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Abstract

Alzheimer disease is the most common form of dementia affecting elderly people. The
decline in cognitive function is associated with a progressive loss of neurons and synaptic
connections, especially in the cholinergic system and donepezil acetylcholinesterase inhibitor

1s used to increase the level of neurotransmitter.

Oxidative stress contributes to neurons damages and to the development of amyloid plaques
and neurofibrillary tangles. Therefore, antioxidants are widely studied to mitigate the
progression of Alzheimer's disease, and among these, lipoic acid has demonstrated a
neuroprotective effect. Lipoic acid has been introduced in multi-targeted design ligand

approaches but lipoic N-benzylpiperidine hybrids failed at inhibit acetylcholinesterase.

Here, we present the synthesis, the molecular modeling, and the evaluation of lipoic acid —
donepezil hybrids based on O-desmethyldonepezil. Compound 6 displays inhibition of
acetylcholinesterase with an median inhibitory concentration of 7.6 nM, comparable to that of

donepezil and a notable neuroprotective effect, slightly better to that of lipoic acid.

It suggests that 6-O-desmethyldonepezil could serve a platform for the straightforward design
of donepezil hybrids.



Introduction:

Alzheimer disease (AD) is the most common degenerative disorder affecting elderly people [1].
The disease is characterized by progressive memory loss and especially short-term memory. In
later stages, AD leads to disturbances in speaking, ordering movement and visual recognition,
resulting irremediably in loss of independence of the patient. Pathogenesis of AD remains
unclear but it is widely accepted that senile plaques, consisting mainly of f-amyloid peptides
and neurofibrillary tangles, linked to imbalance of kinase and phosphatase activities generate
neuro-inflammation and neuronal dysfunctions [2]. Neuron depletion is especially massive in
the cholinergic system and three of the four licensed drugs indicated in AD are
acetylcholinesterase inhibitors (AChEI) namely donepezil, rivastigmine and galantamine that
are most effective in the early stage. The fourth, memantine, is an antagonist of the N-methyl-
D-aspartate receptor and is more effective in the later stage [3]. Current therapeutics only
moderately delay the progression of symptoms [4] and there is a need for drugs that delay the

progression of the disease.

Because of multifactorial physiopathology, the dominant paradigm guiding research for AD
treatments is the multi-targeted design ligand (MTDL) considering that a drug with multiple
actions will be more effective than a “one target” drug [5,6]. MTDL combined two or more
pharmacophores with various properties including anti f-amyloid aggregation, B-secretase
inhibition, monoamine oxidases inhibition, neuroprotective and antioxidant properties.
Oxidative stress is a vector of damage and disease progression [7] and is mainly due to reactive
oxygen species produced by mitochondrial dysregulation [8]. A wide amount of hybrids
displaying antioxidant properties have been described [5]. Among these, lipoic acid (LA) was
used very early in the MTDL approach [9-15] because of its efficacy for neutralizing ROS
generated within mitochondria and disrupting the mechanism of downregulation involved in
AD [16,17] including amyloidogenicity [18]. Moreover, clinical trials have demonstrated LA

effectiveness and suggest a neuroprotective role against AD [19].

AChEI antioxidant hybrids are mostly based on tacrine [20] and the benzylpiperidine part of
donepezil [21,22]. By this way, the indanone in donepezil is replaced by an aromatic ring with
antioxidant activity, such as coumarin, ferulic acid, benzisoselenazolone, melatonin or

hydroxyquinoline [23]. Lipoic N-benzylpiperidine hybrids target several objectives as [-



secretase-1, 6-1 receptor [13,24] and provide neuroprotective effect through antioxidant activity
[9]. However, these compounds failed to display hAChE inhibition because of the lack of
aromatic ring which is crucial for donepezil analogs binding to AChE peripheral anionic site
[25]. Given this perspective, we investigated three derivatives resulting from the demethylation
of donepezil and three hybrids combining lipoic acid (LA) with donepezil. Phenolic or
catecholic functions are known for their ability to scavenge radicals, while LA hybrids exhibit
a broad-spectrum antioxidant capacity attributed to the presence of 1,2-dithiolane [26]. All new
compounds have been evaluated for their AChE activity, their antioxidant effect, and their
neuroprotective effect. More precisely, inhibition of AChE activity has been evaluated on
hAChE by the Ellman assay and the binding mode of the most effective compounds has been
approached by molecular modelling. The DPPH and ABTS assays have been employed to
assess the radical-scavenging potential and in addition, the ORAC assay was used to evaluate
the capacity to quench peroxyl radicals and prevent oxidation. The neuroprotective effect was
evaluated on the human neuroblastoma cells SK-N-BE(2) by the DCFFH-DA test after an
exposure to tert-butylhydroperoxide (t-BHP).

Results and Discussion
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Fig. 1: synthesis of compounds 1 to 6. Reagents and conditions: a) EtSNa, DMF, 70°C, 5h, 72%; b) HBr aq. 48%,
reflux, 12h, 25%; c) BBr3, - 78°C, DCM, 20h, 54%; d) i)Lipoic acid, oxalyl chloride, DMF cat, DCM, 0°C to room
temp., 1h; ii) , EtzN, DCM, 0°C to room temp., 3h, 64% for two steps; ¢) ii) Lipoic alcool, mesyl chloride, Et;N;
CH,Cl,, 0°C to room temperature, 64%, ii) K;CO3, DMF, room temp. 5: 61%, 6: 41%.



