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Abstract

The manuscript deals with the design, synthesis laolbgical evaluation of novel benzoxazinone-
based and indole-based compounds as multifunctioraloprotective agents. These compounds
inhibit human adenosine kinasehAK) and human glycogen synthase kinase 3 beRGEHK-3)
enzymes. Computational analysis based on a moledoaleking approach underlined the potential
structural requirements for simultaneously targgetioth proteins’ allosteric sitek silico hints drove

the synthesis of appropriately decorated benzorgags and indolebé-s5 and6a-¢ and biochemical
analysis revealed their behavior as allosterichinbis of hGSK-33. For both our hig4 and the best
compounds of the seriedql and 6b) the potential antioxidant profile was assessechuman
neuroblastoma cell lines (IMR 32, undifferentiataxd neuronal differentiated), by evaluating the
protective effect of selected compounds again§d.tdytotoxicity and reactive oxygen species (ROS)
production. Results showed a strong efficacy of tdheted compounds, even at the lower doses, in
counteracting the induced oxidative stress (B0 of H,O,) and in preventing ROS formation. In
addition, the tested compounds did not show angtayic effect determined by the LDH release, at the
concentration range analyzed (from 0.1 to 50 pNhsBtudy allowed the identification of compound
51, as the first duahAK/hGSK-3B inhibitor reported to date. Compouid, which behaves as an
effective antioxidant, holds promise for the depehent of new series of potential therapeutic agents

for the treatment of neurodegenerative diseaseaciegized by an innovative pharmacological profile



1. Introduction

Oxidative stress (OS) stems from an imbalance bwke increase of the levels of reactive oxygen
species (ROS), with respect to basal conditions, thie detoxification efficiency of the biological
system in repairing eventual resulting damage@8.is implicated in many pathologies and in several
neurodegenerative diseases including Alzheimergatie (AD), Parkinson’s disease (PD), multiple
sclerosis (MS) [2, 3], and amyotrophic lateral su$és (ALS) [4]. Although the etiology of these
diseases is not fully elucidated, a series of sah@aidences have indicated OS as one of the paltent
hallmark common to different neurodegenerative aiss [5]. Chronic OS causes neuronal cell death
by different mechanisms: moderate OS induces armptafpo mechanism while acute OS causes
necrosis [6]. For these reasons the identificatibnompounds able to prevent or lower cellular ROS
formation is an intriguing task potentially endogiocompounds with neuroprotective properties [7, 8].
Accordingly, the development of agents able to en¢\neuronal cell death by inhibiting one or more
enzymes involved in the neurodegenerative procasseshallenging task [9]. This is especially true
for those diseases that are currently only symptically treated and for which a disease-modifying
approach is highly desirable [10, 11].

Further, for the treatment of complex central nes/gystem (CNS) disorders and neurodegeneration
where disease progression involves a wide numb&iaddgical systems, the development of multi-
target directed ligands (MTDLs) is particularly advageous [12-14] with respect to selective
compounds (acting in a one-drug one-target fasHisy) In this view, efficient targeting of diffemé
pathways of a given disease by using only one mtdemay improve therapeutic effectiveness [12,
14-16]. To support this hypothesis, besides a tiuméag modulation of multiple G protein—coupled
receptors (GPCRSs) for attaining neuroprotection,[@idal enzyme inhibitors such @ssite amyloid
precursor protein cleaving enzyme (BACE-1)/Glycog8ynthase Kinase B3 (GSK-33) [18],

cyclooxygenase-2 (COX-2)/5-lipoxygenase (5-LOX)][18calpain/cathepsin B [20], fatty acid amide



hydrolase (FAAH)/monoacylglycerol lipase (MAGL) lexalso been explored and/or proposed for the
treatment of different brain disorders [21].

Human adenosine kinasehAK, EC.2.7.1.20) andhuman glycogen synthasef3 (hGSK-33, EC
2.7.11.26) are both involved in neurodegeneratiisorders (such as AD and PD), and in the
modulation of OS. Following our strong interesttire development of MTDLs [22] for different
neurological [14, 23-25] and neurodegenerativeadise [11, 13, 26-30] we decided to explore the
generation of dual inhibitors ®AK and hGSK-33.

hGSK-3B is a constitutively active serine-threonine pnotkinase, which plays a key role in several
physiological processes ranging from glycogen naisin to gene transcription. Its abnormal activity
has been associated with some brain and neurodegigeedisorders such as schizophrenia, bipolar
disorder, AD and PD [31]. Concerning ABGSK-33 over-activity accounts for memory impairment,
tau hyperphosphorylation, increased amyloid bet$) (Aroduction and local plaque-associated
microglial-mediated inflammatory responses [32}véts demonstrated that OS was able, in cultures of
rat cortical neurons, to significantly increase pduosphorylation by elevating the activity of GSRK-3
[33]. It has been proposed that, either interactibthe A3 with GSK-33, or the A3 mediated OS and
ROS overproduction are able to activate GFK-QAn the other hand, different studies have comdud
that an increased functioning of GSKR-Bay promote th@-secretase mediated3Aormation. In any
case, inhibition of GSK{8may result beneficial for the treatment of AD [3Blore recentlyhGSK-33
was also discovered to play a role in several zliprocesses associated with the pathogenesiB,of P
including the accumulation ofi-synuclein aggregates, OS and mitochondrial dysiomc[34].
Furthermore, in neuronal hippocampal cell linesvéds demonstrated that inhibition of GSK-&
involved in the control of OS [35]. The seminaldigs that clearly evidenced the link between G$K-3
and the modulation of OS have prompted the devetmprof a series of GSKA3inhibitors for the

treatment of neurodegenerative diseases. Nevesth@lenust be considered that over-inhibition of



GSK-3 might be deleterious since, by activating Wnt alogg, it would induce tumorigenesis
through tumor necrosis factor toxicity. Accordingbmce it was demonstrated that optimal inhibition
levels should be applied [36] we investigated adir@ctt modulation of GSK{8 by developing
allosteric modulators.

hAK, which phosphorylates the nucleoside adenosiuo) to Ado monophosphate (AMP), plays an
important role in modulating both intracellular aextracellular concentrations of Ado, which exerts
autocrine and paracrine activity on cell physiologg interaction with Ado receptors in the vicinaf

its release site [37, 38]. It is relevant to thepmse of developing neuroprotective agents that Ado
exerts a cytoprotective effect by enhancing theviiels of antioxidant enzymes (e.g., superoxide
dismutase, catalase and glutathione peroxidass)rdducing the level of ROS [39]. On these bases
inhibition of Ado catabolic enzymes such as AK nalpw to elicit these beneficial effect on OS.
Recent studies report that abnormal Ado conceatratare involved in some diseases affecting central
and peripheral nervous systems (CNS, PNS) suchcligophrenia, epilepsy, AD, Huntington’s
disease, ALS, and MS, where the fine-tuning of Ammcentration byhAK inhibition appears
physiologically relevant [40, 41].

The role of the inhibition of both enzymes for tineatment of neurodegenerative disorders, and their
converging efficacy in the control of OS suggestd&K and hGSK-33 as suitable targets for the
development of innovative MTDLs endowed with neuatective properties. A further support to the
rational for developing dual inhibitors stemmednfrthe analysis of the structure of both enzymes.

We recently described the development of allosterfubitors for hAK [42, 43] while selective
allosteric modulators diGSK-33 [44], by targeting sites distinct from the ATP diing site, have been
described by others [45-47].

Aiming at developing the firdtAK/hGSK-33 dual inhibitors with potential neuroprotective peoties,

our analysis started from the investigation of themical structure of known allosteric inhibitors o



hAK or hGSK-33 exemplified by NSD4381 [42], VP0.7 @), [45] and benzothiazinor[47] (Figure

1) for retrieving the common structural determigafar allosteric inhibition of both enzymes. A
preliminary biological test to asses&SK-33 inhibition potency on a selected panel of our ause
database allowed us to select compodidiB] (Figure 1) as a 16 pRMGSK-33 inhibitor. Starting from

4 and taking into account our knowledge on the &lis modulation ohAK, by combining synthetic,
molecular modeling and biological efforts we idéat the benzoxazinone as a promising scaffold for
hAK/hGSK-3 dual inhibition (compoundSa-s Figure 1 and Table 1). In more details, a medicin
chemistry approach was based on bioisosteric rorgraction of the seven membered ring of the
pyrrolobenzoxazepine system band the transformation of the keto functionalitythe lactam of the
benzoxazinone$a-s with a bicyclic scaffold that mimics that of compw 1. An aromatic system
attached to the lactam nitrogen, mainly represehiednN-benzyl-substituted system as3ncould
serve as mimetic of the pyrrole-fused systeni.oA further ring contraction of compounés-swas
achieved with the indole-based inhibitor8a{). These newly conceived scaffolds also allowed
improving synthetic feasibility and chemical trdutay by removal of chiral centers. All the devpkd
compounds were investigated as dual inhibitorngAd¢ and hGSK-33.

To characterize the potential neuroprotective peadf the developed compounds 6c,land6b), the
cellular effects on cytoprotection and OS modulatieere evaluated on the human neuroblastoma cell
line IMR 32. As observed none of the compounds stbe cytotoxic effect as determined by LDH
release. In addition, compoundisSc,| and6b were effective in preventing ROS production akgO,
treatment in IMR 32 cells. Among this new classofmpounds derivativBl stood out and represents
the first hAK/hGSK-33 dual inhibitor reported to date which is also alde counteract OS in
neuroblastoma cell lines. This compound will pahe way to the discovery of a new class of

multifunctional drugs as potential neuroprotectigents.
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Figure 1. Outline of the rational design ¢fAK/hGSK-33 dual allosteric inhibitorda-s and 6a-c

(structures are defined in Table 1).



2. Results and Discussion

2.1. Chemistry

The compoundSa-sand6a-cwere synthesized as described in Schemes 1-4\Broeihdensation of
2-aminopheno¥ with a-bromonapthyl este8a or 8b in the presence of O gave the benzoxazinone
derivatives9a,b that wereN-alkylated with the appropriate benzyl bromide @uole 1) to afford the
compoundsb5a-g (Table 1). Reduction oBa with BHsSMe, in THF gave the corresponding
benzoxazind 0, which was reacted with benzoyl chloride or berzaiffonyl chloride to obtaibh and

5i respectively (Scheme 1). The benzoxazindtizs-e(Table 1) were prepared from O-alkylation of
appropriate2-nitrophenol derivative§j-s with a-bromonapthyl esteBa or 8b or a-bromophenyl ester
8c to provide the corresponding intermediatiéza-e (Scheme 2). Subsequent reductionl1@fa-e
afforded the corresponding aniline derivatives Whigspontaneously cyclized to benzoxazinone
analoguedl3a-e Finally, 13a-ewere N-alkylated with the appropriate benzyl/alkyl hakd@ furnish
the title compoundsbj-s (Table 1). The synthesis of 6-nitrobenzo[l,3]diekabl 11c was
accomplished in three steps, as depicted in Sclenmedetail, commercially available sesarfhdlwas
converted in its acetyl analogd®, that was nitrated with HN§DACOH [49] to give the acetic acid 6-
nitrobenzo[1,3]dioxol-5-yl ested 6. Then, after hydrolysis ol6 with 20% (v/v) BSO,, the 6-
nitrobenzo[1,3]dioxol-5-ol1cwas obtained in good yield.

The synthesis of indole-based compounfla-¢ Scheme 4) started with isatiri& which, after
treatment with sodium hydride, generated the sodgsatinate intermediate which was subjected to a
Grignard reaction with the appropriate aryl bromidagnesium salt for obtaining the intermediate
carbinols (8a,h. These latter were immediately dehydroxylated ragans of a tin(ll)chloride
reduction and the obtained indolinond94,bH were treated with acetyl chloride or diethylcariogy!

chloride providing the este&,b and the carabamoyl analogbe
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dry dichloromethane (DCM), rt, 12 h.
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Scheme 2Reagents and conditiona) K,COs;, dry DMF, rt, 12 h; b) morpholine, MeCN, refluxdb
c) Fe/NHCI/THF/H,O, 100 °C (forl3a,h and SnGVEtOH 80 °C (for 13c-e) d) CsCO; DMF,

appropriatelyp-substituted benzylbromide, rt.
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Scheme 3Reagents and conditions) AcO, NaOH, 0 °C to rt; b) HN&/AcOH, rt; c) 20% HSO,.

o] HO . Ri R1
Crfe (I 2 Crfre - Iy
17 18a, R4 = p-tolyl 19a,b 6a-c

18b, Ry = 1-naphthyl

Scheme 4Reagents and conditiona) NaH (60% slurry in mineral oilp-tolylmagnesium bromide (1
M in THF) (for 18 or 1-naphthylmagnesium bromide (fi8b), dry THF, from -15 °C to rt, then rt 14
h; b) SnC}, AcOH, HCI, 115 °C, 2.5 h; c¢) 2,6-lutidine and Ac@or 6a,b) or diethylcarbamoyl

chloride (for6c), dry DCM, from 0 °C to rt, then rt 16 h.

