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Abstract:



A new series of benzylaminochalcone derivatives with different substituents on ring B were synthesized and evaluated as inhibitors of acetylcholinesterase. The study is aimed at identification of novel benzylaminochalcones capable of blocking acetylcholinesterase activity for further development of an approach to Alzheimer’s disease treatment. These compounds were produced in moderate to good yields via Claisen-Schmidt condensation and subjected to an in vitro acetylcholinesterase inhibition assay, using Ellman’s method. The in silico docking procedure was also employed to identify molecular interactions between the chalcone compounds and the enzyme. Compounds with ring B bearing pyridin-4-yl, 4-nitrophenyl, 4-chlorophenyl and 3,4-dimethoxyphenyl moieties were discovered to exhibit significant inhibitory activities against acetylcholinesterase, with IC50 values ranging from 23 to 39 µM. The molecular modeling studies are consistent with the hypothesis that benzylaminochalcones could exert their effects as dual-binding-site acetylcholinesterase inhibitors, which might simultaneously enhance cholinergic neurotransmission and inhibit β-amyloid aggregation through binding to both catalytic and peripheral sites of the enzyme. These derivatives could be further developed to provide novel leads for the discovery of new anti-Alzheimer drugs in the future.
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1. Introduction


Alzheimer’s disease (AD), the most common cause of dementia in the elderly, is affecting millions of people worldwide. The ailment is characterized by a complex neurodegenerative process occurring in the central nervous system which leads to progressive cognitive decline and memory loss [1,2]. The etiology of AD is not fully known, although factors including the low levels of acetylcholine (ACh), accumulation of abnormal proteins namely β-amyloid (βA) and τ-protein, homeostasis irregularity of biometals, and oxidative stress are considered to play significant roles in the pathophysiology of AD [3,4].



At the present, clinical therapy for AD patients is primarily established upon the cholinergic hypothesis which suggests that the decline of the ACh level might lead to cognitive and memory deficits, and drugs with the ability of inhibiting acetylcholinesterase (AChE) would control symptoms of the disease [5,6]. AChE inhibitors including rivastigmine, donepezil and galantamine are given top priorities in the therapeutic treatment of AD. Mediated through the same mechanism, i.e., elevating the levels and duration of action of acetylcholine at synaptic clefts, these agents, however, only allow for the alleviation of the symptomatology in most patients and differ greatly in pharmacokinetic and pharmacodynamic profiles as well as result in adverse effects [7]. According to the crystallographic structural studies, AChE has a narrow 20 Å gorge with two binding sites: the catalytic active site (CAS) at the bottom of the structure and the peripheral anionic site (PAS) near the entrance of the gorge [8,9,10]. Consequently, inhibitors that bind to either one or two of the sites could inhibit the AChE. In addition, recent studies have revealed that AChE could increase the formation of amyloid fibrils by interacting with the residues in the PAS of AChE, generating a more stable and toxic AChE-βA complex than single βA peptides alone [11]. Moreover, the dual binding inhibitors, which might simultaneously elevate the level of ACh and inhibit β-amyloid aggregation via binding to both the catalytic and peripheral sites of the enzyme, have become more promising in AD treatment [12,13,14].



Flavonoids, a group of naturalcompounds with low molecular weight and low toxicity have increasingly attracted the interest of medicinal chemists due to their diversebioactivities. They express a variety of pharmacological properties, such as AchE-inhibitory [15,16], antioxidant, anti-inflammatory, neuroprotective, vasodilator activities, as well as the inhibition of βA fibril formation [17,18,19]. Flavonoids also exhibit especially low toxicity, so they have been considered as promising anti-AD compounds. Of the synthetic flavonoids, chalcone derivatives with either sulfonamide or amino moieties at position 4’, represent AchE-inhibitory and βA anti-aggregating effects at the nanomolar concentrations [20].



In this paper we describe the synthesis, pharmacological evaluation and molecular modeling of a series of new benzylaminochalcone derivatives as AChE inhibitors. The moiety of 2-hydroxybenzylamino was integrated into chalcone structures in the hope of enhancing hydrophobicity and promoting interactions with the active site of AChE via hydrogen bonds generated by hydroxyl groups. Phenyls in ring B are modified and replaced by substituted pyridinyl, furanyl and thiophenyl (Figure 1) with the aim of providing the molecules with the ability to bind at the AChE peripheral site and resulting in stronger AChE inhibition. Finally, molecular interactions between inhibitors and AChE revealed by molecular modeling studies would explain the results of an in vitro bioassay and help gain insight into the binding mode and structure-activity relationships of the novel compounds.


