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Abstract 
 
Herein we report an efficient two step synthesis and biological assessment of 12 racemic 
tetrahydropyranodiquinolin-8-amines derivatives as antioxidant, cholinesterase inhibitors and 
non-hepatotoxic agents. Based on the results of the primary screening, we identified 7-(3-
methoxyphenyl)-9,10,11,12-tetrahydro-7H-pyrano[2,3-b:5,6-h']diquinolin-8-amine (2h) as a 
particularly interesting non-hepatotoxic compound that shows moderate antioxidant activity 
(1.83 equiv Trolox in the ORAC assay), a non competitive inhibition of hAChE (IC50= 0.75 ± 
0.01µM), and brain permeable as determined by the PAMPA-Blood Brain Barrier assay. 
 
Keywords: Alzheimer’s disease, acetylcholinesterase inhibitors, antioxidants, hepatotoxicity, 
brain blood barrier, molecular modeling, multifunctional agents 
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1. Introduction 

Alzheimer's disease (AD) is the most common neurodegenerative disorder, affecting round 35 

million people worldwide [1]. AD is characterized by progressive memory loss, decline in 

language skills and other cognitive impairments [2,3]. Although the causes and mechanisms 

underlying the progress of AD are still not fully understood [4], there is a general consensus 

about the complexity of  the disease. Accordingly, a number of multiple factors, such as the 

aggregation of beta-amyloid peptide, hyperphosphorylation of tau protein, low levels of 

acetylcholine (ACh), oxidative stress [5,6] and accumulations of biometals (Cu, Fe, Zn), are 

playing key roles in the development of AD [7,8]. 

Nowadays, three acetylcholinesterase inhibitors (AChEIs), donepezil, rivastigmine, and 

galantamine [9], able to restore ACh levels, and one N-methyl-D-aspartate receptor 

antagonist, memantine [10], are the only available drugs to treat AD patients. These drugs 

afford modest improvements in memory and cognitive functions, and do not cure or slow the 

progress of the neurodegeneration [11]. Consequently, there is an urgent need for new drugs 

for AD therapy. 

 

Figure 1 Structures of tacrine, clioquinol, and the new racemic 7-aryl-9,10,11,12-tetrahydro-
7H-pyrano[2,3-b:5,6-h']diquinolin-8-amine derivatives (I ) described in this work. 
 

One of the current therapeutic strategies is based on the development of Multi-Target-

Directed Ligands (MTDLs), to take into account the multifactorial nature of AD, and 

consequently, being able to simultaneously interact with the different enzymatic systems or 
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receptors involved in the pathology [12–17]. In our laboratory, and by using multicomponent 

reactions (MCR), we have recently prepared a number of new MTDLs as AChEIs showing 

strong antioxidant power [18–20]. 

We have now designed new MTDLs based on clioquinol, as an antioxidant, and CuII-

complexing agent [21], and tacrine, one of the most potent known ChEIs to date, although 

discontinued shortly after its approval due to its hepatotoxicity [22]. Thus, the new 

tetrahydropyranodiquinolin-8-amine hybrids (I ) (Figure 1) result from the juxtaposition of 

both reference molecules and are targeted to act as antioxidant, biometal chelator, and ChEIs. 

Thus, in this work we have synthesized and evaluated 7-aryl-9,10,11,12-tetrahydro-7H-

pyrano[2,3-b:5,6-h']diquinolin-8-amine derivatives 2a-l (Scheme 1), and identified 7-(3-

methoxyphenyl)-9,10,11,12-tetrahydro-7H-pyrano[2,3-b:5,6-h']diquinolin-8-amine (2h) as a 

new, non-hepatotoxic, antioxidant, AChEI able to cross the brain-blood-barrier (BBB) for the 

potential AD therapy.  

 

 

Scheme 1. Synthesis of racemic tetrahydropyranodiquinolin-8-amines 2a-l. 
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2. Results and discussion 

2.1. Synthesis 

The synthesis of racemic 7-aryl-9,10,11,12-tetrahydro-7H-pyrano[2,3-b:5,6-h']diquinolin-8-

amines 2a-l has been carried out in two steps as shown in scheme 1. The first step, a MCR 

between malononitrile, selected substituted benzaldehydes or pyridincarbaldehydes, and 8-

hydroxyquinoline, in the presence of catalytic amounts of piperidine, in ethanol, at 100 °C, 

for 15 min, gave the known 4H-pyrans 1a-l in very good yield [23], whose Friedlander-type 

reaction [24] with cyclohexanone, under the usual experimental conditions, afforded the 

expected racemic compounds 2a-l (Scheme 1). All new compounds gave analytical and 

spectroscopic data in good agreement with their structures (Experimental Part). 

Table 1. Inhibition of EeAChE, hACHE, eqBuChE, (IC50, µM) and ORAC-FL values for 
compounds 2a-l , tacrine, clioquinol and ferulic acid. 

 
 

 

a Inhibition curves were obtained by nonlinear regression. Ee: electric eel, eq: equine. Each IC50 value is the mean ± 
SEM of quadruplicate of at least three different experiments. Results are expressed in µM;  b PAMPA method (Pe ± SEM 
(*10-6 cm s-1); cNot determined ; d No inhibition.  
 

Compound R EeAChEa hAChE eqBuChEa BBB ORAC 
2a H 0.06±0.01 1.73 ± 0.02 1.11±0.00 -c 1.47±0.25 
2b 2-F 0.11±0.01 -c 0.63±0.08 -c 1.49±0.09 
2c 3-F 0.09±0.01 2.20 ± 0.03 -d -c 1.36±0.05 
2d 2-Br 0.14±0.01 -c 0.21±0.02 -c 2.01±0.05 
2e 4-NO2 0.24±0.01 -c -d -c 2.49±0.19 
2f 2,6-di-Cl 0.10±0.01 -c -d -c 1.22±0.07 
2g 2-OCH3 0.08±0.01  1.51±0.10 - 1.60±0.22 
2h 3-OCH3 0.04±0.01 0.75 ± 0.01 1.30±0.22 5.41 ± 0,3b 1.83±0.10 
2i 4-OCH3 0.04±0.01 1.51 ± 0.02 1.30±0.19 -c 1.71±0.10 
2j 4-CH3 0.04±0.01 2.85 ± 0.05 0.53±0.03 -c 1.88±0.35 

2k - 0.47±0.07 -d -d -c 1.70±0.12 

2l - 0.19±0.00 -d 2.86±0.18 -c 2.35±0.26 

Tacrine - 0.03±0.01 0.13±0.00 0.05±0.01nM -c 0.2±0.1  

Ferulic acid - -c -c -c -c 3.74±0.22 
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2.2. Biological evaluation 
 
 
2.2.1. Evaluation of AChE and BuChE inhibition 

The preliminary evaluation of the inhibitory potencies against Electrophorus electricus AChE 

(EeAChE) and serum horse BuChE (eqBuChE) was carried out following the Ellman’s 

protocol [25], using tacrine as reference compound for comparative purposes. As shown in 

table 1, these compounds exhibited low micromolar inhibitory potencies against EeAChE 

with IC50 values ranging from 0.04 and 0.47 µM, for compounds 2h and 2j, respectively. 

Notably, compounds 2a,c,g-i showed IC50 not exceed 100 nM. Among them, compound 2c 

(IC50= 0.09 µM) was 3-fold less active than tacrine (IC50= 0.03 µM), but totally selective 

against eqBuChE. The most potent EeAChEIs were 2h-j, all with the same IC50 value equal to 

0.04 µM, in the same range of tacrine (IC50= 0.03 µM). Regarding the eqBuChE inhibition 

eight products (2a, 2b, 2d, 2g-j , and 2l) showed micromolar inhibition ranging between 0.21 

and 2.86 µM, the most potent being 2d  (IC50= 0.21 µM), whereas compounds 2c, 2e, 2f and 

2k showed no inhibition at all.  

Regarding the structure-activity relationship, and for the inhibition of AChE, several 

conclusions can be drawn. First of all, compounds bearing substituted aryl rings attached to 

C7 at the pyran core (2a-d, 2f-j ) are more potent AChEIs than those bearing a pyridine ring 

(2k,l), except for compound 2e, substituted with a nitro group at C4’. Among the substituted 

aryl derivatives, it is clear that the unsubstituted (2a) or those bearing electron-donor 

substituents (2g-j ) are more potent AChEIs than those bearing electron-withdrawing rings 

(2b-f). To sum up, and regarding the positions of substituents at the aromatic ring at C7, 

compounds 2b-f bearing a substituent at position C3’, and those (2g-j ) bearing it at positions 

C3’ or C4’, gave the best inhibition. It is also apparent that among compounds 2g-j , the type 

of the substituent (Me vs OMe) or the position of the methoxy group in the aromatic ring has 

no effect on the AChE inhibition power, showing similar IC50 values. For the inhibition of 
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BuChE, no evident SAR could have been established. The tested compounds exhibited a 

lower inhibitory potency against eqBuChE compared to EeAChE or complete lack of activity.  

Therefore, only the most potent inhibitors 2a,c,h-j  against EeAChE were tested for their 

ability to inhibit human AChE (hAChE). As shown in table 1, these five compounds had an 

activity ranking from 2.85 µM for 2j to 0.75 µM for 2h, being again the most potent hAChE 

inhibitor, only 5.7 fold less active than tacrine. In summary, the best inhibitor was compound 

2h, bearing methoxygroup at position C3’ of aryl ring attached to C7 at the pyran core, as 

strongly inhibited EeAChE, hAChE and eqBuChE in the low micromolar range, showing IC50 

values equal to 0.04 ± 0.01 µM, 0.75 ± 0.01 µM, and 1.30 ± 0.22 µM, respectively. 

 

2.2.2. Kinetic study of the hAChE inhibition by compound 2h 

The kinetic mechanism of hAChE inhibition of compound 2h has been investigated by 

obtaining the Lineweaver-Burk double reciprocal plots (Figure 2), whose analysis showed 

that Km appeared unaltered while Vmax decreased at increasing concentrations of the inhibitor. 

This pattern indicates that inhibitor 2h acts as a non-competitive enzyme inhibitor. Replots of 

the slope versus concentration of compound 2h give an estimate of the inhibition constant, 

which is equal to 0.87 µM. 

 

Figure 2. Lineweaver – Burk plot illustrating non-competitive type of 
hAChE inhibition by compound 2h. S = acetylthiocholine; V = initial 
velocity rate. 
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2.2.3. ORAC test 

Next, we assessed the antioxidant activity of racemic compounds 2a-l using the Oxygen 

Radical Absorbance Capacity (ORAC-FL) method [26,27]. Tacrine and ferulic acid [28] were 

used as negative and positive reference molecules, respectively. Results are expressed in 

relation to radical scavenging properties of Trolox yielding the Trolox equivalents (TE) unit. 

As shown in table 1, all compounds presented good radical scavenging properties with ORAC 

values ranging from 1.22 to 2.49 TE, but lower than the value found for ferulic acid (3.7 TE). 