2.2. Enzymatic studies, molecular modelling, and sicture-activity relationships (SAR)
2.2.1. Enzymatic inhibition

The inhibition effect of our compounds dGSK-3B andhAK activity was examined over a range of
inhibitors’ concentrations in the assay conditioggorted in Methods section, where labeled ATP (10
pnM) or Ado (1 puM) are in their respectivg, concentrations. Table 1 shows thegd®@alues of the
compounds on both enzymes.

Since our aim was to rationally design moleculetepinally able to inhibit both enzymes, we have

tested orhAK the compounds that showed the best inhibitioteptal againshGSK-33 (Table 1).
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Table 1.Inhibitory activity of compoundd, (x)-5a-5 and6a-cagainshAK and hGSK-33 (ICsq, UM).

>R
Y Nz &O
' N
R, H

5a-s 6a-c
hAK hGSK-3p
Cpd R1 R2 X Y Z ICso(UM)* ICso (LM)?
(%)° (%)”
1.% NT?
> 50
4 - - - - - 33) 16
d > 50
(#)-5a @J NT (48)
(+)-5b @J NT 50
Me
(#)-5¢ - J@) 40 5.4
F
H H O
d > 50
s @J " (46)
Cl
d >50
(£)-5e @J NT (40)
O,N
(+)-5f @J 31.6 8.1+1.8
MeO
(+)-5g J@J H H O 32.2 8.7+1.8
F
d > 50
(+)-5h O ©/go NT (25)
) o H H HH
(2)-5i @(&o 57.4 4.1+0.3
(2)-5] J@) F H O 24.7 21.2+6.3
O
()-5k J@) O\ H 0 > 50 10.1+2.8
F
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(-5 13.6 6.4
> 50

(#)-5m ’ @J ocho. O 12) 8.1+0.8
> 50

(¥)-5n (12) > 50

(#)-50 Et >(§)0 25.6

(+)-5p @J -OCH0- O 13.7 6.9+1.5
(£)-50 @J . 50

- - > 50 > 50

N R B
> >

(¥)-5s Et 5) (15)

M
6a [ J  Me - - - 50 50

6b Me - . - 13.6 10

6e N(Et) . NT >50

(38)

% ach value is the mean of at least three deterioimst standard error of the mean <is15%;
®inhibition % when tested at 50 pffrom ref [40];°NT, not tested.

Earlier studies demonstrated that our pyrrolobeazegine-based compounds, typified Byinhibit

hAK in a non-competitive manner. We also hypothesiaed demonstrated by mutagenesis studies that
the specific interaction site of these compoundddbe identified irhAK in an allosteric pocket close

to the active site [42, 43] and placed in closenity of the enzyme surface.

In order to identify a potential binding site bAK for the class of compoundsand6, we carried out a
blind docking calculation consideritg\K in its closed form (PDB ID: 1BX4) and both en@ambers of

51. For this computational analysis AutoDock [51]ta@fre has been used. AutoDock software is able

to perform the blind docking of compounds and ttedethe correct complexes based on energy
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without previous data regarding the binding sitbe Tesults of AutoDockn silico experiment are
reported in Figure 2. In particular the output relgag the R)-5I is reported in Figure 2A, while the
output of §-5I enantiomer is reported in Figure 2B. The data ymmalclearly evidences that the
favorite binding site, ohAK enzyme, for the lower energy poses of both eoargrs of5l is the
allosteric site previously identified for the conymal 1 [42, 43], while only few docked solutions in the
considered range (see the Experimental sectiomdtails) were found to be in different sites with
respect to the above-mentioned allosteric site.ddeer only docked poses possessing much less
favorable docking scores and predicted ligand #iiéis, when compared to those found %binto hAK
allosteric binding site, were found in the ATP birgl site. Additionally, for both enantiomers, no
poses were found in the Ado binding site. Accordiaogour computational investigation, both the
binding sites for Ado and ATP, as well as othereptitll sites located at the surface of the enzyme,
appeared not suitable f&t-hAK interactions. In fact, we retrieved not favomlulocking scores and
predicted ligand affinities for these sites whiatlyoaccommodated conformers with predicted activity
> 30 uM. Overall, we hypothesized thaK allosteric site as the most reliable bindinge dbr 51 and

its analogues.
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previously identified for previously identified for
compound 1 (NSD438) compound 1 (NSD438)

Figure 2. Blind docking output forR)-5I (A) and §)-5I (B) of (colored sticks) againBAK (light blue
surface). In the picture are highlighted the mdientified binding sites. The picture was generdted

AutoDockTools.

Thus, in order to test their mechanism of actiosoabn hGSK-33, we assayed two compounds
representative of the series, nam&tyand5l, at different concentrations of the phosphate déyid.

We found out that the compounds inhibit the enzyyiea non-competitive mechanism, interacting
with either the enzyme or the enzyme-substrate t@mplecreasing the rate of the enzyme catalytic
activity, without modification of the dissociati@monstant for the substrate/enzyme complex. As shown
in Figure 3, by increasing the concentrations efitthibitors the value df,,,xdecreases to a new value
called Vapp max IN contrast withVia, Ky for ATP is not affected, remaining close to 10 jaMeach
inhibitor concentration, indicating for botit (Figure 3, Panel A) an8ll (Figure 3, Panel B) a non-

competitive inhibition.
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Finally, through the formul&; = [1]/(VmaxVapp max-1), we confirm for5c and5l K value equal to 163

values, namely 5.6 + 1.0 and 6.3 + 1.5 uM, respelsti

GSK-3p
5¢, M Vi (cpm) Ky (M)
/£ k 0.00 5872+£560 11.8+2.2
1.25 45394235 9.5+ 1.0
2.50 4026+ 160 10.1+0.8
5.00 3300+£246 93+1.5
7.50 2748259 11.0+2.1
5000~
£
Q
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>
=
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©
>
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w
0 T T 1
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ATP, uM
GSK-3p

SLuM - Vi (cpm) Ky (M)

o~

19490 £852  9.9+0.9
3.0 14022+693 103£1.0
6.0 10301 +592 99+1.2
9.0 7982+ 581 109+ 1.6

12.0 5291 +£454 102+1.8

15000+
£
Qu
Q
>
F
S 10000
K=
[
> -y
[}
£ 5000
>
N
t=
w

0 T T T T 1
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Figure 3. Effect of increasing concentrationsf (Panel A) andl (Panel B) orhGSK-33 activity, at

different P°P]-ATP concentrationssc concentrations:a) 0.0, (A), 1.25, (V) 2.5, (#) 5.0, @) 7.5

uM. 51 concentrations:a) 0.0, (A), 3.0, (V) 6.0, () 9.0, @) 12.0uM. VnhaxandKy at each inhibitor

concentration were determined with Prism3 softwhreugh the formula Y = X¥pax/(Ku +X).
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Based on the biological results and on enzyme ctatipnal analysis, taking into account the
pharmacophore similarity &a-sand6a-cwith 2 and3, we hypothesized that the new compounds may
bind the allosteric site targeted by compould45] on hGSK-3 (see Figures S1-S3 of the

Supplementary Material).

Accordingly the designed compounds were subjecteanolecular docking studies into the two
postulated allosteric sites to verify the releviaéractions responsible for the dual-target peoéihd

support structure—activity relationships studie8RS) and optimization process. In general the tssul
of the docking studies were consistent with theclémical studies (determination of the inhibition

potencies of the racemic compounds agdiA$t and hGSK-3B reported in Table 1).

A systematic and comprehensive SAR study of theeldg@ed compoundSa-sand6a-c started from
compound4 (Ki hGSK-33 = 16 puM; KihAK > 50 uM). We investigated the potential subsiins
able to improve the binding of compouddwithin the allosteric cavities of the target enaam
following our docking output indications (Figure Aand B for R)-4 and §)-4, respectively). Based
on knownhGSK-33 inhibitors’ structure the pyrrole moiety was reradvand replaced by hydrophobic
bulky and flexible groups while the benzoxazinogstem was decorated by different substituents. The
putative binding modes of the dual inhibitors wareestigated using a computational protocol based
on the Induced Fit Docking (IFD) technique [24, 38]. As better detailed in the experimental sectio

we used human enzymes for the docking proto¢®#&( PDB ID: 1BX4;hGSK-33, PDB ID: 1HF8).

The IFD output obtained with th&¢ and R)-enantiomers withitnAK and hGSK-33 binding sites for

the best performing duadlAK/hGSK-33 inhibitors5c and5l is depicted in Figures 4 and 5 respectively.
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Although the enantiomers of each compound wereddarmainly target conserved residues, we noted
the lack of a stereoselective mode of interactidth whe putative allosteric binding sites with $lig
differences in terms of number of contacts. This waagreement with previous results lhK [42,

43].

(R)-5c and §-5c¢ bind hAK (Figure 4 panels A and B, respectively) by H-timg the backbone of
F338 with the carbonyl group of the benzoxazinoceffeld. This latter also stacked with W75 and

H107 residues. The naphtyl moiety was able to &stalhvydrophobic interactions and a catiwon-

stacking with the sidechain of K71.

Figure 4. IFD output of compounéc: (R)-5¢c and §)-5c into hAK (panelsA andB; respectively) and
hGSK-3 (panelsC andD; respectively). H-bonds are reported as blackedolines. Pictures were

generated by PyMOL. Nonpolar hydrogen atoms wergtednfor the sake of clarity.
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When 5¢c was docked into the allosteric site lm&SK-33, although the binding modes of the two
enantiomers were slightly different, we noted samppattern of residues involved in the interactions
with the compound. FurthermoreR){5c (Figure 4C) was accommodated within a cleft whitre
contacts with R209 mainly govern the retrieved igdnodes. Compounbic established hydrophobic
interactions such as catianstacking, and also an H-bond between the bridgejem of the
benzoxazinone nucleus and the sidechain of R208.bEmzoxazinone carbonyl group formed polar
contacts with the sidechain of T235. The naphthgiaty formed a strong network of hydrophobic
interactions with H173x( -n stacking) and P331. On the contrary, the dockex pd §)-5c (Figure
4D) was mainly characterized by hydrophobic comstakideed, the benzoxazinone moiety $FFc
was differently accommodated to strongly interagtabdoubler -n stacking with H173. This event
hindered the formation of the above-noted H-bondk W235 and R209, in favor of more productive
hydrophobic interactions with the P331 sidechaiar #his enantiomer th@-F-benzyl moiety was
deeply positioned into the allosteric siteh@SK-33 interacting with the loop containing residue R209,

by hydrophobic interactions (Figure 4D).
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Figure 5. IFD output of compoundl: (R)-5I and §-5I into hAK (panel A andB; respectively) and
hGSK-3 (panelC andD; respectively). H-bonds are reported as blackedotines. Pictures were

generated by PyMOL. Non polar hydrogen atoms wenited for the sake of clarity.

Docking studies with compourid into thehAK allosteric site showed that it could establisbesies of
polar and hydrophobic contacts. In particuld&)-$! (Figure 5A) formed an H-bond with the residue
F338 (backbone) by the oxygen of the carbonyl grduye tricyclic system can establish a series of
relevant interactions such asta stacking with W75 by its aromatic moiety, a reletvhydrophobic
interaction with H107 by its dioxole ring and anbidnd with the backbone of F338 by the oxygen of
the carbonyl group.

Moreover, the naphthyl group was able to estabifigifrophobic interactions and a catimrstacking

with the sidechain of K71. The enantiom&)-%l (Figure 5B) was differently accommodated allowing
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H-bonds with residues E78 and H107. Furthermongag able to strongly interact with the binding sit
by an improved network of hydrophobic interactiomish respect to R)-5I. Besides the previously
describedn-n stacking with W75 and hydrophobic interactionshwiH107, the naphthyl moiety
established a catiomstacking with K71 and &= stacking with F338.

