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Synthesis, Physicochemical Characterization and
Neuroprotective Evaluation of Novel 1-hydroxypyrazin-
2(1H)-one Iron Chelators in an In Vitro Cell Model of
Parkinson’s Disease

Frank W. Lewis,*? Kathleen Bird,? Jean-Philippe Navarro,? Rawa El Fallah,® Jeremy Brandel,”
Véronique Hubscher-Bruder,® Andrew Tsatsanis,“® James A. Duce,““ David Tétard,? Samuel
Bourne,® Mahmoud Maina® and llse S. Pienaar®'

Iron dysregulation, dopamine depletion, cellular oxidative stress and a-synuclein protein mis-folding are key neuronal
pathological features seen in the progression of Parkinson’s disease. Iron chelators endowed with one or more therapeutic
modes of action have long been suggested as disease modifying therapies for its treatment. In this study, novel 1-
hydroxypyrazin-2(1H)-one iron chelators were synthesized and their physicochemical properties, iron chelation abilities,
antioxidant capacities and neuroprotective effects in a cell culture model of Parkinson’s disease were evaluated.
Physicochemical properties (log 8, logDza4, plos) suggest that these ligands have a poorer ability to penetrate cell
membranes and form weaker iron complexes than the closely related 1-hydroxypyridin-2(1H)-ones. Despite this, we show
that levels of neuroprotection provided by these ligands against the catecholaminergic neurotoxin 6-hydroxydopamine in
vitro were comparable to those seen previously with the 1-hydroxypyridin-2(1H)-ones and the clinically used iron chelator
Deferiprone, with two of the ligands restoring cell viability to >89% compared to controls. Two of the ligands were
endowed with additional phenol moieties in an attempt to derive multifunctional chelators with dual iron
chelation/antioxidant activity. However, levels of neuroprotection with these ligands were no greater than ligands lacking
this moiety, suggesting the neuroprotective properties of these ligands are due primarily to chelation and passivation of
intracellular labile iron, preventing the generation of free radicals and reactive oxygen species that otherwise lead to the

neuronal cell death seen in Parkinson’s disease.

Introduction

Parkinson’s disease (PD) is a debilitating neurodegenerative
disorder in which patients experience progressive loss of
motor control, revealing symptoms such as bradykinesia,
tremor and rigidity.! Such clinical features are due to the
progressive and selective degeneration of neuromelanin-
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containing midbrain neurons, in particular the dopaminergic
neurons in the Substantia Nigra (SN) midbrain region. Although
the exact cause of idiopathic PD is as yet unknown, one of the
pathological hallmarks of PD is dysregulation of intracellular
and extracellular iron levels, and there is strong evidence
indicating that localised iron accumulation occurs in the SN of
PD patients.? In addition, many neurotoxins used as models of
PD such as 6-hydroxydopamine (6-OHDA),3 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP),* lactacystin,> rotenone® or
paraquat?® lead to an accumulation of intracellular labile iron
in addition to other PD pathologies such as disruption of
catecholaminergic neurotransmitters, a-synuclein protein mis-
folding and aggregation, and oxidative damage that eventually
leads to neuronal death.” Moreover, implication of ferroptosis
in PD is gaining increasing interest, indicating a central role
played by iron accumulation in neuronal death.®

When weakly bound or unbound by intracellular chelators,
labile iron is redox active and can cycle between its ferrous
(FeZ*) and ferric (Fe3*) ion forms, which leads to excessive
production of free radicals and reactive oxygen species (ROS)
through the Haber-Weiss reactions.® Such an accumulation of
free radicals and ROS can eventually overwhelm cellular
antioxidant defences such as glutathione, causing the cellular
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damage that is characteristic of PD such as lipid and protein
oxidation,® DNA damage!! and iron-induced a-synuclein mis-
folding and aggregation.1? This redox cycling of iron is avoided
in the healthy brain, where iron is strongly chelated by iron
transport and storage proteins (ferroportin and ferritin,
respectively) and labile iron levels are tightly controlled.13

Due to the crucial role that iron dysregulation plays in the
progression of PD, iron chelators have long been proposed as
potential disease-modifying therapies for its treatment.l4
Indeed, clinical iron chelators such as desferrioxamine (DFO)
and deferiprone (DFP 1, Figure 1) have been successfully used
in other therapeutic areas such as the iron overload diseases
thalassemia and sickle cell anemia,’> while other metal
chelators such as 8-hydroxyquinolines'® and aroylhydrazones’”
have been proposed for the treatment of both PD and
Alzheimer’s disease; another neurodegenerative disorder
involving metal dysregulation.'® Furthermore, deferiprone 1
showed promising results in recent phase Il clinical trials for
treatment of PD.%°
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Figure 1. Structures of deferiprone (DFP) 1, and 1-hydroxypyridin-2(1H)-ones 2 and 3.

1,2-HOPY

Any iron chelator used clinically for the treatment of PD must
fulfil a specific set of criteria. It should be capable of stabilizing
iron in its ferric (Fe3*) form over its ferrous (Fe?*) form such
that redox cycling between the two forms does not occur. It
should be strong enough to chelate and passivate labile iron
but not so strong as to remove iron from iron transport and
storage proteins or inhibit iron-containing enzymes such as
tyrosine hydroxylase; an essential enzyme involved in the
biosynthesis of dopamine.2® In addition, it should have a
relatively low molecular weight and an optimum lipophilicity in
line with the Lipinski parameters?! for orally active drugs to
ensure it is reasonably capable of penetrating cell membranes
and the blood-brain barrier (BBB).¥

As Fe3* is classified as a hard Lewis acid according to Pearson’s
HSAB theory,?2 hard Lewis bases are preferred in order to
chelate iron and stabilize it in its ferric form as Fe3* over its
ferrous form as Fe?*. This suggests that bidentate O-donor
ligands such as hydroxypyridinones (HOPOs)23 are particularly
attractive candidates for further development as iron chelator
drugs for PD therapy. However, although HOPOs fulfil many of
the above criteria and are widely used as bidentate metal
binding groups in many siderophore mimics,2425 most research
on their therapeutic use against PD has focused on 3-
hydroxypyridin-4(1H)-ones (3,4-HOPOs) such as DFP 1 and its
derivatives.2® We previously showed that 1-hydroxypyridin-
2(1H)-ones (1,2-HOPOs) such as 2 and 3 (Figure 1) are also
promising iron chelators in cell culture models of PD in
vitro.?7.28 Compounds 2 and 3 reduced intracellular labile iron
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levels in both the 6-OHDA?’ and lactacystin?® models of PD,
and restored labile iron and iron-responsive protein expression
to normal levels in the 6-OHDA model of PD.2” More recently,
we showed that both compounds also reduced a-synuclein
accumulation induced by the potent ubiquitin proteasomal
inhibitor lactacystin.2®

A closely related family of chelators to the 1,2-HOPOs are the
1-hydroxypyrazin-2(1H)-ones (1,2-HOPYs, Figure 1). These
chelators have been reported as bidentate iron binding groups
in siderophore mimics,?® and have found use in other
applications such as coupling reagents in peptide synthesis3°
and as ligands in luminescent lanthanide complexes.3!
However, currently there are no reports on the study of 1,2-
HOPYs as potential iron chelators for the treatment of PD. We
reasoned that 1,2-HOPYs could be particularly attractive
candidates in this regard for two reasons. Firstly, the additional
N-atom present in 1,2-HOPYs compared to 1,2-HOPOs renders
these molecules more hydrophilic, which could lead to better
oral bioavailability with minimal impact on BBB penetration.32
Secondly, these molecules are readily synthesized by
condensation reactions of amino acid-derived hydroxamic
acids with different a-dicarbonyl compounds.33 Thus, there is a
wide scope to fine tune the physicochemical properties of the
chelators (eg: partition coefficients, pKa values, molecular
weights, etc) through choice of appropriate starting materials.
Herein we report the synthesis, physicochemical evaluation
and iron chelating properties of some novel 1,2-HOPYs, as well
as their neuroprotective potential in an in vitro cell culture
model of PD.

Results and Discussion
Organic synthesis

The target 1-hydroxypyrazin-2(1H)-ones 6, 10, 11 and 12 were

synthesized in two steps from amino acid ethyl esters

following literature procedures29-3133-39 3s shown below in
g p

Schemes 1 and 2. It is known that multifunctional
hydroxypyridinone metal chelators containing phenolic
antioxidant moieties show promising efficacy against

neurodegenerative diseases by acting as radical traps as well
as metal chelators.?® Therefore, we also synthesized 1-
hydroxypyrazin-2(1H)-ones 6d and 10d which each contain a
phenol moiety which could provide a beneficial antioxidant
mode of action in addition to iron chelation. A full discussion
of the synthesis of 6, 10, 11 and 12 is given in the Supporting
Information.

This journal is © The Royal Society of Chemistry 20xx
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Scheme 2. Synthesis of 1-hydroxypyrazin-2(1H)-ones 10a-10d, 11a and 12a.

Table 1. Protonation constants (log K) of ligands, stability constants (log 8) of their Fe3* complexes, plos values, distribution coefficients and ClogP values of ligands?

Ligand 6a 11a 10a 10a 6d 6¢
Solvent H.O H,O H,O MeOH/H20 MeOH/H,0 MeOH/H,0
log K LH 4.58(4) 3.98(5) 3.18(1) 4.24(2) 10.57(1) 5.53(2)
log K LH, 0.04(2) 0.2(2) ~0.6 ~-0.9 5.96(1) 0.66(1)
log K LHs / / / / 0.94(1) /
log 8 Fel 10.38(6) 7.83(1) / 9.79(2) / 12.9(1)
log 8 FeLH / / / / 26.7(1) /
log 8 Fel, 18.1(4) 14.28(2) / 17.89(2) / 21.9(1)
log 8 Fel,H, / / / / 46.3(1) /
log B Fels 23.85(1) 20.19(4) / 21.7(1) / 27.8(1)
log 8 FelsH; / / / / 62.3(1) /
plos 4.36 3.13 / 3.95 7.34 5.98
log D7.4° -1.73(6) -0.4(1) -1.2(2) / / /
ClogP* -0.13 -0.75 0.84 0.84 1.56 2.12
BBB Score® 3.88 3.97 4.47 4.47 4.05 4.70

a Hydroxide formation constants (log 8) were Fe(OH) = -2.56, Fe(OH)2 = -6.20, Fe(OH)3

-11.41, Fe(OH)a = -21.88, Fes(OH); = -2.84 and Fes(OH)a = -6.05 in H,0 [see

ref. 54] and Fe(OH) = -1.57, Fe(OH)2 = -4.63 in MeOH/H,0 (80/20). b Measured in HEPES buffered aqueous phase. ¢ Calculated using ACD-I/Lab. ¢ Obtained from ref.
32. Structural parameters used for BBB Score calculations were obtained using SwissADME (http://www.swissadme.ch/).
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Figure 2. Spectrophotometric titrations vs pH of ligand 6a between (A) -0.5 < pH < 2.08

(batch titration, [6a] = 2.57 x 10* M) and (B) 2.61 < pH < 10.17 (direct titration, [6a] =
2.55 x 104 M). (C) Electronic spectra and (D) distribution curves ([6a] = 1.54 x 10-4 M)

pH-0.5
° of the protonated species of ligand 6a. Solvent: H,0, | = 0.1 M (NaClO,), T = 25.0 °C.
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behaviour and Fe3* complexation properties with respect to
pH. Acid-base properties of ligands 6a, 6¢, 6d, 10a and 11a
were determined by direct UV-visible spectrophotometric
titrations vs pH between pH 2 and 12 and batch titration
between p[H] -0.36 and 2. For solubility reasons, ligands 6a
and 11a and their Fe3* complexes were studied in water while
ligands 6¢c and 6d were studied in a mixed MeOH/H,0 (80/20
w/w) solvent. For ligand 10a, protonation constants of the
ligand were studied in both media while complexation studies

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3
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were carried out only in the mixed solvent for solubility
reasons.

