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Turning donepezil into a multi-target-directed ligand through a merging strategy (Bolognesi 

@UniboMagazine) 

Strike! Starting from a proposed drug combination of idebenone and donepezil, we rationally 

designed and synthesized a small library of highly merged donepezil-based multi-target-

directed ligands (MTDLs), obtained by indanone bioisosteric substitution. The new MTDL 9 

has been shown to hit Alzheimer’s disease by cholinesterase inhibition, together with Aβ and 

oxidative pathway modulation. 

Thanks to the widespread use and safety profile of donepezil (1) in the treatment of 
Alzheimer’s disease (AD), one of the most widely adopted multi-target-directed ligand 
(MTDL) design strategies is to modify its molecular structure by linking a second fragment 
carrying an additional AD-relevant biological property. Herein, supported by a proposed 
combination therapy of 1 and the quinone drug idebenone, we rationally designed novel 1-
based MTDLs targeting Aβ and oxidative pathways. By exploiting a bioisosteric replacement 
of the indanone core of 1 with a 1,4-naphthoquinone, we ended up with a series of highly 
merged derivatives, in principle devoid of the “physicochemical challenge” typical of large 
hybrid-based MTDLs. A preliminary investigation of their multi-target profile identified 9, 
which showed a potent and selective butyrylcholinesterase inhibitory activity, together with 
antioxidant and antiaggregating properties. In addition, it displayed a promising drug-like 
profile. 

Introduction 

According to WHO data, dementia currently affects about 10 million people in the 

European Region, and its prevalence is expected to double by 2030.[1] Sadly, there is no 

treatment that can cure Alzheimer’s disease (AD) or any other type of dementia.[2] Even more 

sadly, no new treatment is on the horizon. Over the last decade, more than 200 drug 

candidates have successfully completed phase II clinical trials, but none has passed phase 

III.[3] Actually, there has been no new AD therapy introduced into the market since 2003.[4] 

The drug (GV-971) newly approved in China for the treatment of mild to moderate AD, still 

needs further clinical trials before entering into EU and American markets.[4] This gloomy 

situation is exacerbated by the fact that many pharmaceutical companies have abandoned the 

sector because of the continued clinical failures. The community of AD patients and their 



families, researchers, clinicians and Alzheimer associations worldwide are eagerly looking for 

the development of effective therapies to treat or delay the onset of this devastating disorder. 

Thus, it is a social responsibility to stay in the field and pushing ahead by using all the 

knowledge acquired so far to solve this needle-in-haystack problem.[5] 

Currently, the available AD medicines (donepezil (1), rivastigmine (2), galantamine 

(3) and memantine (4), Figure^^1<figr1>) can only temporarily alleviate symptoms, or slow 

down their progression, and only in selected patients.[6] The three cholinesterase (ChE) 

inhibitors 1--3 are efficacious for mild to moderate AD, but It is not possible to identify those 

patients who respond, prior to treatment.[7] Despite slight variations in the mode of action, 

there is no evidence of any differences among 1--3 with respect to clinical efficacy. However, 

it seems that less adverse effects are associated with 1.[7] 

Notwithstanding the moderate clinical efficacy, 1 is still a leading therapeutic in the 

treatment of AD and a classic in chemical neuroscience.[8] 

As medicinal chemists working in the field for more than 20^^years, we are convinced 

that a rationally designed polypharmacology is the only approach that can confront the 

complexity of AD pathology and provide a truly disease-modifying therapeutic effect.[9] On 

this basis, we envisioned that enriching the acetylcholinesterase (AChE) inhibitory effect of 

1 with other activities directed to crucial AD targets, could provide derivatives with enhanced 

clinical potential. This strategy has been extensively followed by us and others in the search 

of novel multitarget-directed ligands (MTDLs) against AD.[10] 

In particular, we aimed to develop MTDLs whose multitargeted mechanism would not 

only improve cognitive function via ChE inhibition, but also affect causative processes, such 

as amyloid beta (Aβ) cascade and oxidative stress.[11] 

Design 

Herein, we manipulated 1’s structure with the goal of transforming it from a ChE 

inhibitor into an MTDL for AD. To note, a similar strategy has been pursued for the 

development of donepezil-ebselen hybrids.[12] 



Structurally, donepezil is composed by a 5,6-dimethoxy-1-indanone core and 1-

benzyl-4-piperidine connected by a methylene linker. According to the solved crystal 

structure,[13] its binding at human AChE involves several contacts and spans all the enzyme 

active site gorge. The two aromatic groups at the two ends are critical: the benzyl ring stacks 

against W86 of the active site, while the indanone ring stacks against W286 of the peripheral 

anionic site (PAS). 

In our effort to preserve the ChE inhibitory activity of 1 and to add anti-amyloid and 

antioxidant effects, we replaced the indanone scaffold with the bioisosteric 1,4-

naphthoquinone (Figure^^2<figr2>). In this way, we sought to combine the anticholinesterase 

activity with the well-known inhibitory activity of quinones against Aβ assembly and 

oxidative stress. In fact, we had successfully reported the development of tacrine-

naphthoquinones hybrids (Figure^^2<xfigr2>), which effectively counteracted amyloid 

aggregation and ROS production at a cellular level.[14] In recent years, the diverse set of 

pharmacological activities displayed makes 1,4-naphthoquinone a very attractive building 

block for the development of novel drugs. In fact, several studies have shown that it can 

exhibit neuroprotective effects[15] and disrupt Aβ aggregation.[16] This reinforces the idea that 

naphthoquinone derivatives may play a key role in AD drug discovery. Based on our previous 

findings,[14] the following naphthoquinone moieties have been selected (Figure^^2<xfigr2>): 

1,4-naphthoquinone, 2-chloro-1,4-naphthoquinone, 5-hydroxy-1,4-naphthoquinone (juglone). 

In analogy with the methoxy indanone scaffold of 1, the 5- and 8-methoxy juglone derivatives 

were explored (Figure^^2<xfigr2>). 2-Methyl-1,4-naphthoquinone (menadione) was selected 

because of the reported potent differentiation activity toward neuronal progenitor cells of 

some derivatives.[17] 

Variations to the methylene linker have been also performed (X<C=>CH2 or NH). 

Finally, introduction of a methoxy group at position 4 of the benzyl ring was considered 

(R2=OCH3), on the basis of previous SAR studies.[18] 

To note, although several donepezil-based MTDLs have been developed (recently 

reviewed in[19]), their design usually follows a framework combination strategy where the N-

benzylpiperidine is combined with a second moiety carrying an extra AD-beneficial effect. 



As discussed earlier,[20] the multi-target drug discovery (MTDD) community has been 

over-reliant on the framework combination approach, sometimes overlooking that it may 

result in large hybrid structures and raise the so called “physicochemical challenge”[21] typical 

of the field. This aspect is of particular importance when designing central nervous system 

(CNS)-directed MTDLs, which must first permeate the blood-brain barrier (BBB) to exert 

their multiple effects. Because of more stringent physicochemical requirements for CNS-

acting drugs compared to peripherally acting compounds, the development of highly 

integrated, linker-less MTDLs holds particular promise.[22] 

In our case, 5--17 have been rationally designed by exploiting the existing structural 

similarity between the indanone and the naphthoquinone scaffold, which has allowed a fine 

amalgamation of the latter into the starting compound. In other words, the increase in 

molecular weight and change in physicochemical parameters of 5--17 are minimal with 

respect to 1 (Table^^S1). The high level of structural merging applied should ensure that 5--

17 maintain the drug-like properties of a widely prescribed drug such is donepezil, while 

expanding its pharmacodynamic profile against AD.[20] 

Preliminary docking studies suggested that, in analogy with 1, 5--17 could occupy 

both CAS and PAS of hAChE, forming contacts with multiple amino acid residues, such as 

W86, W286 and Y341 (Figure^^S1). 

As a further important point in a multi-target perspective, our design approach builds 

on robust evidence of synergic effects provided by the combination of 1 and quinone drug 

idebenone (2-(10-hydroxydecyl)-5,6-dimethoxy-3-methylcyclohexa-2,5-diene-1,4-dione).[23] 

The promising in^^vivo results reported for this combinatorial regimen represent a useful 

surrogate co-target validation for this project.[24] In other words, they suggest that the 

simultaneous modulation of cholinesterase, amyloid and oxidative pathways might access 

context-specific multi-target mechanisms. 