The three most potent antioxidants were compounds 2d (2.01 TE), 2l (2.35 TE) and 2e (2.49 

TE), bearing a 2’-bromophenyl, 2’-bromopyridyl, and a 4’-nitrophenyl group attached to 

pyran ring at C7, respectively. This trend clearly means that stronger the electron-

withdrawing effect of the aromatic ring at C7 is, higher the antioxidant capacity observed. 

Thus, for compounds of type 2, we hypothesize that the presence of a free (C8)-NH2 could 

explain the observed antioxidant effect, due the lability of the N-H bond against any radical 

oxygenated species. 

 

2.2.4. Studies of metal-chelating properties  

The ability of compound 2h to chelate biometals such as Cu2+, and Fe2+ was next studied by 

UV–vis spectrometry. As shown, the maximum absorption wavelength remained unchanged 

when CuSO4 was added and incubated for 60 min and 20 h (Supplementary Material). The 

same trend was observed for FeSO4 (Supplementary Material), suggesting that 

unfortunately little or no complex formation between compound 2h with these cations took 

place. In order to explain these unexpected results, a Density Functional Theory (DFT) study 

was conducted to investigate the complexation between the ligand and the Cu(II) metal ion, 

and understand the intrinsic factors affecting cation complexation.  
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Thus, the pyranopyridoquinoline (PPQ) system was used as a simplified model of compound 

2h. As shown in figure 3, two distinct complexes of Cu2+ with PPQ have been considered. In 

the Cu(PPQ)SO4, the metal cation is bonded to one ligand, PPQ, in a bidentate chelating 

mode and to two oxygens atoms of the sulphate anion resulting in a square-planar 

environment. On the other hand, modelled Cu(PPQ)SO4(MeOH) adduct consists of five 

coordinated copper (II) complex with the oxygen and the nitrogen of PPQ bonded to the metal 

ion and the two oxygen atoms of the sulphate anion. One further oxygen atom of one 

methanol molecule is finally coordinated to the copper ion resulting in a square based 

pyramidal environment.  

 

 

    Cu(PPQ)SO4     Cu(PPQ)SO4(MeOH) 

Figure 3. B3LYP-optimized structures for Cu2+ complexes of PPQ. 

 

The total energy of each complex was calculated and compared with that of the sulphate 

complex [Cu (II) (MeOH)x(SO4)] as a reference to quantitatively evaluate the stability of each 

complex. Table 2 shows the formation energy of each complex, calculated using equations I 

and II. 
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Table 2. Thermodynamic functions of the copper (II)  
complexes with PPQ. 
 
Complex ∆H(Kcal/mol) ∆G(Kcal/mol) 

Cu(PPQ)(SO4) 0.61 -7.85 

Cu(PPQ)(SO4)(MeOH) 5.69 -2.77 

 

[E (Cu(PPQ)(SO4) + 2 E(MeOH)] – [E(PPQ) + E (Cu (II) (MeOH)2(SO4)]   (I) 

 

[E (Cu(PPQ)(SO4)(MeOH) ) + 2 E(MeOH)] – [E(PPQ) + E (Cu (II) (MeOH)3(SO4)]       (II) 

 

Scheme 2. Chemical equations used to measure the formation energies of the complexes 
[Cu(II)(PPQ)(MeOH)x(SO4)]. 
 

The most important point gathered from table 2 is that the PPQ system does not have the 

capability to form stable metal complexes with Cu2+ since it has positive formation energy of 

0.61 and 5.69 Kcal/mol. Interestingly, a comparison between formation energies values of 

Cu(PPQ)(SO4) and Cu(PPQ)(SO4)(MeOH) complexes shows that these values depend on the 
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number of molecules coordinated to the metal. Therefore, the formation of the complex with 

four ligands is clearly favored with respect to the complex with five ligands, suggesting that 

an increase of the steric hindrance around the metal decrease the stability of the corresponding 

complex. 

Both complexations are endothermic, however the Gibbs free energy of the complex 

formation was calculated as -7.85 and -2.77 Kcal/mol, which are negative values. The 

positive formation energy of the two complexes could be explained by the destabilizing effect 

of the pyridine ring fused to the pyran ring. On one hand, the electron-withdrawing ability of 

this ring makes the oxygen-pyran a worse electron donor, decreasing the interaction strength 

between the cooper and the oxygen atoms. On the other hand, its nitrogen atom is far enough 

from the cooper atom to coordinate but close enough to probably generate an electrostatic 

repulsion between the lone pair of this nitrogen atom and the electronic density (e.g. electrons 

located in d orbitals) of the cooper atom.  

To explore the effect of pyridine ring on the complex formation, a phenyl ring has substituted 

it leading to the ligand PhePQ (Figure 4). In scheme 3 we show the equations used to compute 

the formation energies of the complexes starting from this ligand.  

 

Cu(PhePQ)(SO4)   Cu(PhePQ)(SO4)(MeOH) 

Figure 4. B3LYP-optimized structures for Cu2+ complexes of PhePQ. 
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Scheme 3. Chemical equations used to measure the formation energies of the complexes 
[Cu(PhePQ)(MeOH)x(SO4)]. 
 
 
∆H and ∆G of [Cu(II)(PhePQ)(MeOH)x(SO4)] complexes (Table 3) were computed and 

compared with the corresponding values for [Cu(II)(PPQ)(MeOH)x(SO4)] complexes (Table 

3). 

Table 3. Thermodynamics functions of the copper (II)  
complexes with PhePQ. 
 

Complex ∆H(Kcal/mol) ∆G(Kcal/mol) 

Cu(PhePQ)(SO4) -2.02 -9.99 

Cu(PhePQ)(SO4)(MeOH) 3.52 -4.22 

 

The energy of formation for the less crowded system, Cu(PhePQ)(SO4), is more favorable 

than for Cu(PhePQ)(SO4)(MeOH) by ∼5 Kcal/mol with respect to both ∆H and ∆G. 

Moreover, comparing the energies of formation of complexes Cu(PPQ)(SO4) and 
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Cu(PhePQ)(SO4) it is observed that ∆H becomes negative for the later, indicating that in this 

case the formation of Cu(PhePQ)(SO4) is energetically favorable, suggesting a clear effect of 

the pyridine ring.   

To explore the effect of the pyridine ring on the geometrical parameters of chelated ring and 

the metal-oxygen structure, the geometrical parameters of Cu(PhePQ)(SO4) were compared 

with the corresponding values for Cu(PPQ)(SO4). The O-cα-pyrane ring bond length in 

Cu(PhePQ)(SO4) slightly increases while the Cu-O and Cu-N bond lengths slightly decrease 

compared to the corresponding values in Cu(PPQ)(SO4).  

These results indicate the formation of more stable complex between Cu(II) and PhePQ 

compared with that between Cu(II) and PPQ (see Table 4).  

 

Table 4. Selected theoretical geometrical parameters  
for Cu(PPQ)(SO4) and Cu(PhePQ)(SO4) complexesa. 

 
Complex dC-O dCu-O dCu-N 

Cu(PPQ)(SO4) 1.397 2.321 1.994 

Cu(PhePQ)(SO4) 1.410 2.260 1.971 

                                    a d, bond distance in Å. 

 

In addition, comparison between the atomic charges in the Cu(PPQ)(SO4) and 

Cu(PhePQ)(SO4) complexes show that the O atom in Cu(PhePQ)(SO4) is more negative than 

that in Cu(PPQ)(SO4) (Table 5). This difference has been attributed to the resonance 

conjugation between the electron-withdrawing pyridine ring and the chelated ring of PPQ. 

This resonance conjugation, which causes less electron delocalization in the chelated ring of 

Cu(PPQ)(SO4) compared to that of Cu(PhePQ)(SO4), is responsible for the shorter O-cα-

pyrane ring bond in the former (Table 5).  
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Charge transfer from the pyrane to the pyridine acceptor, will decrease the oxygen-electron 

density that is available to transfer to the metal, therefore the electron-withdrawing ability of 

substituents influences ligand affinity. 

 

Table 5. Selected atomic charges for  
Cu(PPQ)(SO4) and Cu(PhePQ)(SO4)  
complexes. 
 

Complex O charge 

Cu(PPQ)(SO4) -0.476 

Cu(PhePQ)(SO4) -0.517 

 

2.2.5. In vitro cytotoxicity of compounds 2a, 2c and 2h-j in HepG2 cells 

For an effective lead drug, the cytotoxicity should be at the lowest possible level. In this 

sense, we submitted the five most promising compounds 2a, 2c and 2h-j to an in vitro 

toxicologic evaluation (MTT assay) using human hepatocellular carcinoma cell line (HepG2) 

[29] which represents a well accepted probe to evaluate hepatotoxic effect, using different 

dose concentrations (1, 10, 30, 100, 300, 1000 µM). As shown in table 6, where, tacrine 

showed no decrease in cell viability up to 100 µM, but exerts a marked cytotoxicity above 

300 µM. The five tested compounds, except 

 

Table 6. In vitro cytotoxicity of tacrine, 2a, 2c and 2h-j in HepG2 cells. 

30 µM 100 µM 300 µM 1000 µM 
Tacrine 106.4 ± 6.1 110.5 ± 5.8 49.3 ± 3.7*** 13.7 ± 3.1*** 

2a 108.6 ± 12.8 102.2 ± 11.2 93.7 ± 11.5 91.2 ± 6.4 
2c 92.4 ± 3.4 95.4 ± 11.5 91.6 ± 13.9 75.8 ± 5.7* 
2h 110.0 ± 3.5 102.2 ± 5.2 94.0 ± 7.4 94.1 ± 3.0 
2i 115.4 ± 1.7 110.7 ± 3.8 113.8 ± 4.0 104.7 ± 1.4 
2j 115.9 ± 4.9 106.0 ± 1.5 92.5 ± 5.9 96.2 ± 4.8 

Means ± SEM of triplicates from at least three different cultures. *p<0.05,  
***p<0.001, as compared to the control cultures (one-way ANOVA). 
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2c, had no significant cytotoxic effects measured in concentrations up to 1000 µM on HepG2 

cells and could be considered as non-hepatotoxic. Although compound 2c displayed a 

hepatotoxic effect at 1000 µM it is still much less cytotoxic than tacrine. 

 

2.2.6 In vitro cytotoxicity of compounds 2h in primary human hepatocytes 

Primary human hepatocytes are considered the gold standard for the evaluation and prediction 

of hepatotoxicity in humans [30], therefore we evaluated the most active compound 2h on 

human hepatocytes. Pools of cryopreserved primary human hepatocytes used in suspension 

have been described as useful for the screening of hepatotoxicants [31,32]. Thus a suspension 

of human hepatocytes cells from a pool of 9 donors was used with seven concentrations (0.1, 

0.3, 1.0, 3.0, 10.0, 30. 0 and 100.0 µM) with respect of the solubility limits of compounds in 

treatement medium. As shown in Table 7, tacrine, displayed cytotoxicity towards the pool of 

primary human hepatocytes from 30.0 µM while compound 2h did not exhibit any 

cytotoxicity until 100.0 µM. 

