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Abstract: LHON is a rare genetic mitochondrial disease, and the primary cause of chronic visual
impairment for at least 1 in 10,000 individuals in the United Kingdom. Treatment options remain
limited, with only a few drug candidates and therapeutic approaches, either approved or in
development. Recently, idebenone has been investigated as drug therapy in the treatment of LHON,
although evidence for the efficacy of idebenone is limited in the literature. NQO1 and mitochondrial
complex Il were identified as the major enzymes involved in idebenone activity. Based on this mode
of action, computer-aided techniques and structure-activity relationship (SAR) optimization studies
led to the discovery of a series naphthoquinone-related small molecules, with a comparable ATP
rescue activity of idebenone. Among these, three compounds showed activity in the nM range and
one, 2-((4- fluoro-3-(trifluoromethyl)phenyl)amino)-3-(methylthio)naphthalene-1,3-dione (1),
demonstrated significantly higher potency ex-vivo, and significantly lower cytotoxicity, than

idebenone.
Introduction:

Leber’s hereditary optic neuropathy (LHON) is a primary mitochondrial DNA (mtDNA) disorder,
responsible for acute bilateral visual loss in young adults with a prevalence of 1 in 30,000.! Three
primary mitochondrial DNA mutations are involved in the development of the disease. The first
mutation identified was found in the gene that codes for NADH dehydrogenase 4 (ND4), which is an
essential subunit in the mitochondrial complex | core proteins, required to catalyze NADH
dehydrogenation and electron transfer to ubiquinone.? Among all the mutation, the ND4 accounts for
about 70% of all LHON cases worldwide. The remaining cases are primarily related to mutation
polypeptide subunits of ubiquinone ND1 and ND6, which are apparently involved in attaching the

hydrophilic part of the enzyme to the inner membrane.? All these mutations lead to electron flow



blockade at the first step of the mitochondrial electron transport chain (ETC), with deleterious

consequence in the ATP production (Figure 1).
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Figure 1 Impairment of mitochondrial electron transport chain (ETC) due to ND4 mutation.

Retinal ganglion cells (RGCs) are particularly susceptible to the decrease of ATP caused by loss of
proper mitochondrial activity, which ultimately leads to cellular apoptosis.* RGCs are responsible for
the communication between the eye and the brain, taking visual information from photoreceptors
and sending to the brain through the optic nerve. The propagation of these signals down their axons
demands a large amount of energy, more than other cells, which is mostly the reason for the almost
selective visual lost rather than other symptoms (cardiac arrhythmias, peripheral neuropathies,
dystonia have occasionally been observed)®. To date, a definitive cure is still not available and many
of the therapies currently being developed focus on vision management and slowing the progression
of the disorder, with a few promising drugs under clinical investigation.®”® Most clinical trials are
dedicated to either nutritional interventions or redox-active supplements such as idebenone, MTP-

131, EPI-743, EPI-589 KL1333 and CoQ10 (Figure 2).°
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Figure 2 Compounds under clinical investigation

Among them, the idebenone is the only drug to have been approved by the European Medicines
Agency as treatment for LHON (in 2015), but only under "exceptional circumstances", with the
requirement for continued evaluation of its clinical benefits. Indeed, the evidence for idebenone
efficacy is limited, and it failed to demonstrate superiority over placebo in the primary randomized,
double-blind, placebo-controlled study.’ The beneficial effects associated with idebenone have not
been reliably determined in the studies conducted so far, with some patients completely failing to
respond to the therapy®®. On the other hand, various papers have reported adverse effects of

idebenone, which involve different bodily targets and pathways. 1121314

Although, the mechanism of action of idebenone has not yet been fully elucidated, research has
shown evidence that cytosolic NAD(P)H: quinone oxidoreductase 1 (NQO1) is involved in idebenone
therapeutic activation; where idebenone is reduced by NQO1 in its active form (idebenol), allowing
the transfer of electrons from the cytosol directly to complex Ill, thus providing an alternative source
of electrons for Complex Ill, thereby restoring the flow of electrons in the ETC (Figure 3).1>¢ The
adverse effects are most likely due to the oxidated form of idebenone, which showed a pro-oxidant

effect in NQO1-deficient cells.’
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Figure 3 NQO1-Complex Il pathway. In the postulated mechanism of action, idebenone is reduced into idebenol

(the active form) by NQO1 in the cytoplasm, and then it can successively mediate electron transfer to complex

[l in the mitochondrial inner membrane, reactivating electron flow.

Due to the aforementioned shortcomings of idebenone and the hypothesis of its mechanism of action,
this study aimed to identify new potential drugs which possess a “complex | bypass” capacity ,
targeting the NQO1-complex Il pathway. To achieve this, we performed a sequential ligand- and
structure-based virtual screening, resulted in the identification of a hit compound, which was followed

by SAR optimization efforts that led to the identification of novel potent redox molecules.
Results and discussion
Virtual screening

From the crystal structures of NQO1 with different substrates ((PDB ID: 2F10*8, 5EAI*® and 1H69%,
1D4A?!) the most important features for ligand binding were identified: an aromatic quinone ring to
make a 7—x stacking with isoalloxazine of FAD and the presence of two electron acceptors, essential
for the redox capacity (Supporting Information Figure S1). These features were used to generate a
pharmacophore query and screen a database of more than 3.3 million commercially available
compounds (ChemDiv, Specs, Enamine, LifeChemicals) The compounds matching the pharmacophore
features were further investigated for their binding mode into the human NQO1 protein using GLIDE
SP docking algorithm. These two processes, combined with a visual inspection, led to the identification
of 2845 compounds, which show a suitable orientation in the binding site and present the desired

redox properties. Not surprisingly, the majority of the identified compounds were quinone-related



molecules: benzoquinones, naphthoquinones, anthraquinones (Figure 4). Next, a second docking
study was conducted using the previously selected compounds to evaluate their ability to bind the Qo
binding-site of complex Ill, since these compounds, once they are activated from NQO1, they have to
interact with Complex Il in order to transfer electrons. The docking studies were performed using a
homology-model of human cytochrome bcl complex (Supporting Information Figure S2). This model
revealed that the Qo pocket is highly hydrophobic with six prominent aromatic residues in addition to
several aliphatic residues, and most compounds selected could be well accommodated in different
rational configurations with the quinone core inside of the cavity and the side-chain close to the
opening to the phospholipid membrane (Figure 4). This binding mode is similar to the postulated
binding of ubiquinone - the hydroquinone headgroup needs to be close to the 2Fe-2S cluster in order
to allow the electrons transfer and the long-chain anchored to the lipid membrane.?? Interestingly, the
strong interaction between the phenyl moiety of compound 20 and Phe274 could be essential for the
correct positioning of the naphthoquinones into the pocket (Figure 4). To explore the biological
activity of these compounds, a final selection of 21 compounds was made based on the affinity for

both proteins.
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Figure 4. (a) The chemical structures of the final rationally selected commercially available naphthoquinone
compounds Predicted binding mode for compound 20 (in blue) in the NQO1-binding site, PDB ID: 2F10 (b) and
the complex lll-binding site, PDB ID: 1NTZ (c), the amino acid residues involved in the binding are highlighted in

green.

Hit identification

In our previous study, we showed the cytotoxicity and ATP rescue activity of idebenone are linked to
the cellular expression of NQO1': cells deficient in NQO1 show a marked decrease in viability in
comparison to NQO1 expressing cells, with idebenone causing ROS production and deleterious effects
on ATP levels and cell viability. For this reason, the activity of the 21 selected compounds was tested
in two independent cell lines featuring either high (HepG2) or low (SH-SY5H) NQO1 expression since,
to date, a valid cell line model to study RGCs is not yet available. The 21 naphthoquinones were initially
evaluated for their ability to rescue the ATP level under the inhibition of complex | using rotenone.

The treatment of these cells with rotenone (10 uM) drastically reduced ATP levels to 8% residual ATP



in glucose-free medium. However, the addition of analogs 4, 7, 8, 9, 15 and 20 almost re-established
the same concentration of ATP of idebenone (~70% rescue of ATP, Figure 5a). The most active
compounds were re-tested at a lower concentration (1 uM), showing that quinones with a benzyl ring

in position 2 (15, 20) provided a significant ATP rescue activity (Figure 5b).
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Figure 5 Efficacy of ATP rescue in the presence of 10 uM rotenone by quinones at 5 uM (a) and 1 uM (b). ATP
rescue activity of quinones was determined in rotenone-treated HepG2 cells. ATP levels expressed as percentage
of ATP in DMSO-treated cells in the absence of rotenone (untreated). Bars represent mean + SEM of at least
three independent measurements. Data were analysed using one-way ANOVA test, followed by Dunnett’s post
hoc test for multiple comparisons, P values were calculated versus DMSO, * = p <0.05, ** =p<0.01, ***=p <

0.001, **** = p < 0.0001



The compounds that showed significant ATP rescue activity were further tested to determine whether
they show a cytotoxic effect using HepG2 and SH-SY5Y cell lines. Naphthoquinone compounds showed
a moderately toxic effect at 25 uM with a decrease of 10-20% of cell viability compared to the
untreated cells in HepG2, with the exception of 3 and 4 (Figure 6a), but interestingly the majority of
the naphthoquinones showed lower toxicity than idebenone in the SH-SY5Y cell line (Figure 6b). The
results suggested that the toxicity of these compounds might be related to the higher affinity of
naphthoquinone to NQO1 than to the other oxidoreductases, such as complex I. In fact, idebenone
showed deleterious oxidative stress in the NQO1 deficient cell lines, and several studies have reported
evidence of this potential adverse effect due to the interaction with other proteins such as complex

I or calcium-activated chloride channel?, inducing oxidative stress and apoptosis in cells.
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Figure 6 Cytotoxicity of rotenone and quinones (25 uM) selected from virtual screening on HepG2 (a) and SH-
5YSY(b). The cell viability was determined as percentage of untreated cells. Bars represent mean + SEM of at
least three independent measurements. Data were analysed using one-way ANOVA test, followed by Dunnett’s
post hoc test for multiple comparisons, P values were calculated versus untreated, * = p < 0.05, ** = p <0.01,

#%% = p <0.001, **** = p < 0.0001

The analogues 9, 15 and 20 provided an initial SAR profile since they were sharing the same scaffold:
2- amine 1,4 naphthoquinones. In particular, the compound 20 was pinpointed as the most promising
naphthoquinone to study structure-activity relationships, in order to identify compounds with
complex | bypass capacity and ATP rescue activity, avoiding the idebenone cytotoxicity in SH-SY5Y cell
lines, where NQO1 expression is low. Interestingly, during the course of this project, a recent study
conducted by Woolley et al. identified a series of amide linked redox-active naphthoquinones, which
were able to provide cytoprotection from rotenone-induced toxicity (supporting information Figure
$3)**. However, direct evidence for the involvement of NQO1 in the bioactivation of naphthoquinones

was not assessed in their study.

Drug Design and Synthesis.

Starting from compound 20, we have then prepared a series of analogues to explore the structure-
activity relationships around the naphthoquinone scaffold. We focused on a panel of 3-amine
naphthoquinone analogues with various substituents in position 2 (Table 1), as the docking studies
established that there was sufficient space in the binding pocket to tolerate bulkier groups at these

positions
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Table 1 General strategy for identifying 37 analogues of compound 20, showing the chemical structure details

of synthesized compounds 1 and 23-58.

A series of -amine naphthoquinone analogues 23-39 were synthesized via a nucleophilic substitution

reaction, treating 2,3-dichloro-1,4-naphthoquinone (59) with an excess of the corresponding amine,

in ethanol. In the case of low nucleophilic aniline such the 4-fluoro-3-(trifluoromethyl) aniline, CeCls

was used as catalyst to facilitate the nucleophilic addition (Scheme 1).
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Scheme 1 (i) corresponding amine, EtOH, rt. (ii) 4-fluoro-3-(trifluoromethyl) aniline, CeCl;*7H,0 EtOH,

reflux.

