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ABSTRACT

Designing multi-targeted drugs (MTD) for Alzheimer's disease (AD) is now one of the priorities for
medicinal chemists, as the disease has a complicated not fully understood pathological nature and the
approved mono-targeted drugs only alleviate the symptoms. In this study, the synthesis, spectral anal-
yses and in vitro inhibition activity against cholinesterase (ChE) and monoamine oxidase (MAO)
enzymes of a novel series of N-[5-(adamantan-1-yl)-1,3,4-thiadiazol-2-yl]-2-(4-un/substituted) cyclic sec-
ondary amino-acetamide/propanamide derivatives were done. Generally, derivatives were more select-
ive against acetylcholinesterase (AChE) and h-MAO-B than butyrylcholinesterase (BChE) and h-MAO-A,
respectively. Derivatives 4a, 4b, 3a, 3d and 3b ordered from the most potent to the least displayed
significant inhibition against AChE. Also, derivatives 4a, 4b and 3a still maintained their significant
inhibition against h-MAO-B in the same potency order, making them dual inhibitors and MTD candi-
dates for AD. Binding interactions with several crucial amino acid residues for activity and selectivity
as well as the stability of the most active derivatives-enzyme complex were confirmed utilizing
molecular docking and molecular dynamic simulation studies.
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HIGHLIGHTS

e Novel 2,5-disubstituted-1,3,4-thiadiazole derivatives were synthesized.

e The ChEs/MAOs dual inhibition activity against Alzheimer’s disease was tested.

e Compounds 4a, 4b and 3a were active dual inhibitor against both AChE and h-MAO-B.
e Compounds 3d and 3b were also active against AChE.

e No significant inhibition activity against BChE and h-MAO-A.
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Introduction

Alzheimer’s disease (AD) is an irreversible progressive neuro-
degenerative brain disorder that mainly affects the elderly. It
is the most common form of dementia which is considered
the seventh major cause of death worldwide, with over 55
million cases that are estimated to increase to 78 million by

2030 (Gauthier et al., 2021; World Health Organization, 2021).
The most common symptoms related to AD include memory
loss, thinking difficulties, poor judgment, difficulty perform-
ingdaily familiar tasks, social withdrawal and mood changes.
The exact pathological mechanism of AD is not fully under-
stood, however many brain change markers have been
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observed in patients including neuronal loss, cerebral cortical
atrophy, extraneuronal deposition of senile plaques (SPs) with
a central core of amyloid-beta (AB) aggregates, intraneuronal
deposition of neurofibrillary tangles (NFT), overactivation of
MAOs, overactivation of N-methyl-D-aspartate (NMDA) recep-
tors, dysregulation of metal ions, oxidative stress, neuroinflam-
mation as well as disruption of neurotransmitters systems,
mostprominently cholinergic depletion (Abeysinghe et al.,
2020; Kumar et al., 2022).

As the cholinergic pathway was noticed to be irreversibly
destroyed in the central nervous system of AD patients and the
level of acetylcholine (ACh), which is crucial for memory, learn-
ing and many other physiological processes, is consequently
decreased, inhibiting AChE and BChE which are both types of
cholinesterase enzymes that are responsible for the normal deg-
radation of ACh will eventually increase the concentration of
the neurotransmitter in the brain of AD patients (Bartus et al.,
1982; Marucci et al, 2021). Besides that, MAO enzymes were
found to be overexpressed and overactivated in AD patients,
especially the isoform MAO-B. This overactivation negatively
affects the progression of AD as the concentration of the neuro-
toxic by-products, including hydrogen peroxides and reactive
oxygen species (ROS), increases, leading to exaggerated neuro-
inflammation, oxidative stress, Ap deposition, neuronal damage
and neuronal death, thus inhibiting MAOs has a neuroprotective
effect and is being invistigated as a potential treatment for AD
(Guzior et al., 2015; Manzoor and Hoda, 2020).

So far, only six medications have received FDA approval
for clinical use in AD (Figure 1). Among these drugs, cholin-
esterase enzyme inhibitors (ChEls) include tacrine, donepezil,
rivastigmine and galantamine ; however, tacrine has been
withdrawn from the market due to hepatotoxicity (Sharma
et al, 2019). The other two drugs are memantine as an
NMDA receptor antagonist aducanumab as an anti-amyloid
monoclonal antibody that was recently approved (2021)
(Ferris, 2003; Haddad et al., 2022). Unfortunately, due to the
complex nature of AD, none of these drugs, whether used as
monotherapy or as combinational therapy, were able to cure
or halt the progression of the disease and they only provide
symptomatic treatment. Thus, the trend now is shifting
toward the development of MTDs that can act on more than
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Figure 1. FDA-approved drugs for AD.

one pathological target that are involved in the progression
of AD (Kumar et al., 2022; Massoud and Leger, 2011).

In addition to three of the four ChEl drugs with AD licenses
that contain heterocyclic systems, heterocyclic compounds have
also been widely investigated as AD treatment (Hiremathad and
Piemontese, 2017; Martorana et al., 2016). The promising fea-
tures of the five-membered heterocyclic ring 1,3,4-thiadiazole
have been employed for the design and synthesis of many active
compounds as it has a wide spectrum of biological activity
(Aliabadi, 2016; Jain et al.,, 2013; Joseph et al., 2015). Several mar-
ket-available drugs have this moiety including the antibacterial
cefazolin sodium and cefazedone, the antiparasitic megazole,
and the carbonic anhydrase inhibitor diuretics acetazolamide
and methazolamide as shown in Figure 2 (Dawood and
Farghaly, 2017; Li et al, 2013). This diversity in the activity is
attributed back to the presence of the -N = C-S- group and its
ability to be a bio-isostere to many other heterocycles such as
oxadiazole, pyridazine and thiazole (Han et al., 2021). Moreover,
the mesoionic nature of the ring and the presence of the sulfur
atom enhance the lipophilicity, bioavailability as well as blood-
brain barrier (BBB) permeability for centrally acting drugs (Haider
et al, 2015). Also, more metabolically stable cholinomimetic
ligands can be obtained as heterocycles, such as 1,3,4-thiadiazole
ring, can act as a bio-isostere to replace the ester group of the
neurotransmitter ACh (Patani and LaVoie, 1996).