Table 7. In vitro concentration-response of tacrine and 2h on primary human hepatocyte 

viability  

Concentration  00 µM 0.1 µM 1.0 µM 3.0 µM 10.0 µM 30.0 µM 100.0 µM 

Tacrine 100 ± 11 94 ± 3 86 ± 3 83 ± 5 81 ± 7 75 ± 14 70 ± 3 

2h 100 ± 11 89 ± 4 84 ± 8 83 ± 8 89 ± 3 99 ± 11 89 ± 2 

Results expressed in Means ± SD of triplicates from from a pool of 9 donors 

2.2.7. PAMPA assay 

Prediction of blood-brain barrier penetration for the most potent hAChEI 2h shows high 

probability to cross the BBB via passive diffusion (Table 1). The data obtained have been 

correlated to standard drugs, where CNS availability is known and also reported using the 
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PAMPA assay [33], showing high resemblance with previously reported penetrations as well 

as with a general knowledge about the availability in the CNS of such standard drugs.  

3. Molecular modeling of compound 2h 

To help us understand the observed experimental activities, molecular docking studies were 

carried out using AutoDock Vina software[34] to obtain the plausible binding mode of the 

compounds, within the active site gorge of hAChE. The kinetic data provide evidence that 

compound 2h displays a non-competitive inhibition and argue in favour of interactions of 2h 

with the PAS of hAChE. Molecular modeling studies have been carried on the most potent 

hAChE, compound 2h, in order to validate this assumption.  

The C7 carbon of the pyran ring is chiral and two isomers are possible. As the inhibitors were 

tested as racemic mixtures in the assay, both enantiomeric forms were built up and used for 

docking to check the effect of chirality on potency and selectivity towards hAChE.  The most 

favorable docking pose for (R)-2h in the binding site of hAChE is illustrated in figure 5.  

 
Figure 5. Binding mode of (R)-2h at the active site of hAChE: Binding affinity = -11.3 Kcal 
mol-1. The compound is rendered as balls and sticks and illustrated in blue. The side chains 
conformations of the mobile residues are illustrated in the same light color that the ligand. 
Different sub-sites of the active site were coloured: catalytic triad (CT) in green, oxyanion 
hole (OH) in pink, anionic sub-site (AS) in orange, except Trp86, acyl binding pocket (ABP) 
in yellow, except Phe297 and Phe338, and peripheral anionic sub-site (PAS) in violet. Red 
dashed lines are drawn among atoms involved in hydrogen bond interactions. 
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The docking results reveal that the R-enantiomer is accommodated rather far from the active 

site, at the top of the gorge (PAS), within the hydrophobic pocket formed by several aromatic 

residues Tyr72, Tyr124, Trp286, Phe295, Phe297, Tyr337, Phe338 and Tyr341 (Figure 6). 

The intermolecular interactions are mostly contributed by aromatic-aromatic ring interactions 

since the ligand contains aromatic rings favoring the ring-ring interactions. The phenyl moiety 

showed T-shaped interactions with Tyr72 and face to face interaction with Trp286. The 

quinoline moiety is also interacting with Trp286 and Trp341, through π−π interactions. This 

enantiomer is bound to the AChE in a manner through its amino group projecting toward the 

carboxylate group of Asp74 and the amino group of Leu76 forming two hydrogen bonds 

between the amino group and Asp74 and Leu76 (Figure 6). 

 
Figure 6. a) Schematic representation of different interactions of (R)-2h with hAChE.  
b) Top view of the accessible surface of the active site gorge. 
 

a b 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

17 
 

 
Figure 7. Binding mode of (S)-2h at the active site of hAChE: Binding affinity = -10.8 
Kcal mol-1; The compound is rendered as balls and sticks and illustrated in pink. The side 
chains conformations of the mobile residues are illustrated in the same light color that the 
ligand. Different sub-sites of the active site were coloured: catalytic triad (CT) in green, 
oxyanion hole (OH) in pink, anionic sub-site (AS) in orange, except Trp86, acyl binding 
pocket (ABP) in yellow, except Phe297 and Phe338, and peripheral anionic sub-site (PAS) 
in violet. Red dashed lines are drawn among atoms involved in hydrogen bond interactions. 

 
 
Figure 8. a) Schematic representation of different interactions of (S)-2h with hAChE.  
b) Top view of the accessible surface of the active site gorge. 
 
 
Docking simulations revealed that the best-scored docking conformation for (S)-2h showed a 

binding pattern very similar to that of (R)-2h (Figure 7). At the top of the gorge, the phenyl 

moiety showed T-shaped interactions with Tyr72 and face-to-face interactions with Trp286. 

The pyridine moiety is also interacting with Trp286 through π−π interactions. Cyclohexane 

b 
a 
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moiety was well fitted in the hydrophobic pocket composed by Phe295, Phe297 and Phe338. 

The amino group of the ligand forms hydrogen bond with Asp74 carboxylate group and with 

the hydroxyl group of the Tyr124 (Figure 8).  

 
Figure 9. Overlay of binding mode of 
compound (R)-2h (blue) and (S)-2h 
(pink) in hAChE. 

The best docked poses of both enantiomers were superposed and showed to be similarly 

docked in the gorge of hAChE. The detailed picture of the superimposed docking poses of 

(R)-2h and (S)-2h is shown in figure 9. They share the position of the central cores of the 

ligands (methoxyphenol-pyran moieties) and this implies that quinoline moiety of each 

enantiomer occupies a similar position as the tetrahydroquinoline moiety of the other. This 

binding pattern to the hAChE has already been observed on 7-aryl-9,10,11,12-tetrahydro-7H-

benzo[7,8]chromeno[2,3-b]quinolin-8-amines [35].  

 
4. Conclusions 
 
 
To sum up, we synthesized and evaluated twelve new racemic tetrahydropyranodiquinolin-8-

amines derivatives as promising multifunctional compounds for the potential AD therapy. As 

a result, we have identified racemic 7-(3-methoxyphenyl)-9,10,11,12-tetrahydro-7H-

pyrano[2,3-b:5,6-h']diquinolin-8-amine (2h) as suitable compound for further development, 

as this compound is non hepatotoxic, shows moderate antioxidant activity (1.83 equiv 

Trolox), crosses the BBB in the PAMPA assay,  is a good hAChEI (IC50= 0.75 ± 0.01 µM) in 
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the low micromolar range, showing non-competitive inhibition mechanism, binding 

presumably at the peripheral binding site of AChE,  an hypothesis that has been confirmed by 

carrying out molecular modeling  of both enantiomers. 

 
 
5. Materials and Methods 

5.1. Chemistry methods 

Melting points were determined on a Kofler apparatus (Wagner Munz), and are uncorrected. 

The reactions were monitored with TLC using aluminium sheets with silica gel 60 F254 from 

Merck. IR spectra were performed on a Perkin-Elmer PARAGON FT-IR spectrometer. NMR 

1H and 13C were recorded on a Bruker spectrometer using CDCl3 or DMSO-d6 as solvents. 

The chemical shifts are reported in parts per million (ppm), using tetramethylsilane (TMS) as 

internal reference. The multiplicities of the signals are indicated as follow: br, broad; s, 

singlet; d, doublet; t, triplet; q, quadruplet; and m, multiplet, the coupling constants are 

expressed in Hz. Elemental analysis were performed on Thermofinnigan Flash EA 1112. The 

microwave assisted reactions were carried out in synthetic microwave (microwave Anton 

Paar 300) with a maximum power of 300 W. 

5.1.1. General procedure for the of compounds 1a-l. 

A mixture of aromatic aldehyde (0.01 mmol), malononitrile (0.01 mmol), and 8-

hydroxyquinoline (0.01 mmol) in ethanol (15 ml) in the presence of piperidine (0.5 equiv) 

was warmed at 100 °C until complete precipitation. (reaction times: 15 min). The solid 

obtained was collected by filtration and recrystallised from ethanol, and dried, to give 

compounds 1a-l in good yield. 

5.1.1.1. 2-Amino-4-phenyl-4H-pyrano[3,2-h]quinoline-3-carbonitrile (1a). Yield: 92 %; mp 

196-198 °C; IR (KBr) νmax 2225 (CN), 3526, 3445 (NH2) cm-1; 1H NMR (300 MHz, DMSO-

d6) δ 8.94-7.22 (m, 10Harom), 7.12 (br s, 2H, NH2), 4.95 (s, Hpyran); 
13C NMR (75 MHz, 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

20 
 

DMSO-d6) δ 160.6 (C), 150.6 (C), 146.1 (CH), 143.3 (C), 137.8 (C), 136.4 (CH),133.5 (CH), 

129.1 (CH), 128.1 (CH), 127.4 (C), 127.3 (C), 126.9 (CH), 123.9 (CH), 122.5 (CH), 122.3 

(CH), 121.4 (CH), 120.8 (CN), 56.2 (C), 41.1 (CH).  

5.1.1.2. 2-Amino-4-(2-fluorophenyl)-4H-pyrano[3,2-h]quinoline-3-carbonitrile (1b). Yield: 

93%; mp 251-2 °C; IR (KBr) νmax 2190 (CN), 3409, 3310 (NH2) cm-1; 1H NMR (300 MHz, 

DMSO-d6) δ 8.90-7.12 (m, 9Harom), 5.06 (br s, 2H, NH2), 4.93 (s, Hpyran); 
13C NMR (75 

MHz, DMSO-d6) δ 161.9 (C), 157.2 (C), 151.6 (C), 144.1 (C), 137.9 (C), 136.8 (CH), 135.2 

(CH), 129.1 (CH), 128.2 (C), 127.8 (C), 126.1 (CH), 123.8 (CH), 122.1 (CH), 121.7 (CH), 

121.0 (CH), 120.3 (CH), 120.1 (CN), 58.2 (C), 41.6 (CH).  

5.1.1.3. 2-Amino-4-(3-fluorophenyl)-4H-pyrano[3,2-h]quinoline-3-carbonitrile (1c). Yield: 

84%; mp 249-250 °C; IR (KBr) νmax in cm-1: 2190 (CN), 3409, 3310 (NH2). 
1H NMR (300 

MHz, DMSO-d6) δ 8.96-7.14 (m, 9Harom), 5.06 (br s, 2H, NH2), 4.92 (s, Hpyran); 
13C NMR 

(75 MHz, DMSO-d6) δ 160.9 (C), 157.9 (C), 151.8 (C), 143.7 (C), 137.6 (C), 136.2 (CH), 

135.3 (CH), 129.7 (CH), 128.2 (C), 127.8 (C), 126.4 (CH), 123.8 (CH), 122.9 (CH), 121.8 

(CH), 121.3 (CH), 121.0 (CH), 120.1 (CN), 58.2 (C), 39.8 (CH).  