Selective demethylation of donepezil at position 6, leading to the 6-O-desmethyldonepezil 1, is
obtained in high yield with sodium ethanethiolate in DMF at 70°C [27]. Selective
demethylation of methoxy at position 5, leading to 5-O-desmethyldonepezil 2, is obtained under
reflux in a concentrated solution of hydrobromic acid with moderate yield [28]. Boron
tribromide, even at low temperature, provides a complete demethylation leading to the catechol
derivative 3. The 6-O-desmethyl donepezil 1 is then esterified in DCM in the presence of
DMAP and Et3N in a mixture of DCM and DMF by lipoic acid converted into lipoyl chloride
by oxalyl chloride and a catalytic amount of DMF in DMC. Lipoic alcohol, obtained by catechol
borane reduction of lipoic acid as described by Kabalka et al. [29], was mesylated and engaged
in substitution with 6-O-desmethyldonepezil 1 and 5-O-desmethyldonepezil 2 giving

respectively compounds 5 and 6.
AChE inhibition

All compounds were tested for their inhibitory activities toward human AChE (Table 1) using
Ellman’s method [30]. Demethylated derivatives 1 to 3 show poor inhibition of
acetylcholinesterase. The result of 6-O-desmethyl donepezil 1 is quite unexpected as this
compound was previously described as an active metabolite on rat homogenate [31] and this
information has been widely reported after. LA — donepezil hybrids 4, 5, and 6 display high
inhibition of acetylcholinesterase, with an ICso of respectively 27.8, 7.63 nM, and 9.12 nM.
Compound 4 links the lipoic and donepezil units via a carboxylic ester function, and its activity
is slightly weaker than that of compounds 5 and 6, which link the donepezil and lipoic units via
an ether oxide function. These results complement those of Green et al. [32] who found a
moderate activity of alkyl adducts compared to aromatic adducts of 6-O-desmethyldonepezil
on eeAChE. More interestingly, it shows that the hybrids designed using this approach have

equivalent activity to donepezil [33].

Table 1: hAChE inhibition of compounds 1 to 6
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1 H Me 871.6+77.8
2 Me H 773.5+29.0
K] H H 1805.0 £170.1
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We performed docking simulations and quantum chemistry calculations to predict the binding
mode of the most promising compounds (4, 5 and 6) and our reference (donepezil DPZ) in the
pocket of the enzyme. The docking calculations, further confirmed by DFT structure
optimisations, show that compounds 4, 5 and 6 can bind to the pocket as tightly as donepezil.
The complexation energy differences with respect to that of donepezil are indeed very limited:
-0.3, +0.8 and +1.1 kcal mol’!, respectively. These values contribute to explain that these three
compounds display a similar activity as donepezil. However, interestingly, the calculations
show that compounds 4, 5 and 6 can bind to hAChE in two very different ways, one similar to

that of donepezil, the other one very different.
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Fig. 2: "regular" (a) and "upside down" (b) conformations of compound 6 inside the hAChE pocket. Hydrogen
bonds between the inhibitor and the enzyme are shown in green dotted lines. The atoms of the enzyme are shown

in white for clarity reasons. The entrance of the enzyme pocket is located at the top of both illustrations.



In the first binding mode, hereafter named "regular", the indanone macrocycle adopts the same
conformation as donepezil in the X-ray diffraction structure [25]. As an example, the case of
compound 6 is illustrated in Fig. 2a. This position allows a strong aromatic stacking with amino
acids TRP286 and TYR341, and a hydrogen bond with the amino group of PHE295. The
nitrogen atom of the piperidine ring also interacts with TYR337 in a nitrogen cation / pi bonding
type. At the bottom of the pocket, the phenyl end of the inhibitors is also found — in most cases
— in the same orientation as with donepezil, pi-stacked with TRP86. Interestingly, the case of
the lipoic chain is totally different as it is able to adopt various conformations (Fig. 3) of very
similar energies (docking scores ranging between -11.1 and -10.9 kcal mol™!). In other words,

the chain is free to explore a large part of the space surrounding the entrance of the pocket.

Fig. 3: overlay representation of the best 8 docking poses of compound 6 in the hAChE pocket. Enzyme atoms

and hydrogen atoms of the inhibitor were omitted for the sake of clarity.

In the second binding mode, named "upside down" (Fig. 2b), the lipoic chain of the inhibitor is
buried into the pocket and the phenyl end lies outside the cavity. Despite the reversed
orientation of indanone, aromatic stacking with TRP286 and TYR341 and H-bond with
PHE?295 are preserved. The lost interaction between the phenyl end of the inhibitor and TRP86
is energetically compensated (Table 2) for compounds 4 and 5 by the creation of two hydrogen
bonds: one donated by the amino group of GLY 120 to a sulfur atom of the dithiolane ring, and
the other between the alcohol of TYR124 and ether oxide oxygen. For this binding mode,



compound 6 displays a weaker affinity with hAChE than 4 and 5, because the substitution of
position R rather than R; (Table 1) leads to steric effects with amino acids TRP86, ASP74 and
TYR341.

