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Abstract 

Alzheimer’s disease (AD) is a widespread multifactorial aging-related pathology, which includes 

cholinergic deficit among its main causes. Following a multi-target design strategy, the structure of 

the approved drug donepezil was taken as the starting point for generating some new potential 

multi-functional compounds. Therefore, a series of twenty molecular hybrids were synthesized and 

assayed against three different enzymes, namely the well-established targets acetylcholinesterase 

(AChE) and butyrylcholinesterase (BChE), and the innovative one fatty acid amide hydrolase 

(FAAH). In silico studies confirmed the interaction of benzylpiperidine and the benzylpiperazine 

isostere with the catalytic anionic site (CAS) of AChE, while the aryloxycarbonyl portion appeared 

to be important for the interaction with the peripheral site (PAS). A QSAR study was carried out on 

AChE inhibition data, which revealed that the inhibition potency seems to depend upon the length 

of the spacer and the number of polar atoms. The docking poses of selected compounds within 

BChE and FAAH were also calculated. Furthermore, pharmacokinetics and drug-likeness properties 

were assessed by chemoinformatic tools. Several piperidine derivatives (in particular compound 10) 

showed interesting profiles as multi-target directed agents, while the lead piperazine derivative 12 

(SON38) was found to be a more potent and selective AChE inhibitor (IC50 = 0.8 nM) than 

donepezil, besides being able to bind bivalent copper cations (pCu= 7.9 at physiological pH). 

Finally, the selected lead compounds (10 and 12) did not show significant cytotoxicity on SH-

SY5Y and HepG2 cells at the highest tested concentration (100 µM) in a MTT assay. 
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Introduction             



Over the last few decades, the standards of living have been increasing worldwide. As a result, life 

expectancies have risen as well, leading to a demographic shift towards older age groups, especially 

in developed countries. Consequently, illnesses that predominantly affect the elderly have also been 

steadily increasing in prevalence, among which Alzheimer’s disease (AD) is poised to become one 

of the most relevant. AD starts ca 20 years before the first signs occur and it is a form of dementia 

whose main clinical symptoms are related to the loss of important cognitive functions such as 

memory and language, and the costs, both emotional and economic, related to the care of AD 

patients are significant [1]. 

Historically, the molecular hallmarks of AD have been identified as a result of a reduction in 

cholinergic neurotransmission linked to lower acetylcholine (ACh) levels. Among other common 

AD pathophysiological factors are the accumulation of β-amyloid (Aβ) aggregates (senile plaques), 

and the formation of neurofibrillary tangles of hyperphosphorylated tau protein [2]. It is important 

to note that neurodegenerative processes and Aβ plaques themselves induce increased levels of 

inflammatory mediators, leading to oxidative stress and driving further the progression of the 

disease [3].  

It has also been shown that metal dyshomeostasis, meaning an excess of essential biometal ions 

(mainly Cu, Fe and Zn), in certain brain compartments can have neurotoxic effects. This 

phenomenon has been strongly linked to the etiology of neurodegenerative diseases, including AD, 

for a long time, and it is thought to play an important role in amyloid plaque formation [4]. Both the 

redox-active metal ions (Cu and Fe) can participate in oxidative reactions, generating reactive 

oxygen species (ROS), which can in turn trigger a cascade of pathological events and induce the 

formation of toxic misfolded protein aggregates, in particular with formation of copper-amyloid 

complexes [5,6]. The redox inert zinc plays a dynamic role in the physiology and physiopathology 

of brain functions, being mostly bound in metal-protein complexes to achieve enzymatic activity 

[7]. The connection between AD and metal dysregulation was proven by post-mortem analyses of 

amyloid plaques that evidenced accumulation of copper, iron and zinc whose levels were 



respectively 5.7, 2.8 and 3.1 times higher than found in healthy brains [8]. Therefore, targeting 

metal dyshomeostasis has been elected as a potential strategy for AD therapy [9,10], and numerous 

metal chelating agents, in particular copper chelators, have been developed to remove or inactivate 

the metal neurotoxic participation either in redox-active reactions or in the aggregation of misfolded 

proteins [11].  

More recent studies have also shown how insulin-resistance and impaired glucose metabolism 

(themselves strongly linked to neuroinflammation) correlate with lower Aβ degradation in 

microglia and neurons, adding a new layer to the etiology of AD [12,13]. In this context, the 

endocannabinoid system (ECS) has become an increasingly interesting therapeutic target, seeing 

how cannabinoid receptors (CBRs) CB1 and CB2 are expressed in the central nervous system 

(CNS) and their activation inhibits the production of proinflammatory cytokines [14–16]. 

Moreover, the main endocannabinoid Anandamide (arachidonoyl-ethanolamine, AEA) has been 

shown to be less concentrated in the brain of AD patients, with its concentration being negatively 

correlated with the quantity of Aβ [17]. Other than being the main endogenous ligand of the CBRs, 

AEA is also an agonist of the Peroxisome proliferator-activated receptor gamma (PPARγ), whose 

activation has insulin-sensitizing effects, and related compounds such as palmitoyl-ethanolamine 

(PEA), sharing common biosynthetic and catabolic pathways with AEA, are similarly active as 

endogenous agonists of PPARα. While PPARs are generally understood as key regulators of lipid 

and carbohydrate metabolism, they (PPARα in particular) are also involved in anti-inflammatory 

processes, and thus could be an important innovative target for the treatment of AD [18–23]. The 

degradation of AEA and its congeners is mediated by enzyme Fatty Acid Amide Hydrolase 

(FAAH), whose expression is significantly elevated in astrocytes and microglia associated with 

neuritic plaques, leading to higher local concentrations of arachidonic acid which, being the 

substrate for the synthesis of prostaglandins, further drives neuroinflammation [17,24]. 

Administration of FAAH inhibitors is associated with reduced levels of ROS, prostaglandins and 

pro-inflammatory cytokines. These effects in particular are mediated by activation of vanilloid 



receptor 1 (TRPV1), which results in suppression of enzymes cyclooxigenase-2 and inducible nitric 

oxide synthase, and are compounded by the further anti-inflammatory effects of CBR and PPAR 

activation [21,25]. The neuroprotective effects of FAAH inhibition have been demonstrated in the 

animal model, and this particular innovative therapeutic strategy has shown a safe clinical profile in 

humans, leading to significant research interest towards the development of FAAH inhibitors that 

could be deployed in the treatment of AD [21,26–28].  

Although clear progress has been made, it must be remarked that the pathogenesis of AD is still 

largely uncertain, and while a few drugs have been approved for its treatment, their action is largely 

symptomatic, merely delaying the disease’s inevitable and painful consequences [29]. However, it 

is critical to note that these drugs, mostly inhibitors of acetylcholinesterase (AChE), only focus on a 

single target. Indeed, due to the limited effectiveness of these drugs, it has become increasingly 

clear that the multi-factorial nature of AD implies that its therapy should tackle multiple disease 

targets. For this reason, the development of multi-target therapeutic agents has garnered increasing 

interest, becoming the new paradigm for research in this field in the last decade [11,30–32].  

Following such a multi-target approach, we set our sights on the regulation of both cholinergic 

transmission and endocannabinoid tone, with our main strategy being enzyme inhibition, namely of 

AChE, butyrylcholinesterase (BChE) and FAAH. While cholinesterases, and AChE in particular, 

are well-established targets for AD therapy [30,33], FAAH inhibition is a much more recent 

development, aimed at increasing the concentration of Anandamide and its congeners such as PEA 

in the CNS, with reduced neuroinflammation and improved neurotrophic function caused by 

indirect activation of CBRs and PPARs as possible mechanisms of action [21,34,35].  

Based on a recent screening conducted on a set of aryloxyacetic acids previously synthesized by our 

research group, we found that such a scaffold could bind quite easily to FAAH, likely to its 

Membrane Access Channel (MAC) [36]. Due to several recently recognized structural similarities 

between cholinesterases and FAAH [34], we have developed molecular hybrids (1-20, Figure 1) 

containing both an aryloxyacetic moiety and a donepezil-like benzylpiperidine or benzylpiperazine 



isostere moiety, with structural variations encompassing both the aromatic portion of the former, 

and the length of the linker between the two moieties themselves. In this case, we decided to use a 

one or two methylene chain linker, as optimized in our recent published studies [37–39]. The 

biological activities of these compounds were evaluated as AChE, BChE and FAAH inhibition. 

Considering the wide range of AChE inhibition data, a QSAR study was carried out, and a 

subsequent structure-based study was performed by dockings of selected compounds into the 

catalytic site of this enzyme as well as BChE and FAAH. Moreover, docking studies suggested a 

possible intramolecular hydrogen bond to achieve a proper bioactive conformation producing a 

significant activity against AChE, evident in a couple of hybrids (12 or SON38 and 13). This 

conformation seemed to be also useful for a potential interaction of some of these molecules with 

selected heavy metals. Therefore, we explored this possibility for the most interesting compound 12 

(SON38) by evaluating its ability to chelate copper (II), whose dyshomeostasis is involved in 

neurotoxicity. Finally, drug-likeness predictions were performed in order to address the 

pharmacokinetic properties on the most interesting compounds.  
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Figure 1. Drug design for the hybrids 1-20. 

 

Results 

Chemistry 

The intermediates 1b-7b were prepared according to previously reported procedures [36] (Scheme 

1), starting from the suitable commercial substituted phenols and ethyl bromoacetate, using sodium 

ethoxide as a base. Trans-4-styrylphenol was condensed with ethyl bromoacetate affording 

compound 8.1b, whose catalytic hydrogenation led to compound 8b. Intermediates 1a-8a were 

obtained by hydrolysis of 1b-8b under basic conditions. 

Scheme 2 describes the synthesis of title compounds 1-20 (Figure 1). The primary alkylamine 

group of commercial 4-(aminomethyl)piperidine or 1-(2-aminoethyl)piperazine was protected by a 

neat reaction with phthalic anhydride at 160 °C [40]. N-benzylation of the cyclic amine involved a 

reaction with benzyl bromide under basic conditions. Free amines 21 and 22 were obtained though 

deprotection with aqueous solution of methylamine 40% (w/w) [41]. Final ligands 1-10 and 11-20 

were obtained by condensation between the carboxylic groups of 1a-10a (9a and 10a were 

commercially available) and the primary amine group of 21 or 22, respectively, using 1-

hydroxybenzotriazole hydrate (HOBt) and N,N′-diisopropylcarbodiimide (DIC) as condensing 

agents [42]. 
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Scheme 1. i) Na, abs EtOH, ethyl bromoacetate, reflux, 23 h; (ii) H2, Wilkinson’s catalyst, 

THF/EtOH, RT, 48 h; (iii) 1 N NaOH, THF, RT, 5 h. 
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Scheme 2. iv) phthalic anhydride, 160 °C, 4 h; v) benzyl bromide, triethylamine, 96° ethanol, RT, 

24 h; vi) benzyl bromide, KOH, 96° ethanol, RT, 24 h; vii) aq solution of MeNH2 (40% w/w), RT, 

72 h; viii) 1a-10a, DIC, HOBt, CH2Cl2, RT, 16 h. 

 

Biological Assays 

In this study, the substituents introduced in the phenoxy group of compounds 1-20 were selected 

based on their different stereoelectronic properties and commercial availability. A preliminary 

docking evaluation was also performed (data not shown). The ability of these molecules to inhibit 



the enzymes AChE, BChE and FAAH is reported in Table 1 as IC50 (μM) or as a percentage of 

inhibition at a fixed ligand concentration (10 μM). Donepezil and JZL195 were used as reference 

compounds for ChEs and FAAH, respectively. 

 

Table 1: Biological activities of compounds 1-20 towards AChE, BChE and FAAH 
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        IC50, µM
a
  

Compound X n R1 R2  R3 R4 hAChE hBChE  hFAAH 

1 CH 1 H H H Ph 1.70 ± 0.13 5.58 ± 0.29 23.3 ± 2.1 

2 CH 1 H NO2 H Cl 0.122 ± 0.001 4.70 ± 0.14 23.3 ± 4.6 

3 CH 1 H NO2 F H 0.103 ± 0.013 54 ± 2 % 
b
 28.1 ± 0.6 

4 CH 1 H H H NO2 0.509 ± 0.014 24 ± 3 % 
b
  28.5 ± 8.0 

5 CH 1 H CF3 H H 0.767 ± 0.032 1.02 ± 0.06 38.2 ± 15.0 

6 CH 1 CH3 CH3 H Br 0.595 ± 0.039 2.22 ± 0.25 28.6 ± 7.4 

7 CH 1 H H H CH2Ph 1.27 ± 0.07 37 ± 2 %
 b
  21.9 ± 6.1 

8 CH 1 H H H CH2CH2Ph 0.135 ± 0.008 5.08 ± 0.09 23.8 ± 4.0 

9 CH 1 H H H OCH3 0.880 ± 0.007 55 ± 5 %
 b
  40.8 ± 7.3 

10 CH 1 H H H Cl 1.68 ± 0.14 5.61 ± 0.23 20.9 ± 0.6 

11 N 2 H H H Ph 0.735 ± 0.004 0.969 ± 0.053 63.9 ± 8.9 

12 N 2 H NO2 H Cl 0.0008 ± 0.0002 1.41 ± 0.27  41.6 ± 7.4 



13 N 2 H NO2 F H 0.0028 ± 0.0002 5.01 ± 0.12 49.6 ± 12.7 

14 N 2 H H H NO2 0.042 ± 0.012 n.a. 
b
 43.9 ± 5.5 

15 N 2 H CF3 H H 0.136 ± 0.008 0.503 ± 0.014 55.1 ± 11.1 

16 N 2 CH3 CH3 H Br 0.090 ± 0.020 4.10 ± 0.14 40.8 ± 6.8 

17 N 2 H H H CH2Ph 0.993 ± 0.101 29 ± 4 %
 b
 23.6 ± 2.4 

18 N 2 H H H CH2CH2Ph 0.900 ± 0.057 45 ± 2 %
 b
  16.8 ± 6.2 

19 N 2 H H H OCH3 0.300 ± 0.009 25 ± 2 %
 b
 51.9 ± 18.0 

20 N 2 H H H Cl 0.189 ± 0.012 2.15 ± 0.09 >100 

Donepezil  0.017 ± 0.002 4.80 ± 1.00 n.d. 