After the first substitution and formation of the 2-amino-3-chloro-1,4-naphthoquinone derivative, the
reactivity of naphthoquinone core was reduced, due to the increase of electronic density in the ring -
the second substitution can occur only in the presence of strongly nucleophilic molecules, such as
thiolate or if an EWG group effect is incorporated inthe quinone ring . Therefore, a microwave-assisted
Buchwald—Hartwig amination strategy was used to replace the second chlorine atom with a series of

substituted anilines (Scheme 2).
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Scheme 2 (i) corresponding alcohol, K;COs, THF, rt; (ii) corresponding amine, EtOH, rt.,(iii) Pd2(dba)s,t-
BuOK, XPhos, Toulene, mw 130 °C, 30 min

The analogues 1, 52-55 which have a thiomethoxy in position 2, was instead synthesized through two
sequential nucleophilic substitutions due to the better nucleophilic reactivity of thiolate compared to

alkoxide or amine (Scheme 3)
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Scheme 3 (i) 3-(trifluoromethyl) aniline, EtOH, rt. (ii) fluoro-3-(trifluoromethyl) aniline, CeCls*7H,0

EtOH, reflux, .,(iii) corresponding thiol, K,COs, EtOH

The trifluoromethylthiol derivates (56-57) were synthesized via a radical pathway starting by the
intermediate 71-72, and AgSCFs.”> The postulated reaction mechanism involves the SCF; radical,

formed in situ through the oxidation of AgSCF; by K»5,0s (Scheme 4)
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Scheme 4 (i) corrisponding aniline, CeCl3*7H,0 EtOH, reflux (ii) Cuz(OH),S0O3*H,0,K;S,0s,
AgSCF3;,MeCN 65 °C,12h

Finally, compound 73 was designed and synthesized as an analogue of idebenone, only replacing the
guinone with a naphthoquinone and maintaining the same side-chain. The synthesis of 73 requires a
single-step reaction through the Minisci reaction. The installation of an alkyl side chain at the 3-
position of the naphthoquinone core was facilitated via a silver-mediated radical decarboxylation

(Scheme 5).
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Scheme 5 (i) 11-hydroxyundecanoic acid, AgNOs, (NH)4S,0s, MeCN, water, 75 °C, 2h

Biological activity in vitro: ATP rescue and cytotoxicity

Based on the compounds prepared around the naphthoquinone group, the SAR study can be divided
into 2 subgroups: structural modifications at C3 to investigate the importance and influence of the
aromatic ring, and structural modifications at C2 to study of the effect of EDG and EWG substitutes on

the naphthoquinone ring.

Firstly, to determine the minimum structural requirement of the 2-amino-1,4-naphthoquinone
scaffold, the phenyl ring at position 2, was removed (23), and several analogues were synthesized
modifying the length of the linker between the benzoquinone core and phenyl ring (28,29,31). The
results obtained showed the importance of a phenyl moiety (Figure 7): the removal of the benzyl ring
completely eliminated ATP rescue activity (23), while replacement with an alkyl chain decreased the
potency (24). Interestingly, the length of the linker between the benzoquinone core influenced the

activity, showing a slight decrease from aniline (33) to benzylamine (26).

The importance of the trifluromethylene substituent on the phenyl ring was also investigated, and the
corresponding analogues carrying the CF; moiety in position 3 of the phenyl ring were synthesized and
tested (14-26, 29-30, 31-33), showing overall a higher ATP rescue than the no substituted analogues.
The replacement of the core from benzoquinone of idebenone to naphthoquinone (73) drastically
reduced activity, suggesting a totally different structure-activity relationship of this family from the

benzoquinone drugs.
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Figure 7 Efficacy of ATP rescue in the presence of rotenone by quinones (23-39, 73) at 1 uM. ATP levels expressed
as percentage of ATP in DMSO-treated cells in the absence of rotenone (untreated). Bars represent mean + SEM
of at least three independent measurements. Data were analyzed using one-way ANOVA test, followed by
Dunnett’s post hoc test for multiple comparisons, P values were calculated versus DMSO. * = p <0.05, **=p <

0.01, *** = p <0.001, **** = p < 0.0001

None of the synthesized quinones shows an improved ATP rescue compared to 20. Moreover, this
series of compounds showed higher cytotoxicity than the hit. In particular 33, which differs by the
presence of chlorine instead of OCHjs in position 2, showed an increase of cytotoxicity, making the
methoxy group a better substituent than chlorine (Figure 8). Therefore, nine compounds (40-48) were

synthesized in order to investigate the effect of the substituent at position 2.
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Figure 8 Cytotoxicity of quinones 23-39,73 on HepG2 (a) and SH-5YSY (b) cells at 25 uM. Cell viability was
determined as percentage of untreated cells. Bars represent mean + SEM of at least three independent
measurements. Data were analysed using one-way ANOVA test, followed by Dunnett’s post hoc test for multiple
comparisons, P values were calculated versus untreated, * = p < 0.05, ** = p<0.01, *** =p <0.001, ****=p <

0.0001

The replacement of methyl ether with ethyl ether (41) or n-propyl ether (42) did not improve the ATP
rescue, on the contrary, isopropyl ether 44 and phenyl ether 45 decreased the activity showing that
sterically hindering groups are not beneficial. Also, the removal of the ether (40) drastically reduced
the activity. The effect of bioisostere replacement of the methoxy group with the methylamine

decreased the potency (46). This trend was observed for the other analogues synthesized, where 47



and 48 showed lower ATP rescue than the corresponding ether and ester derivates 41 and 42 (Figure
9). The explanation of this drastic difference suggested that the different reduction potential of these
compounds played a key role in the activity of this family. In fact, the presence of a strong electron
donating group (EDG) in the ring changes significantly the electron density of compounds, influencing

the redox capacity of this family of compounds and decreasing the reduction rate.

In order to study the influence of EDG/EWG groups on the ATP rescue, we investigated the
introduction of a more EWG group, replacing the OCHs group with an SCFs group in position 2 of the
naphthoquinone core. Interestingly, 56 and 57 retained the activity, but on the other hand, they also
demonstrated an increase of cytotoxicity in both cell lines. For this reason, the methoxy group was
instead replaced with a group possessing a similar EDG effect, such as thiomethyl. Compound 1
showed overall a retain of activity, but a slight increase of cytotoxicity compared the ether analogue
20. The same trend was also observed for the thioethyl and thiopropyl (53-54), which showed the
same activity than their corresponding ether derivates. Having demonstrated the importance of the
electronic effect of the substituent in the naphthoquinone core, another EDG group with a similar
effect of OCH; was considered, synthesizing the corresponding methyl derivates (58). Also, in this case,
the compounds showed a similar ATP rescue activity and low cytotoxic effect on both cell lines (Figure

9).
120+
71
118
E, GO T e [T TTIRISOISTPPPIIPR OO FIm ******£**£ AL
= €L

40_. .............................................................. B

204-

I . .ﬁ——ir.“ i ".” I | “.“.“

W o g R W e D R R P PP NP PG oA

Figure 9 Efficacy of ATP rescue in the presence of rotenone by quinones (1,40-58,71) at 1 uM. ATP levels
expressed as percentage of ATP in DMSO-treated cells in the absence of rotenone (untreated). Bars represent

mean + SEM of at least three independent measurements. Data were analyzed using one-way ANOVA test,



followed by Dunnett’s post hoc test for multiple comparisons, P values were calculated versus DMSO. * = p <

0.05, ** = p<0.01, *** = p £ 0.001, **** = p <0.0001

In summary, we can observe that molecules retaining the aniline group in position 3 showed slightly
better activity than benzylamine and phenylethylamine analogues. A complete loss of activity was
observed when a strong electron-donating group was introduced in position 2; on the other hand, the
presence of strong electron-withdrawing groups increased the cytotoxicity of these family. The
presence of a hindering group in position 2 decreased activity, while replacement of methoxy group
49 with a thiomethyl (1) or methyl group (58) did not alter the activity . Overall, the introduction of
fluorine on trifluoromethyl-aniline ring was associated with an increase in the activity (1,49,50,55,58).
From the cytotoxicity data evaluated on SH-SY5Y the naphthoquinone core providing significantly less
toxicity than idebenone. On the other hand, a decrease of 10-25% of viability on HepG2 was shown
by the majority of naphthoquinones (Figure 10). In our previous study, we demonstrated that the ratio
between reduced/oxidized form of quinones could trigger the beneficial or either the toxic effect of
the redox-active compounds'’. In order to clarify the cytotoxicity effect of this family, the
naphthoquinones were tested for their capacity to generate ROS in the cells, showing that the most
toxic compounds were able to increase drastically the level of H,0; in the cells (Supporting information

Figure S4)
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Figure 10 Cytotoxicity of quinones 1,40-58 on HepG2 (a) and SH-5YSY (b) at 25 pM. The cell viability was
determined as percentage of untreated cells. Bars represent mean = SEM of at least three independent
measurements. Data were analysed using one-way ANOVA test, followed by Dunnett’s post hoc test for multiple
comparisons, P values were calculated versus untreated, * = p <0.05, ** = p<0.01, *** = p <0.001, ****=p <

0.0001
Mode of action: NQO1-complex lll pathway

Having demonstrated the ATP rescue capacity of these novel identified naphthoquinones, it was of
interest to elucidate the postulated mode of action of this family. From the computational studies,

naphthoquinone compounds have been identified as an interesting class of organic compounds, which



might easily bind NQO1, accepting two electrons and consequently reducing in hydroquinones. In
order to confirm NQO1 affinity, the compounds were tested to determine whether they can be
substrates of the NQO1 using the recombinant enzyme. The reduction of quinone into hydroquinone

can be followed by the decrease of NADH absorbance at 340 nm, according to the following reaction:

NQO1 . _
NADH + Quinone —m8 NAD + Hydroquinone

The results obtained suggest that even if naphthoquinones are excellent NQO1 substrates, not all the
qguinones were reduced by the enzyme in a cell-free environment, in particular, the two 2-amino-1,4-
naphthoquinones (46, 51), which show an amine group in position 3, are inactive, confirming the
NQO1-dependent ATP rescue of this family (Supporting information Figure S5). Interestingly the amide
linked naphthoquinones previously published by Woolley et al (supporting information Figure S3
compound 75), showed a significantly lower affinity for NOQ1l than the aniline linked
naphthoquinones (1, 49, 51, 57), a possible explanation may be found in the different side-chain,
which might modulate the affinity for other oxidoreductases as suggested by Woolley et al. **. The
high NQO1 affinity showed by the aniline-linked naphthoquinones did not exclude a possible
reduction of these compounds from other oxidoreductases present in the cells. For this reason, the
reduction rate of quinone by NQO1 was assessed in living cells by hydroquinones-mediate WST-1
reduction, as previously reported in literature?®. The results showed that the naphthoquinones were
highly reduced in HepG2, but only if NOQ1 is available. In fact, when the compounds were tested in
the presence or not of dicoumarol (NQO1 inhibitor)?* and in NQO1-deficient cell line (SH-SY5Y), WST-
1 was not converted into its formazan structure due to the lack of electron mediator (hydroquinone),
demonstrating the high affinity and high selectivity of these compounds to NQO1. (Figure 11). The
assay was repeated in another NQO1-deficient cell line'’, R28 (retinal precursor cell line), where no

substantial conversion of WST-1 to formazan was detected (supporting information Figure S6).
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Figure 11 (a) WST-1 reduction in the presence of hydroquinone as electron donor in HepG2 cell line in the
absence (black bars) or presence of dicoumarol (grey bars ). (b) WST-1 reduction in the presence of
hydroquinone as electron donor in HepG2 in NQO1-deficient cell line (SH-SY5Y). The different WST-1 reduction
rates depend on different affinities of compounds towards the enzyme: compounds showing a higher affinity

for NQO1 could reduce the WST-1 faster than others

These data suggested that these compounds are acting as NQO1 cytosolic-mitochondrial electron
carriers, rescuing the ATP level under inhibition of complex | through the NQO1-complex Il pathways.
If the ATP rescue —activity depends on these enzymes, it should be sensitive to inhibition of complex
Il and NQO1. Therefore, two NQO1 inhibitors, dicoumarol and ES936, were used to assess the direct
involvement of NQO1 in the naphthoquinones bioactivation?’. Dicoumarol is a non specific

competitive inhibitor that has been frequently used to study the involvement of NQO1 in biochemical



reactions ¥’; meanwhile, ES936 is a potent and specific irreversible NQO1 inhibitor?’. The ATP rescue
activity of naphthoquinones was lost in both cases, confirming the critical role of NQO1 in the
bioactivation of these family (Figure 12). In addition, to confirm the role of complex lll, as the terminal
electron acceptor, myxothiazol and antimycin were used as inhibitors®®. Myxothiazol and antimycin
are two selective complex Il inhibitors, which bind two different binding sites Qo, quinol oxidation site,
and Q; quinol reduction site, respectively. Although these inhibitors influenced the ATP level in
untreated cells, even at low concentration (50 nM), the ATP rescue of compounds was lost in all the

cases, confirming the direct involvement of Complex Il in the naphthoquinone’s activity (Figure 12)
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Figure 12 The effect of dicoumarol, ES936, antimycin, myxothiazol on the ATP rescue activity of
compounds 1,49-58 and idebenone. The ATP rescue activity of compounds (5 uM) were assessed in
the presence of rotenone (10 uM) and in the absence (-) or presence of inhibitors (+). ATP levels

expressed as percentage of DMSO-treated cells in the absence of rotenone (untreated).