Table 2: Complexation energies (in kcal mol!) of compounds 4, 5 and 6 with respect to that of donepezil (DPZ),

for the "regular" and "upside down" binding modes

Relative complexation energy (kcal mol™!)

Compound
regular upside down
4 +1.7 -0.3
5 +2.3 +0.8
6 +1.1 +5.8
DPZ 0.0

Antioxidant activity and neuroprotective effect

The ability to capture radicals of each compound was assessed by the DPPH [34,35] and ABTS
[36] assays, which measure the extinction efficiency of a stable radical, measured in ECso. The
ability to prevent oxidative damage is assessed using the ORAC assay [37,38], which measures
the effectiveness in protecting fluorescein from degradation, expressed in equivalent of trolox,
a synthetic vitamin E analog. Radical scavenging activity of the 6-O-desmethyldonepezil 1
requires high concentration of 400 uM and 151.9 uM, respectively in DPPH and ABTS assays.
However, it is 9 times more potent than trolox in protecting against oxidation in the ORAC
assay. The 5-O-desmethydonepezil 2 and catechol derivatives 3 have a capacity to scavenge
radicals at lower concentrations, respectively 32.5 uM and 29.5 uM in the DPPH assay and
respectively 8.5 uM and 12.3 uM in the ABTS assay, close to the quercetin reference
compounds [39]. However, they have a lesser protective effect in ORAC assay, only twice that
of trolox [37,38]. As expected, lipoic acid [40] and LA-donepezil derivatives display neither
radical scavenging activity on DPPH or ABTS assays nor protective effect on ORAC assay

(Table 3). Indeed, in situ reduction of thiolane is needed therefore cell culture assay is required.

Table 3: Antioxidant activity of compounds 1 to 6



DPPH (EC50 ABTS (EC50 ORAC

R1 R2 in uM) in uM) (equiv
trolox)
1 MD 01 H Me > 400 151.9+5.1 9.4+09
2MD 02 Me H 32.5+0.9 85+0.5 2.1+02
3MD 03 H H 29.5+0.2 12.3+0.3 22402
4 MD 05 2 > 400 > 400 <0.5
W\‘ Me
S-S
SMD_07 g/z/\N . Me > 400 > 400 <0.5
6 MD 24aa M W > 400 > 400 <0.5
e 5o
DPZ Me Me >1000 >1000 <0.5
quercetin 13.8+0.8 34+0.6 4.0+0.1
lipoic acid
vitamin E 27.5+£0.6 15.5+£0.7 1

The potential of the tested compounds to protect neuronal cells from oxidative stress was
evaluated through their capacity to decrease ROS production induced by --BHP in SK-N-BE(2)
cell line. The optimal concentration of ~-BHP was chosen beforehand in order to lead to a
moderate cytotoxicity, with the possibility to be reversed by the addition of the tested
compounds. Thus, SK-N-BE(2) cultures was treated for 3h with ~BHP at 300 uM and 150 pM.
These concentrations corresponded to the lowest concentrations leading to a statistically
significant decrease in cell viability, as assessed by MTT assay (p<0.05, data not shown). Prior
to the protective assay, direct cell toxicity of the selected compounds was evaluated on HepG2
and SK-N-BE(2) up to 100 uM, showing no cytotoxicity of the tested compounds and the

reference compounds in both cell lines.
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Fig. 4: Effects of the tested compounds and reference compounds on ROS production in SK-N-BE(2) cell cultures
co-treated with #~-BHP for 3h. ROS production was determined by DCFH-DA assay. Data were normalized as a
percentage of ~-BHP-treated cells and are expressed as the means + SEM from at least three different cultures. T-
BHP was used at 300 and 150 uM in SK-N-BE(2) cells. All compounds were assayed at 100 uM. *p<0.05,
**p<0.01, and ***p<0.001 compared with control (+~-BHP-treated cells). #p<0.05, ##p<0.01, and ###p<0.001

compared with donepezil-treated cells.

The ability of the tested compounds to reverse the ROS production induced by +-BHP was
evaluated using the DCFH-DA test on SK-N-BE(2) cells (Fig. 4). A significant increase of ROS
production was obtained with ~BHP (2.1 +/- 0.2 fold increases for SK-N-BE(2) cells as
compared to the control cells). The co-treatment of cells with +~-BHP and the reference
compounds lipoic acid and vitamin E, both used as antioxidant molecules, led to a marked
decrease of ROS production in both cells. As expected, donepezil has no effect on +~-BHP-
induced ROS production [41]. Unexpectedly, compound 1 significantly increased the
production of ROS while the catechol derivative 3 led to ROS levels comparable to those
obtained with the well-known antioxidant vitamin E. Surprisingly, compound 4, the carboxylic
ester derivative of LA, had no significant effect, suggesting that LA is not released by
hydrolysis under cell culture conditions. Fortunately, compounds 5 and 6, lipoic ether oxides,
significantly reduced ROS production, leading to a more pronounced effect than with lipoic
acid in both cell lines. It suggests that 6-O-desmethyldonepezil could be an efficient platform
for development of donepezil hybrid.