On the other hand, the bulky tricyclic hydrocarbon with a
cage-like structure that is called adamantane has also many
characteristic features besides its previously approved wide
pharmacological activities as shown in Figure 3 (Spilovska
et al., 2016; Stockdale and Williams, 2015). These features
include enhancement for lipophilicity, pharmacokinetic
parameters, BBB permeability (Wishnok, 1973), hydrophobic
interactions and rigid spatial arrangement. Also, adamantane
enhances the duration of action as its bulk nature provides
protection from metabolic degradation for close functional
groups (Lamoureux and Artavia, 2010; Wanka et al., 2013).

Considering all the above-mentioned findings, novel series of
N-[5-(adamantan-1-yl)-1,3,4-thiadiazol-2-yl]-2-(4-un/substituted)
cyclic secondary amino-acetamide (3a-3j)/propanamide (4a-4g)
were synthesized and evaluated in vitro as MTD against AChE,
BChE, h-MAO-A and h-MAO-B enzymes for AD. The purity and
chemical structures were confirmed by utilizing infrared
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Figure 2. Drugs containing 1,3,4-thiadiazole ring.
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Figure 3. Drugs containing adamantane.

spectrometry (IR), proton nuclear magnetic resonance (‘H-NMR)
spectrometry, carbon nuclear magnetic resonance ('3C-NMR)
spectrometry and high-resolution mass spectrometry (HRMS),
while molecular modeling studies including molecular docking
and MDS were carried out to investigate the nature of binding
for the most active derivatives.

Results and discussion
Chemistry

A total of seventeen N-[5-(adamantan-1-yl)-1,3,4-thiadiazol-2-yl]-2-
(4-un/substituted) cyclic secondary amino-acetamide/
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propanamide derivatives were synthesized following two path-
ways, each with three steps synthetic procedures as shown in
Scheme 1. The two pathways in the order of (A—B—D) and
(A—C—E) for synthesizing the derivatives (3a-3j) and (4a-4g),
respectively share the first step (A) to cyclize 5-(adamantan-1-yl)-
1,3,4-thiadiazol-2-amine (1) starting from 1-adamantane carboxylic
acid by using POCl;3 as a dehydrating agent. On the other hand,
the second step in both pathways (B vs. C) differs in terms of the
nature of the acetylating agent as chloroacetyl chloride was used
in B procedure and 2-chloropropionyl chloride was used in C pro-
cedure to synthesize N-[5-(adamantan-1-yl)-1,3,4-thiadiazol-2-yl]-
2-chloroacetamide (2a) and N-[5-(adamantan-1-yl)-1,3,4-thiadia-
zol-2-yl]-2-chloropropanamide (2b), respectively. The third step in



13026 A. A. AL-SHARABI ET AL.

B c
S<_NH S<_NH
@\« g Yo @\( g W/L(n
N-N S N-N S
(2a) (2b)
D E

S<_NH 2
@\( i N
N-N %

0)

(3a-3j)

S _NH
J @\( r N ;
J N-N N

-~ o) D

(4a-4g)

R.

3c=-4- Phenyl piperazine

3e=-4- Ethyl piperazine
3f=-4- Methyl piperazine
3g=-Pyrrolidine
3h=-Piperidine
3i=-Morpholine
3j=-Thiomorpholine

3a=-4-(2-Pyrimidyl)piperazine
3b=-4-(2-Pyridyl)piperazine

3d=-4-(2-Furoyl)piperazine

R:
4a=-4-(2-Pyrimidyl)piperazine
4b= -4-(2-Pyridyl)piperazine
4c=-4- Phenyl piperazine
4d= -4- Ethyl piperazine
4e=-4-(2-Dimethylamino)ethylpiperazine
4f=-Pyrrolidine
4g=-Morpholine

Scheme 1. General synthesis of the targeted compounds. (A) POCls, H,0, A, 4-5 hrs; (B) CICH,COCI, THF, TEA, ice bath, 3-4hrs; (C) CICOCH(CI)CHs, THF, TEA, ice

bath, 3-4 hrs; (D) THF, TEA, R.T., 12-24 hrs; E: ACN, K,CO5, A, 12-24 hrs.

both pathways (D vs. E) differs in terms of the reaction conditions
as different cyclic secondary amine derivatives were reacted sep-
arately with N-[5-(adamantan-1-yl)-1,3,4-thiadiazol-2-yl]-2-chloroa-
cetamide (2a) in THF/TEA at room temperature and with N-[5-
(adamantan-1-yl)-1,3,4-thiadiazol-2-yl]-2-chloropropanamide (2b)
in ACN/K,COs at 80-100°C as in procedures D and E, respectively.
The conditions of the reaction which are THF/TEA solution at
room temperature were planned to be the same for compounds
3a-3j and 4a-4g, however, the conditions were re-optimized for
compounds 4a-4g as the progression and yield were too low,
and harsher conditions which are ACN/K,CO; at reflux were
applied. The reason that compounds 4a-4g need harsher condi-
tions can be attributed back to the presence of that extra methyl
group which introduces both a tertiary methine carbon and a
steric hindrance for the nucleophilic attack in this reaction.

All final synthesized compounds were recrystallized from
ethanol and the yield was in the range of 55-96% for

derivatives 3a-3j while it was 50-74% for derivatives 4a-4g.
Purity and structure elucidation were confirmed by melting
point analysis and spectral analysis using IR, "H-NMR, '3C-
NMR and HRMS. Spectral analysis results for the final tar-
geted compounds are presented in Supplementary Figures
S1-568, while the spectral analyses of the intermediate com-
pounds 1 and 2a have previously been reported in the litera-
ture (Fesatidou et al., 2018; Wassel et al., 2021).