Regarding the docking outputssifinto hGSK-33 (Figure 5), we observed that the compound was able
to bind the allosteric cavity in a similar fashitmthat already reported for compouBdtargeting a
series of key residues by hydrophobic and polatame [45]. Furthermore, after analyzing the dogkin
output of R)- and §-5I enantiomers (Figure 5 panels C and D, respec)iwedyfound very limited
differences. In particular, the main contacts af tompound were established with R209 (cation-
stacking) by the tricyclic moiety. Other polar cactis could be formed by our ligand and the sidechai
or backbone of T235 and S236, respectively for tantiomers. In addition, the naphthyl moiety
established hydrophobic interactions with H17Z3t(stacking), and P331.

Starting fromb5a (Figure S1C and D forR)-5a and §)-5a, respectively), bearing a “naked” benzyl
group, thep-position of the benzyl system was explored witmpoundsbb-f by introducing electron-
withdrawing (EWGSs) or electron-donating groups (E)Guch as Me, F, Cl, NCand OMe, also
characterized by different shapes and steric hia#ralntroduction of a Me grouplf), led to a lack of
activity againshGSK-33 (Figure S1E and F foR}-5b and §)-5b, respectively). Also the introduction
of ap-Cl (5d) (Figure S1G and H forR)-5d and §)-5d, respectively) or @-nitro group be) (Figure
S1l and J forR)-5e and §)-5¢, respectively) caused a dramatic fall of the dgtivihese data support
the hypothesis that small substituentggaosition such as H and F may be better toleratethby
hGSK-33 allosteric binding site, and may promote a bindimyde as that retrieved féc. Introduction

of a p-methoxy as irbf led to a compound with a similar pattern of intéi@s as forsc with the

allosteric binding site. In additiobf is able to form, with the oxygen pfmethoxy group, an H-bond



21

with the backbone of G210. This binding mode actedirfor a similar docking score as well as the

activity againshGSK-33 (Figure S1K and L forR)-5f and §-5f, respectively).

Further, for exploring a different region of thenkexazinone scaffold, 2-naphthyl regioisomer was
evaluated §g vs 5¢) and this modification was well tolerated by betizymes (Figure S1M and N for
(R)-5g and §)-5g, respectively).

Shifting the lactam carbonyl group to the exocyplosition 6h) resulted in a complete loss of potency
indicating the need of a specific geometry of tieydlic system for correct interaction (Figure S10
and P for R)-5h and §)-5h, respectively). On the other hand, when the aroabonyl group obh is
replaced by a phenylsulfone groug)( this latter is able to mimic the interaction kvit235 and/or
S236, already described fbc (Figure 4),5f, and5g. As expected, the binding mode sifaccounted
for a similar inhibitory potency againB6GSK-33 as found fol5¢c. Moreover, also fobi the rings of the
central core established a catwrstacking with R209 (Figure S1Q and R fd&®)-6i and §)-5i,
respectively).

Consistent with the positive contribution given thye small F substituent seen5n, we inserted a F
atom at C7 of the benzoxazinone moiety. This modifon was well tolerated and 6y we registered

a good inhibition profile for both enzymes parallby a favorable docking score (Figure S2A and B
for (R)-5] and §)-5j, respectively). The introduction of a morpholirfkk)( at C7 of the heterocyclic
system caused a slight decrease of activity aghotsthGSK-33 andhAK, due to the poorly tolerated
steric hindrance at this position (Figure S2C andidR)-5k and §)-5k, respectively).

Since the introduction of small substituents atw@s tolerated, our next docking outputs prompted us
to modify C7 and C8 of the benzoxazinone systema&gying a dioxole moiety to the scaffold &4,

we obtained one of our best performing compouridy i terms of computational and biological

results.



22

Based on these results we decided to investigasetticyclic scaffold by introducing the same
substitutions as iba. As already observed, the introduction of a 2-tiaglhmoiety 6p) implied minor
changes in the inhibitory activity, and preservdd\warable binding mode into th&SK-33 allosteric
site (Figure S2E and F foR)-5p and §)-5p, respectively). On the contrary, the additionh# p-F on

the benzyl group5m) did not led to the positive increment as regeddefor the first series of
compounds (Figure S2G and H f&){cm and §)-5m, respectively).

In order to explore the hydrophobic substitutiomgtosition of the tricyclic system we replaced the
benzyl moiety with the smaller Mé&1f) (Figure S2I and J folR)-5n and §)-5n, respectively) and Et
(50) (Figure S2K and L forR)-50 and §)-50, respectively) substituents. The absence of tbmatic
group in the central core determined the loss t#varable 3D-arrangement in both enzymes with a
consequent loss of activity of both compourits nd50).

Since the 2-naphthyl substitution was well toledatd 2 position, we explored the effect of the
simplification of the aromatic system by removingeoof the aromatic rings. The phenyl substituted
analogueq) showed a different accommodation into H@&SK-3B allosteric binding site (Figure S2M
and N for R)-5g and §)-5q, respectively). When compared to the pose obtaioe8l we observed
that, due to the smaller size of the hydrophobidetyp the key H-bonds were lost establishing
hydrophobic contacts with the side chain of the RZ2lhe presence of the phenyl moiety at C2 was
then explored in combination with the replacemdrthe benzyl group, with Me5¢) (Figure S20 and

P for R)-5r and ©)-5r, respectively) and Et5¢ (Figure S2Q and R forRj-5s and ©-5s
respectively), as done f&n and5o. This led to compounds characterized by diffetg@nting modes
and by a relevant decrease of inhibitory activiggiasthGSK-33.

With the aim of simplifying the central scaffold vaeveloped indole-based analogues devoid of a
chiral centre but still able to establish the sacoatacts identified for the benzoxazinone-based

compounds. Consistent with our hypothesis anal@gbgbearing a 1-naphthyl substituent showed a
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satisfactory binding mode into thBGSK-33 allosteric binding site (Figure S3A-C fosa-g
respectively), confirmed by biological assays. Ttwsnpound is able to stack with the R209 and to
make polar contacts with the backbone of Y234, V20l G210, sharing the pharmacophoric
elements, previously described for, for interacting in both enzymes. This binding raatcounted

for the best I against botlhAK andhGSK of the indole-based series.

2.3. Cytotoxicity evaluation and studies for evaluéng antioxidant potential

Since OS is one of the main causes of neurodeg@rerand is a relevant issue in a variety of
neurological diseases we investigated the therappotential of our dual inhibitors dfAK/hGSK-33.
To this end we decided to test the efficacy of conmus4, 5¢c| and6b in an acute model of OS

induced by HO, treatment in both, differentiated and not différated IMR 32 cells.

Our test started by engaging the selected compoimgseliminary studies for determining their
cytotoxicity profile by using IMR 32 cells. Accordily, IMR 32 cells were treated with increasing
concentrations of the tested compounds and callityitwas then assessed by LDH release (see
Supplementary Material for further details). Prefiary studies allowed us to define the correct cell
density to be used which was chosen on the basellodar confluence 24 h after the seeding. The
optimal number of cell seeded was 100,000 cell$/vesl shown Figure S4 of the Supplementary
Material. The cytotoxicity assessment (Figure &adly showed that no cytotoxic effect among the 6
different doses tested was observed. Of note tschrapound4, at the doses of 10 and pM, clearly
affect the cellular clusters formation (Figure &hough4 was found devoid of toxicity to the cells.
No significant effects on IMR 32 cellular morphojogere observed after compounds treatment, as

reported Figure S5.
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In summary, none of the tested molecules showeawayoxic effect on the adopted cellular model in
the wide range of doses chosen (from @\ to 50 uM). These results allowed us to perform further

experiments to evaluate their potential antioxigaoperties againstJ@, treatment.
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Figure 6. Cytotoxic effect of compound4, 5c,| and 6b. Values represent average + SD for three
experiments in triplicate. Data are expressed &d#rary unit LDH release as compared to the

maximum release of LDH from Triton X-100- treatezlls.
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Following our plans we then evaluated the cytotixiof different doses of D, (25, 50 and 10QM)
(Figure S6A). Further experiments were performetth \wD uM of HO», since it was the highest dose
that did not affect dramatically cells morphologyaviability, indeed with 100 pM treatment the LDH
release paralleled the one of Triton X-100 (100%etis damage) (Figures S6A and S6B).

Further, the levels of ROS by DCF probe were detexth As shown in Figure S7, we could observe
that after 1 h of KD, treatment, ROS production linearly increased idoge and time dependent
manner (Figure S7)

As shown in Figure 7, all the compounds were ablgignificantly prevent ROS formation. Notably is
that this effect was evident already at the lowstdd doses (0.1, 0.5 angM), demonstrating a good
protection towards oxidative damage. This efficatylower doses may be due to the synergism
obtained by inhibition of both enzymes. It is pb#sito assume, that the lack of dose linearityuis th

the fact that the protective mechanism inducechbgeé compounds reaches its maximum effect already

at the lower dose (0.1 uM) confirming the highefiy of the compounds.
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Figure 7. Prevention of ROS formation by the selected comdeu, 5c¢,| and6b). Values represent

average * SD for three experiments in triplic&fe< 0.05 versus untreated sample (0 uM).

Based on these encouraging data, similar tests pefermed in neuronal IMR 32 differentiated cells
by a 12 days treatment with bromodeoxyuridine (BrdA$ shown in Figure 8, all the compounds were
able to significantly prevent ROS production atyiaw doses (0.1-0.5 and}iM) after 50uM H,0,
treatment. These outcomes, which demonstratedabe efficiency of the compounds5c, 51, and6b

in preventing ROS formation also in differentiateduronal cells, indicate these compounds as a

possible new therapeutic strategy to prevent oxidatress damage in neurodegenerative pathologies.
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Figure 8. Compounds4, 5c| and 6b prevent ROS formation (DCFDA Assay). Values repnes
average * SD for three experiments in triplic&fe< 0.05 versus untreated sample (0 uM).

3. Conclusion

In summary, we have described herein the ratioesligh of the first MTDL prototypes for dual
inhibition of hAK/hGSK-33 reported to date. For the most promising compowfidee series4, 5c,
and 6b) their ability to counteract OS in neuronal cellgs also experimentally measured. The
described medicinal chemistry approach led to aehoseries of compounds sharing the
pharmacophoric requirements for interacting witlthballosteric sites of theRAK/hGSK-33 enzymes.
Non-competitive mechanism of action was ascertaivedc and5l in hGSK-33. Subsequently, the

most interesting dughAK/hGSK-3 inhibitors @, 5c| and 6b) proved to be devoid of cytotoxicity
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towards the neuroblastoma cell line IMR 32 and wergaged in biological assays to evaluate their
ability to counteract ROS formation. Among the éestompounds, compourad stood out as a good
MTDL potentially endowed with therapeutic potenfiat neurodegenerative diseases. In fcone of

the best duahAK/hGSK-33 inhibitors of the series, is able to counteract & preventing ROS
formation in neuronal cells devoid of any cytotatyic The dualhAK/hGSK-33 inhibition approach
herein described may lead to the development obvative antioxidant/neuroprotective agents

potentially useful for the treatment of neurologidesorders.

4. Methods

4.1. Chemistry

4.1.1. General Procedures

Melting points were taken on a Gallenkamp meltininpapparatus and are uncorrectéd.and**C
NMR spectra were recorded on a Bruker Avance 30 MHvarian 300 MHz, or a Bruker 400 MHz
spectrometer. Splitting patterns are described iagles (s), doublet (d), triplet (t), quartet (q),
quintuplet (qt), and broad (br). Chromatographipasations were performed on silica gel (Kieselgel
40, 0.040-0.063 mm, Merck). Reactions and prodomksures were routinely monitored by thin-layer
chromatography (TLC) on Merck 0.2 mm precoatedca®il(60 F254) aluminum sheets, with
visualization by irradiation with a UV lamp. ESIM&hd HRESIMS were carried out by a Thermo
Finningan LCQ Deca XP Max ion-trap mass spectromeggipped with Xcalibur software, and an
LTQ Orbitrap XL mass spectrometer (Thermo Fishex@dic, San Jose, CA, USA) operated in
positive ion mode, respectively. The Orbitrap maswmlyzer was calibrated according to the

manufacturer’s directions using a mixture of caféi methionine-arginine-phenylalanine-alanine-
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acetate (MRFA), and Ultramark 1621 in a solutiomocétonitrile, methanol, and acetic acid. Data were
collected and analyzed using the software provigethe manufacturer.