Conclusions

Six compounds, including three demethylated derivatives of donepezil and three innovative
LA-donepezil hybrids, were synthesized and evaluated for AChE inhibition and their
antioxidant and neuroprotective capacity. Although they retain the ability to bind PAS by pi-
stacking, the hydrophilic character considerably reduces the affinity for PAS, which is highly
lipophilic, in favor of the aqueous solvent. In this line, LA - donepezil hybrids regain a lipophilic
character and display high affinity for AChE. In this series, the capacity for radical scavenging
is predictive of an antioxidant effect, but does not fully correlate with the neuroprotective effect,
which must at least be verified. Surprisingly, 6-O-desmethyldonepezil, the main metabolite of
donepezil, even appears to have a deleterious effect on protection against ROS production.
Therefore, the metabolites of donepezil cannot have their own neuroprotective effect. In
contrast, LA-donepezil hybrids combine both AChE inhibition and a neuroprotective effect at
least as strong as LA. Thus, the alkylation of desmethyldonepezil can serve as a molecular
framework for the development of MTDL in the context of Alzheimer disease without the need

for extensive pharmacomodulation.
Experimental section
Synthesis

Starting materials, reagents and analytical grade solvents were purchased from Sigma-Aldrich
and Acros organics. Reactions were monitored by TLC using Merck Kieselgel 60 Fas4
aluminium plates. IR spectra were performed on a Perkin Elmer Spectrum65 with UATR and
principal absorptions are given in cm™!. 'H and *C NMR spectra were recorded in the specified
deuterated solvent respectively at 400 MHz and 100 MHz on a Brucker Ascend 400. Chemical
shifts are expressed in parts per million (8) relative to the solvent signal and the coupling
constants J are given in Hertz (Hz). The following abbreviations were used: s (singlet), d
(doublet), t (triplet), q (quadruplet), dd (doublet of doublet), m (multiplet), bs (broad signal).
ESI — MS analyses were carried out at the Service Commun d’Analyse, ICMR — UMR CNRS
6229 — 51 100 Reims.



2-[(1-benzylpiperidin-4-yl)methyl]-2,3-dihydro-6-hydroxy-5-methoxyinden-1-one (1)
VL MD 01

To a mixture of 380 mg of 2-[(1-benzylpiperidin-4-yl)methyl]-5,6-dimethoxy-2,3-
dihydroinden-1-one (2) (1 mmol, leq.) in 15 mL of dry DMF are added 420 mg of sodium
ethanthiolate (5 mmol, 5 eq.) and the reaction is stirred for 5 hours at 70 °C. The crude product
is concentrated under vacuum and then diluted in water and extracted with dichloromethane.
The extract was washed with brine, dried over anhydrous Na>SO4 and evaporated under vacuum.
The obtained solid was recrystallized in ethanol to give title compound (265 mg, 72%) as a
white solid. 'TH NMR (CDCls) 6 ppm : 7.31 (s, 5H, Bn), 7.15 (s, 1H, I7), 6.85 (s, 1H, 14), 6.21
(sv, 1H, OH), 3.86 (s, 3H, OCH3), 3.56 (s, 2H, CH2Ph), 3.24-3.10 (m, 1H, I2), 3.02-2.90 (m, 2H,
2’ax), 2.72-2.56 (m, 2H, 1), 2.04 (t, J = 10.3 Hz, 2H, 2’eq), 1.93 — 1.86 (m, 1H, 4°), 1.71 (¢, J
= 14.3 Hz, 2H, 3’ax), 1.54 — 1.22 (m, 4H, 3’eq, 5°). *C NMR (CDCl3) 6 ppm : 207.9, 152.6,
149.2, 147.0, 129.3, 129.0, 128.1, 127.0, 111.0, 104.2, 63.4, 56.2, 53.7, 45.4, 38.6, 34.4, 33.1,
32.9, 31.6. HRMS : m/z 366.2065 (Calc. Mass 366.2069). In accordance with [27].

2-[(1-benzylpiperidin-4-yl)methyl]-2,3-dihydro-5-hydroxy-6-methoxyinden-[-one (2)
VL MD 02

A solution of donepezil base (566 mg, 1.49 mmol) in HBr 48% (8 mL) and AcOH (2 mL) under
nitrogen was refluxed. After completion (12h — TLC monitoring), reaction mixture was poured
into freezing water and alkalinized with KoCO3 to pH = 8 and saturated with NaCl. The product
was extracted with ethyl acetate and the extract was washed with brine, dried over anhydrous
NaxSO4 and evaporated under vacuum. The obtained solid was purified by flash
chromatography (CH>Cl, — MeOH 5%) to give a withe solid (134 mg, 25 %). Mp = 160 °C; 'H
NMR (CDCl3) é ppm : 7.35-7.23 (s, 5H, Bn), 7.16 (s, 1H, 17), 6.89 (s, 1H, 14), 5.76 (sv, 1H, OH),
3.90 (s, 3H, OCHs), 3.61 (s, 2H, CH2Ph), 3.19 (dd, J = 22.8/10.8 Hz, 1H, L), 3.05-2.96 (m, 2H,
2’ax),2.72-2.59 (m, 2H, I3), 2.15-2.00 (m, 2H, 2’eq), 1.95 - 1.83 (m, 1H, 4°), 1.79-1.65 (m, 2H,
3’ax), 1.59 — 1.19 (m, 4H, 3’eq, 5°). *C NMR (CDCI3) § ppm : 207.9 (I1), 153.0 (I5), 149.4
(I7a), 147.3 (I5a), 137.2 (CBn quat), 129.8 (CH x2 Bn), 129.2 (I4a), 128.5 (CH x2 Bn), 127.6
(CH Bn), 111.3 (I7), 104.5 (14), 63.1 (CH30), 56.4 (CH2Ph), 53.6 (C2’), 45.5 (12), 38.8 (13),
34.3(C4’),33.4(C3%),32.6 (C5’). HRMS : m/z 366.2064 (Calc. Mass 366.2069). In accordance
with [28].

