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Recently, glycogen synthase kinase-3p (GSK-3f) has been considered as a critical factor implicated in Alzheimer’s
disease (AD). In a previous work, a 3D pharmacophore model for GSK-3p inhibitors was created and the results
suggested that derivative ZINC67773573, VIII, may provide a promising lead for developing novel GSK-3p in-
hibitors for the AD’s treatment. Consequently, in this work, novel series of quinolin-2-one derivatives were
synthesized and assessed for their GSK-3p inhibitory properties. In vitro screening identified three compounds:
7¢, 7e and 7f as promising GSK-3p inhibitors. Compounds 7¢, 7e and 7f were found to exhibit superior inhibitory
effect on GSK-3p with ICso value ranges between 4.68 + 0.59 to 8.27 + 0.60 nM compared to that of staur-
osporine (ICsop = 6.12 + 0.74 nM). Considerably, compounds 7¢, 7e and 7f effectively lowered tau hyper-
phosphorylated aggregates and proving their safety towards the SH-SY5Y and THLE2 normal cell lines. The most
promising compound 7c alleviated cognitive impairments in the scopolamine-induced model in mice. Compound
7c¢’s activity profile, while not highly selective, may provide a starting point and valuable insights into the design
of multi-target inhibitors. According to the ADME prediction results, compounds 7¢, 7e and 7f followed Lip-
inski’s rule of five and could almost permeate through the BBB. Molecular docking simulations showed that these
compounds are well accommodated in the ATP binding site interacting by its quinoline-2-one ring through
hydrogen bonding with the key amino acids Asp133 and Val135 at the hinge region. The findings of this study
suggested that these new compounds may have potential as anti-AD drugs targeting GSK-3p.

1. Introduction

Alzheimer’s disease (AD) is an aging-related complex chronic
neurodegenerative disorder whose mysterious pathophysiology is not
fully understood [1]. Around 50 million patients worldwide experience
this ailment and, by 2050, it is projected to be more than tripled, placing
a significant financial and health burden on both patients and health
care systems [2]. Despite its intricacy, numerous hypotheses have been
put out to explain its pathophysiology, including the tau protein
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hypothesis, the cholinergic theory, amyloid-p (Af) protein hypothesis
and others [3]. Galantamine, donepezil, rivastigmine and memantine
are the only FDA approved drugs for AD, however, all of them are pri-
marily used as palliative care and cannot prevent or reverse AD pa-
thology [4]. As a result, the development of disease modifying
therapeutics targeting tauopathy or Ap deposition is an urgent need [5].

Tau is the binding protein responsible for microtubule construction
and stabilization in the normal physiological state. The hyper-
phosphorylation of tau protein makes it incapable of connecting with
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microtubules. Consequently, the dissociated tau protein self-
accumulates and clumps in neurons as toxic neurofibrillary tangles
(NFTs), resulting in neuronal death [6,7]. This pathogenic process is
hypothesized to be triggered by the dysregulation and mutations in the
kinases and phosphatases that interact with tau protein [8].

Kinases are essential enzymes for many vital cell processes, and their
dysregulation is considered the primary player in initiating numerous
human ailments, including immunological and neurological diseases
aside from oncologic-related ones [9]. Glycogen synthase kinase-3f
(GSK-3p) has been found to be a crucial protein kinase in the hyper-
phosphorylation and the pathological accumulation of tau protein [10].
Thus, GSK-3f has been proposed as a promising target for neurode-
generative disorders amongst other diseases [11]. According to the
“dual pathway” theory, GSK-3p has been proven to strongly promote the
excessive production of Af and hyperphosphorylation of tau protein, the
key AD neuropathological hallmarks [12]. Besides, aberrant GSK-3f
activity is coupled with neuroinflammation and oxidative stress [13].
Accordingly, GSK-3p is engaged in almost all AD’s pathological path-
ways (Fig. 1). As a result, recent research has focused on GSK-3p inhi-
bition, as an effective strategy for treating AD [13].

Nowadays, kinase inhibitors account for 25 % of all ongoing drug
discovery research in the pharmaceutical sector [14]. However, clinical
trials for ATP competitive inhibitors have frequently failed due to the
striking similarities of their targeted ATP pockets what increases the risk
of off-target toxicities [15,16]. Owing to the therapeutic significance of
kinase inhibitors, several approaches were necessary to surmount kinase
drug selectivity hurdle and provide more potent targeted treatments
[17]. New promising approaches are to target the inactive conformation
of kinases and interacts with their unphosphorylated catalytic site (type
II inhibitors) or to design kinase inhibitors with the ability to bind
outside the catalytic domain/ATP-binding site and regulate kinase ac-
tivity by an allosteric mechanism (type III allosteric inhibitors) [18]. For
instance, tideglusib is an irreversible allosteric non-ATP competitive
GSK-3p inhibitor. Nevertheless, tideglusib did not meet the main end
goals in AD patients and phase II clinical trials for tideglusib were dis-
continued as anti-Alzheimer’s medication. Till now, none of the inves-
tigated GSK-3p inhibitors reached the market, thus there is a tremendous
interest in finding appropriate GSK-3p inhibitors for therapeutic appli-
cation as Anti-Alzheimer’s disease agents [19].

Quinolines and quinolones are heterocyclic privileged scaffolds that
typically function as structural building blocks for several complex
natural products [20]. Furthermore, they demonstrated several biolog-
ical and pharmacological effects including anti-Alzheimer activity [21].
Clinical trials have shown that the 8-hydroxyquinoline derivatives,
clioquinol I and PBT2 II (Fig. 2), are strong metal chelators that
significantly improved cognition by lowering the levels of Ap in cere-
brospinal fluid (CSF) [22,23]. Recent studies have demonstrated that the
quinolin-2(1H)-one derivatives III and IV act as multitargeted agents
exhibiting ROS scavenging ability besides their strong cholinesterase
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inhibitory activities [24]. Moreover, 2-heptyl-3-hydroxyquinol-4(1H)-
one derivative V protected neurons from glutamate-induced death in
HT22 cells by preventing cellular Ca?* uptake and glutamate-triggered
ROS generation [25]. The pyrazolo[3,2-c]quinol-4(5H)-one derivative
VI improved Alzheimer’s disease-related cognitive impairment through
its Phosphodiesterase 9A (PDE9A) inhibitory action [26]. Additionally,
the FDA approved quinolin-2(1H)-one derivative, brexipiprazole VII, is
a serotonin-dopamine modulator that controls non-cognitive psycho-
logical symptoms associated with Alzheimer’s disease dementia [27].
Furthermore, the 2-quinolone derivative ZINC67773573 (VIII) (Fig. 2)
was computationally identified as a promising lead compound for
developing novel GSK-3p inhibitors for AD treatment [28].
ZINC67773573 (VIII) displayed a promising predicted binding pattern
and binding affinity in molecular docking simulations as it perfectly
fitted in the hinge region interacting with the essential amino acids
Vall35 and Asp133 (Fig. 3). This binding pattern directs the hydro-
phobic isoindole ring at position 3 towards the hydrophobic side chains
of the amino acids Ile62, Val70, Pro136, and Leul88 [28] (Fig. 3).

The natural isatin derivative, indirubin (IX) (Fig. 4), is the key
ingredient of the traditional Chinese, Dang Gui Long Hui Wan, medicinal
remedy that is used for chronic myelocytic leukemia (CML) treatment
through GSK-3p and CDK2 inhibition [29-32]. Furthermore, indirubin
and its derivatives were found to inhibit GSK-3p and further abnormal
tau phosphorylation in AD as ATP competitive inhibitors [33]. Indir-
ubins’ isatin ring is accommodated in the hinge region of the GSK-3p
binding site interacting via its carbonyl and NH moieties by hydrogen
bonding with the essential amino acids Val135 and Asp133, respectively
[32,33].

In light of the previous facts, in the current research, we used the
promising hit compound ZINC67773573 (VIII) as a starting point for the
design of novel series of quinolin-2-one derivatives that preserve the
essential pharmacophoric requirements for GSK-3p inhibition (Fig. 4).
Three design strategies have been adapted in the current work to boost
GSK-3p binding and thereby amplify the inhibitory effect. The first
strategy involved the hybridization between the hit compound
ZINC67773573 (VIII) quinolin-2-one nucleus and indirubin isatin (IX)
ring to give series (9a-c). Furthermore, ring variation of the isatin
moiety with 1H-pyrrol-2,5-dione 11 and pyrrolidin-2-one 13 was car-
ried out (Fig. 4). Based on the reported importance of the polar region in
GSK-3p binding pocket, as fragments accessing and bind to this region
enhance potency [34], the second strategy involved replacing the iso-
indole moiety in the hit compound ZINC67773573 (VIII) with a hy-
drophilic tail extending towards this key polar region giving series (7a-f)
(Fig. 4). The third strategy involved the structure rigidification of the hit
compound ZINC67773573 (VIII) through structural fusion of the
quinolin-2-one nucleus with the CNS privileged scaffold diazepine het-
erocycle giving series (15a-h) (Fig. 4) [35].

The designed compounds were synthesized and assessed in vitro for
their GSK-3p inhibitory activity. The mechanism of enzyme inhibition
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Fig.1. The role of GSK-3 in the development and progression of Alzheimer’s disease.
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Fig.2. Structures of some anti-Alzheimer’s disease compounds with quinoline and quinolone scaffolds.
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Fig.3. 2D diagrammatic representation of the binding pattern of compound
ZINC67773573 (VIII) in GSK-3p kinase domain [28].

for the most potent compound was studied using kinetic analysis.
Furthermore, the compound’s safety was studied through testing its
hepatoma and neuroblastoma cellular toxicity. To test its effect on AD
hallmarks, the most potent compounds were tested for their ability to
reduce tau hyperphosphorylated aggregates. Finally, in vivo neuro-
behavioral effect of the most potent compound in mice was assessed.
Additionally, Molecular docking simulations were performed to inspect
the binding pattern of the most potent derivatives with the target kinase,
furthermore, in silico prediction for BBB permeation and pharmacoki-
netic properties was carried out.

2. 2-Results and discussion
2.1. Chemistry

A new series of quinolin-2-one derivatives were prepared using 4-
hydrazinoquinolin-2(1H)-one 5. Synthesis of the key intermediate 5 was
achieved via a three-step procedure as outlined in Scheme 1. The first
step of the reaction sequence involved one-pot synthesis of 2,4-dichlor-
oquinoline 3 in 92 % yield via a cyclocondensation reaction between
aniline 1 and malonic acid 2 in the presence of excess of phosphoryl
chloride under reflux for 24 h according to the modified procedures
described by Mohan [36]. The second step involved regioselective
oxidation of 2,4-dichloroquinoline 3 at position-2 via treatment with 6
N HCl in dioxane [37,38] to produce 4-chloro-2-oxo-quinoline 4 in good
yield of 85 %. In the last step, the chloro-product 4 was treated with
excess hydrazine hydrate in ethanol [39,40] under reflux for 6 h, thus
giving rise to the desired 4-hydrazineylquinolin-2(1H)-one 5 in 70 %
yield.