JZL195 n.d. n.d. 0.019 ± 0.003 

(
a
) Values are mean ± SEM; (

b
) % inhibition at 10 M; n.a = not active, n.d. = not determined 

 

The piperidine series (1-10) shows good inhibition of cholinesterases; in particular, IC50 values 

towards AChE are comprised in a limited range, between low micromolar and high nanomolar 

values (0.10-1.70 µM). Moreover, the presence of the nitro substituent on the phenoxy ring 

(compounds 2-4) supports the anticholinesterase activity, probably due to electronic effects, 

considering that the presence of an additional electron withdrawing group leads to the lowest IC50 

values among this piperidine series (compounds 2 and 3). The same relative order of inhibitory 

capacity is kept regarding BChE, although the potency of these compounds as BChE inhibitors is 

generally lower (IC50 = 4.70 µM for 2, 54% inhibition at 10 µM for 3 and 24% of inhibition at 10 

µM for 4). 

Among this subset of compounds, it is important to note that when bulky substituents are 

introduced in position 4 of the phenoxy (1,7 and 8), the distance between the two phenyl groups 



seems to be essential: compound 8, which has an ethylene linker, is one order of magnitude more 

potent towards AChE than 1 and 7 and is slightly more effective than 1 towards BChE as well.  

In general, all compounds in the 1-10 series show lower inhibition of BChE. The best results 

regarding the inhibition of BChE are achieved by compounds that are functionalized in position 2, 

particularly when the substituents are not bulky (5 and 6 with CF3 and CH3 in position 2 and IC50 of 

1.02 and 2.22 μM, respectively).  

The piperazine series (11-20) exhibits marked potencies toward acetylcholinesterase, with IC50 

values in a wide nanomolar range covering four orders of magnitude (0.8-993 nM). Again, the nitro 

group as substituent in compounds 12-14 is responsible for an increase in the activity against 

AChE, leading to molecules (e.g. 12 and 13) up to 21 times more active than the reference 

compound donepezil, one of the few anticholinesterase drugs currently used in AD therapy. The 

importance of a substituent in ortho position with respect to the phenoxy oxygen atom, together 

with an additional electron withdrawing atom, is confirmed by the data obtained for compound 16, 

which keeps a good anti-AChE activity, although it is around two orders of magnitude less potent 

than 12. 

Compounds that have slightly weaker electron withdrawing properties (e.g. 15 and 20) still show 

significant activity, while the only compound in the series bearing a strong electron-donor group 

(molecule 19) results about four hundred times less potent than the best analogue of the series 

(molecule 12, SON38) considering AChE as a single target. 

In relation to steric effects, on the other hand, a lower anticholinesterase activity is observed (up to 

four orders of magnitude compared to 12) in compounds with bulky substituents in position 4 of the 

phenoxy (11, 17 and 18).  

Compound 11 also shows good inhibitory activity towards BChE (IC50 = 0.969 µM), comparable to 

the value found for AChE (IC50 = 0.735 µM). Regarding BChE inhibition, all compounds of the 



piperazine series (11-20) show higher IC50 values. Nevertheless, they partially confirm the efficacy 

of the ortho-substitution of the phenoxy ring, with compounds 15 and 12 among the best in the 

series (IC50 = 0.503 and 1.41 µM, respectively), probably due to the presence of a small and 

electron withdrawing group, whose importance is evident also in the piperidine series (compound 5, 

IC50 = 1.02 µM). 

As regards FAAH inhibition, which was measured via a fluorometric enzyme assay, the data found 

for the piperidine series (1-10) is promising and within a relatively short range (IC50 20.9-40.8 µM), 

probably because the proposed substituents are far from the possible pharmacophore portion. The 

IC50 values obtained for piperazines (11-20) are also in the micromolar range (16.8-63.9 µM, except 

for compound 20). For this series, the presence of two suitably spaced phenyl groups makes 

compound 18 the best of the series (16.8 µM), especially when compared with compound 11, in 

which the phenyl is directly bound to the phenoxy, which is instead among the worst tested 

compounds (63.9 µM). The corresponding behaviour, involving bulky substituents in piperidine 

analogues 1, 7 and 8, is not observed. 

The length and flexibility of these structures may also be a future key to correctly modulate the 

activities on the different therapeutic targets, with the ultimate goal of obtaining a molecule with a 

suitable multi-target profile. In fact, the length of the molecules seems important for AChE 

inhibition as well: all the shorter piperidines are less active than the longer piperazines comparing 

the molecules bearing the same substituents on the phenoxy ring, except for phenethyl-substituted 

compounds 8 and 18: in this case, the piperidine 8 is considerably more potent as AChE inhibitor 

than the piperazine 18. 

Additional assays were performed on Aβ1-40 aggregation in vitro (Table S1) [43]. As expected, none 

of the compounds was particularly effective, lacking the classic structural requirements (planar 

condensed heterocycles) common to multi-target action compounds previously synthesized and 

published in the recent past [37,40,44]. Compounds 10, 14, and 18-20, all bearing substituents in 



position 4 of the phenoxy group, show however a modest and similar activity (the percentage of 

inhibition was around 30% at 100 µM in the experimental conditions) [43]. 

While not showing a marked activity towards a particular target, piperidines (1-10) result as 

promising multi-functional compounds, and 10 shows the best results in regard to their multi-target 

potential, with good and comparable inhibitory activities towards all three tested enzymes (between 

1.68 and 20.9 μM) and a slight ability to interfere in the formation of amyloid aggregates (30% of 

inhibition at 100 μM). On the other hand, piperazine derivatives (11-20) show a marked selectivity 

towards AChE, with considerable high Selectivity Index (S.I.) values for compounds 12 (SON38, 

S.I. = 1762) and 13 (S.I. = 1789), which result twenty-one- and six-times more active than 

donepezil, respectively, presenting as well interesting activities towards BChE (compound 12, 

SON38 is three-times more active than donepezil). 

In an attempt to place on a more quantitative basis the observed SARs, a regression analysis 

through the ordinary least-square (OLS) method was carried out on AChE IC50 values, which span 

more than three log units. Seven quick and easy-to-use descriptors of lipophilicity, 

size/polarizability and polarity were calculated (Table S1) and correlated with the enzyme inhibition 

data expressed as pIC50s. The molecular descriptors were calculated from the single atomic matrix 

of connections and not by the atomic coordinates, and therefore are conformation independent. The 

squared correlation matrix (r
2
) between pIC50 and molecular descriptors (Table 2) shows that, 

within the limits of the examined molecular space, the only descriptor which somehow correlates 

with the inhibition potency (r
2
 = 0.60) is AloNO, which encodes for polarity and hydrogen bond 

capacity of the ligands. 

 

Table 2 Squared correlation matrix between the calculated molecular descriptors and AChE pIC50 

values. 

 pIC50 LogD PSA VdW Refract Rot AloNO Spacer 



pIC50 1.000        

LogD 0.052 1.000       

PSA 0.482 0.367 1.000      

VdW 0.008 0.799 0.151 1.000     

Refract 0.056 0.839 0.198 0.915 1.000    

Rot 0.020 0.300 0.001 0.527 0.458 1.000   

AloNO 0.601 0.268 0.654 0.176 0.297 0.002 1.000  

Spacer 0.190 0.069 0.007 0.108 0.031 0.266 0.094 1.000 

LogD
(a)

 distribution coefficient PSA
(b)

 polar surface area VdW
(b)

 van der Waals volume MR
(c)

 molar 

refractivity Rot
(d)

 rotatable bonds AloNO
(e)

 number of halogen, nitrogen and oxygen atoms Spacer
(f) 

alkyl 

spacer. 

Attempts to obtain multiparametric equations through a stepwise regression analysis did not afford 

any noteworthy equation. Only combining AloNO count with the binary descriptor of the spacer 

length resulted in an equation with just a better correlation (r
2
 = 0.64), suggesting that enzymatic 

inhibition increases with a higher number of polar atoms and with a longer spacer. Statistics are 

indeed improved (r
2
 = 0.76) excluding one mere outlier from the data set, namely the 

trifluoromethyl derivative 15. 

While this chemical cliché may most likely affect AChE inhibitory potency, no similar hypotheses 

can be postulated for BChE and FAAH activity due to the very narrow data range (less than two log 

units). 

 

Molecular docking calculation 

Insights gained from QSAR were further exploited with a structure-based study via dockings of 

properly selected compounds into the catalytic sites of the studied enzymes. In the very first step 

AChE was considered since ligands specificity for this esterase has been indeed largely 

characterized in terms of three residues cluster, namely Ser203, Glu334, His447 for the catalytic 

triad (CT), Trp86 and Phe338 for the catalytic anionic site (CAS) and Tyr72, Tyr124 and Trp286 

for the peripheral anion site (PAS), and they constitute a main door where binders might adopt 



outward-inward orientations. Thus, the hAChE/donepezil X-ray complex was enrolled with the aim 

of studying binding interactions of our novel compounds. 

To explore the complementarity of this novel series of compounds with respect to the active site, as 

well as the molecular similarity with donepezil, compound 12 (SON38) was primarily selected 

being the most active inhibitor; to carefully filter the docking poses the ESP rule was applied with 

the following parameters: FEB < –10.00, ΔE < 2.00, EFF < –0.350, SIM > 0.800, POP > 20/1000 

(see methods). As shown in Figure 2, the most active compound 12 (SON38) mainly spans the base 

and the opening of the AChE active center gorge; the cationic nitrogen of the piperazine ring 

bearing the benzyl group produces significant π-π and cation- interactions with the PAS Trp286 as 

well as Phe338 and Tyr337, while the rest of the molecular scaffold is oriented towards the main 

entrance door of the enzyme. Indeed, this pattern fully resembles the similar interaction motif of 

donepezil as reported by Silva et al. [45].  

 

 

Figure 2. Full (left) and detailed (right) view of the binding mode for compound 12 (SON38) to the 

hAChE active site. In the interaction pattern scheme, two hydrogen bonds and π-π stackings are 

depicted in yellow and magenta respectively.  

 



At the same time, the two carbon atoms long spacer properly lets both the amide and the 

disubstituted phenyl accommodate into the anionic binding site PAS, with the carbonyl atom and 

the nitro group recruiting Tyr124 and Arg296 through hydrogen bonds while the aromatic ring 

generates face-to-face π-π stacking with Trp286. It is really intriguing how the intramolecular 

hydrogen bond allows the whole ligand to assume a proper bioactive conformation, producing a 

significant activity against AChE. After all, from the docking scoring figures, compound 12 

(SON38) scored not only highly like donepezil but also showed comparable ligand efficacy (see 

Table 3). 

 

Table 3. Docking scores for compound 12 compared to donepezil 

 FEB
(a)

 ΔE
(b)

 EFF
(c)

 TAN
(d)

 POP
(e)

 

12 –11.11 0.29 –0.370 0.818 21/1000 

donepezil –10.30 0.10 –0.368 1.430  508/100 

(
a
) FEB Free Energy of Binding (

b
) E Energy difference between the selected pose and the relative global 

minimum (
c
) EFF Ligand efficacy (

d
) TAN Tanimoto_Combo similarity coefficient of 12 (SON38) with 

donepezil X-ray pose (
e
) POP Cluster members population  

 

In light of this evidence, compound 12 (SON38) was thereafter taken as inner template to match the 

binding of some properly selected compounds, namely 2-4, 8, 13, 14, 18 and 20, whose chemical 

decoration deserves interest as a result of the SAR. As it might be perceived from Figure S1, the 

comparison between the highly active piperazines (IC50 < 0.050 μM) with the less potent, 

structurally related piperidines (IC50 > 0.100 μM) (i.e. 12 vs 2, 13 vs 3, 14 vs 4) proved that 

shortening the spacer length would hamper the achievement of the same distinctive interaction 

pattern of the more efficient IC50 values. At the same time, the detrimental effect of the absence of 

any polar atoms, together with a bulky group at the para position, or the importance of the nitro 

substitution at the ortho, are perceivable from the matching of compound 12 (SON38) with 8 and 

20. To some extent, differences in ligand efficacy, as scored by dockings, also represent the changes 

in the observed activities (Table S3). 



Slightly different observations were gained from dockings carried out enrolling the BChE X-ray 

structure (Figure S2): the shape and aminoacidic composition of this different binding site force 

ligands to adopt a more puckered conformation. In particular, the molecular scaffold is locked in the 

CAS having the benzyl aromatic terminal pendant π-π stacked against more than one aromatic 

residue (i.e., Trp82, Trp430, Tyr440), the charged nitrogen making a charged reinforced hydrogen 

bond with both Asp70 and Tyr332, and the amide embracing a similar bond with Pro285. In 

addition to this, the substituted phenyl ring points towards Trp231, and it is worth noting that 

electron withdrawing effect significantly enhances the binding since compound 15 bearing the 

trifluoromethyl group results one order of magnitude more active than compound 16.    