The titrations of the five ligands (6a in Figure 2A and 2B, 6c,
6d, 10a and 11a in Figure S1(A,B)-S5(A,B)) showed the
presence of one protonation equilibrium in the 2 to 12 pH
range and a second one in the -0.36 to 2 p[H] range for each
ligand. Analysis of the spectral variations*! allowed us to
suggest the stoichiometry of the species formed and to
calculate their protonation constants (Table 1). From these
protonation constants the electronic spectra and distribution
curves of the species vs pH were calculated (6a in Figure 2C
and 2D, 6¢, 6d, 10a and 11a in Figure S1(C,D)-S5(C,D)).

The distribution curves suggested that, at physiological pH (pH
7.4), the five studied ligands are negatively charged with the
N-hydroxyl group of the 1-hydroxypyrazin-2(1H)-one ring being
deprotonated. The phenolic proton of ligand 6d remains
protonated. The study of ligand 10a in both H,O and
MeOH/H,0 (80/20 w/w) solvents showed an increase of the
first protonation constant of around 1 order of magnitude in
the mixed solvent. As expected, the protonation constants of
the 1-hydroxypyrazin-2(1H)-ones corresponding to loss of the
N-OH proton are lower than those of the related 1-
hydroxypyridin-2(1H)-ones 2 and 328 due to the added
stabilisation of the conjugate base by the additional N-atom in
the pyrazine ring of 1-hydroxypyrazin-2(1H)-ones. The
protonation constant for 6a is also in excellent agreement with
those published previously for this compound (pKa = 4.7) and
the corresponding unsubstituted 1-hydroxypyrazin-2(1H)-one
(pKa = 4.4).3°> The low protonation constants suggest these
molecules will have a relatively poor ability to cross cell
membranes by passive diffusion.

Fe3* complexation studies vs pH were carried out in the same
way, via spectrophotometric batch titrations between p[H]
—-0.36 and 2 and via direct titrations between pH 2 and 12. The
spectra of Fe3* complexation titrations showed the appearance
of a ligand to metal charge transfer (LMCT) band between 450
and 650 nm for all the studied ligands (11a in Figure 3A and
3B, 6a, 6¢c, 6d, 10a in Figure S6(A,B)-S9(A,B)); a sign that
low pH. The LMCT band
underwent a hyperchromic and hypsochromic shift with

complexation started at very

increasing pH suggesting an increase of the number of ligands
in the coordination sphere of Fe3*. The LMCT band then
decreased together with an increase of the baseline, indicating
the progressive decomposition of the complexes
precipitation of iron hydroxides (Fe(OH)s).

and

4| J. Name., 2012, 00, 1-3
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Figure 3. Spectrophotometric titration vs pH of Fe3* complexes of ligand 11a between
(A) 0 < pH < 1.75 (batch titration, [11a] = 2.55 x 10 M, [Fe3*] = 7.88 x 107> M) and (B)
2.18 < pH < 11.48 (direct titration, [11a] = 1.02 x 104 M, [Fe3*] = 3.12 x 107° M). (C)
Electronic spectra and (D) distribution curves ([11a] = 2.55 x 104 M, [Fe3*] = 8.04 x 10~°
M) of the Fe3* complexes of 11a. Solvent: H,0, 1 = 0.1 M (NaClQ,), T= 25.0 °C.

Analysis of the spectral variations prior to precipitation
suggested the successive formation of Fel, FelL, and Fels
complexes for L = 6a, 6¢, 10a, 11a, and FelH, Fel;H, and
FelLsHs complexes for ligand 6d as precipitation occurred
before deprotonation of the phenolic proton. The calculated
stability constants (log 8) of the species are reported in Table
1. From the values of these stability constants, the electronic
spectra of the complex species (11a in Figure 3C, 6a, 6¢c, 6d,
10a in Figure S6C-S9C) and their distribution curves (11a in
Figure 3D, 6a, 6¢c, 6d, 10a in Figure S6D-S9D) were calculated.
The stability of the 1:3 Fe3* complex of 6a is in reasonable
agreement with that reported previously under different
experimental conditions (log 83 = 20.2).3%

As the complexation of a metal by a ligand is dependent,
among other parameters (metal ion concentration, ionic
strength, ionic medium, pH, temperature), on the protonation
constants of the ligands, the stability constants of the
complexes cannot be used as
sequestering ability of a series of ligands for a given metal. This
sequestering power can be evaluated by the determination of
an empirical and quantitative parameter; plos, which
represents the total concentration of ligand required for the
sequestration of 50% of the metal.*2
sigmoidal

such to compare the

It can be calculated from a
equation:

Boltzmann-type

1

AM = T 100 plos)

where ym = mole fraction of metal cation complexed by the
ligand, pL = —log ¢, and plLos = —log cy, if xm = 0.5. According to
this equation, the higher the plos value, the higher the
sequestering ability of the ligand. The sequestering ability of
ligands 6a, 6¢, 6d, 10a, 11a, as well as ligands 2, 3 and DFP 1
towards Fe3* at pH 7.4 are presented in Figure 4, and the plos
values are reported in Table 1.

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. Sequestration diagrams towards Fe3* at pH = 7.4 of ligands 11a (0), 10a (O),
6a (<), 6¢ (A), 6d (x) and previously studied ligands 2 (#), 3 (e) and DFP 1 (m) and.
[Fe3*] =10 M, T=25.0°C, | = 0.1 M (NaClO,).

The pLos values suggested the following order of sequestering
ability at pH 7.4: 6d > 6¢c > 6a > 10a > 11a. These values
suggested that ligands 6¢c and 6d are the strongest chelators of
the 1-hydroxypyrazin-2(1H)-ones series at this pH, which can
be explained by the higher pKa values of these ligands. It also
suggests that ligand 6d might be a stronger Fe3* chelator than
DFP 1. However, ligand 6d (as well as 6¢ and 10a) were studied
in MeOH/H,O (80/20 w/w) for solubility reasons, so the
chelation power in water would likely be lower, as suggested
by the pKa value of 10a which is 1 order of magnitude lower in
H,O than in MeOH/H,0 (80/20 w/w). The chelation powers of
1-hydroxypyrazin-2(1H)-ones 6a and 11a in water are slightly
lower than those of 1-hydroxypyridin-2(1H)-ones 2 and 3,28
and the order of chelation power of the water-soluble species
at pH 7.4 is thus DFP 1 > 1-hydroxypyridin-2(1H)-ones > 1-
hydroxypyrazin-2(1H)-ones.

Distribution coefficients

The distribution coefficients (log D7.4) between an n-octanol
phase and a HEPES-buffered aqueous phase at pH 7.4 were
determined for ligands 6a, 10a and 1la (Table 1) and Fe3*
complexes of ligands 6a (log D74 = 0.9(1)) and 11a (log D74 =
0.1(1)). Log D74 values of ligands 6¢c and 6d and their Fe3*
complexes could not be determined due to their low
solubilities in the aqueous phase. The partition coefficients of
1-hydroxypyrazin-2(1H)-ones are very similar to those of the 1-
hydroxypyridin-2(1H)-ones reported previously (eg: log D74 of
6a = -1.73, log D74 of 2 = -1.71).28 Although this suggests a
relatively poor ability of 1-hydroxypyrazin-2(1H)-ones to
penetrate cell membranes by passive diffusion, the possibility
that they can penetrate cell membranes by active transport
mechanisms cannot be discounted. In addition, the
distribution coefficients of the Fe3* complexes of 6a and 11a

This journal is © The Royal Society of Chemistry 20xx

are higher than that of 2 (log D74 = —0.18). This suggests that
the Fe3* complexes of 1-hydroxypyrazin-2(1H)-ones can
penetrate cell membranes more easily than the free ligands,
which could enable therapeutic re-distribution of labile Fe3* to
take place between neurons within the brain more easily. The
predicted BBB penetration scores of the compounds are
indicated in Table 1.32 A score between 4 and 5 indicates that
the compounds have a 54.5% statistical ability to penetrate
the BBB. Compounds 6c (BBB Score = 4.70), 6d (BBB Score =
4.05) and 10a (BBB Score = 4.47) are therefore predicted to
have good prospects for penetrating the BBB and reaching the
central nervous system.

DPPH radical scavenging assay

DPPHe free radical scavenging assays were carried out on
ligands 6a, 6¢, 6d, 10a and 11a at pH 7.4 (Figures S11-S15).
This assay, as well as the Trolox Equivalent Antioxidant
Capacity (TEAC) assay, should not be considered to reflect the
actual antioxidant ability of the ligands in vivo, as it is too
simplistic compared to the complexity of an
environment. Nevertheless, they are a useful way to compare
the relationship between structure and antioxidant properties
in this series of ligands.

The kinetics of reaction suggested that these ligands can be
classified as being slow radical scavengers, just like the 1-
hydroxypyridin-2(1H)-ones 2 and 3.2843 The calculated ECsg
values (Table 2) showed that ligands 6a, 6¢c, 6d and 11a have a
similar radical scavenging capability, while ligand 10a exhibited
a 4 to 5 times lower ECsp value, which is slightly better than the
commercial ligand DFP 1 (ECso = 0.008 mg/mL = 5.8 x 10> M)
and comparable to multifunctional metal chelators containing

in vivo

phenol antioxidant moieties.** Somewhat surprisingly, ligand
6d was no better than the other ligands in this assay despite its
added phenol moiety. The higher radical scavenging ability of
10a compared to 6¢ and 6d in this assay could be due to the
phenyl ring in 10a being conjugated to the 1-hydroxypyrazin-
2(1H)-one ring. Addition of free radicals such as the hydroxyl
radical to the phenyl ring of 10a would therefore generate a
more heavily delocalised radical compared to those generated
by radical addition to the phenyl ring of 6¢, or hydrogen atom
abstraction from the phenol ring of 6d.

Table 2. EC5, values from the DPPH radical scavenging assay.