In IR spectra, the main common functional groups were
observed as follows: N-H stretching of the amidic functional
groups above 3000 cm™"; sp® C-H stretching in the range of
2974-2777cm™"; C=0 of the amidic functional group in
the range of 1687-1734cm™"; aromatic C=C and C=N
stretching at 1597-1290cm™" and C-N stretching at 1305-
1014cm™".

In '"H NMR spectra, protons of the adamantane ring were
seen in the range of chemical shifts of 1.68-2.10 ppm as three


https://doi.org/10.1080/07391102.2023.2274967
https://doi.org/10.1080/07391102.2023.2274967

signals for all derivatives except for 3e, 4c and 4f which have
two signals. For most derivatives, the amidic proton was
noticed in the range of 10.53-12.64 ppm as a broad singlet
peak. The protons of both the methylene group in compounds
3a-3j and the methine group in compounds 4a-4g were seen
in the general range of 3.24-4.03 ppm while protons of the
—-CH3 within the propanamide group in derivatives 4a-4g
have a doublet signal with a chemical shift of 1.14-1.40 ppm
except in compound 4a and compound 4e which have a
broad singlet peak in the same general range. The secondary
cyclic amine substituents were seen as follows, piperazine’s
protons in the range of 2.22-3.75 ppm; pyrrolidine’s protons in
the range of 1.68-2.69 ppm; piperidine’s protons in the range
of 1.33-2.44 ppm; morpholine’s protons in the range of 2.43-
3.57 ppm and thiomorpholine’s protons in the range of 2.6
2.73 ppm. Moieties attached to the fourth position of pipera-
zine were noticed as following, pyrimidinyl’s protons have two
signals that are a triplet peak at 6.59-6.60 ppm and a doublet/
broad singlet at 8.31-8.34 ppm; pyridinyl’s protons have four
signals that are a triplet signal at 6.59-6.62 ppm, a doublet sig-
nal at 6.77-6.80 ppm, a triplet signal at 7.48-7.51 ppm and a
doublet signal at 8.07-8.09 ppm; phenyl’s protons have three
signals that are a triplet peaks at 6.67 and 6.86 ppm, a doublet
peaks at 6.91 and 6.95ppm and a triplet peaks at 7.19 and
7.29 ppm in derivatives 3c and 4c, respectively; furoyl’s pro-
tons in derivative 3d have three signals that are a triplet signal
at 6.6 ppm, a doublet signal at 6.97 ppm and a singlet signal at
7.82 ppm; the aliphatic ethyl’s protons have two signals that
are a triplet peaks of the -CH3 at 0.94 and 1.10 ppm and a sig-
nal of the -CH,- at 2.22 and 2.46 ppm in derivatives 3e and
4d, respectively; the aliphatic methyl’s protons in derivative 3f
have a singlet signal at 2.14 ppm; and the aliphatic N, N-dime-
thylaminoethyl moiety in derivative 4e have a singlet signal of
the two methyl groups at 2.12 ppm and a signal of the amino-
ethyl’s protons in the range of 2.95-3.47 ppm.

In "3C NMR spectra, carbons of the adamantane ring were
noticed upfield to the right of the spectra in the range of
28.29-43.57 ppm as four signals, while 1,3,4-thiadiazole ring’s
carbons were seen downfield to the left of the spectra in the
range of 157.21-172.86 as two signals. The most deshielded
signal in the range of 173.94-175.98 ppm was assigned to
the amidic carbonyl carbon. The carbon of the methylene
group in compounds 3a-3j and methine group in com-
pounds 4a-4g has a signal in the general range of 57.94-
61.61 ppm and 62.09-66.85 ppm, respectively while the car-
bon of the —CH; within the propanamide group in deriva-
tives 4a-4g has a signal in the range of 10.97-15.40 ppm.
Carbons of the secondary cyclic amine substituents were
found to have signals in the general range of 23.47-
66.55 ppm while aromatic substituents attached to the fourth
position of piperazine were seen in the range of 107.42-
163.48 ppm and aliphatic ones in the range of 11.96-
56.94 ppm. For derivative 3d, a signal of the carbonyl group
that links piperazine and furan rings was seen at 158.7 ppm.

In HRMS spectra, no impurities were noticed in the chro-
matograms and [M + 1] peaks of all final derivatives are con-
sistent with their expected molecular weights.
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Table 1. Pharmacokinetic parameters of the active compounds 3a, 3b, 3d, 4a
and 4b.

Cpd. MW? HBA® HBD* MLogP® LogS® BBB score® GIA* DLS® No.V?
3a 43958 6 1 188 —435 382 High 149 0
3b 43859 5 1 248 —475 421  High 135 0
3d 45557 6 1 165 —442 336 High 130 0
4a 4536 6 1 209 -468 379 High 171 0
4b 45262 5 1 269 -508 417  High 146 0
Donepezil 379.49 4 0 3.06 —4.81 5.29 High 156 0
Selegiline 18728 1 0 325 -—288 489  High 085 0

Cpd.: compound, MW: molecular weight (g/mol), HBA: number of hydrogen
bond acceptors, HBD: number of hydrogen bond donors, MLog P: octanol/
water partition coefficient, Log S: aqueous solubility (highly soluble > 0> very
soluble > —2 > soluble > —4 > moderately soluble > —6 > poorly soluble >
—10 > insoluble), BBB score: blood-brain barrier score ranges from the lowest
0 to the highest six penetration, GIA: gastrointestinal absorption, DLS: drug-
likeness score (0-2) and No.V: number of Lipinski’s rule Violation. *Calculated
using SwissADME software. ®Calculated using Molsoft software.