5.1.1.4. 2-Amino-4-(2-bromophenyl)-4H-pyrano[3,2-h]quinoline-3-carbonitrile (1d). Yield: 

89%; mp 230-1 °C; IR (KBr) νmax 2196 (CN), 3395, 3320 (NH2) cm-1; 1H NMR (300 MHz, 

DMSO-d6) δ 9.00-7.09 (m, 9Harom), 5.22 (br s, 2H, NH2), 4.89 (s, Hpyran); 
13C NMR (75 

MHz, DMSO-d6) δ 159.4 (C), 156.8 (C), 150.5 (C), 143.3 (C), 137.9 (C), 136.3 (CH), 135.2 

(CH), 131.6 (CH), 129.6 (C), 128.3 (C), 127.0 (CH), 126.9 (CH), 125.2 (CH), 122.1 (CH), 

121.6 (CH), 121.1 (CH), 119.4 (CN), 59.8 (C), 41.2 (CH).  

5.1.1.5. 2-Amino-4-(4-nitrophenyl)-4H-pyrano[3,2-h]quinoline-3-carbonitrile (1e). Yield: 

77%; mp 230-1 °C; IR (KBr) νmax 2196 (CN), 3395, 3320 (NH2) cm-1; 1H NMR (300 MHz, 

DMSO-d6) δ 9.00-7.09 (m, 9Harom), 5.22 (br s, 2H, NH2), 4.89 (s, Hpyran); 
13C NMR (75 

MHz, DMSO-d6) δ 165.1 (C), 154.3 (C), 152.1 (C), 150.6 (C), 142.5 (C), 138.4 (CH), 136.3 
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(C), 135.7 (CH), 134.5 (C), 131.4 (C), 129.1 (CH), 128.3 (CH), 127.5 (CH), 126.4 (CH), 

124.5 (CH), 123.1 (CH), 122.7 (CN), 59.3 (C), 37.8 (CH).  

5.1.1.6. 2-Amino-4-(2,6-dichlorophenyl)-4H-pyrano[3,2-h]quinoline-3-carbonitrile (1f). 

Yield: 87%; mp 244-5 °C; IR (KBr) νmax 2190 (CN), 3390, 3330 (NH2) cm-1; 1H NMR (300 

MHz, DMSO-d6) δ 9.06-7.11 (m, 8Harom), 5.26 (br s, 2H, NH2), 4.93 (s, Hpyran); 
13C NMR 

(75 MHz, DMSO-d6) δ 161.2 (C), 158.8 (C), 157.6 (C), 151.5 (C), 144.3 (C), 136.4 (C), 136.0 

(CH), 135.2 (C), 131.2 (CH), 129.5 (C), 128.1 (CH), 127.6 (CH), 125.4 (CH), 122.8 (C), 

121.6 (CH), 121.0 (CH), 119.8 (CN), 59.1 (C), 40.7 (CH).  

5.1.1.7. 2-Amino-4-(2-methoxyphenyl)-4H-pyrano[3,2-h]quinoline-3-carbonitrile (1g). Yield: 

88%; mp 217-9 °C; IR (KBr) νmax 2217 (CN), 3436, 3320 (NH2) cm-1; 1H NMR (300 MHz, 

DMSO-d6) δ 8.90-7.33 (m, 9Harom), 7.21 (br s, 2H, NH2), 5.28 (s, Hpyran), 3.77 (s, 3H, 

OCH3); 
13C NMR (75 MHz, DMSO-d6) δ 161.4 (C), 153.2 (C), 147.6 (C), 143.7 (C), 137.8 

(CH), 136.7 (C), 134.1 (CH), 129.8 (CH), 128.1 (CH), 127.6 (CH), 126.9 (CH), 123.7 (CH), 

123.1 (C), 122.1 (CH), 121.7 (CH), 121.0 (CH), 120.1 (CN), 56.3 (C), 55.5 (OCH3), 40.4 

(CH).  

5.1.1.8. 2-Amino-4-(3-methoxyphenyl)-4H-pyrano[3,2-h]quinoline-3-carbonitrile (1h). Yield: 

87%; mp 219-220 °C; IR (KBr) νmax 2217 (CN), 3430, 3321 (NH2) cm-1; 1H NMR (300 MHz, 

DMSO-d6) δ 8.93-7.29 (m, 9Harom), 7.16 (br s, 2H, NH2), 5.28 (s, Hpyran), 3.78 (s, 3H, 

OCH3); 
13C NMR (75 MHz, DMSO-d6) δ 161.9 (C), 155.9 (C), 149.8 (C), 143.7 (C), 137.8 

(C), 136.1 (CH), 134.3 (C), 129.2 (CH), 128.5 (CH), 127.4 (CH), 126.9 (CH), 123.9 (CH), 

122.9 (CH), 121.6 (CH), 121.0 (CH), 121.3 (CH), 119.8 (CN), 57.3 (C), 49.7 (OCH3), 39.8 

(CH). 

5.1.1.9. 2-Amino-4-(4-methoxyphenyl)-4H-pyrano[3,2-h]quinoline-3-carbonitrile (1i). Yield: 

90%; mp 217-9 °C; IR (KBr) νmax 2222 (CN), 3430, 3330 (NH2) cm-1; 1H NMR (300 MHz, 

DMSO-d6) δ 8.95-7.33 (m, 9Harom), 7.20 (br s, 2H, NH2), 4.90 (s, Hpyran), 3.70 (s, 3H, 
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OCH3); 
13C NMR (75 MHz, DMSO-d6) δ 161.4 (C), 156.8 (C), 150.5 (C), 143.7 (C), 137.8 

(C), 136.4 (CH), 133.7 (C), 129.5 (CH), 128.8 (CH), 128.0 (CH), 126.9 (CH), 123.9 (CH), 

122.8 (C), 122.6 (CH), 122.4 (CH), 121.3 (CH), 121.1 (CN), 56.3 (C), 53.7 (OCH3), 41.7 

(CH).  

5.1.1.10. 2-Amino-4-(p-tolyl)-4H-pyrano[3,2-h]quinoline-3-carbonitrile (1j). Yield: 82%; mp 

219-220 °C; IR (KBr) νmax 2200 (CN), 3420, 3300 (NH2) cm-1; 1H NMR (300 MHz, DMSO-

d6) δ 9.02-7.38 (m, 9Harom), 7.16 (br s, 2H, NH2), 5.04 (s, Hpyran), 2.41 (s, 3H, CH3); 
13C 

NMR (75 MHz, DMSO-d6) δ 160.6 (C), 150.6 (C), 146.1 (C), 143.3 (C), 137.8 (CH), 136.4 

(CH), 135.6 (CH), 133.5 (C), 129.1 (C), 128.1 (CH), 127.4 (CH), 127.3 (C), 123.9 (CH), 

122.5 (CH), 122.3 (CH), 121.4 (CH), 120.8 (CN), 56.2 (C), 41.1 (CH), 28.6 (CH3). 

5.1.1.11. 2-Amino-4-(pyridin-4-yl)-4H-pyrano[3,2-h]quinoline-3-carbonitrile (1k). Yield: 

81%; mp 196-8 °C; IR (KBr) νmax 2225 (CN), 3526, 3445 (NH2) cm-1; 1H NMR (300 MHz, 

DMSO-d6) δ 8.94-7.22 (m, 9Harom), 7.12 (br s, 2H, NH2), 4.95 (s, Hpyran); 
13C NMR (75 

MHz, DMSO-d6) δ 160.7 (C), 150.6 (C), 145.8 (C), 143.3 (C), 137.6 (C), 136.4 (CH), 133.1 

(C), 129.1 (CH), 128.6 (C), 127.2 (CH), 126.5 (CH), 122.8 (CH), 122.4 (CH), 122.3 (CH), 

121.6 (CH), 120.8 (CN), 57.2 (C), 39.9 (CH).  

5.1.1.12. 2-Amino-4-(2-bromopyridin-3-yl)-4H-pyrano[3,2-h]quinoline-3-carbonitrile (1l). 

Yield: 81%; mp 232-3 °C; IR (KBr) νmax 2196 (CN), 3395, 3320 (NH2) cm-1; 1H NMR (300 

MHz, DMSO-d6) δ 8.97-7.11 (m, 8Harom), 5.17 (br s, 2H, NH2), 4.77 (s, Hpyran); 
13C NMR 

(75 MHz, DMSO-d6) δ 159.4 (C), 156.6 (C), 150.5 (C), 143.3 (C), 137.7 (C), 136.3 (C), 135.1 

(CH), 131.5 (CH), 129.8 (CH), 128.3 (CH), 127.1 (CH), 126.9 (CH), 122.5 (CH), 121.6 (CH), 

121.0 (CN), 59.2 (C), 39.6 (CH).  

5.1.2. General procedure for the of compounds 2a-l. 
 
The 2-amino-4-aryl-4H-pyrano[3,2-h]quinoline-3-carbonitrile (1.0 equiv) was dissolved in 

distilled 1,4-dioxane (30 mL), and AlCl3 (1.5 equiv) and cyclohexanone (1.5 equiv) were 
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added to this solution. The reaction mixture was heated at 110 °C for 2 h. When the reaction 

was complete (TLC analysis, CH2Cl2/EtOH, 10/1, v/v), the reaction mixture was diluted with 

a solution of dichloromethane/water (1/1), and treated with an aqueous solution of sodium 

hydroxide (10%) until pH 11-12. After stirring for 30 min, the mixture was extracted with 

CH2Cl2, dried over anhydrous sodium sulfate, filtered and the solvent was evaporated. The 

solid obtained washed with ether and filtered give pure product. 

5.1.2.1. 7-Phenyl-9,10,11,12-tetrahydro-7H-pyrano[2,3-b:5,6-h']diquinolin-8-amine (2a). 
 
 

Following the general method, reaction of compound 1a (0.5 g, 1.6 mmol) in 1,4-dioxane (30 

mL) with cyclohexanone (0.23 g, 2.4 mmol) and AlCl3 (0.31 g, 2.4 mmol), after 2 h, product 

2a (0.6 g) was obtained: yield: 95%; mp >260 ºC; IR (KBr) νmax 3333, 1517 cm-1; 1H NMR 

(300 MHz, DMSO-d6) δ 8.94 (d, 1H, J = 8.4 Hz), 8.27 (d, 1H, J= 7.8 Hz), 7.56 (d, 2H, J= 8.4 

Hz), 7.39-7.11 (m, 6Harom), 5.63 (br s, 2H, NH2), 5.54 (s, 1H),  2.65-2.60 (m, 2H), 2.32-2.28 

(m, 1H), 2.27-2.18 (m, 1H), 1.76-1.73 (m, 4H); 13C NMR (75 MHz, DMSO-d6) δ 155.7 (C), 

153.3 (C), 153.0 (C), 151.9 (CH), 150.6 (C), 150.4 (C), 145.7 (C), 138.8 (CH), 129.0 (2 CH), 

128.0 (CH), 127.9 (2 CH), 127.8 (C), 123.7 (C), 122.8 (C), 122.2 (CH), 121.9 (CH), 112.9 

(CH), 112.7 (CH), 98.4 (C), 35.2 (CH), 32.6 (CH2), 23.5 (CH2), 22.8 (CH2), 22.5 (CH2). Anal. 

Calcd. for C25H21N3O.H2O: C, 75.55; H, 5.83; N, 10.57. Found: C, 75.26; H, 5.86; N, 10.57. 