Subsequently, the hydrazide 5 was used to synthesize diverse func-
tionalized quinolin-2-one derivatives through reactions with different
electrophilic reagents (Schemes 2 & 3). Thus, condensation of hydrazide
5 with the appropriate aromatic aldehydes 6a-f in absolute ethanol and
in the presence of five drops of glacial acetic acid as catalyst produced
the corresponding hydrazones 7a-f in reasonable yields (>81 %) as
single stereoisomers as evidenced by thin layer chromatographic ana-
lyses and NMR spectroscopic data. The 'HNMR spectra of these hydra-
zones lacked the signal due to NH; group of the starting material which
resonated at 5y = 8.17 ppm and showed a one proton signal at 5y values
spanning from 8.23 to 8.73 ppm attributable to azomethine proton (CH
= N-), and two singlet signals at chemical shift values within the range of
10.62-10.82 ppm and of 11.01-11.19 ppm exchangeable with D50,
attributable to N-NH and CO-NH protons, respectively. Moreover, the
methoxy groups of derivatives 7a-d and 7f appeared at 5y values within
the range of 3.71-3.88 ppm. The 13CNMR spectra indicated the presence
of azomethine carbons at ¢ ranging from 144.78 to 148.96 ppm.

Likewise, the reaction of hydrazide 5 with 1H-indole-2,3-dione 8a
and its 6-bromo and 6-chloro homologs 8b and 8c, respectively, pro-
duced the corresponding hydrazones 9a-c as single products. Thus, the
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Scheme.1. Reagents and conditions: (i) POCls, reflux 24 h, (ii) 1,4-dioxane,

'HNMR spectra indicated the presence of three NH groups resonating at
6y values within the ranges of 11.35-11.45, 11.45-11.48 and
13.34-13.38 ppm. The 3CNMR spectra showed two amidic carbonyl
carbons within the ranges of §c = 162.68-162.74 and 163.80-168.5
ppm.

Theoretically, products 7a-f and 9a-c may exist as Z or E stereoiso-
mers or as a mixture of the two isomers depending on the compounds
structures and reaction conditions, which can be thermodynamically or
kinetically controlled.

Considering compounds 7a-f the geometry around the (HC = N-)
bond was assigned as E-configuration (Fig. 5) based on the reported data
by Wardell and co-workers [41], which indicated that the hydrazones of
4-hydrazinoquinoline adapted an E configuration about HC = N in their
crystal structures with the amine-H atom is directed towards the quin-
oline residue. In addition to, a previous study [42] supported by X-ray
crystallographic analysis showed that the azomethine protons were
detected at &y values within the range of 7.46-8.80 for E-isomers.
Furthermore, the CH = hydrazonic carbon atoms were observed at 13C
NMR chemical shift values within the range of 139.79-144.78, which
are in accordance with the values reported (141.62-148.96 ppm) for
similar type of E-hydrazones [43] whereas this carbon in Z-isomers
occurred upfield (¢ around 136 ppm) [44] Moreover, energy

6 N HCI, reflux 36 h, (iii) 99 % NH,-NH,, absolute EtOH, reflux 6 h.

minimization calculations for the two possible geometrical isomers (E
and Z) for these Schiff bases indicated the relative higher stabilities of
the E-isomers as compared to their Z-counterparts (Supplementary
Table S5.2), which may suffer from undesirable steric interactions be-
tween phenyl proton at o-position and NH proton (Fig. 5).

As regard to stereochemical assignment of the C=N geometry in
derivatives 9a-c, the following facts and observations have to be
considered. First, previous thereortical and experimental studies showed
that under thermodynamic conditions (heat treatment), the arylhy-
drazones of isatin exist most always in the more stablized Z-forms, which
are capable of forming an intramolecular hydrogen bond [45,46] be-
tween hydrazide hydrogen and lactam oxygen of oxoindole ring
[N—H—O=C] (Fig. 5), whereas the E-isomers, which are formed at
20 °C were considered the less stablesized isomers since they couldn’t
form such H-bonding interaction. Second, the geometric Z-E isomeri-
zation around C—=N double bond in isatin hydrazones occurs only via a
photochemical reaction [47] and the less stabilized E-structures slowly
thermally isomerized back to the more preferred Z-isomers [48].

In this study the products were obtained after heating for 6 h and
inspection of their 'HNMR spectra indicated a downfield shift in the
chemical shift value of the signal related to the hydrazide-NH proton
from 8.17 ppm to higher Sy values of 13.80, 13.35, 13.34 ppm,
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Scheme.2. Reagents and conditions: (i) Absolute ethanol, 5 drops of glacial acetic acid, reflux 24-48 h, filtration; (ii) Anhydrous sodium acetate, glacial acetic acid,

reflux 24 h.

respectively, indicating a deshielding effect, which could be attributed
to its participation in H-bonding intercation with oxoindole’s carbonyl
group. These recorded 'H NMR shift values are consistent with those
reported for a comparable kind of an isatin derived-Z-Sciff base (13.95
ppm) [45].

Consequently, products 9a—c were assigned the Z-configuration. This
assignment is corborated by energy minimization calculations, which
indicated the higher energies of E-isomers compared to their counter-
parts Z-isomers (Supplementary Table S5.2). The higher energies of E-
isomers could be attributed to the existence of the destabilizing steric
hindrance between 4-H-oxoindole ring and NH-hyrdazide, and this
makes it possible to exculde E-strcuture from consideration (Fig. 5).

Thereafter, the synthesis of hybrid quinolinone-pyrrolidindione de-
rivatives including 2-[(2-oxo-1,2-dihydroquinolin-4-yl)amino]isoindo-
line-1,3-dione 11 and 1-[(2-0x0-1,2-dihydroquinolin-4-yl)amino]
pyrrolidine-2,5-dione 13 were readily achieved by heating under
reflux a mixture of hydrazide 5 with phthalic anhydride 10 or succinic
anhydride 12 in acetic acid containing sodium acetate for 24 h. Mech-
anistically, these reactions involved ring opening via nucleophilic attack
by the hydrazinyl amino group on one of the carbonyl groups to produce
monoamide mono acid intermediates A & B (Fig. 6), which then un-
derwent intramolecular cyclization thereby furnishing the pyrroli-
dindione derivatives 11 and 13, as evident from their 'HNMR spectra,
which exhibited only two singlet signals attributable to two NH groups
resonating at 6y values of 9.64 and 11.21 ppm for derivative 11 and at

9.37 and 11.13 for derivative 13. Furthermore, 3C NMR spectra
confirmed the formation of the symmetric pyrrolidine-2,5-dione rings by
displaying the characteristic carbon resonances at § = 166.10 and
174.40 ppm assignable to the two equivalent dione carbons in com-
pounds 11 and 13, respectively.

Last, the potassium carbonate mediated reaction of hydrazide 5 with
various chalcone derivatives 14a-h in absolute methanol (Scheme 3)
afforded 3,5-diaryl-1,4,5,7-tetrahydro-6H-[1,2]diazepino[4,3-c]quino-
lin-6-one derivatives 15a-h instead of the expected pyrazoline de-
rivatives 16a-h as evident from their spectroscopic data and the X-ray
crystallographic analysis of derivative 15¢ (Fig. 7 and Supplementary
Tables S5.3). The exclusion of pyrazoline derivatives was based on the
presence of two NH signals resonating within the chemical shift ranges
0f 10.17-10.37 and 11.22-11.30 ppm. Furthermore, the 'HNMR spectra
of compounds 15a-h lacked the signal due to olefinic proton at chemical
shift of 5.72 ppm of the starting hydrazide 5 and they indicated the
nonequivalence of the two geminal protons (Hx & Hg) at C* in the
diazepine ring due to the creation of a new stereogenic center at C° of
diazepine ring. Thus, one of these diastereotopic protons (Hp) at 5y =
3.60-3.65 ppm exhibited a typical ABX spin system with the charac-
teristic multiplicity pattern of doublet of doublet due to geminal
coupling with Hg (at 5y = 3.03-3.10 ppm) with coupling constant 2J,5
values within the range of 13.7—14.2 Hz and the vicinal coupling with
Hy (at 6y = 5.06—5.15 ppm) with coupling constant 3Jxx values within
the range of 5.8-6.1 Hz for compounds 15a-d, while for derivatives 15e-
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h, the signal due to Hy is overlapped with the methoxy signals. However,
the second diastereotopic proton (Hg) showed only the geminal coupling
(?J 12.5-14.0 Hz). Moreover, the 1I3CcNMR spectra showed the methy-
lene and the methine groups at §¢ ranges of 41.84-42.91 and
37.91-38.32 ppm in order.

The plausible mechanism for the formation of diazepine derivatives
15a-h is depicted in Fig. 8. This mechanism could be rationalized in
terms of chemical reactivity of 4-hydrazineylquinolin-2(1H)-one 5, in
which the third position in the 2(1H)-quinolone ring is highly activated,
because of the influence of the hydrazinyl group with electron-donating
properties and the electron-withdrawing effects of the carbonyl oxygen
atom at the position-2. Therefore, the mechanism started by tautome-
rization of compound 5 to its tautomeric form 5’, followed by proton loss
to produce the stabilized anionic species A [49]. Due to the Michael
acceptor activity of the a, p-unsaturated carbonyl system under basic
catalysis [50], the IT-nucleophilic carbon C2 attacked the electron-defi-
cient-B-carbon of the chalcone molecule, thereby generating the enolate
B. A proton transfer to B released the less stable enol form C, which in
turn underwent tautomerization to liberate the Michael addition adduct
D. Ring closure took place via intramolecular nucleophilic attack by the
primary nitrogen onto the carbonyl group through 7-endo-trig-cycliza-
tion to give the cyclized structure E, which upon losing a water molecule
produced diazaepino compounds having structure F, which tauto-
merized to the final products 15a-h. Thus, this regioselective cyclization
reaction between 4-hydrazineylquinolin-2(1H)-one or its derivatives
with various chalcones can be considered an interesting route for the
synthesis of the novel class of [1,2]diazepino[4,3-c]quinoline-6-one
derivatives similar to 15a-h.

Spectroscopic data and X- ray characterization of compound 15c.