A similar study was also carried out docking the most active compound 18 to FAAH, and the 

obtained binding mode is depicted in Figure 3. 

 

Figure 3 Full (left) and detailed (right) view of the binding mode for compound 18 to the FAAH active site. 

Hydrogen bonds are depicted in yellow while π-π stackings are in magenta, as well as the parallel helix 

(see text). The resulting FEB and EFF are –9.04 and –0.266 respectively. 



In this instance, the molecular scaffold of the inhibitor is largely placed in a multi-pocket binding 

site [46,47], although it is not too close to the most critical region of the enzyme (i.e., catalytic triad 

Ser241, Ser217, Lys142), and this fact might then also explain the very similar, and at the same 

time moderate, measured inhibition for 18 and the rest of our compounds. Nonetheless, some 

interesting clues can be perceived and they can rationalize the observed activity: the ligand is 

indeed sterically adequate to enter and fit the deep FAAH active gorge through the so-called 

membrane accessing region located just on the top of the extracellular side of the cell membrane, 

made up of residues (namely Asp403, Ile407, Arg486, Ile530) providing access to compounds 

characterized by polar head groups. In this binding, the benzyl moiety is directed towards the 

Phe381 sidechain, and at the same time it makes aromatic contacts with Phe432, which serves, in 

combination with Trp531, as a dynamic paddling residue, gating the entrance to the catalytic pocket 

[48]. Likewise, the indole of the same tryptophane, as well as the hydroxyl of Thr488, reinforces the 

binding due to hydrogen bonds engaging the amide function and the charged nitrogen of piperazine 

ring, while the phenoxy and its phenethyl pendent return favorable Van der Waals contacts with the 

Leu418 and Leu 422 part of the parallel helix facing the extracellular side of phospholipidic bilayer. 

 

ADME Properties 

Drug-likeness predictions were further gained from the Brain (or IntestinaL Estimate) permeation 

method [49] which suggests that all studied compounds are well absorbed in the gastrointestinal 

tract, since their lipophilicity and polarity, measured by WLOGP and TPSA respectively, spot them 

in the white ellipse of the BOILED‐Egg plot (see Figure 4). This graph confirms that the majority of 

the compounds, including the multitarget promising agent 10, might be also able to pass the blood 

brain barrier, but not compounds 12 (SON38) and 13, which still maintain a good predicted oral 

adsorption and are not predicted as substrates for P-glycoprotein.  



 

Figure 4. Pharmacokinetic profile of compounds 1-20 according to BoiledEgg. BBB = blood-brain 

barrier permeation; HIA = human intestinal absorption; PGP+ = potential substrate of P-

glycoprotein, PGP– = non potential substrate of P-glycoprotein. 

 

More pharmacokinetic properties were predicted using QikProp v.2.5, evaluating in particular the 

compliance of this set of compounds with “Lipinski’s rule of five”, as well as their oral absorption 

percentage, their CACO-2 cell permeability, their octanol-water partition coefficient (clogP) and 

their capacity to permeate the BBB. The results are reported in Table S4. 

This set of aryloxyacetic-donepezil hybrids does not show violations of “Lipinski’s rule of five”, 

with only two exceptions (compounds 7 and 8 show only one violation). This means that the oral 

bioavailability of these compounds is potentially high, a fact that is corroborated by the high 

percentages of predicted oral absorption for all the compounds. The calculated octanol-water 

partition coefficient (clogP) and the BBB permeability coefficient (log BB) are both well within the 

acceptable ranges for drug-like compounds (-2 − 6.5 and -3 − 1.2, respectively). The shorter N-



benzyl-piperidine subclass causes higher CACO-2 cell permeability than the longer and more polar 

N-benzyl-piperazines, suggesting a better profile of intestinal absorption for the former. With a few 

exceptions (compounds 2-4 and 14), most of these compounds show high CNS activity, including 

the most interesting compounds 10, 12 (SON38) and 13. Furthermore, desirable physicochemical 

properties specifically for CNS drugs, such as MW 450, logP  5, number of hydrogen bond 

donors HBD 3, number of hydrogen bond acceptors HBA 7 and polar surface area PSA 60-70 

[50] are also fulfilled by several compounds of the piperidine series (1 and 5-10), while for all the 

compounds of the piperazine series (11-20) the HBA parameter (7.25-8.25) is slightly above 7 and 

for 12-14 PSA also shows values above the limit (see Table S4). 

Cytotoxicity assays 

A

 

B

 

C

 

D

 

Figure 5.  Cell vitality measured by MTT assay. A: SH-SY5Y cells, 24h incubation time; B: 

HepG2 cells, 24h incubation time; C: SH-SY5Y, 48h incubation time; D: HepG2 cells, 48h 

incubation time. 

 



The evaluation of the cytotoxicity of a representative selection of this series of donepezil-

aryloxyacetic hybrids was conducted via MTT assay using SH-SY5Y neuroblastoma cells and 

HepG2 hepatocarcinoma cells that were incubated with the tested compounds for either 24 or 48 

hours. Specifically, this panel of compounds included 12 and 13 (the most active in the series 

towards AChE), 10 (with the most favourable multi-target profile) and 18 (most active towards 

FAAH as a single target).  With the exception of compound 18, the selected molecules did not show 

relevant cytotoxic effects even at the highest concentration (100 µM).  The moderate cytotoxic 

effects caused by compound 18 (IC50 values shown in Table 4) could be attributed to its higher 

lipophilicity as predicted via Qikprop (see table S4).  

Table 4. IC50 values obtained for compounds 10, 12, 13 and 18 in the MTT cytotoxicity assays. 

ID 

SH-SY5Y (IC50 µM) HepG2 (IC50 µM) 

24h 48h 24h 48h 

10 >100 >100 >100 >100 

12 >100 >100 >100 >100 

13 >100 >100 >100 >100 

18 27.8±2.7 34.8±1.9 41.6±2.9 15.8±0.6 

 

Copper chelation studies 

Besides the inhibitory activity of the herein developed donepezil-based hybrids towards enzymes of 

interest, their ability to chelate copper, a metal ion with an important role in plaque formation, was 

also tested in order to preview their potential capacity to interfere with metal dyshomeostasis-

related neurotoxicity in AD brains. Therefore, one of the most promising compounds, 12 (SON38), 

was selected as a model for the piperazine series (compounds 11-20) and its acid-base properties as 

well as copper chelating capacity were studied through pH-potentiometric titrations. Due to 



solubility limitations, a mixed (30% w/w) DMSO/water medium was chosen for these 

potentiometric studies. Compound 12 (SON38) was isolated in its neutral form (L, a = 0 in Figure 

6) although it has two dissociable protons (H2L
2+

).  

 

Figure 6. Potentiometric titration curves of 12 (SON38) in 30% DMSO/water medium in the 

absence or in the presence of Cu
2+

 (CL = 5-6.7  10
-4

 M, a represents moles of added base per mole 

of ligand). 

 

The values obtained for the stepwise protonation constants and global formation constants of Cu
2+

 

complexes with 12 (SON38) are reported in Table 5 and were obtained by fitting analysis of the 

experimental pH-potentiometric data with an equilibrium model using Hyperquad 2008 program 

[51]. 

 

Table 5. Stepwise protonation constants 
a
 of 12 (SON38) as well as global formation constants 

b
 of 

its Cu
2+

 complexes and corresponding pCu 
c
 value. (T = 25.0  0.1 

°
C, I = 0.1 M KCl, 30% w/w 

DMSO/water).  
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Compound 
CumHhLl 

(mhl) 
log Ki log β (CumHhLl)

a
 

 
12 (SON38) 

(011) 

(021) 

(101) 

(1-11) 

pCu 

7.23(1) 

2.89(3) 

 

 

7.9 

 

 

 

 4.94(6) 

-1.81(7) 

 

 
a 

Ki =
 
[HiL]/[Hi-1][L];

 b       = MmHhLl/M
m
H

h
L

l
; 

c
 pCu = −log[Cu

2+
] at pH 7.4 (CL/CM = 10, CM = 

10
−6

 M) 

 

The protonation constants depicted in Table 5 correspond to the two ammonium protons of the 

piperazine unity, being lower than those corresponding to piperazine (log K1 = 9.71, log K2 = 5.59 

[52]) but analogous to those of piperazine-1,4-bis(N-methyl)-acetohydroxamic acid (PIPDMAHA, 

6.67, 2.44 [53]) or 1,4-diazacycloheptane-N,N’-bis(N-methyl)-acetohydroxamic acid 

(DACHDMAHA, 6.88, 2.93 [54]). The low values obtained for the protonation constants of both 

PIPDMAHA and DACHDMAHA are explained based on the existence of intramolecular hydrogen 

bonds between the nitrogen piperazine atoms and the nearby hydroxamate hydroxylic protons 

forming six-membered rings [53,54]. Therefore, the ammonium protons of these ligands are more 

acidic than those of piperazine. Concerning compound 12 (SON38), the low values presented in 

Table 5 for the protonation constants can be explained by the existence of two phenomena: 

coulombic repulsive effects on the N,N- diprotonated compound and possible establishment of an 

intramolecular hydrogen bond between the amide proton and a piperazine nitrogen atom thus 

forming a five-membered ring.  



 

Figure 7. 
1
H NMR titration curves of 12 (SON38) in 75% d6-DMSO/D2O medium (CL = 4.5 mM).   

 

The 
1
H NMR curves for 12 (SON38), contained in Figure 7, show that the triplet corresponding to 

protons 11, the singlet corresponding to the CH2 benzylic group (7) and the broad multiplets of 

protons 9 and 10 show a first downfield shift of the peaks with decreasing pH (pH* 6.5-7.6) and a 

second one for pH* below 3.9. These downfield shifts are also observed to a much lesser degree for 

the peaks corresponding to protons 3 and 4. This behavior seems, in fact, in agreement with the 

protonation of both nitrogen atoms of the piperazine unity. The species distribution curves of 

compound 12 (SON38, see Figure 8a) evidence the major prevalence of the neutral form of the 

ligand between pH ca 3 and 7, which may be important in terms of biological applications. 
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Figure 8. Species distribution curves for a) compound 12 (SON38) and b) Cu
2+

/12 (SON38) 1:1 

(CL = 4.4  10
-4

 M). 

 

The copper chelating ability of compound 12 (SON38) was also evaluated by pH-potentiometric 

titration of the respective 1:1 and 1:2 Cu
2+

/12 (SON38) systems in the same experimental medium 

(30% w/w DMSO/water). Figure 6 shows a change in the deprotonation profile of the ligand 

titration curve in the presence of copper. In fact, the curves for the systems containing copper lie 

below those of the ligand for a  -1, therefore pointing towards the formation of compounds with 

the deprotonated form of the ligand (CuL) and eventually copper ligand-hydroxide mixed 

complexes (CuLOH), in accordance with the complexation model presented in Table 5 and 

evidenced in Figure 8b. A 
1
H NMR titration of the 1:1 Zn

2+
/12 (SON38) system in d6-DMSO/D2O 

medium was also performed in order to understand the coordination core. Notably, above pH = 4.5, 

a broadening of some peaks, namely those corresponding to methylene protons linked to the 

piperazine ring (protons 7 and 9-11, see Figure 7) was observed, while for the remaining peaks, 

corresponding to other protons of the molecule, the shape or chemical shift observed in the spectra 

of 12 (SON38) was kept. This observation can be interpreted in terms of higher magnetic 

anisotropy associated to the magnetic non-equivalence of each pair of these methylene protons of 

the complex species due to the increased rigidity of the piperazine ring, thus giving support to the 

hypothesis that the coordination of the copper ion involves both piperazine nitrogen atoms. 
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Evidence for identical coordination was already reported in the literature for some metal complexes 

with piperazine or 1,4-dimethylpiperazine, for which boat conformation was found [52,55,56]. 

Copper coordination involving the N-piperazine atoms was also established by X-ray 

crystallography for compounds with alkyl or aryl amines or heteroaromatic groups pending as arms 

from the two nitrogen atoms of piperazine [56–58].  

Furthermore, ESI-MS data obtained for solutions of Cu
2+

/12, under 30% w/w DMSO/H2O medium, 

confirm the existence of a 1:1 copper complex as the species [CuLCl]
+ 

(see Figure 9). 

 

Figure 9. ESI-MS spectrum in positive mode of a solution of Cu
2+

/12 (SON38) 1:1 (pH= 5.68, (CL 

= 2.6  10
-4

 M). The group of peaks at m/z 530/532 display an isotopic distribution pattern that 

agrees well with that calculated for [Cu
2+

(C21H25ClN4O4)Cl]
+
 as shown in insert a).  

 

Finally, in the present study, difficulty in the accommodation of the metal ion in the coordination 

core of compound 12 (SON38) is reflected in the fact that the kinetics of formation of these copper 

complexes is slow, involving times of acquisition of each titration equilibrium point between 45-60 

minutes for a  -1. The steric hindrance involved in the formation of the copper complexes seems 

also evident from the low value of pCu (7.9) presented in Table 5, indicating that this kind of 



hybrids has lower chelating capacity towards Cu
2+

 than other previously developed derivatives 

containing a stronger hydroxyl-phenylbenzimidazole chelating moiety (pCu =  10.7-14.3 [59,60]), 

but still valuable to be included in a multi-target design of molecules that can contrast the 

neurotoxicity due to metal dyshomeostasis in Alzheimer’s disease. 