Ligand 6a 11a 10a 6d 6¢C
ECso 0.020 0.020 0.005 0.029 0.027
(mg/mL)
M 140.06 126.04 188.06 246.26 230.26
(g/mol)
ECso 1.4x10* | 1.6x10* | 28x10° | 1.2x10% | 1.2x10™*
(mol/L)

Trolox Equivalent Antioxidant Capacity (TEAC) assay

The antioxidant capacities of ligands 6a, 6¢, 6d, 10a and 11a
were also investigated using a TEAC assay.*> 2,2’-Azinobis-(3-
ethylbenzothiazoline)-6-sulfonic acid radical cation (ABTS**) is
a blue/green chromophore that absorbs at 745nm and was
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produced through the reaction between ABTS and potassium
persulfate. Addition of antioxidants to the radical cation
reduces it to the non-absorbing ABTS to an extent and on a
time-scale depending on its antioxidant activity, the
concentration of the antioxidant and the duration of the
reaction. The extent of inhibition of the absorbance of ABTS**
at 745nm was plotted as a function of the concentration of
ligands 6a, 6¢, 6d, 10a and 11a at different time points (t=1, 4
and 6 minutes, Figures S16—S20). The TEAC value for a given
ligand at a given time point was obtained by dividing the
corresponding slope of the ligand by the slope of Trolox (Table
3 and Figure S21).

The results suggest that ligand 10a was the only one to have
an essentially complete reaction after 3 minutes. In
comparison, DFP 1 had completely reacted within 1 minute. It
can be observed that ligand 11a had less effect on the
quenching of ABTS**, followed by ligand 6a. The quenching
ability therefore seems to increase with the addition of a
benzyl substituent in the 3-position in ligand 6c and a p-
hydroxybenzyl substituent in the 3-position in ligand 6d. In
agreement with the results from the DPPH assay, the highest
radical scavenging capacity is observed for ligand 10a,
suggesting that the spacer between the phenyl ring and the 1-
hydroxypyrazin-2(1H)-one ring (CH spacer in 6¢ and 6d v no
spacer in 10a) and/or its position (3-position in 6¢ and 6d v 6-
position in 10a) plays an important role in the antioxidant
properties of these ligands. Thus, the addition of a phenyl ring
to these ligands is beneficial for antioxidant activity in this
assay, especially if it is conjugated to the 1-hydroxypyrazin-
2(1H)-one ring as in 10a.

Table 3. Antioxidant Activity as TEAC (mM) at specific time-points.

Ligand 6a 11a 10a 6d 6C DFP 1
t=1min 0.08 0.02 0.66 0.41 0.21 ~0.7
t=3min 0.16 0.03 0.69 0.55 0.31 ~0.7
t=6min 0.22 0.05 0.70 0.64 0.40 ~0.7

Novel 1-hydroxypyrazin-2(1H)-one derivatives offer
neuroprotection against PD-relevant neurotoxicity

We next evaluated the neuroprotective ability of these
compounds when cells are exposed to 6-hydroxydopamine (6-
OHDA), a neurotoxin that emulates various pathological
aspects of PD in dopaminergic neurons, in both in vitro and in
vivo disease models, including mitochondrial impairment and
cell death.26¢28,46 \We evaluated the potential protective effects
offered by 6a, 11a, 6¢c, 6d, 10a and 10d against 6-OHDA-
induced cell injury in SH-SY5Y neuroblastoma cells, a
catecholaminergic cell line that is used routinely for screening
potential anti-PD therapeutic agents.2847 Compounds 10b and
10c were not evaluated due to their low water solubilities.
Cells were pre-treated with the compound of interest at
different concentrations for 1 hour prior to treatment with 6-
OHDA (50 mM) for a further 24 hours. The results of the cell
viability assay for compounds 6a, 6¢c, 6d, 10a, 10d and 11a are
shown in Figure 5.
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Considerable variation was noted in terms of the different
compounds’ anti-toxin neuroprotective capacity. Compound
6a showed the highest degree of neuroprotection, and
restored cell viability to ~90% and 100% when cells were pre-
treated with doses of 30 uM and 100 pM, respectively. This
result was somewhat surprising, given the low partition
coefficient of 6a, compared to the other compounds tested
here (cf. logD7.4 values, Table 1), suggesting that 6a has a poor
ability to penetrate cell membranes via passive diffusion. In
contrast, treatment with compound 11a, at a 100 pM dosage,
restored cell viability by merely ~60%, relative to non-toxin
control cells, despite having a higher partition coefficient than
6a. Pre-application of 6c also provided dose-related
neuroprotection against the toxin treatment, which peaked at
the 100 uM treatment dosage (by restoring cell viability to
~89%, compared to toxin-treated cells; ****P < 0.0001). At this
dosage, 10d, 10a and 6d also afforded significant
neuroprotection against toxin-induced cell injury by restoring
mean cell viability levels to 76.48%, 63.09% and 64.06%,
respectively. It was noted that the highest drug concentration
tested here (300 uM), offered no additional neuroprotective
benefit over treatment at the 100 uM dose, for any of the
compounds tested.

In order to chelate and passivate intracellular labile iron, the
ligands must first penetrate cellular plasma membranes to gain
entry to the cell. We therefore also calculated the partition
coefficients (ClogP) of the ligands to shed light on their
hydrophobicities (Table 1). Although these values should
always be interpreted with care, this property can be useful for
predicting the membrane permeability of drugs.2! Examination
of these values suggest there is no clear discernible
relationship between the calculated hydrophobicities of the
ligands and their neuroprotective properties, except between
ligands that are closely related structurally. Thus, 6a is more
neuroprotective than 11a, in line with its greater
hydrophobicity than 11a. Similarly, 6c is more neuroprotective
than 6d, in line with its greater hydrophobicity compared to
6d. On the other hand, 10d is more neuroprotective than 10a
at higher doses despite being more hydrophilic than 10a.
However, this could be due to the additional antioxidant
effects conferred by the phenol moiety in 10d, in addition to
iron chelation and passivation. As mentioned earlier, it is
possible that the ligands could gain entry to the cell by active
transport mechanisms in addition to, or instead of, passive
diffusion.

This journal is © The Royal Society of Chemistry 20xx
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Figure 5. Assessment of neuroprotection offered against the PD-relevant neurotoxin,
6-OHDA. All novel 1,2-HOPY chelators offered at least partial neuroprotection against
6-OHDA. The degree of protection varied between the compounds, depending, at least
in part, whether the compound structurally included a phenol moiety and extra carbon
linker between the benzene and pyrazine rings. As measured via a well-established cell
viability assay, incubation with 6-OHDA decreased cell viability by approximately 50%.
However, pre-incubation with 6a fully rescued SH-SYSY cells against 6-OHDA-induced
cell death, particularly at higher concentrations. Co-incubation with 6¢c and 10d also
partially prevented SH-SY5Y-mediated cell death, where this was most prevalent at
higher concentrations. 10a offered only marginal protection, reaching statistical
significance at a single dose. Cell viability was calculated as a percentage, relative to
untreated (no toxin/compound) controls. Levels of significance (indicated as the
number of stars: **** = P < 0.0001, *** = P < 0.001, ** = P <0.01, * =P < 0.05) is
shown, in reference to toxin-only treated cells. All data is shown as the mean *
standard error mean (SEM) of three independent experiments. One-way ANOVA
followed by a Dunnett’s post-hoc test.

Finally, comparing the ligands containing a phenol antioxidant
moiety to closely related ligands without this moiety (6d v 6c,
10d v 10a), it is evident that the presence of a phenol moiety
does not confer a significantly higher degree of
neuroprotection to 6-OHDA neurotoxin insult, apart from the
slightly higher levels of neuroprotection seen with 10d relative
to 10a at 100 pM and 300 puM doses. Taken together, the
results of these in vitro neuroprotection measurement studies
suggest that all compounds screened provided partial
neuroprotection against 6-OHDA-induced neurotoxicity at
higher molar concentrations (100 uM and 300 uM), with 6a
and 6c¢ offering the most efficient levels of protection in this
particular cell model of PD. At a dose level of 100 uM,
compounds 6a and 6c offered comparable levels of
neuroprotection to those seen with DFP 1 and with the 1-
hydroxypyridin-2(1H)-ones 2 and 3 studied previously (see
Figure S22 for a comparison).2’

Conclusions

This journal is © The Royal Society of Chemistry 20xx

In conclusion, we have synthesized and evaluated some novel
1-hydroxypyrazin-2(1H)-one iron chelator ligands as potential
multifunctional disease modifying therapies for the treatment
of PD. Two different synthetic routes to these ligands have
been explored, and their physicochemical properties, iron
chelation potential and antioxidant capacities have been
determined. It has been found that 1-hydroxypyrazin-2(1H)-
ones are more acidic than the closely related 1-hydroxypyridin-
2(1H)-ones, ligands have
comparable distribution coefficients at physiological pH. In
addition,
chelation abilities and form less stable iron complexes than 1-
hydroxypyridin-2(1H)-ones. Ligand 10a showed the best radical
trapping capacities of the studied ligands in two antioxidant

although the two families of

1-hydroxypyrazin-2(1H)-ones have weaker iron

assays, and the results were comparable to the clinically used
iron chelator DFP 1. Despite their weaker iron chelating
abilities and higher acidities, 1-hydroxypyrazin-2(1H)-ones
showed similar neuroprotective cell rescue effects to the
previously studied 1-hydroxypyridin-2(1H)-ones and the 3-
hydroxypyridin-4(1H)-one DFP 1.27 Ligands 6a and 6c are able
to restore neuronal cell viability to >89% at optimal doses,
while  the remaining compounds provided partial
neuroprotection against 6-OHDA neurotoxin insult in vitro.
Surprisingly, the ligands containing an additional phenol
antioxidant moiety (6d and 10d) did not provide significantly
higher levels of neuroprotection than those without this
moiety. Our results suggest that 1-hydroxypyrazin-2(1H)-ones
are also worthy of consideration amongst the broader
hydroxypyridinone (HOPO) family of iron chelators for further
development as disease modifying therapies for the treatment
of Parkinson’s disease, and that the neuroprotective effects of
these compounds are primarily due to their ability to chelate
and passivate intracellular labile iron, and prevent the
generation of free radicals and ROS which would otherwise
lead to oxidative stress and ultimately neuronal cell death.
Further studies on other iron chelating heterocycles related to
1-hydroxypyrazin-2(1H)-ones are currently underway in our
laboratories.