2-[(1-benzylpiperidin-4-yl)methyl]-2,3-hydro-5,6-dihydroxyinden-1-one (3) VL. MD 03



To a mixture of 2-[(1-benzylpiperidin-4-yl)methyl]-5,6-dimethoxy-1-indanone (2) (379 mg, 1
mmol, leq.) in 30 mL of anhydrous dichloromethane was added dropwise 6mL of an anhydrous
IM solution of BBr3; in THF (6 eq.) at -78 °C under nitrogen atmosphere. The mixture was
allowed slowly to warm up to room temperature and stirred overnight. The reaction was
quenched by careful addition of brine and product was extracted by ethyl acetate. Organic layers
were evaporated under reduced pressure and the product was obtained by flash chromatography
(dichloromethane — methanol 5%) as a white solid (189 mg ,54%). 'H NMR (CDCI3) J ppm :
7.48 —7.26 (m, 5H, Bn); 6.87 (s, H, 14); 6.69 (s, 1H, 17); 4.19 (s, 2H, CH2Ph), 3.21 — 3.00 (m,
1H, 12); 3.20 — 3.00 (m, 2H, 2’ax); 3.00 — 2.82 (m, 2H, 12); 2.00 — 1.55 (m, 5H, 3°, 4°); 1.45 —
1.06 (m, 4H, 5°, 3’eq). HRMS : m/z 352.1897 (Calc. Mass 352.1913).

2-((1-benzylpiperidin-4-yl)methyl)-6-methoxy-3-oxo-2,3-dihydro- 1 H-inden-5-yl 5-(1,2-
dithiolan-3-yl)pentanoate (4) VL MD 05

To a solution of lipoic acid (125 mg, 0.61 mmol, 1 equiv.) at 0°C in dry dichloromethane, was
added oxalyl chloride (62 puL, 0.73 mmol, 1.2 equiv.) and dry N,N-dimethylformamide (12 pL,
0.2 eq.). After 30 min, the reaction mixture was allowed to warm up at r.t. After completion of
this step (TLC monitoring) the solvent was evaporated. The residue was diluted with
dichloromethane and added to a solution of VL. MD 01 (222 mg, 0.61 mmol, 1 equiv.) and
triethylamine (342 pL, 2.44 mmol, 4 equiv.) at 0°C in dry dichloromethane. After 3h at r.t.,
reaction mixture was washed with NaHCO3 5% and brine. The organic layer was dried over
sodium sulfate, filtered and concentrated in vacuo. Pure product was obtained by flash
chromatography (CH2Cly) as a white solid (216 mg, 64%). 'H NMR (CDCl3) § ppm : 7.51 —
7.42 (m, 2H, Bn); 7.38 — 7.31 (m, 3H, Bn); 7.20 (s, 1H, 14); 7.06 (s, 1H, 17); 3.88 (s, 2H,
CH2Ph); 3.81 (s, 3H, CH30); 3.56 (quint, J = 9.2 Hz, 1H, CHRS); 3.22 — 3.02 (m, 5H, 12,
CH2S, CH2CO); 2.72 — 2.53 (m, 4H, 13, 2’ax); 2.51 — 2.33 (m, 3H, lip); 1.92 — 1.31 (m, 14H,
2’eq,4’,3’, 5, lip). C NMR (CDCl3)  ppm : 207.5 (I1), 171.0 (COO), 151.4 (16), 146.5 (15),
146.0 (I7a), 134.6 (Bnquat), 131.8 (I4a), 130.6 (Bn), 128.0 (Bn), 128.8 (Bn), 120.5 (17), 105.8
(I4), 61.5 (CH2Ph), 56.3 (CH30), 56.1 (lip6=CHRS), 52.5 (2’), 45.0 (12), 40.2 (CH2S), 38.5
(13), 37.8 (lip), 34.6 (lip), 33.8 (lip), 33.1 (5°),32.7 (4°), 29.2 (3’), 28.6 (lip), 24.6 (lip). HRMS :
m/z 554.2402 (Calc. Mass 554.2399)

5-(1,2-dithiolan-3-yl)pentyl methanesulfonate MP_MD-13a



To a solution of lipool (prepared as [22]) in dry DCM at 0°C and under nitrogen atmosphere,
EtsN (110 pL, 0.79 mmol, 1.2 equiv.) and mesyl chloride (61 pL, 0.79 mmol, 1.2 equiv.) were
added. The mixture was allowed slowly to warm up to room temperature and stirred until
completion of the reaction (1.5h, TLC monitoring). The reaction mixture was washed with a
solution of K2CO3 10% and brine, dried over anhydrous Na>SO4 and evaporated under vacuum.
The product was purified by flash chromatography (dichloromethane) as a translucent oil (115
mg ,64 %). 'H NMR (CDCl3) 6 ppm : 4.21 (t, J = 8.4 Hz, 2H, lip1); 3.55 (quint, J = 9.0 Hz, 1H,
CHRS); 3.25 -3.05 (m, 2H, lip2); 2.99 (s, 3H, CH3S0>); 2.45 (sex, J = 9.0 Hz, 1H, lip); 2.05 —
1.30 (m, 9H).