Overall, the set of multi-target directed compounds presented herein appears as an innovative 

structural scaffold, showing ability to tackle multiple AD targets and also to potentially enforce 

synergic effects. Despite the existence of some limitations inherent to the multi-target  strategy, 

since the design of the compounds must respect the time-course of the disease and the combination 

of selected targets must be effective for a given stage of the disease [61], the multi-target approach 

keeps being recognized as a good strategy to discover real disease modifying agents for such a 

complex disease.   

 

 

Conclusions 

In the present study, a series of donepezil-like hybrids were designed, synthesized and assayed 

against three different enzymes, AChE, BChE and FAAH. In silico studies were also performed to 

rationalize the obtained results.  Compounds 1-10 include in their structure the benzylpiperidine 

moiety and resulted, in general, promising as potential multi-functional compounds. In particular, 

compound 10 showed the best results, due to its substantial good inhibitory activity within a small 

range (1.68-20.9 μM) considering all the enzymatic assays as well as to the interesting predicted 

ADME properties for CNS drugs. Moreover, it does not show significant cytotoxicity on SH-SY5Y 

and HepG2 at the higher concentration tested (100 µM) in a MTT assay. 

Compounds 11-20 (piperazine series) showed a marked selectivity against AChE. In fact, 

compounds 12 (SON38) and 13 showed to be more active (IC50= 0.8 and 2.8 nM, respectively) than 



the parent compound donepezil, while having also additional ability to inhibit the innovative target 

FAAH and moderate/good potency against BChE (comparable with the commercial drug 

donepezil). QSAR study confirmed that the longer the spacer and the higher the number of polar 

atoms, the better is AChE inhibition. Docking studies also suggested that compound 12 (SON38), 

thanks to a particular conformation, has comparable ligand efficacy as acetylcholinesterase inhibitor 

considering donepezil as reference ligand; these modelling studies were also able to rationalize the 

considerable but less potent activity of the whole series 1-20 against BChE and FAAH. Compound 

12 (SON38) was also studied for its ability to chelate copper (II), confirming an interesting 

pharmacological profile (pCu = 7.9 at physiological pH) in the prevention of neurotoxicity due to 

metal dyshomeostasis and it does not show cytotoxicity in both cell lines studied in a MTT assay 

(SH-SY5Y and HepG2) even at very high concentrations (100 µM). 

. The obtained results allow to claim that 10 (as multi-functional ligand) and 12 (SON38, as highly 

potent AChE inhibitor and moderate copper chelator) may represent inspiring compounds for the 

development of future drugs with enlarged panel of targets for the treatment of Alzheimer’s disease. 

 

Experimental section 

Chemistry 

Reagents and solvents were purchased from common suppliers and were used without any further 

purification. Column chromatography was conducted using Geduran silica gel 60 A° (63–200 µm) 

as a stationary phase. Mass spectrometry was conducted on a HP MS 6890-5973 MSD 

spectrometer, electron impact 70 eV, equipped with a HP ChemStation or with an Agilent LC–MS 

1100 Series LC–MSD Trap System VL spectrometer, electrospray ionization (ESI). NMR spectra 

were recorded in the suitable deuterated solvent on Varian Mercury 300 NMR or Agilent 

VNMRS500 spectrometers. Chemical shifts (δ) are reported as parts per million (ppm) while the 



coupling constants (J) in Hertz (Hz). NMR spectra of final compounds 1-20 are included in the 

supplementary material file (Figure S3). IR spectra were recorded on Perkin.Elmer 681 (Milan, 

Italy) spectrometer. For UPLC analyses, 10 μL of the filtered solution were injected into an Agilent 

1290 Infinity (AgilentTechnology, Inc., Wilmington, DE, USA) consisting of a binary pump 

(G4204A), an autosampler (G4226A) with a 10 μL loop, a fluorescence detector (G1321B) fixed at 

260nm (λex) and 320nm (λem), a UV (DAD) detector (G4212A) set at λ= 210, λ= 254 and 260 nm λ 

and a software for Microsoft Windows 7 (Open LAB, CSD, Chemstation Edition). The separations 

were performed with an Eclipse XDB-C18 2.1×150 mm Agilent analytical column, preceded by a 

0.5 μm pore size guard filter, with a column thermostat set at 30 °C (G1316C). The flow rate of 

mobile phase was set at 0.4 mL/min. Chromatographic separation was performed with a binary 

gradient of acetonitrile (ACN) in water that was used as mobile phase as follows: from 20% to 80% 

ACN in 8 min, then to 100% ACN for 3 min. The column was then brought to 20% ACN in 0.1 min 

and left to equilibrate for 3 min before the next run. Sample traces are included in the 

supplementary material file (Figure S4). For target compound 12 (SON38), elemental analysis was 

performed on a Fisons EA1108 CHNS/O instrument and was within the limit of ± 0.4%. Exact mass 

analyses of tested compounds were within the accepted values compared to the theoretical values. 

The purity of all tested compounds, on the basis of the panel of analyses performed, was estimated 

as >95%. Melting points are uncorrected and were measured in open capillaries on a Gallenkamp 

electrothermal apparatus (Fisons Erba Science Ltd., Guildford, UK). 

Preparation of ethyl phenoxy acetate derivatives 1b-7b and 8.1b.  

General procedure. 

Sodium ethoxide was prepared dissolving Na (1.696 mmol, 1 eq) in absolute ethanol (5 mL), then 

the suitable commercial phenol (1.696 mmol, 1 eq) was added and the solution was stirred for 30 

minutes. Subsequently, a solution of ethyl bromoacetate (1.696 mmol, 1 eq) in absolute ethanol (5 

mL), was added dropwise and the reaction mixture was refluxed for 23 h. The solvent was removed 



in vacuo, and the resulting crude treated with diethyl ether (three times). The organic portions were 

collected and washed with 0.5 N NaOH and brine, dried over anhydrous Na2SO4, filtered and 

concentrated to dryness, affording the title compounds. 

Ethyl 2-([1,1'-biphenyl]-4-yloxy)acetate (1b) 

Starting from [1,1'-biphenyl]-4-ol, eluent: n-hexane/EtOAc 9:1. The title compound was obtained as 

a white solid, yield 62%. 
1
H-NMR (300 MHz, CDCl3) δ (ppm): 1.31 (t, J = 7.0 Hz, 3H, OCH2CH3), 

4.29 (q, J = 7.0 Hz, 2H, OCH2CH3), 4.66 (s, 2H, OCH2CO), 6.97 – 7.00 (m, 2H aromatics), 7.26 – 

7.33 (m, 1H aromatic), 7.39 – 7.44 (m, 2H aromatics), 7.51 – 7.56 (m, 4H aromatics). GC-MS m/z 

(%): 256 (100) [M]
+
, 169 (49), 152 (62), 141 (24). 

Ethyl 2-(4-chloro-2-nitrophenoxy)acetate (2b) 

Starting from 4-chloro-2-nitrophenol.  The compound was obtained as an orange solid, yield 81%. 

1
H-NMR (500 MHz, CDCl3) δ (ppm): 1.29 (t, J = 7.3 Hz, 3H, OCH2CH3), 4.26 (q, J = 7.3 Hz, 2H, 

OCH2CH3), 4.76 (s, 2H, OCH2CO), 6.94 – 6.97 (m, 1H aromatic), 7.46 – 7.49 (m, 1H aromatic), 

7.86 – 7.88 (m, 1H aromatic). GC-MS m/z (%): 261 (5) [M+2]
+
, 259 (12) [M]

+
,
 
187 (33),

 
185 (100), 

158 (15), 156 (40). 

Ethyl 2-(5-fluoro-2-nitrophenoxy)acetate (3b)  

Starting from 5-fluoro-2-nitrophenol. The title compound was obtained as a yellow oil, yield 83%. 

1
H-NMR (300 MHz, CDCl3) δ (ppm): 1.30 (t, J = 7.1 Hz, 3H, OCH2CH3), 4.28 (q, J = 7.1 Hz, 2H, 

OCH2CH3), 4.77 (s, 2H, OCH2CO), 6.63 – 6.71 (m, 1H aromatic), 6.73 – 6.84 (m, 1H aromatic), 

7.95 – 8.01 (m, 1H aromatic). GC-MS m/z (%): 243 (7) [M]
+
, 197 (45), 169 (100), 124 (48). 

Ethyl 2-(4-nitrophenoxy)acetate (4b) 

Starting from 4-nitrophenol. The title compound was obtained as a white solid, yield 90%. 
1
H-NMR 

(500 MHz, CDCl3) δ (ppm): 1.31 (t, J = 7.3 Hz, 3H, OCH2CH3), 4.29 (q, J = 7.3 Hz, 2H, 

OCH2CH3), 4.71 (s, 2H, OCH2CO), 6.96 – 7.00 (m, 2H aromatics), 8.20 – 8.23 (m, 2H aromatics). 

GC-MS m/z (%): 225 (98) [M]
+
, 152 (100), 122 (29), 76 (28). 



Ethyl 2-(2-(trifluoromethyl)phenoxy)acetate (5b)  

Starting from 2-(trifluoromethyl)phenol. The title compound was obtained as a colorless oil, yield 

71%. 
1
H-NMR (300 MHz, CDCl3) δ (ppm): 1.28 (t, J = 7.1 Hz, 3H, OCH2CH3), 4.26 (q, J = 7.1 Hz, 

2H, OCH2CH3),4.72 (s, 2H, OCH2CO), 6.84 – 6.91 (m, 1H aromatic), 7.01 – 7.10 (m, 1H 

aromatic), 7.42 – 7.51 (m, 1H aromatic), 7.57 – 7.63 (m, 1H aromatic). GC-MS m/z (%): 248 (3) 

[M]
+
, 220 (32), 205 (100). 

Ethyl 2-(4-bromo-2,6-dimethylphenoxy)acetate (6b)  

Starting from 4-bromo-2,6-dimethylphenol. The title compound was obtained as a colorless oil, 

yield 50%. 
1
H-NMR (300 MHz, CDCl3) δ (ppm): 1.33 (t, J = 6.9 Hz, 3H, OCH2CH3), 2.27 (s, 6H, 

PhCH3), 4.28 (q, J = 6.9 Hz, 2H, OCH2CH3), 4.36 (s, 2H, OCH2CO), 7.14 (s, 2H aromatics). GC-

MS m/z (%): 288 (94) [M+2]
+
, 286 (95) [M]

+
, 215 (31), 213 (32), 201 (98), 199 (100), 185 (25), 

183 (25), 91 (35). 

Ethyl 2-(4-benzylphenoxy)acetate (7b) 

Starting from 4-benzylphenol, eluent: n-hexane/EtOAc 9:1.  The title compound was obtained as a 

colorless oil, yield 61%. 
1
H NMR (300 MHz, CDCl3) δ (ppm): 1.29 (t, J = 7 Hz, 3H, OCH2CH3), 

3.92 (s, 2H, PhCH2Ph), 4.26 (q, J = 7.0 Hz, 2H, OCH2CH3), 4.59 (s, 2H, OCH2CO), 6.82 – 7.30 (m, 

9H aromatics). GC-MS m/z (%): 270 (99) [M]
+
, 183 (100). 

(E)-ethyl 2-(4-styrylphenoxy)acetate (8.1b)  

Starting from trans-4-styrylphenol, eluent: n-hexane/EtOAc 95:5. The title compound was obtained 

as a white solid, yield 73%. 
1
H-NMR (300 MHz, CDCl3) δ (ppm): 1.31 (t, 3H, OCH2CH3), 4.28 (q, 

2H, OCH2CH3), 4,64 (s, 2H, OCH2CO), 6.88 – 6.95 (m, 2H, aromatics), 6.98 (d, 1H, CH=CH), 7.07 

(d, 1H, CH=CH), 7.21 – 7.50 (m, 7H, aromatics). GC-MS m/z (%): 282 (100) [M]
+
, 195 (35), 178 

(36).   

Preparation of ethyl 2-(4-phenethylphenoxy)acetate (8b) 



A solution of (E)-ethyl 2-(4-styrylphenoxy)acetate (8.1b) (2.95 mmol, 17.35 eq) in THF (35 mL), 

was added to a stirred suspension of Wilkinson’s catalyst (0.17 mmol, 1 eq) in absolute ethanol (30 

mL). The reaction mixture was placed in an autoclave at 15 atm of H2 pressure at room temperature 

for 48 h. The catalyst was removed via filtration over celite and the solvent was removed under 

vacuum. The crude was purified through chromatographic column (n-hexane/EtOAc 95:5), 

obtaining a white solid, yield 79%. 
1
H NMR (300 MHz, CDCl3) δ (ppm): 1.30 (t, J = 7.0 Hz 3H, 

OCH2CH3), 2.84 – 2.90 (m, 4H, PhCH2CH2Ph), 4.27 (q, J = 7.0 Hz, 2H, OCH2CH3), 4.60 (s, 2H, 

OCH2CO), 6.80 – 7.30 (m, 9H aromatics), GC-MS m/z (%): 284 (15) [M]
+
, 193 (100), 107 (11). 

Preparation of phenoxy acetic acid derivatives 1a-8a. General procedure 

1 N NaOH (9.334 mmol, 10 eq) was added to a solution of the suitable ethyl phenoxy acetate 

derivatives (1b-8b) (0.993 mmol, 1 eq) in THF (10 mL). The mixture was stirred for 5 h at room 

temperature. Then, the organic solvent was removed under reduced pressure, the aqueous residue 

was acidified with 2 N HCl and then extracted with diethyl ether (three times). The collected 

organic portions were washed with brine, dried over anhydrous Na2SO4, filtered and concentrated to 

dryness, affording the title compounds. 