Synthesis 

The reported methods of synthesizing N-linked quinones through classical SN2 

nucleophilic substitution reactions of 2-halo-derivatives with amines, or direct 1,4-type 



addition of amines are quite flexible and reliable.[25] This should allow the rapid preparation 

of diverse analogues and facilitate the medicinal chemistry activity. 

Thus, for the preparation of 2-((1-benzylpiperidin-4-yl)amino)-1,4-naphthoquinones 5-

-16, we reacted the proper naphthoquinone (18--23) with intermediate 24 or 25, as depicted in 

Scheme^^1<schr1>. 

First, benzylpiperidine synthons 24 and 25 were prepared by nucleophilic substitution 

of piperidin-4-one and the corresponding benzylchloride (24^a or 25^b), with sodium 

carbonate in acetonitrile, at 70^°C. Then, 24^b and 25^b were treated with ammonium 

acetate and sodium cyanoborohydride to provide 1-benzylpiperidin-4-amine derivatives 24 

and 25 by a classical reductive amination. 

2-Bromo-1,4-naphthoquinone (18), menadione (22) and 2,3-dichloro-1,4-

naphthoquinone (23, dichlone) were commercially available, whereas 2-bromo-8-

methoxy/hydroxy-1,4-naphthoquinones (19, 21) and 2-bromo-5-methoxy-1,4-naphthoquinone 

(20) were synthesized according to published procedures.[26] Then, reactions of piperidines 24 

and 25 with 18--23 provided 2-substituted naphthoquinones 5--16 in low yield, mainly due to 

difficulties in the purification steps. To note, target compounds 5[27] and 10[28] were already 

reported for other applications and their characterization data are in agreement with those in 

the literature. 

The synthesis of CH2-linked target compound 17 posed some challenges, in view of 

the few precedents in the literature. Specifically, the synthetic route described in 

Scheme^^2<schr2> was followed. Commercially available 1-Boc-4-piperidylacetic acid 17a 

was treated with menadione (22) in the presence of silver nitrate and ammonium persulfate, to 

obtain 17b by a cross-coupling radical mechanism.[29] Tert-butyloxycarbonyl protecting group 

was removed in acidic conditions by trifluoroacetic acid. Finally, deprotected 17c was treated 

with benzyl chloride 24a to provide the desired product 17 by nucleophilic substitution. 

It should be noted that the radical reaction gave a very low yield (6^%) and resulted in 

a complex and quite inseparable mixture, probably because of a low stability of the intended 

primary alkyl radical intermediate that could undergo transposition to a more stable tertiary 

piperidyl radical. In fact, this reaction works well for linear carboxylic acid.[30] Considering 



this drawback and the fact that 17 proved to be moderately active (Table^^1<tabr1>), no other 

medicinal chemistry efforts were performed in this direction. 

Results and Discussion 

As the first step of the multi-target characterization profile, all synthesized compounds 

were tested for their ability to inhibit human AChE and butyrylcholinesterase (hBuChE) by 

the colorimetric Ellman’s assay (Table^^1<xtabr1>).[31] The activities were expressed as IC50 

values and compared to those of donepezil (1), used as the reference compound. According to 

our expectations, all synthesized hybrids acted as ChE inhibitors. However, the replacement 

of the indanone with the naphthoquinone scaffold determined a general decrease of inhibitory 

activity towards AChE and a simultaneous shift in AChE/BuChE selectivity profile for 

selected compounds (5, 8--10, 12, 13 and 15). 

Regarding hAChE, all compounds, either carrying the NH or CH2 linker, were less 

active than 1. Particularly, introduction of the methoxy group on the benzyl ring provided 

derivatives 10--14, which were all less potent than their respective unsubstituted compounds 

16--19. Thus, this modification on the piperidine fragment seems detrimental for anti-AChE 

activity. Incorporation of oxygenated substituents on the naphthoquinone differently affected 

hAChE inhibition; methoxy-derivatives 6 and 7 were the most potent within the series (IC50 

of 2.17^^μM and 1.53^^μM, respectively) and about one order of magnitude more potent than 

unsubstituted 5 (IC50 equals to 22.6^^µM). Conversely, the hydroxy derivatives 8 and 14 were 

inactive at the highest tested concentration (100^^µM) or showed negligible activity, 

suggesting that this substitution is deleterious to hAChE recognition. Compounds 15 and 16 

carrying a 3-Cl or a 3-Me naphthoquinone, together with a 4-methoxy-benzylpiperidine 

proved the less active of the series (no activity at 100^^μM), indicating that the presence of an 

additional substituent at the 3-position hinders binding, presumably on steric grounds. 

Remarkably, the results on the anti-hBuChE activity obtained for the performed 

modifications were more encouraging and disclosed potent and selective inhibitors of 

hBuChE. Evidence of an increased BuChE activity concomitant to a reduced expression of 

neuronal AChE during AD progression, the demonstration that BuChE can act as a surrogate 

for AChE in the brain, together with the fact that BuChE knockout mice show no phenotypic 



abnormality, have validated BuChE as a preferred cholinergic target in the late disease 

stage.[32] Indeed, experience with dual inhibitors suggests that BuChE inhibition is more 

efficient for increasing ACh levels in the AD brain and improving cognitive performance, 

with less parasympathetic side effects.[33] 

Intriguingly, the SAR for the two enzymes were quite divergent: this gives raise to 

several selective compounds. 

The most active AChE inhibitor 7, featuring a methoxy group in R3, resulted among 

the least active of the series (AChE/BuChE selectivity index>400). Differently from what 

observed for AChE, insertion of a methyl group in R2 heavily impacted on anti-hBuChE 

activity, providing derivatives 9 and 15, both endowed with remarkable sub-micromolar IC50 

values and high selectivity (selectivity indexes >400). The insertion of a methoxy group on 

the naphthoquinone fragment was beneficial only when combined with a 4-OMe-

benzylpiperidine (cf 11--13 vs 5--7). 

The presence of the CH2 linker did not affect activity in a significant way as concerns 

hAChE inhibition. 17 was nearly 6 times more active than 9, and with a not-dissimilar IC50 

value compared to 5. This is probably related to the fact that 17, 9 and 5 show a quite similar 

arrangement of the naphthoquinone core and the benzylpiperidine when interacting with 

AChE. Conversely, compound 17 showed a modest IC50 value for BuChE (equal to 28^^μM), 

which is 295 times lower than that observed for the corresponding NH derivative 9. Thus, a 

CH2 linker is detrimental for BuChE activity. 

Collectively, by combining potency and selectivity data from AChE/BuChE enzymatic 

screening, hits 7--9 and 15 were shortlisted for further assays. 

In vitro blood-brain barrier permeation assay 

In developing donepezil-derived MTDLs, BBB penetration is of great importance and 

should be checked at a very early stage of development. In the last years, the BBB parallel 

artificial membrane permeation assays (PAMPA-BBB) has established itself as a quick, high 

throughput and reliable in^^vitro model for predicting passive BBB permeation. Thus, we 

used the PAMPA-BBB method to predict whether 7--9 and 15 could enter the brain 



(Table^^2<tabr2>). In the same assay, drugs of known CNS penetration (including 1) were 

tested, and their experimental values were compared to reported values, giving a good linear 

correlation. All the newly synthesized compounds showed positive permeability values. 

Particularly, 8 and 7 showed similar (Pe=19.13^^cm^s<M->1) or even higher 

(Pe=25.73^^cm^s<M->1) Pe values than that found for 1 (Pe=21.93^^cm^s<M->1). Thus, it is 

expected that 7, 8, but also 9 and 15, could effectively penetrate into the CNS. 

Cell-based profile: Cytotoxicity and neuroprotection 

With these promising data on ChE inhibition and BBB permeation in hand, we 

established the cell-based profile of compounds 7--9 and 15. Prior to any neuroprotection 

investigations, the cytotoxicity profile on the human liver cancer Hep-G2 (Figure^^3<figr3>) 

and neuroblastoma SH-SY5Y (Figure^^4<figr4>) cell lines were determined. 