6-0-desmethyldonepezil alkylation

VL _MD 01 or VL. MD 02 (258 mg, 0.71 mmol, 1 equiv.) was suspended in dry DMF and
DCM was added until dissolved. Potassium carbonate (293 mg, 2.12 mmol, 3 equiv.) finely
pulverized was added and the reaction mixture was stirred for 15 min. Then MP_MD-13a (210
mg, 0.78 mmol, 1.1 equiv.) was suspended in dry DMF, DCM was added until dissolved and
the solution was added to the reaction mixture. The reaction mixture was stirred until
completion (TLC monitoring), then diluted with water, and extracted with DCM. Organic layer
was washed three times with water and once with brine, dried over sodium sulfate, filtered, and
solvent was removed under reduced pressure. The product was purified by flash
chromatography (DCM — MeOH 4%) to give the desired product as a white solid (258 mg, 61%
for MP_MD 20aa and 186 mg, 41 % for MP_MD _ 24aa).

6-((5-(1,2-dithiolan-3-yl)pentyl)oxy)-2-((1-benzylpiperidin-4-yl)methyl)-5-methoxy-2, 3-
dihydro-1H-inden-1-one (8)

MP_MD 20aa: 'H NMR (CDCI3) 6 ppm : 7.32 — 7.19 (m, 5H, Bn); 7.13 (s, 1H, 14); 6.80 (s,
1H, 17); 4.06 (t,J= 6.4 Hz, 2H, CH20); 3.85 (s, 3H, CH30); 3.56 (quint, ] = 6.4 Hz, 1H, CHRS);
3.49 (s, 2H, Bn); 3.23 — 3.05 (m, 3H, 12, CH2S); 2.92 — 2.83 (m, 2H, 2’ax); 2.70 — 2.62 (m, 2H,
12); 2.44 (sex, 1H, lip); 2.04 — 1.80 (m, 6H, 2’eq, 4°, lip); 1.78 — 1.59 (m, 4H, 3’ax, lip); 1.58 —
1.40 (m, 5H, 3’eq, lip); 1.39 — 1.20 (m, 3H, 5°, 3’eq). '3C NMR (CDCl3) § ppm : 208.0 (I1),
155.2 (16), 149.8 (15), 148.9 (I17a), 138.6 (Bnquat), 129.4 (Bn), 129.3 (I4a), 128.3 (Bn), 127.1
(Bn), 108.5 (17), 104.8 (I4), 69.1 (CH20), 63.6 (CH2Ph), 56.7 (CH30), 56.3 (lip6=CHRS),
54.0 (2°),45.7 (12), 40.5 (CH2S), 38.9 (I3), 38.7 (lip7), 35.0 (lip5), 34.7 (4°), 33.5 (lip4), 33.2
(57),29.2 (3”), 28.9 (lip2), 26.0 (lip3). HRMS : m/z 540.2593 (Calc. Mass 540.2606).



5-((5-(1,2-dithiolan-3-yl)pentyl)oxy)-2-((1-benzylpiperidin-4-yl)methyl)-6-methoxy-2, 3-
dihydro-1H-inden-1-one (6)

MP_MD 24aa: 'HNMR (CDCl3) 6 ppm : 7.34 — 7.25 (m, 5H, Bn); 7.12 (s, 1H, 14); 6.82 (s,
1H, 17); 4.00 (t, J= 9.2 Hz, 2H, CH20); 3.91 (s, 3H, CH30); 3.61-3.51 (m, 1H, CHRS); 3.49
(s, 2H, Bn); 3.26 — 3.04 (m, 3H, 12, CH2S); 2.94 — 2.83 (m, 2H, 2’ax); 2.71 — 2.61 (m, 2H, 12);
2.49-2.37 (m, 1H, lip); 1.99 — 1.73 (m, 6H, 2’eq, 4°, lip); 1.72 — 1.61 (m, 4H, 3’ax, lip); 1.55 —
1.42 (m, 5H, 3’eq, lip); 1.36 — 1.21 (m, 3H, 5°, 3’eq). *C NMR (CDCl3) J ppm : 208.0 (I1),
156.0 (16), 149.0 (I7a), 148.8 (15), 133.2 (Bnquat), 129.5 (Bn), 128.4 (Bn), 127.5 (I14a), 127.2
(Bn), 107.7 (17), 105.7 (I14), 69.0 (CH20), 63.6 (CH2Ph), 56.7 (CH30), 56.4 (lip6=CHRS),
53.9 (2°), 45.6 (12), 40.4 (CH2S), 38.9 (I3), 38.7 (lip7), 35.0 (lip5), 34.6 (4°), 33.5 (lip4), 33.1
(57),29.2 (3°), 28.9 (lip2), 26.0 (lip3). HRMS : m/z 554.2402 (Calc. Mass 554.2399)

Inhibition of hAChE

The method of Ellman ef al. was followed [23]. Human erythrocyte AChE was obtained from
Sigma—Aldrich. Stock solutions were prepared by dissolving lyophilized enzymes in phosphate
buffer solution (pH = 8.0). Solutions of tested compounds were prepared starting from 10 mM
stock solutions in DMSO diluted with aqueous assay medium to a final content of organic
solvent always under 1%. Five concentrations of each compound were used in order to obtain

an inhibition of hAChE comprised between 20% and 80%.