Bioorganic Chemistry 146 (2024) 107324

The reaction of 4-hydrazinylquinolone with 4-chlorochalcone in
refluxing MeOH and in the presence of anhydrous potassium carbonate,
afforded a single product 15¢. The 'H NMR spectrum exhibited two D0
exchangeable signals of 2NH groups at chemical shift values 6y 10.36
and 11.28 ppm in addition to three signals of ABX system around &y
3.08, 3.65 and 5.15 ppm. The two sp® carbons of the latter system
appeared near &, 37.97 and 42.77 ppm in its 13C NMR spectrum due to
methylene CHyHp and methine CHy, respectively. These spectroscopic
data of the reaction product and its satisfactory H, C, N elemental
analysis supported the diazepine structure 15¢ rather than the pyrazo-
line structure 16c as postulated in Scheme 3. Undoubtedly, X-ray
diffraction of 15¢ (Fig. 7) confirmed the construction of the diazepine
ring and ruled out the formation of its structural isomeric pyrazoline
ring. Characteristic bond lengths of diazepine 15¢ and the torsion angles
of its essential bonds are listed in Supplementary Tables S5.3.

2.2. Biological assay

2.2.1. In vitro GSK-3p inhibition and SAR evaluation

Using pan-kinase inhibitor, staurosporine, as a reference standard,
the synthesized compounds’ ability to inhibit GSK-3p was assessed
applying ATP-Glo assay technique [51]. As depicted in Table 1, except
for compounds 9b and 15 g, most compounds had outstanding inhibi-
tory behavior at the nanomolar level. Compounds 7¢, 7e, 7f, 15a and
15d demonstrated excellent inhibitory performance (ICso ranging be-
tween 4.68 + 0.59 to 10.92 + 0.74 nM) compared with the reference
drug staurosporine (ICsp = 6.12 + 0.74 nM). Compound 7c, in partic-
ular, was found to exhibit superior inhibitory effect on GSK-3p with ICsq
value of 4.68 + 0.59 nM compared to that of staurosporine (ICsg = 6.12
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E. Abdo Moustafa et al.

Table 1
GSK-3p inhibitory activity (ICso in nM) values of 7a-f, 9a-c, 11, 13 and 15a-h
and staurosporine.

Compound R R Ry R3 1Cso (nM) Relative
+ SD potency %

7a OMe H OMe H 13.98 + 36.04 %
0.79

7b OMe H H OMe 21.31 + 28.72 %
0.51

7c H OMe OMe H 4.68 + 130.77 %
0.59*

7d H OMe OMe OMe 3282+ 18.65 %
0.86

7e H H OH H 7.38 + 82.93 %
0.91*

7f H OMe OH H 8.27 + 74.00 %
0.60*

9a H — — — 12.88 + 47.52 %
0.63

9b Cl - - - 60.30 £ 10.15 %
2.41

9c Br - - - 29.65 + 20.64 %
0.85

15a H H - - 10.65 + 57.46 %
0.73

15b OMe H - - 27.89 + 21.94 %
0.76

15¢ Cl H - - 14.35 + 42.65 %
0.52

15d Br H - - 10.92 + 56.04 %
0.74

15e H OMe - - 22.39 + 27.33 %
0.81

15f OMe OMe — - 23.62 + 25.71 %
1.71

15¢g Cl OMe — - 95.60 + 6.40 %
3.12

15h Br OMe — - 15.80 + 38.73 %
0.84

11 - - - - 1117 + 54.79 %
0.70

13 - - - - 13.41 + 45.63 %
0.85

Staurosporine 6.12 +0.74

* P < 0.05 for non-significant difference from staurosporine. - Results are the
mean values of three separate determinations + SD.

+ 0.74 nM). The structure-activity relationship regarding the three
types of targeted structures revealed the following trend: the quinoline-
2-one derivatives 7a-f which were grafted by a hydrophilic tail with
polar functionalities, demonstrated noticeably strong inhibitory effect
against GSK-3p except for compounds 7b and 7d (ICso = 21.31 + 0.51
and 32.82 + 0.86 nM, respectively). With an ICsq value of 4.68 + 0.59
nM, compound 7c¢ demonstrated the most promising GSK-3p inhibitory
activity. Moreover, both compounds 7e (IC5gp = 7.38 + 0.91 nM) and 7f
(ICsp = 8.27 + 0.60 nM) exhibited comparable GSK-3p inhibitory ac-
tivity with reference compound staurosporine (ICsy = 6.12 + 0.74 nM).
On the other hand, compound 7d (ICso = 32.82 + 0.86 nM) showed an
obvious decrease in the activity that may be attributed to the bulkiness
and steric hinderance of the trimethoxy substitution.

It was noteworthy that compounds with 1H-pyrrol-2,5-dione
warhead as in 11 and 13 (ICs¢o = 11.17 4+ 0.70 and 13.41 + 0.85 nM,
respectively) or unsubstituted pyrrolidin-2-one warhead as 9a (ICsg =
12.88 + 0.63 nM) revealed excellent inhibitory activity. However, in-
crease in the lipophilicity of pyrrolidin-2-one warheads by Cl substitu-
tion as in 9b (IC50 = 60.30 + 2.41 nM) or by Br substitution in 9¢ (ICsq
= 29.65 + 0.85 nM), resulted in a decrease of the enzyme inhibitory
action.

Regarding diazepino[4,3-c]quinolin-6-one structures, 15a-h (ICsg
ranging from 10.65 + 0.73 to 27.89 + 0.76 nM), all the compounds
revealed good to moderate inhibitory action against GSK-3f apart from
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15 g (IC59 = 95.60 + 3.12 nM) that showed an unanticipated dramatic
decline in the activity. The substitution on either of the two phenyl rings
exhibited a significant impact on activity. In general, unsubstituted
phenyl groups as in 15a (IC5p = 10.65 + 0.73 nM) or substitution of
either two rings with electron withdrawing groups as in 15¢ (ICsy =
14.35 + 0.52 nM) and 15d (IC5p = 10.92 + 0.74 nM) showed improved
activity compared with substitution with electron donating groups as in
15b and 15e (ICsp = 27.89 + 0.76 and 22.39 + 0.81 nM, respectively)
or substitution on both rings as in 15f, 15d and 15 h (ICso = 23.62 +
1.71, 95.60 + 3.12 and 15.80 + 0.84 nM, respectively). In general, the
GSK-3p inhibitory activity of 7c¢ was the greatest. As a result, 7c was
selected for further investigations.

2.2.2. Protein tau phosphorylation inhibition

As previously mentioned, the build-up of hyperphosphorylated tau
leads to the formation of NFTs with subsequent neuronal death. Using a
homogeneous time resolved fluorescence (HTRF) assay method [52,53],
the phosphorylation status of tau and inhibitory effect of 7¢, 7e and 7f
were assessed at the cellular level. The selective protein phosphatase 2A
inhibitor, okadaic acid (OA), causes tau hyperphosphorylation, oligo-
merization and is widely employed in cell-based models of tauopathy. As
a result, we assess the compound’s anti-AD potential using an OA-
induced neurotoxicity cell model. Tau aggregates levels are expressed
in terms of Delta F% and Signal 665/620. As shown in Fig. 9, the
decreased Delta F% and Signal 665/620 ratio are associated with
reduced aggregated tau load implying that compounds’ 7¢, 7e and 7f
administration considerably reduced aggregated tau.

2.2.3. Cytotoxicity bioassay

To verify that the examined compounds are devoid of cytotoxicity,
the toxicity induced by certain chemical substances on the human liver
or brain cells are investigated. So, the cell viability was then measured
using the MTT test [54] before performing in vivo testing to assess the
safety of compounds 7c, 7e and 7f. The results demonstrated com-
pounds’ 7c, 7e and 7f low cytotoxicity against healthy human hepatic
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(THLEZ2) (ICs5¢ ranges between 48.463 + 2.15 and 74.03 + 4.27 pM) and
neuroblastoma (SHSY5Y) (ICso ranges between 19.42 + 1.21 and 51.65
+ 2.17 uM) cell lines when compared to staurosporine (IC5y = 22.18 +
1.47 and 12.983 + 0.77 uM, respectively) as illustrated in Fig. 10.

2.2.4. Kinetic study of GSK-3f inhibition

In order to explore the binding mechanism of the synthesized com-
pounds with GSK-3p binding site, the most effective inhibitor 7c was
chosen for kinetic analysis. As shown in Fig. 11, The reciprocal
Lineweaver-Burk plot exhibited rising slopes and the same Y-intercepts
as inhibitor concentration increased. This pattern suggested that com-
pound 7c functioned as a competitive inhibitor of GSK-3f enzyme.

2.2.5. Selectivity profiling of 7c

To assess the selectivity profile for the herein-reported target mole-
cules towards GSK-3p, the most promising quinolinone-based compound
7c was evaluated at a concentration of 10 pM for its potential inhibitory
effect on a small panel of nine GSK-3p off-target kinases; GSK-3a, CK2,
CLK1, PKCa, CDK2, CDK5, JNK1, MEKK1, and SAPK2a, as illustrated in
Fig. 12.

The findings disclosed that 7c didn’t exert noticeable inhibition to-
ward GSK-3a, CK2, PKCa, and CDK5 (% inhibition < 10), whereas it
showed weak inhibitory activity against CDK2, JNK1, MEKK1, and
SAPK2a kinases with % inhibition spanning from 13.4 % to 26.8 %.
Notably, the most affected kinase was CLK1 with 32.5 % inhibition.

Interestingly, the role of CLK1 is reported in the pathophysiology of
Alzheimer’s disease, and thus its targeting stands out as a promising
therapeutic approach for Alzheimer’s disease drug discovery and
development [55]. Consequently, compound 7¢’s activity profile, while
not highly selective, may provide a starting point and valuable insights
into the design of multi-target inhibitors. In other words, the partial
promiscuity of compound 7c¢ may not necessarily be a drawback in the
context of AD treatment. The multifactorial nature of AD suggests that a
multi-target therapeutic approach could be beneficial. The observed
activity of compound 7c on CLK1 kinase could be leveraged to design
multi-target-directed ligands (MTDLs) that simultaneously modulate
different pathways implicated in AD pathogenesis. The development of
MTDLs is a promising strategy in AD research, as it aligns with the
disease’s complexity and the need for interventions that can address
multiple pathological processes [56].

