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Abstract

Both cholinesterases (AChE and BChE) and kinases$) as GSK-3/ , are associated with the
pathology of Alzheimer's disease. Two scaffolds,gésing AChE (tacrine) and GSK-8
(valmerin) simultaneously, were assembled, usingppeql)-catalysed azide alkyne
cycloaddition (CUAAC), to generate a new seriesnoitifunctional ligands. A series of eight
multi-target directed ligands (MTDLs) was synthesizand evaluatedh vitro and in cell
cultures. Molecular docking studies, together wfité crystal structures of three MTOIJAChE
complexes, with three tacrine-valmerin hybrids wkd designing an appropriate linker
containing a 1,2,3-triazole moiety whose incorporatpreserved, and even increased, the
original inhibitory potencies of the two selectdthpmacophores toward the two targets. Most of
the new derivatives exhibited nanomolar affinity bmth targets, and the most potent compound
of the series displayed inhibitory potencies of 8M for human acetylcholinesterase (hAChE)
and 7 nM for GSK-3/ . These novel dual MTDLs may serve as suitablesldad further
development, since, in the micromolar range, thelyibéted low cytotoxicity on a panel of

representative human cell lines including the hunmauroblastoma cell line SH-SY5Y.



Moreover, these tacrine-valmerin hybrids displagedood ability to penetrate the blood-brain

barrier (BBB) without interacting with efflux pumssich as P-gp.

1. Introduction

Alzheimer’s disease (AD), the most common causseafle dementia, is a major public health
concern with devastating social impact. In 2016zh&imer's Disease International, the
worldwide federation of Alzheimer associationsjreated that 47 million people were affected
by this type of dementia, and predicted that 13Hliani people will be affected in 2050. Thus,
the economic impact of the disease on future l@mgrtcare costs will be enormous. Already in
2018 the cost of treatment of dementia is estim&becbach US$ 1 trillion, rising to US$ 2
trillion by 2030.[1]

AD results from a neurodegenerative process octyim the central nervous system (CNS). It
is clinically characterized by loss of memory amubmitive impairment, which parallel the
deterioration of cholinergic neurons in the basaébrain with concurrent reduced levels of the
neurotransmitter acetylcholine (ACh). The diseadaistologically characterized by extracellular
deposits of -amyloid peptide (A) and intracellular formation of neurofibrillary ngles
(NFTs).[2, 3] Other hallmarks include oxidative ests, dys-homeostasis of biometals and
calcium, inflammation and loss of synaptic conmawi[4] Current therapeutic options for
treatment of AD mostly aim at restoring physiol@i@&Ch levels by inhibiting the enzyme
acetylcholinesterase (AChE), which is responsibletiie hydrolysis of ACh. Therefore, three
drugs approved by the Food and Drug administrati€idA) for the management of AD are
AChE inhibitors (AChEIs), namely donepezil, rivastine and galantamine.[5] However,
treatment with AChEIs is mostly symptomatic, anfiéetive only for AD patients with mild-to-

moderate symptoms, enabling in some cases the gasign of cognitive and functional



impairments to be retarded. Memantine, which isNamethyl-D-aspartate (NMDA) receptor
antagonist, is the latest drug approved for thattment of the disease.[6] The efficacy of
memantine is similar to that of the AChEls amontigmés with mild-to-moderate symptoms, but
has been reported to be more useful for treatingemta at more advanced stages of the
disease.[7-9] Yet, all four drugs only provide tergry symptomatic relief, but do not provide a
cure. Despite efforts over the last few decadesboth academic research teams and
pharmaceutical companies, no curative treatmenehesged yet.[10-12]

An attrition factor in the development of curatigdrigs is the fact that the aetiology of AD is
not fully understood. It is recognized, howevegttthe processes resulting in its development
and progression are complex and multifactorial.[IB{is, it is conceivable to hypothesize that a
combination of synergetic strategies targeting Yhdous players involved in the onset and
development of the disease should be more berlefmml should present a higher rate of
success. The “multifactorial hypothesis” has fugltee so-called multi-target-directed ligand
(MTDL) strategy, which foresees the developmenrd single molecule able to affect several key
targets/pathways.[14-22] Besides the advantagectihgasimultaneously on more than one
biological target, MTDLs have the advantages ofighér patient compliance (a parameter of
paramount importance for such neurodegenerativeagé, lower risk of drug-drug interactions,
and lower costs to perform ADMET studies.[23]