Structure of compoundSa-g was confirmed by Heteronuclear Multiple Bond Ctatien (HMBC)
experimentg400 MHz, Bruker Ascend' 400 spectrometer), and representative exampkesl,f) are
reported in Supporting Information. All final compuds meet the criteria of > 95% purity, as
confirmed by HRESIMS analysis. Yields refer to fied products and are not optimized. All starting
materials, reagents and solvents (reagent grade) puechased from Sigma-Aldrich and used without
further purification.

4.1.2. (¥) 2-Naphthalen-1-yl-4H-benzo[1,4]oxazimeBe Qa)

A mixture of 2-aminophendf (1.00 g, 9.16 mmol), bromonaphthalen-1-yl aceticl anethyl esteBa
(3.07 g, 11.00 mmol), and,KO3(6.33 g, 45.80 mmol) in dry DMF (15 mL) was stir@d100 °C for 5

h. The solvent was removed under reduced presaunckthe residue was taken up in EtOAc, and
washed successively with 2M HCI, and brine. Theanrg phase was dried (P&0,), filtered, and
concentrated under reduced pressure. The residgepwdfied by column chromatography ($jO
EtOAc/petroleum ether, 40-60 °C, 3:7 v/v, as eluemgive the title compound as white solid (1.59 g
yield 63%); mp: 234-236 °CH NMR (300 MHz, DMSO#dg) 5: 6.38 (s, 1H), 6.85-6.91 (m, 2H), 6.97-
7.03 (m, 2H), 7.49 (d, 2H] = 5.2 Hz), 7.59 (qt, 2H] = 7.9 Hz), 7.97-8.00 (m, 2H), 8.24 (d, 1¥=
8.3 Hz), 11.07 (s, 1H)**C NMR (75 MHz, DMSOd) &: 77.2, 116.2, 117.0, 123.1, 123.7, 125.00,
125.5, 126.5, 127.0, 127.3, 127.9, 129.1, 130.2,613131.9, 134.1, 143.2, 166.0. ESI-Mz276.1
[M+H] ™.

4.1.3. (¥) 2-Naphthalen-2-yl-4H-benzo[1,4]oxazimeBe Qb)

The title compound was obtained, according to tloeguure described f®&a using bromonaphthalen-
2-yl acetic acid methyl est@b, as a white solid (yield: 61%); mp: 171-173 %6; NMR (300 MHz,

CDCl) ¢: 5.89 (s, 1H), 6.83 (d, 1H,= 7.3 Hz), 6.92-7.03 (m, 2H), 7.09 (d, 1H= 7.7 Hz), 7.49 (m,
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2H), 7.61 (d, 1H,J = 8.4 Hz), 7.82-7.91 (m, 4H), 8.73 (brs, 1C NMR (75 MHz, CDCJ) &: 78.8,
115.8, 117.4, 122.8, 124.4, 124.5, 125.9, 126.8,51226.6, 127.7, 128.3, 128.7, 132.3, 133.0,4.33.
142.9, 165.9. ESI-M#&)/2298.1 [M+Na].

4.1.4. (1) 2-Naphthalen-1-yl-3,4-dihydro-2H-benzgflbxazine 10)

A solution of () 2-naphthalen-1-yl-4H-benzo[1,4]oxazin-3-08& (0.743 g, 2.70 mmol) in dry THF
(25 mL) was cooled to 0 °C, and then 7.0 mL of 2MTHF borane dimethyl sulfide complex
(BH3SMe) solution (1.06 g, 14.00 mmol) were added. Thetiea mixture was stirred at rt for 12 h,
then was cooled to 0 °C, and to it was slowly adtddHCI until gas evolution ceased. The solvent
was removed under reduced pressure, and the regidsetaken up in EtOAc, and washed with
saturated solution of NaHGQand brine. The organic phase was dried,8), filtered, and
concentrated under reduced pressure. The residgepwdfied by column chromatography (SO
EtOAc/petroleum ether, 40-60 °C, 3:7 vlv, as elpémtgive the title compound as white solid (0.628
g, vield 89%); mp: 129-131 °GH NMR (300 MHz, CDC)) §: 3.52 (m, 1H), 3.76 (m, 1H), 4.01 (brs,
1H), 5.88 (d, 1HJ = 8.5 Hz), 6.77 (m, 2H), 6.88 (m, 1H), 7.00 (d,, D 7.7 Hz), 7.55 (m, 3H), 7.73
(d, 1H,J = 7.1 Hz), 7.86-7.94 (m, 2H), 8.09 (d, 1Hz 8.6 Hz);}*C NMR (75 MHz, CDC)) &: 47.3,
73.3, 115.7, 117.3, 119.1, 121.6, 122.8, 124.1,612825.7, 126.5, 128.7, 129.1, 130.3, 133.2, 133.7
134.4, 144.8. ESI-M$/2262.1 [M+H].

4.1.5. (¥) (5-Fluoro-2-nitrophenoxy)naphthalen-tadetic acid methyl estetZa)

To a solution of 5-fluoro-2-nitrophendlla (0.300 g, 1.91 mmol) in dry DMF (5 mL) were added
K,COs (1.32 g, 9.55 mmol), and bromonaphthalen-1-yliacatid methyl esteBa (0.642 g, 2.30
mmol), and the resulting mixture was stirred atort 12 h. The solvent was removed under reduced
pressure, and the residue was taken up in EtOAtwashed with 2M HCI and brine. The organic
phase was dried (M80Qy), filtered, and concentrated under reduced presdure residue was purified

by column chromatography (SiOEtOAc/petroleum ether, 40-60 °C, 3:7 v/v, as elu¢o give the
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title compound as yellow solid (0.611 g, yield 90%)p: 170-172 °CH NMR (300 MHz, CDC}) &:
3.75 (s, 3H), 6.38 (s, 1H), 6.79 (m, 2H), 7.52-7(68 3H), 7.86-8.04 (m, 4H), 8.34 (d, 1Bi= 8.6
Hz); **C NMR (75 MHz, CDCJ) &: 53.2, 78.4, 103.8 (dlc.r = 26.9 Hz), 108.9 (dJc.r = 23.4 Hz),
123.5, 125.5, 126.3, 127.0, 127.2, 128.4)%; = 11.3 Hz), 129.0, 129.4, 130.3, 130.4, 133.9, 94,36.
152.7 (dJcr= 11.2 Hz), 163.3 (dlc.= 256.9 Hz), 168.7. ESI-M8/z378.1 [M+Na]

4.1.6. (3) (5-Morpholin-4-yl-2-nitrophenoxy) naplatlen-1-yl-acetic acid methyl estel2p)

The title compound was obtained according to tleeguiure described fd2ausing 5-morpholin-4-yl-
2-nitrophenol11b [50]. Yellow solid; yield: 67%; mp: 200-202 °GH NMR (300 MHz, CDCJ) &:
3.11 (t, 4H,J = 4.9 Hz), 3.74 (m, 7H), 6.27 (s, 1H), 6.41-6.47, QH), 7.52-7.64 (m, 3H), 7.90-7.97
(m, 3H), 8.03 (d, 1HJ = 9.3 Hz), 8.39 (d, 1H] = 8.5 Hz);**C NMR (75 MHz, CDC}) §: 46.9, 53.0,
66.2, 78.4, 101.3, 106.8, 123.4, 125.7, 126.1,0,2728.8, 129.0, 130.0, 130.4, 130.5, 131.0, 133.8,
153.3, 154.9, 155.2, 169.5. ESI-M8z445.2 [M+NaJ.

4.1.7. () Naphthalen-1-yl-(6-nitrobenzo[1,3]dioxblyloxy)acetic acid methyl est&pC)

The title compound was obtained, according to thecgdure described fod2a using 6-
nitrobenzo[1,3]dioxol-5-olL1c as a yellow solid (yield 87%); mp: 123-125 °& NMR (300 MHz,
CDCl) §: 3.73 (s, 3H), 6.04 (m, 2H), 6.28 (s, 1H), 6.521¢d), 7.49-7.65 (m, 4H), 7.85 (d, 1Bi= 7.1
Hz), 7.92 (d, 2HJ = 8.0 Hz), 8.35 (d, 1H] = 8.4 Hz);**C NMR (75 MHz, CDC}J) &: 53.0, 80.1, 99.3,
103.0, 105.9, 123.7, 125.4, 126.2, 127.1, 127.9,0.230.1, 130.2, 130.5, 133.9, 134.5, 142.4,8/48.
152.5, 169.3. ESI-M#1/z403.9 [M+Na].

4.1.8. (1) Naphthalen-2-yl-(6-nitrobenzo[1,3]dioxbtyloxy)acetic acid methyl estel2d)

The title compound was obtained, according to threcedure described fod2a using 6-
nitrobenzo[1,3]dioxol-5-oll1cand bromonaphthalen-2-yl-acetic acid methyl eS8kgras a pale yellow
solid (yield 68%); mp: 141-144 °GH NMR (300 MHz, CDCY) &: 3.76 (s, 3H), 5.82 (s, 1H), 6.07 (m,

2H), 6.57 (s, 1H), 7.52-7.57 (m, 3H), 7.74 (d, THs 8.5 Hz), 7.86-7.94 (m, 3H), 8.09 (s, 14C
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NMR (75 MHz, CDC}) &: 53.0, 81.5, 99.1, 103.1, 106.0, 124.1, 126.6,,92627.1, 127.8, 128.4,
129.0, 131.5, 133.1, 133.7, 134.3, 142.4, 148.8,619.69.3. ESI-M$n/z404.3 [M+NaJ.

4.1.9. (1) (6-Nitrobenzo[1,3]dioxol-5-yloxy)phengtetic acid methyl esteiZe)

The title compound was obtained, according to threcedure described fod2a using 6-
nitrobenzo[1,3]dioxol-5-oll1cand2-bromo-2-phenylacetic acid methyl es8er as yellow solid (yield
75%); *H NMR (300 MHz, CDCJ) &: 3.75 (s, 3H), 5.66 (s, 1H), 6.08 (s, 2H), 6.531¢d), 7.43 (m,
3H), 7.50 (s, 1H), 7.62 (d, 2H, = 5.9 Hz);**C NMR (75 MHz, CDC}) &: 53.0, 81.3, 98.8, 103.0,
106.0, 127.2, 128.9, 129.4, 134.1, 134.2, 142.8,81452.6, 169.3. ESI-M®/z354.1 [M+Na].

4.1.10. (¥) 7-Fluoro-2-naphthalen-1-yl-4H-benzo[llg4azin-3-one 13a)

To a solution ofl2a (0.400 g, 1.13 mmol) in THF (25 mL), water (25 nmar)d saturated solution of
NH4CI (30 mL) was added iron powder (0.631 g, 11.30afand the reaction mixture was stirred at
100 °C for 3 h. After cooling to rt, the volatilesre removed under reduced pressure, and the eesidu
was diluted with EtOAc, and filtered through small padof celite. The filtrate was successively
washed with water, and saturated aqueous solufidadCGO; (40 mL). The organic phase was dried
over dry NaSQ,, filtered, and concentrated under reduced pressilie residue was purified by
column chromatography (SOEtOAc/petroleum ether, 40-60 °C, 3:7 v/v, as efuéo give the title
compound as white solid (0.268 g, yield 81%); mp6-207 °C;'H NMR (300 MHz, CDC}) §: 6.32
(s, 1H), 6.57-6.73 (m, 3H), 7.40-7.50 (m, 2H), 7(§6 2H,J = 7.9 Hz), 7.92 (d, 2H] = 6.9 Hz), 8.27
(d, 1H,J = 8.2 Hz), 9.72 (brs, 1H}*C NMR (75 MHz, CDC}) &: 77.3, 105.4 (d)c.r= 26.2 Hz), 109,4
(d, Jo-p= 23.2 Hz), 116.4 (dJc.r= 9.7 Hz), 122.6 (d)c-r= 2.9 Hz), 124.0, 124.9, 126.2, 126.4, 126.9,
129.0, 129.8, 130.6, 131.4, 134.2, 143.7)¢dk= 12.1 Hz), 159.2 (djc.r= 243.2 Hz), 166.5. ESI-MS
m/z316.1 [M+Nal].