2-([1,1'-Biphenyl]-4-yloxy)acetic acid (1a) 

Starting from ethyl 2-([1,1'-biphenyl]-4-yloxy)acetate (1b). The title compound was obtained as a 

white solid, yield 96%; m.p. = 190 – 192 °C. 
1
H-NMR (300 MHz, DMSO-d6) δ (ppm): 4.11 (s, 2H, 

OCH2CO), 6.86 – 6.90 (m, 2H aromatics), 7.26 – 7.61 (m, 7H aromatics). ESI-MS m/z: (IP: 

negative) 227 [M-H]
-
. 

2-(4-Chloro-2-nitrophenoxy)acetic acid (2a)  

Starting from ethyl 2-(4-chloro-2-nitrophenoxy)acetate (2b). The title compound was obtained as a 

yellow solid, yield 91%; m.p. = 171 °C dec. 
1
H-NMR (500 MHz, DMSO) δ (ppm): 4.91 (s, 2H, 

OCH2CO), 7.27 – 7.32 (m, 1H aromatic), 7.64 – 7.71 (m, 1H aromatic), 7.98 – 8.04 (m, 1H 



aromatic), 13.28 (bs, 1H, COOH). ESI-MS m/z: (IP: negative) 232 [M+2-H]
-
, 230 [M-H]

-
; (IP: 

positive) 256 [M+2+Na]
+
, 254 [M+Na]

+
.  

2-(5-Fluoro-2-nitrophenoxy)acetic acid  (3a) 

Starting from ethyl 2-(5-fluoro-2-nitrophenoxy)acetate (3b). The title compound was obtained as a 

beige solid, yield 89%; m.p. = 158 °C dec. 
1
H-NMR (300 MHz, DMSO) δ (ppm): 4.94 (s, 2H, 

OCH2CO), 6.94 – 7.03 (m, 1H aromatic), 7.23 – 7.31 (m, 1H aromatic), 7.95 – 8.05 (m, 1H 

aromatic), 13.25 (bs, 1H, COOH). ESI-MS m/z: (IP: negative) 429 [2M-H]
-
, 214 [M-H]

-
; (IP: 

positive) 238 [M+Na]
+
. 

2-(4-Nitrophenoxy)acetic acid (4a) 

Starting from ethyl 2-(4-nitrophenoxy)acetate (4b). The title compound was obtained as a yellow 

solid, yield 92%; m.p. = 189 – 190 °C. 
1
H-NMR (300 MHz, DMSO) δ (ppm): 4.85 (s, 2H, 

OCH2CO), 7.09 – 7.13 (m, 2H aromatics), 8.15 – 8.20 (m, 2H aromatics). ESI-MS m/z: (IP: 

negative) 393 [2M-H]
-
, 196 [M-H]

-
; (IP: positive) 242 [M+Na]

+
. 

2-(2-(Trifluoromethyl)phenoxy)acetic acid (5a) 

Starting from ethyl 2-(2-(trifluoromethyl)phenoxy)acetate (5b). The title compound was obtained as 

a white solid, yield 98%; m.p. = 147 – 148 °C. 
1
H-NMR (300 MHz, CDCl3) δ (ppm): 4.75 (s, 2H, 

OCH2CO), 6.88 – 6.94 (m, 1H aromatic), 7.04 – 7.14 (m, 1H aromatic), 7.46 – 7.54 (m, 1H 

aromatic), 7.59 – 7.64 (m, 1H aromatic). ESI-MS m/z: (IP: negative) 219 [M-H]
-
; (IP: positive) 243 

[M+Na]
+
. 

2-(4-Bromo-2,6-dimethylphenoxy)acetic acid (6a)  

Starting from ethyl 2-(4-bromo-2,6-dimethylphenoxy)acetate (6b). The title compound was 

obtained as a white solid, yield 93%; m.p. = 189 – 190 °C. 
1
H-NMR (300 MHz, DMSO) δ (ppm): 

2.29 (s, 6H, PhCH3), 4.45 (s, 2H, OCH2CO), 7.17 (s, 2H aromatics). ESI-MS m/z: (IP: positive) 283 

[M+2+Na]
+
, 281 [M+Na]

+
. 



2-(4-Benzylphenoxy)acetic acid (7a)  

Starting from ethyl 2-(4-benzylphenoxy)acetate (7b). The title compound was obtained as a white 

solid, yield 98%; m.p. = 117 – 118 °C. 
1
H NMR (300 MHz, CDCl3) δ (ppm): 3.93 (s, 2H, 

PhCH2Ph), 4.64 (s, 2H, OCH2CO), 6.83 – 7.31 (m, 9H aromatics). GC-MS (methyl ester) m/z (%): 

256 (89) [M]
+
, 183 (100), 165 (50), 152 (28). 

2-(4-Phenethylphenoxy)acetic acid (8a)  

Starting from ethyl 2-(4-phenethylphenoxy)acetate (8b). The title compound was obtained as a 

white solid, yield: 94%; m.p. = 130 – 131 °C. 
1
H-NMR (300 MHz, CDCl3) δ (ppm): 2.81 – 2.89 (m, 

4H, PhCH2CH2Ph), 4.66 (s, 2H, OCH2CO), 6.81 – 7.30 (m, 9H aromatics). GC-MS (methyl ester) 

m/z (%): 270 (12) [M]
+
, 179 (100). 

Preparation of 2-(piperidin-4-ylmethyl)isoindoline-1,3-dione (21b) 

Phthalic anhydride (8.8 mmol, 1 eq) and 4-(aminomethyl)piperidine (8.8 mmol, 1 eq) were heated 

at 160 °C for 4 h. The resulting dark brown solid was dissolved in 1 N HCl in absolute ethanol (6 

mL), then the solvent was removed under vacuum. The compound was obtained as a white 

hydrochloride salt via crystallization with absolute ethanol, yield 25%; m.p. = 214 °C dec. 
1
H-NMR 

(300 MHz, DMSO-d6) δ (ppm): 1.37 – 1.46, 1.73 – 2.01 and 2.70 – 3.28 (m, 9H, piperidine), 3.47 

(d, 2H, NCH2CH), 7.83 – 7.91 (m, 4H aromatics). ESI-MS m/z: (IP: positive) 249 [M+H]
+
.  

Preparation of 2-((1-benzylpiperidin-4-yl)methyl)isoindoline-1,3-dione (21a) 

4-((1,3-dioxoisoindolin-2-yl)methyl)piperidin-1-ium chloride (4.40 mmol, 1 eq) was dissolved in 

ethanol 96° (20 mL) and added with triethylamine (8.80 mmol, 2 eq) and benzyl bromide (4.40 

mmol, 1eq). The reaction mixture was left at room temperature for 24 h, then the solvent was 

removed under reduced pressure.  The residue was partitioned between CH2Cl2 and H2O and the 

aqueous layer was extracted with CH2Cl2 (3 times). The collected organic layers were washed with 

brine, dried over anhydrous Na2SO4, filtered and concentrated under reduced pressure, obtaining a 



yellow solid. The crude was purified by chromatography column (eluent EtOAc/MeOH 97:3), to 

give a white solid, yield 41%; m.p. 135 – 136 °C. 
1
H-NMR (300 MHz, DMSO-d6) δ (ppm): 1.07 – 

1.15, 1.58 – 1.76 and 3.44 – 3.50 (m, 9H, piperidine), 2.73 (d, 2H, NCH2CH), 3.41 (s, 2H, 

NCH2Ph), 7.15 – 7.40 (m, 5H, aromatics, Ph–CH2), 7.79 – 7.91 (m, 4H, phthalimide). ESI-MS m/z: 

(IP: positive) 335 [M+H]
+
. 

Preparation of 2-(2-(4-Benzylpiperazin-1-yl)ethyl)isoindoline-1,3-dione (22a) 

Phthalic anhydride (20.9 mmol, 1 eq) and 1-(2-aminoethyl)- piperazine (20.9 mmol, 1 eq) were 

heated at 160 °C for 4 h. The resulting dark brown oil 22b (2-(2-(piperazin-1-yl)ethyl)isoindoline-

1,3-dione, 20.9 mmol, 1 eq) was dissolved in ethanol 96° (46 mL) and added with KOH (25.1 

mmol, 1.2 eq) and benzyl bromide (20.9 mmol, 1 eq). The reaction mixture was stirred at room 

temperature for 24 h, then the solvent was removed in vacuo. The residue was partitioned between 

diethyl ether and H2O and the aqueous layer was extracted with diethyl ether (three times). The 

collected organic portions were washed with brine, dried over anhydrous Na2SO4, filtered and 

concentrated to dryness, obtaining a yellow solid. The crude was purified by chromatography 

column (eluent n-hexane/EtOAc 8:2), to give a white solid, yield 47%; m.p. 88 – 90 °C. 
1
H-NMR 

(400 MHz, CDCl3) δ (ppm): 2.39 – 2.52 (m, 8H, piperazine), 2.60 (t, 2H, J = 6.7 Hz, phthalimide-

CH2CH2N), 3.44 (s, 2H, NCH2Ph), 3.78 (t, 2H, J = 6.7 Hz, phtalimide–CH2CH2N), 7.19 – 7.27 (m, 

5H, aromatics, Ph–CH2), 7.67 – 7.69 and 7.80 – 7.82 (m, 4H, phtalimide). ESI-MS m/z: (IP: 

positive) 350 [M+H]
+
. 

Preparation of compounds 21 and 22 

2-((1-Benzylpiperidin-4-yl)methyl)isoindoline-1,3-dione (21a) or 2‐(2‐(4‐benzylpiperazin‐1‐yl) 

ethyl)-isoindoline‐1,3‐dione (22a) (1.02 mmol) was dissolved in an aqueous solution of MeNH2 

40% (w/w, 9 mL). Then, the mixture was stirred at room temperature for 72 h. Subsequently, an 

aqueous solution of 20% (w/w) NaOH (14 mL) was added and the resulting mixture was stirred for 

2 h. Then, NaCl (18 mmol) was added and the solution was extracted with CH2Cl2 (three times). 



The collected organic layers were washed with water, dried over anhydrous Na2SO4, filtered and 

concentrated to dryness, affording the title compounds. 

(1-Benzylpiperidin-4-yl)methanamine (21) 

Starting from 2-((1-benzylpiperidin-4-yl)methyl)isoindoline-1,3-dione (21a). The title compound 

was obtained as a yellow oil, yield 91%. 
1
H-NMR (300 MHz, DMSO-d6) δ (ppm): 1.00 – 1.23, 

1.82 – 1.89 and 2.37 – 2.39 (m, 9H, piperidine), 2,77 (d, 2H, J = 11.5 Hz, NCH2CH), 3.41 (s, 2H, 

NCH2Ph), 7.20 – 7.33 (m, 5H, aromatics, Ph–CH2). ESI-MS m/z: (IP: positive) 205 [M+H]
+
. 

2-(4-Benzyl-1-piperazine-1-yl)ethanamine (22) 

Starting from 2‐(2‐(4‐benzylpiperazin‐1‐yl)ethyl)isoindoline‐1,3‐dione (22a). The title compound 

was obtained as a yellow oil, yield 99%. 
1
H NMR (400 MHz, CDCl3) δ (ppm): 2.35 – 2.43 (m, 10H, 

8H piperazine + 2H NH2CH2CH2N), 2.73 (t, 2H, J = 6.1 Hz, NH2CH2CH2N), 3.46 (s, 2H, 

NCH2Ph), 7.19 – 7.27 (m, 5H, aromatics, Ph–CH2). ESI-MS m/z: (IP: positive) 220 [M+H]
+
. 

 

Preparation of the final compounds (1-20).  

General procedure. 

The suitable phenoxy acetic acid derivatives 1a-10a (0.79 mmol, 3 eq), 1-hydroxybenzotriazole 

hydrate (HOBt, 0.263 mmol, 1 eq) and N,N′-diisopropylcarbodiimide (DIC, 1.048 mmol, 4 eq), 

were added to a solution of (1-benzylpiperidin-4-yl)methanamine (21) or 2-(4-benzyl-1-piperazine-

1-yl)ethanamine (22) (0.524 mmol, 2 eq) in CH2Cl2 (5 mL). The mixture was stirred for 16 h at 

room temperature. Then, it was filtered through a Büchner funnel, and the obtained solution was 

washed with 0.5 N NaOH and brine. The organic portion was dried over anhydrous Na2SO4, filtered 

and concentrated at reduced pressure. The crude product was purified through column 

chromatography.  



2-([1,1'-Biphenyl]-4-yloxy)-N-((1-benzylpiperidin-4-yl)methyl)acetamide (1) 

Starting from 2-([1,1'-biphenyl]-4-yloxy)acetic acid (1a) and (1-benzylpiperidin-4-yl)methanamine 

(21), eluent: 100% EtOAc. The title compound was obtained as a white solid, yield 45%; m.p. = 

149–150 °C. 
1
H-NMR (300 MHz, CDCl3) δ (ppm): 1.23–1.38, 1.47–1.74, 1.86–1.98 and 2.82–2.94 

(m, 9H, piperidine), 3.25 (t, J = 6.4 Hz, 2H, NHCH2CH), 3.49 (s, 2H, NCH2Ph), 4.54 (s, 2H, 

OCH2CO),  6.59–6.61 (bs, 1H, NH), 6.93–7.05 (m, 2H aromatics), 7.21–7.47 (m, 8H aromatics), 

7.49–7.61 (m, 4H aromatics). 
13

C NMR (126 MHz, CDCl3) δ (ppm): 29.86, 36.08, 44.49, 53.21, 

63.26, 67.55, 114.97, 126.77, 126.94, 126.99, 128.13, 128.44, 128.77, 129.14, 135.33, 138.28, 

140.32, 156.67, 168.12. UPLC: tR = 13.3 min; HRMS (C27H30N2O2+H
+
): calculated 415.2380 found 

415.2383. 