Kinases have been shown to be associated with iigrgssion of AD, and have received
increased attention during the past decade.[24S2Fje members of this family are involved in
the hyperphosphorylation of the tau protein, whielults in the production of intracellular
NFTs. GSK-3 [26] and CDK5 [27] are the two main kinases inwalvn this process, whereas

GSK-3 appears to regulate the production of.[28, 29] Thus, GSK inhibitors may be useful



for treatment of AD, as well as other neurodegdneradiseases.[30, 31] A study identified
novel mechanisms linking GSK-3 with the Aathology. The inhibition of GSK-3 reversed AD
pathogenesisia lysosomal acidification and reactivation/restamatof the mammalian target of
rapamycin (mMTOR) in a mouse model of AD.[32] Furthere, evidence has been presented that
GSK-3 inhibitors may reduce BAoligomer-induced neuronal toxicity and may promote
neurogenesis vitro andin vivo[33, 34] These various studies indicate that GSiKigbitors

should be further studied as candidates for treatimieAD.[35]

A renewed interest in AChEIs for AD treatment aregeen evidence was presented that, in
addition to AChE inhibition, certain AChEIs may blothe involvement of AChE in mediating
the aggregation and deposition ob Aeptides.[36-38] Thus, AChE has been reported to
accelerate the formation of neurotoxid Aaggregatesvia a mechanism that involves its
peripheral anionic site (PAS).[39] This resultednumerous studies aimed at developing dual
binding site AChEIs interacting with both the cgtal site and the PAS.[21, 40, 41] Moreovetr,
recent studies have suggested a possible role @EAIn hyperphosphorylated tau (P-Tau)
dysregulation.[42] There is thus also still a gie&trest in developing MTDLs endowed with an
anti-ChE activity.

To combine the beneficial effects of ChE inhibitiand GSK-3 inhibition within a single
molecule, a tacrine scaffold was selected to peowagtivity toward ChEs (Figure 1). This
selection was also based on the fact that thena@iharmacophore can easily be substituted on
its primary amino group while retaining a satistagtanticholinesterase activity. Consequently,
many tacrine-based MTDLs exhibiting high affinigr fAChE and/or BChE have been reported

in the past decade.[41, 43-45] However, only omnelstdescribing GSK-3/AChE bifunctional



inhibitors has appeared.[46] These MDTLs presemgiod inhibitory activities towards both
enzymes, and alleviated cognitive impairment inrtfieise model treated with scopolamine.
Amongst the GSK-3 kinase inhibitors developed fopleation to the CNS,[47] we selected
the valmerins (Figure 1), which contain a tetralopyrido[1,2a]isoindolone core[48, 49] linked
to an heteroaryl moiety by a ureido group. The piamophore that interacts with the kinase

active site consists of the isoindolone-urea mdieked to the pyridine ring at its C-2’ position.

NH»
CrO
7
N
Tacrine
Br
| (o]
N I
N NJ\N o} N NJJ\N o
H H H H
N
N
| 1C5o GSK-3a/b = 170 nM Il 1Cso GSK-3a/b = 22 nM
IC50 CDK5/p25 = 80 nM IC5o CDK5/p25 = 25 nM

Figure 1. Structures of tacrine, a ChE inhibitor and valmed and I, which display potent

CDKS5 and GSK-a/b inhibition.[49]

Docking studies and SAR studies suggested thatisutmmns at the pyridine C4’, C5’ and C6’
positions should not adversely affect affinity father GSK-3/ or CDKS5. Indeed, as seen in
Fig. 1, the presence of a bromine atom on C4’ dgtwmhances inhibitory capacity several
fold.[49] Thus, effective valmerin-tacrine based DS could be obtained using either of these
positions to link the two functional groups. Linkagf the two pharmacophores could be
advantageously performed using the copper(l)-catalyazide alkyne cycloaddition (CuAAC)
(Figure 2) as an interesting convergent synthetrategy for MTDLs. Furthermore, the
introduction of a 1,2,3-triazole ring within theker connecting the two pharmacophores would

allow formation of favourable hydrogen bond intéi@es within the active-site gorge of



AChE.[50-52] The crystal structure of the compléxnmuse AChE (mAChE) with one of the

most active bifunctional AChEIsnti-TZ2-PA6 (PDB 1Q84), which contains a triazole ring
attached to a tacrine moiety through a two-carbokel, revealed additional hydrogen bonds
between the triazole moiety and well identifiedidass.[50] Taking these different factors into
consideration, we designed a series of MTDLs basetthe skeleton depicted in Figure 2. These
hybrids present a single chiral centre on the hgtteoisoindolone moiety. Since this moiety
could potentially interact with both of the targétenzymes, for the most promising candidate

MTDLs, each enantiomer was synthesized and evaluatiependently.
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Figure 2. Design strategy of proposed MTDLs targeting lokies and GSK-3 kinases.