ADME parameters

By usingin silico SwissADME (Daina et al., 2017, 31) and Molsoft
(32) web tools, an early prediction of ADME parameters
(absorption, distribution, metabolism and elimination) was
obtained for the most active derivatives and standard drugs as
illustrated in Table 1. Based on the obtained physicochemical
results, the synthesized derivatives were found to have a favor-
able pharmacokinetic profile that is in line with their pharma-
cological activity which boosts the drug-likeness of these
derivatives as they have no more than one violation of
Lipinski’s rule with molecular weights less than 500, hydrogen
bond donor = 1, hydrogen bond acceptors = 5-6 and octanol/
water partition coefficient (MLogP) varied from 1.65 to 2.69.
Besides that, aqueous solubility (Log S), gastrointestinal mem-
brane permeability (GIA) and more importantly BBB permeabil-
ity values were also within acceptable ranges.

In-vitro cholinesterase and MAO inhibition activity
studies

The percent of inhibition (% inhibition) of the synthesized com-
pounds against AChE, BChE, h-MAO-A and h-MAO-B were first
evaluated at concentrations of 107> M and 10~* M as shown in
Table 2. Derivatives 4a, 4b, 3a, 3d and 3b which showed more
than 50% inhibition were further investigated at lower concen-
trations (107°-10"° M) to calculate their ICs, concentrations as
shown in Table 3 and Supplementary Figures S69 and S70.

The synthesized compounds were more selective and
potent toward AChE compared to BChE with derivatives 4a,
4b, 3a, 3d and 3b expressing high AChE inhibition activity
from the most active to the least ones. Among these com-
pounds, compound 4a which carries a pyrimidinyl moiety at
the fourth position of the piperazine ring showed the most
inhibition activity against AChE with an ICso value that is the
closest to that of donepezil (0.036 vs. 0.0201 uM). Replacing
pyrimidinyl moiety with pyridinyl in compound 4b results in
an 1Csy value of 0.052uM, while the absence of the methyl
group in the structure of compound 3a leads to an inhib-
ition activity that is 1.8 times lower than that of compound
4a with an ICso value of 0.067 uM. Compared to 3a, com-
pound 3d which carries furoyl moiety instead of pyrimidinyl
has an 1C5o of 0.159 uM, while compound 3b which carries
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Table 2. Initial screening and % inhibition at 107> and 107 M concentrations of the synthesized compounds, donepezil, tacrine, moclobemide and selegiline

against AChE, BChE, h-MAO-a and h-MAO-B.

AChE% inhibition

BChE% inhibition

MAO-A% inhibition MAO-B% inhibition

Compounds 103 M 107* M 103 M 107*M 103 M 107" M 103 M 107 M

3a 92.152+2.422 87.676+1.703  31.521+0832 27.608+0.751 39.166+1321 31.059+0959 85.667+1.927 82.385+2.144
3b 86.759+£1.069 81.334:0.964 28236+0.0958 22.132+0.809 37.648+0.966 26.684+0.832 72.142£2.052  42.366+0.892
3c 67.647+1.833  39.086+0.897  32320+1.063 24761+0822 41377+1395 34651+1.197 41585+1.068  36.274+0.857
3d 90.182+1.933  84.567+2.254  27.608+0.847 21.459+0.885 36.289+0922 27.469+0.874 46.752+0.866  28.651%0.721
3e 79.432+2.197  41.362+£0.922  36747+1.055 23.841+0.947 40.760+1.558  30.324+1.047 68.823+1.833  40.536 % 1.090
3f 82.595+1.958  48814+1257  31.089+1.157 20262+0.844 42.417+1751 28.131+0.875 44.654+0928  39.614+0.957
3g 49346+0957  40.134+0.951  29.834+0.974 23.075+0.775 43.668+1.907 30.866+0.920 48.890+0974  40.159+0.962
3h 43487+1.084  34424+0729  34959+1.162  26.966+0.875 37.923+1.155 32.526+0.963 45961+0811  37.421+0.833
3i 48.090+0.862  36.797+0.874  38.267+1.285 23.620+0.896  34.439+0.947 27.941+0885 62.422+1.658 42.744+1.108
3j 53.741+0.731 4255140933  30.059+0.957 20448+0.964 38.121+1.223  25.134+0.874 68.241+1.921  46.864 +0.857
4a 94.239+2.356 92.787+2.150 27.111+0.850 22.195+0917  40.048+1675 33259+1.097 93.471+2.436 89.286+1.923
4b 92.848+1.957 89.561+1.824 28457+1.011 21.011+0823 42555+1.035 38.047+0929 91.552+1.866 88.679+2.144
4c 46.637+1.041  35364+0.889  32.962+1.389  27.336+0.970  39.699+0.984  31.697+0.752 56.109+1.174  41.666+0.721
4d 79.723+2374  48215+1.002  24.663+0.959  20.547+0.830 46.862+1.427 32586+00961 74.663+1.336  40.528+0.968
4e 48.190+1.421  40658+1.097  32.549+1.089  20.652+0.851 40.723+1.021 36.838+0.964  48358+0.855  36.423+0.959
af 81.525+1.727  39.438+0944  34174+0867 24.112+0958 47318+0.839 32122+0.874 52.754+1.328  32.241+0.836
49 42.827+0.879  38790+0.985  33.464+0.966 28.247+0.958  46.864+1.636  32.657+1.057 77.921+1.878  39.070+0.836
Donepezil 99.156+1.302  97.395+1.255 - - - - - -
Tacrine - - 99.827+1.378  98.675+1.450 - - - -
Moclobemide - - - 9412142760  82.143+2.691 - -
Selegiline - - - - - 98.589 + 2.055 94.850+1.114

Table 3. ICso (uM) against AChE and h-MAsO-B based on the % inhibition
from 10 ~3 to 10 ~° M concentrations of compounds 3a, 3b, 3d, 4a and 4b,
donepezil and selegiline.