Standard reduction potential r prediction

A difference in the binding mode cannot justify, on its own, the significant difference in the activity
and cytotoxicity between 49 and the corresponding analogues 51 and 57, as the NQO1 possesses a
highly plastic active site, which can accommodate quinone compounds of different sizes. A possible
explanation might be found in the different reduction potential of these compounds. In fact, while
the replacement of methoxy or thiomethyl group to methylamine causes minimal steric perturbations,
the effect in the electron density distribution is significant. Recent studies provide strong evidence of
a correlation between the energies of HOMO (highest occupied molecular orbital) and LUMO (lowest

unoccupied molecular orbital) for the reduced and oxidized forms of studied quinones and the



electrode potentials (Figure 13).2%3%31 |n order to predict the reduction potential of naphthoquinones,
The quinone compound structures were optimized using B3LYP with 6-311+G- (d, p) basis set and the
effect of solvation of water was applied using a polarized continuum model (PCM) in the optimization
calculation. This procedure was used to evaluate the effect of the reduction potential of the new

analogs in their activity, with the possibility to identify a correlation between these two values.

Homo red Lumo red E° Gaussian ATP Cell viability
Compounds

(Hartree) (Hartree) (Ev) (% control) (% control)

idebenone -0.21132 -0.05645 0.60 443+1.8 92.8+3.8
51 -0.20512 -0.05446 0.52 14.7+3.2 95.8+2.4

49 -0.20737 -0.05470 0.55 58613 96.5+2.1

58 -0.20715 -0.05445 0.55 526425 101+1.9

1 -0.21071 -0.05764 0.59 557+ 3 76.9+1.2

71 -0.21075 -0.05670 0.59 545+3 356+8.1

39 -0.21533 -0.05758 0.65 403+16 65.8+1.2
E(V)= a+b EHOMO 57 -0.21685 -0.06800 0.67 58.6+3.1 26.5+3.0

Figure 13 Representations of menadione orbitals elaborated with Gaussian 09. Graphical representation of
orbitals of 1 and the equation, which describes the correlation between electrode potential and energy
associated with HOMO orbitals, the constants a and b in the equations are -2.115 and -12.845, respectively.
Table 2 Standard reduction potential of naphthoquinones with different EDG/EWG substituents at position 2

with the corresponding ATP rescue and cell viability values

The results, reported in Table 2, shows two distinct trends for the effect of nature and position of the
substituents studied on the quinone core., Quinone compounds with electron-donating groups (1,
49,51,58) show a lower reduction potential in comparison with unsubstituted quinone compounds.
The addition of another EDG group in the quinone core might drastically reduce the ability to accept
electrons, and therefore they could not be metabolised into hydroquinones by NQO1. As expected,
electron-withdrawing groups (39,56) have an opposite effect, increasing the reduction potential, and
consequently facilitate the compound reduction. These results are reasonable because the
introduction of substituents leads to a change in the charge distribution in the quinone structure, and
therefore it influences the reduction potential: electron-withdrawing substituents facilitate reduction
stabilizing the negative charge, whereas electron-donating substituents destabilize it (Figure 14 ).
These results suggest that the reduction potential of quinone compounds can be modulated by the
presence of substituents in the aromatic ring, affecting the stability/toxicity of

quinones/semiquinones/hydroquinones .
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Figure 14 (a) Decrease of standard reduction potential in relation to the electrostatic effect of substituted in

position 2. (b) the molecular electrostatic potential map of each molecule.

According to the results obtained, we hypothesize that a naphthoquinone with high standard electron
potential as 57 might “steal" electrons from biological redox centers, such as cytochromes, iron-sulfur
clusters, and cupredoxins, inhibiting metabolic output. However, 51, which possesses a low standard
electron potential, is not able to accept electrons and therefore remains inactive. Mild redox
naphthoquinones, such as 1, 49 and 58, might instead be able to generate a useful cycle between
oxidized and reduced forms using specific physiologic redox centers, showing a beneficial

pharmacological effect ( supporting information Figure S7).

Dose-response curve ATP rescue and cytotoxicity

A series of concentration-response studies for the best three compounds (1,49,58) and one of the
most potent naphthoquinones reported in Woolley’s study (supporting information Figure S3
compound 75) were performed to determine the half-maximal ATP rescue concentration (ECso) and
the half-maximal cytotoxic concentration (ICso) using 6 data points (supporting information Figure S8).
The calculation was performed on two different cell lines: HepG2 and SH-SY5Y, which express different

levels of NQO1.



ECs 1Cs 1Cs
Compounds
(M) HepG2 (uM) SH-SY5Y (uM)
idebenone 0.94 £ 0.06 64.5+15.1 15.9+0.09
1 0.36 £ 0.05 30.5+5.2 >100
49 0.46 £ 0.05 >100 >100
58 0.91+0.06 >100 >100
s1 75 0.80 £ 0.03 >100 76.05+9.1

Table 3. 1Cso and ECso values for idebenone, 1, 49, 58 and 75 (figure S3). The ECs is defined as the
concentration of compounds that induce a half-maximal rescue of ATP concentration in rotenone-

treated cells. The ICs is defined as the concentration of compounds that reduce the cell viability by

half.

Interestingly, the naphthoquinones 1, 49 and 58 showed higher activity than idebenone at lower
concentration 100 nM - 1 uM, but they reached a plateau-phase early, without entirely rescuing the
ATP level. Meanwhile, idebenone and 75 (figure $3) were almost able to restore the same ATP level
of untreated cells (supporting information Figure S8), potentially suggesting a different mechanism of
action for these compounds. On the other hand, the naphthoquinones showed low toxicity in SH-SY5Y
and HepG2 cell lines (Table 3). In particular, Idebenone showed significant cytotoxicity in NQO1
deficient cell line, while 49 did not show a particular cytotoxic effect in both cell lines even at 100 uM

(supporting information Figure S8).

Cytoprotection on mouse retina explants

Although 1, 49 and 58 showed a lower efficacy than idebenone, they demonstrated a higher potency
and a low cytotoxic profile in SH-SY5Y cells. We therefore decided to test the most active compounds
using mouse retina explants to assess if they were able to rescue rotenone-induced retinal ganglion
cell loss. In our previous study, we found that NQO1 was predominantly present in the retinal ganglion
cell (RGC) layer suggesting the quinones can be metabolized into hydroquinones cells present in that
layer!’. Moreover, idebenone was able to switch from an antioxidant to a pro-oxidant, depending on
its concentration and NQO1 expression: 10 uM idebenone showed a significant cell rescue under
complex | impairment by increasing cell survival from 41 to 73%, while 20 uM idebenone caused

significant toxicity in the RGC layer. To test the hypothesis that the naphthoquinones identified in this



study could provide protection against RGC loss caused by complex | dysfunction, 1 was tested on
retina explants to assess their rescue rotenone-induced RGC loss, using the same procedure applied

previously /.

Untreated DMSO + Rotenone 100 pM

b) 5001

24 hrs rotenone + 24 hrs rotenone +3 uM 1
3 uM Idebenone

Number of RGCs

Untreated Rotenone 100 uM

C).

Idebenone 50 pM 150 uM

Figure 15 Treatment of retinal explants with 1 and idebenone. a Representative en face images of

e

Number of cells in RGC layer

RNA-binding protein with multiple splicing (RBPMS) positive cells in the central retina incubated with
100 uM rotenone and either 3 uM of idebenone or 3 uM of 1. The graph b shows mean numbers of
RGCs in the central retina after 24 h incubation ex vivo. There is a significant reduction (p < 0.001) in
the number of RGCs in retinae treated with 100 uM rotenone (DMSO) compared to those treated with
the 0.01% DMSO vehicle (untreated). The number of RGCs is significantly higher in explants treated
with 100 uM rotenone and 3 UM 1 compare to those treated with 3 uM idebenone. c Representative
en face images of Hochest nuclear stain in the ganglion cell layer from the central retina of explants
incubated with 50 uM idebenone (IDE), or 50 uM 1 for 24 h. 100 uM rotenone (Rot) was used as
positive control. The graph d shows the mean number of cells per area in the retinal ganglion cell layer
(RGC) of the central retina after 24 h ex vivo. No cell loss is seen after 24 h ex vivo with 50 uM 1
compared to those treated with Idebenone. Error bars represent+ SEM. Data were analyzed using 1-
way ANOVA, Tukey multiple comparison tests, P values were calculated versus untreated cells (DMSO

vehicle) (**p <0.01, ***p <0.001)



Interestingly, the results showed that 1 not only has proved superior therapeutic efficacy compared
to idebenone, almost completely rescuing the retinal ganglion cells, but it also provides a better
cytotoxicity profile, showing a reduction on the number of cells in the RGC layer only at higher
concentration (Figure 15). This difference in the activity might be explained by a higher potency at a
lower concentration than idebenone and/or better drug permeability, and better NQO1 targeting than
idebenone, which might be responsible for the reduced toxicity in the cell populations in the retinal

ganglion cell layer, characterized by a lower or no NQO1 presence.*?
Conclusion

In conclusion, we successfully obtained novel naphthoquinones structures based on the 2- amine 1,4
naphthoquinone scaffolds and found that some of them had potent ATP rescue activity under complex
| inhibition toward NQO1-complex Il pathway. The SARs shown in this study provided a more
comprehensive understanding of the specific features for the activity, including the aniline substituent
in position 2 and the presence of a mild EDG which might affect the electronic behaviour and
consequently the potential reduction of the molecule. Despite the structural similarity with Woolley’s
compounds, here we showed that the presence of an anile group directly linked to the core might
increase the affinity for NQO1 rather than other oxidoreductases, and the lack of NQO1 expression in
cells such as SH-SY5Y showed a totally lost of the activity (supporting information Figure S9). In
addition, 1 demonstrated superior efficacy and safety to idebenone on retinal explants and thus is
believed to be a particularly good candidate for in vivo studies. In fact, pharmacokinetic and metabolic
studies of idebenone showed a low bioavailability of parent Idebenone, with an intraocular
concentration of 111 nM in the aqueous humour after a single oral administration of 60 mg/kg of
idebenone to male mice *33% The in vitro metabolic stability studies showed a slightly longer half-life
of 1 than Idebenone (supporting information Table S1). According to these data, the novel identified
compounds 1 and 49, might be within the therapeutic range shown to be more effective in protecting

cells from complex | impairment than idebenone, and with lower toxic side effects.