Figure 1. The general structure of benzylaminochalcones.
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2. Materials and Methods


2.1. Chemicals


All starting materials such as benzaldehyde, 2-chlorobenzaldehyde, 4-chlorobenzaldehyde, 4-nitrobenzaldehyde were purchased from Acros Organics BVBA—Thermo Fisher Scientific, Geel Belgium (Geel, Antwerp, Belgium); 2,3-dimethoxybenzaldehyde, 2,4-dimethoxy-benzaldehyde, 3,4-dimethoxybenzaldehyde, 2-pyridinecarboxaldehyde, 4-pyridinecarboxaldehyde, furfural and galantamine were supplied by Sigma-Aldrich Fine Chemicals (St. Louis, MO, USA). The chemicals were used without further purification. The other starting material named 1-(4-((2-hydroxybenzyl)amino)phenyl)ethanone was obtained from Pharmaceutical Chemistry’s Laboratory, Faculty of Pharmacy, University of Medicine and Pharmacy at Ho Chi Minh city, Vietnam.




2.2. Instrumentation


Melting points were determined on open capillary tubes and are uncorrected using Gallenkamp melting point apparatus (Sanyo Gallenkamp, Southborough, UK). UV spectra were measured on a Hitachi U-2010 instrument (Hitachi High-Technologies, Tokyo, Japan). 1H and 13C NMR spectra were recorded on a Bruker Avance II spectrometer (Bruker Corporation, Billerica, MA, USA) at 500 MHz and 125 MHz, respectively. Chemical shifts are reported in parts per million (ppm) downfield relative to tetramethylsilane as an internal standard. Peak splitting patterns are abbreviated as m (multiplet), s (singlet), bs (broad singlet), d (doublet), bd (broad doublet), t (triplet) and dd (doublet of doublets). MS spectra were recorded on an Agilent LC-MS 1200 Series instrument with MS detector of micrOTOF-QII Bruker (Agilent Technologies, Santa Clara, CA, USA).




2.3. General Procedures for the Preparation of Compounds A1–A10


Ten benzylaminochalcones derivatives (A1–A10) with different substituents on ring B were prepared as shown in Scheme 1 [21,22,23,24,25]. The 1-(4-((2-Hydroxybenzyl)amino)phenyl)-ethanone 1 and benzaldehyde derivatives (in proportion of 1:1) were dissolved in methanol with stirring. Potassium hydroxide was then added in portion that is twice as much as that of compound 1. Resulting solution was stirred at the ambient temperature or cooled with ice as needed. Subsequently, the chemical reaction was monitored by a thin layer chromatography. Final mixture was cooled and neutralized using concentrated HCl to pH ≈ 4–6. The resulting yellow solid was filtered, washed with cold water, and recrystallized from methanol or mixture of methanol and dichloromethane (1:1) to form the product.




2.4. In Vitro Inhibition Assay on AChE


AChE-inhibitory activities of benzylaminochalcones derivatives A1–A10 were determined by the Ellman’s method [26], using galantamine as a reference compound. Acetylcholinesterase (AChE, E.C. 3.1.1.7, from electric eel), 5,5‘-dithiobis-(2-nitrobenzoic acid) (DTNB), acetyl-thiocholine iodide (ATCI), galantamine were purchased from Sigma Aldrich (St. Louis, MO, USA). Tested compounds were dissolved in a minimum volume of 10% methanol in Tris buffer pH 8 to provide a final concentration range: 120 μM; 60 μM; 30 μM; 15 μM; 7.5 μM.



All the assays were performed in 96-well microtiter plates in the same condition for benzylaminochalcone and galantamine. Briefly, 30 µL of 100 mM sodium phosphate buffer pH 8, 30 µL of sample (several quantities of samples, all dissolved in methanol, in order to calculate IC50 values) and 30 µL acetylcholinesterase solution containing 0.54 U/mL were mixed in a well of 96 plate and allowed to incubate for 15 min at 25 °C. Subsequently, 30 µL of a solution of ATCI (15 mM, dissolved in water) and 150 µL of 3 mM Ellmen's reagent (DTNB) were added. The absorbance at 405 nm was read during the first 5 min of the reaction. A control reaction which was considered to have 100% activity was carried out using the same volume of methanol/water instead of tested solutions. All samples were assayed in triplicate.



Percentage (%) of AChE inhibition is calculated based on the absorbance value as following:


%Inhibition=(A0E−A0)−(At−A0t)A0E−A0×100%



(1)




where A0E is the absorbance value of the control blank sample plus enzyme; A0 is the absorbance value of the blank sample; At is the absorbance value of the test (chalcone) sample and A0t is the absorbance value of the blank test sample. The compositions of sample solutions were prepared as follows (Table 1).



Table 1. Compositions of sample solutions.







	
Samples

	
Compositions




	
ATCI

	
DTNB

	
Tris-buffer pH8

	
Chalcon

	
AChE






	
Control blank sample with enzyme

	
+

	
+

	
+

	
-

	
+




	
Blank sample

	
+

	
+

	
+

	
-

	
-




	
Test sample

	
+

	
+

	
+

	
+

	
+




	
Blank test sample

	
+

	
+

	
+

	
+

	
-








(+): present; (-): absent.








Linear equation indicating the correlation between the common logarithm of the compound concentration (µM) and the percentage of AChE inhibition (%) was built, and from which the IC50 values (concentration that inhibits 50% AChE activity) of studied benzylaminochalcones were extrapolated.




2.5. Molecular Modeling Study


In an attempt to propose a binding mode for benzylaminochalcones to their target enzyme, molecular modeling was carried out by software packages including Molecular Operating Environment (MOE) [27], BiosolveIT LeadIT 2.1.1 [28] and Sybyl X-2.0 [29].



The Protein Data Bank crystallographic structure of TcAChE (−)-Galanthamine complex (PDB code ID: 1DX6) [30,31] was used as a receptor model in this study. The 3D structure of the crystallographic complex was rendered by BioSolveIT LeadIT. The active site was defined as all the important amino acid residues enclosed within 6.5 Å radius sphere centered by the bound ligand, Galanthamine. All unbound water molecules were eliminated and the structures of amino acid residues were checked before re-establishing the active site of the enzyme.



The 2D and 3D chemical structures of 10 benzylaminochalcones were built by ChemBioOffice 2008 [32]. The structures of molecules were optimized using the energy minimization and molecular dynamic modules in SYBYL-X 2.0. In the energy minimization process, Conj Grad method was chosen and the structures of molecules were optimized until converged to a minimum energy change of 0.001 kcal.mol−1. Gasteiger-Huckel charges were assigned to the structure atoms and the maximum number of iterations to perform during minimization was set to 10,000. Molecular dynamic process was proceeded to obtain conformations with the minimum global energy. The method used in this process was Simulated Annealing. In this method, the molecules were heated at 700 K in a period of 1000 femtoseconds, then they were cooled down to 200 K in another period of 1000 femtoseconds to come to the stable states from which their final conformations were obtained. The process was run in five cycles to figure out different necessary structures. Finally, the energy minimization process was performed one more time and the steric energy of final conformations was specified [33,34].



Initially, docking was performed with the co-crystallized AChE: (−)-Galanthamine.which was re-prepared in SYBYL-X 2.0. The RMSD value between re-docked conformation and the original structure, which was ≤ 1.5Å, indicated the reliability of the binding ability prediction of new ligands. Docking process was utilized BioSolveIT LeadIT with the following options: The method in which base fragment placed in binding pocket was Triangle Matching; the maximum number of solutions per iteration was set to 1000; the maximum number of solutions per fragmentation was set to 200; the number of poses to keep for further analysis of interaction was set to 10. The best conformation is the one that has the most minus docking score [33,34,35].



The interactions between chalcone molecules and their target were rendered and analyzed in MOE 2008.10 such as hydrogen bonds, π-π interaction, cation-π interaction, ionic interaction. Van der Waals surface interactions were detected by the contact of hydrophilic and lipophilic surfaces of the ligands with those of binding points.





3. Results and Discussion


3.1. Synthesis


All synthesized chalcone analogues were obtained via Claisen Schmidt condensation reactions. Briefly, 1-(4-((2-Hydroxybenzyl)amino)phenyl)ethanone 1 (5 mM) and aromatic aldehyde (5 mM) were dissolved in methanol (15 mL) and cooled to 5–10 °C in an ice bath. The cooled solution was treated with a small portion of pulverized KOH (10 mM) before stirring for 60 min. The reaction mixture was then left overnight or longer, and was monitored by thin-layer chromatography using n-hexane–acetone (5:1) as a developing solvent. Ice water was used to dilute the resulting dark solution before it was carefully acidified using dilute hydrochloric acid. The chalcones, which separated as a yellow solid, were collected by filtration after washing with water and further purified by crystallization from methanol, followed by further purification by silica gel column chromatography.



3.1.1. (E)-3-(phenyl)-1-(4-((2-hydroxybenzyl)amino)phenyl)prop-2-ene-1-one (A1)


Yellow crystals, very soluble in acetone, methanol and ethanol, poorly soluble in water, mp: 183–184 °C; EIMS (m/z): 328.1359 [M − H]− (MW: 329.14); UV (λmax nm, EtOH): 275, 338, 390; 1H-NMR (500 MHz, DMSO-d6) δppm: 4.3 (d, 1H, J = 9 Hz, CH2), 6.66 (d, 2H, J = 9 Hz, H3’, H5’), 6.74 (t, 1H, J = 7.5 Hz, NH), 6.84 (dd, 1H, J = 1 Hz, 8 Hz, H3”), 7.08 (m, 2H, H4”, 5”), 7.16 (dd, 1H, J = 1.5 Hz, 7.5 Hz, H6”), 7.40–7.43 (m, 3H, H2, H4, H6); 7.6 (d, J = 15.5 Hz, 1H, Hα), 7.80 (dd, 2H, J = 1.5 Hz, 7.5 Hz, H3 and H5); 7.85 (d, J = 15.5 Hz, 1H, Hβ), 7.94 (d, 2H, J = 8.5 Hz, H2’, H6’), 9.61 (s, 1H, OH); 13C-NMR (125 MHz, DMSO-d6) δppm: 56.0 (CH2), 114.9 (C3”), 118.86 (C6”), 124.4 (C5”), 124.7 (Cα), 125.3 (C1”), 125.3 (C1’), 127.8 (C1), 128.2 (C4’), 128.4 (C4), 128.8 (C2, C6), 129.9 (C3, C5), 130.9 (C2’, C6’), 141.3 (C1’), 151.5 (Cβ), 153.1 (C4), 155 (C2”), 185.9 (C=O).




3.1.2. (E)-3-(2-chlorophenyl)-1-(4-((2-hydroxybenzyl)amino)phenyl)prop-2-ene-1-one (A2)


Dark yellow crystals, very soluble in acetone, slightly soluble in ethanol and methanol, poorly soluble in water; mp: 204–206 °C; EIMS (m/z): 362.0930 [M − H]− (MW: 363.10); UV (λmax nm, EtOH): 309, 383; 1H-NMR (500 MHz, DMSO-d6): δppm: 4.30 (d, 1H, CH2), 6.66 (d, 2H, J = 9 Hz, H3’, H5’), 6.74 (t, 1H, J = 7.7 Hz NH), 6.84 (d, 1H, J = 8 Hz, H3”), 7.08 (t, 1H, J = 7 Hz, H5”), 7.14 (d, 1H, J = 15 Hz, Ha), 7.16 (t, 1H, J = 8 Hz, H4”), 7.40–7.43 (m, 3H, H4, H5, H6); 7.54 (d, 1H, J = 2 Hz, J = 7.5 Hz, H6”), 7.89 (d, 1H, J = 15.5 Hz, Hβ), 7.91 (d, 1H, J = 5 Hz, H6), 7.95 (d, 2H, J = 9 Hz, H2’, H6’), 8.14 (dd, J = 1.5 Hz, J = 8 Hz, H3), 9.61 (s, 1H, OH); 13C-NMR (125 MHz, DMSO-d6) δppm: 56.03 (CH2), 114.9 (C3’, C5’), 118.8 (C3”), 124.6 (C6”), 125.0 (Cα), 125.26 (C5”), 127.6 (C1”), 127.8 (C1’), 128.3 (C6), 128.3 (C4”), 129.9 (C4), 131.1 (C3), 131.3 (C2’, C6’), 132.8 (C1), 133.9 (C2), 136 (Cβ), 153.3 (C4’), 155.3 (C2”), 185.5 (C=O).




3.1.3. (E)-3-(4-chlorophenyl)-1-(4-((2-hydroxybenzyl)amino)phenyl)prop-2-ene-1-one (A3)


Pale yellow solid, very soluble in acetone, slightly solube in ethanol and methanol, poorly soluble in water; mp: 198–200 °C; EIMS (m/z): 362.0930 [M − H]− (MW = 363.10); UV (λmax nm, EtOH): 280, 297, 354; 1H-NMR (500 MHz, DMSO-d6) δppm: 4.30 (d, 2H, J = 9 Hz, CH2), 6.66 (d, 2H, J = 8.5 Hz, H3’, H5’), 6.74 (t, 1H, J = 7.5 Hz, NH), 6.84 (6, 1H, J = 8 Hz, H3”), 7.08–7.10 (m, 2H, H4”, H5”), 7.16 (d, 1H, J = 7 Hz, H6”), 7.49 (d, 2H, J = 8 Hz, H2, H6), 7.58 (d, 1H, J = 15.5 Hz, Hα), 7.85 (d, 2H, J = 8 Hz, H3 and H5), 7.88 (d, 1H, J = 15.5 Hz, Hβ), 7.94 (d, 2H, J = 8.5 Hz, H2’ and H6’), 9.61 (s, 1H, OH). 13C-NMR (125 MHz, DMSO-d6) δppm: 56.0 (CH2), 111.2 (C3’, C5’), 115.0 (C6”), 118.8 (C5”), 123.2 (Cα), 124.7 (C1”), 125.2 (C1’), 127.8 (C1”), 128.3 (C1’), 128.8 (C4”), 130.2 (C3’,C5’), 131.0 (C2’,6’), 134.16 (C2”), 134.4 (C1), 139.9 (Cβ), 153.24 (C4’), 155.0 (C2”), 185.7 (C=O).




3.1.4. (E)-3-(4-nitrophenyl)-1-(4-((2-hydroxy-benzyl)amino)phenyl)prop-2-ene-1-one (A4)


Red solid, very soluble in acetone, slightly soluble in ethanol and methanol, in soluble in water; mp: 202–203 °C; EIMS (m/z): 373.1234 [M − H]−, (MW: 374.13); UV (λmax nm, EtOH): 262, 386; 1H-NMR (500 MHz, DMSO-d6) δppm: 4.31 (d, 2H, J = 9 Hz, CH2), 6.68 (d, 2H, J = 8.5 Hz, H3’, H5’), 6.74 (t, 1H, J = 7.5 Hz, NH), 6.84 (d, 1H, J = 8 Hz, H3”), 7.07-7.18 (m, 3H, H4”, H5”, H6”), 7.68 (d, 1H, J = 15.5 Hz, Hα), 7.97 (d, 2H, J = 8.5 Hz, H2’, H6’), 8.05 (d, 1H, J = 15.5 Hz, Hβ), 8.11 (d, 2H, J = 8.5 Hz, H2, H6), 8.26 (d, 2H, J = 9Hz, H3, H5), 9.62 (s, 1H, OH); 13C-NMR (125 MHz, DMSO-d6) δppm: 56.0 (CH2), 114.9 (C3’, C5’), 118.8 (C6”), 123.8 (C5”), 124.6 (Cα), 125.0 (C1”), 126.7 (C3, C5), 127.8 (C1’), 128.3 (C4”), 129.4 (C2, C6), 131.2 (C2’, C6’), 138.6 (C1), 141.8 (Cβ), 147.7 (C4), 153.4 (C4’), 155.0 (C2”), 185.4 (C=O).




3.1.5. (E)-3-(2,3-dimethoxyphenyl)-1-(4-((2-hydroxybenzyl)amino)phenyl)prop-2-ene-1-one (A5)


Yellow solid, very soluble in acetone, slightly soluble in ethanol and methanol, poorly solube in water; mp: 186–188 °C; EIMS (m/z): 373.1245 [M − CH3]− (MW: 389.16); UV (λmax nm, EtOH): 359; 1H-NMR (500 MHz, DMSO-d6) δppm: 3.77 (s, 3H, OMe), 3.83 (s, 3H, OMe), 4.3 (d, 2H, J = 5.5 Hz, CH2), 6.66 (d, 2H, J = 9 Hz, H3’, H5’), 6.74 (t, 1H, J = 7.5 Hz, NH), 6.84 (d, 1H, H6”), 7.05–7.16 (m, 5H, H3”, H4”, H5”, H4, H5), 7.55 (dd, 1H, J = 2Hz, J = 7Hz, H6), 7.80 (d, J = 15.5 Hz, 1H, Hα), 7.87 (d, J = 15.5 Hz, 1H, Hβ), 7.92 (d, 2H, J = 8.5Hz, H2’, H6’), 9.61 (s, 1H, OH); 13C-NMR (125 MHz, DMSO-d6) δppm: 55.79 (CH2), 56.05 (OCH3), 60.87 (OCH3), 111.2 (C3’, C5’), 114.4 (C4), 118.8 (C3”), 119 (C6”), 123.3 (C6), 124.2 (Cα), 124.7 (C5), 125.38 (C1”), 127.8 (C1’), 128.3 (C4”), 128.7 (C1), 130.9 (C2’, C6’), 135.4 (Cβ), 147.98 (C2), 152.7 (C3), 153.1 (C4’), 155 (C2”), 186 (C=O).




3.1.6. (E)-3-(3,4-dimethoxyphenyl)-1-(4-((2-hydroxybenzyl)amino)phenyl)prop-2-ene-1-one (A6)


Yellow solid, very soluble in acetone, slightly soluble in ethanol and methanol, poorly soluble in water; mp: 179–180 °C; EIMS (m/z): 373.1245 [M − CH3]− (MW: 389.16); UV (λmax nm, EtOH): 265, 286; 1H-NMR (500 MHz, DMSO-d6) δppm: 3.82 (s, 3H, OMe), 3.88 (s, 3H, OMe), 4.29 (d, 2H, J = 5.5 Hz, CH2), 6.65 (d, 2H, J = 8 Hz, H3’, H5’), 6.73 (t, 1H, J = 7.Hz, J = 7.5 Hz, NH), 6.84 (d, 1H, J = 7.5 Hz, H3”), 6.99 (d, 1H, J = 8 Hz, H6”), 7.06 (m, 2H, H4”, H5”), 7.15 (d, 1H, J = 7 Hz, H6), 7.30 (d, 1H, J = 8 Hz, H5), 7.47 (s, 1H, H2), 7.56 (d, 1H, J = 15.5 Hz, Hα), 7.73 (d, 1H, J = 15.5 Hz, Hβ), 7.94 (d, 2H, J = 7.5 Hz, H2’, H6’), 9.6 (s, 1H, OH); 13C-NMR (125 MHz, DMSO-d6) δppm: 55.5 (CH3O), 55.6 (CH3O), 56.0 (CH2), 110.5 (C2), 111.5 (C5), 114.9 (C3’, C5’), 118.8 (C3”), 120 (C6”), 123.2 (C5”), 124.7 (Cα), 125.5 (C6), 127.8 (C1”), 128 (C1), 128.2 (C4”), 130.8 (C2’, C6’), 141.8 (Cβ), 149 (C4), 150.7 (C3), 152.9 (C4’), 155 (C2”), 185.9 (C=O).




3.1.7. (E)-3-(2,4-dimethoxyphenyl)-1-(4-((2-hydroxybenzyl)amino)phenyl)prop-2-ene-1-one (A7)


Yellow solid, very solube in ethanol and methanol, insoluble in water; mp: 181–182 °C; EIMS (m/z): 373.1245 [M − H]−, (MW: 389.16); UV (λmax nm, EtOH): 245, 386; 1H-NMR (500 MHz, DMSO-d6) δppm: 3.82 (s, 3H, OMe), 3.88 (s, 3H, OMe), 4.29 (d, 2H, J = 5 Hz, CH2), 6.59–6.75 (m, 3H, H3’, H5’, H5), 6.63–6.84 (m, 2H, H3”, H6”), 6.74 (t, 1H, J = 7.5 Hz, J = 8 Hz, NH), 6.84 (d, 1H, J = 8 Hz, H3), 7.01–7.06 (m, 2H, H4”, H5”), 7.15 (d, 1H, J = 7 Hz, H6), 7.67 (d, 1H, J =15.5 Hz, Hα), 7.86 (d, 1H, J = 15.5 Hz, Hβ), 7.86 (d, 2H, J = 8 Hz, H2’, H6’), 9.59 (s, 1H, OH); 13C-NMR (125 MHz, DMSO-d6) δppm: 55.2 (CH3O), 55.4 (CH3O), 55.7 (CH2), 98.3 (C3), 106.1 (C5), 111.1 (C3’, C5’), 114.9 (C3”), 116.4 (C1), 118.8 (C6”), 119.5 (C5”), 124.8 (C1”), 125.7 (Cα), 127.8 (C1’), 128.2 (C4”), 129.6 (C6), 130.6 (C2’, C6’), 136.1 (Cβ), 152.8 (C2), 155 (C4’), 159.5 (C2”), 162.4 (C4), 186.1 (C=O).




3.1.8. (E)-3-(pyridin-2-yl)-1-(4-((2-hydroxy-benzyl)amino)phenyl)prop-2-ene-1-one (A8)


Orange solid, very soluble in acetone, slightly soluble in ethanol and methanol, poorly soluble in water; mp: 196–198 °C; EIMS (m/z): 329.1303 [M − H]−, (MW: 330.14); UV (λmax nm, EtOH): 280, 300, 392; 1H-NMR (500 MHz, DMSO-d6) δppm: 4.3 (d, 2H, J = 5.5-Hz, CH2), 6.68 (d, J = 9 Hz, 2H, H3’, H5’), 6.74 (t, 1H, J = 7 Hz, NH), 6.84 (d, 1H, J = 7.5 Hz, H3”), 7.07 (t, 1H, J = 7.5 Hz, H4”), 7.14–7.16 (m, 2H, H5”, H6”), 7.39 (t, 1H, J = 4.5 Hz, J = 5 Hz, H4), 7.58 (d, 1H, J = 15.5 Hz, Hα), 7.84–7.87 (m, 2H, H5, H6), 7.89 (d, 2H, J = 7.5 Hz, H2’,H6’), 8.09 (d, J = 15.5 Hz, 1H, Hβ), 8.65 (d, 1H, J = 4.5 Hz, H3), 9.61 (s, 1H, OH); 13C-NMR (125 MHz, DMSO-d6) δppm: 56 (CH2), 114.9 (C3’, C5’), 118.8 (C3”), 124.3 (C6”), 124.6 (C5”), 125.1 (C3, C4), 125.6 (C6), 127.8 (C1’), 127,7 (Cα), 128.2 (C4”), 130.9 (C2’, C6’), 137 (C5), 140.6 (Cβ), 145 (C3), 149.8 (C1), 153.3 (C4’), 155 (C”), 185.8 (C=O).




3.1.9. (E)-3-(pyridin-4-yl)-1-(4-((2-hydroxy-benzyl)amino)phenyl)prop-2-ene-1-one (A9)


Red solid, very soluble in ethanol and methanol, slightly soluble in acetone, poorly soluble in water; bp: 229–230 °C; EIMS (m/z): 329.1303 [M − H]−, (MW = 330.14); UV (λmax nm, EtOH): 378, 397; 1H-NMR (500 MHz, DMSO-d6) δppm: 4.31 (d, 2H, J = 6 Hz, CH2), 6.67 (d, 2H, J = 7.5 Hz, H3’, H5’), 6.74 (t, 1H, J = 7.5 Hz, J = 8 Hz, NH), 6.84 (d, 1H, J = 8 Hz, H3”), 7.07 (t, 1H, J = 7 Hz, J = 7.5 Hz, H5”), 7.15–7.19 (m, 2H, H4”, H6”), 7.54 (d, 1H, J = 15.5 Hz, Hα), 7.77 (d, J = 6 Hz, 2H, H2, H6), 7.96 (d, 2H, J = 9 Hz, H2’, H6’), 8.07 (d, 1H, J = 15.5 Hz, Hβ), 8.63 (d, 2H, J = 5.5 Hz, H3, H5), 9.62 (s, 1H, OH); 13C-NMR (125 MHz, DMSO-d6) δppm: 56 (CH2), 114.9 (C3’, C5’), 118.8 (C3”), 122.3 (C5”), 124.6 (C4”), 124.9 (C1”, C2, C6), 126.8 (C1’), 127.9 (Cα), 128.3 (C4’), 131.2 (C2’, C6’), 138.4 (C1), 142.3 (C1, Cβ), 150.2 (C3, C5), 153.4 (C4’), 155 (C2”), 185.5 (C=O).




3.1.10. (E)-3-(furan-2-yl)-1-(4-((2-hydroxybenzyl)amino)phenyl)prop-2-ene-1-one (A10)