N-((1-Benzylpiperidin-4-yl)methyl)-2-(4-chloro-2-nitrophenoxy)acetamide (2) 

Starting from 2-(4-chloro-2-nitrophenoxy)acetic acid (2a) and (1-benzylpiperidin-4-

yl)methanamine (21), eluent: CH2Cl2/MeOH 95:5, then 100% EtOAc. The title compound was 

obtained as a yellow solid, yield 25%; m.p. = 105–106 °C.  
1
H-NMR (500 MHz, CDCl3) δ (ppm): 

1.30–1.39, 1.51–1.74, 1.92–2.00 and 2.87–2.94 (m, 9H, piperidine), 3.28 (t, J = 6.4 Hz, 2H, 

NHCH2CH), 3.49 (s, 2H, NCH2Ph), 4.60 (s, 2H, OCH2CO), 6.98–7.03 (m, 1H aromatic), 7.16–7.21 

(m, 1H, NH), 7.21–7.32 (m, 5H aromatics), 7.55–7.60 (m, 1H aromatic), 8.02–8.04 (m, 1H 

aromatic). 
13

C NMR (126 MHz, CDCl3) δ (ppm): 29.86, 36.06, 44.68, 53.22, 63.26, 68.01, 115.88, 

126.49, 126.90, 126.96, 128.12, 129.11, 135.11, 138.39, 138.94, 149.60, 166.11. UPLC: tR = 12.9 

min; HRMS (C21H24ClN3O4+H
+
): calculated 418.1528 found 418.1533. 

N-((1-Benzylpiperidin-4-yl)methyl)-2-(5-fluoro-2-nitrophenoxy)acetamide (3) 

Starting from 2-(5-fluoro-2-nitrophenoxy)acetic acid (3a) and (1-benzylpiperidin-4-yl)methanamine 

(21), eluent: 100% EtOAc. The title compound was obtained as a yellow solid, yield 36%; m.p. = 

92–93 °C. 
1
H-NMR (300 MHz, CDCl3) δ (ppm): 1.27–1.42, 1.50–1.78, 1.90 – 2.02 and 2.85 – 2.94 



(m, 9H, piperidine), 3.29 (t, J = 6.3 Hz, 2H, NHCH2CH), 3.49 (s, 2H, NCH2Ph), 4.58 (s, 2H, 

OCH2CO), 6.71 – 6.88 (m, 2H aromatics), 7.19 – 7.34 (m, 6H, 5H aromatics + 1H NH), 8.11 – 8.18 

(m, 1H aromatic). 
13

C NMR (126 MHz, CDCl3) δ (ppm): 29.89, 36.08, 44.71, 53.24, 63.28, 67.94, 

102.56 (d, J2, C-F = 26 Hz) 108.93 (d, J2, C-F = 26 Hz), 126.88, 128.11, 129.09, 129.18, 135.17, 

138.46, 153.01 (d, J3, C-F = 11.3 Hz), 165.88, 166.19 (d, J1, C-F = 260 Hz). UPLC: tR = 8.8 min; 

HRMS (C21H24FN3O4+H
+
): calculated 402.1824 found 402.1825. 

N-((1-Benzylpiperidin-4-yl)methyl)-2-(4-nitrophenoxy)acetamide (4) 

Starting from 2-(4-nitrophenoxy)acetic acid (4a) and (1-benzylpiperidin-4-yl)methanamine (21), 

eluent: CH2Cl2/MeOH 97:3, then 100% EtOAc. The title compound was obtained as a yellow solid, 

yield 17%; m.p. = 106 – 108 °C. 
1
H-NMR (300 MHz, CDCl3) δ (ppm): 1.22 – 1.38, 1.47 – 1.67, 

1.86 – 2.00 and 2.83 – 2.93 (m, 9H, piperidine), 3.26 (t, J = 6.3 Hz, 2H, NHCH2CH), 3.48 (s, 2H, 

NCH2Ph), 4.58 (s, 2H, OCH2CO), 6.47–6.57 (bs, 1H, NH), 6.97 – 7.05 (m, 2H aromatics), 7.21 – 

7.34 (m, 5H aromatics), 8.21 – 8.28 (m, 2H aromatics). 
13

C NMR (126 MHz, CDCl3) δ (ppm): 

29.86, 36.03, 44.60, 53.15, 63.25, 67.65, 114.79, 126.09, 126.97, 128.15, 129.12, 138.22, 142.61, 

161.72, 166.65. UPLC: tR = 5.2 min; HRMS (C21H25N3O4+H
+
): calculated 384.1918 found 

384.1923. 

N-((1-Benzylpiperidin-4-yl)methyl)-2-(2-(trifluoromethyl)phenoxy)acetamide (5) 

Starting from 2-(2-(trifluoromethyl)phenoxy)acetic acid (5a) and (1-benzylpiperidin-4-

yl)methanamine (21), eluent: 100% EtOAc. The title compound was obtained as a white solid, yield 

17%; m.p. = 121 – 122 °C. 
1
H-NMR (500 MHz, CDCl3) δ (ppm): 1.24 – 1.37, 1.47 – 1.54, 1.63 – 

1.70, 1.92 – 1.99 and 2.85 – 2.92 (m, 9H, piperidine), 3.26 (t, J = 6.4 Hz, 2H, NHCH2CH), 3.49 (s, 

2H, NCH2Ph), 4.55 (s, 2H, OCH2CO), 6.74 – 6.79 (bs, 1H, NH), 6.94 – 6.98 (m, 1H aromatic), 7.08 

– 7.13 (m, 1H aromatic), 7.22 – 7.25 (m, 2H aromatic), 7.27 – 7.33 (m, 3H aromatics), 7.50 – 7.56 

(m, 1H aromatic), 7.59 – 7.64 (m, 1H aromatic). 
13

C NMR (126 MHz, CDCl3) δ (ppm): 29.80, 

36.03, 44.57, 53.24, 63.27, 67.27, 112.82, 118.74 (q, J2, C-F = 31.5 Hz), 121.48, 123.70 (q, J1 C-F = 



273.4 Hz), 126.87, 127.35 (q, J3, C-F = 5.1 Hz), 128.12, 129.05, 133.76, 138.55, 154.65, 166.98. 

UPLC: tR = 5.2 min; HRMS (C22H25F3N2O2+H
+
): calculated 407.1941 found 407.1945. 

N-((1-Benzylpiperidin-4-yl)methyl)-2-(4-bromo-2,6-dimethylphenoxy)acetamide (6) 

Starting from 2-(4-bromo-2,6-dimethylphenoxy)acetic acid (6a) and (1-benzylpiperidin-4-

yl)methanamine (21), eluent: CH2Cl2/MeOH 97:3, then 100% EtOAc. The title compound was 

obtained as a white solid, yield 8%; m.p. = 143 – 144 °C. 
1
H-NMR (300 MHz, CDCl3) δ (ppm): 

1.30 – 1.43, 1.59 – 1.75, 1.92 – 2.03 and 2.87 – 2.95 (m, 9H, piperidine),  2.21 (s, 6H, PhCH3), 3.29 

(t, J = 6.4 Hz, 2H, NHCH2CH), 3.50 (s, 2H, NCH2Ph), 4.23 (s, 2H, OCH2CO), 6.86–6.96 (bs, 1H, 

NH), 7.15–7.17 (m, 2H aromatics), 7.27 – 7.36 (m, 5H aromatics). 
13

C NMR (126 MHz, CDCl3) δ 

(ppm): 16.06, 29.97, 35.98, 44.52, 53.22, 63.27, 70.51, 117.39, 126.95, 128.14, 129.11, 131.77, 

132.59, 138.34, 153.38, 168.24. UPLC: tR = 8.8 min; HRMS (C23H29BrN2O2+H
+
): calculated 

445.1485 found 445.1483. 

2-(4-Benzylphenoxy)-N-((1-benzylpiperidin-4-yl)methyl)acetamide (7) 

Starting from 2-(4-benzylphenoxy)acetic acid (7a) and (1-benzylpiperidin-4-yl)methanamine (21), 

eluent: 100% EtOAc. The title compound was obtained as a white solid, yield 12%; m.p. = 114 °C 

dec. 
1
H-NMR (500 MHz, CDCl3) δ (ppm): 1.30 – 1.40, 1.50 – 1.67, 1.97 – 2.06 and 2.92 – 2.99 (m, 

9H, piperidine), 3.22 (t, J = 6.5 Hz, 2H, NHCH2CH), 3.58 (s, 2H, NCH2Ph), 3.91 (s, 2H, PhCH2Ph), 

4.46 (s, 2H, OCH2CO), 6.61–6.68 (bs, 1H, NH), 6.80 – 6.85 (m, 2H aromatics), 7.08 – 7.22 (m, 5H 

aromatics), 7.23 – 7.36 (m, 7H aromatics). 
13

C NMR (126 MHz, CDCl3) δ (ppm): 29.59, 35.87, 

40.99, 44.38, 53.00, 63.01, 67.51, 114.67, 126.09, 127.13, 128.20, 128.47, 128.75, 129.30, 130.15, 

134.93, 137.65, 141.14, 155.57, 168.34. UPLC: tR = 6.6 min; HRMS (C28H32N2O2+H
+
): calculated 

429.2537 found 429.2542. 

N-((1-Benzylpiperidin-4-yl)methyl)-2-(4-phenethylphenoxy)acetamide (8) 



Starting from 2-(4-phenethylphenoxy)acetic acid (8a) and (1-benzylpiperidin-4-yl)methanamine 

(21), eluent: 100% EtOAc. The title compound was obtained as a white solid, yield 52%; m.p. = 

112 – 113 °C. 
1
H-NMR (300 MHz, CDCl3) δ (ppm): 1.20 – 1.36, 1.58 – 1.66 and 1.87 – 1.98 (m, 

7H piperidine), 2.83 – 2.90 (m, 6H, 4H PhCH2CH2Ph + 2H piperidine), 3.23 (t, J = 6.4 Hz, 2H, 

NHCH2CH), 3.48 (s, 2H, NCH2Ph), 4.47 (s, 2H, OCH2CO), 6.60–6.68 (bs, 1H, NH), 6.79 – 6.85 

(m, 2H aromatics), 7.07 – 7.32 (m, 12H aromatics). 
13

C NMR (126 MHz, CDCl3) δ (ppm): 29.91, 

36.09, 36.94, 38.03, 44.46, 53.25, 63.31, 67.56, 114.54, 125.93, 126.91, 128.13, 128.31, 128.43, 

129.10, 129.67, 135.49, 138.43, 141.54, 155.47, 168.33. UPLC: tR = 5.2 min; HRMS 

(C29H34N2O2+H
+
): calculated 443.2693 found 443.2697. 

N-((1-Benzylpiperidin-4-yl)methyl)-2-(4-methoxyphenoxy)acetamide (9) 

Starting from 2-(4-methoxyphenoxy)acetic acid (9a) and (1-benzylpiperidin-4-yl)methanamine 

(21), eluent: CH2Cl2/MeOH 97:3, then 100% EtOAc. The title compound was obtained as a white 

solid, yield 19%; m.p. = 93 – 94 °C. 
1
H-NMR (500 MHz, CDCl3) δ (ppm): 1.22 – 1.34, 1.47 – 1.58, 

1.60 – 1.63, 1.88 – 1.98 and 2.83 – 2.91 (m, 9H, piperidine), 3.23 (t, J = 6.5 Hz, 2H, NHCH2CH), 

3.48 (s, 2H, NCH2Ph), 3.77 (s, 3H, OCH3), 4.43 (s, 2H, OCH2CO), 6.60–6.67 (bs, 1H, NH), 6.81–

6.88 (m, 4H aromatics), 7.21 – 7.33 (m, 5H aromatics). 
13

C NMR (126 MHz, CDCl3) δ (ppm): 

29.67, 36.00, 44.41, 53.17, 55.69, 63.20, 68.22, 114.86, 115.68, 127.00, 128.15, 129.18, 151.32, 

154.77, 168.47. UPLC: tR = 6.9 min; HRMS (C22H28N2O3+H
+
) calculated 369.2173 found 

369.2175. 

N-((1-Benzylpiperidin-4-yl)methyl)-2-(4-chlorophenoxy)acetamide (10) 

Starting from 2-(4-chlorophenoxy)acetic acid (10a) and (1-benzylpiperidin-4-yl)methanamine (21), 

eluent: CH2Cl2/MeOH 97:3, then 100% EtOAc. The title compound was obtained as a white solid, 

yield 22%; m.p. = 96 – 97 °C. 
1
H-NMR (500 MHz, CDCl3) δ (ppm): 1.24 – 1.33, 1.48 – 1.66, 1.90 

– 1.96 and 2.85 – 2.90 (m, 9H, piperidine), 3.24 (t, J = 6.5 Hz, 2H, NHCH2CH), 3.48 (s, 2H, 

NCH2Ph), 4.46 (s, 2H, OCH2CO), 6.56 – 6.59 (bs, 1H, NH), 6.82 – 6.87 (m, 2H aromatics), 7.22 – 



7.33 (m, 7H aromatics). FT-IR (vaselin oil, wavenumber) cm
-1

: 3244 (NH, s, amide),  1658 (CO, s, 

amide I), 1518 (NH, s, amide II). 
13

C NMR (126 MHz, CDCl3) δ (ppm): 29.89, 36.06, 44.49, 53.21, 

63.29, 67.67, 115.97, 126.92, 127.19, 128.13, 129.11, 129.69, 138.36, 155.74, 167.72. UPLC: tR = 

5.2 min; HRMS (C21H25ClN2O2+H
+
) calculated 373.1677 found 373.1682. 