2. Results and discussion

2.1Design and docking studies



Before investing synthetic efforts in the prepamatiof a large number of MTDLs, we
performed modelling studies to determine the ogtieragth and chemical characteristics of the
linker connecting the two pharmacophores. Theseeftind studies took as a starting point the
crystal structure of thanti-TZ2-PA6 complex with mAChE that was referred twmwad (PDB
1Q84) [50]. The active-site gorge of AChE is knoterdisplay some conformational flexibility.
Binding of bifunctional ligands can induce someesahain rotationse.g, of Trp286, and
movement of the protein backbone at the PAS andinvthe region of the gorge between the
PAS and the catalytic site.[50, 53-55] Taking imimcount this flexibility, we modelled eight
MTDLs containing different linkers between the zo& and the valmerin pyridine ring by
varying the length (0-3 methylene units) and thencical nature of the linker (a simple alkyl
chain or a chain containing an oxygen atom or #atgramine). The docking studies were
performed with both enantiomers of the tetrahydrmoysoindolone moiety, and the linker was
attached to the pyridine C-4’ atom since it hadnbearlier reported that this position allows
substitution without altering the binding activifpr the targeted kinases.[56] The binding
energies for AChE of these MTDLs, as calculatedubg of Autodock Vina,[57] are listed in
Table 1. Low binding energies, below -15.0 kcal/nmetre obtained for both enantiomers of all
the tested compounds, except for the S enantiofgy which displayeda higher value, -12.8
kcal/mol. All docking poses showed a productivefoamation of the tetrahydroacridine scaffold
within the active site of AChE (Figure 3), with aptimal double - stacking interaction with
Trp86 and Tyr337, and formation of a hydrogen benth the backbone carbonyl group of
His447. Furthermore, it superimposed very well witiat of anti-TZ2-PA6 (see additional

docking poses in supporting information). Moreouee lower binding energy predicted By



relative to3, could be explained by an additional stacking interaction observed between

Trp286 and the valmerin pyridine ring.

Table 1 Stabilization energies calculated for MTDLs8.

4 o}
. Fayp s
N\/\N\%x 2~ N N
S N=N 6 N H

(0]

Linker Binding energy (kcal/mol)
Entry Compound position X n n’ _ _
on R enantiomer Senantiomer
pyridine

1 1 4 CH; 1 1 -14.9 -12.8
2 2 4 @] 1 1 -15.2 -15.2
3 3 4 N-Me 1 1 -14.3 -14.7
4 4 4 CH; 1 0 -14.6 -14.9
5 5 4 CH, 0 0 -15.8 -15.6
6 6 4 (/] 0 0 -16.6 -16.8
7 7 5 ] 0 0 -16.0 -16.2
8 8 6’ (/] 0 0 -16.3 -16.6
9 anti-TZ2-PA6 - - -

Figure 3. Molecular docking into hAChE ofR})-2 (left panel), R)-3 (centre panel) andR}-6

(right panel).



In addition, as reported for the crystal structafethe anti-TZ2PA6/mAChE complex,
molecular docking revealed potential hydrogen bobdsveen the 1,2,3-triazole moiety and
Tyrl24 and Tyr337. The lowest stabilization enesgieere obtained for the two enantiomers of
6. This could be explained by an additional stacking interaction of the triazole with Tyr341.
These low stabilization energies could also bearpl by hydrogen bonds formed between the
C=0 of the urea moiety of the valmerins and Tyr28&] between the backbone carbonyl group
of Tyr341 and the NH of the urea. In addition, wedelled MTDLs 7 and 8 substituted
respectively at positions C5’ and C6’ on the pyraring of the valmerins. This docking study

also showed promising binding affinity for AChE.