Compounds AchE 1C5q (uM) MAO-B ICso (M)
3a 0.067 +£0.003 0.402+0.018
3b 0.288£0.011 -

3d 0.159+0.006 -

4a 0.036 +0.001 0.054 £0.002
4b 0.052 +0.002 0.141 +£0.006
Donepezil 0.0201+0.0010 -
Selegiline - 0.0374+0.0016

pyridinyl moiety instead of pyrimidinyl has an ICs, of
0.288 pM.

Consistent with the results of the anticholinesterase activ-
ity of these derivatives, it was found that 4a, 4b and 3a
were also the active ones against h-MAO-B, making them
dual inhibitor drug candidates, while no significant activity
was recorded against h-MAO-A for all derivatives. Among
these derivatives, compound 4a is the most active one
against h-MAO-B with an ICsy of 0.054 UM compared to that
of the standard drug selegiline (ICso = 0.0374 uM), while the
other two derivatives 4b and 3a show moderate inhibition
activity with 1Cso of 0.141 and 0.402 uM, respectively.

Based on the structure-activity relationship (SAR), it is con-
cluded that (Figure 4):

e The potency of active compounds was increased when R,
is a methyl group compared to H.

e Derivatives that contain piperazine ring (R, = N) were
more active than those with other cyclic secondary
amines (R, = S, O, Q).

e The presence of heterocyclic aromatic substituents at the
fourth position of the piperazine ring (Rs) has a positive
effect on the activity, the pyrimidinyl scaffold showed the
best effects.

e The size of the secondary cyclic amine ring has not a
prominent effect on the inhibition activity (pyrrolidine vs.
piperidine).

Figure 4. Structure-activity relationship of the synthesized derivatives.

Molecular docking studies

The binding interactions of the most active derivatives within
the active sites of the related enzymes were investigated
using molecular docking and molecular dynamic simulation
(MDS) studies to examine the crucial bonds, the nature and
the stability of the binding that are essential for active
molecules.

Docking study on AChE enzyme

Derivatives 4a, 4b and 3a which displayed the highest inhib-
ition activity against AChE were investigated within the
enzyme’s active site. As shown in the 2D poses (Figures 5-7)
and the 3D poses (Figures 8-10), all three derivatives can be
considered as dual binding site inhibitors as they bind to
both the central catalytic anionic site (CAS) and the periph-
eral anionic site (PAS) with a total of seven binding interac-
tions (Table 4). Two common binding interactions were
formed at PAS by all derivatives 4a, 4b and 3a which are a
n-n stacking interaction of Trp286 residue with the 1,3,4-
thiadiazole ring and a m-cation interaction of Tyr341 residue
with the positive ionized piperazine’s nitrogen. These interac-
tions were reported as crucial ones for many potent AChEI
(Cheung et al, 2012). Also, ligands that were able to form
binding interactions within PAS are considered to have a sec-
ondary non-cholinergic effect associated with their ability to
decrease the formation of the neurotoxic AP aggregates in
AD by blocking the access of the fibrils of A peptides to
this peripheral site to form stable AChE-AB complexes



Table 4. Interaction index for the active compounds-AChE complex.
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Compounds Ligand moiety Binding site, residue Interaction type, count Bond distance (A)
3a 1,3,4-thiadiazole ring PAS, Trp286 n—7 stacking, 1 533
Positive ionized piperazine’s nitrogen PAS, Tyr341 m-cation, 1 4.30
N3 of the 1,3,4-thiadiazole ring CAS, Phe295 H-bond, 1 2.17
Positive ionized piperazine’s nitrogen CAS, Tyr337 m-cation, 1 533
Hydrogen at C4 of pyrimidine CAS, GIh202 Ar H-bond, 1 2.79
Hydrogen at C3 Pyrimidine ring CAS, His447 Ar H-bond, 1 2.67
Pyrimidine ring CAS, His447 n-7 stacking, 1 494
4a 1,3,4-thiadiazole ring PAS, Trp286 n-7 stacking, 1 531
Positive ionized piperazine’s nitrogen PAS, Tyr341 m-cation, 1 493
N3 of the 1,3,4-thiadiazole ring CAS, Phe295 H-bond, 1 2.95
Positive ionized piperazine’s nitrogen CAS, Tyr337 m-cation, 1 532
Hydrogen at Cs of pyrimidine CAS, Glh202 Ar H-bond, 1 2.61
Hydrogen at C4 of pyrimidine CAS, His447 Ar H-bond, 1 2.70
Positive ionized piperazine’s nitrogen CAS, Trp86 m-cation, 1 5.64
4b 1,3,4-thiadiazole ring PAS, Trp286 n—7 stacking, 1 5.45
Positive ionized piperazine’s nitrogen PAS, Tyr341 m-cation, 1 4.68
N3 of the 1,3,4-thiadiazole ring CAS, Phe295 H-bond, 1 2.17
Positive ionized piperazine’s nitrogen CAS, Tyr337 m-cation, 1 5.13
Hydrogen at C, of the pyridine CAS, GIh202 Ar H-bond, 1 251
Pyridine CAS, Trp86 n-7 stacking, 1 4.42
Positive ionized piperazine’s nitrogen CAS, Trp86 m-cation, 1 4.23
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Figure 5. 2D Poses of the interaction of AChE with compound 3a.

(Alvarez et al.,, 1997). Other three common binding interac-
tions in all three derivatives were noticed within the CAS
which are a hydrogen bond interaction of Phe295 with N3
of the 1,3,4-thiadiazole ring, a =-cation interaction of
Tyr337 with the positive charged piperazine’s nitrogen and
an aromatic hydrogen bond interaction (Ar H-bond)
between the carbonyl oxygen of Glh202 and the hydrogen
at C4 of the pyridine (4b) or the hydrogen at Cs of pyrimi-
dine (4a and 3a).