EXPERIMENTAL SECTION
General.

All reagents and anhydrous solvents were used as obtained from commercial sources without further
purification. Reactions were monitored by thin layer chromatography using silica gel 60 F254 plates
and staining were visualized by irradiation with UV light at 254 nm and 366 nm. The final products and

intermediates of reactions were purified by recrystallization in ethanol or flash column



chromatography (Biotage Isolera™ Prime with SNAP Cartridges KP-Sil column.). The purity of
synthesized compounds was assessed by UPLC-MS; meanwhile, the presence of residual solvent was
assessed by NMR.UPLC-MS analysis was conducted on a Waters UPLC system with both diode array
absorption detection of UV-visible light, and Electrospray (+'ve and —‘ve ion) MS detection. The
stationary phase was a Waters Acquity UPLC BEH C18 1.7um 2.1x50mm column. The mobile phase
was H20 containing 0.1% Formic acid (A) and MeCN containing 0.1% Formic acid (B). Column
temperature: 40°C. Sample diluent: acetonitrile. Sample concentration 10 pg/mL. Injection volume 2
pL. Three methods were used: linear gradient standard method A: 90% A (0.1 min), 90%-0% A (2.6
min), 0% A (0.3 min), 90% A (0.1 min); flow rate 0.5 mL/min. Linear gradient standard method B: 90%
A (0.1 min), 90%-0% A (2.1 min), 0% A (0.8min), 90% A (0.1 min); flow rate 0.5 mL/min. Linear gradient
standard method C: 90% A (0.1 min), 90%-0% A (1.5 min), 0% A (1.4min), 90% A (0.1 min); flow rate
0.5 mL/min. Unless otherwise stated, all compounds were >95% pure as determined by UPLC. *H and
13C NMR spectra were recorded on a Bruker AVANCE 500 spectrometer (500 MHz and 75 MHz
respectively and auto-calibrated to the deuterated solvent reference peak. Chemical shifts are given

in d relative to tetramethylsilane (TMS); the coupling constants (J) are given in Hertz.
General procedure 1: synthesis of 2-chloro-3-amino derivatives

A mixture of 2,3-dichloronaphthoquinone and the corresponding amine (1.5 eq) in absolute ethanol
was stirred at room temperature and monitored by TLC until completion. The resulting mixture was
concentrated in vacuum, and the residue was partitioned between a HCI 1 N solution and AcOEt. The
organic layer was dried over anhydrous magnesium sulphate, filtered and concentrated. The crude
product was purified using silica gel column chromatography, Biotage Isolera One system, using
nHexane/EtOAc as eluent to afford the pure compound. In some reactions, the pure precipitated

product was collected by vacuum filtration
General procedure 2: synthesis of 2-alkoxy-3-chloro naphthoquinones

A mixture of 2,3-dichloronaphthoquinone, the corresponding alcohol (1.2 eq) and K,COs (1.2 eq) in
THF (0.2 M) was stirred at room temperature for 12 h. The resulting mixture was concentrated in
vacuum, and the residue was partitioned between a HCI 1N solution and AcOEt. The combined organic
layers were dried over anhydrous magnesium sulfate, filtered and concentrated. The crude product
was purified using silica gel column chromatography Biotage Isolera One system, using
nHexane/EtOAc as eluent to afford the pure compound. When possible, the pure precipitated product

was collected by vacuum filtration without further purification

General procedure 3: Microwave-assisted Buchwald-Hartwig amination



A microwave tube-with a magnetic stir bar was charged with t-BuOK (1.5 eq) naphthoquinone (1.0
eq), XPhos (10 mol %), Pdx(dba)s (10 mol %) and the appropriate aniline (1.5 eq), sealed with a septum,
and degassed by alternating vacuum evacuation and nitrogen (three times) before anhydrous toluene
(0.3 M) was added by a syringe. The reaction mixture was irradiated at the MW for 30 min at 130°C.
After the reaction was complete, the mixture was dissolved in AcOEt, filtered on Celite and washed
with HClI 2 N. The organic layer was dried over anhydrous magnesium sulfate, filtered and
concentrated. The crude product was purified using silica gel column chromatography, Biotage Isolera

One system, using nHexane/EtOAc as eluent to afford the final compound.

General procedure 4 synthesis of 2-sulfanyl -3-benzammine naphthoquinones

To a mixture of 2-chloro-3-((3-(trifluoromethyl) phenyl) amino) naphthalene-1,4-dione (1 eq) in EtOH
appropriate Thiols (2 eq) and K,CO; (2 eq) were added, and the reaction was stirred at room
temperature. The resulting mixture was concentrated in vacuum, and the residue was partitioned
between water and AcOEt. The combined organic layers were dried over anhydrous magnesium
sulfate, filtered and concentrated. The crude product was purified using silica gel column
chromatography, Biotage Isolera One system, using nHexane/EtOAc as eluent to afford the final

compound.
General procedure 5: synthesis of 2-aminonaphthalene-1,4-dione

The 1,4 naphthoquinone (1.0 eq) was stirred with cerium trichloride heptahydrate (1.5 eq) in EtOH at
room temperature. After 15 minutes, the appropriate aniline (1.5 eq) was added, and the reaction
was stirred for 12 h. The resulting mixture was concentrated in vacuum, and the residue was
partitioned between satd. aq. NH4Cl and AcOEt. The combined organic layers were washed with HCl
6N and dried over anhydrous magnesium sulfate, filtered and concentrated. The crude product was
purified using silica gel column chromatography, Biotage Isolera One system, usingHexane/EtOAc as
eluent to afford the final compound. In some reactions, the pure precipitated product was collected

by vacuum filtration.
General procedure 6: synthesis of 2-chloro-3-aminonaphthalene-1,4-dione

The 2-chloronaphthalene-1,4-dione (1.0 eq) was stirred with cerium trichloride heptahydrate (1.5 eq)
in EtOH at room temperature. After 15 minutes, the appropriate aniline (1.5 eq) was added, and the
reaction was stirred for 24 h at 60°C. The reaction mixture was cooled, and the precipitated was

collected by vacuum filtration.



General procedure 8: synthesis of 2-chloro-3-aminonaphthalene-1,4-dione

A Schlenk tube equipped with a magnetic stir bar was charged with naphthoquinones (1.0 eq),
Cu;(OH),C05-H,0 (1.5 eq), AgSCFs (3.0 eq) and K5S5:,0s (3.0 eq). The tube was sealed with a septum,
and degassed by alternating vacuum evacuation and nitrogen (three times) before anhydrous CH3CN
(0.3 M) was added by a syringe. The mixture was stirred at 65 °C overnight for 12 h. The solution was
then cooled to room temperature and a satd. ag. NH4Cl solution was added. The resulting mixture was
filtered by Celite, eluted with DCM. Separated the organic layers, the water phase was extracted with
DCM two times. The combined organic phases were dried over anhydrous magnesium sulfate, filtered
and concentrated. The crude product was purified using silica gel column chromatography, Biotage

Isolera One system, using nHexane/EtOAc as eluent to afford the final compound.

2-((4-fluoro-3-(trifluoromethyl)phenyl)amino)-3-(methylthio)naphthalene-1,4-dione (1) The title
compound was obtained according to the general procedure 6. Yield: 80 %, State: red solid. UPLC-MS
method C: 2.46 MS (ESI)+: 382[M+H]". *H-NMR (500 MHz, CDCl;) 6: 6 8.28-8.23 (m, 1H), 8.20 — 8.12
(m, 1H), 7.82 (td,J=1.4,7.6 Hz, 1H), 7.76 (td, J= 1.3, 7.5 Hz, 1H), 7.54 — 7.48 (m, 1H), 7.45 (s, 1H), 7.39
(dd, J = 2.3, 7.3 Hz, 1H), 7.28 — 7.24 (m, 1H). *C-NMR (125 MHz CDCl;), 180.9, 180.3, 142.9, 138.6,
134.7,134.7, 133.4, 133.3, 133.1, 131.5, 130.7, 128.9, 126.7, 124.8, 124.6, 121.6, 120.6, 16.8.

2-amino-3-chloronaphthalene-1,4-dione (23) The title compound was obtained according to the
general procedure 1 Yield 78%, State: orange solid UPLC-MS method C: Rt: 1.56 MS (ESI)+: 308.0-
210.0 [M+H]* *H-NMR (500 MHz, CDCl5) & 7.99 — 7.95 (m, 2H), 7.82 (td, J = 7.5, 1.4 Hz, 1H), 7.74 (td, J
=7.5,1.3 Hz, 1H), 7.32 (s, 3H).

2-chloro-3-((3,3,3-trifluoropropyl)amino)naphthalene-1,4-dione (24) The title compound was
obtained according to the general procedure 1 Yield 88% State: red solid UPLC-MS method C: 2.21
MS (ESI)+: 304.2[M+H]* 1H-NMR (500 MHz, CDCl3) § 8.09 (dd, J = 7.7, 1.3 Hz, 1H), 8.05 — 7.98 (m, 1H),
7.70—7.64 (m, 1H), 7.59 (dd, J = 7.6, 1.3 Hz, 1H), 6.07 (s, 1H), 4.06 (q, J = 6.8 Hz, 3H), 2.47 (dt, J = 10.5,
6.7 Hz, 2H).™*C-NMR (125 MHz CDCl;), 6176.6, 135.3, 132.1, 126.9, 38.05,35.6.

2-chloro-3-((3-Chlorobenzyl) amino) naphthalene-1,4-dione (25) The title compound was obtained
according to the general procedure 1 Yield 73% State: red solid UPLC-MS method B: Rt: 2.71, MS
(ESI)+: 332.1-334.1[M+H]* 'H-NMR (500 MHz, CDCl;) 6 8.23-8.21 (m, 1H), 8.18 (d, J=7.7, Hz 1H), 8.08
(d, ) = 7.6, Hz, 1H), 7.64— 7.62 (m, 1H), 7.76 (dt, J = 6.3, 1.4 Hz, 1H), 7.66 (t, J = 7.7,1.2 Hz, 1H), 7.34-
7.33 (m, 1H),7.23-7.22 (m, 1H), 5.05 (s, 2H)**C-NMR (125 MHz CDCl5) 6: 176.9, 176.1, 140.1, 135.0,
134.8,134.7,132.7, 132.5, 130.3, 129.7, 128.2, 127.8, 127.6, 126.9,125.6, 48.1.



2-chloro-3-((3-(trifluoromethyl) benzyl) amino) naphthalene-1,4-dione (26) The title compound was
obtained according to the general procedure 1 Yield 66% State : red solid UPLC-MS method B: Rt:
2.31, MS (ESI)-: 364.2-366.2[M-H]-'H-NMR (500 MHz, CDCl;) 6: 8.20(dd, J=7.78,1.0 1H), 8.09 (dd, J =
7.7,1.1, 1H), 7.79 (dt, J = 7.6, 1.3 Hz, 1H), 7.60 (dt, J = 7.64,1.1 Hz, 1H), 7.20 (m, 1H),7.62-7.60 (m, 2H),
7.56-7.54 (m, 2H), 6.28(bs, 1H) 5.15 (dd, 1H)**C-NMR (125 MHz CDCl;), 6: 180.4, 176.6, 143.4, 135.1,
132.2,132.6,129.9, 126.2,127.8,127.0, 126.8, 48.2.