Lack of hepatotoxicity would be a critical determinant for the drug-likeness of new 

donepezil derivatives, as aging, comorbidity and subsequent polytherapy significantly 

increase the risk of liver injury in AD patients.[35] As shown in Figure^^3<xfigr3>, up to 

5^^μM, there was no toxic effect from any of the molecules toward Hep-G2 cells, an 

established model for early ADME/Tox predictions. 

At 10^^μM, the viability of cells treated with the juglone derivative 8 remained as 

high as ⩾70^% compared to the untreated control cells. This supports the view that, in spite 

of the insertion of a quinone fragment (potentially hepatotoxic), 7, 9 and 15 retain the 

favorable hepatotoxicity profile of 1.[36] 

Next, we tested neuronal viability to rule out any possible neurotoxic effect of 7--9 

and 15 (Figure^^4<xfigr4>). This is motivated by the consideration that several AD drug 

candidates have failed due to neurotoxicity from a chronic treatment.[37] Encouragingly, while 

8 shows a dose-dependent decrease in cell viability, 7, 9 and 15 display a quite safe 

neurotoxicity profile. In fact, the percentages of viable cells at the highest tested concentration 

were not different from that reported for 1 (70^% at 10^^μM).[38] 

We expected that our quinone derivatives should be able to exert antioxidant effect 

and prevent neuronal cell death induced by reactive oxygen species (ROS). The deleterious 



consequences of an excessive oxidation status and the pathophysiological role of ROS have 

been extensively studied in the context of AD.[39] Neuronal cell dysfunction and oxidative cell 

death caused by the AD-associated Aβ peptide may causally contribute to the pathogenesis of 

AD.[39] 

Thus, we progressed 7, 9 and 15, for neuroprotection studies against oxidative stress. 

Clearly, juglone derivative 8 was discarded because of potential toxicity concerns 

(Figures^^3<xfigr3> and 4<xfigr4>). 

The antioxidant activity was evaluated against formation of ROS in SH-SY5Y 

neuronal-like cells in absence and presence of tBuOOH (TBH), an organic peroxide widely 

used to induce oxidative stress. Experiments were also performed with cells treated with 

sulforaphane (4-methylsulfinylbutyl isothiocyanate), an inducer of phase 2 enzyme NQO1. 

We have previously demonstrated that NQO1 extends the antioxidant potential of synthetic 

quinones through the generation of the corresponding hydroquinones, which represent the 

actual antioxidant species.[14] Notably, an increase in NQO1 expression and activity has been 

shown in neurons and astrocytes of AD brains compared to age-matched normal controls, as a 

response to the oxidative stress of the AD process.[40] 

Intracellular ROS level were monitored by using 2',7'-dichlorodihydro-fluorescein 

diacetate (H2DCFDA). The nonfluorescent H2DCFDA is converted by ROS to the highly 

fluorescent 2',7'-dichlorofluorescein (DCF). 

First, we verified whether treatment with redox-active 7, 9 and 15 could alter the basal 

cell redox status. Positively, only a slight ROS increase with respect to the control was 

observed (Figure^^5<figr5>). 

On the other hand, a similar antioxidant activity was detected for 7, 9 and 15, 

following the oxidative stress provoked by TBH. However, all compounds were not able to 

fully restore the ROS levels back to the control (Figure^^6<figr6>). 

Interestingly, their antioxidant profile was boosted in the sulforaphane model, which 

should mimic the clinical pathological features of AD (i.^e., an upregulation of NQO1 and 



cell antioxidant system). Probably in virtue of the NQO1-mediated hydroquinone formation, 

7, 9 and 15 were able to reduce the basal ROS level by more than 50^% (Figure^^7<figr7>). 

Even more interestingly, they were able to completely reverse the toxic oxidative 

insult. As evident from Figure^^8<figr8>, after TBH-induced oxidative stress and treatment 

with 7, 9 and 15, the ROS levels were similar to that of the untreated control. 

Inhibition of Aβ42 aggregation 

Quinones are effective modulators of aggregation of various amyloidogenic 

proteins.[41] Hence, the ability of the most promising derivative 9 to inhibit the Ab42 self-

aggregation was assessed. Selection of 9 over 7 and 15 was based on its stronger anti-

cholinesterase activity towards hBuChE, while showing safety profile and antioxidant activity 

similar to 7 and 15. Among the most abundant Aβ peptides, Ab42 is the most prone to 

aggregate, as well as the most neurotoxic isoform; hence, inhibition of its aggregation is 

considered an effective avenue to limit the neurotoxic cascade of events associated with the 

formation of Ab insoluble aggregates. Anti-aggregating properties of 9 were determined by a 

well-established thioflavin^^T (ThT) fluorescence assay.[42] 

Derivative 9 significantly inhibited Ab42 self-aggregation (52.0±8.0^% inhibition 

when assayed at 1^:^1 ratio with Ab42). Compared to the reference antiaggregating agent 

curcumin (diferuloylmethane), 9 resulted less potent by 30^% (% inhibition by curcumin at 

50^^µM=80.4±5.3), while its inhibitory activity was in line with that of 8-hydroxyquinoline 

derivatives which were generated by combining donepezil and clioquinol.[34] 

Conversely, and as previously reported,[34] 1 was devoid of any significant anti-

aggregating property (% inhibition at 50^^µM equals to 5.6±2.3^%). 

Neurotoxicity in primary neurons 

Considering the well-known cytotoxicity mediated by quinones and to get further 

proof of the drug-likeness of 9, we tested its neurotoxicity against a primary cell line of 

cerebellar granule neurons (CGNs), widely used as a model for studying neuronal death in 

AD.[35] Notwithstanding the notion that primary neurons are overall more sensitive to drug 

treatment than immortalized cell lines (e.^g., SH-SY5Y), 9 showed a safe profile also in this 



cell model (Figure^^9<figr9>). The percentage of viable cells was>60^% even at the highest 

tested concentration of 50^^μM. This result is remarkable, especially considering the high 

neurotoxicity shown by menadione, which is the quinone fragment of 9 (Figure^^S2). 

Conclusion 

In conclusion, this paper describes our strategy to convert a first-line, symptomatic AD 

medication into a promising MTDL hit compound (9), with a potential disease-modifying 

profile. Thanks to a finely tuned MTDD rationale, a quinone-based donepezil derivative with 

concomitant antioxidant and anti-amyloid in^^vitro activities, combined with a desirable 

drug-like profile has been developed. The next milestone will be to test its in^^vivo efficacy. 

Experimental Section 

Chemistry 

All commercially available reagents and solvents were purchased from Sigma-Aldrich, TCI, 

Alpha Aesar (Italy), and used without further purification. Reactions were followed by analytical thin 

layer chromatography (TLC), performed on precoated TLC plates (0.20^^mm silica gel 60 with 

UV254 fluorescent indicator, Merck). Developed plates were air-dried and visualized by exposure to 

UV light (l=254^^nm and 365^^nm). Reactions involving generation or consumption of amines were 

visualized using bromocresol green spray (0.04^% in EtOH). Column chromatography purifications 

were performed under flash conditions using Sigma-Aldrich silica gel (grade 9385, 60^^Å, 230--

400^^mesh). NMR experiments were run on a Varian VXR400 (400^^MHz for 1H; 100^^MHz for 

13C). 1H and 13C NMR spectra were acquired at 300^^K using deuterated chloroform (CDCl3) as 

solvent. Chemical shifts (δ) are reported in parts per million (ppm) relative to the residual solvent peak 

as an internal reference and coupling constants (J) are reported in hertz (Hz). Spin multiplicity is 

reported as: s=singlet, br s=broad singlet, d=doublet, dd=doublet of doublets, t=triplet, td=triplet of 

doublets, q=quartet, m=multiplet. Mass spectra were recorded on a Waters ZQ 4000, XevoG2-

XSQTof, Acquity arc-QDA LC-MS apparatus with electrospray ionization (ESI) in positive mode. All 

final compounds are>90^% pure, as judged by either HPLC, LC-MS, and NMR. 