Since multiple, complex pathways are implicated in PD, it will
be essential for the neuroprotective ability of the 1-
hydroxypyrazin-2(1H)-one chelators demonstrated here, to be
validated against a variety of PD-relevant toxic mechanisms of
action. Moreover, future efficacy studies with the lead
compounds identified here, to establish the molecular
mechanistic basis for how the compounds interact with both
6-OHDA as well as other neurotoxins’ toxic mode of action, are
warranted. For instance, it may be that in addition to the
compounds’ iron chelation ability, they can decrease
production of 6-OHDA-induced metal-catalysed lipid peroxide,
which induce cell damage.*®

A further consideration for future work concerns the
preferential subcellular distribution of our compounds. In

particular, recent interest in iron chelators capable of
penetrating the subcellular mitochondria has shown
therapeutic promise in in vitro models of PD.*? Since

mitochondria are the principal destination for labile iron, this
feature makes these organelles particularly susceptible to

J. Name., 2013, 00, 1-3 | 7



oxidative damage, which is a biochemical feature of PD. Hence,
compounds capable of chelating within
mitochondria could represent a therapeutic step forward for
treating neurodegenerative conditions involving both iron
accumulation and oxidative damage components. The ability
of the series of 1-hydroxypyrazin-2(1H)-ones presented here to
alter mitochondrial functions should also be assessed, using
mitochondria-specific toxins such as rotenone, a potent
complex | electron transport chain inhibitor.

excess iron

Experimental
General procedures

All solvents and reagents were purchased from Sigma-Aldrich,
Acros Organics or Alfa-Aesar and used without further
purification unless otherwise specified. Reactions were
monitored by TLC using silica gel with UVss fluorescent
indicator. Uncorrected melting points were measured in open
capillary tubes using a DigiMelt MPA161 SRS instrument. NMR
spectra were recorded on either a JEOL JNM-EX270FT Delta
spectrometer (270.17 MHz for 1H NMR, 67.93 MHz for 13C
NMR) or on a JEOL ECS400FT Delta spectrometer (399.78 MHz
for TH NMR, 100.53 MHz for 13C NMR). Chemical shifts are
reported in parts per million (ppm) relative to
tetramethylsilane as internal standard. Coupling constants (J)
are measured in hertz. Multiplets are reported as follows: br =
broad, s = singlet, d = doublet, dd = double doublet, t = triplet,
q = quartet, qu = quintet, s = sextet, sp = septet, m = multiplet,
app d = apparent doublet, app t = apparent triplet. Low
resolution mass spectra were obtained in methanol solutions
on a Thermo Finnigan LCQ Advantage MS detector using
electrospray ionisation (ESI). High resolution mass spectra
were obtained on a Finnigan MAT900XLT high-resolution
double focussing MS spectrometer using nano-electrospray
ionisation (NESI) at the EPSRC National Mass Spectrometry
Service (University of Swansea). Column chromatography was
conducted using 0.060-0.20 mm silica gel (70-230 mesh), and
automated flash column chromatography was performed
using a Biotage Isolera One ISO-1SV instrument. The calculated
partition coefficients (Clog P) for compounds 6a—6d, 10a, 11a
and DFP 1 were determined using ACD-I/Lab (available at:
https://www.psds.ac.uk/). The BBB scores of 6a—6d, 10a, 11a,
2, 3 and DFP 1 were obtained by inputting the structural
parameters of the compounds (obtained from SwissADME at:
http://www.swissadme.ch/) into the previously published
algorithm.32 The synthesis of known compounds 8 and 951 is
described in the Supporting Information.

Glycine hydroxamic acid 5a33:342,34b

Method A. To a solution of glycine ethyl ester hydrochloride
4a (6.02 g, 43.129 mmol) in water (4 mL) was added
hydroxylamine hydrochloride (2.997 g, 43.129 mmol, 1 eq).
The solution was cooled to 0 °C and aqueous sodium
hydroxide (11.8 mL, 12 M, 3.3 eq) was added dropwise over 10
minutes. The solution was stirred at 0 °C for 30 minutes and
was then allowed to warm to room temperature and stirring
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was continued for 24 hours. Aqueous hydrochloric acid (37 %,
4.3 mL, 10 M, 1 eq) was then added to bring the solution to pH
2 and the solution was cooled to 0 °C. The precipitated solid
was filtered and washed with cold water (10 mL) and was
allowed to dry in air to afford glycine hydroxamic acid 5a as a
white solid (2.49 g, 64 %). Method B. Glycine ethyl ester
hydrochloride 4a (5.72 g, 40.980 mmol) was dissolved in a
solution of sodium hydroxide (1.64 g, 40.980 mmol, 1 eq) in
methanol (50 mL) in a beaker. The precipitated sodium
chloride was filtered off to afford a solution of glycine ethyl
ester in methanol. In a separate beaker, hydroxylamine
hydrochloride (2.85 g, 40.980 mmol, 1 eq) was dissolved in a
solution of sodium hydroxide (1.64 g, 40.980 mmol, 1 eq) in
methanol (50 mL). The precipitated sodium chloride was
filtered off to afford a solution of hydroxylamine in methanol.
This solution was added slowly dropwise to the solution of
glycine ethyl ester at 0 °C over 1 hour. The solution was stirred
at 0 °C for 1 hour, and was then allowed to warm to room
temperature and stirring was continued for a further 24 hours.
The precipitated solid was filtered and washed with methanol
(20 mL) and was allowed to dry in air to afford glycine
hydroxamic acid 5a as a white solid (2.06 g, 56 %). 6x(399.8
MHz, D,0) 3.16 (2H, s, CH,). 64(399.8 MHz, DMSO-dg) 2.94 (2H,
S, CHz)

Alanine hydroxamic acid 5b34b34¢

To a solution of alanine ethyl ester hydrochloride 4b (0.50 g,
3.255 mmol) in water (1 mL) was added hydroxylamine
hydrochloride (0.23 g, 3.255 mmol, 1 eq). The solution was
cooled to 0 °C and aqueous sodium hydroxide (0.89 mL, 12 M,
3.3 eq) was added dropwise over 5 minutes. The solution was
stirred at 0 °C for 30 minutes and was allowed to warm to
room temperature and stirring was continued for a further 24
hours. Aqueous hydrochloric acid (37 %, 0.32 mL, 10 M, 1 eq)
was added and the solution was cooled to 0 °C for 15 minutes.
The precipitated solid was filtered and washed with cold water
(5 mL) and was allowed to dry in air to afford alanine
hydroxamic acid 5b as a white solid (0.19 g, 56 %). 64(399.8
MHz, D;0) 1.12 (3H, d, J 7.2, CHsCH), 3.36 (1H, q, J 7.2, CH3CH).

Phenylalanine hydroxamic acid 5¢33b37

Phenylalanine benzyl ester hydrochloride 4c (3.00 g, 10.28
mmol) was dissolved in a solution of sodium hydroxide (0.41 g,
10.28 mmol, 1 eq) in methanol (30 mL) in a beaker. This
afforded a clear yellow solution of phenylalanine benzyl ester
in  methanol. In a separate beaker, hydroxylamine
hydrochloride (2.14 g, 30.85 mmol, 3 eq) was dissolved in a
solution of sodium hydroxide (1.23 g, 30.85 mmol, 3 eq) in
methanol (50 mL). The precipitated sodium chloride was
filtered off to afford a solution of hydroxylamine in methanol.
This solution was added slowly dropwise to the solution of
phenylalanine benzyl ester at =30 °C over 1 hour. The solution
was stirred at =30 °C for 1 hour, and was then allowed to
warm to room temperature and stirring was continued for a
further 24 hours. The precipitated solid was filtered and
washed with methanol (20 mL) and was allowed to dry in air to
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afford phenylalanine hydroxamic acid 5c as a white solid (1.04
g, 56 %). 64(399.8 MHz, DMSO-ds) 2.56 (1H, dd, J 13.2 and 6.4,
ArCH,CH), 2.79 (1H, dd, J 13.2 and 6.4, ArCH,CH), 3.19 (1H, t, J
6.4, ArCH.CH), 7.13=7.24 (5H, m, ArH).

Tyrosine hydroxamic acid 5d32

Tyrosine ethyl ester hydrochloride 4d (3.00 g, 1.221 mmol) was
dissolved in a solution of sodium hydroxide (0.488 g, 1.221
mmol, 1 eq) in methanol (50 mL) in a beaker. This afforded a
clear brown solution of tyrosine ethyl ester in methanol. In a
separate beaker, hydroxylamine hydrochloride (2.54 g, 3.663
mmol, 3 eq) was dissolved in a solution of sodium hydroxide
(1.46 g, 3.663 mmol, 3 eq) in methanol (100 mL). The
precipitated sodium chloride was filtered off to afford a
solution of hydroxylamine in methanol. This solution was
added slowly dropwise to the solution of tyrosine ethyl ester
at 0 °C over 1 hour. The solution was stirred at 0 °C for 1 hour,
and was then allowed to warm to room temperature and
stirring was continued for a further 24 hours. The clear
solution was evaporated to a small volume and the
precipitated solid was filtered and washed with methanol (10
mL) and was allowed to dry in air to afford tyrosine
hydroxamic acid 5d as a pale pink solid (0.814 g, 34 %).
64(399.8 MHz, DMSO-ds) 2.43 (1H, dd, J 13.2 and 6.0,
ArCH,CH), 2.67 (1H, dd, J 13.2 and 6.0, ArCH,CH), 3.09 (1H, m,
ArCH,CH), 6.59 (2H, d, J 8.4, 2 x ArH), 6.91 (2H, d, J 8.4, 2 x
ArH), 8.66 (1H, br s, NHOH), 9.12 (1H, br s, ArOH).

1-Hydroxy-5,6-dimethylpyrazin-2(1H)-one 6a30.31,:335,35

To a solution of glycine hydroxamic acid 5a (0.70 g, 7.777
mmol) in methanol (50 mL) and water (30 mL) at 0 °C was
added a solution of 2,3-butanedione (0.78 mL, 1.15 eq) in
methanol (10 mL). Aqueous sodium hydroxide (1.0 mL, 2 M)
was added dropwise over 5 minutes and the solution was
stirred at 0 °C for 1 hour. The solution was then allowed to
warm to room temperature and stirring was continued for 24
hours. Aqueous hydrochloric acid (37 %, 10 M) was then added
dropwise to bring the solution to pH 3 and the solution was
evaporated to a small volume. The solution was diluted with
water (20 mL) and extracted with chloroform (5 x 50 mL). The
combined organic extracts were dried and evaporated to
afford a light brown solid (0.65 g). The solid was triturated with
acetone (10 mL) and the insoluble solid was filtered and
washed with acetone to afford 1-hydroxy-5,6-dimethylpyrazin-
2(1H)-one 6a as a light brown solid (0.26 g, 24 %). 6x(399.8
MHz, CDCls, MeSi) 2.40 (3H, s, 5-CHs), 2.48 (3H, s, 6-CHs), 8.10
(1H, s, 3-ArH), 8.33 (1H, br s, 1-OH). 64(399.8 MHz, D,0) 2.29
(3H, s, 5-CHs), 2.30 (3H, s, 6-CHs), 7.50 (1H, s, 3-ArH). 8¢(100.5
MHz, CDCls, MesSi) 12.9 (5-CH3), 20.1 (6-CHs), 133.0 (quat),
133.9 (quat), 137.1 (C-3), 157.3 (C-2).