As a further step, MTLD4-8 were docked into the crystal structure of GSKX{BDB code
5K5N).[58] The lowest binding energy, -10.6 kcallmeas obtained for th& enantiomer ob
(Figure 4). In the docked structure, the tetrahpggrimoisoindole scaffold points toward the
hinge region, forming a hydrogen bond between V&ala8d the C=0 of the isoindolone.[56] In
addition, a hydrogen bond between Lys183 and tigalde3, and a catiop-interaction between
Lys183 and the pyridine ring, were observed. A®real in our earlier SAR studies,[48, 56, 59]
better binding was predicted for compounds whaskeli is attached to C4’ of the pyridine ring.
Indeed, docking poses showed that the tacrine gddaié oriented towards the solvent, thus
minimizing interaction with the kinase. Moreovéretprincipaldocking pose seen férrevealed

a T-shaped interaction between the tacrine scaffottiTyr140.
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Figure 4. Docking of §)-6 into GSK-3..

To validate these molecular modelling studies, weided to synthesize the MTDIZs 3, 4,
5, 6, 7and 8 as racemic mixtures, as well as both enantiomér§, an order to determine
experimentally their inhibitory activities on ChEsd selected kinases. Since docking of
compoundl presenting higher binding energies, especiallytierS enantiomer, we focused our
synthetic efforts on molecules presenting bindimgrgies lower than -14 kcal/mol for both

enantiomers.

2.2Chemistry

First, the tetrahydroacridine scaffdld, bearing a clickable azide moietyas prepared from
the commercially available 2-aminobenzoic addand cyclohexanonelO (Scheme 1).
Compound14 was thus obtained in four steps, with an overadlldyiof 18%. The detailed

procedures for synthesis b4 are descried in Supporting Information.
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Scheme 1.Reagents and conditions. (i) PQEL10.0 equiv), 0 °C, then 12 h reflux, 52%; (ii)
ethanolamine (3.0 equiv), 18 h reflux, 76%; (iipSl, (21.0 equiv), 45 min reflux, 75%; (iv)

NaN; (4.0 equiv), DMF, 80 °C, 24 h, 61%.

The synthesis of the pyridine moietie@and23 (Scheme 2) started with esterification of the
commercially available 4-(hydroxymethyl)picolinicid 15 to give the corresponding methyl
ester16 in 89% vyield. Preparation of compourdd involved treatment ofl6 with sodium
hydride at 0 °C in DMF followed by the addition mfopargyl bromide, givind.7 in 72% yield.
Treatment with an excess of hydrazine in metharmlegthe acyl hydrazind8 in near
guantitative yield. Finally, the acyl azid® was synthesized using sodium nitrite in aqueous 12
N HCI at 0 °C in 88% yield. In conclusion, acyl @il9 was obtained in four steps frof

(hydroxymethyl)picolinic acid5in a 55% overall yield.

The first step in the preparation of compo@3dnvolved the conversion of alcohab to the
corresponding chlorid0, followed by the nucleophilic substitution with-methylpropargyl
amine in the presence of potassium carbonate limxme§ acetonitrile, to give compourl in
74% vyield. The following step involved conversionnoethyl este21 to the corresponding acyl
azide 23. In conclusion, derivative 23 was obtained in five steps from4-

(hydroxymethyl)picolinic acid 5,in a 50% overall yield.

12
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Scheme 2Reagents and conditions. (i) SQ@.0 equiv), MeOH, reflux, 48 h, 89%; (ii) NaH

(2.0 equiv), propargyl bromide (80% in toluene)0(2guiv), DMF, 0 °C to rt, 18 h, 72%; (iii)

hydrazine monohydrate (7.0 equiv), MeOH, 45 min98% for 18 and 22; (iv) NaNGO, (2.0

equiv), 12 N aqueous HCI, 0 °C, 2 h, 88% (& and 83% (for23); (v) Mesyl chloride (1.5

equiv), EsN (2.0 equiv), CHCI,, 0 °C, then 24 h reflux, 92%; (W-methylpropargylamine (1.5

equiv), KCO; (2.0 equiv), CHCN, 24 h reflux, 74%.