4.1.11. (¥) 7-Morpholin-4-yl-2-naphthalen-1-yl-4Hebzo[1,4]oxazin-3-onelBb)
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The title compound was obtained according to tleeguiure described fdi3ausing (z) (5-morpholin-
4-yl-2-nitrophenoxy)naphthalen-1-yl-acetic acid gt ester 12b (0.300 g, 0.710 mmol)After
purification by column chromatography (SiOEtOAc/petroleum ether, 40-60 °C, 3.7 vl/v, as elue
the title compound was obtained as white solidgD.4, yield 73%); mp: 263-264 °@4 NMR (300
MHz, CDCh) &: 3.02 (t, 4H,J = 4.5 Hz), 3.79 (t, 4H) = 4.5 Hz), 6.30 (s, 1H), 6.48 (m, 2H), 6.77 (d,
1H, J = 8.4 Hz), 7.38-7.63 (m, 4H), 7.89 (m, 2H), 8.28 {H,J = 8.3 Hz), 8.96 (brs, 1H}*C NMR

(75 MHz, CDC}) 6: 49.5, 66.8, 77.5, 105.3, 110.0, 116.1, 119.1,22425.0, 126.0, 126.4, 126.8,
128.9, 130.3, 130.3, 131.5, 134.2, 143.8, 148.3,7L&ESI-MSm/z361.2 [M+HT".

4.1.12. (¥) 6-Naphthalen-1-yl-8H-1,3,5-trioxa-8-azalopenta[b]naphthalen-7-oné.3c)

To a solution of () naphthalen-1-yl-(6-nitrobenk@]dioxol-5-yloxy)acetic acid methyl estdr2c
(1.20 g, 3.15 mmol) in EtOH (15 mL) was added $r(€199 g, 15.75 mmol and the resulting mixture
was stirred at 80 °C for 12 h. Then the solvent veasoved under reduced pressure, and the residue
was taken up in EtOAc, and washed with 1N HCI, 1408 and brine. The organic phase was dried
(N&SQy), filtered, and evaporated under vacuo. Afterk up, the compound was used in the next step
without further purification. Crystallization of aanalytical sample by EtOAwhexane gave pure
compound as white solid (0.764 g, yield 76%); n#9-251 °C;'H NMR (300 MHz, CDC}) §: 5.88

(d, 2H,J = 10.6 Hz), 6.21 (s, 1H), 6.43 (d, 2H= 4.9 Hz), 7.39-7.48 (m, 2H), 7.52-7.63 (m, 2HRO?
(m, 2H), 8.05 (brs, 1H), 8.27 (d, 18,= 8.5 Hz);**C NMR (75 MHz, CDC)) &: 97.0, 100.0, 101.5,
119.7, 124.2, 124.9, 126.1, 126.3, 126.8, 128.9,81230.4, 131.5, 134.13, 137.4, 143.0, 143.8,1166
ESI-MSm/z320.5 [M+HT.

4.1.13. (¥) 6-Naphthalen-2-yl-8H-1,3,5-trioxa-8-azalopenta[b]naphthalen-7-onéd.3d)

The title compound was obtained according to tleeguiure described fdr3c usingnaphthalen-2-yl-
(6-nitrobenzo[1,3]dioxol-5-yloxy)acetic acid methadterl2d (0.900 g, 2.36 mmol). Aftawork up, the

compound was used in the next step without funlseification. Crystallization of an analytical sal@p
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by EtOAch-hexane gave pure compound as white solid (0.598etd 79%);'H NMR (300 MHz,
CDCl) §: 5.79 (s, 1H), 5.88 (d, 2H,= 10.3 Hz), 6.38 (s, 1H), 6.64 (s, 1H), 7.48-7(51. 2H), 7.59 (d,
1H, J = 8.5 Hz), 7.82.-7.88 (m, 4H), 8.52 (brs, 1£C NMR (75 MHz, CDCY) &: 78.7, 97.2, 99.9,
101.5, 119.3, 124 .4, 126.4, 126.5, 126.6, 127.8,31228.7, 131.9, 132.9, 133.4, 137.2, 143.0,0,44.
165.6. ESI-MSn/z342.1 [M+Na].

4.1.14. (¥) 6-Phenyl-8H-1,3,5-trioxa-8-azacyclopaiinaphthalen-7-onel3e)

The title compound was obtained according to theceuiure described fod3c using (6-
nitrobenzo[1,3]dioxol-5-yloxy)phenylacetic acid gt ester 12e (0.230 g, 0.694 mmol)After
purification by column chromatography (SiOEtOAc/petroleum ether, 40-60 °C, 3:7 vlv, as elue
the title compound was obtained as white solidg®.4, yield 87%); mp: 222-225 °@&4 NMR (300
MHz, CDCk) &: 5.62 (s, 1H), 5.92 (dd, 2H,= 5.7, 1.3 Hz), 6.35 (s, 1H), 6.62 (s, 1H), 7.3877(m,
5H), 8.07 (brs, 1H)**C NMR (75 MHz, CDC}) &: 78.4, 97.3, 99.7, 101.4, 119.2, 127.0, 128.7,9,28
134.7,137.1, 142.8, 143.9, 166.1. ESI-M&292.1 [M+NaJ.

4.1.15. Acetic acid benzo[1,3]dioxol-5-ylest&b)

To a stirred solution of benzo[1,3]dioxol-5-b4 (2.00 g, 14.48 mmol) in 10% w/v NaOH (20 mL, 2.00
g, 50.00 mmol) at 0 °C, acetic anhydride (7.39 340 mmol) was added. Then, when no starting
material was detected by TLC (DC&% eluent), the reaction mixture was extracted WI@M. The
organic phase was washed with a saturated solafiddaHCQ and brine, then was dried on dry
NaSO,, filtered, and concentrated under reduced presdive title compound was obtained as a
colorless liquid (2.53 g, yield 97%), and was usedhe next step without further purificatiofH
NMR (300 MHz, CDC}) &: 2.28 (s, 3H), 6.00 (s, 2H), 6.54 (dd, 1Hs 8.4, 2.4 Hz), 6.62 (d, 1H,=
2.4 Hz), 6.78 (d, 1H] = 8.4 Hz).

4.1.16. Acetic acid 6-nitrobenzo[1,3]dioxol-5-ykes{16)
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Acetic acid benzo[1,3]dioxol-5-yl estéb (2.51 g, 13.93 mmol) was dissolved in glacial acatid (5
mL), then a solution of concentrated HND1 mL (70%, d = 1.413, 1.09 g, 17.27 mmol) in @ghc
acetic acid (2 mL) was added dropwise. The reactiotiure was stirred at rt for 4 h, then was cooled
at 0 °C. The yellow solid was filtrated, washedhnibld water, air-dried, and used in the next step
without further purification (2.95 g, yield 94%H NMR (300 MHz, CDCJ) &: 2.37 (s, 3H), 6.15 (s,
2H), 6.65 (s, 1H), 7.60 (s, 1H).

4.1.17. 6-Nitrobenzo[1,3]dioxol-5-ol1c)

A solution of acetic acid 6-nitrobenzo[1,3]dioxclybesterl6 (2.80 g, 12.44 mmol) in 20%80, (30
mL) was heated at 80 °C until no starting matewak detected by TLC (DCMs eluent). After
cooling at rt, the reaction mixture was poured avreshed ice, and after 1 h the yellow precipivedes
filtrated, air-dried, and used in the next stephwitt further purification (2.05 g, yield 909} NMR
(300 MHz, CDC}) &: 6.11 (s, 2H), 6.59 (s, 1H), 7.49 (s, 1H), 11.41 1H); *C NMR (75 MHz,
CDCls) 6: 98.8, 102.4, 103.0, 141.8, 155.7, 156.3.

4.1.18. 3-Hydroxy-3-(p-tolyl)indolin-2-on&&a)

To a solution of isatii7 (500 mg, 3.40 mmol) in 15 mL of dry THF at -15 RaH (60% dispersion in
mineral oil, 204.00 mg, 5.10 mmol) was added. Theture was kept under stirring at -15 °C for 30
min after which ofp-tolylmagnesium bromide (1 M solution in THF, 1@r2) was added. The mixture
was allowed to warm up to rt and then it was ndiatrd with 10 mL of a saturated solution of MNEH.
The aqueous phase was extracted with diethyl ¢thgrl5 mL). The combined organic phases were
washed with brine (20 mL), dried over anhydrous3\@, filtered and concentrated. The crude product
was recrystallized in petroleum ether (2 x 3 mLyjitee a light orange solid, which was subjecteth®
next step without further purification (yield 7198SI-MSm/z261.9 [M+NaJ.

4.1.19. 3-Hydroxy-3-(naphthalen-1-yl)indolin-2-ofi8b)
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Title compound was obtained following the procedudescribed for 18a and using 1-
naphthylmagnesium bromide as an orange solid (yi&@#h). ESI-MSm/z 297.9 [M+Na], 672.9
[2M+Na]".

4.1.20. 3-(p-Tolyl)indolin-2-onel9a)

SnCh (3.015 g, 15.90 mmol) was added, at rt, to aestisolution of compound8a (1.900 g, 7.95
mmol) in 48 mL of AcOH and 3.2 mL of HCI. The mixéuwas kept under stirring at 115 °C for 2.5 h
and then allowed to cool to rt. After adding watgs mL), the reaction mixture was extracted with
EtOAc (50 mL) and the organic phase was washed aviaturated solution of MaO; (2 x 50 mL)
and with brine (50 mL), dried over anhydrous,8i@;, filtered and concentrated. The crude product
was recrystallized in petroleum ether (2 x 3 mLyjitee a dark orange solid, which was subjectedhé¢o t
next step without further purification (yield 569BSI-MSm/z245.9 [M+NaJ.

4.1.21. 3-(Naphthalen-1-yl)indolin-2-on&9p)

Title compound was obtained, starting from compod@b and 1-naphthylmagnesium bromide,
following the procedure reported for compou8ih, as a dark orange solid (yield 95%).

4.1.22. (¥) 4-Benzyl-2-naphthalen-1-yl-4H-benzo]thyézin-3-one %a)

To a solution of(¥) 2-naphthalen-1-yl-4H-benzo[1,4]oxazin-3-08a (0.200 g, 0.726 mmol) in dry
DMF (4 mL) CsCO;3 (0.710 g, 2.18 mmol) and benzyl bromide (0.150.877 mmol) were added, and
the resulting mixture was stirred at rt for 12 heTsolvent was removed under vacuum, and the esidu
was taken up in DCMind washed with 1N HCI and brine. The organic phaas dried (Ng5O,),
filtered, and evaporated in vacuo. The residue wasfied by column chromatography (SiO
EtOAc/petroleum ether, 40-60 °C, 4:1 vlv, as elydotgive after recrystallization (EtOAthexane)
the title compound as white solid (0.151 g, yie®d; mp: 118-120 °C*H NMR (300 MHz, CDC})

8: 5.34 (m, 2H), 6.42 (s, 1H), 6.91-6.98 (m, 3HN77(d, 1H,J = 7.00 Hz), 7.30-7.46 (m, 7H), 7.54-

7.63 (M, 2H), 7.89 (t, 2H] = 9.1 Hz), 8.32 (d, 1H] = 8.4 Hz);**C NMR (75 MHz, CDC}) &: 45.6,
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77.6, 115.5, 117.7, 122.8, 124.1, 124.3, 124.8,0226.3, 126.69, 127.3, 127.6, 128.9, 128.9,0,29.
130.2, 130.8, 131.6, 134.2, 136.3, 144.4, 165.5MBR(ESI) m/z 366.1481 [M+H] (calcd. for
[CasH20NO,] ", 366.1494).

4.1.23. (1) 4-(4-Methyl-benzyl)-2-naphthalen-1-yH-benzo[1,4]oxazin-3-onk)

Following the same procedure described Sarand starting fronBa (0.300 g, 1.09 mmol) and 4-
methylbenzyl bromide (0.242 g, 1.31 mmol), theettbmpound was obtained as white solid (0.223 g,
yield 54%); mp: 133-135 °CH NMR (300 MHz, CDCJ) &: 2.36 (s, 3H), 5.29 (s, 2H), 6.40 (s, 1H),
6.91 (m, 3H), 7.01 (d, 1H] = 6.8 Hz), 7.14 (d, 2H] = 7.7 Hz), 7.31-7.45 (m, 4H), 7.58 (qt, 2=

7.9 Hz), 7.89 (t, 2HJ = 7.9 Hz), 8.31 (d, 1H] = 8.2 Hz);**C NMR (75 MHz, CDC}) &: 21.1, 45.3,
77.6, 115.5, 117.6, 122.7, 124.0, 124.3, 124.8,01.226.3, 126.6, 127.2, 128.8, 129.0, 129.5, 130.1
130.7, 131.5, 133.3, 134.1, 137.3, 144.3, 165.4MBRESI) m/z 380.1636 [M+H] (calcd. for
[Ca6H22NO,]*, 380.1650).