5.1.2.2. 7-(2-Fluorophenyl)-9,10,11,12-tetrahydro-7H-pyrano[2,3-b:5,6-h']diquinolin-8-

amine (2b). 

Following the general method, reaction of compound 1b (0.5 g, 1.5 mmol) in 1,4-dioxane (30 

mL) with cyclohexanone (0.22 g, 2.2 mmol) and AlCl3 (0.29 g, 2.2 mmol), after 2 h, product 

2b (0.56 g) was obtained: yield: 90%; mp >260 ºC; IR (KBr) νmax 3328, 1586 cm-1; 1H NMR 

(300 MHz, DMSO-d6) δ 8.94 (d, 1H, J= 8.1 Hz), 8.29 (d, 1H, J= 7.8 Hz), 7.57-7.10 (m, 7H 

arom), 5.75 (s, 1H), 5.46 (br s, 2H, NH2), 2.64-2.60 (m, 2H), 2.38-2.34 (m, 1H), 2.28-2.25 (m, 

1H), 1.76-1.72 (m, 4H); 13C NMR (100 MHz, DMSO-d6) δ  159.1 (C), 155.9 (C), 153.4 (C), 
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151.8 (C), 150.4 (CH), 146.3 (C), 138.8 (C), 136.2 (CH), 131.6 (C), 130.6 (CH), 129.4 (CH), 

128.3 (C), 127.3 (CH), 125.2 (CH), 122.6 (CH), 122.4 (CH), 121.6 (C), 116.5 (CH), 113.1 

(C), 97.0 (C), 35.2 (CH), 32.7 (CH2), 23.4 (CH2), 22.9 (CH2), 22.6 (CH2). Anal. Calcd. for 

C25H20FN3O.H2O: C, 72.27; H, 5.34; N, 10.11. Found: C, 72.10; H, 5.23; N, 9.96. 

5.1.2.3. 7-(3-Fluorophenyl)-9,10,11,12-tetrahydro-7H-pyrano[2,3-b:5,6-h']diquinolin-8-

amine (2c). 

Following the general method, reaction of compound 1c (0.5 g, 1.5 mmol) in 1,4-dioxane (30 

mL) with cyclohexanone (0.22 g, 2.2 mmol) and AlCl3 (0.29 g, 2.2 mmol), after 2 h, product 

2c (0.58 g) was obtained: yield: 93%; mp >260 ºC; IR (KBr) νmax 3331, 1592 cm-1 ; 1H NMR 

(300 MHz, DMSO-d6) δ 8.95 (d, 1H, J= 8.3 Hz), 8.30 (d, 1H, J= 7.8 Hz), 7.57 (d, 2H, J= 8.1 

Hz), 7.42-6.94 (m, 5Harom), 5.71 (br s, 2H, NH2), 5.59 (s, 1H), 3.56-3.50 (m, 2H), 2.36-2.32 

(m, 1H), 2.23-2.20 (m, 1H), 1.76-1.73 (m, 4H); 13C NMR (100 MHz, DMSO-d6) δ 163.8 (C), 

161.4 (C), 155.9 (C), 153.4 (C), 151.9 (C), 150.5 (CH), 148.4 (C), 138.9 (C), 136.2 (CH), 

131.1 (CH), 128.3 (C), 127.4 (CH), 124.0 (CH), 123.1 (C), 122.9 (CH), 122.4 (CH), 114.6 

(CH), 113.8 (CH), 113.8 (C), 98.1 (C), 32.7 (CH2), 23.4 (CH2), 22.9 (CH2), 22.6 (CH2). Anal. 

Calcd. for C25H20FN3O.H2O: C, 72.27; H, 5.34; N, 10.11. Found: C, 71.94; H,  5.30; N, 9.98. 

Calcd. for C25H20FN3O.H2O: C, 72.27; H, 5.34; N, 10.11. Found: C, 71.94; H,  5.30; N, 9.98. 

5.1.2.4. 7-(2-Bromophenyl)-9,10,11,12-tetrahydro-7H-pyrano[2,3-b:5,6-h']diquinolin-8-

amine (2d). 

Following the general method, reaction of compound 1d (0.5 g, 1.3 mmol) in 1,4-dioxane (30 

mL) with cyclohexanone (0.19 g, 1.95 mmol) and AlCl3 (0.25 g, 1.95 mmol), after 2 h, 

product 2d (0.60 g) was obtained: yield: 89%; mp >260 ºC; IR (KBr) νmax 3312, 1591 cm-1; 

1H NMR (300 MHz, DMSO-d6) δ 8.95 (d, 1H, J= 8.1 Hz), 8.29 (d, 1H, J= 7.8 Hz), 7.59 (d, 

2H, J= 8.4 Hz), 7.62-7.13 (m, 5Harom), 5.83 (s, 1H), 5.16 (br s, 2H, NH2), 2.64-2.60 (m, 2H), 

2.31-2.28 (m, 1H), 2.28-2.19 (m, 1H), 1.77-1.73 (m, 4H); 13C NMR (100 MHz, DMSO-d6) δ 
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155.5 (C), 153.8 (C), 151.7 (C), 150.5 (CH), 145.6 (C), 144.5 (C), 138.9 (C), 136.2 (CH), 

133.3 (CH), 136.7 (CH), 129.7 (CH), 129.6 (CH), 128.4 (C), 122.9 (CH), 122.5 (CH), 122.0 

(C), 121.8 (C), 113.3 (C), 98.9 (C), 32.7 (CH2), 23.4 (CH2), 22.8 (CH2), 22.6 (CH2). Anal. 

Calcd. for C25H20BrN3O.H2O: C, 63.03; H, 4.66; N, 8.82. Found: C, 62.85; H, 4.55; N, 8.85. 

 5.1.2.5. 7-(4-Nitrophenyl)-9,10,11,12-tetrahydro-7H-pyrano[2,3-b:5,6-h']diquinolin-8-amine 

(2e). 

Following the general method, reaction of compound 1e (0.5 g, 1.4 mmol) in 1,4-dioxane (30 

mL) with cyclohexanone (0.19 g, 1.96 mmol) and AlCl3 (0.26 g, 1.96 mmol), after 2 h, 

product 2e (0.55 g) was obtained: yield: 90%; mp >260 ºC; IR (KBr) νmax 3311, 1597 cm-1; 1H 

NMR (300 MHz, DMSO-d6) δ 8.95 (d, 1H, J= 8.4 Hz), 8.27 (d, 1H, J= 7.8 Hz), 7.90 (d, 2H 

J= 8.4 Hz),  7.57-7.12 (m, 5Harom), 5.91 (s, 1H),  5.57 (br s, 2H, NH2), 2.66-2.62 (m, 2H), 

2.33-2.29 (m, 1H), 2.28-2.20 (m, 1H), 1.77-1.73 (m, 4H); 13C NMR (100 MHz, DMSO-d6) δ 

155.7 (C), 154.0 (C), 152.0 (C), 150.7 (CH), 148.8 (C), 145.6 (C), 138.8 (C), 138.5 (C), 136.3 

(CH), 134.6 (2 CH), 131.4 (CH), 129.6 (CH), 128.4 (C), 126.6 (CH), 124.3 (CH), 123.2 (CH), 

122.7 (CH), 121.4 (C), 113.3 (C), 97.0 (C), 35.6 (CH), 32.7 (CH2), 23.4 (CH2), 22.8 (CH2), 

21.5 (CH2). Anal. Calcd. for C25H20N4O3.H2O: C, 67.86; H, 5.01; N, 12.66. Found: C, 68.02; 

H,  4.88; N, 12.61. 

5.1.2.6. 7-(2,6-Dichlorophenyl)-9,10,11,12-tetrahydro-7H-pyrano[2,3-b:5,6-h']diquinolin-8-

amine (2f).  

Following the general method, reaction of compound 1f (0.5 g, 1.3 mmol) in 1,4-dioxane (30 

mL) with cyclohexanone (0.19 g, 1.95 mmol) and AlCl3 (0.25 g, 1.95 mmol), after 2 h, 

product 2f (0.56 g) was obtained: yield: 92%; mp >260 ºC; IR (KBr) νmax 3332, 1590 cm-1; 1H 

NMR (300 MHz, DMSO-d6) δ 8.94 (d, 1H, J= 8.4 Hz), 8.29 (d, 1H, J= 7.8 Hz), 7.69 (d, 2H, 

J= 8.4 Hz), 7.60-7.08 (m, 4Harom), 5.90 (s, 1H), 5.59 (br s, 2H, NH2), 2.65-2.61 (m, 2H), 

2.32-2.29 (m, 1H), 2.27-2.22 (m, 1H), 1.76-1.73 (m, 4H); 13C NMR (100 MHz, DMSO-d6) δ 
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155.9 (C), 153.6 (C), 151.6 (C), 150.5 (CH), 146.8 (C), 138.4 (C), 137.7 (C), 130.7 (2xCH), 

128.6 (2xC), 126.1 (CH), 122.5 (CH), 117.9 (C), 113.2 (C), 95.6 (C), 37.6 (CH), 32.6 (CH2), 

23.3 (CH2), 22.8 (CH2), 22.6 (CH2). Anal. Calcd. for C25H19Cl2N3O.2H2O: C, 61.99; H, 4.79; 

N, 8.68. Found: C, 62.09; H, 4.64; N, 8.46. 

5.1.2.7. 7-(2-Methoxyphenyl)-9,10,11,12-tetrahydro-7H-pyrano[2,3-b:5,6-h']diquinolin-8-

amine (2g). 

Following the general method, reaction of compound 1g (0.5 g, 1.5 mmol) in 1,4-dioxane (30 

mL) with cyclohexanone (0.22 g, 2.25 mmol) and AlCl3 (0.29 g, 2.25 mmol), after 2 h, 

product 2g (0.57 g) was obtained: yield: 92%; mp >260 ºC; IR (KBr) νmax 3307, 1589 cm-1; 1H 

NMR (300 MHz, DMSO-d6) δ 8.94 (d, 1H, J= 8.3 Hz), 8.30 (d, 1H, J= 7.8 Hz), 7.56 (d, 2H, 

J= 8.1 Hz), 7.27-6.82 (m, 5Harom), 5.73 (s, 1H), 5.36 (br s, 2H, NH2), 3.92 (s, 3H, OCH3), 

3.57-3.50 (m, 2H), 2.65-2.61 (m, 2H), 2.33-2.29 (m, 1H), 2.26-2.22 (m, 1H), 1.76-1.73 (m, 

2H); 13C NMR (75 MHz, DMSO-d6) δ 155.5 (C), 155.8 (C), 153.1 (C), 152.9 (C), 150.4 

(CH), 147.2 (C), 145.7 (C), 138.8 (C), 136.2 (CH), 130.2 (CH), 128.1 (C), 127.4 (CH), 123.8 

(C), 122.7 (CH), 122.6 (CH), 120.2 (CH), 114.5 (CH), 112.8 (C), 111.6 (CH), 98.4 (C), 53.2 

(OCH3), 32.5 (CH), 23.3 (CH2), 22.8 (CH2), 22.7 (CH2), 22.4 (CH2). Anal. Calcd. for 

C26H23N3O2.2H2O: C, 70.09; H, 6.11; N, 9.43. Found: C, 70.13; H, 5.91; N, 9.20. 