2-([1,1'-Biphenyl]-4-yloxy)-N-(2-(4-benzylpiperazin-1-yl)ethyl)acetamide (11) 

Starting from 2-([1,1'-biphenyl]-4-yloxy)acetic acid (1a) and 2-(4-benzyl-1-piperazine-1-

yl)ethanamine (22), eluent: CH2Cl2/MeOH 98:2. The title compound was obtained as a white solid, 

yield 42%; m.p. = 127 °C dec. 
1
H-NMR (300 MHz, CDCl3) δ (ppm): 2.25 – 2.53 (m, 10H, 2H 

CH2CH2piperazine + 8 H piperazine), 3.41 (q, J = 5.8 Hz, 2H, NHCH2CH2), 3.46 (s, 2H, 

PiperazineCH2Ph), 4.55 (s, 2H, OCH2CO), 6.96 – 7.02 (m, 2H aromatics), 7.13 – 7.20 (bs, 1H, 

NH), 7.22 – 7.36 (m, 6H aromatics), 7.39 – 7.47 (m, 2H aromatics), 7.51 – 7.59 (m, 4H aromatics). 

13
C NMR (126 MHz, CDCl3) δ (ppm): 35.51, 52.68, 53.07, 55.98, 63.01, 67.50, 114.92, 126.73, 

126.97, 127.01, 128.17, 128.39, 128.80, 129.13, 135.13, 138.01, 140.36, 156.86, 168.05. UPLC: tR 

= 6.0 min; HRMS (C27H30N3O2+H
+
): calculated 430.2489, found 430.2503. 

N-(2-(4-Benzylpiperazin-1-yl)ethyl)-2-(4-chloro-2-nitrophenoxy)acetamide (12) 

Starting from 2-(4-chloro-2-nitrophenoxy)acetic acid (2a) and 2-(4-benzyl-1-piperazine-1-

yl)ethanamine (22), eluent: CH2Cl2/MeOH 9:1, then 100% EtOAc. The title compound was 

obtained as a white solid, yield 8%; m.p. = 109 – 110 °C. 
1
H-NMR (300 MHz, CDCl3) δ (ppm): 

2.36 – 2.65 (m, 10H, 2H CH2CH2 piperazine + 8H piperazine), 3.44 (q, J = 5.4 Hz, 2H, 

NHCH2CH2), 3.55 (s, 2H, piperazineCH2Ph), 4.60 (s, 2H, OCH2CO), 6.96 – 7.04 (m, 1H aromatic), 

7.17 – 7.44 (m, 6H, 5H aromatics + 1H NH), 7.53 – 7.60 (m, 1H aromatic), 7.95 – 8.01 (m, 1H 

aromatic). 
13

C NMR (126 MHz, CDCl3) δ (ppm): 35.94, 52.87, 56.23, 62.99, 68.01, 115.70, 126.24, 

126.80, 126.95, 128.15, 129.21, 134.67, 138.21, 139.36, 149.45, 166.05. Analysis calc. for 

C21H25ClN4O4 ∙ 0.5H2O: C 57.08, H 5.93, N 12.68 %; found: C 56.99, H 6.16, N 12.74 %. FT-IR 

(vaselin oil, wavenumber) cm
-1

: 3376 (NH, s, amide),  1671 (CO, s, amide I), 1609 (m, NO2), 1520 



(NH, s, amide II), 1344 (m, NO2). UPLC: tR = 8.6 min; HRMS (C21H25ClN4O4+Na
+
): calculated 

455.1457 found 455.1454.  

N-(2-(4-Benzylpiperazin-1-yl)ethyl)-2-(5-fluoro-2-nitrophenoxy)acetamide (13) 

Starting from 2-(5-fluoro-2-nitrophenoxy)acetic acid (3a) and 2-(4-benzyl-1-piperazine-1-

yl)ethanamine (22), eluent: 100% EtOAc. The title compound was obtained as a white solid, yield 

60%; m.p.=116 °C dec. 
1
H-NMR (300 MHz, CDCl3) δ (ppm): 2.38 – 2.67 (m, 10H, 2H CH2CH2  

piperazine + 8H piperazine), 3.46 (q, J = 5.7 Hz, 2H, NHCH2CH2), 3.54 (s, 2H, piperazine CH2Ph), 

4.58 (s, 2H, OCH2CO), 6.72 – 6.88 (m, 2H aromatics), 7.21 – 7.37 (m, 5H aromatics), 7.40 – 7.52 

(bs, 1H, NH), 8.06 – 8.15 (m, 1H aromatic). 
13

C NMR (126 MHz, CDCl3) δ (ppm): 36.02, 52.88, 

52.91, 56.30, 62.99, 67.96, 102.47 (d, J2, C-F = 27.7 Hz), 108.74, (d, J2, C-F = 22.7 Hz), 126.93, 

128.14, 128.83 (d, J3, C-F = 11.3 Hz), 129.19, 135.52, 138.27, 152.90 (d, J3, C-F = 11.3 Hz), 165.81, 

165.95 (d, J1, C-F = 260 Hz). FT-IR (vaselin oil, wavenumber) cm
-1

: 3358 (NH, s, amide),  1676 (CO, 

s, amide I), 1622 (m, NO2), 1521 (NH, s, amide II), 1344 (m, NO2).  UPLC: tR = 6.1 min; HRMS 

(C21H25FN4O4+Na
+
): calculated 439.1752 found 439.1756. 

N-(2-(4-Benzylpiperazin-1-yl)ethyl)-2-(4-nitrophenoxy)acetamide (14) 

Starting from 2-(4-nitrophenoxy)acetic acid (4a) and 2-(4-benzyl-1-piperazine-1-yl)ethanamine 

(22), eluent: CH2Cl2/MeOH 9:1. The title compound was obtained as a white solid, yield 40%; m.p. 

= 70 – 72 °C. 
1
H-NMR (500 MHz, CDCl3) δ (ppm): 2.30 – 2.57 (m, 10H, 2H CH2CH2piperazine + 

8H piperazine), 3.41 (q, J = 5.6 Hz, 2H, NHCH2CH2), 3.50 (s, 2H, piperazineCH2Ph), 4.59 (s, 2H, 

OCH2CO), 6.95 – 7.04 (m, 2H aromatics), 7.06 – 7.16 (bs, 1H, NH), 7.19 – 7.38 (m, 5H aromatics), 

8.21 – 8.29 (m, 2H aromatics). 
13

C NMR (126 MHz, CDCl3) δ (ppm): 35.50, 52.68, 53.02, 55.90, 

62.98, 67.63, 114.75, 126.08, 127.10, 128.21, 129.16, 137.74, 142.48, 161.96, 166.57. UPLC: tR = 

5.2 min; HRMS (C21H26N4O4+H
+
): calculated 399.2027 found 399.2030. 

N-(2-(4-Benzylpiperazin-1-yl)ethyl)-2-(2-(trifluoromethyl)phenoxy)acetamide (15) 



Starting from 2-(2-(trifluoromethyl)phenoxy)acetic acid (5a) and 2-(4-benzyl-1-piperazine-1-

yl)ethanamine (22), eluent: 100% EtOAc. The title compound was obtained as a colorless oil, yield 

36%. 
1
H-NMR (300 MHz, CDCl3) δ (ppm): 2.33 – 2.64 (m, 10H, 2H CH2CH2piperazine + 8H 

piperazine), 3.39 – 3.55 (m, 4H, 2H NHCH2CH2 + 2H piperazineCH2Ph), 4.56 (s, 2H, OCH2CO), 

6.92 – 7.00 (m, 1H aromatic), 7.06 – 7.14 (m, 1H aromatic), 7.19 – 7.35 (m, 6H, 5H aromatics + 1H 

NH), 7.48 – 7.57 (m, 1H aromatic), 7.60 – 7.66 (m, 1H aromatic). 
13

C NMR (126 MHz, CDCl3) δ 

(ppm): 35.74, 52.75, 52.80, 56.22, 63.03, 67.32, 112.74, 118.88 (q, J2, C-F = 30.2 Hz), 121.32, 123.66 

(q, J1 C-F = 273.4 Hz), 126.98, 127.29 (q, J3, C-F = 5.0 Hz), 128.16, 129.16, 133.63, 138.17, 154.83, 

167.00. UPLC: tR = 6.8 min; HRMS (C22H26F3N3O2+H
+
): calculated 422.2050 found 422.2066. 

N-(2-(4-Benzylpiperazin-1-yl)ethyl)-2-(4-bromo-2,6-dimethylphenoxy)acetamide (16) 

Starting from 2-(4-bromo-2,6-dimethylphenoxy)acetic acid (6a) and 2-(4-benzyl-1-piperazine-1-

yl)ethanamine (22), eluent: CH2Cl2/MeOH 9:1, then 100% EtOAc. The title compound was 

obtained as a colorless oil, yield 58%. 
1
H-NMR (300 MHz, CDCl3) δ (ppm): 2.23 (s, 6H, PhCH3), 

2.40 – 2.69 (m, 10H, 2H CH2CH2 piperazine + 8H piperazine), 3.42 – 3.56 (m, 4H, 2H NHCH2CH2 

+ 2H piperazineCH2Ph), 4.25 (s, 2H, OCH2CO), 7.16 – 7.38 (m, 8H, 6H aromatics + 1H NH). 
13

C 

NMR (126 MHz, CDCl3) δ (ppm): 16.28, 35.60, 52.86, 53.02, 56.39, 62.96, 70.71, 117.23, 127.06, 

128.19, 129.15, 131.72, 132.64, 137.91, 153.85, 168.21. UPLC: tR = 7.7 min; HRMS 

(C23H30BrN3O2+H
+
): calculated 460.1594 found 460.1595. 

2-(4-Benzylphenoxy)-N-(2-(4-benzylpiperazin-1-yl)ethyl)acetamide (17) 

Starting from 2-(4-benzylphenoxy)acetic acid (7a) and 2-(4-benzyl-1-piperazine-1-yl)ethanamine 

(22), eluent: 100% EtOAc. The title compound was obtained as a white solid, yield 55%; m.p. = 81 

– 82 °C. 
1
H-NMR (500 MHz, CDCl3) δ (ppm): 2.22 – 2.60 (m, 10H, 2H CH2CH2 piperazine + 8H 

piperazine), 3.38 (q, J = 5.8 Hz, 2H, NHCH2CH2), 3.47 (s, 2H, piperazineCH2Ph), 3.93 (s, 2H, 

PhCH2Ph), 4.47 (s, 2H, OCH2CO), 6.81 – 6.86 (m, 2H aromatics), 7.10 – 7.22 (m, 6H, 5H 

aromatics + 1H NH), 7.23 – 7.34 (m, 7H aromatics). 
13

C NMR (126 MHz, CDCl3) δ (ppm): 35.47, 



41.04, 52.68, 53.04, 56.09, 62.98, 67.50, 114.66, 126.10, 127.06, 128.20, 128.47, 128.76, 129.16, 

130.09, 134.76, 137.97, 141.18, 155.74, 168.20. UPLC: tR = 6.4 min; HRMS (C28H33N3O2+H
+
): 

calculated 444.2646 found 444.2650. 

N-(2-(4-Benzylpiperazin-1-yl)ethyl)-2-(4-phenethylphenoxy)acetamide (18) 

Starting from 2-(4-phenethylphenoxy)acetic acid (8a) and 2-(4-benzyl-1-piperazine-1-

yl)ethanamine (22), eluent: 100% EtOAc. The title compound was obtained as a white solid, yield 

34%; m.p. = 91 – 92 °C. 
1
H-NMR (500 MHz, CDCl3) δ (ppm): 2.26 – 2.52 (m, 10H, 2H 

CH2CH2piperazine + 8H piperazine), 2.88 (s, 4H, PhCH2CH2Ph), 3.40 (q, J = 5.8 Hz, 2H, 

NHCH2CH2), 3.49 (s, 2H, piperazineCH2Ph), 4.47 (s, 2H, OCH2CO), 6.81 – 6.85 (m, 2H 

aromatics), 7.09 – 7.13 (m, 2H aromatics), 7.14 – 7.22 (m, 4H aromatics), 7.23 – 7.33 (m, 7H, 6H 

aromatics + 1H NH). 
13

C NMR (126 MHz, CDCl3) δ (ppm): 35.50, 36.93, 38.04, 52.71, 53.09, 

56.10, 63.02, 67.53, 114.53, 125.93, 127.05, 128.20, 128.31, 128.42, 129.14, 129.63, 135.30, 

138.02, 141.54, 155.63, 168.25. FT-IR (vaselin oil, wavenumber) cm
-1

: 3399 (NH, s, amide),  1661 

(CO, s, amide I), 1526 (NH, s, amide II). UPLC: tR = 8.7 min; HRMS (C29H35N3O2+H
+
): calculated 

458.2802 found 458.2803. 