2-chloro-3-((3-(methylthio) benzyl) amino) naphthalene-1,4-dione (27) The title compound was
obtained according to the general procedure 1 Yield 44% Purity:92% State orange solid UPLC-MS
method B: Rt: 2.71, MS (ESI)+: 344.2-146. [M+H]" 'H-NMR (500 MHz, CDCls) &: 88.13-8.11 (m, 1H),
8.08(d,J=7.7,1,1H),7.97 (d,) =7.8 Hz, 1H), 7.75-7.73 (m, 1H), 7.67 (dt, ) = 7.1, 1.1 Hz, 1H), 7.57 (dt,
1=7.8,1.1Hz, 1H), 7.20 (m, 1H),7.23-7.22 (m, 1H), 4.94 (s, 2H), 4.67 (s, 3H)*C-NMR (125 MHz CDCls),
6:180.4,176.1,138.5, 134.9, 134.6, 134.6, 132.6, 130.9, 128.2, 127.8, 127.1, 126.8, 58.4, 18.4.

2-chloro-3-((1-phenylethyl) amino) naphthalene-1,4-dione (28) The title compound was obtained
according to the general procedure 1 Yield 35% State red solid UPLC-MS method B: Rt: 2.45, MS (ESI)+:
312.1-314.1 [M+H]* 'H-NMR (500 MHz, CDCl;) &: 8.15 — 7.95 (m, 2H), 7.95 (dd, J = 7.7, 0.8 Hz, 1H),
7.64 —7.56 (m, 1H), 7.56 — 7.46 (m, 1H), 7.31 - 7.25 (m, 2H), 7.20 (dt, J = 7.0, 2.4 Hz, 1H), 5.80 — 5.65
(m, 1H), 1.57 (d, J = 6.7 Hz, 3H).™*C-NMR (125 MHz CDCl;), &: 180.5, 176.9, 143.8, 134.9, 132.6, 132.5,
129.8,128.9, 127.6, 126.9, 125.7, 53.4, 24.6.

2-chloro-3-(phenethylamine) naphthalene-1,4-dione (29) The title compound was obtained
according to the general procedure 1 Yield 76% State: red solid UPLC-MS method B: Rt: 2.46, MS
(ESI)+:312.2-314.1 [M+H]* *H-NMR (500 MHz, CDCl;) 6 8.17 (dd, J = 7.7, 0.8 Hz, 1H), 8.04 (dd, ) = 7.7,
0.9 Hz, 1H), 7.75 (td, J = 7.6, 1.3 Hz, 1H), 7.64 (td, ) = 7.6, 1.2 Hz, 1H), 7.36 (t, ) = 7.3 Hz, 2H), 7.27 (d, J
= 8.1 Hz, 2H), 6.12 (s, 1H), 4.15 (dd, J = 13.9, 6.9 Hz, 2H), 3.02 (t, J = 7.2 Hz, 2H)."*C-NMR (125 MHz
CDCl3), 6:180.4, 137.7,134.9,134.7,132.7,132.4,128.9, 128.8, 127.8, 126.9, 126.8, 126.8, 46.0, 37.3.

2-chloro-3-((3-(trifluoromethyl)phenethyl)amino)naphthalene-1,4-dione (30) The title compound
was obtained according to the general procedure 11 Yield 82% State: red solid UPLC-MS method C:
2.49 MS (ESI)+: 380[M+H]**H-NMR (500 MHz, CDCls) §(500 MHz, Chloroform-d) § 8.09 (dd, J=7.6,0.5
Hz, 1H,), 7.96 (dd, ) = 7.7, 1.4, 1H,), 7.67 (td, ) = 7.6, 1.4 Hz, 1H), 7.57 (td, ) = 7.6, 1.3 Hz, 1H), 7.48 —
7.35 (m, 4H), 6.00 (s, 1H), 4.06 (dt, J = 7.4, 6.5 Hz, 2H), 2.99 (t, J = 7.2 Hz, 2H).

2-chloro-3-(phenylamino) naphthalene-1,4-dione (31) The title compound was obtained according to
the general procedure 1 Yield 76% State: red solid UPLC-MS method B: Rt: 2.54, MS (ESI)+: 284.0-
285.8[M-H]**H-NMR (500 MHz, CDCls) 6: : 8.09(d, J=7.67,1.0 1H), 7.97 (dd, J = 7.44, 1.1, 1H), 7.68 (dt,



J=8.2,Hz, 1H), 7.57 (t, ) = 6.86,1.1 Hz, 1H), 7.20 (m, 1H),7.33-7.30 (m, 2H), 7.27-7.26 (m, 2H), 6.15 (bs,
1H) *C-NMR (125 MHz CDCls), 6: 180.4, 137.9, 134.95, 132.6, 132.5,129.8, 129.1, 128.1, 127.7, 126.8.

2-chloro-3-((3-hydroxyphenyl)amino) naphthalene-1,4-dione (32) The title compound was obtained
according to the general procedure 1 Yield 15% Purity: 94 % State: purple solid UPLC-MS method B:
Rt: 1.94, MS (ESI)+: 280.04[M+H]* H-NMR (500 MHz, CDCls) &: 9.08(s, 1H), 8.11-8.09 (m, 1H), 8.05-
8.02 (m, 1H), 7.93-7.90 (m, 1H), 7.87 (dt, J = 6.58,1.51 Hz, 1H), 7.82 (dt, J = 7.31,1 Hz, 1H),7.72(t,
J=7.7,1H), 7.10(t=7.1 1H),6.74-6.70(m, 1H)3*C-NMR (125 MHz CDCls), &: 180.4, 137.8, 134.9, 132.6,
129.6,129.1, 128.1,127.7, 126.7, 125.6.

2-chloro-3-((3-(trifluoromethyl) phenyl) amino) naphthalene-1,4-dione (33) The title compound was
obtained according to the general procedure 1 Yield 66% State: red solid UPLC-MS method B: Rt: 2.31
MS (ESI)+: 352.2-354.1[M+H]* *H-NMR (500 MHz, CDCls) 6: 7.94-7.92(m, 1H), 7.66-7.62 (m, 2H), 7,53
(s, 1H), 7.49-7.45 (m, 2H), 7.36-7.35 (m, 2H), **C-NMR (125 MHz CDCl;), 6: 178.4, 147.6, 134.7,134.3,
134.2,132.5,129.6, 127.8, 127.4, 124.8,"F NMR (471 MHz, CDCl;) § -62.82.

2-chloro-3-((4-(trifluoromethyl) phenyl) amino) naphthalene-1,4-dione (34) The title compound was
obtained according to the general procedure 1 Yield 40% State: red solid UPLC-MS method B: Rt: 2.41
MS (ESI)+: 352.2-354.4[M+H]**H-NMR (500 MHz, CDCl3) 6: 8.25(d, J=6.421H), 8.18 (d=7.25, 2H), 7.83
(dt, J = 7.7 Hz, 1H), 7.78 (dt, J = 7.7,1 Hz, 1H),7.66 (d, J=7.9,2H), 7.16(d, J=8.2 2H)**C-NMR (125 MHz
CDCls), 6: 180.1, 176.2, 138.5, 134.4, 132.5, 132.6, 130.6, 130.9, 129.2, 127.8, 127.3, 126.8, 125.6.

2-chloro-3-((4-propylphenyl) amino) naphthalene-1,4-dione (35) The title compound was obtained
according to the general procedure 1 Yield 38%, purity: 90% State: red solid UPLC-MS method B: Rt:
2.70, MS (ESI)+: 326.2-328.2 [M+H]**H-NMR (500 MHz, CDCl;) 6 8.14-8.12 (m, 2H), 7.85-7.83(m, 1H),
7.79 (dt, ) = 7.5,1.70 Hz, 1H), 7.72 (dt, ) = 7.4,1.4 Hz, 1H),7.19 (d, J=7.9,2H), 7.16(d, J=8.8 2H), 2.63(t,
1=7.8),1.72-1.60(m, 2H), 0.99(d, J=7.3)*C-NMR (125 MHz CDCl;), 6: 177.4, 140.5, 135.0, 134.7, 132.9,
132.7,129.9, 128.4,127.8 ,127.1,127.0, 124.3,124.1, 37.5, 24.5, 13.8.

2-chloro-3-((3-(2-hydroxyethyl) phenyl) amino) naphthalene-1,4-dione (36) Compound was
obtained according to the general procedure 1 Yield 31% State: red solid UPLC-MS method B: Rt: 1.96,
MS (ESI)+: 328.2-330.2[M+H]* *H-NMR (500 MHz, CDCl;): 8.22 (dd, J = 7.7, 0.9 Hz, 1H), 8.14 (dd, J =
7.6,0.9 Hz, 1H), 7.78 (td, J = 26.4, 16.3, 1.3 Hz, 1H), 7.76 — 7.59 (m, 2H), 7.24 (d, J = 8.3 Hz, 2H), 7.06
(d, ) =8.2 Hz, 2H), 3.91 (t, J = 6.5 Hz, 2H), 2.92 (t, J = 6.5 Hz, 2H).**C-NMR (125 MHz CDCl;), &: 180.5,
177.4,1415, 136.2, 135.8, 135.1, 133.0, 132.6, 129.9, 129.0, 127.1, 127.0, 124.5, 63.5, 38.7.

2-chloro-3-(3-methyl-4-phenoxyphenoxy) naphthalene-1,4-dione (37) The title compound was
obtained according to the general procedure 1 Yield 32%, purity 94% State: red solid UPLC-MS method



B: Rt: 2.70, MS (ESI)+: 391.4-393.4[M+H]* *H-NMR (500 MHz, CDCls) &: 8.14 (dd, J = 7.7, 0.9 Hz, 1H),
8.07 (dd, ) =7.7,0.9 Hz, 1H), 7.72 (td, ) = 7.6, 1.3 Hz, 1H), 7.65 (td, J = 7.6, 1.3 Hz, 1H), 7.54 (s, 1H), 7.34
(d,J=2.6 Hz, 1H), 7.31 - 7.23 (m, 2H), 7.10 (dd, J = 8.8, 2.7 Hz, 1H), 6.96 — 6.89 (m, 2H), 6.84 (d, J = 8.8
Hz, 1H), 1.47 (s, 3H)*3C-NMR (125 MHz CDCls), 6: 179.5,138.5, 135.2, 133.4, 133.2, 130.0, 129.0, 127.3,
127.1,123.3,120.5,119.2 , 17.3.

2-chloro-3-((4-methoxy-3-(trifluoromethyl) phenyl) amino) naphthalene-1,4-dione (38) The title
compound was obtained according to the general procedure 1 Yield 34% State: red solid UPLC-MS
method B: Rt: 2.41, MS (ESI)+: 382.2-384.1[M+H]* H-NMR (500 MHz, CDCl;) &: 8.24 (d, J=7.11H), 8.16
(d=7.05, 2H), 7.81 (dt, J = 7.7 Hz, 1H), 7.73 (dt, J = 7.7,1 Hz, 1H), 7.62 (bs,1H) ,7.37(d, J=7.9,2H), 7.26(d,
J=8.2 1H), 3.97(s,1H)**C-NMR (125 MHz CDCl;), &: 180.3,179.0, 138.5, 135.15, 133.04, 129.54, 127.21,
127.04, 123.92,111.87, 56.27.

2-chloro-3-((4-fluoro-3-(trifluoromethyl)phenyl)amino)naphthalene-1,4-dione(39) The title
compound was obtained according to the general procedure 1 Yield 34% State: red solid UPLC-MS
MS method C: 2.06 MS (ESI)+: 370-372[M+H]* *H-NMR (500 MHz, CDCl;6 8.18 — 8.10 (m, 1H), 8.07
(dd,J=7.7, 1.4 Hz, 1H), 7.76 — 7.70 (m, 1H), 7.66 (td, J = 7.6, 1.4 Hz, 1H), 7.52 (s, 1H), 7.26 (dd, J =
6.1,2.7 Hz, 1H), 7.18 = 7.10 (m, 1H). *C-NMR (125 MHz CDCl;) 6 180.16, 176.62, 141.19, 135.28,
133.69, 133.31, 132.69, 132.37, 129.73, 129.48, 127.15, 126.35, 122.90, 116.97, 103.84.