Curtius rearrangement between acyl azitleand23 and tetrahydropyrido[2, &}isoindolone

(x)-24[60] in refluxing 1,4-dioxane led to the desired uregs2b and ()26 in 74% and 91%

yield, respectively. Finally, CuAAC reaction with4 using copper sulfate (0.3 equiv) and

sodium ascorbate (0.6 equiv) in DMF for 48 h pralu¢t)2 and ()3 in 65% and 72% yield,

respectively(Scheme 3).
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19 (X = 0) ()25 (X = O) )2 (X = 0)
23 (X = NMe) (£)-26 (X = NMe) (#)-3 (X = NMe)

Scheme 3Reagents and conditions. (i) (24(1.0 equiv), 1,4-dioxane, reflux, 24 h, 74% (for
(¥)-25) and 91% (for (£R6); (ii) 14 (1 equiv), CuSQ5H,0 (0.3 equiv), sodium ascorbate (0.6

equiv), DMF, 48 h rt, 65% (for (£, 72% (for (£)3).

We subsequently decided to synthesize several #atgmof2 in orderto determine their
structural contributions (especially those of therine and triazole scaffolds) to the inhibition of

the kinases (Figure 5). Thua/, 28A-C and29were also prepared as described below.
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Figure 5. Structures of isoindolone and tacrine-based feagmof2 that weresynthesized.

The first step in the synthesis of (2J- involved the CUuAAC reaction between
trimethylsilylmethyl azide and compourdd to furnish30in 74% yield (Scheme 4). Treatment
with TBAF yielded theN-methyl triazole31 in 76% vyield. The following step was formation of
the acyl azid&3 from the methyl este81 via a similar route to that previously described Zpr
giving 33 in 24% overall yield. Then, Curtius rearrangemebetween 33 and
tetrahydropyrido[2,1a]isoindolone, ()24, resulted in the desired product @&J- Thus, ()27

was synthesized in five steps frdiiin 3% overall yield.
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Scheme 4Reagents and conditions. (i) trimethylsilylmetlayide (1.1 equiv), CuS&H,0O
(0.3 equiv), sodium ascorbate (0.6 equiv), DMF h24t, 74%; (ii) TBAF (1.0 M in THF) (2.0
equiv), THF, 0 °C, then 24 h rt, 76%; (iii) hydragimonohydrate (7.0 equiv), MeOH, 45 min,
rt, 99%; (iv) NaNQ (2.0 equiv), 12 N aqueous HCI, 2 h, 0 °C, 25%;(f#}24 (1.0 equiv), 1,4-

dioxane, 24 h, reflux, 25%.

The syntheses of isoindolone-based fragm28&-C involved the CuAAC reaction between
alkyne (x)25 and azide84A,[61] 34B and34C. The latter were prepared from 3-phenylpropan-
1-ol, 4-aminopyridine and 4,7-dichloroquinoline,spectively (see supporting information).
Using 0.3 equiv of CuSf£and 0.6 equiv of sodium ascorba28A-C were obtained in 99, 41

and 47% yields, respectively (Scheme 5).
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Scheme 5Reagents and conditions. 83A-C (1.0 equiv), CuS@5H,0 (0.3 equiv), sodium

ascorbate (0.6 equiv), DMF, 48 h, rt, 99% (for 2BA), 41% (for (x)28B), 47% (for (x)28C).

Finally, the tacrine-based fragme2fd was synthesized frorh4 as shown in Scheme 6. The
CUuAAC reaction betwee4 and trimethylsilylacetylene, followed by treatmeith tetran-

butylammonium fluoride, gav29 in two steps in 50% overall yield.

35 (R=TMS
([ e

29 (R = H)

Scheme 6Reagents and conditions. (i) trimethylsilylacetdg1.5 equiv), CuS£bH,O (0.3
equiv), sodium ascorbate (0.6 equiv), DMF, 3 h98%; (ii) TBAF (1.0 M in THF) (2.0 equiv),

THEF, 3 h, reflux, 50%.