2.2.6. Behavioral studies in vivo

The most important factor to be considered when evaluating anti-AD
drugs is cognitive improvement in AD animal models. Compound 7c,
which shown enhanced GSK-3p inhibitory effectiveness in vitro along
with little cytotoxicity towards brain and hepatic cell lines, was further
evaluated for its capacity to restore impaired memory in AD animal
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Fig.10. Compounds 7c¢, 7e, 7f and staurosporine cytotoxicity on neural (red)
and hepatic (pink) cell lines. Results are the mean values of three separate
determinations + SD.
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models, which have been administered scopolamine. Passive avoidance
test [57] was carried out with donepezil as a positive control using
transfer latency time (TLT) in seconds (Fig. 13). Based on the data, mice
in the scopolamine model group had a TLT = 251.53, and it was
significantly shorter than the control group (TLT = 381.40) (P < 0.01).
Donepezil-treated mice displayed a statistically significant rise in TLT
from 251.53 to 356.27 in comparison to the model group (P < 0.01). By
administration of compound 7c to a group of mice, the TLT increased
significantly from 251.53 to 327.27 (P < 0.01). The findings suggested
that compound 7c¢ which could cross the blood-brain barrier, might
reverse scopolamine-induced cognitive impairment.

2.3. Molecular Modeling study

2.3.1. Molecular docking

Molecular docking simulations were used to investigate the inter-
action of the most active inhibitors 7¢, 7e, and 7f with the GSK-3f kinase
domain in order to justify their promising biological action and disclose
their likely binding pattern. To that purpose, the protein structure of
GSK-3p co-crystallized with indirubin-3'-monoxime inhibitor (ICsg = 22
nM) (PDB ID: 1Q41) [58] was retrieved from the protein data bank
[https://www.rcsb.org/].

To validate the molecular docking protocol used, the co-crystallized
ligand at the GSK-3p active site was first self-docked. The self-docking
stage accurately reproduced the co-crystallized ligand’s binding
pattern, showing that the docking setup used is suitable for the planned
simulations. The self-docking exhibited RMSD of 0.262 A between the
docked and co-crystallized ligand poses, and the attained docking pose
was able to replicate the key interactions that the co-crystallized ligand
achieved with the crucial amino acids in the GSK-3f active site (Hinge
region Asp133 and Vall135) (Supplementary Fig. S5.5).

A consistent binding pattern was observed by the newly synthesized
compounds 7¢, 7e and 7f (Fig. 14). The quinolone ring is accommodated
in the hinge region interacting through hydrogen bonding by its NH and
CO with the backbone CO and NH of the key amino acids Asp133 and
Vall35, respectively. Moreover, through hydrophobic interaction, the
fused benzene ring of the quinolone heterocycle interacts with the hy-
drophobic side chains of the surrounding amino acids Val70, Ala83,
Vall10, Leul32, Leul88, and Cys199. Furthermore, compounds 7c and
7f perform additional interaction by their peripheral substituted phenyl
group as they interact with the nucleotide-binding loop amino acid
Argl4l guanidine group that caps the end of the pocket through
hydrogen bonding. This extra interaction could rationalize their prom-
ising binding scores — 11.17 and — 12.34 kcal/mol, respectively,
(Table 2) and their superior biological activity.

2.3.2. Computational prediction of the ADME properties

Molecules cannot be exclusively regarded as therapeutic candidates
only because of their excellent pharmacological efficacy and minor
toxicological consequences. It is crucial to explore prospective new
medications’ pharmacokinetic properties as early as possible throughout
the process of developing new drugs. Hence, we predicted drug-like
capabilities for compounds 7¢, 7e, and 7f using SwissADME web tool
(https://www.swissadme.ch/) [59]. The results shown in Table 3,
demonstrated the tendency of the studied compounds to obey Lipinski’s
rule [60]. Except for the INSATU (Saturation) property, all the physi-
cochemical parameters of 7¢, 7e and 7f were optimal and positioned in
the pink zone of the bioavailability radar graph (Supplementary
Fig. $5.4.).

2.3.3. Permeation of blood brain barrier (BBB)

Permeability of the blood-brain barrier (BBB) is a critical in silico
parameter for CNS active drugs that suggests the ability of a chemical to
penetrate the BBB into CNS. In this regard, the BBB permeability of
compounds 7c, 7e and 7f was estimated using the CBLigand-BBB pre-
diction server [61] and pkCSM [62]. In the CBLigand-BBB predictor,
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four distinct fingerprints are combined with two distinct algorithms,
Support Vector Machine (SVM) and AdaBoost, to predict if the synthe-
sized compound will be able (+) or fail (—) to pass the BBB. In the event
that the predictor score exceeds zero in each combination, the

10

compound will be able to pass BBB. Table 4 demonstrates that all
computations yielded BBB (+), which is pivotal characteristic for AD’s
targeting compounds. Conversely, BBB permeability and CNS perme-
ability are two in silico characteristics provided by the pkCSM server that
indicate the compound’s potential to traverse the BBB. The first
parameter estimates a compound’s capacity to pass through the BBB.
The second disregards systemic dispersion and is related with direct
assessment of brain-blood permeability. The results showed that all the
estimated compounds have acceptable BBB and CNS penetration, with
optimum log BB values ranging from — 0.180 to — 0.973 (appropriate
range is between 0.3 and — 1) and optimal log PS values ranging from —
2.114 to — 2.302 (appropriate range is between — 2 to — 3),
respectively.

* A descriptor combination expressed as bit strings. Each bit position
accounts for a specific structural feature and the bit is set on, if this
feature is present in the molecule. Using various algorithms, a frag-
mentation scheme program breaks up structures according to atoms,
chains, or functional groups (substructure fingerprint), then correlates
the fragments with chemical attributes.

3. Conclusion

The results of the previously created multi-protein structure
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Leul32

Val135

Fig.14. (A), (B) and (C) 2D representations of interactions of compounds 7c¢, 7e and 7f respectively, with the GSK-3p active site. (D) 3D representation of the
superimposed docked models of 7c¢ (cyan), 7e (salmon) and 7f (magenta) in GSK-3p active site.

Table 2
Docking energy scores (S) (kcal/mol) for the co-crystallized ligand as well
as compounds 7c, 7e, and 7f in GSK-3p kinase domain.

Compound Energy score (S) kcal/mol
7c -11.17
7e —10.62
7f —12.34
Co-crystallized ligand -12.02

receptor-based 3D pharmacophore model indicated that ZINC67773573
VIII, quinolin-2-one derivative, may provide a promising lead for
developing novel GSK-3p inhibitors for AD’s treatment. Therefore, in

this study, a novel series of quinolin-2-one derivatives were synthesized
and evaluated for GSK-3p inhibitory activity. In vitro screening identified
three compounds: 7¢, 7e and 7f as promising GSK-3p inhibitors. Com-
pounds 7c, 7e and 7f were found to exhibit superior inhibitory effect on
GSK-3p with ICs value ranges between 4.68 + 0.59 to 8.27 + 0.60 nM
compared to that of staurosporine (ICso = 6.12 + 0.74 nM). Consider-
ably, compounds 7c¢, 7e and 7f effectively lowered tau hyper-
phosphorylated aggregates and proving their safety towards the SH-
SY5Y and THLE2 normal cell lines. The most promising compound 7¢
alleviated cognitive impairments in the scopolamine-induced model in
mice. Compound 7c¢’s activity profile, while not highly selective, may
provide a starting point and valuable insights into the design of multi-
target inhibitors. According to the ADME prediction results,

Table 3
Predicted physicochemical properties for compounds 7¢, 7e and 7f.
Comp. Molecular octanol/ water partition Topological polar surface H. bond donor H. bond acceptor number of rotatable Lipinski’s
weight coefficient (LogP) area (HBD) (HBA) bonds Violations
(MW) (tPSA) (Rotor)
7c 323.35 2.75 75.71 A? 2 4 5 0
7e 279.29 2.38 77.48 A2 3 3 3 0
7f 309.32 2.43 86.71 A? 3 3 4 0

11
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Table 4

Bioorganic Chemistry 146 (2024) 107324

BBB scores of compounds 7¢, 7e and 7f were calculated using the CBLigand-BBB prediction system.

Calculated BBB score

Fingerprints* 7c 7e 7f

AdaBoost algorithm SVM algorithm AdaBoost algorithm SVM algorithm AdaBoost algorithm SVM algorithm
MACCSFP 2.046 0.056 4.085 0.106 0.793 0.043
OpenbabelFP2 6.105 0.146 0.519 0.129 3.682 0.144
Molprint 2D 5.485 0.250 1.831 0.082 1.029 0.065
PubChem 21.523 0.305 14.481 0.158 20.032 0.273

compounds 7c¢, 7e and 7f followed Lipinski’s rule of five and could
almost permeate the BBB. Molecular docking simulations showed that
these compounds are accommodated in the ATP binding site interacting
by their quinoline-2-one ring through hydrogen bonding to the key
amino acids Asp133 and Vall35 at the hinge region. The findings of this
study could aid in the discovery and development of potential GSK-3f
inhibitors as anti-AD medicines.

4. Experimental
4.1. Chemistry

2,4-Dichloroquinoline 3 [36], 4-Chloroquinolin-2(1H)-one 4
[37,38], 4-Hydrazineylquinolin-2(1H)-one 5 [39,40] are prepared in
accordance with the reported procedures. The findings of the in-
struments and thermal analyses are presented in the supporting data
(Supplementary S5.1).

4.1.1. General procedures for synthesis of compounds7a-f and 9a-c

A mixture of hydrazide 5 (1 mmol, 175.1 mg) and (1 mmol) of the
appropriate benzaldehyde derivative 6a-f or 1H-indole-2,3-dione de-
rivative 8a-c in absolute ethanol (15 mL) containing 5 drops of glacial
acetic acid was refluxed for 24-48 h. The formed solid was filtered off
and washed with hot ethanol to yield the corresponding pure hydrazone
derivatives 7a-f and 9a-c, respectively.

4.1.1.1. (E)-4-[2-(2,4-dimethoxybenzylidene)hydrazinyl]quinolin-2(1H)-
one (7a). Brown beige powder, 92 % yield; m.p.: 296-298 °C; IR (0max,
cmfl): 3217 & 3156 (2NH), 3090 (CH-Ar.), 2994 (CH aliph.), 1636
(C=0); 'HNMR (DMSO-dg, 400 MHz): 6 3.83 (s, 3H, OCH3), 3.88 (s, 3H,
OCHs), 6.20 (s, 1H, C®H-quinolone), 6.64 (d, J = 7.5 Hz, 2H, Ar-Hs),
7.17 (t, J = 7.6 Hz, 1H, Ar-H), 7.30 (d, J = 8.1 Hz, 1H, Ar-H), 7.49 (t,
J=7.6 Hz, 1H, Ar-H), 7.86 (d, J = 9.0 Hz, 1H, Ar-H), 8.07 (d, J = 8.1 Hz,
1H, Ar-H), 8.67 (s, 1H, CH = N), 10.65 (s, 1H, NH exchanged with D50),
11.01 (s, 1H, NH exchanged with D,0); 13¢ NMR (DMSO-dg, 100 MHz):
6 55.88 (OCH3), 56.21 (OCHj3), 93.89 (C3H—quinolone), 98.76, 106.95,
112.36,116.10,121.13, 122.37, 126.80, 130.75, 139.84, 140.00 (HC =
N), 148.91, 159.13 (C—0), 162.43 (C—0), 163.40 (C=0); Anal. Calcd
for C1gH17N303 (323.35): C, 66.86; H, 5.30; N, 13.00. Found: C, 67.05;
H, 5.43; N, 13.21.