5.1.2.8. 7-(3-Methoxyphenyl)-9,10,11,12-tetrahydro-7H-pyrano[2,3-b:5,6-h']diquinolin-8-

amine (2h). 

Following the general method, reaction of compound 1h (0.5 g, 1.5 mmol) in 1,4-dioxane (30 

mL) with cyclohexanone (0.22 g, 2.25 mmol) and AlCl3 (0.29 g, 2.25 mmol), after 2 h, 

product 2h (0.57 g) was obtained: yield: 93%; mp >260 ºC; IR (KBr) νmax 3327, 1596 cm-1;  

1H NMR (300 MHz, DMSO-d6) δ 8.94 (d, 1H, J= 8.3 Hz), 8.30 (d, 1H, J= 7.8 Hz), 7.58 (m, 

2H), 7.39 (d, 1H, J= 7.8 Hz), 7.16 (d, 2H, J= 8.9 Hz), 6.71 (d, 2H, J= 8.7 Hz), 5.62 (br s, 2H, 

NH2), 5.49 (s, 1H), 3.68 (s, 3H, OCH3), 2.64-2.60 (m, 2H), 2.54-2.50 (m, 2H), 2.35-2.31(m, 
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1H), 2.29-2.26 (m, 1H), 1.76-1.73 (m, 2H); 13C NMR (75 MHz, DMSO-d6) δ 159.7 (C), 155.8 

(C), 153.1 (C), 151.8 (C), 150.4 (CH), 147.2 (C), 145.7 (C), 138.8 (C), 136.2 (CH), 130.2 

(CH), 128.1 (C), 127.4 (CH), 123.5 (C), 122.7 (CH), 122.2 (CH), 120.2 (CH), 114.5 (CH), 

112.8 (C), 111.6 (CH), 98.3 (C), 55.4 (OCH3), 32.6 (CH), 23.4 (CH2), 22.8 (CH2), 22.7 

(CH2), 22.6 (CH2). Anal. Calcd. for C26H23N3O2.2H2O: C, 70.09; H, 6.11; N, 9.43. Found: C, 

70.20; H, 6.02; N, 9.39. 

5.1.2.9. 7-(4-Methoxyphenyl)-9,10,11,12-tetrahydro-7H-pyrano[2,3-b:5,6-h']diquinolin-8-

amine (2i).  

Following the general method, reaction of compound 1i (0.5 g, 1.5 mmol) in 1,4-dioxane (30 

mL) with cyclohexanone (0.22 g, 2.25 mmol) and AlCl3 (0.29 g, 2.25 mmol), after 2 h, 

product 2i (0.55 g) was obtained: yield: 89%; mp >260 ºC; IR (KBr) νmax 3336, 1592 cm-1; 1H 

NMR (300 MHz, DMSO-d6) δ 8.93 (d, 1H, J= 8.1 Hz), 8.28 (d, 1H, J= 7.8 Hz), 7.57 (m, 2H), 

7.36 (d, 1H, J= 7.8 Hz), 7.25 (d, 2H, J= 8.9 Hz), 6.80 (d, 2H, J= 8.7 Hz), 5.58 (br s, 2H, 

NH2), 5.46 (s, 1H), 3.64 (s, 3H, OCH3), 2.65-2.60 (m, 2H), 2.54-2.51 (m, 2H), 2.44-2.39 (m, 

1H), 2.36-2.32 (m, 1H), 1.78-1.75 (m, 2H); 13C NMR (75 MHz, DMSO-d6) δ 158.3 (C), 155.7 

(C), 152.9 (C), 151.8 (C), 150.3 (C), 145.6 (CH), 138.8 (C), 136.2 (CH), 131.8 (C), 128.8 (2 

CH), 128.0 (C), 127.6 (2 CH), 123.9 (C), 123.4 (C), 122.6 (CH), 114.3 (C), 112.8 (CH), 98.6 

(C), 55.4 (OCH3), 32.6 (CH), 26.6 (CH2), 23.5 (CH2), 23.1 (CH2), 22.8 (CH2). Anal. Calcd. 

for C26H23N3O2.H2O: C, 73.05; H, 5.89; N, 9.83. Found: C, 73.19; H, 5.97; N, 9.60. 

5.1.2.10. 7-(p-Tolyl)-9,10,11,12-tetrahydro-7H-pyrano[2,3-b:5,6-h']diquinolin-8-amine (2j). 

Following the general method, reaction of compound 1j (0.5 g, 1.6 mmol) in 1,4-dioxane (30 

mL) with cyclohexanone (0.23 g, 2.4 mmol) and AlCl3 (0.31 g, 2.4 mmol), after 2 h, product 

2j (0.56 g) was obtained: yield: 90%; mp >260 ºC; IR (KBr) νmax 3300, 1597 cm-1; 1H NMR 

(300 MHz, DMSO-d6) δ 8.93 (d, 1H, J = 8.2 Hz), 8.28 (d, 1H, J= 7.8 Hz), 7.55 (m, 2H), 7.35 

(d, 1H, J= 7.8 Hz), 7.24 (d, 2H, J= 8.9 Hz), 7.02 (d, 2H, J= 8.7 Hz), 5.57 (br s, 2H, NH2), 
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5.47 (s, 1H), 2.64-2.61 (m, 2H), 2.53-2.50 (m, 2H), 2.43-2.39 (m, 1H), 2.36-2.33 (m, 1H), 

2.16 (s, 3H, CH3), 1.76-1.72 (m, 2H); 13C NMR (100 MHz, DMSO-d6) δ 155.7 (C), 153.0 

(C), 151.8 (C), 150.3 (CH), 145.6 (C), 142.8 (C), 138.8 (C), 136.2 (C), 131.8 (CH), 129.6 

(CH), 128.0 (2 CH), 127.8 (C), 127.5 (2 CH), 123.7 (C), 122.6 (CH), 122.2 (CH), 112.8 (C), 

98.6 (C), 39.8 (CH), 32.6 (CH2), 23.4 (CH2), 22.8 (CH2), 22.6 (CH2), 20.9 (CH3). Anal. 

Calcd. for C26H23N3O.H2O: C, 75.89; H, 6.12; N, 10.21. Found: C, 76.02; H, 5.96; N, 10.07. 

5.1.2.11. 7-(Pyridin-4-yl)-9,10,11,12-tetrahydro-7H-pyrano[2,3-b:5,6-h']diquinolin-8-amine 

(2k). 

Following the general method, reaction of compound 1k (0.5 g, 1.3 mmol) in 1,4-dioxane (30 

mL) with cyclohexanone (0.19 g, 1.95 mmol) and AlCl3 (0.25 g, 1.95 mmol), after 2 h, 

product 2k (0.55 g) was obtained: yield: 87%; mp >260 ºC; IR (KBr) νmax 3302, 1591 cm-1; 

1H NMR (300 MHz, DMSO-d6) δ 8.93 (d, 1H, J= 8.1 Hz), 8.27 (d, 1H, J= 7.8 Hz), 7.67 (d, 

2H, J= 8.4 Hz), 7.62-7.07 (m, 5Harom), 5.92 (s, 1H), 5.59 (s, 2H, NH2), 2.64-2.61 (m, 2H), 

2.32-2.29 (m, 1H), 2.29-2.24 (m, 1H), 1.76-1.72 (m, 4H); 13C NMR (75 MHz, DMSO-d6) δ 

155.8 (C), 153.7 (C), 153.5 (C), 152.0 (C), 150.6 (CH), 150.3 (C), 148.6 (C), 147.2 (CH), 

146.1 (C), 138.7 (CH), 136.3 (CH), 128.3 (2 CH), 123.1 (2 CH), 122.5 (C), 122.2 (C), 97.1 

(C), 38.1 (CH), 32.6 (CH2), 23.5 (CH2), 22.8 (CH2), 22.5 (CH2). Anal. Calcd. for 

C24H20N4O.H2O: C, 72.34; H, 5.57; N, 14.06. Found: C, 72.59; H, 5.38; N, 13.88. 

5.1.2.12. 7-(2-Bromopyridin-3-yl)-9,10,11,12-tetrahydro-7H-pyrano[2,3-b:5,6-h']diquinolin-

8-amine (2l). 

Following the general method, reaction of compound 1l (0.5 g, 1.3 mmol) in 1,4-dioxane (30 

mL) with cyclohexanone (0.19 g, 1.95 mmol) and AlCl3 (0.25 g, 1.95 mmol), after 2 h, 

product 2l (0.49 g) was obtained: yield: 81%; mp >260 ºC; IR (KBr) νmax 3317, 1597 cm-1; 1H 

NMR (300 MHz, DMSO-d6) δ  8.96 (d, 1H, J= 8.1 Hz), 8.31 (d, 1H, J= 7.8 Hz), 7.60 (d, 2H, 

J= 8.4 Hz), 7.39-6.92 (m, 4Harom), 5.84 (s, 1H),  5.25 (br s, 2H, NH2), 2.39-2.36 (m, 2H), 
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2.33-2.29 (m, 1H), 2.26-2.19 (m, 1H), 1.77-1.73 (m, 4H); 13C NMR (100 MHz, DMSO-d6) δ 

155.5 (C), 154.1 (C), 151.8 (C), 150.6 (CH), 149.7 (CH), 145.8 (C), 141.7 (C), 141.4 (C), 

140.4 (CH), 138.9 (C), 136.3 (CH), 128.6 (C), 126.4 (CH), 125.3 (CH), 123.1 (CH), 122.7 

(CH), 120.9 (C), 113.5 (C), 97.5 (C), 32.7 (CH2), 23.4 (CH2), 22.8 (CH2), 22.5 (CH2). Anal. 

Calcd. for C24H19BrN4O.H2O: C, 60.39; H, 4.43; N, 11.74. Found: C, 60.51; H, 4.38; N, 

11.79. 

 

5.2. Antioxidant test: Oxygen Radical Absorbance Capacity Assay 

The antioxidant activity of compounds 2a-l was determined by the oxygen radical absorbance 

capacity-fuorescein (ORAC-FL) method [26,27] using 2,2’-azobis(amidinopropane) 

dihydrochloride (AAPH) as generator of peroxyl radicals at 37 °C. The reaction mixture was 

carried out at 37 °C in 75 mM phosphate buffer (pH 7.4). Firstly a solution made up of  

antioxidant (20 µL) and fluorescein (FL, 120 µL, final concentration of 70 nM) were 

incubated in a black 96-well microplate (Nunc) for 15 min at 37 °C into a Varioskan Flash 

plate reader with built-in injectors (Thermo Scientific). Then, 2,2’-azobis(amidinopropane) 

dihydrochloride (AAPH, 60 µL, final concentration of 12 mM) solution was added quickly 

using the built-in injector and the fluorescence was measured every minute for 60 min at λex= 

485 nm and λem= 535 nm. The blank was composed of 120 µL of FL, 60 µL of AAPH and 20 

µL of phosphate buffer (pH= 7.4) was carried out in each assay. The Trolox was used as 

standard with 1–8 µM as final concentration and the samples were measured at different 

concentrations 0.1–1 µM.  All assays were run in triplicate and at least three different assays 

were conducted for each sample. Fluorescence measurement was first normalized to the curve 

of the blank (without antioxidant and the area under the fluorescence decay curve (AUC) was 

calculated as:  AUC= 1 + sum(fi/f0),  
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Where f0 is the initial fluorescence at 0 min and fi is the fluorescence at time i. The net AUC 

for each the sample was calculated as follows:  

Net AUC= AUCantioxidant – AUCblank.  