We then prepared the precursor alkynes4(&and (+)48 for synthesis of the MTDLs (-

and ()6, respectively(Scheme 7). Oxidation of the primary alcohdlé and 37 to the

17



corresponding aldehyd@8 and40 was performed using 2-iodoxybenzoic acid (IBXyefluxed
EtOAc in a near quantitative yield. Unfortunatebl| attempts to prepare aldehy®® by
oxidation of alcohoBB6 failed. Oxidation using IBX, Dess-Martin periodivg PCC or Swern
conditions led only to degradation, probably du¢hi low stability 0f39. We were thus unable
to synthesis the bifunctional ligarlsl Alcohols 36 and 37 were prepared in five steps from
commercially available 4-pyridineethanol and 4-giyrepropanol, respectively (see Supporting
Information). Then, Seyferth-Gilbert homologatiomsvcarried out using 1.5 equivalent of the
Ohira-Bestmann reagent to give the desired alkyfitsand 42 in 36% and 48% yield,
respectively. Conversion dfl and42 to the corresponding acyl azidésand46 was performed
in two steps in 63% and 82% yields, respectivetydascribed earlier fat9 and21. Finally,
Curtius rearrangement between acyl azidleand46 and(+)-24 gave (+)47 and (x£)48in 92%

and 40% yields, respectively.

(o
n
\ ‘ X o)
R Nid N)LN o)
HoH
N
16 (n = 0) 38 (n=0) 41 (R =OMe, n=0) (2)-47 (n = 0)
36 (n = 1) 39 (n=1) 42 (R=0OMe. n=2) (2)-48 (n = 2)

= - ii
37(n=2) 40 (n=2) | 43R=NHNH, n=0)

R =NHNH, n=2)

R=N3’n=0)
R=Ns n=2)

44 (
L, 45(
46 (
Scheme 7Reagents and conditions. (i) IBX (3.0 equiv), EE)A h reflux for38, and 12 h
for 40, 99%; (ii) Ohira-Bestmann reagent (1.5 equiv)CRs (2.0 equiv), MeOH, rt, 36% (for
41), 48% (for42); (iii) hydrazine monohydrate (7.0 equiv), MeOHp #in, rt, 99%; (iv) NaN®@
(2.0 equiv), 12 N aqueous HCI, 2 h, 0 °C, 64% 4By, 83% (for46); (v) (x)-24 (1.0 equiv)1,4-

dioxane, 24 h, reflux, 92% (for (#)7), 40% (for (£)48).
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The final step in accessing the MTDLs @)and ()6 consisted of a CUAAC reaction
between azidé4 andalkynes(+)-47 and(+)-48 (Scheme 8). Following this procedure, @and

(x)-6 were obtained in 19% and 18% vyields, respectively.

Q
( =Z =N M nh N
NH
|\n 9 N=N 7
— f N %
NN j A

H H
(£)-47 (n = 0) S (£)-6 (n=0)
(+)-48 (n=2) 7 ()4 (n=2)

Scheme 8.Reagents and conditions. @i% (1.0 equiv), CuS@5H,O (0.3 equiv), sodium

ascorbate (0.6 equiv), DMF, 48 h, rt, 18% for @ nd 19% for (£}

The syntheses of single enantiomers @fstarted with the enantioseparation of both
enantiomers of (24 by supercritical fluid chromatography (SFC) (sclee®) (see Supporting
Information). The absolute stereochemistry Bj-24 was determined by single crystal X-ray
diffraction after crystallization by vapour diffusi (CHCl/pentane) (see Supporting
Information). Then, Curtius rearrangement betweacheenantiomer o024 and acyl azidet5
gave the corresponding optically pure uredd-47 and §-47 in 73% and 76% yield,
respectively. The final step consisted of a CuA&Gction between azidet and alkyne I)-47
and §-47 to furnish(R)-6 and §)-6 in 56% and 45% yield, respectively. The higherdsein
the CUuAAC reaction achieved in the synthesis of plnee enantiomers with respect to the
racemic mixtures suggests that the poor yieldsiddafor synthesis of (#3-and (x)6 could be

improved.
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— (HR24 — = (HR-4T (RIS

HoN (O

2s e ()28 — I (1547 — s (1(5)6
+)-

Scheme 9Reagents and conditions. (i) Separation of enargie by SFC; (ii}5 (1.0 equiv),
1,4-dioxane, 24 h reflux, 73% for (447, 76% for (+)-§-47; (i) 14 (1.0 equiv),
CuSQ.5H,0 (0.3 equiv), sodium ascorbate (0.6 equiv), DM& h4 rt, 56% for (-)4R)-6, 45%

for (+)-(9-6.