1-Hydroxy-3-benzyl-5,6-dimethylpyrazin-2(1H)-one 6¢33b

To a solution of phenylalanine hydroxamic acid 5¢ (0.93 g, 5.16
mmol) in methanol (56 mL) and water (28 mL) at —-30 °C was
added a solution of 2,3-butanedione (0.56 mL, 5.67 mmol, 1.1
eq) in methanol (18 mL). Aqueous sodium hydroxide (2.32 mL,
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2 M) was added dropwise over 15 minutes and the solution
was stirred at =30 °C for 1 hour. The solution was then allowed
to warm to room temperature and stirring was continued for a
further 24 hours. Aqueous hydrochloric acid (37 %, 10 M) was
then added dropwise to bring the solution to pH 3 and the
solution was evaporated to a small volume. The solution was
extracted with chloroform (5 x 50 mL). The combined organic
extracts were dried and evaporated to afford a brown oil. The
oil was triturated with ether (15 mL) and the insoluble solid
was filtered and washed with ether (5 mL) to afford 1-hydroxy-
3-benzyl-5,6-dimethylpyrazin-2(1H)-one 6¢ as a light orange
solid (0.28 g, 24 %). 64(399.8 MHz, CDCl3, Me4Si) 2.36 (3H, s, 5-
CHs), 2.40 (3H, s, 6-CH3), 4.14 (2H, s, 3-CH,), 7.16—7.39 (5H, m,
5 x ArH). 6¢(100.5 MHz, CDCl3, Me,Si) 12.8 (5-CHs), 20.0 (6-
CH3), 39.6 (3-CH3), 126.6 (1 x ArC), 128.5 (2 x ArC), 129.2 (2 x
ArC), 130.2 (quat), 131.6 (quat), 137.8 (quat), 148.1 (quat),
150.0 (C-2).

1-Hydroxy-3-(4-hydroxybenzyl)-5,6-dimethylpyrazin-2(1H)-one 6d

To a solution of tyrosine hydroxamic acid 5d (0.40 g, 0.204
mmol) in methanol (30 mL) and water (17 mL) at O °C was
added a solution of 2,3-butanedione (0.193 g, 0.197 mL, 0.224
mmol, 1.1 eq) in methanol (8 mL). Aqueous sodium hydroxide
(1.0 mL, 2 M) was added dropwise over 10 minutes and the
solution was stirred at 0 °C for 1 hour. The solution was then
allowed to warm to room temperature and stirring was
continued for a further 24 hours. Aqueous hydrochloric acid
(37 %, 10 M) was then added dropwise to bring the solution to
pH 3 and the solution was evaporated to a small volume. The
solution was extracted with chloroform (5 x 50 mL). The
combined organic extracts were dried and evaporated to
afford a light brown solid. The solid was triturated with DCM
(10 mL) and the insoluble solid was filtered and washed with
DCM (5 mlL) to afford 1-hydroxy-3-(4-hydroxybenzyl)-5,6-
dimethylpyrazin-2(1H)-one 6d as a light brown solid (0.21 g, 42
%). Mp 196.5-197.8 °C (from chloroform). 614(399.8 MHz,
DMSO-dg) 2.18 (3H, s, 5-CHs), 2.21 (3H, s, 6-CHs), 3.81 (2H, s, 3-
CH-), 6.58 (2H, d, J 8.4, 2 x ArH), 7.01 (2H, d, J 8.4, 2 x ArH),
9.14 (1H, s, ArOH). 6¢(100.5 MHz, DMSO-ds) 13.2 (5-CHs), 19.9
(6-CHs), 38.6 (3-CHj), 115.5 (2 x ArC), 128.2 (quat), 129.0
(quat), 130.3 (2 x ArC), 133.2 (quat), 151.3 (quat), 152.0 (quat),
156.2 (C-2). m/z (ESI) 269.0898 ([M + Nal*); Ci3H1aN,O3Na
requires 269.0902.

1-Hydroxy-6-phenylpyrazin-2(1H)-one 10a

To a solution of glycine hydroxamic acid 5a (0.35 g, 3.889
mmol) in ethanol (30 mL) and water (30 mL) was added
phenylglyoxal (0.54 g, 4.083 mmol, 1.05 eq). The solution was
heated under reflux for 24 hours. The flask was allowed to cool
to room temperature and the solvents were evaporated to
afford crude 10a as a light brown solid (0.68 g). The crude solid
was triturated with methanol (10 mL) and the insoluble solid
was filtered and washed with methanol (15 mL) and diethyl
ether (20 mL). The solid was allowed to dry in air to afford 1-
hydroxy-6-phenylpyrazin-2(1H)-one 10a as a light brown solid
(0.22 g, 30 %). Mp 142.5-144.5 °C (from EtOH/water). 64(399.8
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MHz, DMSO-dg) 7.20 (1H, t, J 7.4, ArH), 7.33 (2H, t, J 7.4, 2 x
ArH), 7.69 (1H, s, 5-ArH), 7.79 (2H, d, J 7.4, 2 x ArH), 8.41 (1H,
s, 3-ArH). 64(399.8 MHz, D,0) 7.19-7.29 (3H, m, 3 x ArH),
7.45-7.47 (2H, m, 2 x ArH), 7.72 (1H, s, 5-ArH), 8.02 (1H, s, 3-
ArH). 6¢(100.5 MHz, DMSO-dg) 124.9 (2 x ArC), 127.3 (Ar(C),
128.6 (C-5), 129.1 (2 x ArC), 133.4 (quat), 137.2 (quat), 138.7
(C-3), 156.9 (C-2). 6¢(100.5 MHz, D,0) 125.7 (2 x ArC), 128.4
(ArC), 128.9 (2 x ArC), 129.5 (C-5), 135.3 (quat), 137.6 (quat),
139.8 (C-3), 156.8 (C-2). m/z (ESI) 189.0659 ([M + H]*);
C10HgN;0; requires 189.0664.

1-Hydroxy-6-(4-methoxyphenyl)-pyrazin-2(1H)-one 10b

To a solution of glycine hydroxamic acid 5a (0.296 g, 3.29
mmol) in ethanol (45 mL) and water (45 mL) was added 4-
methoxyphenylglyoxal hydrate (0.60 g, 3.29 mmol, 1 eq). The
solution was heated under reflux for 24 hours. The flask was
allowed to cool to room temperature and the solvents were
evaporated to afford the crude product as a light brown solid.
The crude solid was triturated with methanol (10 mL) and the
insoluble solid was filtered and washed with methanol (15 mL)
and diethyl ether (24 mL). The solid was allowed to dry in air to
afford 1-hydroxy-6-(4-methoxyphenyl)-pyrazin-2(1H)-one 10b
as a light brown solid (0.19 g, 27 %). Mp 176.8—179.0 °C (from
EtOH/water). x(399.8 MHz, CDCls, MesSi) 3.85 (3H, s, OCHs),
6.97 (2H, d, J 8.4, 2 x ArH), 7.70 (2H, d, J 8.4, 2 x ArH), 8.03 (1H,
s, 5-ArH), 8.38 (1H, s, 3-ArH). 6c(100.5 MHz, CDCls, Me4Si) 55.5
(OCHs), 114.6 (2 x ArC), 120.3 (C-5), 126.8 (2 x ArC), 127.2
(quat), 127.5 (quat), 130.1 (quat), 144.3 (C-3), 160.3 (C-2). m/z
(ESI) 219.0762 ([M + H]*); C11H1:N203 requires 219.0769.

1-Hydroxy-6-(4-fluorophenyl)-pyrazin-2(1H)-one 10c

To a solution of glycine hydroxamic acid 5a (0.32 g, 3.50 mmol)
in ethanol (45 mL) and water (45 mL) was added 4-
fluorophenylglyoxal hydrate (0.60 g, 3.50 mmol, 1 eq). The
solution was heated under reflux for 24 hours. The flask was
allowed to cool to room temperature and the solvents were
evaporated to afford the crude product as a light brown solid.
The crude solid was triturated with methanol (10 mL) and the
insoluble solid was filtered and washed with methanol (15 mL)
and diethyl ether (24 mL). The solid was allowed to dry in air to
afford 1-hydroxy-6-(4-fluorophenyl)-pyrazin-2(1H)-one 10c as
a light brown solid (0.16 g, 24 %). Mp 210.6—212.5 °C (from
EtOH/water). 84(399.8 MHz, DMSO-dg) 7.22 (2H, t, J 8.8, 2 x
ArH), 7.89 (2H, dd, J 8.8 and 5.6, 2 x ArH), 8.18 (1H, s, 5-ArH),
8.61 (1H, s, 3-ArH). 5¢(100.5 MHz, DMSO-dg) 116.1 (d, J 83.6, 2
x ArC), 116.8 (quat), 120.5 (quat), 125.5 (C-5), 127.3 (d, J 34, 2
x ArC), 132.0 (d, J 167.7, quat), 146.8 (C-3), 151.8 (C-2). m/z
(ESI) 207.0563 ([M + H]*); C1o0HsN,O4F requires 207.0569.

1-Hydroxy-6-(4-hydroxyphenyl)-pyrazin-2(1H)-one 10d

To a solution of 1-hydroxy-6-(4-methoxyphenyl)-pyrazin-2(1H)-
one 10b (0.050 g, 0.23 mmol) in dry DCM (1.5 mL) was added a
solution of boron tribromide (1 M in DCM, 0.69 mL, 0.69
mmol, 3 eq) via syringe. The solution was stirred at room
temperature overnight and then water (2 mL) was added. The
insoluble solid was filtered and allowed to dry in air to afford
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1-hydroxy-6-(4-hydroxyphenyl)-pyrazin-2(1H)-one 10d as a
dark brown solid (0.010 g, 21 %). Mp >260 °C (from DCM).
51(399.8 MHz, DMSO-ds) 6.76 (2H, d, J 8.8, 2 x ArH), 7.59 (2H,
d, J 8.8, 2 x ArH), 8.11 (1H, s, 5-ArH), 8.28 (1H, s, 3-ArH).
5¢(100.5 MHz, DMSO-dg) 116.2 (2 x ArC), 124.1 (C-5), 126.4
(quat), 126.9 (2 x ArC), 133.9 (quat), 146.5 (C-3), 151.9 (quat),
157.7 (C-2). m/z (ESI) 205.0607 ([M + H]*); C1o0HsN,O3 requires
205.0613.

1-Hydroxy-6-methylpyrazin-2(1H)-one 11a and 1-Hydroxy-5-
methylpyrazin-2(1H)-one 12a

To a solution of glycine hydroxamic acid 4a (0.50 g, 5.555
mmol) in methanol (40 mL) and water (20 mL) at O °C was
added a solution of pyruvaldehyde (1.15 g, 40 wt. % in water,
1.15 eq) in methanol (15 mL). Aqueous sodium hydroxide (2.0
mL, 2 M) was added dropwise over 15 minutes and the
solution was stirred at 0 °C for 1 hour. The solution was then
allowed to warm to room temperature and stirring was
continued for 24 hours. Aqueous hydrochloric acid (37 %, 10
M) was then added dropwise to bring the solution to pH 3 and
the solution was evaporated to a small volume. The solution
was diluted with water (40 mL) and extracted with chloroform
(3 x 100 mL). The combined organic extracts were dried and
evaporated to afford a light brown solid. The solid was
triturated with diethyl ether (50 mL) and filtered and washed
with diethyl ether (50 mL) to afford a 12:1 mixture of 1-
hydroxy-6-methylpyrazin-2(1H)-one 11a together with its
regioisomer 1-hydroxy-5-methylpyrazin-2(1H)-one 12a as a
light brown solid (0.075 g, 11 %). Mp 212.5-214.5 °C (from
chloroform). The major regioisomer 11a had 64(399.8 MHz,
CDCl3, MesSi) 2.38 (3H, s, 6-CHs), 7.55 (1H, s, 5-ArH), 8.25 (1H,
s, 3-ArH). 8¢(100.5 MHz, CDCls, Me4Si) 19.4 (6-CHs), 126.1 (C-
5), 131.9 (quat), 146.7 (C-3), 151.8 (C-2). The minor
regioisomer 12a had 64(399.8 MHz, CDCl;, Me,Si) 2.47 (3H, s,
5-CHs), 7.43 (1H, s, 6-ArH), 8.15 (1H, s, 3-ArH). m/z (ESI)
127.0504 ([M + HJ*); CsH7N,0; requires 127.0507.