The assay solution in a total volume of 3 mL consisted of 0.1 M phosphate buffer solution pH
= 8.0 and contained 5,5’-dithio-bis(2-nitrobenzoic acid), DTNB (2 625 pL, 0.35 mM final
concentration), sample (3 pL, 0.01 to 10 pM final concentration), hAChE (29 pL, 0.035 u.i./mL
final concentration) and substrate (acetylthiocholine iodide, 105 pL, 0.35 mM final
concentration). Increasing concentration of tested compounds were added to the assay solution
and pre-incubated for 10 min at room temperature with the enzyme followed by the addition of
substrate and absorbance was measured after 15 min. Assays were done with a blank containing
all components except the enzyme in order to account for non-enzymatic reactions and one
sample where only inhibitor was replaced by the buffer solution was always present to yield the
100% of hAChE activity (control). Absorbance values were recorded at 412 nm in
quadruplicate and the values were averaged. The percentage of inhibition was calculated as

[(Acontrol - Ablank) - (Asample - Ablank)/ (Acontrol - Ablank)] x100.



Bovine Serum Albumin (BSA) is usually added up to 0.5% of the total reaction volume to
reduce the coating of the target enzyme during the incubation. In our assay, no obvious effect
from BSA on the activity of the compounds was found. This indicates that the new compounds

selectively inhibit the target enzymes but do not interact with BSA.

The concentration of compound which determined 50% inhibition of the AChE activity (ICso)

was calculated using a sigmoidal hill slope model.
Computational chemistry methods
Docking

As a first approach, we performed docking simulations with the Autodock Vina software [32],
using the X-ray diffraction structure 4EY7 of hAChE by Cheung & al. [18]. The ligands and

the protein structure were prepared for docking using MGLTools-1.5.6.

Quantum chemistry modelling

The subtle interaction of donepezil — and its derivatives — with the active site of AChE lead us
to choose advanced quantum chemistry methods, in order to obtain accurate complexation
energies. We used the same hAChE structure [25] as for our docking calculations to build a
281-atoms model representing all or part of 24 amino acids that form the inner layer of the
enzyme pocket (TYR72, ASP74, TRP86, GLY120, GLY 121, GLY122, PHE123, TYR124,
SER125, GLU202, SER203, TRP286, GLU292, SER293, VAL294, PHE295, ARG296,
PHE297, TYR337, PHE338, LEU339, TYR341, HIS447 and GLY448). Input structures that
include inhibitors mostly came from docking poses, but some were built manually to ensure a
comprehensive exploration of the phase space. For each inhibitor (DPZ or compounds 4, S or
6), both enantiomers R and S were considered. In all calculations, we froze the position of 34
of these atoms to take into account the rigidity of the active site, but the side chains of the amino
acids could freely rotate and reorient. No constraints were applied to the inhibitor either.

Solvation was computed using the IEFPCM solvent model [33-35].

All calculations were carried out with the Gaussian 09 program [42]. The level of theory used

for structure optimizations was DFT(B3LYP)/6-31G(d).



Complexation energies were calculated and given with respect to that of the reference,

donepezil:
Ecomp(i) = E(AChE+i) — E(i) — E(AChE+donepezil) + E(donepezil)

Therefore, in our case, a negative complexation energy means that compound i displays a better

affinity with AChE than donepezil, and vice versa.
DPPH free radical scavenging activity

Assay for the scavenging of stable free radical 1,1-diphenyl-2-picrylhydrazyl (DPPH) was done
as previously reported [34,35]. A freshly prepared solution of DPPH (0.15 mM, 2.7 mL) in
methanol was added to a methanol solution of tested compounds or quercetin as a reference
compound at concentrations in order to obtain an activity comprised between 20% and 80%.
The mixture was stirred in the dark at room temperature for 2h and the absorbance was
measured in triplicate at 517 nm. RSA%, Radical Scavenging Activity was calculated as
[(Acontrol — Asample)/Acontrol X100 Where Acontrol Tepresents absorbance of control without test
sample and Asmple represents absorbance in the presence of the test sample. ECso values,
calculated from linear fit, is the concentration of compounds required for scavenging 50% of

the DPPH radicals in the solution.
2’-azinobis-(3-ethylbenzothiazoline-6-sulfonate), ABTS — Free Radical Scavenging Assay

The ABTS free radical scavenging assay was adapted from Re et al. [36]. A solution of K2S20s
(2.45 mM) and ABTS (7 mM) was prepared and kept at room temperature in the dark for 12-
16h. Extemporaneous dilution of the ABTS™ solution was carried out to an absorbance of 0.70
+ 0.02 at 734 nm at room temperature. To a solution of ABTS™ (2.9 mL) was added 100 pL of
ethanol for blank, Trolox for control or compound at concentration between 300 and 1 uM
(final concentration). The mixture was mixed thoroughly at room temperature and the
absorbance was recorded after 6 min at 734 nm on a plate reader (Varioskan Flash Plate Reader

— Thermo Scientific).