4.1.1.2. (E)-4-[2-(2,5-dimethoxybenzylidene)hydrazinyl]quinolin-2(1H)-
one (7b). Off-white crystals, 94 % yield; m.p.: 295-297 °C; IR (Vmax,
cm_l): 3213 & 3163 (2NH), 3078 (CH-Ar.), 2994 (CH aliph.), 1632
(C=0); 'HNMR (DMSO-dg, 400 MHz): 5 3.78 (s, 3H, OCH3), 3.83 (s, 3H,
OCHy), 6.25 (s, 1H, C3H—quinolone), 6.97 (dd, J = 3.0 & 9.0 Hz, 1H, Ar-
H), 7.05(d, J=9.0 Hz, 1H, Ar-H), 7.18 (t, J = 7.5 Hz, 1H, Ar-H), 7.31 (d,
J=8.2Hz, 1H, Ar-H), 7.44 (d, J = 2.9 Hz, 1H, Ar-H), 7.50 (t, J = 7.6 Hz,
1H, Ar-H), 8.09 (d, J = 8.0 Hz, 1H, Ar-H), 8.73 (s, 1H, CH = N), 10.82 (s,
1H, NH exchanged with D,0), 11.1 (s, 1H, NH exchanged with D,0); 3¢
NMR (DMSO-ds, 100 MHz): § 55.88 (OCH3), 56.68 (OCH3), 94.47 (C°H-
quinolone), 109.39, 112.31, 113.84, 116.17, 117.29, 121.21, 122.40,
123.85, 130.85, 139.62, 139.85 (HC = N), 148.81, 152.30 (C—O),
153.83 (C—0), 163.33 (C=0); Anal. Calcd for C1gH;7N303 (323.35): C,
66.86; H, 5.30; N, 13.00. Found: C, 66.95; H, 5.42; N, 13.17.
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4.1.1.3. (E)-4-[2-(3,4-dimethoxybenzylidene) hydrazinyl]quinolin-2(1H)-
one (7¢). Brown beige powder, 98 % yield; m.p.: 287-289 °C; IR (Vax,
crn*l): 3202 and 3167 (2NH), 3075 (CH-Ar.), 2990 (CH aliph.), 1632
(C=0); 'H NMR (DMSO-dg, 400 MHz): § 3.81 (s, 3H, OCHs), 3.85 (s, 3H,
OCH3), 6.25 (s, 1H, C3H-quinolone), 7.02 (d, J = 8.3 Hz, 1H, Ar-H),
7.17-7.22 (m, 2H, Ar-Hs), 7.31 (d, J = 8.1 Hz, 1H, Ar-H), 7.38 (d, J
= 1.5 Hz, 1H, Ar-H), 7.50 (t, J = 7.6 Hz, 1H, Ar-H), 8.06 (d, J = 8.1 Hz,
1H, Ar-H), 8.32 (s, 1H, CH = N), 10.66 (s, 1H, NH exchanged with D,0),
11.06 (s, 1H, NH exchanged with D,0); 13C NMR (DMSO-dg, 100 MHz):
6 55.90 (OCH3), 56.03 (OCH3), 94.18 (CBH-quinolone), 108.46, 112.05,
112.36, 116.19, 121.15, 121.60, 122.40, 127.94, 130.83, 139.83,
144.54 (HC = N), 148.90, 149.61 (C—O0O), 150.80 (C—0), 163.40
(C=0); Anal. Calcd for C1gH17N303 (323.35): C, 66.86; H, 5.30; N,
13.00. Found: C, 67.14; H, 5.47; N, 13.26.

4.1.1.4. (E)-4-[2-(3,4,5-trimethoxybenzylidene)hydrazinyl]quinolin-2
(1H)-one (7d). Off-white crystals, 98 % yield; m.p.: 283-285 °C; IR
(Omax, cn‘fl): 3298 & 3160 (2NH), 3090 (CH-Ar.), 2974 (CH aliph.),
1640 (C=0); 'H NMR (DMSO-dg, 400 MHz): 5 3.71 (s, 3H, OCH3), 3.86
(s, 6H, 2 OCH3), 6.31 (s, 1H, CSH-quinolone), 7.04 (s, 2H, Ar-Hs), 7.19
(t,J=7.5Hz, 1H, Ar-H), 7.33 (d, J = 8.2 Hz, 1H, Ar-H), 7.51 (t,J = 7.5
Hz, 1H, Ar-H), 8.09 (d, J = 8.1 Hz, 1H, Ar-H), 8.32 (s, 1H, CH = N),
10.81 (s, 1H, NH exchanged with Dy0), 11.19 (s, 1H, NH exchanged
with D,0); 1°C NMR (DMSO-ds, 100 MHz): § 56.36 (2 OCHs), 60.58
(OCHs), 94.47 (C?’H-quinolone), 104.25, 112.35, 116.27, 121.27,
122.45, 130.68, 130.92, 139.28, 139.79 (HC = N), 144.31, 148.96
(C—0), 153.69 (2C-0), 163.54 (C=0); MS m/z (%): 353.24 (M',
11.57), 349.21 (100); Anal. Caled for C19H;9N304 (353.38): C, 64.58;
H, 5.42; N, 11.89. Found: C, 64.79; H, 5.60; N, 12.05.

4.1.1.5. (E)-4-[2-(4-hydroxybenzylidene)hydrazinyl]quinolin-2(1H)-one
(7e). Off-white crystals, 95 % yield; m.p.: 310-312 °C; IR (Vmax, cm™):
3630 (phenolic OH), 3414 and 3345 (2NH), 3086 (CH-Ar.), 1640
(C=0); 'H NMR (DMSO-dg, 400 MHz): § 6.24 (s, 1H, C3H—quinolone),
6.87 (d, J = 8.5 Hz, 2H, Ar-Hs), 7.18 (t, J = 7.5 Hz, 1H, Ar-H), 7.33 (d, J
= 8.2 Hz, 1H, Ar-H), 7.50 (t, J = 7.6 Hz, 1H, Ar-H), 7.59 (d, J = 8.5 Hz,
2H, Ar-Hs), 8.07 (d, J = 8.1 Hz, 1H, Ar-H), 8.31 (s, 1H, CH = N), 9.94 (s,
1H, OH exchanged with D0), 10.62 (s, 1H, NH exchanged with D20),
11.11 (s, 1H, NH exchanged with D,0); 3C NMR(DMSO-ds, 100 MHz): &
93.87 (C3H-quin010ne), 112.40, 116.24, 121.19, 122.39, 126.20,
128.82, 130.82, 139.81, 144.78 (HC = N), 149.08, 159.47 (C—O0),
163.55 (C=0); Anal. Calcd for C14H13N304 (279.30): C, 68.81; H, 4.69;
N, 15.05. Found: C, 69.07; H, 4.82; N, 15.23.

4.1.1.6. (E)-4-[2-(4-hydroxy-3-methoxybenzylidene)hydrazinyl]quinolin-
2(1H)-one (7f). Off white crystals, 81 % yield; m.p.: 280-282 °C; IR
(Omaxs em1): 3557 (phenolic OH), 3283 & 3260 (2NH), 3086 (CH-Ar.),
2967 (CH aliph.), 1639 (C=0); 'HNMR (DMSO-dg, 400 MHz): 6 3.86 (s,
3H, OCHjy), 6.24 (s, 1H, C3H—quinolone), 6.86 (d, J = 8.1 Hz, 1H, Ar-H),
7.11 (dd, J = 1.4, 8.1 Hz, 1H, Ar-H), 7.19 (t, J = 7.6 Hz, 1H, Ar-H), 7.32
(d, J=8.2 Hz, 1H, Ar-H), 7.36 (d, J = 1.3 Hz, 1H, Ar-H), 7.50 (t, J = 7.6
Hz, 1H, Ar-H), 8.07 (d, J = 8.1 Hz, 1H, Ar-H), 8.30 (s, 1H, CH = N), 9.52
(s, 1H, OH exchanged with D50), 10.62 (s, 1H, NH exchanged with
D,0), 11.08 (s, 1H, NH exchanged with D,0); '3C NMR (DMSO-ds, 100
MHz): § 56.01 (OCH3), 93.94 (CBH-quinolone), 109.21,112.39,116.00,
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116.21, 121.16, 121.88, 122.40, 126.62, 130.82, 139.82 (HC = N),
144.96, 148.56 (C—0), 149.02 (C—O0), 163.49 (C=0); Anal. Calcd for
C17H15N303 (309.33): C, 66.01; H, 4.89; N, 13.58. Found: C, 66.23; H,
5.03; N, 13.80.

4.1.1.7. (Z)-4-[2-(2-oxoindolin-3-ylidene)hydrazinyl]quinolin-2(1H)-one
(9a). Dark brown powder, 99 % yield; m.p.: 342-344 °C; IR (Umax,
cmfl): 3368 & 3132 (3NH), 3075 (CH-Ar.), 2994 (CH aliph.), 1690 &
1651 (2C = 0); 11 NMR (DMSO-dg, 400 MHz): 6 6.53 (s, 1H, C3H-qui-
nolone), 6.97 (d, J = 7.8 Hz, 1H, Ar-H), 7.11 (t, J = 7.5 Hz, 1H, Ar-H),
7.29-7.39 (m, 3H, Ar-Hs), 7.54-7.60 (m, 2H, Ar-Hs), 7.67 (d, J = 7.4 Hz,
1H, Ar-H), 11.35 (s, 1H, NH exchanged with D50), 11.45 (s, 1H, NH
exchanged with D,0), 13.38 (s, 1H, NH exchanged with D,0); 13C NMR
(DMSO-dg,100 MHz): 6§ 97.36 (C3H—quinolone) 111.52,111.73,116.67,
120.34, 120.51, 120.63, 122.28, 122.95, 131.05, 131.55, 134.55,
139.95, 141.86, 146.44 (C=N-NH), 162.74 (C=0), 164.14 (C=0); MS
m/z (%): 304.60 (M, 12.52), 129.90 (1 00); Anal. Caled for G;7H;,N404
(304.31): C,67.10; H, 3.97; N, 18.41. Found: C, 66.89; H, 4.15; N, 18.63.