Determination of pKa values, stability constants and pLg s values

Distilled water was purified by passing through a mixed bed of
ion exchanger (Bioblock Scientific R3-83002, M3-83006) and
activated carbon (Bioblock Scientific ORC-83005). All of the
stock solutions were prepared by weighing solid products
using an AG 245 Mettler Toledo analytical balance (precision
0.01 mg). Fe3* cation stock solution was prepared from its
perchlorate
spectrophotometrically.52 All
duplicate, at least.

The acid-base properties (log K) of ligands 6a, 6c, 6d, 10a and
11a and their affinity for Fe3*
spectrophotometric titrations versus pH between pH 2 and 12.
The titrations were carried out in water (/ = 0.1 M NaClO,4) for
ligands 6a, 10a and 11a and in a mixed MeOH/H,0 80/20 w/w
(/= 0.1 M NacClO,) solvent for 6¢, 6d and 10a due to their very
low solubility Sodium hydroxide (NaOH) and
perchloric acid (HCIOs) were used to adjust pH during

concentration was determined
experiments were done in

salt and its

were determined via

in water.

titrations. The ionic strength of all the solutions was fixed to
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0.1 M with sodium perchlorate (NaClO4). The measurement of
pH was achieved by the use of combined glass electrodes
(Metrohm, 6.0234.100, Long Life) filled with 0.1 M NaCl for
studies in water or NaCl in MeOH/H,0 (80/20 w/w) for studies
in MeOH/H,0O (80/20 w/w). The electrodes were calibrated
daily as hydrogen concentration probes by titrating known
of hydrochloric acid with COs32-free sodium
hydroxide solutions. The GLEE program®3 was used for the
glass electrode calibration with a pKw of 13.77 for studies in
water and 14.42 for studies in MeOH/H,0 (80/20 w/w).
Between pH 2 and 12.5, direct titrations were carried out.
Typically, an aliquot of 40 mL of ligand solution was introduced
into a thermostated jacketed titration vessel (25.0(2) °C), with
an additional 0.3 equiv of Fe3* in the case of complexation
titrations. A known volume of perchloric acid solution was
added to adjust the pH to around 2, and the titrations were
carried out between pH 2 and 12 by addition of known
volumes of sodium hydroxide solution with a Metrohm 904
DMS Titrino automatic titrator (Methrom AG; Herisau,
Switzerland) equipped with a 2mL Dosino 800 burette. After
each addition, the pH was allowed to equilibrate and a UV-
visible spectrum was recorded automatically with an Agilent
Cary 60 UV-visible spectrophotometer.

As the Fe3* complexes were already fully formed at pH 2,
protonation and complexation studies had to be carried out in
very acidic medium. For this purpose, the batch technique was
used and a series of samples were prepared between pH ~-0.6
and pH 2. Each sample was prepared separately by mixing a
known amount of ligand, or ligand and Fe3* in case of
complexation studies ([Fe3*]/[L]=3) either in water or in a
MeOH/H,0 (80/20 w/w) mixture. The pH of each sample was
adjusted by addition of a known calculated amount of HCIO4
(pH = —log [H*]). The ionic strength was not fixed at pH < 1 in
the batch titrations and no decomposition of the ligands were
observed, even in strongly acidic conditions. An absorption

amounts

spectrum of each sample was recorded in a 1cm quartz Supra-
sil spectrophotometric cell using a Shimadzu UV-2401PC
UV-visible spectrophotometer.

The spectrophotometric data were fitted with the HypSpec
software7 (http://www.hyperquad.co.uk),!? to calculate the
protonation constants of the ligands (log K), the stability
constants (log 8) of the formed complex species and the
coordination model of the studied systems. The data for Fe3*
hydrated species and their solubility products were taken into
account in the equilibrium model, according to previously
published guidelines.>*

Determination of distribution coefficients

The lipophilicity of ligands 6a, 6¢, 6d, 10a and 11a, along with
their corresponding Fe3* complexes, were determined by
calculating their respective distribution coefficient (log D7.4)
values using the Shake Flask method, by referring to the
published method of Ma et al.>> The method is based on the
principle that the solute’s distribution is determined as a ratio
of concentrations of the test compound in a solution mixture,
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consisting of two immiscible phases, namely n-octanol and an
aqueous buffer (HEPES buffer, pH 7.4).

Trolox Equivalent Antioxidant Capacity (TEAC) assay

The antioxidant capacity of ligands 6a, 6¢c, 6d, 10a and 11a was
determined by a TEAC assay using Trolox as standard. TEAC
values were calculated according to an ABTS radical cation
decolorization assay. 2,2’-Azinobis-(3-ethylbenzothiazoline-6-
sulphonic acid diammonium salt (ABTS, 7 mM) was dissolved in
water (10 mL) and exposed to potassium persulphate (2.45
mM). After a 16-hour incubation period (dark, room
temperature), the resulting solution was diluted with HPLC-
grade methanol such that the absorbance of the solution at
745 nm was around 0.7. ABTS** solution (2 mL) was loaded
into a cuvette and the absorbance was recorded at 745 nm. 50
uL of various concentrations of the given ligand solution were
then added, the cuvette was vigorously shaken and the
absorbance was measured after 1, 3 and 6 minutes. Data were
plotted such that for each time point a linear system of
percentage of inhibition of ABTS** versus concentration of
ligand was obtained. The slope of each plot was normalised
with respect to that of Trolox to give the Trolox equivalence
value for each time point. Compounds and standards were
checked to ensure that they did not absorb at 745 nm.

DPPH antioxidant assay

The 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay was performed
according to previously published methods.5¢ For this, 50 uL of
different concentrations of ligands 6a, 6¢, 6d, 10a and 11a and
DFP 1 (0.01 to 0.1 mg/mL in methanol) was dissolved in 2 mL
of DPPH methanolic solution (the concentration was adapted
in order to achieve an absorbance of ~1). The samples were
shaken vigorously and allowed to stand until the reaction
reached steady-state. The absorbance of the samples was then
measured at 515 nm using a UV-visible absorption
spectrophotometer (UV-2401 PC; Shimadzu Corporation,
Kyoto, Japan). Scavenging of DPPH free radicals was calculated
as: DPPH scavenging activity (%) = [(Ac — At)/Ac] x 100 where,
Ac is the absorbance of the control tube (containing all
reagents except the test compound) and At is the absorbance
of the test tube.

Determining potential compound toxicity and neuroprotection
against 6-OHDA insult in SH-SY5Y neuroblastoma cells

Human SH-SY5Y neuroblastoma cells (ATCC® CRL-2266™) were
plated at 20,000 cells/well in 96-well microplates, and left to
adhere overnight to the well surface, in cell culture media
composed of 50% advanced minimum essential medium
(MEM), 50% Ham’s F12 medium, 1% L-Glutamine, that was
supplemented with 2% fetal bovine serum (FBS). All media
components were obtained from Thermo Fisher Scientific
(Gibco™).

Each well’s media was then replaced with 100 uL/well of
serum free media, containing ascending concentrations of the
novel compounds that ranged from 0-300 uM. Cells were pre-
incubated with the compounds for 1 hour at 37°C, 5% CO,,
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before exposure to 50 uM 6-OHDA (apart from the wells
containing non-toxin treated control cells) for a further 24
hours. Just before application to cells, a 10 mM 6-OHDA
hydrochloride (Sigma-Aldrich)
prepared, by dissolving the powder in 1 mL distilled water

stock concentration was
containing 0.1% ascorbic acid (Sigma-Aldrich); the solution was
protected against light and kept on ice until use.

After a further 24 hour incubation period at 37 °C in a 5% CO,
environment, cell viability was measured using the tetrazolium
dye, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT). For this colorimetric assay, 11 pL of MTT (5
mg/mL) was added to the 100 puL media per well, and then
incubated for 3 hours at 37 °C, 5%, CO,. For lysing the cells, an
equal volume of solubilizing solution (dimethyl sulfoxide
(DMSO)) was added to each well and mixed thoroughly.
Absorption was measured at a wavelength of 570 nm by using
a scanning multiwell spectrophotometer (Sunrise Tecan,
Durham, NC, USA). Cell viability was calculated as a percentage
compared to the untreated (not receiving toxin or drug
compound) control wells. Data is expressed as the means * the
SEM of three independent experiments. Statistical analyses of
the MTT-derived cell viability data were performed using Prism
software (v3, GraphPad, San Diego, CA, USA) and using a one-
way ANOVA, followed by a Dunnett’s post-hoc test for multiple
comparisons. Results were considered significant at P < 0.05.

Conflicts of Interest

There are no conflicts of interests to declare.

Author Contributions

FWL and DT conceived the design of the HOPY compounds, JB
and VHB conceived their physicochemical evaluation, and JAD
and ISP conceived the biological screening assays. FWL, KB,
JPN, REF, JB, AT, SB and MM performed all experiments, and
FWL, JAD and ISP obtained funding for the work and analysed
the data. All authors wrote and reviewed the final version of
the manuscript.

Acknowledgements

Work carried out in Leeds was supported by Parkinson’s UK,
Alzheimer’s Research UK and the European Research Council.
Experimental work performed at Sussex was funded by grants
awarded to I. S. P from the Alzheimer’s Society and the Royal
Society. We gratefully acknowledge the Royal Society of
Chemistry (RSC) for awarding a Researcher Mobility Grant to F.
W. L. We thank the EPSRC UK National Mass Spectrometry
Facility at Swansea University for recording high-resolution
mass spectra. We also thank Northumbria University for the
award of an Anniversary Research Fellowship to F. W. L.

Notes and references

12 | J. Name., 2012, 00, 1-3

¥ For example, DFO, a chelator with a high MW/large size, high

hydrophilicity and very high iron affinity (log 8 = 30.5) provides

only limited benefit at large doses in animal models of PD and
has to be directly administered to the brain to be therapeutically

effective. See: (a) D. Ben-Shachar, G. Eshel, P. Riederer and M. B.

Youdim, Ann. Neurol., 1992, 32 (Suppl.), S105-5110; (b) D. T.