Besides that, the third most active compound 3a forms
two additional binding interactions between His447 and
the pyrimidine ring, the first is a m-n stacking interaction
and the second is an Ar H-bond interaction. The second
most active compound 4b forms two additional binding
interactions with the crucial amino acid Trp86, the first is a
stacking -7 interaction with pyridine and the second is a
m-cation interaction with the positively charged pipera-
zine’s nitrogen. However, the first most active compound
4a was found to maintain a balanced pattern of binding
interactions with both His447 and Trp86 residues. The

former residue’s carbonyl oxygen forms an Ar H-bond inter-
action with the hydrogen at C, of the pyrimidine. In con-
trast, the latter residue’s indole ring forms a m-cation
interaction with the piperazine’s positively charged nitro-
gen. As noticed, the absence of the interaction with Trp86
causes a more significant decrement in the activity of com-
pound 3a than the absence of the interaction with His447
as in compound 4b.

Docking study on h-MAO-B enzyme

Binding interactions of derivative 4a that displayed the most
inhibition activity against hMAO-B were studied and pre-
sented in Figure 11 as 2D and 3D poses. Generally, the
derivative 4a was well located near the Flavin adenine
dinucleotide (FAD) coenzyme. It participates in seven binding
interactions (Table 5), four of which involve the pyrimidine
ring. The most important one among these four bonds is the
one that involves Tyr435 residue in a m-m stacking inter-
action as it also presents in many other potent compounds
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Figure 7. 2D Poses of the interaction of AChE with compound 4a.

interactions (Can et al.,, 2017). The other three are all Ar H-
bond interactions, two with Tyr434 and the last with Cys172
residue. The amino acid residue Tyr326 was involved in two
binding interactions, the first is another n—n stacking inter-
action with the 1,3,4-thiadiazole ring and the second is an Ar
H-bond interaction with the amidic carbonyl oxygen. The
amino acid residue GIn 206 which was found to affect the
selectivity for MAO-B (Evren et al.,, 2022) participates in an

H-bond interaction with the piperazine’s ionized positive
nitrogen atom.

Molecular dynamic simulation (MDS) studies

Derivative 4a which showed dual inhibition activity against
AChE and hMAO-B was studied further through MDS to
investigate the nature of binding interactions. The radius of
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Figure 10. 3D Pose of the interaction of compound 4a with AChE.
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Table 5. Interaction index for the active compounds-MAO-B complex.

Compound Ligand moiety Residue Interaction type, count Bond distance (A)
4a Pyrimidine ring Tyr435 n—7 stacking, 1 3.57
Pyrimidine ring Tyrd34 Ar H-bond, 2 2.56, 2.48
Pyrimidine ring Cys172 Ar H-bond, 1 244
1,3,4-thiadiazole ring Tyr326 n-7 stacking, 1 5.05
Amidic carbonyl oxygen Tyr326 Ar H-bond, 1 2.49
Positive ionized piperazine’s nitrogen Gln 206 H-bond, 1 1.83

164
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TYR GLN
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343
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Crarged {positive) & Urspecified residue = = bond — Salt brdge
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Figure 11. The interaction of compound 4a with hMAO-B; 2D pose (a) and 3D pose (b).

gyration (Ry), root-mean-square fluctuation (RMSF) and root MDS on 4a and AChE complex
square deviations (RMSD) values were calculated to indicate Data obtained from MDS of derivative 4a within AChE were
the stability of the derivative-enzyme complex. represented in Supplementary Figure-S71 and Figure12. As
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Figure 12. MDS studies of ligand 4a within AChE. The plots of (a) the interactions fraction-residue, (b) the residue-time and (c) the diagram of contact strength

(cutoff = 30%) as 2D pose.

shown in Figure S71, the complex shows high stability
throughout the simulation, as the Ry plot is consistent with
minimal fluctuations. Also, the RMSD value of the protein is
within the acceptable range of 1-3 A during the entire simula-
tion which indicates the minimal conformation changes and
stability of the protein. As expected, the rigid protein

structures a-helices (red areas) and B-strands (blue areas) have
minimal fluctuations compared to loop regions (white areas),
thus RMSF value is an additional proof of the complex stability.

Binding interactions were presented in different ways as
shown in Figure 12 and Supplementary Video 1. Generally,
these interactions are noticed to be mainly and constantly with
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Tyr124, Tyr341, Tyr337, Phe295, Phe338 and Trp86 residues. The
n—n stacking interactions were observed to involve the pyrimi-
dine moiety of derivative 4a with Trp86, Tyr337 and His447. A
n-cation interaction of the positively charged piperazine’s nitro-
gen was formed with Tyr341. The H-bond interactions were
formed with Tyr337, Tyr124 and Phe295, while the water-medi-
ated H-bonds were formed with Gly122, Ser203 and Phe295.
Besides that, Ar H-bonds were formed between the pyrimidine
moiety of 4a and the residues of GIh202, His404, Tyr337 and
Gly121 (Supplementary Video 2) as well as between the amidic
carbonyl oxygen and Phe297, Phe295, Tyr124 and Tyr341. The
result of MDS is consistent with those in docking studies. As
mentioned in the docking results section, inhibition of the AChE
enzyme is significantly related to interacting with Trp86 (CAS
region), thus, the interaction with this residue is the main
explanation of the SAR. Another significant residue is Glh202,
and the interaction with this amino acid may be connected to
AChE selectivity, explaining why no inhibitory activity on BChE
has been observed (Saglik et al., 2016).

MDS on 4a and hMAO-B complex

As shown in Supplementary Figure S72, the complex has sig-
nificant stability throughout the simulation. The Ry plot
shows consistency with minimal fluctuations. The RMSD of
protein indicates conformational stability as its value is
within the acceptable range of 1-3 A during the entire simu-
lation. The RMSF value ensured the complex stability as
o-helices (red areas) and B-strands (blue areas) have lower
fluctuations than loop regions (white areas), however, no sig-
nificant big fluctuations were observed between them.