4.1.1.8. (Z)-4-[2-(5-chloro-2-oxoindolin-3-ylidene) hydrazinyl]quinolin-2

(1H)-one (9b). Yellow powder, 93 % yield; m.p.: 365-367 °C; IR (Umax,
em 1):3360 & 3159 (3NH), 3059 (CH-Ar.), 2997 (CH aliph.), 1690 &
1643 (2C = 0O); H NMR (DMSO-dg, 400 MH): § 6.62 (s, 1H, C3H—qui-
nolone), 6.98 (d, 1H, J = 8.3 Hz, Ar-H), 7.31 (t, J = 7.6 Hz 1H, Ar-H),
7.37-7.40 (m, 2H, Ar-Hs), 7.53-7.61 (m, 2H, Ar-Hs), 7.72 (s, 1H, Ar-
H), 11.45 (s, 1H, NH exchanged with D,0), 11.48 (s, 1H, NH
exchanged with D0), 13.35 (s, 1H, NH exchanged with D;0); 13C NMR
(DMSO-dg,100 MHz): 5 98.08 (CSH-quinolone), 111.70,112.99,116.70,
120.33, 122.28, 122.36, 127.20, 130.35, 131.63, 133.46, 139.94,
140.43, 146.27 (C=N-NH), 162.73 (C=0), 163.99 (C=0); Anal. Calcd
for C17H11CIN4O; (338.75): C, 60.28; H, 3.27; N, 16.54. Found: C, 60.43;
H, 3.40; N, 16.81.

4.1.1.9. (Z)-4-[2-(5-bromo-2-oxoindolin-3-ylidene)hydrazinyl]quinolin-2
(1H)-one (9c). Yellow powder, 95 % yield; m.p.: 372-374 °C; IR (Umax,
cnfl): 3348 & 3159 (3NH), 3055 (CH-Ar.), 2951 (CH aliph.), 1690 &
1643 (2C = 0); 'H NMR (DMSO-ds, 400 MHz): 6 6.62 (s, 1H, CH-qui-
nolone), 6.93 (d, J = 8.2 Hz, 1H, Ar-H), 7.31 (t, J = 7.3 Hz, 1H, Ar-H),
7.38 (d, J=8.0 Hz, 1H, Ar-H), 7.49-7.61 (m, 3H, Ar-Hs), 7.85 (s, 1H, Ar-
H), 11.45 (s, 1H,NH exchanged with D50), 11.48 (s, 1H, NH exchanged
with D,0), 13.34 (s, 1H, NH exchanged with D,0); '3C NMR
(DMSO-dg,100 MHz): 6 98.10 (C3H—quinolone), 111.68,113.39,114.83,
116.67, 120.28, 122.28, 122.66, 123.01, 131.55, 133.07, 133.22,
139.94, 140.77, 146.18 (C=N-NH), 162.68 (C=0), 163.80 (C=0);
Anal. Calced for C17H11BrN4O4 (383.21): C, 53.28; H, 2.89; N, 14.62.
Found: C, 53.47; H, 3.06; N, 14.87.

4.1.2. General procedures for synthesis of compounds 11 and 13

To a solution of hydrazide 5 (10 mmol) in glacial acetic acid (25 mL)
and anhydrous sodium acetate (10 mmol), the appropriate anhydride
(10 mmol) 10 or 12 and was added. The reaction mixture was heated
under reflux for 24 h. The solution was cooled down to room tempera-
ture and poured on iced water to yield the corresponding derivatives 11
and 13, respectively. The obtained solids were washed with hot glacial
acetic acid to afford the pure products.

4.1.2.1. 2-[(2-Oxo-1,2-dihydroquinolin-4-yl)amino]isoindoline-1,3-dione
(11). Off-white crystals, 92 % yield; m.p.: 318-320 °C; IR (0max, cem™Y):
3480 & 3310 (2NH), 3086 (CH-Ar.), 2997 (CH aliph.), 1790, 1732 &
1651 (3C = 0); H NMR (DMSO-dg, 400 MHz): § 5.43 (s, 1H, CSH-qui-
nolone), 7.25 (t, J = 7.6 Hz,1H, Ar-H), 7.34 (d, J = 8.1 Hz, 1H, Ar-H),
7.56 (t, J = 7.5 Hz, 1H, Ar-H), 7.96-8.03 (m, 5H, Ar-Hs), 9.64 (s, 1H,
NH exchanged with D,0), 11.21 (s, 1H, NH exchanged with D20); 3¢
NMR (DMSO-dg,100 MHz): 5§ 94.50 (CBH—quinolone), 112.05, 116.28,
121.65, 122.53, 124.29, 129.91, 131.39, 135.78, 139.63, 150.85,
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162.91 (C=0), 166.10 (2C = 0O); Anal. Calcd for C;17H11N303 (305.29):
C, 66.88; H, 3.63; N, 13.76. Found: C, 66.71; H, 3.80; N, 14.03.

4.1.2.2. 1-[(2-Oxo-1,2-dihydroquinolin-4-yl)amino]pyrrolidine-2,5-dione
(13). Brown beige powder, 82 % yield; m.p.: 333-335 °C; IR (Umax/
em™1): 3352 & 3287 (2NH), 3098 (CH-Ar.), 2994 (CH aliph.), 1713 &
1643 (3C = 0); 'H NMR (DMSO-dg, 400 MHz): 5§ 1.98 & 2.88 (2's, 4H,
cis/trans conformers of 2CH, of pyrrolidine), 5.41 & 5.49 (2 s, 1H, cis/
trans conformers of C3H-quinolone), 7.14 &7.20 (2t,J=8.0,7.3 Hz, 1H,
Ar-H), 7.26 & 7.31(2d, J = 7.8, 7.9 Hz, 1H, Ar-H), 7.48 & 7.53 2 t, J =
7.7, 7.3 Hz, 1H, Ar-H), 7.94 (d, J = 7.6 Hz, 1H, Ar-H), 8.84 & 9.37 (255,
1H, cis/trans conformers of NH exchanged with D30), 10.96 & 11.13 (25,
1H, cis/trans conformers of NH exchanged with D,0); '3C NMR
(DMSO-ds,100 MHz): § 27.08 (pyrrolidine CHjy), 94.47 (C3H—quino—
lone), 112.19, 116.16, 121.48, 122.67, 131.19, 139.54, 150.13, 163.08
(C=0),175.40 (2C = 0); MS m/z (%): 257.52 (M ", 14.54), 43.10 (100);
Anal. Caled for Ci3H;1N3O3 (257.25): C, 60.70; H, 4.31; N, 16.33.
Found: C, 60.85; H, 4.43; N, 16.61.

4.1.3. General procedures for synthesis of compounds 15a-h

To a mixture of hydrazide 5 (3.1 mmol) and the respective chalcone
derivative 14a-h (4.5 mmol) in absolute methanol (20 mL), anhydrous
potassium carbonate (1 mmol) was added. The resulting reaction
mixture was heated under reflux for 30-48 h. The solids thus precipi-
tated were filtered and washed with hot methanol to afford pure prod-
ucts 15a-h.

4.1.3.1. 3,5-Diphenyl-1,4,5,7-tetrahydro-6H-[1,2]diazepino[4,3-c]quino-
lin-6-one (15a). Off-white crystals, 65 % yield; m.p.: 288-290 °C; IR
(Vmax, cmfl): 3441 & 3264 (2NH), 3059 (CH-Ar.), 2951 (CH aliph.),
1651 (C=0); H NMR (DMSO-dg, 400 MHz): 56 3.10 (d, J = 13.6 Hz, 1H,
CH of diazepine), 3.64 (dd, J = 5.6, 13.84 Hz, 1H, CH of diazepine), 5.15
(d, J = 3.9 Hz, 1H, CH of diazepine), 7.01 (s, 1H, Ar-H), 7.11 (s, 3H, Ar-
Hs), 7.20 (s, 4H, Ar-Hs), 7.30 (d, J = 9.0 Hz, 3H, Ar-Hs), 7.49 (t, J = 7.2
Hz, 2H, Ar-Hs), 8.32 (d, J = 8.1 Hz, 1H, Ar-H), 10.31 (s, 1H, NH
exchanged with D50), 11.26 (s, 1H, NH exchanged with D50); 13C NMR
(DMSO-dg,100 MHz): § 38.23 (diazepine CH), 42.88 (diazepine CHy),
109.8,113.85,115.97,121.68, 122.40, 126.20, 126.27,128.16, 128.18,
128.26, 128.38, 130.19, 138.09, 139.55, 144.57, 145.37, 155.49,
161.88 (C=0); Anal. Calcd for Cy4H;9N30 (365.44): C, 78.88; H, 5.24;
N, 11.50. Found: C, 78.69; H, 5.48; N, 11.65.

4.1.3.2. 3-(4-MethoxyphenyD)-5-phenyl-1,4,5,7-tetrahydro-6H-[1,2]dia-
zepino[4,3-c]quinolin-6-one (15b). Off-white crystals, 65 % yield; m.p.:
283-285 °C; IR (Vmax, cmfl): 3437 & 3248 (2NH), 3059 (CH-Ar.), 2955
(CH aliph.), 1651 (C=0); H NMR (DMSO-dg, 400 MHz): 6 3.07 (d, J =
13.6 Hz, 1H, CH of diazepine), 3.61 (dd, J = 5.6, 13.7 Hz, 1H, CH of
diazepine), 3.70 (s, 3H, OCH3s), 5.11 (d, J = 4.4 Hz, 1H, CH of dia-
zepine), 6.73 (d, J = 8.4 Hz, 2H, Ar-Hs), 7.00 (d, J = 5.2 Hz, 1H, Ar-H),
7.11 (br. s, 3H, Ar-Hs), 7.19 (t, J = 7.6 Hz, 1H, Ar-H), 7.30 (d, J = 8.0 Hz,
3H, Ar-Hs), 7.48 (t, J = 7.2 Hz, 2H, Ar-Hs), 8.32 (d, J = 8.1 Hz, 1H, Ar-
H), 10.17 (s, 1H, NH exchanged with D0), 11.22 (s, 1H, NH exchanged
with D50); 13¢c NMR (DMSO-dg, 100 MHz): § 37.91 (diazepine CH),
42.91 (diazepine CHy), 55.50 (OCH3), 109.27, 113.62, 113.89, 115.96,
121.62, 122.35, 126.14, 127.71, 128.09, 128.21, 130.12, 131.91,
138.07, 144.68, 145.36, 155.85, 159.84, 161.90 (C=0); MS m/z (%):
395.12 (M, 8.52), 326.30 (1 00); Anal. Calcd for Ca5H21N303 (395.46):
C, 75.93; H, 5.35; N, 10.63. Found: C, 75.81; H, 5.52; N, 10.89.