4.1.24. (¥)4-(4-Fluorobenzyl)-2-naphthalen-1-yl-4H-benzo[1 44ain-3-one %c)

Following the same procedure described5ay and starting fron®a (0.270 g, 0.981 mmol) and 4-
fluorobenzyl bromide (0.223 g, 1.18 mmol), theetidlompound was obtained as white solid (0.256 g,
yield 68%); mp: 136-138 °CH NMR (300 MHz, CDC}J) &: 5.30 (m, 2H), 6.39 (s, 1H), 6.91-6.97 (m,
3H), 7.04-7.10 (m, 3H), 7.38-7.42 (m, 4H), 7.58 @itl,J = 7.6 Hz), 7.89 (t, 2H) = 7.2 Hz), 8.29 (d,
1H, J = 8.2 Hz);®®C NMR (75 MHz, CDCY)) &: 44.8, 77.6, 115.3, 115.8 (d.r = 21.6 Hz), 117.7,
122.8, 124.2, 124.2, 124.8, 126.1, 126.2, 126.8,712128.8, 129.0 (dlc.r = 8.1 Hz), 130.2, 130.6,
131.4, 132.0 (dJc.r = 3.1 HZ), 134.1, 144.3, 162.2 (@ = 246.1 Hz), 165.5. HRMS (ESH/z
384.1394 (calcd. for [&gH10FNO,]", 384.1400).

4.1.25. (¥)4-(4-Chloro-benzyl)-2-naphthalen-1-yl-4H-benzo[ b¥dzin-3-one&d)

Following the same procedure described 3ar and starting fron®a (0.240 g, 0.872 mmol) and 4-

chlorobenzyl bromide (0.216 g, 1.05 mmol), theettbmpound was obtained as white solid (0.192 g,
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yield 55%); mp: 112-114 °GH NMR (300 MHz, CDC})) §: 5.29 (m, 2H), 6.40 (s, 1H), 6.92-7.03 (m,
4H), 7.36-7.43 (m, 6H), 7.58 (qt, 2B= 7.5 Hz), 7.89 (t, 2H] = 7.8 Hz), 8.28 (d, 1H] = 8.2 Hz);"*C
NMR (75 MHz, CDC}) 6: 44.9, 77.6, 115.3, 117.8, 122.9, 124.2, 124.3.8,2126.1, 126.3, 126.7,
128.7, 128.7, 128.9, 129.1, 130.3, 130.6, 131.8,513134.1, 134.8, 144.4, 165.5. HRMS (EBI}k
400.1089 [M+HTJ (calcd. for [GsH1gCINO,] ¥, 400.1104).

4.1.26. (¥) 2-Naphthalen-1-yl-4-(4-nitrobenzyl)-4¢nzo[1,4]oxazin-3-one§)

Following the same procedure described Say and starting fron®a (0.300 g, 1.09 mmol) and 4-
nitrobenzyl bromide (0.283 g, 1.31 mmol), the titlempound was obtained as white solid (0.273 g,
yield 61%); mp: 152-153 °CH NMR (300 MHz, CDC})) &: 5.32-5.51 (g, 2HJ = 16.4 Hz), 6.42 (s,
1H), 6.95 (m, 4H), 7.38-7.45 (m, 2H), 7.54-7.64 @hi), 7.91 (m, 2H), 8.23-8.30 (m, 3HJC NMR
(75 MHz, CDC¥) &: 44.9, 77.6, 114.9, 118.0, 123.0, 124.1, 124.2,8,2124.8, 126.1, 126.1, 126.7,
127.9, 128.4, 128.4, 128.9, 130.4, 131.4, 134.3,714144.4, 147.4, 165.6. HRMS (E$1)z411.1340
[M+H] * (calcd. for [GsH1gNoO4]" 411.1345).

4.1.27. (¥ 4-(4-Methoxybenzyl)-2-naphthalen-1-yl-4H-benzo[@x&zin-3-oneqf)

Following the same procedure described 5ar and starting fron®a (0.280 g, 1.02 mmol) and 4-
methoxybenzyl bromide (0.246 g, 1.22 mmol), thie ttompound was obtained as white solid (0.258
g, 64%); mp: 132-133 °CH NMR (300 MHz, CDCJ) §: 3.82 (s, 3H), 5.27 (s, 2H), 6.38 (s, 1H), 6.87-
6.99 (m, 5H), 7.10 (d, 1H}, = 7.2 Hz), 7.35-7.43 (m, 4H), 7.57 (qt, 2Hs 7.6 Hz), 7.88 (t, 2H] = 8.2
Hz), 8.30 (d, 1H,] = 8.1 Hz);**C NMR (75 MHz, CDCJ) &: 45.0, 55.3, 77.5, 114.2, 115.5, 117.6,
122.7, 124.0, 124.3, 124.8, 126.0, 126.3, 126.8,4.228.7, 128.8, 128.9, 130.1, 130.7, 131.5,11,34.
144.3, 159.0, 165.4. HRMS (ES1)/z396.1577 [M+H] (calcd. for [GeH2:NO3]*, 396.1600).

4.1.28. (¥)4-(4-Fluorobenzyl)-2-naphthalen-2-yl-4H-benzo[1 44ain-3-one §g)

Following the same procedure described3ar and starting fron®b (0.250 g, 0.908 mmol) and 4-

fluorobenzyl bromide (0.206 g, 1.09 mmol), theetilompound was obtained as white solid (0.171 g,
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yield 49%); mp: 117-119 °GH NMR (300 MHz, CDC}) &: 5.08 (d, 1H,) = 16.0 Hz), 5.37 (d, 1H] =
16.0 Hz), 6.02 (s, 1H), 6.85-7.03 (m, 5H), 7.151(d, J = 7.9 Hz), 7.24 (m, 2H), 7.50 (m, 2H), 7.62 (d,
1H,J = 9.0 Hz), 7.77-7.87 (m, 4HJ?’C NMR (75 MHz, CDC}) &: 44.8, 78.6, 115.4, 115.8 (& =
21.6 Hz), 117.9, 122.8, 124.2, 124.4, 126.2, 12624,6, 127.7, 128.2, 128.4, 128.4 Jer = 8.1 Hz),
128.7, 131.8 (dJcr = 3.2 Hz), 132.4, 132.9, 133.3, 144.1, 162.13(d; = 245.9 Hz), 164.8. HRMS
(ESI)m/z384.1395 [M+H] (calcd. for [GsH10FNO,]* 384.1400).

4.1.29. (¥)2-Naphthalen-1-yl-2,3-dihydro-benzo[1,4]oxazin-Jpyienyl-methanonél))

To a cooled (0 °C) solution df0 (0.300 g, 1.15 mmol) and triethylamine (0.233 §02mmol) in dry
DCM (5 mL), a solution of benzoyl chloride (0.242 g72.mmol) in dry DCM(3 mL) was added
dropwise. The resulting reaction mixture was alldwe warm to rt, and stirred under these conditions
for 12 h. Then the reaction mixture was washed with HCI, 1 N NaOH and brine. The organic phase
was dried (NgS0Oy), filtered and concentrated under vacuum. Theduesiwas purified by column
chromatography (Si§) EtOAc/petroleum ether, 40-60 °C, 4.5:0.5 v/v, elgent) to give, after
recrystallization (EtOAai-hexane), the title compound as white solid (0.afsh yield 37%); mp: 138-
140 °C;*H NMR (300 MHz, CDC}) &: 3.68-3.76 (dd, 2H] = 13.5, 8.5 Hz), 4.74 (m, 1H), 6.08 (d, 2H,
J=7.7 Hz), 6.84 (m, 1H), 7.10-7.56 (m, 9H), 7.90 {H,J = 7.7 Hz), 7.81-7.92 (m, 3H}*C NMR

(75 MHz, CDC}) o: 47.9, 75.1, 117.4, 120.2, 122.0, 123.9, 124.6,3,2125.8, 125.9, 126.7, 128.1,
128.4, 129.1, 129.1, 129.8, 130.6, 132.7, 133.74.93146.9, 169.2. HRMS (ES/z 366.1482
[M+H] ™ (calcd. for [GsHoogNO,]*, 366.1494).

4.1.30. (¥)4-Benzenesulfonyl-2-naphthalen-1-yl-3,4-dihydrot#hzo[1,4]oxazinef)

Following the same procedure described %oy and starting froml0 (0.220 g, 0.842 mmol) and
benzenesulfonyl chloride (0.222 g, 1.26 mmol), titte compound was obtained as white solid (0.233
g, yield 69%); mp: 74-76 °CH NMR (300 MHz, CDC}) &: 3.41 (dd, 1H,) = 14.7, 10.3 Hz), 4.59 (d,

1H, J = 14.7 Hz), 5.26 (d, 1H] = 10.1 Hz), 7.07 (m, 2H), 7.20 (m, 1H), 7.48-7(67, 8H), 7.83-7.98
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(m, 5H); **C NMR (75 MHz, CDCJ)) &: 49.5, 71.1, 117.9, 121.2, 122.3, 123.5, 124.2,7,2125.5,
125.9, 126.6, 126.6, 127.5, 129.2, 129.3, 129.6,A.3.32.6, 133.6, 133.7, 139.1, 14HRMS (ESI)
m/z402.1163 [M+H] (calcd. for [G4aH2oNOsS]" 402.1164).

4.1.31. (¥) 7-Fluoro-4-(4-fluorobenzyl)-2-naphthald-yl-3,4-dihydro-2H-benzo[1,4]oxazingj)
Following the same procedure described3ar and starting fromi3a (0.240 g, 0.818 mmol) and 4-
fluorobenzyl bromide (0.186 g, 0.982 mmol), théeettompound was obtained as white solid (0.220 g,
yield 67%); mp: 100-101 °GH NMR (300 MHz, CDCY) &: 5.22-5.34 (m, 2H), 6.43 (s, 1H), 6.61-6.69
(m, 2H), 6.94-6.99 (m, 1H), 7.08 (m, 2H), 7.38 @hl), 7.54-7.64 (m, 2H), 7.90 (m, 2H), 8.26 (d, 1H,
J = 8.2 Hz);**C NMR (75 MHz, CDC}) &: 45.0, 77.5, 105.9 (dic..= 25.9 Hz), 109.3 (djc.r= 22.8
Hz), 115.9 (dJc.r= 9.7 Hz), 115.9 (dJc.r= 21.6 Hz), 124.1, 124.8, 125.2 (.= 3.1 Hz), 126.1 (d,
Jo..= 6.3 Hz), 126.9, 128.8, 128.9, 129.1, 130.1, 13083..4, 131.8 (dlc..= 3.2 Hz), 134.1, 145.2 (d,
Jo.F= 11.9 Hz), 159.0 (dlc./= 244.5 Hz), 162.3 (dlc.~= 247.0 Hz), 164.9. HRMS (ES#)/z402.1303
[M+H]* (calcd. for [GsH1gmNO,]* 402.1306).

4.1.32. (¥) 4-(4-Fluorobenzyl)-7-morpholin-4-yl-zphthalen-1-yl-4H-benzo[1,4]oxazin-3-orik)
Following the same procedure describedSar and starting froni3b (0.230 g, 0.638 mmol) and 4-
fluorobenzyl bromide (0.145 g, 0.767 mmol), théettompound was obtained as white solid (0.206 g,
yield 69%); mp: 155-157 °CH NMR (300 MHz, CDCJ) &: 3.01 (t, 4H,J = 4.8 Hz), 3.78 (t, 4H] =
4.8 Hz), 5.26 (g, 2HJ = 12.5 Hz), 6.38 (s, 1H), 6.49 (m, 2H), 6.94 (H, 1 = 9.0 Hz), 7.06 (t, 2H] =
4.3 Hz), 7.35-7.41 (m, 4H), 7.58 (qt, 2Hz 7.8 Hz), 7.89 (t, 2H] = 8.7 Hz), 8.27 (d, 1H] = 8.2 Hz);
%C NMR (75 MHz, CDCJ) &: 44.7, 49.1, 66.7, 77.6, 105.3, 109.4, 115.8)(d;= 21.6 Hz), 115.3,
121.4,124.2,124.9, 126.0, 126.2, 126.7, 129.04¢~ 11.8 Hz), 129.1, 130.2, 131.5, 132.2J¢¢=
3.2 Hz), 134.2, 145.1, 148.3, 160.6, 163.8, 16HBMS (ESI) m/z 469.1914 [M+H] (calcd. for
[CagH26FN,03] " 469.1927).