General procedure for the synthesis of 1-benzylpiperidin-4-ones (24^b and 25^b): 

piperidin-4-one (1^^equiv) and benzyl chloride 24^a or 25^a (1^^equiv) were suspended in MeCN. 



Sodium carbonate (4^^equiv) was added to the suspension and the resulting mixture was stirred at 

70^°C for 2^^h. After cooling to room temperature, the mixture was filtered to remove solid materials 

and washed with MeCN. The solvent was evaporated under reduced pressure to afford the desired 

product (24^b or 25^b) that was used for the next step without further purification. 

1-Benzylpiperidin-4-one (24^b): Compound 24^b was isolated as a colorless oil (yield: 

826^^mg, 45^%): 1H NMR (CDCl3, 400^^MHz): <Gd>=2.44 (t, J=6,4^^Hz, 4H), 2.73 (t, J=6,4^^Hz, 

4H), 3.61 (s, 2H), 7.33^^ppm (m, 5H); 13C NMR (CDCl3, 100^^MHz): <Gd>=41.3, 52.9, 62.0, 76.7, 

77.0, 77.3, 138.1, 209.2^^ppm. 

1-(4-Methoxybenzyl)piperidin-4-one (25^b): Compound 25^b was isolated as a colorless oil 

(yield: 315^^mg, 45^%): 1H NMR (CDCl3, 400^^MHz): <Gd>=2.43 (t, J=6,4^^Hz, 4H), 2.71 (t, 

J=6,4^^Hz, 4H), 3.55 (s, 2H), 3.79 (s, 3H), 6.86 (d, J=4,8^^Hz, 2 H), 7.26^^ppm (d, J=5,6^^Hz, 2H); 

13C NMR (CDCl3, 100^^MHz): <Gd>=35.9, 48.8, 52.2, 55.2, 62.4, 113.5, 130.3, 130.4, 158.6^^ppm. 

General procedure for the synthesis of 1-benzylpiperidin-4-amine (24 and 25): NaBH3CN 

(7.6^^equiv) and CH3COONH4 (10^^equiv) were added portion wise to a solution of 1-

benzylpiperidin-4-one (24^b or 25^b; 1^^equiv) in MeOH and the resulting mixture was refluxed for 

1^^h. The solvent was removed in vacuo and water was added to the resulting residue. The aqueous 

mixture was acidified to pH^^2 with HCl 2^^N and stirred at room temperature for 15^^min. Water 

was saturated by adding Na2CO3 and the desired product was extracted with AcOEt. The organic 

phase was dried over anhydrous Na2SO4, filtered and the solvent was removed under reduced pressure. 

The obtained crude material was purified by chromatography, by eluting with CH2Cl2/MeOH/NH3 

(9^:^1:0.1) to afford the title compound (24 or 25). 

1-Benzylpiperidin-4-amine (24): Compound 24 was isolated as a yellowish oil (yield: 

262^^mg, 40^%): 1H NMR (CDCl3, 400^^MHz): <Gd>=1.76 (d, J=12^^Hz, 3H), 1.98 (t, J=12.4^^Hz, 

2 H), 2.77 (d, J=11.2^^Hz, 4H), 3,45 (s, 2H), 7,22^^ppm (m, 5H); 13C NMR (CDCl3, 100^^MHz): 

<Gd>=41.3, 52.9, 62.0, 76.7, 77.0, 77.3, 138.1, 209.2^^ppm. 

1-(4-Methoxybenzyl)piperidin-4-amine (25): Compound 25 was isolated as a yellowish oil 

(yield: 302^^mg, 40^%): 1H NMR (CDCl3, 400^^MHz): <Gd>=1.38 (t, J=9.2^^Hz, 2H), 1.78 (d, 

J=12.4^^Hz, 2H), 1.96 (t, J=11.6^^Hz, 2H), 2.63 (m, 1H), 2.82 (d, J=11.6^^Hz, 2H), 3,42 (s, 2H), 



3.77 (s, 3H), 6.83 (d, J=8.8^^Hz. 2H), 7.20^^ppm (d, J=8.8^^Hz, 2H); 13C NMR (CDCl3, 100^^MHz): 

<Gd>=35.9, 48.8, 52.2, 55.2, 62.4, 113.5, 130.3, 130.4, 158.6^^ppm. 

General procedure for the synthesis of 2-((1-benzylpiperidin-4-yl)amino)naphthalene-

1,4-dione (5--8, 10--14, 16): 1-Benzylpiperidin-4-amine 24 or 25 (1^^equiv) was added to a solution 

in DMF or MeOH of the corresponding naphthoquinone (18--23; 1^^equiv). The resulting mixture 

was stirred at room temperature for 1--2^^h (monitoring by TLC). 

After reaction completion, MeOH was removed under reduced pressure; in case of reaction 

performed in DMF, the solvent was eliminated by extraction with LiCl 5^% solution and CH2Cl2. The 

organic phase was dried over anhydrous Na2SO4, filtered, and solvent evaporated under reduced 

pressure. For the synthesis of compounds 5--8, 11--14, 16, the obtained crude material was purified by 

column chromatography, whereas for compounds 6, 7 and 14, a further recrystallization from MeOH 

was performed. Compound 10 was purified by washing the crude with diethyl ether, followed by 

recrystallization from EtOH. 

2-((1-Benzylpiperidin-4-yl)amino)naphthalene-1,4-dione (5): Purification by 

chromatography (CH2Cl2/EtOH 9.8:0.2) afforded title compound 5 as an orange solid (yield: 14^^mg, 

8^%): 1H NMR (CDCl3, 400^^MHz): <Gd>=1.64 (m 2H), 2.05 (d, J=11.6^^Hz, 2H), 2.20 (t, 

J=10.4^^Hz, 2H), 2.87 (d, J=10.4^^Hz, 2H), 3.31 (m, 1H), 3.53 (s, 2H), 5.75 (s, 1H), 5.84 (d, 

J=7.7^^Hz, NH), 7,32 (m, 5H), 7,60 (td, J=7.6^^Hz, 1H), 7.71 (td, J=7.6^^Hz, 1H), 8.04 (dd, 

J=7.7^^Hz, 1H), 8.09^^ppm (dd, J=7.7^^Hz, 1H); 13C NMR (CDCl3, 100^^MHz): <Gd>=31.1, 51.8, 

62.9, 101.8, 126.1, 126.3, 127.1, 128.3, 129.1, 132.0, 134.8, 146.7, 183.0, 183.7^^ppm; MS (ESI+) m/z 

347 [M+H]+. 

2-((1-Benzylpiperidin-4-yl)amino)-8-methoxynaphthalene-1,4-dione (6): Purification by 

chromatography (CH2Cl2/EtOH 9.8:0.2) and further recrystallization from MeOH afforded title 

compound 6 as an orange solid (yield: 62^^mg, 30^% ): 1H NMR (CDCl3, 400^^MHz): <Gd>=1.63 

(d, J=10^^Hz, 2H), 2.03 (d, J=11.2^^Hz, 2H), 2.21 (t, J=9.6^^Hz, 2H), 2.84 (d, J=11.2^^Hz, 2H), 

3.31 (m, 1H), 3.52 (s, 2H), 4.00 (s, 3H), 5.69 (s, 1H), 6.01 (d, J=6.8^^Hz, NH), 7,19 (d, J=8.8^^Hz, 

1H), 7.32 (m, 5H), 7.69 (t, J=8^^Hz, 1H), 7.79^^ppm (d, J=8.4^^Hz, 1H); 13C NMR (CDCl3, 

100^^MHz): <Gd>=31.2, 49.5, 51.9, 63.0, 101.1, 126.2, 126.4, 127.2, 128.4, 129.1, 130.6, 132.0, 

133.7, 134.8, 138.1, 146.8, 182.0, 183.0^^ppm. 