Subsequently, we prepared both regioisomers of MT®kubstituted at position C-5’
(Schemes 10 and 11). The syntheses started witin@g&shira cross-coupling reaction between
the commercially available bromomethyl picolinaté8,and50, and ethynyltrimethylsilane, to
furnish alkynes1 and52 in 97% and 96% vyield, respectively. Deprotectidrhe alkynes was
performed with potassium fluoride to give compouri8sand 54 in 77% and 82% yield,
respectively. The conversion of estBBand54 to the corresponding acyl azidé§,and58, was
performed as previously described, in two step95% and 90% overall yields, respectively.
Finally, Curtius rearrangement between acyl azkeand58 and(+)-24 gave (x)59 and (x)60
in 65% and 50% vyield, respectively. To summarizeas (+)59 and ()60 were prepared in
five steps from methyl picolinate® and50in 46% and 35% overall yield, respectively. The las
step consisted of the CUAAC reaction between ak#tland alkynes (xp9 and (+)60 to give

the MTDLs ()7 and ()8 in 81% and 94% yield, respectively (Scheme 11).
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49 (R = OMe, C-5)
50 (R = OMe, C-6) 51 (R = OMe, R' = TMS, C-5) ()-59 (C-5)
52 (R = OMe, R' = TMS, C-6) (#)-60 (C-6)

> 53(R=0OMe, R =H, C-5)
54 (R = OMe, R' = H, C-6)

—> 55(R=NHNH, R'=H, C-
56 (R=NHNH, R'=H, C-
5
6

Scheme 10Reagents and conditions. (i) Ethynyltrimethylsdg3.0 equiv), Cul (0.1 equiv),
PACh(PPh), (0.05 equiv), BN/THF (1:1, v/v), 5 h, 60 °C, 97% f&1, 96% for52; (i) KF (3.0
equiv), MeOH/CHCI, (1:1, v/v), 12 h, rt, 77% fdb3, 82% for54; (iii) hydrazine monohydrate
(7.0 equiv), MeOH, 45 min, rt, 99%; (iv) NaN@.0 equiv), 12 N aqueous HCI, 2 h 0 °C, 96%

for 57, 91% for58; (v) (£)-24 (1.0 equiv), 1,4-dioxane, reflux for 24 h, 65% {a)-59, 50% for

5 0] N
= i H NN H
6 N H H o i , \/\N/\\ 6| A \n/ o
N Nx Il\l:N 5' = O
(%)-59 (C-5)

(£)-60 (C-6) R

(+)-60.

Scheme 11(i) 14 (1.0 equiv), CuS®@5H,0 (0.3 equiv), sodium ascorbate (0.6 equiv), DMF,
48 h rt, 81% for (x)¢, 94% for ()8.

2.3In vitro Assays

The newly synthesized MTDLst)-2-4, (+)-6-8, (R)-6 and (S)-6, were evaluated for their

inhibitory potency on kinases GSK/3 and CKD5/p25, and on human AChE (hAChE) and
human BChE (hBChE) (Table 2).
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Table 2. Inhibition of ChEs and kinases by MTDLs (24, (+)-6-8, (R)-6 and §)-6.

Entry Compound  hAChE (nM) ?nBNCl:)QE sP &ﬁ;};g / (C;][E/E? /P25
1 (£)-2 20.8+0.9 169 + 6 8.1 10 300

2 (2)-3 58.6 + 3.1 206 + 7 35 10 310

3 (2)-4 23.6+23 65.7+35 2.8 21 800

4 (£)-6 11.4+1.7 301+14 26 16 800

5 (R)-6 9.5+0.4 395+27 415 7 500

6 (S)6 13.7+1.0 254 +18 18.5 19 1100

7 (2)-7 0.8+0.1 185 + 47 227 >10 000 >10 000
8 (2)-8 133+ 6 21.1+16 0.16 4200 3100

9 Tacrine 424 + 21 335+1.0 0.08 >10 000 >10 000
10 Valmerin | - - - 170 80

11 Valmerin Il - - - 22 25

#Recombinant human AChE and BChE from human serura usedValues are expressed as
the meant SEM of two independent experiments each perforimédplicate.” Selectivity Index
SI: ICso (hBChE)/IGo (hAChE). “All data points for construction of dose-responseses were
recorded in triplicate. Typically, the standard id&en of single data points was below 10%.