4.1.33. (¥)8-Benzyl-6-naphthalen-1-yl-8H-1,3,5-trioxa-8-azdopenta[b]naphthalen-7-onesl)
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Following the same procedure described Say and starting from3c (0.200 g, 0.626 mmol) and
benzyl bromide (0.130 g, 0.760 mmol), the title pownd was obtained as white solid (0.197 g, yield
77%); mp: 174-176 °C:H NMR (300 MHz, CDCY) &: 5.28 (g, 2H,) = 26.2 Hz), 5.84 (d, 2H = 11.9
Hz), 6.34 (s, 1H), 6.41 (s, 1H), 6.61 (s, 1H), 7321 (m, 7H), 7.53-7.64 (m, 2H), 7.89 (t, 2Hs 7.3
Hz), 8.30 (d, 1HJ = 8.3 Hz);**C NMR (75 MHz, CDC}) &: 46.0, 77.7, 97.3, 100.0, 101.4, 122.8,
124.3, 124.8, 126.0, 126.2, 126.7, 127.2, 127.8,9.20129.0, 130.2, 130.3, 131.6, 134.1, 136.3,9,38.
143.1, 143.4, 165.2. HRMS (ESt)/z 410.1385 [M+H] (calcd. for [GeHooNO4]" 410.1392).

4.1.34. (¥ 8-(4-Fluorobenzyl)-6-naphthalen-1-yl-8H-1,3,5-tr&e8-azacyclopenta[b]naphthalen-7-
one ém)

Following the same procedure described3ay and starting froni3c (0.190 g, 0.595 mmol) and 4-
fluorobenzyl bromide (0.135 g, 0.714 mmol), théeettompound was obtained as white solid (0.122 g,
yield 48%); mp: 134-135 °CGH NMR (300 MHz, CDC}J) &: 5.24 (q, 2H,) = 16.4 Hz), 5.85 (d, 2H| =

6.0 Hz), 6.32 (s, 1H), 6.42 (s, 1H), 6.59 (s, THDS (t, 2H,J = 8.5 Hz), 7.39 (m, 4H), 7.58 (qt, 2BI=

7.7 Hz), 7.89 (m, 2H), 8.28 (d, 1H= 8.2 Hz);**C NMR (75 MHz, CDC}) §: 45.3, 77.7, 97.1, 100.1,
101.5, 115.9 (dJc.r= 21.6 Hz), 122.5, 124.2, 124.8, 126.1, 126.1, 1,2629.0, 129.1 (dlc.r= 13.8
Hz), 130.2, 130.3, 131.5, 132.0 @ r= 3.2 Hz), 134.1, 138.9, 143.1, 143.5, 162.2J = 246.1
Hz), 165.2HRMS (ESI) m/z 428.1263 [M+H] (calcd. for [GeH1oFNO4]* 428.1298).

4.1.35. (1) 8-Methyl-6-naphthalen-1-yl-8H-1,3,5exa-8-azacyclopenta[b]naphthalen-7-ortm)
Following the same procedure described 3ay and starting froml3c (0.210 g, 0.658 mmol) and
iodomethane (0.187 g, 1.32 mmol), the title comgbwas obtained as white solid (0.167 g, yield
76%); 171-173 °C*H NMR (300 MHz, CDC}) 5: 3.52 (s, 3H), 5.89 (d, 2H,= 14.3 Hz), 6.27 (s, 1H),
6.41 (s, 1H), 6.64 (s, 1H), 7.34 (m, 2H), 7.52-7(64 2H), 7.87 (t, 2H,) = 8.6 Hz), 8.28 (d, 1H] =

8.4 Hz);°C NMR (75 MHz, CDCJ) &: 29.2, 77.4, 96.5, 100.0, 101.5, 123.6, 124.2,.8.2425.9,
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126.0, 126.7, 128.8, 130.2, 131.6, 134.1, 138.8.24143.3, 165.0HRMS (ESI) m/z 334.1078
[M+H]* (calcd. for [GoH16NO4]* 334.1079).

4.1.36. (1) 8-Ethyl-6-naphthalen-1-yl-8H-1,3,5-txi@-8-azacyclopenta[b]naphthalen-7-or)
Following the same procedure described 3ay and starting froml3c (0.180 g, 0.564 mmol) and
iodoethane (0.176 g, 1.13 mmol), the title compowasd obtained as white solid (0.157 g, yield 80%);
mp: 144-146 °C*H NMR (300 MHz, CDC)) &: 1.44 (t, 3H,J = 7.1 Hz), 4.01-4.22 (m, 2H), 5.88 (d,
2H,J = 16.1 Hz), 6.26 (s, 1H), 6.38 (s, 1H), 6.66 (3),17.27-7.38 (m, 2H), 7.54-7.64 (m, 2H), 7.86 (t,
2H,J = 9.2 Hz), 8.30 (d, 1H] = 8.3 Hz);*3C NMR (75 MHz, CDCJ) &: 12.9, 37.5, 77.1, 96.3, 100.3,
101.5, 122.4, 124.2, 124.8, 125.7, 126.0, 126.8,8.2.30.1, 131.7, 134.1, 138.6, 143.2, 143.2,3.64.
HRMS (ESI)m/z348.1235 [M+H] (calcd. for [GiH1eNO4]* 348.1236).

4.1.37. (¥)8-Benzyl-6-naphthalen-2-yl-8H-1,3,5-trioxa-8-azdopenta[b]naphthalen-7-onebp)
Following the same procedure described 3ay and starting froml3d (0.190 g, 0.595 mmol) and
benzyl bromide (0.122 g, 0.714 mmol), the title pound was obtained as white solid (0.173 g, yield
71%); mp: 130-132 °C*H NMR (300 MHz, CDC})) &: 5.04 (d, 1HJ = 16.1), 5.36 (d, 1HJ = 16.1
Hz), 5.85 (d, 2H, = 16.0 Hz), 5.95 (s, 1H), 6.42 (s, 1H), 6.68 (s),1H26-7.33 (M, 5H), 7.49-7.52
(m, 2H), 7.62 (d, 1HJ = 8.6 Hz), 7.79-7.88 (m, 4H}*C NMR (75 MHz, CDC})) §: 45.9, 78.7, 97.3,
100.1, 101.5, 122.4, 124.3, 126.3, 126.4, 126.6,6.2A27.6, 127.7, 128.2, 128.6, 128.9, 132.2,9.32.
133.3, 136.0, 138.6, 143.0, 143.6, 164.6. HRMS Y E8£410.1363 [M+H] (calcd. for [GeH2oNO4]*
410.1392).

4.1.38. (1) 8-Benzyl-6-phenyl-8H-1,3,5-trioxa-8-ayelopenta[b]naphthalen-7-oné&d)

Following the same procedure described 3ay and starting froml3e (0.150 g, 0.557 mmol) and
benzyl bromide (0.114 g, 0.669 mmol), the title pmund was obtained as white solid (0.154 g, yield
77%); mp: 133-135 °C*H NMR (300 MHz, CDCJ) §: 5.04 (d, 1H,J = 16.1 Hz), 5.29 (d, 1H = 16.1

Hz), 5.78 (s, 1H), 5.87 (d, 2H,= 7.3 Hz), 6.42 (s, 1H), 6.64 (s, 1H), 7.22-7.48 (OH); *C NMR
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(75 MHz, CDC}) &: 45.8, 78.6, 97.3, 100.0, 101.5, 122.2, 126.5,8,2627.5, 128.6, 128.8, 128.9,
134.8, 135.9, 142.9, 143.5, 164.6. HRMS (EBl) 360.1227 [M+H] (calcd. for [GsH1gNO4]*
360.1236).

4.1.39. (3) 8-Methyl-6-phenyl-8H-1,3,5-trioxa-8-a&galopenta[b]naphthalen-7-onén)

Following the same procedure described 3ay and starting froml3e (0.140 g, 0.520 mmol) and
iodomethane (0.148 g, 1.04 mmol), the title comgbwas obtained as white solid (0.112 g, yield
76%); 153-155 °C*H NMR (300 MHz, CDC}) &: 3.40 (s, 3H), 5.66 (s, 1H), 5.93 (d, 2Hs 16.1 Hz),
6.54 (s, 1H), 6.63 (s, 1H), 7.53 (m, 53¢ NMR (75 MHz, CDCJ) &: 29.1, 78.6, 99.6, 99.9, 101.5,
123.1, 126.9, 128.6, 128.7, 135.0, 138.5, 143.3,414164.4. HRMS (ESIjn/z 284.0923 [M+H]
(calcd. for [GeH14aNO4]" 284.0923).

4.1.40. (3) 8-Ethyl-6-phenyl-8H-1,3,5-trioxa-8-azatopenta[b]naphthalen-7-on&g)

Following the same procedure described Sar and starting fromi3e (0.250 g, 0.929 mmol) and
iodoethane (0.290 g, 1.86 mmol), the title compowad obtained as white solid (0.215, yield 78%);
82-84 °C;'H NMR (300 MHz, CDC) &: 1.31 (t, 3H,J = 7.2 Hz), 3.90-4.09 (m, 2H), 5.63 (s, 1H), 5.92
(dd, 2H,J = 9.1, 1.3 Hz), 6.55 (s, 1H), 6.61 (s, 1H), 7.85 bH); **C NMR (75 MHz, CDC}) §: 12.7,
37.2, 78.46, 95.4, 100.2, 101.5, 121.8, 126.9,6,2828.7, 135.0, 138.6, 143.1, 143.3, 163.8. HRMS
(ESI)m/z298.1079 [M+H] (calcd. for [GH1eNO4]* 298.1079).

4.1.41. 3-(p-Tolyl)-1H-indol-2-yl acetatéd)
To a solution of compounti9a (100 mg, 0.45 mmol) in 8 mL of dry DCM 2,6-lutiéir{105uL, 0.90

mmol) was added. Acetyl chloride (f4, 0.90 mmol) was then added dropwise to the smhutiooled

in an ice bath at 0 °C. After stirring at rt for h6the reaction mixture was poured into a beaker
containing ice and brine (8 mL). The aqueous phese extracted with DCM (3 x 10 mL) then the

combined organic phases were dried over anhydrauS@, filtered and concentrated. The crude

product was purified by flash chromatography oicaibel (10% diethyl ether in petroleum ether) to
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give a white solid (yield 10%)H NMR (300 MHz, CDC}) &: 8.95 (b, 1H), 7.78 (d] = 7.0 Hz, 1H),
7.53 (d,J = 8.1 Hz, 2H), 7.37 — 7.05 (m, 5H), 2.42 (s, 3BB4 (s, 3H)*C NMR (75 MHz, CDC)) &:
169.0, 139.5, 136.0, 131.4, 130.1, 129.6 (2), 1£8)7125.4, 122.4, 120.92, 119.6, 111.3, 101.%,21
21.4; ESI-MSm/z287.9 [M+Na]; HRMS (ESI)m/z 288,1002 [M+Na] (calcd. for [G/H1sNNaQ,]"
288,0995).