Dexter, S. A. Statton, C. Whitmore, W. Freinbichler, P.

Weinberger, K. F. Tipton, L. Della Corte, R. J. Ward and R. R.

Crichton, J. Neural Transm., 2011, 118, 223-231.

1 (a) W. Poewe and P. Mahlknecht, Parkinsonism Relat.
Disord., 2009, 15, S28-532; (b) D. T. Dexter and P. Jenner,
Free Radical Bio. Med., 2013, 62, 132-144.

2 (a) D.T. Dexter, A. Carayon, F. Javoy-Agid, Y. Agid, F. R. Wells,
S. E. Daniel, A. J. Lees, P. Jenner and C. D. Marsden, Brain,
1991, 114, 1953-1975; (b) D. Berg, M. Gerlach, M. B.
Youdim, K. L. Double, L. Zecca, P. Riederer and G. Becker, J.
Neurochem., 2001, 79, 225-236; (c) J. Sian-Hillsmann, S.
Mandel, M. B. H. Youdim and P. Riederer, J. Neurochem.,
2011, 118, 939-957.

3 H.Y.Zhang, N. D. Wang, N. Song, H. M. Xu, L. M. Shi, H. Jiang
and J. X. Xie, Biometals, 2013, 26, 705-714.

4 (a) B. A. Faucheux, M. E. Martin, C. Beaumont, S. Hunot, J. J.
Hauw, Y. Agid and E. C. Hirsch, J. Neurochem., 2002, 83, 320—
330; (b) C. B. Carroll, M. L. Zeissler, N. Chadborn, K. Gibson,
G. Williams, J. P. Zajicek, K. E. Morrison and C. O. Hanemann,
Neurochem. Int., 2011, 59, 73-80.

5 W. Zhu, X. Li, W. Xie, F. Luo, D. Kaur, J. K. Andersen, J.
Jankovic and W. Le, Neurobiol. Dis., 2010, 37, 307-313.

6 P. G. Mastroberardino, E. K. Hoffman, M. P. Horowitz, R.
Betarbet, G. Taylor, D. Cheng, H. M. Na, C. A. Gutekunst, M.
Gearing, J. Q. Trojanowski, M. Anderson, C. T. Chu, J. Peng
and J. T. Greenamyre, Neurobiol. Dis., 2009, 34, 417-431.

7 J. R. Cannon and J. T. Greenamyre, Prog. Brain Res., 2010,
184, 17-33.

8 L. Mahoney-Sanchez, H. Bouchaoui, S. Ayton, D. Devos, J. A.
Duce and J.-C. Devedjian, Prog. Neurobiol., 2021, 196,
101890.

9 B. Halliwell and J. M. C. Gutteridge, Biochem. J., 1984, 219,
1-14.

10 S. J. Dixon and B. R. Stockwell, Nat. Chem. Biol., 2014, 10, 9—
17.

11 Z. 1. Alam, A. Jenner, S. E. Daniel, A. J. Lees, N. Cairns, C. D.
Marsden, P. Jenner and B. Halliwell, J. Neurochem., 1997, 69,
1196-1203.

12 (a) M. Hashimoto, L. J. Hsu, Y. Xia, A. Takeda, A. Sisk, M.
Sundsmo and E. Masliah, Neuroreport, 1999, 10, 717-721;
(b) N. Ostrerova-Golts, L. Petrucelli, J. Hardy, J. M. Lee, M.
Farer and B. Wolozin, J. Neurosci., 2000, 20, 6048-6054; (c)
R. J. Castellani, S. L. Siedlak, G. Perry and M. A. Smith, Acta
Neuropathol., 2000, 100, 111-114.

13 (a) D. Berg, Neurochem. Res., 2007, 32, 1646-1654; (b) T.
Moos, T. Rosengren Nielsen, T. Skjorringe and E. H. Morgan,
J. Neurochem., 2007, 103, 1730-1740.

14 For reviews, see: (a) T. Storr, K. H. Thompson and C. Orvig,
Chem. Soc. Rev., 2006, 35, 534-544; (b) P. V. Bernhardt,
Dalton Trans., 2007, 3214-3220; (c) A. Cavalli, M. L.
Bolognesi, A. Minarini, M. Rosini, V. Tumiatti, M. Recanatini
and C. Melchiorre, J. Med. Chem., 2008, 51, 347-372; (d) R.
C. Hider, Y. Ma, F. Molina-Holgado, A. Gaeta and S. Roy,
Biochem. Soc. Trans., 2008, 36, 1304-1308; (e) S. Bolognin,
D. Drago, L. Messori and P. Zatta, Med. Res. Rev., 2009, 29,
547-570; (f) L. E. Scott and C. Orvig, Chem. Rev., 2009, 109,
4885-4910; (g) L. R. Perez and K. J. Franz, Dalton Trans.,
2010, 39, 2177-2187; (h) R. C. Hider, S. Roy, Y. M. Ma, X. L.
Kong and J. Preston, Metallomics, 2011, 3, 239-249; (i) T.
Zhou, Y. Ma, X. Kong and R. C. Hider, Dalton Trans., 2012, 41,
6371-6389; (j) C. Rodriguez-Rodriguez, M. Telpoukhovskaia
and C. Orvig, Coord. Chem. Rev., 2012, 256, 2308—-2332; (k) B.

This journal is © The Royal Society of Chemistry 20xx



15

16

17

18

19

20

X. Wong and J. A. Duce, Front. Pharmacol., 2014, 5, 81; (I) R.
C. Hider, Thalassemia Rep., 2014, 4, 2261; (m) K. J. Barnham
and A. |. Bush, Chem. Soc. Rev., 2014, 43, 6727-6749; (n) R. J.
Ward, D. T. Dexter and R. R. Crichton, J. Trace Elem. Med.
Bio., 2015, 31, 267-273; (o) A. A. Belaidi and A. I. Bush, J.
Neurochem., 2016, 139 (Suppl. 1), 179-197; (p) F. W. Lewis
and D. Tétard, Biometals in Neurodegenerative Diseases:
Mechanisms and Therapeutics, eds. A. R. White, M. Aschner,
L. G. Costa and A. |. Bush, Academic Press, San Diego, 2017,
pp. 399-414; (q) C. Moreau, J. A. Duce, O. Rascol, J.-C.
Devedjian, D. Berg, D. Dexter, Z. |. Cabantchik, A. I. Bush and
D. Devos, Movement Disord., 2018, 33, 568-574; (r) Y. P.
Singh, A. Pandey, S. Vishwakarma and G. Modi, Mol. Divers.,
2019, 23, 509-526.

(a) Z. D. Liu and R. C. Hider, Coord. Chem. Rev., 2002, 232,
151-171; (b) D. S. Kalinowski and D. R. Richardson,
Pharmacol. Rev., 2005, 57, 547-583; (c) M. Amélia Santos, S.
M. Marques and S. Chaves, Coord. Chem. Rev., 2012, 256,
240-259.

(a) P. A. Adlard, R. A. Cherny, D. I. Finkelstein, E. Gautier, E.
Robb, M. Cortes, I. Volitakis, X. Liu, J. P. Smith. K. Perez, K.
Laughton, Q.-X. Li, S. A. Charman, J. A. Nicolazzo, S. Wilkins,
K. Deleva, T. Lynch, G. Kok, C. W. Ritchie, R. E. Tanzi, R.
Cappai, C. L. Masters, K. J. Barnham and A. |. Bush, Neuron.,
2008, 59, 43-55; (b) P. J. Crouch, M. S. Savva, L. W. Hung, P.
S. Donnelly, A. I. Mot, S. J. Parker, M. A. Greenough, I.
Volitakis, P. A. Adlard, R. A. Cherny, C. L. Masters, A. |. Bush,
K. J. Barnham and A. R. White, J. Neurochem., 2011, 119,
220-230.

See for example: (a) R. A. Hauser-Davis, L. V. de Freitas, D. S.
Cukierman, W. S. Cruz, M. C. Miotto, J. Landeira-Fernandez,
A. A. Valiente-Gabioud, C. O. Fernandez and N. A. Rey,
Metallomics, 2015, 7, 743-747; (b) D. S. Cukierman, A.
Beatriz Pinheiro, S. L. P. Castifieiras-Filho, A. Sa P. da Silva, M.
C. Miotto, A. De Falco, T. de P. Ribeiro, S. Maisonette, A. L.
M. C. da Cunha, R. A. Hauser-Davis, J. Landeira-Fernandez, R.
Q. Aucélio, T. F. Outeiro, M. D. Pereira, C. O. Fernandez and
N. A. Rey, J. Inorg. Biochem., 2017, 170, 160-168; (c) D. S.
Cukierman, E. Accardo, R. Garrido Gomes, A. De Falco, M. C.
Miotto, M. Clara, R. Freitas, M. Lanznaster, C. O. Fernandez
and N. A. Rey, J. Biol. Inorg. Chem., 2018, 23, 1227-1241; (d)
A. De Falco, G. C. Kincheski, E. Atrian-Blasco, C. Hureau, S. T.
Ferreira and N. A. Rey, Behav. Pharmacol., 2020, 31, 738—
747; (e) D. S. Cukierman, D. F. Lazaro, P. Sacco, P. R. Ferreira,
R. Diniz, C. O. Fernandez, T. F. Outeiro and N. A. Rey, Dalton
Trans., 2020, 49, 16252-16267.

For reviews, see: (a) B. R. Roberts, T. M. Ryan, A. |. Bush, C. L.
Masters and J. A. Duce, J. Neurochem., 2012, 120 (Suppl. 1),
149-166; (b) W. Huang, W. Wei and Z. Shen, RSC Adv., 2014,
4, 52088-52099; (c) M. Ameila Santos, K. Chand and S.
Chaves, Coord. Chem. Rev., 2016, 327-328, 287-303; (d) A.
Sharma, V. Pachauri and S. J. S. Flora, Front. Pharmacol.,
2018, 9, 1247; (e) S. Nikseresht, A. I. Bush and S. Ayton, Br. J.
Pharmacol., 2019, 176, 3622—-3635.

(a) D. Devos, C. Moreau, J. C. Devedjian, J. Kluza, M. Petrault,
C. Laloux, A. Jonneaux, G. Ryckewaert, G. Garcon, N. Rouaix,
A. Duhamel, P. Jissendi, K. Dujardin, F. Auger, L. Ravasi, L.
Hopes, G. Grolez, W. Firdaus, B. Sablonniere, I. Strubi-
Vuillaume, N. Zahr, A. Destee, J. C. Corvol, D. Poltl, M. Leist,
C. Rose, L. Defebvre, P. Marchetti, Z. I. Cabantchik and R.
Bordet, Antioxid. Redox Signal, 2014, 21, 195-210; (b) A.
Martin-Bastida, R. J. Ward, R. Newbould, P. Piccini, D. Sharp,
C. Kabba, M. C. Patel, M. Spino, J. Connelly, F. Tricta, R. R.
Crichton and D. T. Dexter, Sci. Rep., 2017, 7, 1398.