4.1.3.3. 3-(4-Chlorophenyl)-5-phenyl-1,4,5, 7-tetrahydro-6H-[1,2]dia-

zepino[4,3-c]quinolin-6-one (15c). Off-white crystals, 61 % yield; m.p.:
308-310 °C; IR (Vmax, cmfl): 3441 & 3298 (2NH), 3063 (CH-Ar.), 2982
(CH aliph.), 1647 (C=0); 1H NMR (DMSO-dg, 400 MHz): 6 3.08 (d, J =
12.5 Hz, 1H, CH of diazepine), 3.65 (dd, J = 6.0, 14.0 Hz, 1H, CH of
diazepine), 5.15 (d, J = 4.4 Hz, 1H, CH of diazepine), 6.99-7.03 (m, 1H,
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Ar-H), 7.07-7.12 (m, 4H, Ar-Hs), 7.19 (d, J = 7.3 Hz, 1H, Ar-H),
7.22-7.26 (m, 2H, Ar-Hs), 7.29 (d, J = 8.0 Hz, 1H, Ar-H), 7.35 (d, J
= 8.6 Hz, 2H, Ar-Hs), 7.50 (t, J = 7.6 Hz, 1H, Ar-H), 8.30 (d, J = 8.4 Hz,
1H, Ar-H), 10.36 (s, 1H, NH exchanged with D;0), 11.28 (s, 1H, NH
exchanged with D,0); 3C NMR (DMSO-dg, 100 MHz): § 37.97 (dia-
zepine CH), 42.77 (diazepine CHy), 110.09, 113.79, 115.99, 121.71,
122.37, 126.25, 127.96, 128.11, 128.19, 128.30, 130.25, 133.36,
138.08, 138.33, 144.46, 145.17, 154.21, 161.82 (C=0); Anal. Calcd for
Co4H;5CIN3O0 (399.88): C, 72.09; H, 4.54; N, 10.51. Found: C, 71.84; H,
4.63; N, 10.70.

4.1.3.4. 3-(4-Bromophenyl)-5-phenyl-1,4,5,7-tetrahydro-6H-[1,2]dia-
zepino[4,3-c]quinolin-6-one (15d). Dark brown powder, 58 % yield; m.
p.: 299-301 °C; IR (Omax, €M 1): 3441& 3302 (2NH), 3059 (CH-Ar.),
2982 (CH aliph.), 1651 (C=0); 'H NMR (DMSO-ds, 400 MHz): 5 3.08 (d,
J =14.0 Hz, 1H, CH of diazepine), 3.64 (dd, J = 6.0, 14.1 Hz, 1H, CH of
diazepine), 5.15 (d, J = 4.3 Hz, 1H, CH of diazepine), 7.00-7.03 (m, 1H,
Ar-H), 7.07-7.13 (m, 4H, Ar-Hs), 7.20 (t, J = 7.5 Hz, 1H, Ar-H),
7.27-7.30 (m, 3H, Ar-Hs), 7.38 (d, J = 8.6 Hz, 2H, Ar-Hs), 7.50 (t, J
= 7.5 Hz, 1H, Ar-H), 8.30 (d, J = 8.2 Hz, 1H, Ar-H), 10.37 (s, 1H, NH
exchanged with D50), 11.28 (s, 1H, NH exchanged with D50); 3¢ NMR
(DMSO-dg, 100 MHz): § 42.76 (diazepine CHy), 110.13, 113.79, 121.71,
122.11, 122.37, 126.26, 128.10, 128.20, 128.24, 130.25, 131.22,
138.08,138.71, 144.44, 145.16, 154.18, 161.82 (C=0); Anal. Calcd for
Co4H1gBrN3O (444.33): C, 64.88; H, 4.08; N, 9.46. Found: C, 64.95; H,
4.21; N, 9.68.

4.1.3.5. 5-(4-MethoxyphenyD)-3-phenyl-1,4,5,7-tetrahydro-6H-[1,2]dia-
zepino[4,3-c]quinolin-6-one (15e). Off-white crystals, 89 % yield; m.p.:
298-300 °C; IR (vmax, em ™ 1): 3445 & 3314 (2NH), 3098 (CH-Ar.), 2955
(CH aliph.), 1651 (C=0); 'H NMR (DMSO-dg, 400 MHz): 6 3.06 (d, J =
13.6 Hz, 1H, CH of diazepine), 3.60 (br. s, 4H, CH of diazepine + OCH3),
5.09 (d, J = 4.6 Hz, 1H, CH of diazepine), 6.67 (d, J = 8.4 Hz, 2H, Ar-
Hs), 7.02 (d, J = 8.4 Hz, 2H, Ar-Hs), 7.18-7.22 (m, 4H, Ar-Hs), 7.29
(d, J = 8.1 Hz, 1H, Ar-H), 7.35-7.37 (m, 2H, Ar-Hs), 7.49 (t, J = 7.6 Hz,
1H, Ar-H), 8.31 (d, J = 8.3 Hz, 1H, Ar-H), 10.28 (s, 1H, NH exchanged
with D,0), 11.25 (s, 1H, NH exchanged with D,0); *C NMR (DMSO-ds,
100 MHz): § 38.32 (diazepine CH), 41.91 (diazepine CHj), 55.38
(OCHg3), 110.43, 113.60, 113.87, 115.94, 121.65, 122.38, 126.33,
128.32, 128.62, 129.15, 130.14, 137.54, 138.06, 139.68, 144.40,
155.32,157.76, 161.84 (C=0); Anal. Calcd for Ca5H21N305 (395.46): C,
75.93; H, 5.35; N, 10.63. Found: C, 75.69; H, 5.41; N, 10.87.

4.1.3.6. 3,5-Bis(4-methoxyphenylD)-1,4,5,7-tetrahydro-6H-[1,2]diazepino
[4,3-c]quinolin-6-one (15f). Off-white crystals, 89 % yield; m.p.:
310-312 °C; IR (0max, cm ™ 1): 3433 & 3306 (2NH), 3098 (CH-Ar.), 2955
(CH aliph.), 1651 (C=0); 'H NMR (DMSO-de, 400 MHz): 6 3.03 (d, J =
13.6 Hz, 1H, CH of diazepine), 3.60 (br. s, 4H, CH of diazepine + OCH3s),
3.71 (s, 3H, OCHj), 5.06 (d, J = 2.9 Hz, 1H, CH of diazepine), 6.66 (d, J
=7.9Hz, 2H, Ar-Hs), 6.76 (d, J = 8.1 Hz, 2H, Ar-Hs), 7.03 (d, J = 7.8 Hz,
2H, Ar-Hs), 7.19 (t, J = 7.1 Hz, 1H, Ar-H), 7.28-7.35 (m, 3H, Ar-Hs),
7.48 (t, J = 7.1 Hz, 1H, Ar-H), 8.33 (d, J = 8.0 Hz, 1H, Ar-H), 10.17
(s, 1H, NH exchanged with D,0), 11.23 (s, 1H, NH exchanged with
D,0); 13C NMR (DMSO-dg, 100 MHz): § 38.00 (diazepine CH), 41.97
(diazepine CHy), 55.35 (OCHj3), 55.50 (OCH3), 109.82, 113.54, 113.68,
113.93, 115.94, 121.61, 122.35, 127.76, 129.18, 130.07, 132.04,
137.55, 138.06, 144.53, 155.68, 157.69, 159.84, 161.90 (C=0); Anal.
Caled for CogHo3N303 (425.49): C, 73.39; H, 5.45; N, 9.88. Found: C,
73.23; H, 5.67; N, 10.09.

4.1.3.7. 3-(4-Chlorophenyl)-5-(4-methoxyphenyl)-1,4,5,7-tetrahydro-6H-
[1,2]diazepino[4,3-c]quinolin-6-one (15 g). Off-white crystals, 82 %
yield; m.p.: 295-297 °C; IR (Opax, cm™1): 3426 & 3298 (2NH), 3098 (CH-
Ar.), 2970 (CH aliph.), 1647 (C=0); '"H NMR (DMSO-ds, 400 MHz): &
3.04 (d, J = 13.7 Hz, 1H, CH of diazepine), 3.60 (s, 4H, CH of diazepine
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+ OCHs), 5.10 (d, J = 4.4 Hz, 1H, CH of diazepine), 6.67 (d, J = 8.2 Hz,
2H, Ar-Hs), 7.00 (d, 2H, J = 8.2 Hz, Ar-Hs), 7.20 (t, J = 7.5 Hz, 1H, Ar-
H), 7.25-7.31 (m, 3H, Ar-Hs), 7.38 (d, J = 8.3 Hz, 2H, Ar-Hs), 7.49 (t, J
= 7.5 Hz, 1H, Ar-H), 8.31 (d, J = 8.2 Hz, 1H, Ar-H), 10.35 (s, 1H, NH
exchanged with D,0), 11.30 (s, 1H, NH exchanged with D,0); 13C NMR
(DMSO-dg, 100 MHz): 5 38.08 (diazepine CH), 41.84 (diazepine CH),
55.39 (OCH3), 110.65,113.62,113.84,115.98, 121.69, 122.37, 128.00,
128.34, 129.08, 130.19, 133.36, 137.36, 138.06, 138.46, 144.31,
154.03, 157.78, 161.84 (C=0); Anal. Calcd for C35H59CIN30, (429.90):
C, 69.85; H, 4.69; N, 9.77. Found: C, 69.73; H, 4.87; N, 10.01.

4.1.3.8. 3-(4-Bromophenyl)-5-(4-methoxyphenyl)-1,4,5,7-tetrahydro-6H-
[1,2]diazepino[4,3-c]quinolin-6-one (15 h). Off-white crystals, 74 %
yield; m.p.: 303-305 °C; IR (0pax, em ™ 1): 3433 & 3302 (2NH), 3098 (CH-
Ar.), 2955 (CH aliph.), 1651 (C=O0); 'H NMR (DMSO-dg, 400 MHz): &
3.03 (d, J = 13.4 Hz, 1H, CH of diazepine), 3.60 (s, 4H, CH of diazepine
+ OCHs), 5.10 (d, J = 4.8 Hz, 1H, CH of diazepine), 6.66 (d, J = 8.5 Hz,
2H, Ar-Hs), 7.00 (d, J = 8.5 Hz, 2H, Ar-Hs), 7.20 (t, J = 7.6 Hz, 1H, Ar-
H), 7.31 (d, J = 8.5 Hz, 3H, Ar-Hs), 7.40 (d, J = 8.5 Hz, 2H, Ar-Hs), 7.49
(t,J=7.6 Hz, 1H, Ar-H), 8.31 (d, J = 8.3 Hz, 1H, Ar-H), 10.36 (s, 1H, NH
exchanged with D50), 11.31 (s, 1H, NH exchanged with D50); 13¢ NMR
(DMSO-dg, 100 MHz): 5 38.04 (diazepine CH), 41.84 (diazepine CHj),
55.38 (OCH3), 110.70,113.63,113.84,115.99, 121.70, 122.11, 122.37,
128.29, 129.08, 130.19, 131.26, 137.34, 138.07, 138.84, 144.31,
154.02, 157.78, 161.84 (C=0); MS m/z (%): 474.75 (M, 44.80),
476.17 (M+2, 27.12), 400.08 (100); Anal. Calcd for CosHyoBrN3O4
(474.36): C, 63.30; H, 4.25; N, 8.86. Found: C, 63.47; H, 4.32; N, 8.95.