As shown in Figure 13 and Supplementary Video 3, binding
interactions with Tyr60, Phe343, Ser200, Thr201 and GIn206
were the dominant ones among others. A mt-cation interaction
was formed between the positively charged piperazine’s nitro-
gen and Tyr60 residue. Both H-bond interactions and water-
mediated H-bonds were seen with Ser200 and Thr201 resi-
dues. Water-mediated H-bonds were also noticed with GIn206
residue. Besides that, Ar H-bond interactions (Supplementary
Video 4) were formed between pyrimidine’s hydrogens of 4a
and Leu171, Cys172, Tyr398 and FAD protein as well as the
amidic carbonyl oxygen of 4a and both Tyr326 and Phe343
residues. The interactions with the FAD protein which acts as
an H-bond acceptor enlighten the importance of incorporating
polar groups that can act as H-bond donors at that position of
the structure. In accordance with the previously mentioned
docking results, interactions with Ser200, Thr201 and GIn206
residues were marked to be responsible for enzyme inhibition
activity. Since propionamide moiety has a remarkable place in
the interactions with those amino acids, this moiety can be a
useful linker to design new MAO inhibitors (Cavusoglu et al.,
2018; Kaya et al., 2016; Shen et al., 2014).

Materials and methods
Chemistry

All' chemical substances were purchased from Acros Organics
Chemicals (Acros Organics, USA), Fluka Chemicals (Germany),

Sigma-Aldrich Chemical Co (Sigma-Aldrich Corp., St. Louis, MO,
USA) and Merck Chemicals (Merck KGaA, Darmstadt, Germany).
The Mettler Toledo-MP90 Melting Point System (Mettler Toledo,
Ohio, USA) was used to measure melting point (m.p.) values of all
final synthesized compounds that were uncorrected. Thin-layer
chromatography (TLC) technique was used to monitor the pro-
gression of all reaction media using Silica Gel 60 F,s4 aluminum-
covered plates (Merck KGaA, Darmstadt, Germany) as the station-
ary phase, while ethanol, 1:1 and 3:1 petroleum ether-ethyl acetate
mixtures were used as the mobile phase. Chemical spectral analy-
ses were recorded using the following instruments: Shimadzu-IR
Affinity-IS instrument (Shimadzu, Japan); Bruker 300 MHz and
400 MHz NMR spectrometers (Bruker Bioscience, Billerica, MA,
USA) in either DMSO-dg or CDCl; using TMS as internal standard;
Shimadzu 8040 LC/MS/MS system (Shimadzu, Tokyo, Japan) was
used to determine M+ 1 peaks. Analysis data including IR, 'H-
NMR, "*C-NMR and HRMS of all final synthesized derivatives are
provided to supplement data.

General synthesis of f 5-(adamantan-1-yl)-1,3,4-thiadiazol-
2-amine (1)

An equal amount of 1-adamantane carboxylic acid (61.03 mmol,
11 g) and thiosemicarbazide (61.03 mmol, 5.56 g) were refluxed
in phosphoryl chloride POCl; (40ml) at 75-80°C for half an
hour. The reaction mixture was then cooled in an ice bath, cold
distilled water (31 ml) was added dropwise and left for 15 mins.
Again, the reaction mixture was refluxed for an additional 4-
5 hrs. After the reaction was completed, it was cooled and neu-
tralized in cold water with 2N NaOH. The precipitated product
was filtered and recrystallized from ethanol (Yang et al., 2012).

General synthesis of N-[5-(adamantan-1-yl)-1,3,4-thiadia-
zol-2-yl]-2-chloroacetamide (2a)

A stirred solution of 5-(adamantan-1-yl)-1,3,4-thiadiazol-2-amine
(1) (25.49 mmol, 6 g) and TEA as a basic catalyst (30.6 mmol, 4.3 ml)
in THF was first prepared. After that, a solution of chloroacetyl
chloride in THF (30.6 mmol, 2.4 ml) was added dropwise to the
stirred solution for 3-4 hrs at 0-5 °C. After the reaction was com-
pleted, THF was first evaporated and the residue was washed with
water. The product was filtered and recrystallized from ethanol.

General synthesis of N-[5-(adamantan-1-yl)-1,3,4-thiadia-
zol-2-yl]-2-chloropropanamide (2b)

A stirred solution of 5-(adamantan-1-yl)-1,3,4-thiadiazol-2-amine
(1) (25.49 mmol, 6 g) and TEA as a basic catalyst (30.6 mmol, 4.3 ml)
in THF was first prepared. After that, a solution of 2-chloropro-
pionyl chloride (30.6 mmol, 2.9 ml) in THF (30.6 mmol, 2.4 ml) was
added dropwise to the stirred solution for 3-4 hrs at 0-5 °C. After
the reaction was completed, THF was first evaporated, and the resi-
due was washed with water. The product was filtered and recrys-
tallized from ethanol.

General synthesis of N-[5-(adamantan-1-yl)-1,3,4-thiadia-
zol-2-yl]-2-substituted-acetamide derivatives (3a-3j)

At room temperature, an appropriate cyclic secondary amine
(1.28 mmol) and N-(5-(adamantan-1-yl)-1,34-thiadiazol-2-yl)-2-
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Figure 13. MDS studies of ligand 4a within hMAO-B. The plots of (a) the interactions fraction-residue, (b) the residue-time and (c) the diagram of contact strength

(cutoff = 30%) as 2D pose.

chloroacetamide (2a) (1.28 mmol, 0.4 g) were reacted in THF and
TEA (1.54mmol, 021 ml) for 12-24 hrs. After the reaction was
completed, THF was first evaporated and solid residues were
washed with water, filtered and recrystallized from ethanol.