2-((1-Benzylpiperidin-4-yl)amino)-5-methoxynaphthalene-1,4-dione (7): Purification by 

chromatography (CH2Cl2/EtOH 9.8:0.2) and further recrystallization from MeOH, afforded title 

compound 7 as a yellow oil (yield: 52^^mg, 25^%): 1H NMR (CDCl3, 400^^MHz): <Gd>=1.63 (d, 

J=10^^Hz, 2H), 2.03 (d, J=11,2^^Hz, 2H), 2.21 (t, J=9,6^^Hz, 2H), 2.84 (d, J=11,2^^Hz, 2H), 3.31 

(m, 1H), 3.52 (s, 2H), 4.00 (s, 3H), 5.69 (s, 1H), 6.01 (d, J=6,8^^Hz, NH), 7,19 (d, J=8,8^^Hz, 1H), 

7.32 (m, 5H), 7.69 (t, J=8^^Hz, 1H), 7.79^^ppm (d, J=8,4^^Hz, 1H); 13C NMR (CDCl3, 100^^MHz): 

<Gd>=31.0, 51.7, 56.4, 63.1, 99.6, 115.8, 119.0, 127.1, 128.3, 129.0, 136.0, 147.6, 160.2, 180.3, 

182.4^^ppm. MS (ESI+) m/z 377 [M+H]+. 

2-((1-Benzylpiperidin-4-yl)amino)-8-hydroxynaphthalene-1,4-dione (8): Purification by 

chromatography (CH2Cl2/EtOH/NH3 9.8:0.2:0.05) afforded title compound 8 as a red solid (yield: 

30^^mg, 15^%): 1H NMR (CDCl3, 400^^MHz): <Gd>=1.67 (d, J=10^^Hz, 2H), 2.04 (d, J=11,6^^Hz, 

2H), 2.21 (t, J=10,8^^Hz, 2H), 2.88 (d, J=12^^Hz, 2H), 3.34 (m, 1H), 3.53 (s, 2H), 5.64 (s, 1H), 6.02 

(d, J=7,2^^Hz, NH), 7.35 (m, 6H), 7.48 (t, J=8^^Hz, 1H), 7.60 (d, J=7,2^^Hz, 1H), 13.05^^ppm (s, 

OH); 13C NMR (CDCl3, 100^^MHz): <Gd>=29.9, 30.9, 49.6, 51.6, 62.8, 99.9, 114.8, 119.1, 125.9, 

127.3, 128.3, 129.1, 130.5, 133.9, 147.4, 161.0, 181.1, 188.9^^ppm. MS (ESI+) m/z 363 [M+H]+. 

2-((1-Benzylpiperidin-4-yl)amino)-3-chloronaphthalene-1,4-dione (10): Recrystallization 

from EtOH afforded title compound 10 as an orange solid (yield: 50^^mg, 33^%): 1H NMR (CDCl3, 

400^^MHz): <Gd>=1.67 (d, J=10.4^^Hz, 2H), 2.06 (d, J=12^^Hz, 2H), 2.22 (t, J=11.2^^Hz, 2H), 

2.89 (d, J=11.2^^Hz, 2H), 3.56 (s, 2H), 4.45--4.43 (m, 1H), 5.99 (s, NH), 7.32--7.24 (m, 5H), 7.59 (t, 

J=7.6^^Hz, 1H), 7.69 (t, J=7.2^^Hz, 1H), 8.00 (d, J=7.2^^Hz, 1H), 8.11 (d, J=7.2^^Hz, 1H); 13C 

NMR (CDCl3, 100^^MHz): <Gd>=33.7, 50.7, 51.8, 62.9, 127.0, 127.5, 128.5, 129.4, 129.9, 132.6, 

132.8, 135.1, 143.5, 177.0, 180.4, ppm; MS (ESI+) m/z 381 [M+H]+. 

8-Methoxy-2-((1-(4-methoxybenzyl)piperidin-4-yl)amino)naphthalene <M->1,4-dione 

(11): Purification by chromatography (CH2Cl2/EtOH 9.8:0.2) afforded title compound 11 as an orange 

solid (yield: 27^^mg, 13^%): 1H NMR (CDCl3, 400^^MHz): <Gd>=1.64 (d, J=7.2^^Hz, 2H), 2.04 (d, 

J=11.8^^Hz, 2H), 2.17 (t, J=10.8^^Hz, 2H), 2.85 (d, J=12^^Hz, 2H), 3.36 (m, 1H), 3.46 (s, 2H), 3.80 

(s, 3H), 5.74 (s, 1H), 5.83 (d, J=7.6^^Hz, NH), 6.87 (d, J=6.4^^Hz, 2H), 7.26 (m, 2H), 7.63 (t, 

J=8^^Hz, 1H), 7.74 (t, J=8^^Hz, 1H), 8.05 (d, J=12^^Hz, 1H), 8.10^^ppm (d, J=11.6^^Hz, 1H); 13C 



NMR (CDCl3, 100^^MHz): <Gd>=31.1, 51.7, 49.8, 55.2, 62.3, 101.0, 113.6, 126.1, 126.3, 130.2, 

131.9, 133.9, 134.7, 146.7, 183.0, 183.7^^ppm; MS (ESI+) m/z 377 [M+H]+. 

8-Methoxy-2-((1-(4-methoxybenzyl)piperidin-4-yl)amino)naphthalene <M->1,4-dione 

(12): Purification by chromatography (CH2Cl2/EtOAc/EtOH 5^:^4.8:0.2) afforded title compound 12 

as a yellow solid (yield: 32^^mg, 14^%): 1H NMR (CDCl3, 400^^MHz): <Gd>=1.62 (d, J=10,4^^Hz, 

2H), 2.02 (d, J=10,4^^Hz, 2H), 2.19 (t, J=10,4^^Hz, 2H), 2.82 (d, J=11,6^^Hz, 2H), 3.30 (m, 1H), 

3.46 (s, 2H), 3.80 (s, 3H), 4.00 (s, 3H), 5.68 (s, 1H), 5.10 (d, J=8^^Hz, NH), 6.88 (d, J=4,8^^Hz, 2H), 

7.21 (m, 3H), 7.68 (t, J=7,2^^Hz, 1H), 7.79^^ppm (d, J=8^^Hz, 1H); 13C NMR (CDCl3, 100^^MHz): 

<Gd>=31.0, 51.5, 55.2, 56.4, 62.3, 99.4, 113.6, 115.8, 118.5, 119.0, 130.2,136.0, 136.1, 147.6, 158.8, 

160.1, 180.4, 182.4^^ppm. 

5-Methoxy-2-((1-(4-methoxybenzyl)piperidin-4-yl)amino)naphthalene <M->1,4-dione 

(13): Purification by chromatography (CH2Cl2/EtOH 9.8:0.2) afforded title compound 13 as a 

yellowish solid (yield: 56^^mg, 25^%): 1H NMR (CDCl3, 400^^MHz): <Gd>=1.62 (d, J=10.4^^Hz, 

2H), 2.02 (d, J=10.4^^Hz, 2H), 2.19 (t, J=10.4^^Hz, 2H), 2.82 (d, J=11.6^^Hz, 2H), 3.30 (m, 1H), 

3.46 (s, 2H), 3.80 (s, 3H), 4.00 (s, 3H), 5.68 (s, 1H), 5.10 (d, J=8^^Hz, NH), 6.88 (d, J=4.8^^Hz, 2H), 

7.21 (m, 3H), 7.68 (t, J=7.2^^Hz, 1H), 7.79^^ppm (d, J=8^^Hz, 1H); 13C NMR (CDCl3, 100^^MHz): 

<Gd>=31.0, 51.5, 55.2, 56.3, 62.4, 99.4, 113.6, 115.8, 119.0, 130.0, 131.4, 136.0, 147.6, 158.8, 160.1, 

180.3, 182.4^^ppm. 

8-Hydroxy-2-((1-(4-methoxybenzyl)piperidin-4-yl)amino)naphthalene-1,4-dione (14): 

Purification by chromatography (CH2Cl2/EtOH/NH3 9.8:0.2:0.05) and further recrystallization from 

MeOH, afforded title compound 14 as a yellowish solid (yield: 35^^mg, 16^%): 1H NMR (CDCl3, 

400^^MHz): <Gd>=1.62 (d, J=10^^Hz, 2H), 2.04 (d, J=11.2^^Hz, 2H), 2.17 (t, J=10.4^^Hz, 2H), 

2.87, (d, J=9.2^^Hz, 2H), 3.36 (m, 1H), 3.48 (s, 2H), 3.81 (s, 3H), 5.64 (s, 1H), 6.01 (d, J=7,2^^Hz, 

NH), 6.88 (d, J=7.6^^Hz, 2H), 7.25 (m, 3H), 7.48 (t, J=8^^Hz, 1H), 7.60 (d, J=7.6^^Hz, 1H), 

13.05^^ppm (s, OH); 13C NMR (CDCl3, 100^^MHz): <Gd>=31.0, 47.4, 51.5, 55,2, 62.4, 99.4, 113.7, 

119.1, 125.9, 130.2, 133.8, 147.4, 161.0, 182.4, 189.1^^ppm. 

2-Chloro-3-((1-((4-(1-hydroperoxy-1l3-ethyl)phenyl)methyl)piperidin-4-yl)amino)

naphthal-ene-1,4-dione (16): Recrystallization from EtOH afforded title compound 16 as an orange 

solid (yield: 75^^mg, 33^%): 1H NMR (CDCl3, 400^^MHz): <Gd>=1.64 (d, J=10.8^^Hz, 2H), 2.08 



(d, J=10.8^^Hz, 2H), 2.19 (t, J=11.6^^Hz, 2H), 2.87 (d, J=10.4^^Hz, 2H), 3.48 (s, 2H), 3.80 (s, 3H), 

4.26 (m, 1H), 6.01 (d, J=7.2^^Hz, NH), 6.87 (d, J=8^^Hz, 2H), 7.24 (m, 2H), 7.64 (t, J=1.2^^Hz, 1H), 

7.72 (t, J=1.2^^Hz, 1H), 8.04 (d, J=7.2^^Hz, 1H), 8.15^^ppm (d, J=7.2^^Hz, 1H); 13C NMR (CDCl3, 

100^^MHz): <Gd>=33.8, 50.8, 51.5, 55.2, 62.3, 113.8, 126.8, 130.3, 132.4, 134.9, 143.3, 158.8, 

180.5^^ppm. 

General procedure for the synthesis of 2-((1-benzylpiperidin-4-yl)amino)naphthalene-

1,4-dione (9, 15): 1-benzylpiperidin-4-amine 24 or 25 (1^^equiv) was added to a solution of 2-

methylnaphthalene-1,4-dione (22; 1^^equiv) in EtOH. The resulting mixture was stirred at room 

temperature for 2^^h, while monitoring the reaction by TLC. The solvent was removed under reduced 

pressure and the crude material was purified by chromatography followed by a recrystallization from 

EtOH. 

2-((1-Benzylpiperidin-4-yl)amino)-3-methylnaphthalene-1,4-dione (9): Purification by 

chromatography (CH2Cl2/toluene/EtOAc/EtOH 8^:^1:0.7:0.3) and further recrystallization from EtOH 

afforded title compound 9 as a red solid (yield: 14^^mg, 7^%): 1H NMR (CDCl3, 400^^MHz): 

<Gd>=1.14 (d, J=5.6^^Hz, 2H), 1.62 (d, J=10.4^^Hz, 2H), 1.99 (t, J=12^^Hz, 2H), 2.17 (s, 3H), 2.85 

(d, J=12^^Hz, 2H), 3.53 (s, 2H), 3.69--3.85 (m, 1H), 5.69 (d, J=9.2^^Hz, NH), 7.21--7.33 (m, 5H), 

7.59 (t, J=7.2^^Hz, 1H), 7.69 (t, J=7.2^^Hz, 1H), 8.01 (d, J=7.2^^Hz, 1H), 8.09^^ppm (d, J=7.2^^Hz, 

1H); 13C NMR (CDCl3, 100^^MHz): <Gd>=11.3, 33.8, 51.7, 62.9, 126.0, 126.2, 127.1, 128.2, 129.1, 

131.9, 134.3, 145.3, 180.3, 182.4^^ppm. HRMS (ESI+) calcd for C23H24N2O2 [M+H]+361.1911, found 

361.1910. 

2-((1-(4-Methoxybenzyl)piperidin-4-yl)amino)-3-methylnaphthalene-1,4-dione (15): 

Purification by chromatography (CH2Cl2/MeOH 9^:^1) and further recrystallization from EtOH 

afforded title compound 15 as a red oil (yield: 11^^mg, 5^%): 1H NMR (CDCl3, 400^^MHz): 

<Gd>=1.70--1.50 (m, J=9.9^^Hz, 4H), 1.96 (d, J=12.3^^Hz, 2H), 2.12 (d, J=11.2^^Hz, 1H), 2.16 (s, 

J=15.3^^Hz, 3H), 2.83 (d, J=11.4^^Hz, 2H), 3.47 (s, 2H), 3.80 (s, 3H), 5.67 (d, J=9.2^^Hz, NH), 6.86 

(d, J=8.6^^Hz, 2H), 7.22 (d, J=8.5^^Hz, 2H), 7.60--7.53 (m, 1H), 7.67 (td, J=7.6, 1.1^^Hz, 1H), 7.99 

(d, J=7.6^^Hz,1H), 8.08 (d, J=7.7^^Hz, 1H); 13C NMR (CDCl3, 100^^MHz): <Gd>=11.4, 23.0, 33.9, 

51.2, 51.7, 55.4, 62.4, 68.5, 113.8, 126.2, 126.4, 130.4, 130.5, 132.0, 133.6, 134.4, 145.4, 158.9, 

182.7, 183.6^^ppm. MS (ESI+) m/z 391 [M+H]+. 



tert-Butyl 4-((3-methyl-1,4-dioxo-1,4-dihydronaphthalen-2-yl)methyl)piperidine-1-

carboxylate (17^b): In a two-neck flask 2-(1-(tert-butoxycarbonyl)piperidin-4-yl)acetic acid (17^a; 

3^^equiv) and AgNO3 (0.3^^equiv) were added to a solution of menadione (1^^equiv) in a mixture of 

MeCN/H2O (2^:^1) heated to 65^°C. When a clear solution was obtained, a 0.38^^M solution of 

(NH4)2S2O8 (1.3^^equiv) in MeCN/H2O was added dropwise in 1^^h. The resulting mixture was 

refluxed for 5^^h. The solvents were removed in vacuo and the resulting crude was purified by 

chromatography, eluting with petroleum ether/EtOAc (9^:^1) to afford the title compound. Compound 

17^b was obtained as a yellow solid (yield: 6^^mg, 6^%): 1H NMR (CDCl3, 400^^MHz): <Gd>=1.44 

(s, 9H); 1.66--1.54 (m, 4H), 1.79--1.66 (m, 1H), 2.19 (s, 3H), 2.67--2.50 (m, 4H), 4.08 (m, 2H), 7.69 

(d, J=11.9^^Hz, 2H), 8.07^^ppm (d, J=13.3^^Hz, 2H); 13C NMR (CDCl3, 100^^MHz): <Gd>=13.36, 

28.42, 29.65, 33.69, 36.57, 43.88, 79.22, 126.23, 126.33, 132.03, 132.11, 133.48, 144.51, 145.13, 

154.90, 184.86, 185.05^^ppm; MS (ESI+) m/z 761.2 [M+Na]+. 

2-((1-Benzylpiperidin-4-yl)methyl)-3-methylnaphthalene-1,4-dione (17): To a cooled 

(5^°C, ice bath) solution of tert-butyl 4-((3-methyl-1,4-dioxo-1,4-dihydronaphthalen-2-yl)methyl)

piperidine-1-carboxylate (17^b; 1^^equiv) in CH2Cl2, TFA (3^^equiv) was added dropwise. The cold 

bath was removed, and the reaction mixture was stirred at room temperature for 5^^h. The solvent and 

the excess of TFA were removed in vacuo, and the resulting solid was washed with ethyl ether (x 3). 

The title compound 17^c was used in the next step without further purification. A 1.1^^M solution of 

benzaldehyde (10^^equiv) in dry MeOH was added to a 0.1^^M solution of 17^c (1^^equiv) and KOH 

(0.17^^equiv) in dry MeOH (pH^^4--5), the resulting mixture was refluxed for 15^^min. After cooling 

the reaction to room temperature, NaBH3CN (1^^equiv) was added, and the mixture was stirred at 

room temperature for 5^^h. The solvent was removed in vacuo and the resulting crude was purified by 

chromatography, eluting with CH2Cl2/MeOH (9^:^1). The title compound 17 was obtained as a 

yellowish oil (yield: 6^^mg, 30^%): 1H NMR (CDCl3, 400^^MHz): <Gd>=1.94--1.64 (m, 5H), 2.23--

2.13 (m, 7H), 2.66 (d, J=6.8^^Hz, 2H), 3.50--3.35 (m, 2H), 4.11 (s, 2H), 7.46--7.39 (m, 3H), 7.57--

7.52 (m, 2H), 7.75--7.65 (m, 2H), 8.05--7.97 (m, 1H), 8.12--8.04^^ppm (m, 1H); HRMS (ESI+) calcd 

for C24H25NO2 [M+H]+360.1958, found 360.1921. 

Biological methods 



Human AChE and BuChE inhibition assay. AChE inhibitory activity was evaluated 

spectrophotometrically at 37^°C by Ellman’s method[31] using a Jasco V-530 double beam 

spectrophotometer. The rate of increase in absorbance at 412^^nm was followed for 240^^s. An AChE 

stock solution was prepared by dissolving human recombinant AChE (EC: 3.1.1.7) lyophilized powder 

(Sigma-Aldrich) in 0.1^^M potassium phosphate buffer (pH^^8.0) containing Triton X-100 (0.1^%). 

A stock solution of BuChE (EC: 3.1.1.8) from human serum (Sigma-Aldrich) was prepared by 

dissolving the lyophilized powder in an aqueous solution of gelatin (0.1^%). Stock solutions of 

inhibitors (2^^mM) were prepared in MeOH. The assay solution consisted of a 0.1^^M potassium 

phosphate buffer (pH^^8.0), with the addition of 5,5’-dithiobis(2-nitrobenzoic acid; 340^^mm), 

human recombinant AChE or human serum BuChE (0.02^^U/mL, Sigma-Aldrich), and substrate 

(550^^μM acetylthiocholine iodide or butyrylthiocholine iodide, respectively). Fifty microliter 

aliquots of increasing concentrations of the test compound were added to the assay solution and pre-

incubated for 20^^min at 378^^C with the enzyme, prior addition of substrate. Assays were carried out 

with a blank mixture containing all components except AChE or BuChE to account for non-enzymatic 

reactions. The reaction rates were compared, and the percent inhibition due to the presence of tested 

inhibitor at increasing concentrations was calculated. Each concentration was analyzed in triplicate, 

and IC50 values were determined graphically from log concentration-inhibition curves (GraphPad 

Prism 4.03 software, GraphPad Software). 

Inhibitory potency on Aβ42 self-aggregation: Ab42 samples (Bachem AG, Switzerland) pre-

treated with 1,1,1,3,3,3-hexafloropropan-2-ol (HFIP) were solubilized with a CH3CN/Na2CO3 

(0.3^^mM)/NaOH (250^^mM; 48.4^:^48.4^:^3.2) mixture to obtain a stable stock solution 

([Ab42]=500^^μm).[42,43] Experiments were performed by incubating the peptide in 10^^mM phosphate 

buffer (pH^^8.0) containing 10^^mM NaCl at 30^°C for 24^^h (final Aβ concentration=50^^µM) with 

and without inhibitors at 50^^µM (Aβ/inhibitor=1^:^1). Blank solutions containing the tested 

inhibitors without Aβ42 were also prepared and tested. To quantify amyloid fibril formation, the ThT 

fluorescence method was used.[43] After incubation, samples were diluted to a final volume of 

2.0^^mL with 50^^mM glycine<C->NaOH buffer (pH^^8.5) containing 1.5^^mM ThT. A 300-s time 

scan of fluorescence intensity was carried out (lex=446^^nm; lem=490^^nm), and plateau values were 

averaged after subtracting the background fluorescence of the ThT solution. The fluorescence 



intensities were compared, and the percent inhibition due to the presence of the tested inhibitor was 

calculated. 

Cytotoxicity assays in cell lines. Human hepatocarcinoma Hep-G2^^cell line and human 

neuroblastoma SH-SY5Y cell line were cultured in DMEM supplemented with 10^% FBS, 100 UI 

mL<M->1 penicillin, 100^^mg^mL<M->1 streptomycin, in a 5^% CO2 atmosphere at 37^°C, with 

saturating humidity. Cytotoxicity of selected compounds was estimated using an MTT-based assay.[44] 

Briefly, cells were seeded in 96-well plates at a density of 5×103 cells/well and incubated overnight at 

37^°C, 5^% CO2 in humidified atmosphere to allow adhesion. After this time, cells were treated for 

24^^h with compounds 7--9 and 15, or vehicle (DMSO) at different concentrations. Then, cells were 

washed with PBS and treated with 300^^µM MTT dissolved in DMEM and incubated for two hours at 

37^°C and 5^% CO2. After this time, the medium was removed, and the formazan salts were dissolved 

in DMSO. The formazan absorbance from each well was measured at l=570^^nm by using a 

microplate reader (Enspire, PerkinElmer). 

Determination of antioxidant activity in SH-SY5Y cells. To evaluate the antioxidant activity of 

the selected compounds, SH-SY5Y cells were seeded in 96-well plates (OptiPlate black, PerkinElmer) 

at 5×103 cells/well and incubated overnight at 37^°C, 5^% CO2 to allow adhesion. To induce the 

expression of NQO1, cells were treated after adhesion with 4-methylsulfinylbutyl isothiocyanate 

(2.5^^µM; Sigma-Aldrich) for 24^^h. For oxidative stress determination, cells were treated for 24^^h 

with the selected compounds or vehicle (DMSO). After this time, cells were washed with PBS and 

stained for 30^^min with 10^^µM H2DCFDA probe (2’,7’-dichlorodihydrofluorescein diacetate, 

ThermoFisher) in DMEM. To induce oxidative stress, cells were carefully washed and treated for 

30^^min with 100^^µM TBH (tert-butyl hydroperoxide solution, Luperox, Sigma-Aldrich) dissolved 

in DMEM. Finally, cells were washed three times with PBS supplemented with glucose 5^^mM and 

CaCl2 1^^mM. The DCF fluorescence was measured (<Gl>ex=485^^nm; <Gl>em=535^^nm) by using a 

microplate reader (Enspire, Perkin Elmer). 

Cytotoxicity assays in primary neurons. Primary cultures of cerebellar granule neurons 

(CGNs) were prepared from 7-day-old pups of Wistar rat strain, as previously described.[35] All animal 

experiments were authorized by the University of Bologna bioethical committee (protocol no. 17--72-

1212) and performed according to Italian and European Community laws on the use of animals for 



experimental purposes. Cells were dissociated from cerebella and plated on 96-well plates, previously 

coated with 10 μg/mL poly-L-lysine, at a density of 1.2×105 cells/0.2^^mL medium/well in BME 

supplemented with 100^^mL/L heat-inactivated FBS (Aurogene), 2^^mmol/L glutamine, 100 μmol/L 

gentamicin sulphate and 25^^mmol/L KCl (all from Sigma--Aldrich). 16^^h later, 10^^μM cytosine 

arabino-furanoside (Sigma--Aldrich) was added to avoid glial proliferation. After 7^^days in^^vitro, 

differentiated neurons were shifted to serum free BME medium containing 25^^mmol/L KCl and 

treated with increasing concentrations of the compounds (0, 1, 2.5, 5, 10, 25 and 50^^μM) for 24^^h. 

After 24^^h of treatment, the viability of CGNs was evaluated through the MTT assay. 