The regression equations were extrapolated by plotting the net AUC against the concentration 

of the antioxidant. The ORAC values correspond to the ratio of slopes of the latter curve and 

Trolox in the same assay. Final ORAC values were expressed as Trolox equivalents and data 

are expressed as means±SD. 

 

5.3. Studies of metal-chelating properties [36,37] 

The metal binding studies were performed with a UV GBC CINTRA spectrophotometer.  The 

UV absorption spectra of compound 2h in the absence or presence of different amount of 

CuSO4, and FeSO4 were recorded with wavelength ranging from 200 to 400 nm after 

incubating for 30 min and 20 h at room temperature. The final volume of reaction mixture 

was 1 mL, the final concentrations of tested compound 10 µM and the 4 or 5 final 

concentrations  of biometal ranging from 0 to 20 µM. 

 

5.4. Inhibition of EeAChE and eqBuChE  

Ellman’s assay was followed to assess the anticholinesterasic activity of 2a-l [25] using 

purified AChE from Electrophorus electricus (Type V-S, Sigma-Aldrich) or BuChE from 

horse serum (lyophilized powder, Sigma-Aldrich). Enzymatic reaction was performed in a 

final volume of 3 mL containing 0.1 M phosphate-buffered at pH 8.0, 0.035 U/mL EeAChE 

or 0.05 U/mL, 0.35 mM of 5,5’-dithiobis-2-nitrobenzoic acid (DTNB) and 40 µL of Bovine 

Albumin Serum (BSA) 1% (w/v) in phosphate-buffered at pH 8.0. Inhibition curves were 

plotted by pre-incubating this blend with nine concentrations of each compound for 10 min. 

The activity in absence of compound was used as control. Then, the substrate was added to a 
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final concentration of 0.35 mM for acetylthiocholine iodide and 0.5 mM for 

butyrylthiocholine iodide and incubated for another 15 min at rt. Changes in absorbance at 

412 nm were measured in a spectrometric plate reader (iEMS Reader MF, Labsystems). The 

IC50 values were calculated using GraphPad Prism 5. Data is expressed as mean±SEM at least 

three different experiments. 

 
5.5. Inhibition of hAChE  

Evaluation of the inhibitory potency of compounds 2a-l was carried out following the 

spectrophotometric Ellman’s method [25] using human recombinant AChE (Sigma–Aldrich).  

The assay was performed in 0.1 M phosphate buffer pH 8.0. First the tested compounds or 

blank (water) (25 µL) were incubated with 20 µL of the enzyme (5 U/mL) for 5 min at 37 °C 

in 765 µL of phosphate buffer. Then, 20 µL of 12.5 mM of 5,5'-dithiobis-(2-nitrobenzoic 

acid) DTNB solution containing 0.15% (w/v) sodium carbonate and 20 µL of ATC (18.75 

mM) were added and incubated for 5 min. The absorbance variation was measured at 412 nm 

with EnSpire Multimode microplate reader (PerkinElmer). IC50 values were determined with 

GraphPad Prism 5. Each concentration was measured in triplicate. Data is expressed as 

mean±SEM. 

 
5.6. Cholinesterase inhibition kinetic assessment 

To estimate the mechanism of inhibition of 2h, the same experimental protocol [25] as 

reported for hAChE inhibition was performed. All experiments were performed in triplicate. 

Reciprocal plots of 1/V versus 1/[S] were determined using concentrations of inhibitor 

ranging (0.30–3.0 µM) and concentrations of substrate ATC ranging (0.067-0.5 mM). The 

double reciprocal plots were analysed by a weighted least square procedure that assumed the 

variance of V to be constant. Cornish-Bowden plots obtained by plotting S/V 

(substrate/velocity ratio) versus the inhibitor concentration [25,38] were used to confirm the 
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mode of inhibition. Inhibitor constant (Ki) value was determined by re-plotting slopes from 

the Lineweaver-Burk plot versus the inhibitor concentration where Ki was determined as the 

intersect of the line with the x-axis [39] using GraphPad Prism 5.  

 
5.7. In vitro cytotoxicity of compounds 2a, 2c and 2h-j in HepG2 cells 

HepG2 cells were purchased from American Type Culture Collection. The cells were cultured 

in Eagle’s Minimum Essential Medium (Ozyme, France) supplemented with 10% fetal bovine 

serum, 1X non-essential amino acids, 100 units/mL penicillin and 10 mg/mL streptomycin 

(Dutscher, France). Cultures were kept under a CO2/air (5%/95%) humidified atmosphere at 

37 °C. Prior to the experiment, cells were seeded in 96-well culture plates at a density of 0.1× 

106 cells per well. After 24h of incubation, the culture medium was refreshed and 100 µl of 

the test compounds or DMSO (0.1%) were added. Compounds were tested at six 

concentrations (1-1000 µM) in triplicate. For the MTT assay [40], after 24h of treatment, cells 

were incubated with 50 µL MTT (0.5 mg/mL, Sigma Aldrich, France) at 37 °C for 2h. Plates 

were centrifuged, MTT was removed and 100 µL DMSO was distributed per well. The 

absorbance at 570 nm was measured using microplate reader (brand). Cell viability was 

expressed as percentage of cell viability compared to controls (DMSO, 0.1%). 

 

5.8 In vitro cytotoxicity of tacrine and 2h in primary human hepatocytes  

The pool of cryopreserved primary human hepatocytes P0203T (n = 9 donors) was provided 

by KaLy-Cell (Plobsheim, France). The pooled hepatocytes were thawed in a water-bath (1 - 

2 minutes) and diluted in 50 mL KLC-Thawing Medium (KLC-TM; proprietary formulation); 

centrifuged 170 x g; 20 minutes; room temperature, washed (KLC-Washing Medium (KLC-

WM; proprietary formulation)); 100 x g; 5 min; room temperature and re-suspended in KLC-

Suspension Medium (KLC-SuM; proprietary formulation). Cell number and viability were 

determined by the trypan blue exclusion method. After dilution to a concentration of 2 x 
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106 viable cells/mL in medium, the hepatocyte suspension was distributed into eight 96-well 

plates (50 µL/well). The plates were pre-incubated for approximately 15 min under shaking 

(900 rpm) in a humidified chamber at 37°C with 5% CO2. Suspended hepatocytes (50 µL) 

were dosed in technical triplicates in serum-free medium with 50 µL of 2-fold concentrated 

tacrine or 2 h. Due to solubility limits in treatment medium, maximum tested concentrations 

were 100 µM for both compounds. During the incubation period of 2 h, the plates were 

shaken at 163 g in a humidified chamber at 37 °C with 5% CO2 which has been shown to 

increase the metabolic performance of the cells. 

 

5.9. PAMPA assay 

Penetration across the BBB is an essential property for compounds targeting the CNS. In 

order to predict passive blood-brain penetration of novel compounds modification of the 

parallel artificial membrane permeation assay (PAMPA) has been used based on reported 

protocol [33]. The filter membrane of the donor plate was coated with PBL (Polar Brain 

Lipid, Avanti, 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 (VD). Tested compounds were dissolved first in 

DMSO and that diluted with PBS pH 7.4 to reach the final concentration of 100 µM in the 

donor well. Concentration of DMSO did not exceed 0.5% (V/V) in the donor solution. The 

donor solution (300 µL) was added to the donor wells (VA) and the donor filter plate was 

carefully put on the acceptor plate so that the coated membrane was “in touch” with both 

donor solution and acceptor buffer. Test compound diffused from the donor well through the 

lipid membrane (Area= 0.28cm2) to the acceptor well. The concentration of the drug in both 

donor and the acceptor wells was assessed after 3, 4, 5 and 6 h of incubation in quadruplicate 

using the UV plate reader Synergy HT (Biotek, USA) at the maximum absorption wavelength 
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of each compound. Concentration of the compounds was calculated from the standard curve 

and expressed as the permeability (Pe) according the equation (1) [41,42]: 

log �� = log 	�	 × −� �1 − ��������������
���������� �!���"

#$ 	%ℎ'('		 = 	 ) *+×*,
-*+.*,/×0��1×234�5(1) 

 
5.10. Molecular modeling 
 

Compounds (R)-2h and (S)-2h were assembled within Discovery Studio, version 2.1, software 

package, using standard bond lengths and bond angles. With the CHARMm force field [43] 

and partial atomic charges, the molecular geometries of (R)-2h and (S)-2h were energy-

minimized using the adopted-based Newton-Rapson algorithm. Structure was considered fully 

optimized when the energy changes between interactions were less than 0.01 Kcal/mol [44].   

The coordinates of hAChE complexed with fasciculin-II (PDB: 1B41), were obtained from 

the Protein Data Bank (PDB). For docking studies, initial protein was prepared by removing 

all water molecules, heteroatoms, any co-crystallized solvent and the ligand. Proper bonds, 

bond orders, hybridization and charges were assigned using protein model tool in Discovery 

Studio, version 2.1, software package. CHARMm force field was applied using the receptor-

ligand interactions tool in Discovery Studio, version 2.1, software package. Docking 

calculations were performed with the program Autodock Vina [34]. AutoDockTools (ADT; 

version 1.5.4) was used to add hydrogens and partial charges for proteins and ligands using 

Gasteiger charges. A grid box with size of 60 x 60 x 72 with grid points separated 1 Ǻ, was 

used in the configuration file of the Autodock Vina software to cover the entire enzyme. The 

grid box was centered at the coordinate of x = 116.546; y = 110.33; z = -134.181. Flexible 

torsions in the ligands were assigned with the AutoTors module, and the acyclic dihedral 

angles were allowed to rotate freely. Trp286, Tyr124, Tyr337, Tyr72, Asp74, Thr75, Trp86, 

Phe338, Phe297and Tyr341 receptor residues were selected to keep flexible during docking 

simulation using the AutoTors module. Other docking parameters were set to default except 
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num_modes, which was set to 40. The AutoDock Vina docking procedure used was 

previously validated [45]. Finally, the docking results generated were directly loaded into 

Discovery Studio, version 2.1. 

 

5.11. DFT study 

The structures of all the complexes and ligands under study were optimized using the 

Gaussian 09 program [46] at the DFT level of theory using the B3LYP exchange-correlation 

functional [47,48]. Regarding to the basis set, def2-tzvp has been selected for Cu and 6-

311g(2d) for the rest of the atoms.  
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Figures 
 
 
Figure 1. Structures of tacrine, clioquinol, and the new racemic 7-aryl-9,10,11,12-tetrahydro-
7H-pyrano[2,3-b:5,6-h']diquinolin-8-amine derivatives (I ) described in this work. 
 