N-(2-(4-Benzylpiperazin-1-yl)ethyl)-2-(4-methoxyphenoxy)acetamide (19) 

Starting from 2-(4-methoxyphenoxy)acetic acid  (9a) and 2-(4-benzyl-1-piperazine-1-yl)ethanamine 

(22), eluent: CH2Cl2/MeOH 95:5, then 100% EtOAc. The title compound was obtained as a white 

solid, yield 17%; m.p. = 78 – 79 °C. 
1
H-NMR (300 MHz, CDCl3) δ (ppm): 2.30 – 2.56 (m, 10H, 2H 

CH2CH2piperazine + 8H piperazine), 3.39 (q, J = 5.7 Hz, 2H, NHCH2CH2), 3.49 (s, 2H, 

PiperazineCH2Ph), 4.45 (s, 2H, OCH2CO), 3.77 (s, 3H, OCH3), 6.79 – 6.90 (m, 4H aromatics), 7.10 

– 7.19 (bs, 1H, NH), 7.22 – 7.35 (m, 5H aromatics). 
13

C NMR (126 MHz, CDCl3) δ (ppm): 35.50, 

52.71, 53.09, 55.69, 56.08, 63.03, 68.14, 114.84, 115.60, 127.03, 128.08, 129.15, 138.04, 151.51, 

154.66, 168.38. UPLC: tR = 5.4 min; HRMS (C22H29N3O3+H
+
): calculated 384.2282 found 

384.2288. 



N-(2-(4-Benzylpiperazin-1-yl)ethyl)-2-(4-chlorophenoxy)acetamide (20) 

Starting from 2-(4-chlorophenoxy)acetic acid (10a) and 2-(4-benzyl-1-piperazine-1-yl)ethanamine 

(22), eluent: CH2Cl2/MeOH 95:5, then 100% EtOAc. The title compound was obtained as a white 

solid, yield 23%; m.p. = 87 – 88 °C. 
1
H NMR (300 MHz, CDCl3) δ (ppm): 2.36 – 2.43 (m, 10H, 2H 

CH2CH2piperazine + 8H piperazine), 3.31 (q, J = 5.3 Hz, 2H, NHCH2CH2), 3.42 (s, 2H, 

piperazineCH2Ph), 4.40 (s, 2H, OCH2CO), 6.75 – 6.78 (m, 2H aromatics), 7.02 (bs, 1H, NH), 7.18 

– 7.23 (m, 7H aromatics). 
13

C NMR (125 MHz, CDCl3) δ (ppm): 35.47, 52.68, 53.04, 55.93, 63.00, 

67.63, 115.92, 126.99, 127.05, 128.19, 129.17, 129.66, 137.94, 155.93, 167.64. UPLC: tR = 8.8 min; 

HRMS (C21H26ClN3O2+H
+
): calculated 388.1786 found 388.1788. 

 

Biological Methods 

AChE and BChE Inhibition 

A previously described modified protocol of Ellman’s spectrophotometric assay [62], adapted to a 

96-well plate procedure, was used [63]. All reagents and enzymes were from Sigma-Aldrich, 

(Milan, Italy). Incubations were carried out in clear flat-bottomed, 96-well plates (Greiner Bio-One 

GmbH, Frickenhausen, Germany) in duplicate. For most active compounds (inhibition > 60%), IC50 

was determined from seven solutions (ranging from 10
-5

 to 10
-11

 M as the final concentrations) of 

inhibitor and prepared by diluting a stock DMSO solution 1000 μM with the work buffer. Plate 

readings were made with Infinite M1000 Pro multiplate reader (Tecan, Cernusco S.N., Italy). IC50 

values and inhibition values were calculated with the software GraphPad Prism as the mean of three 

independent experiments and are expressed as mean ± SEM. 

Inhibition of Aβ40 Aggregation 

The spectrofluorimetric assays measuring ThT fluorescence in the presence of Aβ were performed 

as previously described [63]. Co-incubation samples were prepared in 96-well black, non-binding 



microplates (Greiner Bio-One GmbH, Frickenhausen, Germany) by diluting Aβ40 (EZBiolab, 

Carmel, IN, USA) and inhibitors to a final concentration of 30 and 100 µM respectively in PBS (pH 

7.4) containing 2% 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP). After 2 h of incubation at 25 °C, 25 

µM ThT solution was added and fluorescence was determined with a multi-plate reader Infinite 

M1000 Pro (Tecan, Cernusco S.N., Italy). Assays were carried out in triplicate and values are 

reported as mean ± SEM. 

FAAH Inhibition   

FAAH inhibition assays were performed in triplicate using 96-well black flat-bottom microtiter 

NBS plates (COSTAR flat black). In a total volume of 200 µL, different concentrations of each 

potential inhibitor were preincubated in an appropriate fluorometric assay buffer (tris-HCl 125 mM, 

Na2EDTA · 2H2O 1 mM, pH = 9.0) with the enzyme (FAAH Human recombinant, Cayman 

Chemical, Ann Arbor, MI, USA) for 10 min at room temperature, maintaining the plate in orbital 

shaking. The substrate (7-amino-4-methyl-2H-1-benzopyran-2-one-5Z,8Z,11Z,14Z-eicosatetraen-

amide, AMC-AA, 5 µM final concentration) was then added, and the assay was incubated for 2h at 

37 °C in a TECAN infinite M1000Pro plate reader (Tecan, Männedorf, Switzerland) which read the 

fluorescence from each well every 30s (λex = 340 nm, λem = 450 nm), expressing FAAH activity 

as relative fluorescence units (RFU). Percent inhibition for each tested compound were calculated 

using control wells lacking the inhibitor and blank wells lacking both inhibitor and enzyme. IC50 

values were calculated using GraphPad Prism 5.0 (GraphPad Software, La Jolla, CA, USA) and are 

expressed as mean ± SEM of at least two independent measurements performed in triplicate. 

Cell Cultures.  

SH-SY5Y neuroblastoma cells and human HepG2 hepatocarcinoma cells were obtained from 

American Type Culture Collection (ATCC®, Bethesda, MD). SH-SY5Y cells were cultured in a 

1:1 mixture of MEM and Ham's F12 Medium supplemented with 10% (v/v) heat-inactivated Fetal 

Bovine Serum, 1% (v/v) Glutamine and 1% (v/v) Penicillin – Streptomycin. HepG2 cells were 



cultured in MEM supplemented with 10% (v/v) heat-inactivated Fetal Bovine Serum, 1% (v/v) 

Glutamine and 1% (v/v) Penicillin – Streptomycin, 1% (v/v) NEAA. Cells were cultivated at 37 °C 

with 5% CO2 at saturated humidity.  

Cell Viability 

Cell Viability was evaluated via MTT assay at 24 and 48 h from treatment. On day 1, 10,000-

25,000 cells/well were seeded into 96-well plates in a volume of 100 μL. On day 2, the medium was 

replaced with one containing serial dilutions at a half-log factor of the test compounds (from 100 

μM to 100 nM). Test compounds were dissolved in DMSO (1% final concentration). Control wells 

lacking treatment were included in the experimental design. After the established incubation time 

with drugs (24-48 h), MTT (0.5 mg/mL) was added to each well, and after 3–4 h incubation at 37 

°C, the supernatant was removed. The formazan crystals were solubilized using 100 μl of 

DMSO/EtOH (1:1) and the absorbance values at 570 nm were determined on the Victor 3 

microplate reader from PerkinElmer Life Sciences. IC50 values were determined from dose–

response curves using GraphPad PRISM (version 5.0). 

Docking studies 

For each of the examined compounds the relative SMILES string was converted to three-

dimensional structure within Maestro software package [64]. The proper ionization was then 

assigned with fixpka complement of QUACPAC [65], and thereafter the molecular skeleton was 

minimized performing a 10000 steps of Steepest Descent with Open Babel [66] using the Universal 

Force Field. Enzyme-inhibitor complexes of AChE (chain A; pdb code 6O4W)  [67], BChE (pdb 

code 7AZM) [68], and FAAH (pdb code 4DO3) [69] X-ray structures were selected as targets for 

dockings, and then prepared with the Protein Preparation Wizard interface of Maestro removing the 

ligand and water molecules, adding hydrogen atoms, optimizing their position, and assigning the 

ionization states of acid and basic residues according to PROPKA prediction at pH 7.0. Electrostatic 

charges for proteins atoms were loaded according to AMBER UNITED force field [70], while the 



molcharge complement of QUACPAC [65] was used in order to achieve Marsili-Gasteiger charges 

for the inhibitors. Affinity maps for each enzyme were first calculated on a 0.375 Å spaced 

85×85×85 Å
3
 cubic box, having the barycentre on the co-crystallized inhibitors poses, and the 

binding site available space was tested throughout 1000 runs of Lamarckian Genetic Algorithm 

(LGA) implemented in AUTODOCK 4.2.6 [71] using the GPU-OpenCL algorithm version [72]. 

The hydration force field parameters [73] were set in order to explicitly evaluate water molecules 

contribution in the binding, and the population size and the number of energy evaluation figures 

were set to 300 and 10000000, respectively. Filtering of the docking poses was achieved by an 

energy-, similarity- and population-based rule, we called ESP, where E accounts for the free energy 

of binding, the energy difference between the selected pose and the relative global minimum and 

the ligand efficacy, S the similarity as scored by the Tanimoto_Combo coefficient according to the 

shape matching algorithm ROCS [74], P is the cluster member population. 

 

Complexation Studies 

Materials and equipment 

The aqueous copper (CuCl2, 0.015 M) stock solution was prepared from a 1000 ppm Titrisol 

standard and the respective copper content was evaluated by atomic absorption. The 0.076 M HCl 

solution, used in pH-potentiometric and spectrophotometric titrations, was prepared from a Titrisol 

ampoule while the titrant (KOH 0.08 M) was from carbonate free commercial concentrate (Titrisol 

ampoule). The KOH solution was standardized by titration with a solution of potassium hydrogen 

phthalate and was discarded whenever the percentage of carbonate, determined by Gran’s method 

[75] was greater than 1% of the total amount of base.  

The 
1
H NMR spectra were recorded on a Bruker AVANCE III-400 (400 MHz) NMR spectrometer, 

at 25 °C, and chemical shifts (δ) are reported in ppm from the DMSO peak. Mass spectra were 



recorded on an LCQ Fleet
TM

 ion trap mass spectrometer equipped with an ESI ion source operated 

in positive and negative ion modes (Thermo Scientific). 

 

Potentiometric studies 

Copper complexation studies were performed by pH-potentiometric titration and the experimental 

conditions were analogous to those previously reported [76]. Titration of compound 12, alone or in 

the presence of Cu
2+

, was accomplished in a 30% w/w DMSO/H2O medium, at T = 25.0  0.1 
°
C 

and ionic strength (I) 0.1 M KCl, by using 0.08 M KOH as titrant. The glass and Ag/AgCl reference 

electrodes were previously conditioned for some days in several DMSO/H2O mixtures of increasing 

DMSO % composition and the response of the glass electrode was checked by strong acid – strong 

base (HCl/KOH) calibrations and analysis of the respective Nernst parameters by Gran’s method 

[75]. The ligand concentration (CL) was 4.4  10
-4

 M, CCu/CL ratios were 0:1, 1:1 and 1:2 and the 

value determined for the water ionization constant (pKw) was 14.66. The stepwise protonation 

constants of the ligands, Ki = HiL/Hi-1LH (i = 1-2), and the overall Cu
2+

–complex stability 

constants,        = MmHhLl/M
m
H

h
L

l
, were calculated by fitting the pH-potentiometric data 

with Hyperquad 2008 [51] program. The Cu
2+

 hydrolysis model was determined under the defined 

experimental conditions (I = 0.1 M KCl, 30% w/w DMSO/H2O, T = 25.0  0.1 
°
C) and the 

following value of stability constant was included in the fitting of experimental data for the Cu
2+

/L 

system: log       = -9.94. The species distribution curves were obtained with the Hyss program 

[51]. 

 

1
H-NMR studies 

Proton NMR titrations of compound 12 (SON38) and the system Zn
2+

/12 1:1 (CL = 4.5 mM) in 

75% d6-DMSO /D2O medium were performed by using DCl or CO2 free KOD solutions and a 



Thermo ORION model 420 instrument fitted with a combined Mettler Toledo U402-M3-S7/200 

microelectrode. The NMR titrations of 12 and Zn
2+

/12 1:1 system were only used to evaluate, 

respectively, the sequence of protonation of the ligand and to identify the metal coordination core. 

Therefore, no complications arise associated to the use of a medium different from that of the 

potentiometric studies. The microelectrode was calibrated with standard buffered aqueous solutions 

(pH 4 and 7) and pH* corresponds to the reading of the pH meter previously calibrated with 

aqueous buffers [77]. 

 

ESI-MS spectra 

The pH of the Cu
2+

/12 (SON38) 1:1 and 1:2 systems (CL = 2.6  10
-4

 M) in 30% w/w DMSO/H2O 

medium was ascertained to 5.68 and 5.73, respectively, and the respective mass spectra were 

obtained from a LCQ Fleet
TM

 ion trap mass spectrometer equipped with an ESI ion source operated 

in positive and negative ion modes (Thermo Scientific). The mass spectrometer was operated in the 

ESI positive/negative ion modes, with the following optimized parameters: ion spray voltage, ±4.5 

kV; capillary voltage, 16/-18 V; tube lens offset, -63/58 V, sheath gas (N2), 80 arbitrary units; 

auxiliary gas, 5 arbitrary units; capillary temperature, 280 ºC. Spectra typically correspond to the 

average of 20–35 scans and were recorded in the range between 100-1000 Da. Data acquisition and 

processing were performed using the Xcalibur software. The theoretical isotopic distributions were 

simulated by Compass Isotopic Pattern software by Bruker. 

 

Prediction of pharmacokinetic properties 

Optimized structures of the compounds were obtained in Maestro, and their pharmacokinetic 

properties were subsequently predicted using the software QikProp v.2.5 [78] for parameters clogP 



(lipophilic character), logBB (the capacity to cross the blood-brain barrier), Caco-2 permeability 

(velocity of intestinal absorption), activity in the CNS, and Lipinski’s rule of 5. 
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