K. E. Goodwill, C. Sabatier and R. C. Stevens, Biochemistry,
1998, 37, 13437-13445.

This journal is © The Royal Society of Chemistry 20xx

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

(a) C. A. Lipinski, F. Lombardo, B. W. Dominy and P. J.
Feeney, Adv. Drug Deliv. Rev., 2001, 46, 3-26; (b) C. A.
Lipinski, Drug. Discov. Today, 2004, 1, 337-341.

R. G. Pearson, J. Am. Chem. Soc., 1963, 85, 3533—-3539.

For reviews, see: (a) M. Ameila Santos, Coord. Chem. Rev.,
2008, 252, 1213-1224; (b) A. Cilibrizzi, V. Abbate, Y.-L. Chen,
Y. Ma, T. Zhou and R. C. Hider, Chem. Rev., 2018, 118, 7657—
7701.

For reviews, see: (a) K. N. Raymond, G. Mdller and B. F.
Matzanke, Top. Curr. Chem., 1984, 123, 49-102; (b) K. N.
Raymond, Pure Appl. Chem., 1994, 66, 773-781; (c) R. C.
Hider and X. Kong, Nat. Prod. Rep., 2010, 27, 637-657; (d) C.
Kurth, H. Kage and M. Nett, Org. Biomol. Chem., 2016, 14,
8212-8227.

See for example: (a) M.-X. Zhang, C.-F. Zhu, Y.-J. Zhou, X.-L.
Kong, R. C. Hider and T. Zhou, Chem. Biol. Drug Des., 2014,
84, 659-668; (b) Y.-J. Zhou, X.-L. Kong, J.-P. Li, Y.-M. Ma, R. C.
Hider and T. Zhou, Med. Chem. Commun., 2015, 6, 1620—
1625; (c) D. G. Workman, M. Hunter, L. G. Dover and D.
Tétard, J. Inorg. Biochem., 2016, 160, 49-58; (d) D. G.
Workman, M. Hunter, S. Wang, J. Brandel, V. Hubscher, L. G.
Dover and D. Tétard, Bioorg. Chem., 2020, 95, 103465.

(a) A. Gaeta, F. Molina-Holgado, X. L. Kong, S. Salvage, S.
Fakih, P. T. Francis, R. J. Williams and R. C. Hider, Bioorg.
Med. Chem., 2011, 19, 1285-1297; (b) P. Maher and G. J.
Kontoghiorghes, Neurochem. Res., 2015, 40, 609-620; (c) S.
Gutbier, S. Kyriakou, S. Schildknecht, A.-K. Uckert, M. Briill, F.
W. Lewis, D. Dickens, L. Pearson, J. L. Elson, S. Michel, V.
Hubscher-Bruder, J. Brandel, D. Tétard, M. Leist and I. S.
Pienaar, Archiv. Toxicol., 2020, 94, 3105-3123.

D. G. Workman, A. Tsatsanis, F. W. Lewis, J. P. Boyle, M.
Mousadoust, N. T. Hettiarachchi, M. Hunter, C. S. Peers, D.
Tétard and J. A. Duce, Metallomics, 2015, 7, 867—-876.

F. W. Lewis, S. Fairooz, J. L. Elson, V. Hubscher-Bruder, J.
Brandel, M. Soundararajan, D. Smith, D. T. Dexter, D. Tétard,
1. S. Pienaar, Arch. Toxicol., 2020, 94, 813—-831.

(a) J. Ohkanda and A. Katoh, J. Org. Chem., 1995, 60, 1583—
1589; (b) J. Ohkanda and A. Katoh, Tetrahedron, 1995, 51,
12995-13002; (c) J. Ohkanda and A. Katoh, Chem. Lett.,
1996, 423-424.

A. Katoh, J. Ohkanda, Y. Itoh and K. Mitsuhashi, Chem. Lett.,
1992, 2009-2012.

F. Gutierrez, C. Tedeschi, L. Maron, J.-P. Daudey, R. Poteau, J.
Azema, P. Tisnes and C. Picard, Dalton Trans., 2004, 1334—
1347.

BBB penetration as measured by the BBB scores of the
HOPYs (Table 1), see: M. Gupta, H. J. Lee, C. J. Barden and D.
F. Weaver, J. Med. Chem., 2019, 62, 9824-9836.

(a) S. R. Safir and J. H. Williams, J. Org. Chem., 1952, 17,
1298-1301; (b) K. Tanaka, K. Matsuo, A. Nakanishi, Y.
Kataoka, K. Takase and S. Otsuki, Chem. Pharm. Bull., 1988,
36, 2323-2330.

(a) L. W. Jones and M. C. Sneed, J. Am. Chem. Soc., 1917, 39,
668-674; (b) K. G. Cunningham, G. T. Newbold, F. S. Spring
and J. Stark, J. Chem. Soc., 1949, 2091-2094; (c) A. Cordi, J.-
M. Lacoste, V. Audinot and M. Millan, Bioorg. Med. Chem.
Lett., 1999, 9, 1409-1414.

J. Ohkanda, T. Tokumitsu, K. Mitsuhashi and A. Katoh, Bull.
Chem. Soc. Jpn., 1993, 66, 841-847.

(a) M. Frankel, G. Zvilichovsky and Y. Knobler, J. Chem. Soc.,
1964, 3931-3940; (b) L. Marchio, N. Marchetti, C. Atzeri, V.
Borghesani, M. Remelli and M. Tegoni, Dalton Trans., 2015,
44,3237-3250.

(a) M. Tegoni, M. Furlotti, M. Tropiano, C.-S. Lim and V. L.
Pecoraro, Inorg. Chem., 2010, 49, 5190-5201; (b) C. M.
Zaleski, C.-S. Lim, A. D. Cutland-Van Noord, J. W. Kampf and
V. L. Pecoraro, Inorg. Chem., 2011, 50, 7707-7717; (c) J.

J. Name., 2013, 00, 1-3 | 13



Please do not adjust margins

ARTICLE Journal Name

Jankolovits, C.-S. Lim, G. Mezei, J. W. Kampf and V. L.
Pecoraro, Inorg. Chem., 2012, 51, 4527-4538.

38 E. E. Smissman and V. D. Warner, J. Med. Chem., 1972, 15,
681-682.

39 A.-H. Mai, S. Pawar and W. M. De Borggraeve, Tetrahedron
Lett., 2014, 55, 4664—4666.

40 (a) D. Bebbington, N. J. T. Monck, S. Gaur, A. M. Palmer, K.
Benwell, V. Harvey, C. S. Malcolm and R. H. P. Porter, J. Med.
Chem., 2000, 43, 2779-2782; (b) D. Bebbington, C. E.
Dawson, S. Gaur and J. Spencer, Bioorg. Med. Chem. Lett.,
2002, 12, 3297-3300; (c) H. Schugar, D. E. Green, M. L.
Bowen, L. E. Scott, T. Storr, K. Bohmerle, F. Thomas, D. D.
Allen, P. R. Lockman, M. Merkel, K. H. Thompson and C.
Orvig, Angew. Chem. Int. Ed., 2007, 46, 1716—-1718; (d) D. E.
Green, M. L. Bowen, L. E. Scott, T. Storr, M. Merkel, K.
Béhmerle, K. H. Thompson, B. O. Patrick, H. J. Schugar and C.
Orvig, Dalton Trans., 2010, 39, 1604-1615.

41 (a) P. Gans, A. Sabatini and A. Vacca, Talanta, 1996, 43,
1739-1753; (b) P. Gans, A. Sabatini and A. Vacca, HYPER-
QUAD2000, Protonic Software, Leeds, UK, and University of
Florence, Florence, Italy, 2000.

42 F. Crea, C. De Stefano, C. Foti, D. Milea and S. Sammartano,
Curr. Med. Chem., 2014, 21, 3819-3836.

43 K. Mishra, H. Ojha and N.K. Chaudhury, Food Chem., 2012,
130, 1036—-1043.

44 (a) Z.-M. Wang, S.-S. Xie, X.-M. Li, J.-J. Wu, X.-B. Wang and Y.-
L. Kong, RSC Adv., 2015, 5, 70395-70409; (b) P. Cai, S.-Q.
Fang, X.-L. Yang, J.-J. Wu, Q.-H. Liu, H. Hong, X.-B. Wang and
L.-Y. Kong, ACS Chem. Neurosci., 2017, 8, 2496—-2511.

45 R. Re, N. Pellegrini, A. Proteggente, A. Pannala, M. Yang and
C. Rice-Evans, Free Radical Bio. Med., 1999, 26, 1231-1237.

46 1. S. Pienaar and W. van de Berg, Exp. Neurol., 2013, 248,
213-223.

47 H. Li, Y. Feng, Z. Chen, X. Jiang, Z. Zhou, J. Yuan, F. Li, Y.
Zhang, X. Huang, S. Fan, X. Wu and C. Huang, Pharmacol.
Res., 2021, 163, 105220.

48 Z.-H. Shi, G. Nie, X.-L. Duan, T. Rouault, W.-S. Wu, B. Ning, N.
Zhang, Y.-Z. Chang and B.-L. Zhao, Antioxid. Redox Signal,
2010, 13, 783-796.

49 (a) N. P. Mena, O. Garcia-Beltran, F. Lourido, P. J. Urrutia, R.
Mena, V. Castro-Castillo, B. K. Cassels and M. T. Nufiez,
Biochem. Biophys. Res. Commun., 2015, 463, 787-792; (b) O.
Garcia-Beltran, N. P. Mena, P. Aguirre, G. Barriga-Gonzalez,
A. Galdamez, E. Nagles, T. Adasme, C. Hidalgo and M. T.
Nufiez, PLoS ONE, 2017, 12, e0189043; (c) P. Aguirre, O.
Garcia-Beltran, V. Tapia, Y. Mufioz, B. K. Cassels and M. T.
Nufiez, ACS Chem. Neurosci., 2017, 8, 178-185.

50 (a) S. Odake, T. Okayama, M. Obata, T. Morikawa, S. Hattori,
H. Hori and Y. Nagai, Chem. Pharm. Bull., 1990, 38, 1007—
1011; (b) A. Volonterio, P. Bravo and M. Zanda, Tetrahedron
Lett., 2001, 42, 3141-3144; (c) A. Volonterio, S. Bellosta, P.
Bravo, M. Canavesi, E. Corradi, S. V. Meille, M. Monetti, N.
Moussier and M. Zanda, Eur. J. Org. Chem., 2002, 428-438.

51 H. Konishi, T. Sekino and K. Manabe, Chem. Pharm. Bull.,
2018, 66, 562-567.

52 W. W. Fish, Methods Enzymol., 1988, 158, 357-364.

53 P. Gans and B. O'Sullivan, Talanta 2000, 51, 33—-37.

54 C. F. Baes and R. E. Mesmer, The Hydrolysis of Cations, John
Wiley & Sons, New York, 1976.

55 Y. Ma, S. Roy, X. Kong, Y. Chen, D. Liu and R. C. Hider, J. Med.
Chem., 2012, 55, 2185—-2195.

56 M.S. Blois, Nature, 1958, 181, 1199-1200.

14 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins




