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acceptable butyrylcholinesterase inhibition, antioxidant
and copper-chelation activities
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Abstract
Purpose Alzheimer’s disease (AD) is a multifaceted neurodegenerative disease. To target simultaneously multiple pathological
processes involved in AD, natural-origin compounds with unique characteristics are promising scaffolds to develop novel multi-
target compounds in the treatment of different neurodegenerative disease, especially AD. In this study, novel chromone-lipoic
acid hybrids were prepared to find a new multifunctional lead structure for the treatment of AD.
Methods Chromone-lipoic acid hybrids were prepared through click reaction and their neuroprotection and anticholinesterase
activity were fully evaluated. The anti-amyloid aggregation, antioxidant andmetal-chelation activities of the best compoundwere
also investigated by standard methods to find a new multi-functional agent against AD.
Results The primary biological screening demonstrated that all compounds had significant neuroprotection activity against
H2O2-induced cell damage in PC12 cells. Compound 19 as the most potent butyrylcholinesterase (BuChE) inhibitor (IC50 =
7.55 μM) having significant neuroprotection activity as level as reference drug was selected for further biological evaluations.
Docking and kinetic studies revealed non-competitive mixed-type inhibition of BuChE by compound 19. It could significantly
reduce formation of the intracellular reactive oxygen species (ROS) and showed excellent reducing power (85.57 mM Fe+2),
comparable with quercetin and lipoic acid. It could also moderately inhibit Aβ aggregation and selectively chelate with copper
ions in 2:1 M ratio.
Conclusion Compound 19 could be considered as a hopeful multifunctional agent for the further development gainst AD owing
to the acceptable neuroprotective and anti-BuChE activity, moderate anti-Aβ aggregation activity, outstanding antioxidant
activity as well as selective copper chelation ability.
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Introduction

Alzheimer’s disease (AD), a multifaceted and irreversible
neurodegenerative disease, is the major cause of dementia,
and one of the biggest challenges of current pharmaceutical
research [1]. During the past decades, despite substantial ef-
forts to discover the pathogenic mechanisms of AD, the exact
etiology of this disease is still complex in nature. The patho-
logical factors playing remarkable role in development of AD
are deficiency of brain cholinergic neurotransmitters level,
accumulation of senile plaques particularly as extracellular
β-amyloid (Aβ) deposits, hyperphosphorylated τ-protein ag-
gregation [2], dyshomeostasis of biometals, oxidative stress,
and neuroinflammation [3].

Notwithstanding all attempts performed to find innovative
solution to control the hallmarks of the disease like gen and
stem cell therapy, but these kind of therapies are still a pro-
spective method for AD treatment and there are still many
unsolved problems before they can be used in clinical appli-
cations [4, 5]. The currently available therapeutic method is
mostly based on the increasing cholinergic neurotransmission,
through acetylcholinesterase inhibitors (AChEI). Like AChE,
butyrylcholinesterase (BuChE) as a coregulator of the ACh
degradation, is an important enzyme involved in the neuro-
transmission [6]. The role of BuChE in AD pathology is un-
known, but in vivo studies revealed that BuChE associated
with Aβ plaques has key role in AD plaque maturation [7,
8]. To complete the symptomatic approaches, it is necessary to
target simultaneously multiple pathological processes in-
volved in AD [9, 10]. Currently, multi-target directed ligand
(MTDL) strategy has been completely accepted as the main
strategy for the drug design and discovery in AD, which is
based on combination of appropriate pharmacophoric groups
in one-molecule providing effective pharmacological re-
sponses for various potential receptors or enzymatic targets
[11]. In recent years, many potential multifunctional agents
have been designed based on MTDLs strategy against AD
[12–16].

Moreover, quite an amount of natural-origin products
is being used either as marketed pharmaceuticals or as
bioactive molecular fragments in the development of hy-
brid drugs to combat the above-referred major risk factors
involved in the pathogenesis of AD [17]. Chromones are
ubiquitously found in plants and are known as the phyto-
chemicals with a benzo-γ-pyrone structure, which possess
a multiple range of pharmacological effects [18]. Recent
studies revealed that chromone-based compounds were
effective against dementia through free radicals scaveng-
ing and metal ions chelating [19–22]. Chromones have
also showed anticholinesterase [23, 24], neuroprotective
[25, 26], anti-inflammatory properties [27], and could ef-
fectively disrupt amyloid-β aggregation [28, 29].
Fernandez-Bachiller and co-workers introduced tacrine-

chromone hybrids having improved ChE inhibitory as
well as antioxidant activates compared to tacrine [30].

Lipoic acid (LA), as a naturally occurring antioxidant in
animals, humans, and plants acts as an essential cofactor in
many biochemical pathways [31]. Diverse range of pharma-
cological properties has been reported about this organosulfur.
It can control the pathogenesis or progression of AD by in-
creasing the level of acetylcholine as well as decreasing oxi-
dative stress, inflammation, and Aβ plaque formation
[32–34]. Lipocrine as a hybrid of LA and tacrine introduced
by Rosini as an effective drug candidate against AD due to its
multiple biological properties, such as AChE and BChE inhi-
bition activity, inhibition of AChE-induced Aβ aggregation,
and cell protectetion against ROS [35]. G. Nesi et al. com-
bined rivastigmine with LA and chromone. They found that
the combination led to the addition of anti-oxidants and anti-
amyloid aggregating properties of LA and chromone scaffolds
to the anticholinesterase activity of rivastigmine as the cur-
rently used drugs, and resulted to the formation of multifunc-
tional compound to treat AD [28].

Based on the above findings, chromone scaffold is an im-
portant pharmacophore having great role in ChEs inhibition
with antioxidant and metal chelation activities. LA is also the
promising lead structure improving BuChE inhibition activity,
neuroprotection potency, anti-amyloid aggregation, anti-
oxidant and metal chelation activities (Fig. 1). These unique
characteristics of chromone and LA have made them as prom-
ising scaffolds to develop novel multi-target compounds hav-
ing improved therapeutic efficacy in the treatment of different
neurodegenerative disorders, especially AD [36–42].
Considering the beneficial biological effects of chromone
and LA scaffolds and the efficacy of triazole nucleus as an
attractive pharmacophore to connecting various therapeutical-
ly active agents [43–45], in this work, we encouraged to con-
jugate these valuabe pharmacophores to each other and eval-
uate their efficacy against various targets. Two series of
chromone derivatives conjugated with LA were synthesized
via click reaction (Fig. 1, compounds 9–17 and 18–20) and the
neuroprotective activity and ChEs inhibition activity of all the
compounds were evaluated. The antioxidant, metal chelation
and anti-amyloid activities of the selected compound was also
evaluated. To the best of our knowledge, this is the first work
reporting the synthesis of chromone-LA hybrids and their bi-
ological activities against AD.

Experimental

Chemistry

Chemicals and solvents were obtained from commercial com-
panies. Kofler hot stage apparatus was applied to determine
melting points. The KBr disk method was used for FTIR
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analysis taken by Nicolet Magna FTIR-550 spectrometer.
Brucker FT-500 was used for 1H and 13C NMR spectra.
Elemental analysis of the compounds was performed on
CHN-Rapid Heraeus Elemental Analyzer. The UV-Vis
absorption spectra were recorded on a double beam GBC
Cintra 101.

General method for the preparation of compounds
4a-d

2′-Hydroxyacetophenone derivative (1a-d, 1 equiv) was
mixed with 4-methoxybenzaldehyde (2, 1 equiv) in the pres-
ence of pyrrolidine (0.5 equiv) and iodine (10 mol%) as cata-
lyst in DMSO as solvent under reflux for 2 h. After finishing
the reaction monitored by thin-layer chromatography (TLC),
the reaction was worked up by ethylacetate and water. The
organic part was wahsed with water, saturated sodium thio-
sulfate solution, brine, and finally dried by anhydrous sodium
sulfate. The organic solvent was removed by rotary evaporator
and the purified compound was obtained by column chroma-
tography [46]. Then, the corresponding methoxyflavone (3a-
d, 1 mmol) was dissolved in dry CH2Cl2 (15 mL) and tem-
perature of the reaction decreased to −60 °C and BBr3
(3 mmol) was next added dropwise to the solution. The reac-
tionwas kept to be stirred at ambient temperature for 24 h until
completion of the reaction. After that, ice water (50 mL) was
added to the reaction and the product was extracted with
ethylacetate (2 × 30 mL). The organic layer was then mixed

with water, brine, and dried by anhydrous Na2SO4. The sol-
vent was evaporated under vacuum and the product was used
with no more purification [47].

General method for the preparation of 7-Hydroxy-4H-
l-benzopyran-4-one (compound 5)

2,4-Dihydroxyacetophenone (1 mmol) in triethyl
orthoformate (1 mL) was stirred, and 70% perchloric acid
(0.1 mL) was next added dropwise. A dark solution was
formed and the temperature of the mixture increased slightly.
Anhydrous ethyl ether (3mL) was next added to form a brown
precipitate. The product was filtered, dissolved in hot water
(2 mL), and refluxed for 5 min. The mixture was then cooled
to ambient temperature overnight. A dark product was filtered
and recrystallized from water/ethanol [48].

General method for the synthesis of bromoalkoxy
intermediates 6a-i, and 8a-c

A mixture of hydroxylated chromone derivative (1 mmol),
a n h yd r o u s K 2CO3 ( 2 mmo l ) a n d a pp r o p r i a t e
dibromoalkane (10 mmol) was refluxed in acetone
(5 mL). The precipitate was filtered off after 4 h and washed
with acetone. Then, the acetone was removed under vacu-
um and the product was treated with petroleum ether to
precipitate the pure product [49].

Fig. 1 Designed strategy for the
preparation of the new chromone-
LA hybrids
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General method for the preparation of 1,2-dithiolane-
3-pentanoic acid-N-propargylamide (compound 7)

LA (1 mmol), DMAP (1.2 mmol) and N-Ethyl-N′-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDCI,
1.2 mmol) was mixed in anhydrous CH2Cl2 (10 mL) at
0 °C. Then, propargylamine (1.2 mmol) in 2 mL dry
CH2Cl2 was added dropwise and the reaction was performed
at ambient temperature for 12 h. When the reaction was com-
pleted, the solvent was removed under vacuum and the crude
product was obtained by column chromatography eluted by
petroleum ether/ethyl acetate/(2:1) [50].

General method for the preparation of chromone–LA
conjugates 9–20

A solution of the corresponding intermediate (6a-i, and 8a-c,
1 mmol), sodium azide (1 mmol), triethylamine (1 mmol) in t-
BuOH (4 mL) and H2O (4 mL) was stirred at 70 °C for 0.5 h.
After that, compound 7 (1 mmol), CuSO4.5H2O (0.2 mmol),
and sodium ascorbate (0.2 mmol) were added to the reaction
and it was stirred for 12 h. When the reaction was completed,
water was added to the mixture and the reaction was stirred for
next 0.5 h. Then, the mixture was filtered off and the product
was purified by flash chromatography on silica gel eluted with
petroleum ether / ethyl acetate (1:1) to give pure products 9–
20 with 80–99% yields [51].

Characterization and structural determination of the
synthesized products

5-(1,2-dithiolan-3-yl)-N-((1-(3-(4-(4-oxo-4H-chromen-2-
y l ) p h e n o x y ) p r o p y l ) - 1 H - 1 , 2 , 3 - t r i a z o l - 4 -
yl)methyl)pentanamide (9) Off-white solid; mp 130–132 °C;
IR (KBr, cm−1) νmax: 3300 (NH), 2930 (C-H), 1621 (C=O).
1H NMR (DMSO-d6, 500 MHz) δ: 8.23 (t, 1H, J = 5.5 Hz,
NH), 8.04 (d, 2H, J = 9.0 Hz, phenoxy), 8.04 (d, 1H, J =
7.5 Hz, H5), 7.93 (s, 1H, triazole), 7.80 (t, 1H, J = 7.5 Hz,
H7), 7.76 (d, 1H, J = 7.5 Hz, H8), 7.49 (t, 1H, J = 7.5 Hz,
H6), 7.10 (d, 2H, J = 9.0 Hz, phenoxy), 6.93 (s, 1H, H3), 4.53
(t, 2H, J = 7.0 Hz, CH2-N), 4.28 (d, 2H, J = 5.5 Hz, CH2-NH),
4.09 (t, 2H, J = 6.5 Hz, CH2-O), 3.57 (quintet, 1H, J = 6.0 Hz,
CH-S), 3.17–3.08 (m, 2H, CH2-S), 2.38 (sextet, 1H, J =
6.7 Hz, S-CH2-CH2), 2.29 (quintet, 2H, aliphatic chain),
2.09 (t, 2H, J = 7.5 Hz, CH2-CO), 1.83 (sextet, 1H, J =
7.0 Hz, S-CH2-CH2), 1.65–1.48 (m, 4H, aliphatic chain),
1.33–1.30 (m, 2H, aliphatic chain). 13C NMR (DMSO-d6,
125 MHz) δ: 176.7, 171.7, 162.5, 161.1, 155.5, 144.9,
133.9, 128.0, 125.2, 124.6, 123.3, 123.2, 122.7, 118.2,
114.9, 105.4, 64.8, 55.9, 46.2, 39.8, 39.7, 37.9, 34.9, 34.0,
33.9, 29.2, 28.1. Anal. Calcd for C29H32N4O4S2: C, 61.68;
H, 5.71; N, 9.92. Found: C, 61.82; H, 5.43; N, 10.12.

N- ( ( 1 - ( 3 - ( 4 - ( 6 - b romo -4 -o xo - 4H-ch romen -2 -
yl)phenoxy)propyl)-1H-1,2,3-triazol-4-yl)methyl)-5-(1,2-
dithiolan-3-yl)pentanamide (10) Off-white solid; mp 122–
125 °C; IR (KBr, cm−1) νmax: 3306 (NH), 2927 (C-H), 1640
(C=O). 1H NMR (DMSO-d6, 500 MHz) δ: 8.25 (t, 1H,
J = 5.5 Hz, NH), 8.10 (s, 1H, triazole), 8.08 (d, J = 8.5 Hz,
2H, phenoxy), 7.98 (d, 1H, J = 8.5 Hz, H7), 7.93 (s, 1H, H5),
7.78 (d, 1H, J = 8.5 Hz, H8), 7.10 (d, 2H, J = 8.5 Hz,
phenoxy), 7.00 (s, 1H, H3), 4.53 (t, 2H, J = 6.5 Hz, CH2-N),
4.28 (d, 2H, J = 5.5 Hz, CH2-NH), 4.09 (t, 2H, J = 5.5 Hz,
CH2-O), 3.57–3.55 (m, 1H, CH-S), 3.17–3.09 (m, 2H, CH2-
S), 2.39–2.34 (m, 1H, S-CH2-CH2), 2.31–2.27 (m, 2H, ali-
phatic chain), 2.08 (t, 2H, J = 7.0 Hz, CH2-CO), 1.84–1.80
(m, 1H, S-CH2-CH2), 1.65–1.59 (m, 1H, CH2-CH2-CO),
155–1.47 (m, 3H, aliphatic chain), 1.34–1.30 (m, 2H, aliphat-
ic chain). 13C NMR (DMSO-d6, 125 MHz) δ: 175.8, 171.8,
162.9, 161.3, 154.5, 145.0, 136.9, 128.3, 126.8, 124.8, 123.0,
122.8, 117.7, 115.0, 105.8, 65.2, 56.0, 46.2, 39.1, 34.9, 34.0,
29.3, 28.2, 24.8. Anal. Calcd for C29H31BrN4O4S2: C, 54.12;
H, 4.86; N, 8.71. Found: C, 54.06; H, 4.55; N, 8.51.

5-(1,2-dithiolan-3-yl)-N-((1-(4-(4-(4-oxo-4H-chromen-2-
yl)phenoxy)butyl)-1H-1,2,3-triazol-4-yl)methyl)pentanamide
(11) Off-white solid; mp 94–95 °C; IR (KBr, cm−1) νmax:
3298 (NH), 2920 (C-H), 1627 (C=O). 1H NMR (DMSO-d6,
500MHz) δ: 8.30 (t, J = 5.5 Hz, 1H, NH), 8.06 (d, J = 9.0 Hz,
2H, phenoxy), 8.03 (d, J = 7.5 Hz, 1H, H5), 7.93 (s, 1H, tri-
azole), 7.82 (t, J = 7.5 Hz, 1H, H7), 7.77 (d, J = 7.5 Hz, 1H,
H8), 7.49 (t, J = 7.5 Hz, 1H, H6), 7.10 (d, J = 9.0 Hz, 2H,
phenoxy), 6.96 (s, 1H, H3), 4.41 (t, J = 7.0 Hz, 2H, CH2-N),
4.27 (d, J = 5.5 Hz, 2H, CH2-NH), 4.10 (t, J = 6.5 Hz, 2H,
CH2-O), 3.57 (quintet, J = 6.0 Hz, 1H, CH-S), 3.16–3.08 (m,
2H, CH2-S), 2.39–2.32 (sextet, 1H, J = 6.7 Hz, S-CH2-CH2),
2.08 (t, 2H, J = 7.5 Hz, CH2-CO), 1.96 (quintet, 2H, aliphatic
chain), 1.84 (sextet, 1H, J = 7.0 Hz, S-CH2-CH2), 1.73–1.70
(m, 2H, aliphatic chain), 1.65–1.60 (m, 1H, CH2-CH2-CO),
1.54–1.48 (m, 4H, aliphatic chain), 1.33–1.30 (m, 2H, aliphat-
ic chain). 13C NMR (DMSO-d6, 125 MHz) δ: 176.9, 171.8,
162.6, 161.4, 155.6, 145.0, 137.0, 128.2, 125.4, 124.7, 123.1,
122.7, 118.4, 115.0, 105.4, 67.1, 56.1, 48.9, 38.0, 34.9, 34.0,
28.3, 26.5, 25.5, 24.9. Anal. Calcd for C30H34N4O4S2: C,
62.26; H, 5.92; N, 9.68. Found: C, 62.59; H, 5. 61; N, 9.53.

N- ( ( 1 - ( 4 - ( 4 - ( 6 - b romo -4 -o xo - 4H-ch romen -2 -
yl)phenoxy)butyl)-1H-1,2,3-triazol-4-yl)methyl)-5-(1,2-
dithiolan-3-yl)pentanamide (12) Off-white solid; mp 143–
145 °C; IR (KBr, cm−1) νmax: 3303 (NH), 2929 (C-H), 1640
(C=O). 1H NMR (DMSO-d6, 500 MHz) δ: 8.27 (bt, 1H, NH),
8.09 (s, 1H, triazole) 8.05 (d, 2H, J = 8.5 Hz, phenoxy), 7.97
(d, 1H, J = 9.0 Hz, H7), 7.91 (s, 1H, H5), 7.78 (d, 1H,
J = 9.0 Hz, H8), 7.10 (d, 2H, J = 8.5 Hz, phenoxy), 7.00 (s,
1H, H3), 4.43 (t, 2H, J = 6.5 Hz, CH2-N), 4.28 (d, 2H, J =
5.5 Hz, CH2-NH), 4.10 (t, 2H, J = 6.0 Hz, CH2-O), 3.58–3.56
(m, 1H, CH-S), 3.19–3.08 (m, 2H, CH2-S), 2.40–2.37 (m, 1H,
S-CH2-CH2), 2.09 (t, 2H, J = 7.0 Hz, CH2-CO), 1.97 (t, 2H,
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J = 7.0 Hz, CH2-CH2-N), 1.85–1.82 (m, 1H, CH2-CH2-S),
1.73–1.70 (m, 2H, O-CH2-CH2), 1.65–1.62 (m, 1H, CH2-
CH2-CO), 1.51–1.50 (m, 3H, aliphatic chain), 1.33–1.30 (m,
2H, aliphatic chain). 13C NMR (DMSO-d6, 125 MHz) δ:
175.6, 171.9, 163.0, 161.6, 154.5, 145.0, 136.7, 128.4,
128.3, 126.9, 124.8, 122.8, 122.7, 121.1, 117.7, 115.0, 67.2,
56.1, 48.9, 38.0, 34.9, 34.0, 28.2, 26.5, 25.5, 24.9. Anal. Calcd
for C30H33BrN4O4S2: C, 54.79; H, 5.06; N, 8.52. Found: C,
55.09; H, 5.32; N, 8.43.

5-(1,2-Dithiolan-3-yl)-N-((1-(4-(4-(7-fluoro-4-oxo-4H-
chromen-2-yl )phenoxy)butyl)-1H-1,2,3- tr iazol-4-
yl)methyl)pentanamide (13) Off-white solid; mp 152–154 °C;
IR (KBr, cm−1) νmax: 3309 (NH), 2928 (C-H), 1640 (C=O).
1HNMR (DMSO-d6, 500MHz) δ: 8.27 (bs, 1H, NH), 8.10 (d,
1H, J = 8.0 Hz, H5), 8.06 (d, 2H, J = 8.0 Hz, phenoxy), 7.92
(s, 1H, triazole), 7.73 (d, 1H, J = 9.0 Hz, H8), 7.38 (t, 1H,
J = 8.0 Hz, H6), 7.10 (d, 2H, J = 8.0 Hz, phenoxy), 6.95 (s,
1H, H3), 4.41 (t, 2H, J = 6.5 Hz, CH2-N), 4.27 (d, 2H, J =
5.5 Hz, CH2-NH), 4.10 (t, 2H, J = 6.5 Hz, CH2-O), 3.60–3.55
(m, 1H, CH-S), 3.18–3.09 (m, 2H, CH2-S), 2.41–2.36 (m, 1H,
S-CH2-CH2), 2.09 (t, 2H, J = 7.0 Hz, CH2-CO), 1.99–1.96
(m, 2H, aliphatic chain), 1.85–1.81 (m, 1H, S-CH2-CH2),
1.73–1.72 (m, 2H, aliphatic chain), 1.66–1.62 (m, 1H, CH2-
CH2-CO), 1.51–1.30 (m, 5H, aliphatic chain). 13C NMR
(DMSO-d6, 125 MHz) δ: 176.1, 172.1, 163.3, 161.5, 154.2,
144.9, 128.2, 128.1, 122.8, 114.9, 107.5, 105.5, 67.2, 56.0,
48.8, 34.9, 34.0, 28.2, 26.5, 25.5, 24.9. Anal. Calcd for
C30H33FN4O4S2: C, 60.38; H, 5.57; N, 9.39. Found: C,
60.18; H, 5. 31; N, 9.28.

N- ( ( 1 - ( 4 - ( 4 - ( 6 - ch l o ro - 4 -oxo -4H-ch romen -2 -
yl)phenoxy)butyl)-1H-1,2,3-triazol-4-yl)methyl)-5-(1,2-
dithiolan-3-yl)pentanamide (14) Off-white solid; mp 142–
144 °C; IR (KBr, cm−1) νmax: 3307 (NH), 2929 (C-H), 1630
(C=O). 1H NMR (DMSO-d6, 500 MHz) δ: 8.28 (t, 1H,
J = 5.5 Hz, NH), 8.07 (d, 2H, J = 8.5 Hz, phenoxy), 7.96 (s,
1H, triazole), 7.92–7.86 (m, 3H, H5, H7 and H8), 7.10 (d, 2H,
J = 8.5 Hz, phenoxy), 7.00 (s, 1H, H3), 4.41 (t, 2H, J = 6.5 Hz,
CH2-N), 4.28 (d, 2H, J = 5.5 Hz, CH2-NH), 4.10 (t, 2H,
J = 6.5 Hz, CH2-O), 3.59–3.56 (m, 1H, CH-S), 3.19–3.07
(m, 2H, CH2-S), 2.40–2.36 (m, 1H, S-CH2-CH2), 2.09 (t,
2H, J = 7.0 Hz, CH2-CO), 1.99–1.95 (m, 2H, CH2-CH2-N),
1.85 (sextet, 1H, CH2-CH2-S), 1.73–1.69 (m, 2H, CH2-CH2-
O), 1.65–1.62 (m, 1H, CH2-CH2-CO), 1.53–1.50 (m, 3H, al-
iphatic chain), 1.35–1.30 (m, 2H, aliphatic chain). 13C NMR
(DMSO-d6, 125 MHz) δ: 175.7, 171.8, 162.9, 161.6, 154.1,
150.4, 144.9, 133.9, 129.7, 128.4, 128.2, 124.4, 123.6, 122.8,
120.9, 115.0, 67.2, 56.1, 48.9, 38.0, 34.9, 34.0, 28.2, 26.5,
25.5, 24.9. Anal. Calcd for C30H33ClN4O4S2: C, 58.76; H,
5.42; N, 9.14. Found: C, 58.61; H, 5.39; N, 9.36.

5-(1,2-Dithiolan-3-yl)-N-((1-(5-(4-(4-oxo-4H-chromen-2-
yl)phenoxy)pentyl)-1H-1,2,3-triazol-4-yl)methyl)pentanamide
(15) Off-white solid; mp 108–110 °C; IR (KBr, cm−1) νmax:
3301 (NH), 2928 (C-H), 1628 (C=O). 1H NMR (DMSO-d6,

500MHz) δ: 8.24 (s, 1H, NH), 8.03 (m, 2H, phenoxy and H5),
7.89 (s, 1H, triazole), 7.81 (t, 1H, J = 8.0 Hz, H7), 7.76 (d, 1H,
J = 8.0 Hz, H8), 7.48 (t, 1H, J = 8.0 Hz, H6), 7.08 (d, 2H, J =
9.0 Hz, phenoxy), 6.91(s, 1H, H3), 4.36 (t, 2H, J = 7.0 Hz,
CH2-N), 4.28 (d, 2H, J = 5.5 Hz, CH2-NH), 4.06 (t, 2H,
J = 6.5 Hz, CH2-O), 3.57 (quintet, J = 6.0 Hz, 1H, CH-S),
3.19–3.07 (m, 2H, S-CH2), 2.39 (sextet, 1H, J = 6.7 Hz, S-
CH2-CH2), 2.10 (t, 2H, J = 7.5 Hz, CH2-CO), 1.88–1.76 (m,
5H, aliphatic chain), 1.65–1.60 (m, 1H, CH2-CH2-CO), 1.54–
1.50 (m, 3H, aliphatic chain), 1.42–1.31 (m, 4H, aliphatic
chain). 13C NMR (DMSO-d6, 125 MHz) δ: 176.7, 171.7,
162.5, 161.4, 155.5, 144.8, 133.9, 128.0, 125.2, 424.6,
123.2, 123.0, 122.4, 118.2, 114.9, 105.3, 67.5, 56.0, 49.0,
39.7, 37.9, 34.9, 33.9, 29.3, 28.1, 27.7, 24.8. Anal. Calcd for
C31H36N4O4S2: C, 62.81; H, 6.12; N, 9.45. Found: C, 62.57;
H, 5.86; N, 9.56.

N- ( ( 1 - ( 5 - ( 4 - ( 6 - b romo -4 -o xo - 4H-ch romen -2 -
yl)phenoxy)pentyl)-1H-1,2,3-triazol-4-yl)methyl)-5-(1,2-
dithiolan-3-yl)pentanamide (16) Off-white solid; mp 105–
107 °C; IR (KBr, cm−1) νmax: 3310 (NH), 2927 (C-H), 1631
(C=O). 1H NMR (DMSO-d6, 500MHz) δ: 8.26 (bs, 1H, NH),
8.09 (s, 1H, triazole), 8.05 (d, 2H, J = 8.0 Hz, phenoxy), 7.77
(d, 1H, J = 9.0 Hz, H7), 7.88 (s, 1H, H5), 7.77 (d, 1H, J =
9.0 Hz, H8), 7.10 (d, 2H, J = 8.0 Hz, phenoxy), 6.99 (s, 1H,
H3), 4.35 (t, 2H, J = 6.5 Hz, CH2-N), 4.28 (d, 2H, J = 5.5 Hz,
CH2-NH), 4.06 (t, 2H, J = 6.5 Hz, CH2-O), 3.58–3.55 (m, 1H,
CH-S), 3.19–3.09 (m, 2H, 2H, CH2-S), 2.40–2.37 (m, 1H, S-
CH2-CH2), 2.08 (bs, 1H, CH2-CO), 1.88–1.76 (m, 5H, ali-
phatic chain), 1.65–1.59 (m, 1H, CH2-CH2-CO), 1.55–1.32
(m, 7H, aliphatic chain). 13C NMR (DMSO-d6, 125 MHz)
δ: 175.6, 171.8, 162.9, 161.6, 156.2, 154.9, 144.9, 136.7,
130.4, 126.7, 128.3, 122.7, 121.1, 117.7, 114.9, 67.6, 56.1,
49.0, 34.9, 34.0, 29.4, 28.2, 27.8, 24.9, 22.0. Anal. Calcd for
C31H36N4O4S2: C, 55.43; H, 5.25; N, 8.34. Found: C, 55.23;
H, 5.13; N, 8.04.

N- ( ( 1 - ( 5 - ( 4 - ( 6 - ch l o ro - 4 -oxo -4H-ch romen -2 -
yl)phenoxy)pentyl)-1H-1,2,3-triazol-4-yl)methyl)-5-(1,2-
dithiolan-3-yl)pentanamide (17) Off-white solid; mp 140–
142 °C; IR (KBr, cm−1) νmax: 3297 (NH), 2920 (C-H), 1630
(C=O). 1H NMR (DMSO-d6, 500MHz) δ: 8.26 (bs, 1H, NH),
8.05 (d, 2H, J = 8.0 Hz, phenoxy), 7.96 (s, 1H, triazole), 7.89–
7.85 (m, 3H, H5, H7 and H8), 7.10 (d, 2H, J = 8.0 Hz,
phenoxy), 6.99 (s, 1H, H3), 4.35 (t, 2H, J = 6.5 Hz, CH2-N),
4.28 (d, 2H, J = 5.0 Hz, CH2-NH), 4.06 (t, 2H, J = 6.0 Hz,
CH2-O), 3.59–3.56 (m, 1H, CH-S), 3.18–3.08 (m, 2H, CH2-
S), 2.40–2.36 (m, 1H, S-CH2-CH2), 2.09 (t, 2H, J = 7.0 Hz,
CH2-CO), 1.89–1.76 (m, 5H, aliphatic chain), 1.64–1.62 (m,
1H, CH2-CH2-CO), 1.51–1.32 (m, 7H, aliphatic chain). 13C
NMR (DMSO-d6, 125 MHz) δ: 175.7, 171.8, 161.6, 163.2,
157.2, 144.2, 129.7, 128.3, 128.2, 123.7, 122.7, 122.2, 114.9,
67.6, 56.3, 49.0, 38.1, 34.9, 34.0, 29.4, 28.2, 27.8, 24.9, 22.4.
Anal. Calcd for C31H35ClN4O4S2: C, 59.36; H, 5.62; N, 8.93.
Found: C, 59.12; H, 5.29; N, 9.18.
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5-(1,2-Dithiolan-3-yl)-N-((1-(3-((4-oxo-4H-chromen-7-
yl)oxy)propyl)-1H-1,2,3-triazol-4-yl)methyl)pentanamide
(18) Off-white solid; mp 89–91 °C; IR (KBr, cm−1) νmax:
3295 (NH), 2928 (C-H), 1640 (C=O). 1H NMR (DMSO-d6,
500 MHz) δ: 8.29 (t, 1H, J = 5.5 Hz, NH), 8.22 (d, 1H, J =
6.0 Hz, H5), 7.94–7.92 (m, 2H, triazole and H2), 7.11 (d, 1H,
J = 2.0 Hz, H8), 7.03 (dd, 1H, J = 9.0 Hz, J = 2.5 Hz, H6), 6.26
(d, 1H, J = 6.0 Hz, H3), 4.51 (t, 2H, J = 7.0 Hz, CH2-N), 4.26
(d, 2H, J = 5.5 Hz, CH2-NH), 4.11 (t, 2H, J = 6.0 Hz, CH2-O),
3.60–3.54 (m, 1H, CH-S), 3.16–3.10 (m, 2H, CH2-S), 2.41–
2.36 (m, 1H, S-CH2-CH2), 2.32–2.27 (m, 2H, aliphatic chain),
2.07 (t, 2H, J = 7.5 Hz, CH2-CO), 1.85–1.82 (m, 1H, S-CH2-
CH2), 1.65–1.59 (m, 1H, CH2-CH2-CO), 1.51–1.49 (m, 3H,
aliphatic chain), 1.33–1.29 (m, 2H, aliphatic chain).13C NMR
(DMSO-d6, 125 MHz) δ: 175.6, 171.8, 162.7, 157.7, 145.1,
126.2, 118.1, 114.9, 114.8, 112.1, 101.3, 65.5, 56.1, 46.3,
38.1, 35.0, 34.1, 29.2, 28.3, 24.9. Anal. Calcd for
C23H28N4O4S2: C, 56.54; H, 5.78; N, 11.47. Found: C,
56.29; H, 6. 01; N, 11.55.

5-(1,2-Dithiolan-3-yl)-N-((1-(4-((4-oxo-4H-chromen-7-
yl)oxy)butyl)-1H-1,2,3-triazol-4-yl)methyl)pentanamide (19)
Off-white solid; mp 128–130 °C; IR (KBr, cm−1) νmax:
3296 (NH), 2927 (C-H), 1644 (C=O). 1H NMR (DMSO-d6,
500 MHz) δ: 8.30 (t, 1H, J = 6.0 Hz, NH), 8.10 (d, 1H, J =
6.0 Hz, H5), 7.93–7.91 (m, 2H, triazole and H2), 7.12 (d, 1H,
J = 2.5 Hz, H8), 7.04 (dd, 1H, J = 8.5 Hz, J = 2.5 Hz, H6), 6.26
(d, 1H, J = 6.0 Hz, H3), 4.40 (t, 2H, J = 7.0 Hz, CH2-N), 4.26
(d, 2H, J = 4.5 Hz, CH2-NH), 4.12 (t, 2H, J = 6.5 Hz, CH2-O),
3.60–3.55 (m, 1H, CH-S), 3.18–3.08 (m, 2H, CH2-S), 2.41–
2.34 (m, 1H, S-CH2-CH2), 2.08 (t, 2H, J = 7.5 Hz, CH2-CO),
1.98–1.93 (m, 2H, aliphatic chain), 1.85–1.79 (m, 1H, S-CH2-
CH2), 1.74–1.68 (m, 2H, aliphatic chain), 1.66–1.60 (m, 1H,
CH2-CH2-CO), 1.55–1.47 (m, 3H, aliphatic chain), 1.34–1.29
(m, 2H, aliphatic chain). 13C NMR (DMSO-d6, 125 MHz) δ:
175.6, 171.9, 163.0, 156.5, 145.0, 122.1, 118.0, 114.9, 112.1,
101.4, 67.7, 56.1, 48.8, 38.1, 35.0, 34.1, 28.3, 26.5, 25.4, 24.9.
Anal. Calcd for C24H30N4O4S2: C, 57.35; H, 6.02; N, 11.15.
Found: C, 57.28; H, 6. 33; N, 11.37.

5-(1,2-Dithiolan-3-yl)-N-((1-(5-((4-oxo-4H-chromen-7-
yl)oxy)pentyl)-1H-1,2,3-triazol-4-yl)methyl)pentanamide (20)
Off-white solid; mp 89–90 °C; IR (KBr, cm−1) νmax: 3296
(NH), 2929 (C-H), 1645 (C=O). 1H NMR (DMSO-d6,
500 MHz) δ: 8.29 (t, 1H, J = 5.5 Hz, NH), 8.21 (d, 1H, J =
6.0 Hz, H5), 7.92–7.89 (m, 2H, triazole and H2), 7.11 (d, 1H,
J = 2.0 Hz, H8), 7.02 (dd, 1H, J = 8.8 Hz, J = 2.0 Hz, H6), 6.25
(d, 1H, J = 6.0 Hz, H3), 4.34 (t, 2H, J = 7.0 Hz, CH2-N), 4.26
(d, 2H, J = 5.5 Hz, CH2-NH), 4.08 (t, 2H, J = 6.2 Hz, CH2-O),
3.58–3.55 (m, 1H, CH-S), 3.18–3.08 (m, 2H, CH2-S), 2.39–
2.35 (m, 1H, S-CH2-CH2), 2.08 (t, 2H, J = 7.5 Hz, CH2-CO),
1.89–1.74 (m, 5H, aliphatic chain), 1.63–1.61 (m, 1H, CH2-
CH2-CO), 1.54–1.47 (m, 3H, aliphatic chain), 1.41–1.29 (m,
4H, aliphatic chain). 13C NMR (DMSO-d6, 125 MHz) δ:
175.6, 1718, 163.0, 147.7, 156.4, 144.9, 126.3, 122.3,

117.9, 114.9, 112.1, 101.2, 68.2, 56.1, 49.1, 38.0, 34.9,
34.0, 29.4, 28.3, 27.7, 24.9, 22.4. Anal. Calcd for
C25H32N4O4S2: C, 58.12; H, 6.24; N, 10.84. Found: C,
57.96; H, 6. 07; N, 10.53.

Biological assays

Neuroprotective activity of the compounds

The cell viability was evaluated with the colorimetric assay
using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT) [52]. PC12 cell line was obtained from the
Iranian Biological Resource Center, IBRC. The seeded cells
in 96-well plates (1 × 104 cells/well) were incubated for 24 h at
37 °C under a humidified air containing 5% CO2. The cells
were next treated with the tested compound (1–50 μM) and
incubated for 3 h. Then, the cells were exposed with H2O2

(150 μM) and incubated for another 2 h. The medium was
then replaced with 20 μL of MTT solution (5 mg/mL) and the
cells were next incubated for another 4 h. The MTT solution
was next removed and the crystals of formazan were solubi-
lized using 100 μL of DMSO. A multi-mode plate reader
(Biotek, Winooski, VT) was employed to record the appropri-
ate absorbance at 570 nm. The results were reported as the
percentage of untreated control cells and were the mean of
three times determinations.

AChE/BuChE inhibition activity of the compounds

The Ellman method was used for ChE inhibition assay [53].
Donepezil was used as reference compound. The assay solu-
tion contained of phosphate buffer (0.1 M, pH 8.0), 5,5-
dithiobis(2-nitrobenzoicacid) (0.01 M), eelAChE or
eqBuChE (5 IU/mL, Sigma Chemical), various concentration
of the tes ted compound solut ion and acetyl - or
butyrylthiocholine iodide (0.05 M). The assay solutions in
the presence or absence of the inhibitor were pre-incubated
at 37 °C for 3 min after addition of the substrate. Each exper-
iment was performed in triplicate, and log concentration ver-
sus inhibition curve was applied to achieve the IC50 values
graphically.

Determination of the inhibitory potency of the compound
against Aβ1–42 self-aggregation

Phosphate-buffered saline (PBS, pH 7.4, HyClone Thermo
Scientific) having 1% ammonium hydroxide was utilized to
solve Aβ1–42 (50 μM, Sigma A9810). The solution was
shaked for 72 h at 37 °C. Aliquot of Aβ1–42 (10 μL) was
incubated in PBS (0.05 M, pH 7.4) at 37 °C for 48 h with or
without the tested inhibitor (100 μM). To investigate the Aβ1–

42 self-aggregation, the thioflavin T (ThT) fluorescence meth-
od was employed [54]. After incubation, the mixture was
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treated with thioflavin T (50 μL, 200 μM, in 50 mM glycine-
NaOH buffer, pH = 8.5). The amyloid fibril formation was
screened by Microplate Reader (Spectra Max) at λexc =
448 nm and λem = 490 nm. Donepezil and rifampicin were
applied as standard compounds. The inhibitory activity of
the compound against Aβ-self-aggregation was calculated
by the following equation: [(IFi/IFo) × 100] where IFi refers
to the fluorescence intensity of Aβ1–42 with inhibitor and IFo
is related to the fluorescence intensity achieved for Aβ1–42 in
the absence of inhibitor.

Determination of intracellular ROS formation in PC12 cells
induced by H2O2

The antioxidant potency of the selected compound was deter-
mined by measuring the amount of ROS evoked after PC12
cells exposure with H2O2. 2′,7′-dichloro-fluorescein diacetate
(DCFH-DA) was employed as a ROS-sensitive dye to mea-
sure intracellular ROS formation [55]. PC12 cells seeded in
96-well plates were incubated at 37 °C in humidified CO2

atmosphere (5%) for 24 h (1 × 104 cells/well in growth medi-
um). The cells were then exposed with the tested compound
(1–50μM) for 6 h. After cell washing with PBS, the cells were
incubated with 150 μM of H2O2 for 18 h. After washing the
cells with PBS, they were incubated with 10 μM of DCFH-
DA for 30 min at 37 °C under dark. The fluorescence of the
DCF in the cells was calculated using ELISA spectrofluorom-
eter (BioTek, excitation/emission at 485 nm/528 nm) after
removal of DCFH-DA and washing the cells with PBS. The
results are the percentage of increase in intracellular ROS
compared to the control (untreated cells) and calculated by
the formula [(Ft – Fnt)/Fnt × 100], where Ft = fluorescence of
the treated cells and Fnt = fluorescence of untreated cells.

FRAP assay

Previously reported method with slight modifications was
used to determine the total antioxidant power of the com-
pound [56]. A 240 μL of FRAP reagent (a mixture of three
solutions containing 20 mM FeCl3, 10 mM TPTZ (2,4,6-
tripyridyl-s-triazine), and 0.3 M acetate buffer having pH of
3.6) was added to the selected compound (10 μL, 10 μM) and
the obtained solution was incubated for 15 min. The changes
in the absorbance was studied by a microplate reader (BioTek
Synergy HT) at 593 nm and the proportion of Fe3+ reduced to
Fe2+ concentration was then calculated according to the plot-
ted standard curve of Fe2+.

Metal chelating ability

The metal chelation activity of the selected compound was
studied in the presence and absence of bio-metal ions
(FeSO4, CuCl2, MgCl2, ZnCl2, CaCl2, and AlCl3). The tested

compound was incubated with various concentrations metal
ions for 0.5 h at ambient temperature and the appropriate
spectrum was taken by a dual-beam (GBC Cintra 101) spec-
trophotometer in the range of wavelength from 200 to 500 nm.
The stoichiometry of the complex was determined using the
molar ratio method. UV-vis spectra of metal solution (2.5 mL,
80 μM) at increasing ligand concentrations were recorded
[57].

Docking simulation

The Autodock vina software 1-1-2 and the AChE and BuChE
crystal structure (PDB cod: 1EVE and 4BDS, respectively)
was used for docking study. The conversion of the ligand to
pdbqt format was conducted by Open babel (2.3.1) [58]. The
active site dimensions were set as box size: 20 × 20 × 20 Å.
Molecular visualization was carried out by DS visualizer mo-
lecular graphics system [59].

Statistical analysis

Data were expressed as mean ± standard error of the mean
(SEM) of the experiments (at least three independent measure-
ments). One-way ANOVA with Dunnett post hoc test was
used for statistical analysis and a p value less than 0.05 was
considered statistically significant.

Results and discussion

Chemistry

As illustrated in Scheme 1, compound 3 was initially synthe-
sized via reaction of substituted 2′-hydroxyacetophenone with
4-methoxy benzaldehyde through a domino aldol-Michael-
oxidation reaction catalyzed by pyrrolidine and iodine in di-
methyl sulfoxide (DMSO). Compound 3was converted to the
corresponding 2-(4-hydroxyphenyl)-4H-chromen-4-one de-
rivatives (4a-d) by BBr3 in dichloromethane. Compound 5
was also prepared in one step from the reaction of 2,4-
dihydroxyacetophenone and triethyl orthoformate in the pres-
ent of 70% perchloric acid leading to the formation of per-
chlorate salt which was then hydrolyzed to reach target com-
pound (5). The bromoalkoxy intermediates 6a-i, and 8a-c
were then prepared via the reaction of 4a-d or 5 with appro-
priate amount of dibromoalkanes in acetone solution of anhy-
drous K2CO3 under refluxing condition for 4 h. Compound 7
was separately synthesized through the amidation reaction
between LA and propargylamine in the presence of 4-
d i m e t h y l am i n o p y r i d i n e ( DMAP ) a n d N ,N ′ -
dicyclohexylcarbodimide (EDCI). Target compounds 9–20
were finally prepared through a one-pot three-component
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Scheme 1 Synthetic routes to compounds 9–20. Reagents and
conditions: (a) pyrrolidine, DMSO, I2; (b) BBr3, DCM; (c) HC(OEt)3,
70% HClO4; (d) H2O, 100 °C; (e) Br(CH)nBr (n = 3–5), anhydrous

K2CO3, acetone, reflux, 4 h; (f) propargylamine, EDCI, DMAP,
CH2Cl2, rt., 12 h; (g) NaN3, CuSO4, sodium ascorbate, t-Butanol/H2O,
70 °C, 12 h
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reaction between compounds 6a-i or 8a-c, sodium azide and
compound 7 catalyzed by copper (II).

Biological assay

Primarily, neuroprotection and cholinesterase inhibitory activ-
ities of all target compounds 9–20 were evaluated to find the
best potent compound for further studies.

Neuroprotection potency against PC12 cell damaged
induced by H2O2

Oxidative damage and neurotoxicity created by H2O2 are con-
sidered as most important factor controlling the progress of
neurodegenerative disorder [60]. Therefore, neuroprotection
activity of the prepared chromone–LA conjugates 9–20 were
screened at different concentrations of 1, 5, 10, 20 and 50 μM

usingMTT assay. All compounds, in all concentrations, could
significantly increase the cell viability of PC12 cells dose de-
pendently, even at low concentration of 1 μM (Table 1,
p < 0.001). Interestingly, compounds 15, 16, and 17 having
five carbon chain length (n = 5) exhibited higher neuroprotec-
tive activity than that of quercetin as reference drug in all
concentrations. By comparison between compounds 9, 11,
and 15 bearing simple 2-phenyl-4H-chromen-4-one moiety
and different carbon chain length (n = 3, 4 and 5 for com-
pounds 9, 11, and 15, respectively), it could be implied that
increasing the size of cross-linker could increase the neuro-
protection activity of the target compounds (Table 1). The
same behaviour was also seen for compounds 18–20 as 4H-
chromen-4-one derivatives substituted at 7 position. Notably,
the unsubstituted chromen derivatives had less neuroprotec-
tive activity on the H2O2-induced cell death than halo-
substituted analogues (compare compound 9 with compound

Table 1 The protective effect of compounds 9–20 against H2O2-induced injury in PC12 cell line at different concentrations

Compound n R PC12 cells viability (% of control)a

H2O2 1 μM 5 μM 10 μM 20 μM 50 μM

9 3 H 22.2 ± 2.1 28.1 ± 1.6*** 32.4 ± 2.6*** 36.0 ± 1.8*** 37.2 ± 1.5*** 38.5 ± 1.7***

10 3 6-Br 20.1 ± 1.2 31.3 ± 1.0*** 33.5 ± 0.9*** 40.5 ± 0.9*** 43.8 ± 1.0*** 48.1 ± 1.1***

11 4 H 25.0 ± 1.4 33.0 ± 1.2*** 39.3 ± 0.8*** 41.3 ± 1.2*** 44.2 ± 0.8*** 46..5 ± 1.2***

12 4 6-Br 26.6 ± 0.5 38.3 ± 1.0*** 48.9 ± 1.2*** 52.8 ± 0.5*** 59.3 ± 0.6*** 64.3 ± 1.4***

13 4 7-F 24.7 ± 1.4 37.2 ± 0.6*** 41.0 ± 1.0*** 48.3 ± 2.0*** 53.0 ± 2.6*** 59.7 ± 2.2***

14 4 6-Cl 24.6 ± 0.2 38.8 ± 0.8*** 44.7 ± 0.5*** 50.5 ± 0.6*** 60.9 ± 0.6*** 66.4 ± 1.0***

15 5 H 25.8 ± 1.1 44.9 ± 1.2*** 52.0 ± 1.1*** 57.2 ± 0.7*** 61.6 ± 1.1*** 65.2 ± 0.2***

16 5 6-Br 25.9 ± 1.3 47.7 ± 1.0*** 59.0 ± 0.8*** 67.8 ± 0.6*** 71.6 ± 1.6*** 81.8 ± 1.2***

17 5 6-Cl 25.9 ± 0.9 44.9 ± 0.6*** 52.8 ± 0.7*** 60.8 ± 1.1*** 69.3 ± 0.7*** 75.3 ± 1.4***

18 3 – 22.8 ± 1.2 28.3 ± 0.9*** 31.0 ± 2.1*** 36.7 ± 1.1*** 40.1 ± 0.9*** 43.4 ± 0.5***

19 4 – 27.5 ± 1.0 35.6 ± 0.3*** 42.8 ± 0.7*** 45.4 ± 1.2*** 50.2 ± 0.6*** 53.9 ± 0.1***

20 5 – 28.0 ± 0.4 41.0 ± 0.3*** 47.2 ± 0.5*** 52.3 ± 0.5*** 57.4 ± 0.5*** 62.5 ± 0.8***

Quercetin – – 28.6 ± 0.8 40.7 ± 0.4*** 47.3 ± 0.9*** 53.7 ± 1.2*** 56.9 ± 0.5*** 58.8 ± 0.1***

a)*** Cell viability was determined using MTT assay protocol. Data are expressed as the mean ± SEM of three independent replicates. The significant
(p < 0.001) values with respect to the H2O2 group
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10, compound 11 with compounds 12–14 and compound 15
with compounds 16 and even 17 at especially high
concentrations).

Cholinesterase inhibitory activity

AChE and BuChE inhibitory activity of all chromone–LA
conjugates 9–20 were investigated. Table 2 shows the IC50

values of the compounds compared with standard drug
donepezil. No significant effect was observed against AChE
at 100 μM for most of the compounds, except 7-fluoro deriv-
ative (13) with moderate activity against AChE (IC50 =
56.50 μM). The results revealed that the activity of the 7-
position substituted derivatives (18–20) against BuChE was
better than the 2-position modified derivatives (9–17). Among
the 7-substituted derivatives, only compound 18 and 19with 3
or 4 atom chain lengths showed appropriate anti-BuChE ac-
tivity (IC50 = 15.32 and 7.55 μM, respectively). Compound
20 with 5 carbone spacer (n = 5) revealed no activity against

BuChE confirming the great effect of the cross-linker and size
of the molecule to occupy the enzyme active site. Therefore,
the extension of the linker has no positive effect on the BuChE
inhibitory potency.

When tacrin bearing halogen substituent was conju-
gated to LA by 3 carbone spacer, the AChE and BuChE
inhibition activities, especially AChEI activity, were im-
proved in comparison with tacrin [35]. The study con-
firmed the important role of the length of the cross-
linker on ChEs inhibition activity of the target com-
pounds. Previous study also revealed that hybridization
of tacrin with chromone scaffold improves BuChE inhi-
bition activity more than that of AChEI which is in
good agreement with the achievement of our results
[30]. The same result was also observed when other
well-known pharmacophores combine with each other.
Attachment of LA and/or chromone to rivastigmine re-
sulted in a higher BuChE inhibition activity than AChE
inhibition [28]. It seems that LA can improve the

Table 2 Inhibitory activity of the synthesized compounds 9–20 against AChE and BuChE

Compound n R AChEa IC50 (μM) BuChEa IC50 (μM)

9 3 H >100 >100

10 3 6-Br >100 >100

11 4 H >100 >100

12 4 6-Br >100 >100

13 4 7-F 56.50 ± 3.91 >100

14 4 6-Cl >100 >100

15 5 H >100 >100

16 5 6-Br >100 >100

17 5 6-Cl >100 >100

18 3 – >100 15.32 ± 1.21

19 4 – >100 7.55 ± 0.78

20 5 – >100 >100

Donepezil – – 0.027 ± 0.004 4.01 ± 0.56

a Inhibitor concentration (mean ± SEM of three experiments) required for 50% inactivation of ChE
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BuChE inhibition activity of the mother scaffold more
than AChE inhibition activity. Based on the results, it
seems that electron donating groups on chromone scaf-
fold and also using appropriate spacer to prevent molec-
ular folding may facilitate proper interactions with the
enzyme transforming target compounds into more potent
inhibitors.

Other biological evaluation for the selected
compound (19)

The neuroprotection assay revealed that all compounds could
significantly protect PC12 cells against oxidative damage.
However, among all chromone–LA conjugates, only com-
pounds 13, 18 and 19 showed moderate anti-ChE activity.
Also, compound 19 exhibited more potent neuroprotective
activity (comparable with quercetin as reference drug) and
the highest anti-BuChE activity. Therefore, all other studies
were performed for compound 19.

Kinetic analysis of BuChE inhibition

The kinetic study of the most active anti-BuChE compound
19 was evaluated at different concentrations of the substrate.
Lineweaver-Burk plots confirmed mixed-type of inhibition
against BuChE (Fig. 2a) suggesting the ability of compound
19 to interact with both catalytic active site (CAS) and periph-
eral anionic site (PAS) of the enzyme. The inhibition constant
Ki was calculated (Ki = 7.97 μM) and a non-competitive in-
hibition was obtained from secondary plots of the slope versus
concentration of compound 19 (Fig. 2b).

Docking studies

The binding modes of the most active compounds against
AChE (13) and BuChE (19) in the active site of the
enzymes were defined by docking study. According to
the docking scores, the binding energies of −10.60 Kcal/
mol and −9.32 Kcal/mol were calculated for 13 and 19 in
the active site of AChE, respectively. The lower affinity of
compound 19 in the AChE active site could be attributed
to the lack of suitable interaction with PAS of the en-
zyme. In contrast, two stabilizing π-π stacking with Trp
279 could be occurred for compound 13. As depicted in
Fig. 3, both molecules have folded to accommodate in the
enzymes active site. The π-sulfur interaction between 1,2-
dithiolane and central triazole ring stabilized the conforma-
tion. Moreover, an extra π-sulfur interaction between 1,2-
dithiolane and Trp 84 and Phe 330 were observed. In this
orientation, the more lipophilic part of the molecule tends
to bind with PAS. The folding of the molecule has closed
up the benzopyranone ring to the PAS. In such conforma-
tion, π-π stacking could be formed with Trp 279. This
π-π stacking is crucial to discriminate between 13 and
19 to bind more tightly to the active site.

In the case of BuChE, compounds 13 and 19 expressed
different modes of binding in such a way that the folding of
the molecules was quite different. In both molecules the tri-
azole ring served as hinge to help molecule forming U-shape.
As can be seen in Fig. 4, compound 19 folded outside the
gorge; while, compound 13 folded inside. The binding ener-
gies were −8.89 and −8.43 for compounds 19 and 13, respec-
tively. The less binding energy of compound 13 could be
explained by more conformational energy and steric hin-
drance with the receptor.

Fig. 2 a Lineweaver-Burk plot for the inhibition of BuChE by compound 19 at different concentrations of BuTCh, (b) Secondary plot for
calculation of steady-state inhibition constant of compound 19, Ki = 7.97 μM
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Anti-amyloid aggregation activity

According to the role of BuChE in Aβ formation [5], the
ability of compound 19, as most active BuChEI, against
amyloid-beta aggregation was determined using the thioflavin
T (ThT) analysis and compared with standard drugs
(donepezil and rifampicin). The results in Table 3 show that
compound 19 display moderate potency (13% inhibition, at
100 μM concentration), in comparison to donepezil (22% at
100 μM concentration) to inhibit Aβ aggregation. This re-
duced inhibitory ability compared to our previous coumarin-
LA adducts with 62.4% and 51.2% inhibition activity [14],
could be probably due to the absence of electron-donating

functional groups (specially methoxy group) on compound
19 and also lack of appropriate hydrophobic and aromatic
interactions between Aβ probes and inhibitor [61].

Intracellular ROS inhibition activity of the selected
compound

DCFH-DA (Dichloro-dihydro-fluorescein diacetate) as-
say was applied to investigate the antioxidant activity
of compound 19 against intracellular ROS formation in
PC12 cells at concentrations having no effect on the
cell viability (1, 5, 10 and 50 μM). The results revealed
that ROS production significantly decreased in a

Fig. 3 The binding mode of
compound 13 (left) and com-
pound 19 (right) in the gorge of
AChE

Fig. 4 The binding mode of
compound 13 (left) and com-
pound 19 (right) in the gorge of
BuChE
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concentration-independent manner (Fig. 5, Table S1). In
concentration of 10 μM, ROS formation was signifi-
cantly lower than the H2O2 group, while LA showed
similar inhibition activity at the higher concentration
(50 μM). Moreover, the endogenous ROS significantly
decreased in the treated cells with compound 19 com-
pared with untreated control cells. Beside antioxidant
effects of LA part, the presence of an α,β-unsaturated
carbonyl group in chromone scaffold could have a com-
plementary effect on the antioxidant activity. Based on
previous reports, it seems that the presence of electron
donating groups like hydroxyl and methoxy group can
improve the antioxidant activity of the target com-
pounds [36].

Total antioxidant assay

The FRAP (ferric reducing antioxidant power) of the com-
pound 19 was compared with LA, quercetin, and ascorbic
acid. The results indicated that compound 19 have excellent
reducing power (Fe+2, 85.57 mM), comparable with quercetin
and LA (Table 4) and could be considered as strong
antioxidant.

Metal-chelating property

The chelating ability of compound 19 towards biologi-
cally relevant metal ions (Cu+2, Fe+2, Ca+2, Mg+2, Zn+2,
and Al+3) was investigated by UV-vis spectrometry
(Fig. 6a). In the absence of metal ions, the spectrum
of compound 19 showed the maximum absorption at
303, and 297 nm. The curve intensity increased when
CuCl2 was added suggesting the formation of 19-Cu2+

complex. However, no significant change was observed
in the UV spectrum after adding FeSO4, CaCl2, MgCl2,
ZnCl2 or AlCl3. The ability of compound 19 to chelate
Cu2+ as bio-metal was studied by using mole ratio
method. In this method, the total molar concentration
of the tested ligand was continuously varied, while the
molar concentration of Cu(II) was kept constant. As
indicated in Fig. 6b, the addition of compound 19 to
Cu+2 leads to an increase in the maximum absorbance

which was then plateaued at a mole ratio of 2, indicat-
ing a 2:1 stoichiometry for complex of 19-copper ions.
The presence of several chelating sites including amid
and disulfide bonds on the target compounds is one of
the reasons why compound 19 turn into great
antioxidant.

Conclusion

In summary, a new series of chromone-LA hybrids were
introduced as multifunctional agents against AD. All
target compounds were potent as neuroprotective agents
against H2O2-induced cell death. Especially, compounds
15, 16, and 17 were more active than quercetin (refer-
ence drug) in all range of concentrations. The anti-ChE
assay showed that only 7-fluoro-flavone derivative 13
has moderate activity against AChE. In the case of
BuChE inhibition, 7-position substituted derivatives
showed more inhibitory activity than 2-position modi-
fied compounds. Among the 7-position substituted con-
geners, only compounds 18 and 19 showed proper
BuChE inhibitory activity (IC50 = 15.32 and 7.55 μM,
respectively). It could be eventually concluded that the
chromone-LA hybrids showed significant neuroprotec-
tive activity in all concentrations, especially in halo-
or methoxy-substituted derivatives. In the case of anti-

Table 3 Inhibition of Aβ self-aggregation by the compound 19

Compound Inhibition of Aβ Self-aggregationa (%)

19 13.1 ± 3.2

Rifampicin 27.5 ± 4.3

Donepezil 22 ± 5.4

a Aβ1–42 (10 μM) aggregation in presence of the tested compound
(100 μM) In
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Fig. 5 The effect of compound 19 and LA on intracellular ROS
formation in neuronal PC12 cells. Values are the mean ± SEM of three
independent experiments (*P < 0.05, ***P < 0.001) vs. H2O2 group (See
supporting information for details, Table S1)

Table 4 Antioxidant
activity of compound 19
determined by FRAP
assay

Compound FRAP (mM)a

19 85.57 ± 0.61

Lipoic acid 84.23 ± 0.79

Ascorbic acid 81.16 ± 0.50

Quercetin 84.77 ± 1.18

a) The data are expressed as Mean ± SEM
of three experiments
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ChE activity, most of the compounds were weak inhib-
itors of AChE and BChE, suggesting that further studies
are needed on the chromone substitution and the length
of the cross-linker. It seems that changing the substitu-
ents on the chromone scaffold may improve the BuChE
inhibition activity of the target compound through well
matching with the active site of the enzymes. However,
the main aim of this work was to make a balanced in
multi-target profile of the target compound rather than
finding high potent ChE inhibitor. In modern medicinal
chemistry, “one-molecule, one-target” paradigm has
been replaced with MTDL approach leading to simplify
the drug discovery process and generation of novel and
efficient multi-target small molecules against AD. Some
studies suggested that MTDLs with the mild activity
against one or several targets may result in better
in vivo outcomes compared to the one-target com-
pounds having high affinity. Since week connections
mostly control cellular networks, low-affinity MTDLs
may be enough to create the significant results.

The novel chromone-LA hybrid (compound 19) intro-
duced in this work, could be considered as potent neu-
roprotective agent having selective copper chelation
ability with good BuChE inhibition activity and moder-
ate anti-amyloid aggregation potency. More study on the
effect of the substituent on chromone scaffold and the
type and length of the cross-linker would be the future
objective of the work.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s40199-020-00378-1.
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