2-hydroxy-3-(phenylamino)naphthalene-1,4-dione (40) The title compound was obtained according
to the general procedure 3 Yield 76% State: purple solid UPLC-MS method C: 1.14 MS (ESI)+:
266[M+H]"*H-NMR (500 MHz, CDCl;3) 6:8.13 (dd, J = 7.7, 1.4 Hz, 1H), 8.05 (dd, ) = 7.7, 1.4 Hz, 1H),
7.68 (dd,J=7.6, 1.4 Hz, 1H), 7.65 (dd, J = 7.6, 1.4 Hz, 1H), 7.28 (dd, J = 8.5, 7.4 Hz, 2H), 7.15 (s, 1H),
7.15-7.08 (m, 1H), 7.08 — 7.02 (m, 2H) **C-NMR (125 MHz CDCls), 6: 183.2, 179.7, 139.4, 138.7,
134.6,133.8,132.7,132.2,130.1, 128.3, 126.3, 126.2, 124.1, 122.2, 59.92.

2-methoxy-3-(phenylamino) naphthalene-1,4-dione (41) The title compound was obtained according
to the general procedure 3 Yield 80% State: orange solid UPLC-MS method C: 1.15 MS (ESI)+:
280[M+H]**H-NMR (500 MHz, CDCl3) 6:8.11 (dd, J = 7.7, 1.4 Hz, 1H), 8.07 (dd, J = 7.7, 1.4 Hz, 1H), 7.72
(dd,J=7.6,1.4Hz, 1H), 7.66 (dd, J = 7.6, 1.4 Hz, 1H), 7.31 (dd, J = 8.5, 7.4 Hz, 2H), 7.18 (s, 1H), 7.15 -
7.08 (m, 1H), 7.08 — 7.02 (m, 2H), 3.52 (s, 3H). *C-NMR (125 MHz CDCl;), 6: 183.2, 179.7, 139.4, 138.7,
134.6,133.8, 132.7,132.2,130.17, 128.31, 126.31, 126.28, 124.06, 122.22, 59.92.

2-ethoxy-3-(phenylamino) naphthalene-1,4-dione (42) The title compound was obtained according
to the general procedure 3 Yield 64% State: orange solid UPLC-MS method C: 1.14 MS (ESI)+:
296[M+H]* *H-NMR (500 MHz, CDCls) &::8.11 (dd, J = 7.6, 1.3 Hz, 1H), 8.07 (dd, J = 7.6, 1.4 Hz, 1H),



7.72 (td, J= 7.5, 1.3 Hz, 1H), 7.70 — 7.62 (m, 1H), 7.36 — 7.28 (m, 2H), 7.16 — 6.94 (m, 3H), 3.74 (q, J =
7.0 Hz, 2H), 0.85 (t, J = 7.0 Hz, 3H). *C-NMR (125 MHz CDCls), 6: 183.3, 179.9, 143.3, 138.6, 134.5
134.5,132.6, 132.5, 130.5 130.3, 128.9, 128.4, 126.2, 125.4, 124.1, 122.8, 68.5, 14.6.

2-(phenylamino)-3-propoxynaphthalene-1,4-dione (43) The title compound was obtained according
to the general procedure 3 Yield 67% State: orange solid UPLC-MS method C: 2.45 MS (ESI)+:
308[M+H]**H-NMR (500 MHz, CDCls) 6:8.10 (dt, J = 7.6, 0.9 Hz, 1H), 8.09 — 8.04 (m, 1H), 7.72 (td, J =
7.5,1.3 Hz, 1H), 7.64 (td, ) = 7.5, 1.4 Hz, 1H), 7.33 = 7.27 (m, 2H), 7.15 (s, 1H), 7.12 — 7.09 (m, 1H), 7.08
—7.03 (m, 2H), 3.68 (t, J = 6.7 Hz, 2H), 1.36 — 1.22 (m, 2H), 0.65 (t, J = 7.4 Hz, 3H).. 3C-NMR (125 MHz
CDCls), 6: 183.2, 179.8, 143.3, 138.8, 134.5, 132.6, 132.3, 130.5, 130.3, 128.9, 128.2, 126.3, 126.2,
125.6, 123.9, 122.4, 74.6, 22.8, 10.0.

2-isopropoxy-3-(phenylamino) naphthalene-1,4-dione (44) The title compound was obtained
according to the general procedure 3 Yield 63% State: orange solid UPLC-MS method C: 1.22 MS
(ESI)+: 308[M+H]* *H-NMR (500 MHz, CDCl;) 6:8.11 (dd, J = 7.6, 1.4 Hz, 1H), 8.07 (dd, ) = 7.7, 1.4 Hz,
1H), 7.74 - 7.69 (m, 1H), 7.65 — 7.60 (m, 1H), 7.41 (dd, J = 5.0, 2.0 Hz, 1H), 7.33 — 7.28 (m, 2H), 7.20
(bs, 1H), 7.13 = 7.05 (m, 2H), 7.05 - 7.00 (m, 2H), 4.41 —4.21 (m, 1H), 0.88 (d, J = 6.1 Hz, 6H).. *C-NMR
(125 MHz CDCls), 6: 181.3, 178.4, 141.4, 136.6, 135.4, 133.1, 132.6, 130.7, 130.3, 128.6, 128.5, 127.1,
126.5,126.2, 124.4, 124.3,123.6, 121.9, 120.8, 73.1, 19.9.

2-phenoxy-3-(phenylamino) naphthalene-1,4-dione (45) The title compound was obtained according
to the general procedure 3 Yield 52% State: red solid UPLC-MS method C: 2.34 MS (ESI)+: 342[M+H]*
'H-NMR (500 MHz, CDCl3) 6: 8.18 — 8.11 (m, 1H), 7.82 — 7.71 (m, 2H), 7.69 (dd, J = 7.6, 1.3 Hz, 1H),
7.17 (t,J = 7.8 Hz, 2H), 7.10 - 7.00 (m, 3H), 6.96 (dd, J = 7.4, 1.7 Hz, 2H), 6.90 (dd, J = 8.7, 1.1 Hz, 1H),
6.88—6.80(m, 1H), 6.58 —6.46 (m, 2H). *C-NMR (125 MHz CDCl;), 5: 183.5,179.9, 142.4,138.9, 135.5,
134.9,132.7,129.0, 128.0, 127.6, 127.11, 126.8, 126.5, 125.0, 124.2,123.7,121.9, 120.4, 119.3.

2-(methylamino)-3-(phenylamino)naphthalene-1,4-dione (46) The title compound was obtained
according to the general procedure 3 Yield 45% State: purple solid UPLC-MS method C: 1.16 MS (ESI)+:
279[M+H]* 'H-NMR (500 MHz, CDCl;) & 8.21 —7.99 (m, 2H), 7.63 (m, 1H), 7.32 — 7.15 (m, 2H), 6.98 —
6.84 (m, 2H), 6.75 (m, 2H), 6.42 (s, 1H) 2.73 (dd, J = 5.7, 2.5 Hz, 3H)..*C-NMR (125 MHz DMSO, & 181.9,
181.1, 143.6,137.8,134.1, 132.6, 132.1, 130.9, 129.0, 128.4, 126.2, 126.1, 120.4, 120.3, 116.5, 113.8,
30.4.

2-(ethylamino)-3-(phenylamino)naphthalene-1,4-dione (47) Compound was obtained according to
the general procedure 3 Yield 35% State: purple solid UPLC-MS method C: 1.21 MS (ESI)+: 293vH-
NMR (500 MHz, CDCls) 6:8.06 — 8.23 (m, 2H), 7.64 -7.62 (m, 2H), 7.43 — 7.41 (m, 2H), 6.98 — 6.84 (m,



2H), 6.42 (s, 1H), 3.14 — 2.96 (m, 2H), 0.96 (t, J = 7.2 Hz, 3H)..3C-NMR (125 MHz CDCl;), 6 188.9, 182.1,
143.3,143.3, 134.8, 134.0, 133.5, 132.6, 130.5, 128.9, 127.4, 126.3, 126.2, 126.1, 125.4, 37.8, 15.7.

2-(dimethylamino)-3-(phenylamino) naphthalene-1,4-dione (48) The title compound was obtained
according to the general procedure 3 Yield 49% State: purple solid UPLC-MS method C: 2.48 MS (ESI)+:
293[M+H]* *H-NMR (500 MHz, CDCl3) §:8.09 — 7.89 (m, 2H), 7.62 (m, 2H), 7.39 — 7.18 (m, 2H), 7.19 —
7.06 (m, 1H), 7.04 —6.95 (m, 1H), 6.91 - 6.71 (m, 2H), 2.74 (s, 6H). *C-NMR (125 MHz CDCl;), §: 182.1,
181.9,140.2, 133.5, 133.3,132.7, 130.8, 128.8,128.2, 127.4, 126.3, 125.5, 121.8, 121.6, 41.0.

2-((4-fluoro-3-(trifluoromethyl)phenyl)amino)-3-methoxynaphthalene-1,4-dione (49) The title
compound was obtained according to the general procedure 3 Yield 78% State: red solid UPLC-MS
method C: 2.41 MS (ESI)+: 366[M+H]**H NMR (500 MHz, Chloroform-d) 6 8.05 — 8.02 (m, 1H), 8.00
(dt,J=7.7,0.8 Hz, 1H), 7.68 (td, J = 7.5, 1.4 Hz, 1H), 7.60 (td, J = 7.5, 1.3 Hz, 1H), 7.21 (dd, J = 6.0, 2.8
Hz, 1H), 7.15 - 7.05 (m, 2H), 7.02 (s, 1H), 3.57 (s, 3H). *C NMR (126 MHz, CDCls) § 182.72, 179.77,
135.20, 134.73, 133.19, 133.00, 130.00, 127.32, 126.44, 120.68, 120.63, 116.84, 60.14.
2-((2-fluoro-5-(trifluoromethyl) phenyl) amino)-3-methoxynaphthalene-1,4-dione (50) The title
compound was obtained according to the general procedure 3 Yield 72% Purity: 91% State: red solid
UPLC-MS method C: 2.45 MS (ESI)+: 366[M+H]" 'H-NMR (500 MHz, CDCl;) &: & 8.07 — 7.95 (m, 1H),
7.72-7.64 (m, 1H), 7.62 (dd, J = 7.5, 1.4 Hz, 1H), 7.59 — 7.52 (m, 2H), 7.35 (m, 2H), 6.96 (s, 1H), 3.68
(s, 3H). *C-NMR (125 MHz CDCl3), 6: 182.3, 179.9, 143.4, 134.8, 134.6, 133.1, 132.3, 131.9, 130.5,
130.0, 128.9, 128.4, 126.4, 126.3, 125.4, 121.5, 120.9, 115.5, 60.2.

2-((4-fluoro-3-(trifluoromethyl) phenyl) amino)-3-(methylaminoOnaphthalene-1,4-dione (51) The
title compound was obtained according to the general procedure 3 Yield 72% State: purple solid
UPLC-MS method C: 2.046 MS (ESI)+: 365.2[M+H]"H-NMR (500 MHz, CDCl;) 6: 8.16 (dd, J=7.6, 1.4
Hz, 1H), 8.10 (dd, J = 7.6, 1.4 Hz, 1H), 7.83 (s, 1H), 7.75 (td, J = 7.5, 1.4 Hz, 1H), 7.72 = 7.66 (m, 1H),
7.45(d,J=7.9Hz, 1H), 7.39 (d, J = 7.8 Hz, 1H), 7.26 (d, J = 3.3 Hz, 1H), 7.16 (dt, J = 8.0, 1.4 Hz, 1H),
2.12 (s, 3H). *C-NMR (125 MHz CDCls), 6 181.61, 180.89, 134.41, 132.99, 131.91, 130.63, 126.49,
126.35, 120.86, 117.48,117.31, 114.39, 60.41.