X-Ray crystal structure determination. Crystallographic data for
compound 15c has been deposited with the Cambridge Crystallographic
Data Center (CCDC) under the number 2301710. Copies of the data can
be obtained, free of charge, by application to CCDC 12 Union Road,
Cambridge CB2 1EZ, UK [Fax: +44-1223-336033; deposit@ccdc.cam.
ac.uk http://www.ccdc.cam.ac.uk].

Single crystals of Cy4H18CIN3O (15¢) are grown from EtOH/DMF
(9:1, v:v). A suitable crystal was selected and mounted on a STOE IPDS 2
T diffractometer. The crystal was kept at 170 K during data collection.
Using Olex2 [63], the structure was solved with the SHELXT [64]
structure solution program using Intrinsic Phasing and refined with the
SHELXL [65] refinement package using Least Squares minimization.

Crystal Data for Co4H;8CIN3O (15¢) (M = 399.86 g/mol): mono-
clinic, space group P2;/n (no. 14), a = 13.3163(4) 10\, b =5.8032(2) A, c
=25.1098(8) 10\, $=104.391(2)°, V=1879.53(11) AB, Z=4,T=170K,
p(Mo Ka) = 0.225 mm’l, Dcalc = 1.413 g/cm3, 18,223 reflections
measured (5.228° < 20 < 58.406°), 5014 unique (Ri; = 0.0671, Rsigma
= 0.0404) which were used in all calculations. The final R; was 0.0489
(I > 20(1)) and wRy was 0.1318 (all data).

4.2. Biological assays

4.2.1. Inhibition assay of GSK-3f

ATP-Glo™ Kinase (BPS Bioscience, USA) assay was used in this
investigation to evaluate GSK-3 activity [51]. A solution of 1 pM of the
tested compound (prepared as 1 mM solution with DMSO and then
diluted to the appropriate concentration), 2 pL. GSK-3p kinase (0.6 ng/
ul) and 2 pL of ATP (500 uM) /substrate (1 mg/ml) mixture was well
mixed and added to each well. After incubation for 1 hr at 25 °C, 40 pL of
termination-Glo reagent was added to cease the enzyme response and
then remove the leftover ATP for 40 min. Then, the conversion of ADP to
ATP took place for 30 min using 10 pL of kinase detection reagent.
Finally, a multipurpose microplate reader (BioTek, USA) was used to
record the luminous value. The drug’s activity was proportionate to the
difference between consumed and total ATP whereas inhibitory activ-
ities were estimated by comparing ATP levels in the presence and
absence of inhibitor. Eight concentrations were used for each compound
(100, 30, 10, 3,1, 0.3, 0.1, and 0.03 nM), and three parallel runs of each
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experiment were conducted. The ICsy values were calculated using
GraphPad Prism 8.0 in accordance with the inhibitory activity of the
tested compound at different dilutions.

4.2.2. Protein tau phosphorylation inhibition

The HTRF tau aggregation assay method [52,53] was used to
quantify the amounts of tau aggregates in okadaic acid (OA) treated
neuronal HT22 cells. HT22 cells were seeded at a density of 2 x 10° per
well in 6-well plates. Following a 24-hour treatment period with com-
pound 7c and okadaic acid (OA), HT22 cells were gathered, subjected to
a PBS wash, and then solubilized in ice-cold lysis buffer. The cell lysates
underwent a 30-minute, 12,000 x g centrifugation at 4 °C. 10 uM of each
sample was added to a 96-well black plate, then, a mixture of 5 pL of
anti-tau-Tb>" cryptate conjugate and 5 L of anti-tau d2 conjugate were
added to each well. The HTRF signals were monitored using multi-mode
microplate reader after an overnight incubation at room temperature.
Using the ratios of the two emission signals (665 and 620 nm), Delta F%
(the levels of aggregated tau) was computed using the manufacturer’s
algorithm.

4.2.3. Cytotoxicity assays

MTT assay [54] was used to assess the cytotoxicity of test compound
7c on hepatoma cells (THLE2) and human neuroblastoma cells (SH-
SY5Y). Bronchial Epithelial Basal Medium (BEBM) was used to cultivate
THLE-2 cells supplemented with 1 % fetal calf serum (FCS) and antibi-
otics (50 mg/ml penicillin, streptomycin, and gentamicin). SH-SY5Y
cells were cultured in 5 % CO; at 37 °C in Eagle’s minimum essential
medium (EMEM) with 4.5 g/L glucose, 10 % fetal bovine serum FBS,
100U/mL penicillin, and 100 g/mL streptomycin. Replace the old me-
dium by fresh medium with varying concentrations of the test com-
pound (from 0.01 to 100 pM) and incubated for 24 h in a 37 °C
humidified incubator. Following the incubation period, 20 uL of MTT
was applied for 4 h, then the cultures were removed from the incubator
and the resultant formazan crystals were dissolved with 200 pL of
DMSO. At a wavelength of 490 nm, the absorbance was measured using
a multifunctional microplate reader.

4.2.4. Kinetic studies

The overall procedure was identical to that for GSK-3f inhibition
assay technique [51]. The kinetic studies were carried out to examine
7c¢’s inhibitory mechanism on GSK-3p. Lineweaver-Burk reciprocal plots
were performed using varying concentrations of inhibitor (0.1, 1.00, and
10 uM) and substrate (from 31.25 nM to 1000 nM), whereas ATP con-
centration remained unchanged (500 pM), in addition to a parallel
experiment conducted without an inhibitor. Then, 1/velocity was
plotted against 1/[Substrate] to construct lineweaver-Burk reciprocal
plot. Data analysis was performed with Microsoft Excel 2016. The
intersection of the curves served as a judge for the inhibitor interaction
mechanism.

4.2.5. Selectivity profiling

At the International Centre for Kinase Profiling Division, University
of Dundee (United Kingdom), compound 7c¢ was tested for kinase
selectivity on a panel of 9 GSK-3p off-target kinases, from various fam-
ilies. In the presence of 10 pM of compound 7c, protein kinase was
tested. The selectivity profiling methodology has been provided in the
supplementary file. (Supplementary S5.6.1).

4.2.6. In vivo behavioral studies

Healthy adult mice weighting 25-30 g were used in the present
study. Animals were acclimatized in well-ventilated cages for one week
at a temperature (25 + 2 °C), humidity (60 + 10 %), and lighting (12 h
light-dark cycle). Food and water were available ad libitum. All the
experimental procedures were performed according to approved pro-
tocols from the Research Ethics Committee for experimental and clinical
studies at Faculty of Pharmacy, Cairo University (Approval number: PC
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3429). After one-week adaptation, the mice were placed into four groups
of five mice each: i) control (normal saline) group, ii) model (scopol-
amine) group (3 mg/kg, i.p.), iii) scopolamine plus donepezil (1 mg/kg,
p.o.), iv) scopolamine plus compound 7c¢ (1 mg/kg, p.o.). For seven
days, donepezil and test compounds were given orally to each group of
animals once daily. On the seventh day, memory impairment induction
by scopolamine was performed 30 min after donepezil or test com-
pounds administration.

The passive avoidance test [57] was conducted in a device that had
two different compartments separated by a sliding door. A dark
compartment with an electrifiable grid floor was connected to the
illuminated chamber, which was free of electric impulses. Each mouse
was initially placed in the illuminated chamber so that it could
become accustomed to it. The sliding door is then opened, allowing
access to the dark gloomy compartment. The door was -
shut as soon as the animal entered the dark chamber entirely, and it -
was then shocked with an electric shock for two seconds (24 V, 0.5
mA). The transfer latency time (TLT) to enter the dark container was
measured to assess the working memory (Training trial). A test
experiment without the use of the electric foot shock was conducted
twenty-four hours after the training trial.

4.3. Molecular Modeling Study

4.3.1. Molecular docking

The Molecular Operating Environment (MOE, 2022.02) software was
used to achieve all the molecular docking studies. All minimizations
were carried out with MOE until an RMSD gradient of 0.05
kecalemol 'A~2 with Amber10:EHT force field and the partial charges
were automatically calculated. GSK-3p protein crystal structure in
conjunction with indirubin-3-monoxime (ICso = 22 nM) was obtained
from the Protein Data Bank (PDB ID: 1Q41) [58] (https://www.rcsb.
org).

Chain B and its co-crystalized water molecules were first removed,
Then, the protein was prepared for the docking study using QuickPrep
protocol in MOE with default options. The co-crystalized ligand was
used to define the binding site for docking. Triangle Matcher placement
method and London dG scoring function were used for docking. Self-
docking of the co-crystallized ligand in the active site of the kinase
domain was first performed to validate the used docking setup giving a
docking pose with an energy score (S) = —12.02 kcal/mol and an RMSD
of 0.262 A.

The validated docking protocol was then used to study the ligand—-
protein interactions of compounds 7¢, 7e, and 7f in the kinase domain of
GSK-3p to predict their binding mode and to rationalize their promising
binding affinity.

4.3.2. Computational prediction of the ADME properties

The pharmacokinetic information relevant to our target derivatives
was obtained using the free online swissADME [59,60] server (https://
www.swissadme.ch/index.php). The physicochemical characteristics,
pharmacokinetic features, and ADME parameters were all predicted and
briefly explained.

4.3.3. Permeation of blood brain barrier (BBB)
BBB permeability of compounds was estimated using the CBLigand-
BBB prediction server [61] and pkCSM [62].

4.3.4. Statistical analysis

All the statistical analytical studies were carried out using GraphPad
Prism 9.5.0. software. GSK-3p inhibition assay results were analyzed
using One Way ANOVA followed by Bonferroni Post hoc test while in
vivo behavioral studies data were analyzed using student’s t test.
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