4.1.42. 3-(Naphthalen-1-yl)-1H-indol-2-yl acetaéb)

Title compound was obtained following the procedrgported for compounfla. The crude product
was purified by flash chromatography on silica (2% EtOAc inn-hexane) to give a white solid
(yield 42%):*H NMR (300 MHz, CDCY) &: 9.04 (b, 1H), 7.99 — 7.85 (m, 3H), 7.64 — 7.58 @H),
7.54 — 7.49 (m, 1H), 7.46 — 7.36 (m, 3H), 7.27](t 7.6 Hz, 1H), 7.14 (t) = 7.5 Hz, 1H), 2.15 (s,
3H); ¥*C NMR (75 MHz, CDCJ) &: 169.2, 140.1, 134.3, 132.7, 131.5, 130.4, 1282B.6, 127.9,
127.1, 126.8, 126.1, 126.0, 125.9, 122.5, 120.0,22111.4, 101.0, 21.2; ESI-M8/z324 [M+Na[,
340 [M+K]"; HRMS (ESI)m/z324,0995 [M+Na] (calcd. for [GoH1sNNaQ,]* 324,0995)

4.1.43. 3-(Naphthalen-1-yl)-1H-indol-2-yl diethytbamate 6c)

Title compound was obtained, following the procedwgported for compoun@a, starting from19b
(100 mg, 0.39 mmol) and using diethylcarbamoyl dbk® (149 uL, 1.17 mmol). The crude product
was purified by flash chromatography on silica 1% EtOAc inn-hexane) to give a white solid
(yield 30%);*H NMR (300 MHz, CDC}) &: 9.50 (s, 1H), 8.01 — 7.84 (m, 3H), 7.67 — 7.35 @),
7.27 — 7.17 (m, 1H), 7.15 — 7.06 (m, 1H), 3.31)g,7.2 Hz, 2H), 3.01 (q] = 14.3, 7.2 Hz, 2H), 1.14
(t, J= 7.1 Hz, 3H), 0.75 (] = 7.1 Hz, 3H)*C NMR (75 MHz, CDC}) &: 153.0, 141.4, 134.3, 132.7,
131.6, 130.9, 128.6, 128.4, 127.4, 127.1, 127.6,9.2125.8, 125.7, 121.8, 120.6, 119.6, 111.3,,99.5
42.7,42.4,13.8, 13.4; ESI-M8/2359.0 [M+H], 381.0 [M+Na]; HRMS (ESI)m/z359,1762 [M+H]
(caled. for [GaH2aN20;] " 359,1754).

4.2. Computational studies
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4.2.1. Ligands preparation

Compounds were built using Maestro (Maestro verSi@y Schrodinger, LLC, New York, NY, 2011).
Energy minimizations were performed by means of fdlodel (MacroModel version 9.9,
Schrodinger, LLC, New York, NY, 2011) using the CB2BA 2005 as force field [53, 54]. The solvent
effects are simulated adopting the analytical Gaimsd-Born/Surface-Area (GB/SA) model [55], and
no cutoff for nonbonded interactions was employBdlak-Ribiere conjugate gradient (PRCG)
technique with 1,000 maximum iterations and 0.00&dignt convergence threshold was used.
Moreover, compounds were submitted to LigPrep appbn (LigPrep version 9.2, Schrédinger, LLC,
New York, NY, 2011) in order to generate the masbgble ionization state at cellular pH value .4
0.2) as reported by us [56, 57].

4.2.2. Protein Preparation

The three-dimensional structures of &K and hGSK-33 enzymes were taken from PDB (entry
1BX4 and 1H8F, respectivelylhe proteins were imported into Schrédinger Maestralecular
modeling environment. Water molecules, ions wermoeed and the resulting structures were
submitted to protein preparation wizard workflowadable in Maestro suite 2011. By using this
protocol, we obtained a reasonable starting straaéi proteins for molecular docking calculatiohs.
particular the protocol included three steps t@:add hydrogen atoms, (2) optimize the orientatbn
hydroxyl groups, Asn, and GIn, and the protonatstate of His, and (3) perform a constrained
refinement by employing impref application (max RMS 0.30). The latter consists of a cycles of
energy minimization based on the impact moleculactmanics engine and on the OPLS_2005 force
field [58, 59].

4.2.3. Molecular docking

4.2.3.1. Induced Fit Docking
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Molecular docking was carried out using the Schr@dr suite 2011 by applying the IFD protocol. This
procedure induces conformational changes in thealifgn site to accommodate the ligand and
exhaustively identify possible binding modes andoamted conformational changes by side-chain
sampling and backbone minimization. The proteing @@ ligands were prepared as reported in the
previous paragraphs. The boxes for docking caliculatvere built from the center of the gorge
selecting the residues F338hAK and R209 inhGSK-33 with default setting. IFD includes protein
side-chain flexibility in a radius of 5.0 A arouttie poses found during the early docking stagdef t
IFD protocol. Complexes within 30.0 kcal/mol of nmmum energy structure were taken forward for
redocking. The Glide redocking stage was perforngd XP (Extra Precision) methods. The
calculations were performed using default IFD pcotgarameters. No constraints were used.

4.2.3.2. Blind docking

Computational investigation by means of blind dagkiechnique was carried out by using AutoDock
employing the Graphical User Interface program AaokTools 4.2 (ADT 4.2) [51, 60]. The protein
(hAK) and both enantiomers of ligan8ll were prepared by means of ADT for generatingsthecture
files for AutoDock in .pdbgt format. ADT assignedlgr hydrogens, Kollman charges, fragmental
volumes and solvation parameters to the proteino®@td software was employed for preparing the
grid map using a grid box. The grid size was s@6a 45 x 69 xyz points with grid spacing of 1 Ada
the grid center was selected at dimensions (x,ng, &: 47.3 x 16.2 x 38.4. By adopting these
parameters the whole protein was considered fobline docking investigation. During the docking
calculation the enzyme was considered as rigid kbgccalculations obl were performed employing
the Lamarckian genetic algorithm (GA) and througlpratocol with an initial population of 150
randomly placed individuals, a maximum number & Bjillion energy evaluations. For the local
search a maximum of 500 GA runs was considered. dduked solutions for theRf-enantiomer

comprised between -7.76 kcal/mol and -5.88 kcal/omoiesponding to an estimated affinity range of
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2.06-50 puM (Figure 4A). While, for th&y-enantiomer, the docked solutions comprised betwée3

kcal/mol and -5.85 kcal/mol corresponding to amesstted affinity range of 1.55-50 uM (Figure 4B).

4.3. Biological evaluation

4.3.1. Enzymes inhibition assays

4.3.1.1. Materials

For biological tests analytical grade reagents wexelusively used. His-taggedGSK-33 was
purchased by Sigma-Aldrich (cat. n° G4296). HiggedyhAK was expressed and purified as
previously described [43]33P}-ATP, 3000 Ci/mmol (10 mCi/mL), and [24]-Adenosine, 29.1
Ci/mmol (1 mCi/mL) were from Hartmann Analytics (@®ny). Phospho-Glycogen Synthase
Peptide-2 (GS-2), YRRAAVPPSPSLSRHSSPHQ(pS)EDEEE machased from Millipore (cat. n°

12-241).

4.3.1.2. Human GSK-3p activity assay

GSK-3B kinase activity was measured, in the presencebseree of the putative inhibitors, as
described by the supplier, Sigma-Aldrich. BrieSK-3B (2.5 ng) was assayed in a reaction mixture
(25 ul) containing final concentrations of: 10 mMORS pH 7.2; 0.2 mM EDTA; 0.5 mM EGTA, 2
mM MgCly; 0.25 mM DTT; 50 ng/pl BSA, 1% (v/v) DMSO, 10 pNfPly-ATP (75 Ci/mmol) and 13
MM GS-2 peptide substrate. The GS-2 peptide sequencimilar to skeletal muscle glycogen
synthase. Following 15 min incubation at 30 °C, thaction was stopped by spotting 10 ul of the
incubated mixture onto P30 96-square glass filler f{Filtermat, Wallac). The filter was rinsed dkr
times (10 min each) in 0.43% phosphoric acid soiytin order to remove unreactedF]-ATP and
finally in aceton. The filter was dried, melt-onirddlator sheets (MeltiLex A, Perkin Elmer) and
labeled GS-2 peptide trapped on filter was quadiby Microbeta Trilux (Perkin Elmer) luminometer,

according to the manufacturer’s protocol.
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When putative inhibitors were evaluated, five carcations of each compound (dissolved at 10 mM in
100% DMSO) were tested in triplicate, at 1% findM®O concentration in the assay. DMSO at 1%

had no effect ohGSK-33 activity (data not shown).

4.3.1.3 Human AK activity assay

hAK was assayed in 1pL of a mixture containing 64 mM Tris-HCI pH 7.5, 46M KCI, 0.1 mM
MgCl,, 0.1 mM ATP, and 1M [2,8-*H]-Adenosine. After 20 min at 37 °C the reactionsvetopped
by spotting 1QuL of the incubated mixture onto DEAE 96-square gjlfilser filter (DEAE Filtermat,
Wallac). The filter was rinsed three times (5 mael® in 1 mM ammonium formate, pH 3.6, in order
to remove unconverted nucleoside, and finally mapbl. The filter was dried and radioactivity cceoht

as above described.

When putative inhibitors were evaluated, five cariaions of each compound (dissolved at 10 mM in
100% DMSO) were tested in triplicate, at 1% findBO concentration in the assay. DMSO at 1%

had no effect ohAK activity (data not shown).

4.3.2. Cytotoxicity and antioxidant evaluation

4.3.2.1. Cells preparation and neuronal differentiation

To better establish the optimal density to grow IBRcells, we have seeded IMR 32 in 96-wells plate
at different density: 10,000; 15,000; 20,000; 50;Q00,000; 200,000 cells/well.

Regarding the neuronal differentiation, IMR 32 sellere seeded at the density of 25,000 cells/well i
96-wells plate and treatezlery two days with EMEM medium supplemented wiff4lfetal bovine
serum and with BrdU 1QM. After 12 days BrdU treatment results in neugtéension as visible in
Figure S8.

4.3.2.2. Cdllstreatments
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The different formulations4( 5c,| and6b) were dissolved in DMSO as stock solutions at fthal
concentration of 10 mM. Stock solutions were thdateld with cell culture medium, EMEM with
Earle’s Balanced Salt Solution, in order to obt@mintermediate dose solution (1081), which was
used for the serial dilution as follows: 51, 10 uM, 5 uM, 1 uM, 0.5 uM and 0.1uM for each
substance. Control vehicle was represented by Dx®Ging from 0.5% to 0.001%.

4.3.2.3. Cytotoxicity determination

As mentioned above, IMR 32 cells were seeded 100;80s/well in 96-wells plate and were grown to
confluence, then were treated with the mentiondastances in EMEM medium supplemented with
10% fetal bovine serum. The effects on cellular photogy were checked after 24 h as shown in
Figure S5. Cytotoxicity was determined by LDH relean the media, measured by enzymatic assay: in
the first step NAD is reduced to NADH/Hby LDH-catalyzed conversion of lactate to pyruyantethe
second step the catalyst (diaphorase) transfers” Kttin NADH/H™ to tetrazolium salt which is
reduced to formazan. For total release of intratallLDH (positive control of 100% cell death), IMR
32 were treated with 1% Triton X-100, accordingthe manufacturer’s instructions. The amount of
LDH in the supernatant was determined and caladilatezording to kit instructions. The amount of
LDH release in each sample was determined by miegsutine absorbance at 490 nm using a
microplate spectrophotometer. All tests were penfat at least in triplicate. The absorbance measured
from three wells was averaged, and the percentafPld released was calculated as arbitrary unit of
change relative to 1% Triton X-100 treated cells.

4.3.2.4. DCFDA determination

IMR 32 cells were seeded 100,000 cells/well im@@lls plate and were grown to confluence, then
were treated with the substances of interest in EMBedium supplemented with 10% fetal bovine
serum. After 24 h from the seeding cells were &@dor 24 h with the 4 different compounds bc,|

and6) at the 3 chosen doses (@)¥; 0,5uM; 1 uM). Then, after 24 h from the treatment, IMR 32<el



50

were incubated with mM DCF per 30 min; then washed two times and treatéd H,O, at the
concentration of 5QM for 1 h.

For neuronal differentiation, IMR 32 cells were de@ 25,000 cells/well in 96-wells plate and treated
for 12 days with BrdU. After 12 days from the seeylithe resulting neuronal cells were treated for 2
h with the 4 different compound§,(5c,land6) at the 3 chosen doses (@¥; 0,5 uM; 1 uM). Then,
neuronal cells were incubated withusl DCF for 30 min, washed two times with PBS andctieel with

50 uM H,0; for 1 h.

After H,O, treatment, ROS levels were detected by measun@dCF fluorescence at 495 nm and
529 nm using a microplate reader. All tests werdopmed at least in triplicate. The fluorescence
measured from three wells was averaged, and tlreempage of DCF into the cells was calculated as
arbitrary unit of change relative to untreated selfhe determination was carried out in the same

manner for both undifferentiated and neuronal cells
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Highlights

-Rational design and synthesis of the first dual hAK/hGSK-3 inhibitors

-Biological studies highlighted a strong antioxidant profile for the synthesized compounds
-Tested compounds did not show any cytotoxic effect as determined by LDH release

-5l isapotential therapeutic agent for neurodegenerative diseases with a novel mode of action