2-(methylthio)-3-((3-(trifluoromethyl) phenyl) amino) naphthalene-1,4-dione (52) The title
compound was obtained according to the general procedure 4 Yield 75% State: red solid UPLC-MS
method C: 2.46 MS (ESI)+: 364[M+H]* *H-NMR (500 MHz, CDCl;) &: 8.16 (dd, J = 7.6, 1.4 Hz, 1H), 8.10
(dd, J = 7.6, 1.4 Hz, 1H), 7.83 (s, 1H), 7.75 (td, J = 7.5, 1.4 Hz, 1H), 7.72 — 7.66 (m, 1H), 7.45 (d, J = 7.9
Hz, 1H), 7.39 (d, J = 7.8 Hz, 1H), 7.26 (d, J = 3.3 Hz, 1H), 7.16 (dt, J = 8.0, 1.4 Hz, 1H), 2.12 (s, 3H). *C-
NMR (125 MHz CDCls), § 180.9, 180.3, 142.9, 138.6, 134.7, 133.4, 133.1, 131.0, 130.8, 130.4, 128.9,
126.8,124.9, 124.6, 121.6, 120.8, 118.5, 17.9.



2-(ethylthio)-3-((3-(trifluoromethyl) phenyl) amino) naphthalene-1,4-dione (53) The title compound
was obtained according to the general procedure 4 Yield 73% State: red solid UPLC-MS method C:
2.53 MS (ESI)+: 378[M+H]* *H-NMR (500 MHz, CDCl;) §8.09 (dd, J = 7.6, 1.3 Hz, 1H), 8.03 (dd J = 7.6,
1.5 Hz, 1H), 7.74 (s, 1H), 7.68 (td, J = 7.6, 1.4 Hz, 1H), 7.67 — 7.59 (m, 1H), 7.38 (t, J = 7.8 Hz, 1H), 7.32
(d, ) = 7.8 Hz, 1H), 7.09 (dt, J = 8.1, 1.5 Hz, 1H), 2.57 (d, J = 7.4 Hz, 2H), 0.98 (t, J = 7.4 Hz, 3H). 3C-NMR
(125 MHz CDCl5), 6 181.1, 180.2, 144.1, 138.9, 134.7, 133.4, 133.1, 130.5, 128.9, 127.0, 126.8, 125.0,
120.9, 119.9, 118.8, 28.0, 14.4.

2-(isopropylthio)-3-((3-(trifluoromethyl) phenyl) amino) naphthalene-1,4-dione (54) The title
compound was obtained according to the general procedure 4 Yield 69% State: red solid UPLC-MS
method C: 2.58 MS (ESI)+: 378[M+H]**H-NMR (500 MHz, CDCl;) 6: 6 8.09 (dd, J = 7.8, 1.4 Hz, 1H), 8.01
(dd,J = 7.7, 1.4 Hz, 1H), 7.77 (s, 1H), 7.68 (td, ) = 7.6, 1.4 Hz, 1H), 7.61 (td, J = 7.5, 1.4 Hz, 1H), 7.35 (dd,
J=20.3,7.8 Hz, 2H), 7.09 (dt, J = 7.6, 1.6 Hz, 1H), 1.00 (d, J = 6.7 Hz, 6H). *C-NMR (125 MHz CDCl;), &:
6181.1,180.2, 145.1,139.0, 134.6, 133.3, 133.0, 130.7, 128.9, 127.0, 126.8, 125.6, 121.1, 119.3, 37.9,
24.

2-((2-fluoro-5-(trifluoromethyl) phenyl) amino)-3-(methylthio) naphthalene-1,4-dione (55) The title
compound was obtained according to the general procedure 4 Yield: 63 % State: red solid UPLC-MS
method C: 2.48 MS (ESI)+: 382[M+H]* *H-NMR (500 MHz, CDCl;) 68.08 (dd, J = 7.6, 1.3 Hz, 1H), 8.03
(dd,J=7.7,1.4 Hz, 1H), 7.77 —= 7.65 (m, 2H), 7.63 (dd, J = 7.6, 1.4 Hz, 1H), 7.10 (dd, J = 7.7, 1.5 Hz, 2H),
2.07 (s, 3H). **C-NMR (125 MHz CDCl;), 6: 180.8, 180.2, 143.5, 135.3, 134.8, 133.4, 133.1, 130.3, 127.3,
126.8,120.6, 117.0, 116.8, 17.4.

2-((3-(trifluoromethyl) phenyl) amino)-3-((trifluoromethyl)thio) naphthalene-1,4-dione (56)
Compound was obtained according to the general procedure 8 Yield 70%. State: yellow solid UPLC-
MS method C: 2.48 MS (ESI)+: 418[M+H]* *H-NMR (500 MHz, CDCls) 6:8.20 (dd, J = 7.8, 1.3 Hz, 1H),
8.15 (s, 1H), 8.11(dd, /= 7.7, 1.3, 1H), 7.78 (td, / = 7.6, 1.4 Hz, 1H), 7.68 (td, / = 7.6, 1.3 Hz, 1H), 7.55 -
7.51(m, 1H), 7.48 (t, J= 7.8 Hz, 1H), 7.36 (d, J = 1.9 Hz, 1H), 7.28 (dd, J = 7.9, 1.9 Hz, 1H).*C-NMR (125
MHz CDCls), &: 6 180.3, 179.8, 150.4, 138.5, 135.8, 133.2, 133.1, 129.9, 129.8, 128.9, 127.7, 127.3,
124.1,122.8.

2-((4-fluoro-3-(trifluoromethyl) phenyl) amino)-3-((trifluoromethyl)thio) naphthalene-1,4-dione
(57) The title compound was obtained according to the general procedure 8 Yield 64%, purity 90%.
State: yellow solid UPLC-MS method C: 2.48 MS (ESI)+: 436[M+H]**H-NMR (500 MHz, CDCl3) &: 6 8.19
(dd,J = 7.7, 1.3 Hz, 1H, ), 8.14 — 8.02 (m, 2H,), 7.78-7.76 (m, 2H, ), 7.70-7.66 (m, 1H, ), 7.37-7.35 (m,
1H, ), 7.30-7.27 (d, J = 3.5 Hz, 2HO, . *C-NMR (125 MHz CDCl;), §:180.1, 179.7 159.4, 157.3, 150.5,
135.8,134.8, 133.9, 133.9, 133.3, 133.0, 131.5, 129.9, 127.8, 127.3, 117.9, 117.8.



2-((4-fluoro-3-(trifluoromethyl)phenyl)amino)-3-methylnaphthalene-1,4-dione (58) Compound was
obtained according to the general procedure 7 Yield 83%. State: orange solid UPLC-MS method C:
2.41 MS (ESI)+: 366[M+H]* 1H NMR (500 MHz, Chloroform-d) 6 8.07 (ddd, J=7.7, 1.4, 0.5 Hz, 1H), 8.03
(ddd, J =7.7,1.4,0.5 Hz, 1H), 7.68 (td, J = 7.5, 1.4 Hz, 1H), 7.62 (dd, ) = 7.5, 1.4 Hz, 1H), 7.26 (s, 1H),
7.15-7.02 (m, 3H), 1.68 (s, 3H). 13C NMR (126 MHz, CDCI3) & 184.45, 182.19, 142.05, 136.23, 134.67,
133.03, 132.79, 130.32, 126.56, 126.37, 120.32, 120.12, 14.06.

2-chloro-3-hydroxynaphthalene-1,4-dione (60) The title compound was obtained according to the
general procedure 2 Yield 83% State: purple solid UPLC-MS method C: Rt: 1.47, MS (ESI)+: 208[M+H]*
1H-NMR (500 MHz, CDCI3) & 8.24 (dd, J = 7.7, 1.4 Hz, 1H), 8.17 (dd, J = 7.7, 1.4 Hz, 1H), 7.85 (td, J =
7.6, 1.4 Hz, 1H), 7.79 (td, J = 7.5, 1.3 Hz, 1H), 7.63 (s, 1H).

2-chloro-3-methoxynaphthalene-1,4-dione (61) Compound was obtained according to the general
procedure 2 Yield 73% State: yellow solid UPLC-MS MS method C: Rt: 2.21(ESI)+: 223[M+H]**H-NMR
(500 MHz, CDCl5) 6:8.15—8.05 (m, 1H), 8.06 —7.97 (m, 1H), 7.78 — 7.58 (m, 2H), 4.25 (s, 3H).

2-chloro-3-ethoxynaphthalene-1,4-dione (62) The title compound was obtained according to the
general procedure 2 Yield 71% purity: 84% State: yellow solid UPLC-MS MS method C: Rt: 2.02 MS
(ESI)+: 236.1-238.1[M+H]* *H-NMR (500 MHz, CDCl5) &: 8.11 — 8.04 (m, 1H), 8.06 — 7.93 (m, 1H), 7.71
—7.63(m, 2H), 4.56 (g, ) = 7.1 Hz, 2H), 1.40 (t, ) = 7.1 Hz, 3H).

2-chloro-3-propoxynaphthalene-1,4-dione (63) The title compound was obtained according to the
general procedure 2 Yield 75% purity: 84% State: orange solid UPLC-MS MS method C: Rt: 2.39 MS
(ESI)+: 251[M+H]" 'H-NMR (500 MHz, CDCl3) 6: 8.12 — 8.05 (m, 1H), 8.07 — 7.96 (m, 1H), 7.72 — 7.61
(m, 2H), 4.47 (t,) = 6.5 Hz, 2H), 1.77 (dt, J = 7.5, 6.5 Hz, 2H), 1.00 (t, ) = 7.4 Hz, 3H).

2-chloro-3-isopropoxynaphthalene-1,4-dione (64) The title compound was obtained according to the
general procedure 2 Yield 73% State: yellow solid UPLC-MS MS method C: Rt: 2.19 MS (ESI)+:
272[M+Na]* *H-NMR (500 MHz, CDCl;) &: 6 8.15 — 8.12 (m, 1H), 8.10 — 7.90 (m, 1H), 7.73 — 7.68 (m,
2H), 5.21-5.10 (m, 1H), 1.32 (d, J = 6.2 Hz, 6H).

2-chloro-3-phenoxynaphthalene-1,4-dione (65) Compound was obtained according to the general
procedure 2 Yield 62% State: orange solid UPLC-MS MS method C: Rt: 2.36 MS (ESI)+: 272[M+Na]* 'H-
NMR (500 MHz, CDCls) &: 8.03 — 7.98 (m, 1H), 7.79 — 7.63 (m, 2H), 7.32 = 7.25 (m, 1H), 7.17 (d, J = 7.4
Hz, 2H), 7.12 - 7.06 (m, 2H), 6.99 —6.93 (m, 1H),

2-chloro-3-(methylamino)naphthalene-1,4-dione (66) The title compound was obtained according to

the general procedure 1 Yield 93% State: purple solid UPLC-MS MS method C: Rt: 1.91 MS (ESI)+:



222[M+Na]**H-NMR (500 MHz, CDCls) &: 8.08 (dd, J = 7.8, 1.4, Hz, 1H), 7.96 (dd, J = 7.7, 1.4, Hz, 1H),
7.66 (td, J = 7.6, 1.4 Hz, 1H), 7.55 (td, J = 7.6, 1.3 Hz, 1H), 3.38 (d, J = 5.2 Hz, 3H).

2-chloro-3-(ethylamino)naphthalene-1,4-dione (67) The title compound was obtained according to
the general procedure 1 Yield 95% State: purple solid UPLC-MS MS method C: Rt: 2.10 MS (ESI)+:
236[M+Na]* 'H-NMR (500 MHz, CDCl;) 6: 8.14 — 8.04 (m, 1H), 7.96 (dd, J = 7.6, 1.3 Hz, 1H), 7.65 (td, J
=7.6,1.3 Hz, 1H), 7.55 (td, ) = 7.6, 1.3 Hz, 1H), 3.84 (qd, J = 7.2, 6.1 Hz, 2H), 1.27 (t, ] = 7.2 Hz, 3H).