In addition, the inhibitory activity, expressedl&g, values, toward GSK-3 and CKD5/p25
of all isoindolone-based fragments, i.e.,-Bbr27, (x)-28A-C, (x)-47, (R)-47, (9)-47, (+)-48
(x)-59 and )-60 and of the tacrine-based fragm@®& were determined and are displayed in

Table 3.
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Table 3. Kinase inhibition by isoindolone-based and tasfrased fragments.

ICs0 (NM)?
Entry Compound GSK-3 CDK5/p25
1 (£)-25 60 150
2 (£)-26 11 90
3 (1)-27 25 250
4 (1)-28A 8 260
5 (+)-28B 30 200
6 (¥)-28C >10 000 240
7 29 >10 000 >10 000
8 (1)-47 41 68
9 (R)-47 33 18
10 (S)y47 90 50
11 (£)-48 15 70
12 (£)-59 >10 000 >10 000
13 (2)-60 300 80
14 Valmerin | 170 80
15 Valmerin Il 22 25

8All data points for construction of dose-responseves
were recorded in triplicate. Typically, the stardideviation
of single data points was below 10%.
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The most active inhibitor (xJ-showed very high inhibitory potency in the subrmaotar
range (IGo = 815 pM). However, all the other assayed hybwndse active against hAChE in the
nanomolar range (Table 2). In detail, the hybrig-Z+was 2.8-fold more potent than (3)-
probably due to better interaction of the pyridmmeg with Trp286 at the PAS of AChE. In
addition, as predicted by docking studies, the tehdhe linker between triazole and pyridine
ring is, the better the inhibitory potency. Fortarece, compound (#)-was 2-fold more potent
than compound (#%; 1.8-fold more potent than compound gtand 5-fold more potent than
compound (+)3. Regarding the enantiomers of hyb6idhe enantiomerR)-6 was only 1.5-fold
more potent than the enantiom&)-6. All MTDLSs, except ()8, showed selectivity of one order
of magnitude toward hAChE relative to hBChE, exdepttompound (£)#, which was 227-fold
more potent on hAChE. Conversely. @pcted as a BChE selective inhibitor. Among all the
hybrids, compound (#§-showed the highest potency and selectivity towdBGhE with an 1G
value of 21.1 nM and a selectivity index relatieenAChE of 6.3. As has been reported, BChE
inhibition could also be of benefit for AD patiené2]

Interestingly, compounds (8- (x)-3, (x)4 and ()6 showed inhibitory activity in the
nanomolar range toward GSKa3b (Table 2). As reported in previous studies, thiessitution
of the linker on pyridine position C-4' proved t® lthe most suitable to preserve a strong
inhibitory activity toward GSK-3a/b. In detail, compound (- was 625-fold and 262-fold
more potent than compounds (&and (x)8, whose linkers are attached on pyridine positions
5" and 6’, respectively. Conversely to the parestimerins (Figure 1), all new hybrids showed
low inhibitory potency toward CDKS5 kinases, anddlauselectivity for GSK-a/b (Table 2). As

far as the influence of the absolute configuratbthe stereocentre of the isoindolone scaffold is
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concerned, R)-6 exhibited a GSK-3 kinase inhibition potency ~3dfdhigher than theg-
enantiomer. This relatively small difference indesa that the shape differences of the
isoindolone scaffold related to its stereocentisoblie configuration have a limited effect.
Determination of the inhibitory activity of the isololone-based and tacrine-based fragments
(Table 3) provided additional information for theARS study, especially regarding the
contribution of the tacrine and triazole moietieskinase inhibition. Indeed, the racemic hybrid
(x)-2 was 6-fold more potent than its precursor Z5)-indicating that the triazole or/and tacrine
scaffolds contributed to the kinase inhibition. §kiifference of potency was not observed for
compound (£)3, or for its precursor (£26, probably due to an additional interaction of e
Me group within the GSK-3 active site. Addition thfe triazole ring allowed a good GSK-3
binding mode. For instance, hybrid (ZJ; containing a triazole ring, was 2.4-fold better
inhibitor than (£)25. In contrast, depletion of the isoindolone scaffauch as in compouri,
led to a complete loss of activity toward GSK-35C 10 puM). These results suggested an
unexpected synergistic effect of the triazole aaindolone scaffolds in GSK-3 inhibition. The
addition of a hydrophobic moiety led to an increasthe inhibitory potency of the isoindolone.
In comparison with compound (£, the isoindolone-based fragment @8A was a 3-fold
more potent GSK-3 in