The scavenging effect was calculated as A.,—A. where A, is the absorption of

A

1—

A

compounds and ABTS™, 4. is the absorbance of the compound without ABTS™ and 4, is the

absorption of ABTS™ without the compound. The concentration of compound necessary to



decrease the initial ABTS™ concentration by 50%, named ECso, has been calculated from

regression equation.
Oxygen Radical Antioxidant Capacity — Fluorescein (ORAC-FL)

The ORAC-FL method developed by Ou et al. [37] modified by Davalos et al. [38] was
followed using Varioskan plate reader with automatic injectors (Varioskan Flash Plate Reader

— Thermo Scientific).

The assay was carried out in 75 mM phosphate buffer at pH 7.4 in 96-well microplate with a
final volume of 200 pL. 20 pL of PBS or Trolox solution (1, 2, 4 and 8 uM — final concentration)
or compound solution (0.1, 0.2, 0.4, 0.6, 0.8, 1.0 uM — final concentration) were incubated with

120 pL of Fluorescein (70 nM — final concentration) for 15 min at 37°C.

60 pL of AAPH (12mM - final concentration) were rapidly added using embedded injectors
and fluorescence was recorded every minute for 80 min (excitation length: 485 nm and emission
length: 535 nm) with automatic shaking prior to each reading. Reaction mixtures were prepared

in quadruplicate and three independent assays were performed for each compound.

Area under the fluorescence decay curves were determined by Excel software (Microsoft) as
follow: AUC = 1+ "ZZSS:f I where f, is the fluorescence read at time and f, the initial
i 0
i=1
fluorescence read at 0 min. Net AUC were calculated by subtracting the AUC corresponding to
the blank. Regression equations of the net AUC against the antioxidant concentration were
determined for each compound. ORAC-FL values, expressed as Trolox equivalent, are the ratio

of the slopes of the regression lines of the compound and Trolox.
Cells culture assays
Cell lines and reagents

HepG2 and SK-N-BE(2) cells were obtained from the American Type Culture Collection
(Manassas, VA, USA). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
was purchased from Sigma-Aldrich (France). 2',7'-Dichlorofluorescein diacetate (DCFDA) was
procured from Molecular Probes (Eugene, OR, USA).

HepG2 and SK-N-BE(2) Cell Culture and Treatment



HepG2 cells were seeded in 96-well culture plates at a density of 6 x 10* cells per well in EMEM
medium supplemented with 10% fetal bovine serum (FBS), 1% non-essential amino acids, 100
units/mL penicillin and 10 pg/mL streptomycin (Dutscher, France). After 24 h of incubation,
the cultures were treated with 100 pul of the tested compounds or DMSO (0.1%) in the same
medium without FBS. SK-N-BE(2) cells were seeded in 96-well culture plates at a density of
12 x 10* cells per well in DMEM/F12 (1:1) medium supplemented with 10% fetal bovine
serum, 100 units/mL penicillin and 10 pg/mL streptomycin (Dutscher, France). After 48h of
incubation, the cultures were treated with 100 pl of the test compounds or DMSO (0.1%) in the

same medium without FBS.
MTT Cell Viability Test

Following 3h of treatment, the percent of cell viability was measured by an MTT assay in
HepG2 and SK-N-BE(2) cells. The media were replaced by an MTT solution (100 pL/well at
0.5 mg/mL) and incubated during 2h at 37°C. MTT was removed and 100 pL DMSO was
distributed per well. The absorbance was read at 570 nm by microplate spectrophotometry

(BioTek). Cell viability was expressed as percentage over controls (DMSO).
Measurement of intracellular ROS levels

The intracellular ROS levels were measured using the cell permeable probe, 2°,7’-
dichlorofluorescein-diacetate (DCFH-DA), which is easily oxidized to fluorescent
dichlorofluorescein (DCF) by intracellular ROS. Briefly, HepG2 and SK-N-BE(2) cells were
seeded in 96-well plates as described above. Following 24h (HepG2) or 48h (SK-N-BE(2)) of
incubation, DCFH-DA (100 pL/well at 10 uM) was added for 45 min at 37°C in the dark. Cells
were washed twice with PBS containing 10 mM glucose and then cells are exposed for 3h to
the tested compounds (100 uM) with t-BHP (300 uM for HepG2 or 150 uM for SK-N-BE(2))
in their respective culture media without FBS. The fluorescence was regularly read by a

fluorescence spectrophotometer (BioTek) at 485 nm (excitation) and 530 nm (emission).
Statistical analysis

GraphPad Prism version 5.03 (GraphPad software) was used for statistical analysis. Statistical
comparison between the different groups was made using one-way ANOVA followed by

Dunnett's post-hoc test. P < 0.05 was considered statistically significant.
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