2-chloro-3-(dimethylamino) naphthalene-1,4-dione (68) The title compound was obtained according
to the general procedure 1 Yield 85% Purity:92% State: purple solid UPLC-MS MS method C: Rt: 2.29
MS (ESI)+: 250[M+Na]* *H-NMR (500 MHz, CDCls) §8.08 (dd, J = 7.8, 1.3 Hz, 1H), 7.97 (dd, ) = 7.6, 1.3
Hz, 1H), 7.65 (td, J = 7.6, 1.3 Hz, 1H), 7.55 (td, J = 7.5, 1.3 Hz, 1H), 1.25 (d, J = 6.4 Hz, 6H).

2-chloro-3-((2-fluoro-5-(trifluoromethyl)phenyl)amino)naphthalene-1,4-dione  (69) The title
compound was obtained according to the general procedure 1 Yield 79% Purity:84% State: red solid
UPLC-MS method C: 2.43 MS (ESI)+: 370[[M+H]* '"H-NMR (500 MHz, CDCl;) &: &: 8.28-8.23 (m, 1H),
8.20—8.12 (m, 1H), 7.82 (td,/ = 1.4, 7.6 Hz, 1H,), 7.76 (td, J = 1.3, 7.5 Hz, 1H), 7.54 — 7.48 (m, 1H), 7.45
(s, 1H, NH), 7.39 (dd, J = 2.3, 7.3 Hz, 1H), 7.28 — 7.24 (m, 1H)."3C-NMR (125 MHz CDCl;), 6: 178.4, 147.6
,134.7,134.3,134.2,132.5, 129.6, 127.8, 127.4, 124.8,

2-((3-(trifluoromethyl) phenyl) amino) naphthalene-1,4-dione (70) The title compound was obtained
according to the general procedure 5 Yield 84% State: orange solid UPLC-MS method C: 2.29 MS
(ESI)+: 318[M+H]" 'H-NMR (500 MHz, CDCl3) &: 8.07 (dd, J = 9.7, 7.8 Hz, 2H), 7.72 (td, J = 7.5, 1.3 Hz,
1H), 7.63 (td, J = 7.5, 1.4 Hz, 1H), 7.55 (s, 1H), 7.49 (t, J = 7.9 Hz, 1H), 7.42 (dd, J = 17.1, 8.2 Hz, 2H),
6.35 (s, 1H).

2-((4-fluoro-3-(trifluoromethyl) phenyl) amino) naphthalene-1,4-dione (71) The title compound was
obtained according to the general procedure 5 Yield 85% State: orange solid UPLC-MS method C: 2.31
MS (ESI)+: 366[M+H]* *H-NMR (500 MHz, CDCl;) 6:8.23 (dd, /= 7.6, 1.4 Hz, 1H), 8.16 (dd, J=7.8, 1.4
Hz, 2H,), 7.85—-7.79 (m, 1H), 7.79 — 7.68 (m, 1H), 7.62 (s, 1H), 7.56 — 7.48 (m, 1H), 6.28 (s, 1H).

Synthesis of 2-(10-hydroxydecyl)-3-methylnaphthalene-1,4-dione (73)

To a solution of menadione (1 eq in acetonitrile/water 5 ml 4/1) was added 11-mono-carboxylic acids
(1.5 eq) and AgNOs (0.3 eq). The mixture was heated to 75°C and a solution of K;S,0s (2 eq) in distilled
water 3mL were added dropwise over 10 minutes, then the reaction mixture was stirred for another
90minutes. The resulting mixture was cooled, evaporated and the residue was extracted with CH,Cl,.

The organic layer was washed with water, then dried over anhydrous Na,SO,4 and evaporated under



reduced pressure. The crude product was purified by flash column chromatography, Biotage Isolera
One system, Cartridge: ZIP KP 20g, using nHexane/EtOAc, as eluent to afford the title compound.
Yield:30%. State: yellow solid UPLC-MS method C: 1.89 MS (ESI)+: 329[M+H]*'H-NMR (500 MHz,
CDCl5) & ppm 8.12-8.10 (m, 2H), 7.33-7.71 (m, 2H), 3.67 (t, ) = 6.8 Hz, 2H), 2.66 (t, J = 7.4 Hz, 2H), 2.22
(s, 3H), 1.60-1.20 (m, 16H). **C-NMR (125 MHz CDCl;), § ppm 181.2, 180.4, 144.4, 140.2, 135.0, 134.7,
132.8,132.4,126.0,125.4, 64.3, 32.4, 29.6, 28.5, 28.0, 27.7,24.4, 23.3, 22.5,21.4, 14.0

Molecular modelling

The computational studies were carried out on a 1.80 GHz Intel Xeon (8 cores) processor-based
system, running Ubuntu 14.04 LTS, using a Molecular Operating Environment (MOE) 2015.10
(Chemical Computing Group Inc. 2016) and Maestro v10 (Schrédinger LLC, New York, NY, 2017)

Protein preparation

All target structures were downloaded from the Protein Data Bank and completed with MAESTRO
(Schrédinger v10)**. In all of them, all water and co-crystallized molecules were removed, except for
the ligand and FADH or HEME groups. The protein was pre-processed using the Schrédinger Protein
Preparation Wizard by assigning bond orders, adding hydrogens and performing a restrained energy
minimisation of the added hydrogens using the OPLS_2005 force field. Predicting protonation states

of protein residues was calculated considering a temperature of 300K and a pH of 7.
Pharmacophore

For NQOL1 target proteins, a pharmacophore was built with MOE 2015.10 protein-ligand interaction
fingerprints (PLIF). *®PLIF automatically detected the potential location features (annotation points),
that constitute the pharmacophore query and binding interactions. Hydrophobic areas (Hs), aromatic
rings (ARs), hydrogen bond acceptors (HBAs), aromatic rings (ARs) have been used as ligand
annotation points, exclusion volumes (XVOLs) were added for binding site size definition. The
prepared ligand conformations originated from a commercially available database of four different
vendors (SPECS, Enamine, Life Chemicals and ChemDiv), were screened for structures that match the
pharmacophore query. The molecule that matched at least three essential features of the total were

saved. (Supporting information S1)
Homology modelling

The homology model was computed with the Homology Model tool of MOE 2015.10 suite. The FASTA

sequence of the protein (P00156) was downloaded from the Swiss-Prot database and was modelled



on the template crystal structure (PDB:1ntz). The protein crystal structure was prepared before the
homology modelling, removing water molecules and unwanted ligands. The model was verified by
Structural Analysis and Verification Server (SAVES v5.0) to evaluate its stereo-chemical quality.

(Supporting information S2)
Molecular Docking

All molecular docking studies were performed Maestro Glide program. Prior docking, the receptor
grids were built selected the co-crystallized ligands as center and a 12 A grid length. The ligands were
prepared using the Maestro LigPrep tool by energy minimising the structures (OPLS_2005 force filed),
generating possible ionization states at pH 7 £2, generating tautomers and low-energy ring
conformers. The docking calculations were performed with standard precision, keeping the default
parameters and setting 3 as number of output poses per input ligand. The docking results were visually

inspected for their ability to bind the active with MOE 2015.10.
Prediction of standard reduction potential

The prediction of standard potential reduction of quinone compounds was performed using Gaussian
09.3” Molecular structures were optimized at the B3LYP/6-31G(d) level of theory, and the presence of
water was simulated using the Conductor-like Polarizable Continuum Model (CPCM). (Supporting

information S5)

Biological assay
Cell culture

HepG2 cell line was kindly provided by Prof. Karl Hoffmann’s lab, IBERS, (Aberystwyth University),
while SH-SY5Y was provided Dr Emma Kidd’s lab (Cardiff University). Both cell lines were cultivated
under normal culture conditions (37 °C, 5% CO2, and 90% relative humidity [rH]). All media were
supplemented with antibiotics (100 units/mL penicillin, 1 pg/mL streptomycin, (Gibco), Glutamax
(Gibco) as 1% of volume in a mixed solution. Fetal bovine serum (FBS, Gilbco) was used as a serum at

a final concentration of 10%.
Rescue of ATP level

Cellular ATP levels were quantified by CellTiter-Glo® Luminescent Cell Viability Assay (Promega). The
Kit was used as recommended by the manufacturer. Briefly, the day prior to the assay cells were
seeded in 96-well plates (10 x 10%) in culture media (Gibco) containing 1g/L glucose supplemented

with 1x penicillin/streptomycin, 1x Glutamax, 2% FBS. The day after, the media was replaced with



fresh media (without glucose and FBS) containing rotenone 10 uM, tested compounds were added at
the same time. Cells were incubated at 37°C for 2 hours, before measuring the ATP content, using the
Cell Titer Glo assay. The luminescence of each well was normalized according to untreated cells (in the

absence of rotenone).
Determination of cell viability assessed by CellTiter-Blue

To quantify the amount of live and dead cells, CellTiter-Blue Cell Viability Assay was used as
recommended by the manufacturer. Briefly, the day prior to the assay cells were seeded in 96-well
plates (10 x 10°) in culture media containing 1g/l glucose supplemented with 1x
penicillin/streptomycin, 1x Glutamax, 2% FBS. The day after, the media was replaced with fresh media
(2% FBS, 1g/L glucose) containing 25 uM of tested compound. Cells were incubated at 37°C for 24
hours. After 24 hours, 20 uL of CellTiter Blue reagent was added to each well (100 pL) and incubated
for 4 h at 37 °C. Following this period, the fluorescence was measured using excitation/emission

wavelengths of 560/590 nm. Data were normalized to vehicle control-treated cells.
Determination of H,0; level by the ROS-Glo™ H,0,

The reagent ROS-Glo™ H,0, (Promega) was used to quantify the level of H,0, in cells, used as indicator
of ROS generation. ROS-Glo™ H,0; assay was carried out as instructed by the manufacturer. Briefly,
cells were seeded in white 96-well plates, and the day of the assay the media was replaced with 80 pL
of a fresh media containing 25 uM of Menadione or tested compounds, followed by 20 uL of H,0,
substrate dilution buffer (containing 125uM of H,0, substrate). The plates were incubated for 4h, and
after that, 100 plL of ROS-GLO detection solution was added to the plates. The plates were incubated
atroom temperature for another 20 minutes. Subsequently, the luminescence signals were measured.

Mean background value from cell-free wells incubated dye was subtracted from signals
Determination of quinone reduction by WST-1

The intracellular reduction of quinones was determined using the water-soluble tetrazolium salts
WST-1((2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium (Santa Cruz
Biotechnology,). The conversion of salt into the corresponding formazan dye, upon reduction by
hydroquinones, was followed by reading the increase of absorbance at 450 nm using the CLARIOstar

plate reader. The assay was performed as described by Tan and Berridge.?®
Activity and toxicity analysis in the retinal explant

Wild-type, 6-8 month old, female C57 BL/6J mice were used as the source of retinal explants. Mice

were kept in a 12-h light-dark cycle with food and water available ad libitum. Maintenance and all



experimental procedures were carried out in compliance with the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research and were approved by the Home Office, UK. Mice were
sacrificed by cervical dislocation. Eyes were immediately enucleated, transferred to a culture dish with
ice-cold HBSS (Gibco, Invitrogen Corp, Paisley, UK). The naphthoquinones activity and toxicity ex vivo
were determined using retina explants from C57 B6 mice using the same protocol described in our
previous study’. Briefly, the retina explants were placed in a 6-well plate containing compounds at
various concentrations for toxicity tests, or compounds plus 100 uM rotenone for activity tests,
solubilized in 0.1% DMSO and pre-warmed Neurobasal A media. Anti-RBPMS primary antibody was
used to detect RGCs cells, while Hoechst 33342 was used for nuclei stains. RBPMS positive cells and

nuclei in the retinal ganglion cell layer were counted.’
The Supporting Information
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