Yellow crystals, very soluble in ethanol and methanol, insoluble in water; mp: 187–189 °C; EIMS (m/z): 328.1114 [M − H]−, (MW = 319.12); UV (λmax nm, EtOH): 269; 285; 1H-NMR (500 MHz, DMSO-d6) δppm: 4.29 (d, 2H, J = 5.5 Hz, CH2), 6.64 (m, 1H, H4), 6.65 (d, J = 7 Hz, H3’, H5’), 6.74 (t, 1H, J = 7.5 Hz, NH), 6.84 (d, 1H, J = 8 Hz, H3”), 6.98 (d, J = 1.5 Hz, H6”), 7.06–7.10 (m, 2H, H4”, H5”), 7.14 (d, 1H, J = 7.5 Hz, H5), 7.43 (d, 1H, J = 15.5 Hz, Hα), 7.49 (d, 1H, J = 15.5 Hz, Hβ), 7.84 (d, 1H, J = 9 Hz, H2’, H6’), 7.85 (d, 1H, J = 7.5 Hz, H3), 9.6 (s, 1H, OH); 13C-NMR (125 MHz, DMSO-d6) δppm: 56.1 (CH2), 111.2 (C3’, C5’), 112.8 (C4), 114.9 (C5), 115.3 (C3”), 118.8 (C6”), 119.30 (Cβ), 124.7 (C5”), 125.2 (C1”), 127.8 (C1’), 128.2 (Cα), 128.2 (C4”), 130.7 (C2’, C6’), 145.4 (C3), 151.5 (C1), 153.1 (C4’), 155 (C”), 185.32 (C=O).





3.2. Anti-Acetylcholinesterase Activity


The IC50 values for AChE inhibition are summarized in Table 2. The results showed that most of the studied compounds had weak to moderate AChE-inhibitory activities. Derivatives with ring B of 4-chlorophenyl (A3), 4-nitrophenyl (A4), 3,4-dimethoxyphenyl (A6) and 4-pyridinyl (A9) showed considerable inhibition of AChE in the tested group.



Table 2. Inhibition of AChE (acetylcholinesterase) activity and docking scores.[image: Applsci 06 00198 i001]







	
Compound

	
Ar

	
IC50 (µM)

	
Docking Score (kJ/mol)






	
A1

	
 [image: Applsci 06 00198 i002]

	
>100

	
−18.23




	
A2

	
 [image: Applsci 06 00198 i003]

	
>100

	
−20.34




	
A3

	
 [image: Applsci 06 00198 i004]

	
23.71

	
−20.55




	
A4

	
 [image: Applsci 06 00198 i005]

	
31.57

	
−21.89




	
A5

	
 [image: Applsci 06 00198 i006]

	
>100

	
−20.56




	
A6

	
 [image: Applsci 06 00198 i007]

	
23.02

	
−19.32




	
A7

	
 [image: Applsci 06 00198 i008]

	
>100

	
−18.34




	
A8

	
 [image: Applsci 06 00198 i009]

	
>100

	
−20.07




	
A9

	
 [image: Applsci 06 00198 i010]

	
38.97

	
−21.42




	
A10

	
 [image: Applsci 06 00198 i011]

	
89.19

	
−21.22




	
Galantamine

	
-

	
0.8

	
−23.1










The docking results demonstrated that benzylaminochalcones A3, A4, A6 and A9 span along almost the whole length of the catalytic gorge of AChE, in which the benzylamino side-chain points towards the bottom. Moreover, two of the three rings A, B or C manage to generate stacking interactions (π-π type) with the aromatic amino acids making up the gorge surface. More interestingly, there is a hydrogen bond between the OH group of the benzylamino chain of A9 with Ser203, a position near Ser200 of the catalytic triad (Figure 2 and Figure 3).


Figure 2. Interactions between A3 and A9 with AChE (acetylcholinesterase): (A) A3; (B) A9.



[image: Applsci 06 00198 g002 1024]





Figure 3. Interactions between A4 and A6 with AChE: (A) A4; (B) A6.



[image: Applsci 06 00198 g003 1024]






It is found that AChE could bind to β-amyloid and accelerate its aggregation into amyloid fibrils. The presence of this enzyme also enhanced the toxicity of β-amyloid. The studied structures exhibited interactions of ring B with Trp286 of the peripheral binding site. This could lead to developing benzylaminochalcone analogues with dual effect, which would simulaneously increase acetylcholines and anti-β-amyloid aggregation.





4. Conclusions


A series of 10 novel benzylaminochalcones were synthesized, characterized and evaluated for AchE-inhibitory activity. All synthesized hydroxybenzylaminochalcones have not been published in any scientific journals. The derivatives with ring B of 4-pyridinyl, 4-nitrophenyl, 4-chlorophenyl and 3,4-dimethoxyphenyl demonstrated weak to moderate activities against AChE. Molecular modeling studies confirmed the dual binding effects on active and peripheral anionic binding sites. These derivatives could be further developed to provide novel leads for the discovery of new anti-Alzheimer’s drugs in the future. Cell assays will be performed and the results will be published in the future.
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Scheme 1. The synthesis of benzylaminochalcones. 






Scheme 1. The synthesis of benzylaminochalcones.
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