.24 min) and the
disulphide dimer (CYSCYS) (r.t. 3.09 min) originateddm the synthesis. The corresponding mass
spectra are shown below the chromatogram.
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Item name: NAC NO

Channel name: Identified Components NAC-NAC
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Figure A 2.2 Chromatogram of $itroso-N-acetylcysteine NAENO (r.t. 5.73 min), in acetate
buffer/MeCN (pH 5.0), showing residues of the startingdetylcysteine NAC (t. 4.43 min) and
the disulphide dimer NANNAC (r.t. 3.92 min) originated from the synthesis. (Bottom)
Chromatogram built at m/z 164 corresponding to [M*idh of NAC, proving the relevant
impurity of the starting thiol in the synthesized NACNO
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Item name: NAC NO Channel name: Time 5.7308 +/- 0.0405 minutes
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Figure A 2.3 Q-TOF mass spectra of the components identifiddy. A 1.2 (top) S-Nitroso-N-
acetylcysteine NAENO, (middle) Nacetylcysteine, and (bottom) the corresponding disulphide.
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[tem name: 4 MBQ + GSNO Pre
Channel name: GSNO [+H] : (37.1 PPM) 337.0814
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Figure A 2.4 Chromatogram of $Nitrosoglutathione (G®O) [M+H]", in acetate buffer/MeCN
(pH 5.0), before reaction with quinone, (middteyresponding MS spectrum and (bottom) MS/MS
fragmentation pattern of characteristic ion at m/z 307.
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Item name: 4 MBQ + GSNO Post
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Figure A 2.5Chromatogram of the adduct obtained by irradiating a solution of 1 Av\B@ and
1 mM GSNO in acetate buffer/MeCN (pH 5.0), with a Hamama#su- lamp (4500 mW/cm2 at
240-400 nm, power 50%) for 5 minutes at 30°C, (middle) corresponding MS spectrum and (bottom)
MS/MS fragmentation pattern of characteristic ion at m/z 430.
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Item name: 4 MBQ + GSH
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Figure A 2.6 Chromatogram of the adduct obtained by mixing 1 mMBQ and 1 mM
glutathione (GSH) in acetate buffer/MeCN (pH 5.0), and incubation at 30°C for 15 min, (middle)
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corresponding MS spectrum and (bottom) MS/MS fragmentation pattern of characteristic ion at m/z

430.
0. CHy o CH,
N s en A H
— I-5 -6
1a) — = F o S+,R
o~ LH |
H
H” R

0. CHy
o CH 0 CH
X ° R—s X :
1b) — - II-5 H 11-6
Z © : _R
o H 0 s
S\q
HO CH,
D/ HO CHs
0 . o CH
R—S X s
2a) “ — III-5 Ho 16
R
. H _
OD/CHS S HO s
HO
0. CHg
D/ O. CHs
o . o CH
R—S Xy N
2b) i _ - II-5 H 1I-6
o ) R
o} CH, H o s”
o
0. CHs
Ox CHy o Ox CHs
3) ;@/ — F V-5 /@;H . V6
o s H o s”
SR
HO CH,
:Q/ HO CHs
R
s HO s”
SR
6-S-adduct
5-S-adduct

Figure A 2.7.Schemeof the different reactiopathway evaluated bipTF calculations of thesaction of4-
MBQ reactions with thiolsto model the experimentally observed regioselectivity of addition.
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NMR spectra
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Figure A 2.8 'H-NMR spectrum of MBQ (400 MHz, CDCI3)
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Figure A 2.9 'H-NMR spectrum of GSNO in D;O at 400 MHz.
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Figure A 2.10*H NMR spectrum of 8nethy}3-(phenylthiol)benzene 1;&iol in DMSO-d6.
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Figure A 2.11 13C NMR spectrum o5-methyt3-(phenylthiol)benzene 1ol in DMSO-d6.
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Figure A 2.12 H,'H COSY spectrum of-Bnethylt3-(phenylthiol)benzene 1-@iol in DMSO-d6.
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Figure A 2.13 H,3C HSQC spectrum d&methyk3-(phenylthiol)benzene 1;@iol in DMSO-d6.
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Figure A2.. 'H,*C HMBC spectrum o5-methy}3-(phenylthiol)benzene 1;@iol in DMSO-d6.
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