PAMPA-BBB Assay. In order to predict passive BBB penetration of novel compounds 

modification of the PAMPA has been used based on a reported protocol.[45] The filter membrane of the 

donor plate was coated with PBL (Polar Brain Lipid, Avanti, AL, USA) in dodecane (4^^µL of 

20^^mg/mL PBL in dodecane) and the acceptor well was filled with 300^^µL of PBS pH^^7.4 buffer 

(VA). Tested compounds were dissolved first in DMSO and that diluted with PBS pH^^7.4 to reach 

the final concentration in the range between 40--100^^µM in the donor well. Concentration of DMSO 

did not exceed 0.5^% (v/v) in the donor solution. 300^^µL of the donor solution was added to the 

donor wells (VD) and the donor filter plate was carefully put on the acceptor plate so that coated 

membrane was “in touch” with both donor solution and acceptor buffer. Test compound diffused from 

the donor well through the lipid membrane (Area=0.28^^cm2) to the acceptor well. The concentration 

of the drug in both donor and the acceptor wells were assessed after 3, 4, 5 and 6^^h of incubation in 

quadruplicate using the UV plate reader Synergy HT (Biotek, Winooski, VT, USA) at the maximum 

absorption wavelength of each compound. Besides that, solution of theoretical compound 

concentration, simulating the equilibrium state established if the membrane were ideally permeable 

was prepared and assessed as well. Concentration of the compounds in the donor and acceptor well 

and equilibrium concentration were calculated from the standard curve and expressed as the 

permeability (Pe) according the equation^^(2):[46]<ffr1> 

<ff1>𝑃! = 	𝐶	 × 	𝑙𝑛 )1 − [#$%&]	)**!+,-$
[#$%&]	!.%/0/1$/%2

,<zs>(2) 

𝑤ℎ𝑒𝑟𝑒	𝐶 = ("!×	"")
("!×	"")&'()	×	*+,(

  



The measurement predicts that the test compounds have the potential to passively pass the 

BBB. Pe values correspond to those of standard drugs with high CNS permeability. 
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Table^^1 Inhibitory activity toward hAChE and hBuChE by compounds 5--17 and 
donepezil (1).<W=3> 

Compoun
d 

<forr1>  IC50 [μM][b] SI for 

 R1 R2 R3 R4 X hAChE[a] hBuChE[a] hAChE[c

] 

5 H H H H NH 22.6±1.6 14.3±0.9 0.63 

6 H H H OCH
3 

NH 2.17±0.28 142±6 65.4 

7 H H OCH
3 

H NH 1.53±0.29 664±405 434 

8 H H H OH NH n.a. 0.216±0.043 <0.002 

9 H CH
3 

H H NH 47.5±11.9 0.0957±0.009
7 

0.002 

10 H Cl H H NH 8.03±0.54 2.48±0.04 0.31 

11 OCH
3 

H H H NH 207±29 n.a. - 

12 OCH
3 

H H OCH
3 

NH 140±18 7.98±2.61 0.06 

13 OCH
3 

H OCH
3 

H NH 115±10 93.2±17.7 0.81 

14 OCH
3 

H H OH NH ≥75[c] n.a. - 

15 OCH
3 

CH
3 

H H NH n.a. 0.795±0.054 <0.008 



16 OCH
3 

Cl H H NH n.a. n.a.  - 

17 H CH
3 

H H CH
2 

7.84±0.28 28.2±5.9 3.60 

1      0.023±0.005[34

] 
7.42±0.39[34] 323 

[a]^^Human recombinant AChE and BuChE from human serum were used. [b] Inhibitor 
concentration required to decrease enzyme activity by 50^%±SEM=standard error of the 
mean. [c] Inhibition %=20.2±1.4 at 75^^μM; n.a.=not active (inhibition %<15 at 100^^μM). 
[c] Selectivity for hAChE is determined as ratio hBuChE IC50/hAChE IC50. 

Table^^2 Prediction of BBB penetration of 7--9, 15 and reference drugs. 

Compound Pe [10<M->6^^cm^s<M->1][a] Prediction[b] 

7 25.73±2.01 CNS + 

8 19.13±3.04 CNS + 

9 6.57±0.52 CNS + 

15 7.57±0.92 CNS + 

donepezil (1) 21.93±2.06 CNS + 

furosemide 0.19±0.07 CNS <M-> 

chlorothiazide 1.15±0.54 CNS <M-> 

ranitidine 0.35±0.31 CNS <M-> 

tacrine 5.96±0.59 CNS + 

rivastigmine 20.00±2.07 CNS + 

[a] Values are the mean±SEM (n=3). [b] CNS (+): high BBB permeability predicted; Pe 
(10<M->6^^cm^s<M->1)>4.0. CNS (<M->): low BBB permeability predicted, Pe (10<M-

>6^^cm^s<M->1)<2.0. 

Scheme^^1 Synthesis of compounds 5--16. a) MeCN, Na2CO3, 70^°C, 2^^h; b) MeOH, 

NaBH3CN, CH3COONH4, reflux, 2^^h; c) DMF, MeOH or EtOH, RT, 1--4^^h. 



Scheme^^2 Synthesis of compound 17. d) MeCN/H2O (2^:^1), menadione (22), AgNO3, 

(NH4)2S2O8, 1^^h, dropwise, 65^°C, 2^^h; e) CHCl3 , TFA, RT, 5^^h; f) dry MeOH, KOH 

(0.17^^equiv, pH^^4/5), benzaldehyde, reflux, 15^^min, NaBH3CN, RT, 5^^h. 

Figure^^1 Currently available AD medicines. 

Figure^^2 Rational design of novel 1-based MTDLs with expected anti-cholinesterase, 
anti-amyloid and antioxidant activities, inspired by our previous work.[14] 

Figure^^3 Cell viability determined by MTT assay. Human hepatocarcinoma cells (Hep-
G2) were treated with 7, 8, 9, 15 for 24^^h at a concentration ranging from 0.6 to 10^^µM, or 
vehicle (DMSO). Data are presented as a percentage of viable cells in comparison with 
vehicle-treated controls (CTRL). Error bars indicate±SD, n=3. 

Figure^^4 Cell viability determined by MTT assay. Human neuroblastoma cells (SH-
SY5Y) were treated with 7, 8, 9, 15 for 24^^h at a concentration ranging from 0.6 to 10^^µM, 
or vehicle (DMSO). Data are presented as a percentage of viable cells in comparison with 
vehicle-treated controls (CTRL). Error bars indicate±SD, n=3. 

Figure^^5 Antioxidant properties evaluation of 7, 9, 15 at 10^^µM in comparison with 
vehicle (CTRL) in SH-SY5Y cells. Data are presented as percentages of DCF signal 
normalized to control. Error bars indicate±SD. *^P<0.05, **^P<0.01, ***^P<0.001, 
****^P<0.0001. 

Figure^^6 Antioxidant properties evaluation of 7, 9, 15 at 10^^µM in comparison with 
vehicle (CTRL). Oxidative stress was induced by treating SH-SY5Y cells with 100^^µM 
TBH for 30^^min. Data are presented as percentages of DCF signal normalized to control. 
Error bars indicate±SD. *^P<0.05, **^P<0.01, ***^P<0.001, ****^P<0.0001. 

Figure^^7 Antioxidant properties evaluation of 7, 9, 15 at 10^^µM in comparison with 
vehicle (CTRL) after an oxidative stress induction by pre-treating SH-SY5Y cells with 
2.5^^µM sulforaphane (S). Data are presented as percentage of DCF signal normalized to 
control. Error bars indicate±SD. *^P<0.05, **^P<0.01, ***^P<0.001, ****^P<0.0001. 

Figure^^8 Antioxidant properties evaluation of 7, 9, 15 at 10^^µM in comparison with 
vehicle (CTRL). Oxidative stress was induced by exposing SH-SY5Y cells, pre-treated for 
24^^h with 2.5^^µM sulforaphane (S), to 100^^µM TBH for 30^^min. Data are presented as 
percentages of DCF signal normalized to control. Error bars indicate±SD. *^P<0.05, 
**^P<0.01, ***^P<0.001, ****^P<0.0001. 

Figure^^9 Cell viability determined by MTT assay. Primary rat cerebellar granule 
neurons (CGNs) were treated with 9 for 24^^h at a concentration ranging from 1^^µM to 



50^^µM in comparison with control. Data are presented as a percentage of viable cells in 
comparison with vehicle-treated controls. Error bars indicate±ES of two different experiments 
each run in quadruplicate. *^P<0.05, **^P<0.01, compared to control conditions (0^^µM) 
Dunnett’s test after ANOVA. 

 