 
Figure 2. Lineweaver – Burk plot illustrating non-competitive type of hAChE inhibition by 
compound 2h. S = acetylthiocholine; V = initial velocity rate. 
 
Figure 3. B3LYP-optimized structures for Cu2+ complexes of PPQ. 
 
Figure 4. B3LYP-optimized structures for Cu2+ complexes of PhePQ. 
 
Figure 5. Binding mode of (R)-2h at the active site of hAChE: Binding affinity = -11.3 Kcal 
mol-1. The compound is rendered as balls and sticks and illustrated in blue. The side chains 
conformations of the mobile residues are illustrated in the same light color that the ligand. 
Different sub-sites of the active site were coloured: catalytic triad (CT) in green, oxyanion 
hole (OH) in pink, anionic sub-site (AS) in orange, except Trp86, acyl binding pocket (ABP) 
in yellow, except Phe297 and Phe338, and peripheral anionic sub-site (PAS) in violet. Red 
dashed lines are drawn among atoms involved in hydrogen bond interactions. 
 
Figure 6. a) Schematic representation of different interactions of (R)-2h with hAChE.  
b) Top view of the accessible surface of the active site gorge. 
 
Figure 7. Binding mode of (S)-2h at the active site of hAChE: Binding affinity = -10.8 
Kcal mol-1; The compound is rendered as balls and sticks and illustrated in pink. The side 
chains conformations of the mobile residues are illustrated in the same light color that the 
ligand. Different sub-sites of the active site were coloured: catalytic triad (CT) in green, 
oxyanion hole (OH) in pink, anionic sub-site (AS) in orange, except Trp86, acyl binding 
pocket (ABP) in yellow, except Phe297 and Phe338, and peripheral anionic sub-site (PAS) 
in violet. Red dashed lines are drawn among atoms involved in hydrogen bond interactions. 
 
Figure 8. a) Schematic representation of different interactions of (S)-2h with hAChE.  
b) Top view of the accessible surface of the active site gorge. 
 

Figure 9. Overlay of binding mode of compound (R)-2h (blue) and (S)-2h (pink) in hAChE. 

Schemes 

Scheme 1. Synthesis of racemic tetrahydropyranodiquinolin-8-amines 2a-l. 

Scheme 2. Chemical equations used to measure the formation energies of the complexes 
[Cu(II)(PPQ)(MeOH)x(SO4)]. 
 
Scheme 3. Chemical equations used to measure the formation energies of the complexes 
[Cu(PhePQ)(MeOH)x(SO4)]. 
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Table 7. In vitro concentration-response of tacrine and 2h on primary human hepatocyte 
viability  
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Table 1. Inhibition of EeAChE, hACHE, eqBuChE, (IC50, µM) and ORAC-FL values for 
compounds 2a-l , tacrine, clioquinol and ferulic acid. 
 

 

 

 
 

a Inhibition curves were obtained by nonlinear regression. Ee: electric eel, eq: equine. Each IC50 value is the mean ± 
SEM of quadruplicate of at least three different experiments. Results are expressed in µM;  b PAMPA method (Pe ± SEM 
(*10-6 cm s-1); cNot determined ; d No inhibition.  
 

 

Compound R EeAChEa hAChE eqBuChEa BBB ORAC 
2a H 0.06±0.01 1.73 ± 0.02 1.11±0.00 -c 1.47±0.25 
2b 2-F 0.11±0.01 -c 0.63±0.08 -c 1.49±0.09 
2c 3-F 0.09±0.01 2.20 ± 0.03 -d -c 1.36±0.05 
2d 2-Br 0.14±0.01 -c 0.21±0.02 -c 2.01±0.05 
2e 4-NO2 0.24±0.01 -c -d -c 2.49±0.19 
2f 2,6-di-Cl 0.10±0.01 -c -d -c 1.22±0.07 
2g 2-OCH3 0.08±0.01  1.51±0.10 - 1.60±0.22 
2h 3-OCH3 0.04±0.01 0.75 ± 0.01 1.30±0.22 5.41 ± 0,3b 1.83±0.10 
2i 4-OCH3 0.04±0.01 1.51 ± 0.02 1.30±0.19 -c 1.71±0.10 
2j 4-CH3 0.04±0.01 2.85 ± 0.05 0.53±0.03 -c 1.88±0.35 

2k - 0.47±0.07 -d -d -c 1.70±0.12 

2l - 0.19±0.00 -d 2.86±0.18 -c 2.35±0.26 

Tacrine - 0.03±0.01 0.13±0.00 0.05±0.01nM -c 0.2±0.1  

Ferulic acid - -c -c -c -c 3.74±0.22 
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Table 2. Thermodynamic functions of the copper (II)  
complexes with PPQ. 
 
Complex ∆H(Kcal/mol) ∆G(Kcal/mol) 

Cu(PPQ)(SO4) 0.61 -7.85 

Cu(PPQ)(SO4)(MeOH) 5.69 -2.77 
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Table 3. Thermodynamics functions of the copper (II)  
complexes with PhePQ. 
 

Complex ∆H(Kcal/mol) ∆G(Kcal/mol) 

Cu(PhePQ)(SO4) -2.02 -9.99 

Cu(PhePQ)(SO4)(MeOH) 3.52 -4.22 
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Table 4. Selected theoretical geometrical parameters  
for Cu(PPQ)(SO4) and Cu(PhePQ)(SO4) complexesa. 

 
Complex dC-O dCu-O dCu-N 

Cu(PPQ)(SO4) 1.397 2.321 1.994 

Cu(PhePQ)(SO4) 1.410 2.260 1.971 

                                    a d, bond distance in Å. 
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Table 5. Selected atomic charges for  
Cu(PPQ)(SO4) and Cu(PhePQ)(SO4)  
complexes. 
 

Complex O charge 

Cu(PPQ)(SO4) -0.476 

Cu(PhePQ)(SO4) -0.517 
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Table 6. In vitro cytotoxicity of tacrine, 2a, 2c and 2h-j in HepG2 cells. 

30 µM 100 µM 300 µM 1000 µM 
Tacrine 106.4 ± 6.1 110.5 ± 5.8 49.3 ± 3.7*** 13.7 ± 3.1*** 

2a 108.6 ± 12.8 102.2 ± 11.2 93.7 ± 11.5 91.2 ± 6.4 
2c 92.4 ± 3.4 95.4 ± 11.5 91.6 ± 13.9 75.8 ± 5.7* 
2h 110.0 ± 3.5 102.2 ± 5.2 94.0 ± 7.4 94.1 ± 3.0 
2i 115.4 ± 1.7 110.7 ± 3.8 113.8 ± 4.0 104.7 ± 1.4 
2j 115.9 ± 4.9 106.0 ± 1.5 92.5 ± 5.9 96.2 ± 4.8 

Means ± SEM of triplicates from at least three different cultures. *p<0.05,  
***p<0.001, as compared to the control cultures (one-way ANOVA). 
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Table 7. In vitro concentration-response of tacrine and 2h on primary human hepatocyte 

viability  

Concentration  00 µM 0.1 µM 1.0 µM 3.0 µM 10.0 µM 30.0 µM 100.0 µM 

Tacrine 100 ± 11 94 ± 3 86 ± 3 83 ± 5 81 ± 7 75 ± 14 70 ± 3 

2h 100 ± 11 89 ± 4 84 ± 8 83 ± 8 89 ± 3 99 ± 11 89 ± 2 

Results expressed in Means ± SD of triplicates from from a pool of 9 donors 
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Figure 1 Structures of tacrine, clioquinol, and the new racemic 7-aryl-9,10,11,12-tetrahydro-
7H-pyrano[2,3-b:5,6-h']diquinolin-8-amine derivatives (I) described in this work. 
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Scheme 1. Synthesis of racemic tetrahydropyranodiquinolin-8-amines 2a-l. 
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Figure 2. Lineweaver – Burk plot illustrating non-competitive type 
of hAChE inhibition by compound 2h. S = acetylthiocholine; 
V = initial velocity rate. 
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[E (Cu(PPQ)(SO4) + 2 E(MeOH)] – [E(PPQ) + E (Cu (II) (MeOH)2(SO4)]   (I) 

 

[E (Cu(PPQ)(SO4)(MeOH) ) + 2 E(MeOH)] – [E(PPQ) + E (Cu (II) (MeOH)3(SO4)]       (II) 

 

Scheme 2. Chemical equations used to measure the formation energies of the complexes 
[Cu(II)(PPQ)(MeOH)x(SO4)]. 
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    Cu(PPQ)SO4     Cu(PPQ)SO4(MeOH) 

Figure 3. B3LYP-optimized structures for Cu2+ complexes of PPQ. 
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Scheme 3. Chemical equations used to measure the formation energies of the complexes 
[Cu(PhePQ)(MeOH)x(SO4)]. 
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Cu(PhePQ)(SO4)   Cu(PhePQ)(SO4)(MeOH) 

Figure 4. B3LYP-optimized structures for Cu2+ complexes of PhePQ. 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 
Figure 5. Binding mode of (R)-2h at the active site of hAChE: Binding affinity = -11.3 Kcal 
mol-1. The compound is rendered as balls and sticks and illustrated in blue. The side chains 
conformations of the mobile residues are illustrated in the same light color that the ligand. 
Different sub-sites of the active site were coloured: catalytic triad (CT) in green, oxyanion 
hole (OH) in pink, anionic sub-site (AS) in orange, except Trp86, acyl binding pocket (ABP) 
in yellow, except Phe297 and Phe338, and peripheral anionic sub-site (PAS) in violet. Red 
dashed lines are drawn among atoms involved in hydrogen bond interactions. 
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Figure 6. a) Schematic representation of different interactions of (R)-2h with hAChE.  
b) Top view of the accessible surface of the active site gorge. 
 

 

a b 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 
Figure 7. Binding mode of (S)-2h at the active site of hAChE: Binding affinity = -10.8 
Kcal mol-1; The compound is rendered as balls and sticks and illustrated in pink. The side 
chains conformations of the mobile residues are illustrated in the same light color that the 
ligand. Different sub-sites of the active site were coloured: catalytic triad (CT) in green, 
oxyanion hole (OH) in pink, anionic sub-site (AS) in orange, except Trp86, acyl binding 
pocket (ABP) in yellow, except Phe297 and Phe338, and peripheral anionic sub-site (PAS) 
in violet. Red dashed lines are drawn among atoms involved in hydrogen bond interactions. 
 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 
 
Figure 8. a) Schematic representation of different interactions of (S)-2h with hAChE.  
b) Top view of the accessible surface of the active site gorge. 
 

b 
a 
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Figure 9. Overlay of binding mode of 
compound (R)-2h (blue) and (S)-2h 
(pink) in hAChE. 
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Highlights 

 

12 novel multitarget directed ligands for Alzheimer’s disease 

The in vitro enzymatic and hepatotoxic activities were evaluated 

The primary structure–activity relationships were discussed 

Compound 2h is non-hepatotoxic, and selective hAChE inhibitor 
 