N-[5-(adamantan-1-yl)-1,3,4-thiadiazol-2-yl]-2-(4-(pyrimi-
din-2-yl)piperazin-1-yl)acetamide (3a)

Yield: 96%. Physical appearance: light creamy powder.
Experimental m.p.: 195-196°C. IR (ATR) Umax (ecm™"): 3153
(N-H stretching), 3030 (Aromatic sp2 C-H stretching), 2926 -

2818 (sp® C-H stretching), 1695 (C=0 stretching), 1583 -
1446 (aromatic C=C and C=N stretching), 1253 (C-N
stretching). "H-NMR (300 MHz) (DMSO-d,) & (ppm): 1.73 (6H,
s, adamantane-H), 1.99 (6H, s, adamantane-H), 2.04 (3H, s,
adamantane-H), 2.55 (4H, t, J=4.74Hz, piperazine’s H,g),
336 (2H, s, CO-CH,), 3.75 (4H, t, J=4.56Hz, piperazine’s
Hss), 6.60 (1H, t, J=7.74Hz, pyrimidine’'s Hs), 8.34 (2H, d,
J=4.72Hz, pyrimidine’s Hag), 12.21 (1H, br-s, N-H). "*C-NMR
(75 MHz) (DMSO-dg) & (ppm): 28.29 (adamantane), 36.28 (ada-
mantane), 37.66 (adamantane), 43.12 (adamantane), 43.66
(piperazine), 52.63 (piperazine), 60.47 (CO—@z—), 110.55
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(pyrimidine’s Cs), 157.68 (thiadiazole), 158.37 (pyrimidyl’s
Cu6), 161.6 (pyrimidine’s Cy), 168.87 (thiadiazole), 174.11 (CO).
HRMS (ESI) (m/z2) IM+1] T for CyHxoN;0S calculated:
440.2227; found: 440.2209.

N-[5-(adamantan-1-yl)-1,3,4-thiadiazol-2-yl]-2-(4-(pyridin-
2-yl)piperazin-1- yl)acetamide (3b)

Yield: 81%. Physical appearance: light creamy powder.
Experimental m.p.: 172-173°C. IR (ATR) Upmax (€m™"): 3151 (N-
H stretching), 2927-2845 (sp3 C-H stretching), 1701 (C=0
stretching), 1591 — 1436 (aromatic C=C and C=N stretching),
1244 (C-N stretching). "H-NMR (300 MHz) (DMSO-ds) & (ppm):
1.73 (6H, s, adamantane-H), 1.99 (6H, s, adamantane-H), 2.04
(3H, s, adamantane-H), 2.59 (4H, br-s, piperazine’s H,¢), 3.37
(2H, s, CO-CH,), 3.5 (4H, br-s, piperazine’s Hss), 6.62 (1H, t,
J=6.48Hz, pyridine’s Hs), 6.8 (1H, d, J=8.58 Hz, pyridine’s Hs),
751 (1H, t, J=7.8Hz, pyridine’s Hy), 8.09 (1H, d, J=4.77Hz,
pyridine’s Hg), 11.25 (H, br-s, N-H). "*C-NMR (75 MHz) (DMSO-
ds) & (ppm): 28.3 (adamantane), 36.28 (adamantane), 37.66
(adamantane), 43.12 (adamantane), 45.01 (piperazine), 52.64
(piperazine), 60.51 (CO-CH,-), 107.54 (pyridine's C3), 113.42
(pyridine’s Cs), 137.95 (pyridine’s C,), 148 (pyridine’s Cg), 157.7
(thiadiazole), 159.41 (pyridine’s C,), 168.86 (thiadiazole), 174.11
(CO). HRMS (ESl) (m/z) [M+ 11" for Cy3H30NgOS calculated:
439.2275; found: 439.2263.

N-[5-(adamantan-1-yl)-1,3,4-thiadiazol-2-yl]-2-(4-phenylpi-
perazin-1-yl)acetamide (3c)

Yield: 94%. Physical appearance: light yellow powder.
Experimental m.p.. 172-173°C. IR (ATR) Umax (cm™"): 3142
(N-H stretching), 3022 (Aromatic sp2 C-H stretching), 2904 -
2848 (sp3 C-H stretching), 1687 (C=0O stretching), 1597 -
1448 (aromatic C=C and C=N stretching), 1284 (C-N
stretching). 'H-NMR (300 MHz) (DMSO-dg) & (ppm): 1.73 (6H,
s, adamantane-H), 1.98 (6H, s, adamantane-H), 2.03 (3H, s,
adamantane-H), 2.65 (4H, br-s, piperazine’s H,¢), 3.14 (4H, br-
s, piperazine’s Hss), 337 (2H, s, CO-CH,), 6.76 (1H, t,
J=7.11Hz, phenyl Hy), 6.91 (2H, d, J=28.1 Hz, phenyl ,¢) 7.19
(2H, t, J=7.23Hz, phenyl Hss), 11.6 (H, br-s, N-H). ">*C-NMR
(75 MHz) (DMSO-dg) & (ppm): 28.31 (adamantane), 36.29 (ada-
mantane), 37.66 (adamantane), 43.13 (adamantane), 48.61
(piperazine), 52.85 (piperazine), 60.46 (CO-CH,), 115.88 (phe-
nyl), 119.27 (phenyl), 129.36 (phenyl), 151.43 (phenyl's C;),
157.71 (thiadiazole), 168.82 (thiadiazole), 174.09 (CO). HRMS
(ES) (m/z) IM+11": for CyH3;NsOS calculated: 438.2322;
found: 438.2306.

N-[5-(adamantan-1-yl)-1,3,4-thiadiazol-2-yl]-2-(4-(furan-2-
carbonyl)piperazin-1-yl)acetamide (3d)

Yield: 75%. Physical appearance: white powder. Experimental
m.p.: 206-207 °C. IR (ATR) Umax (cm™"): 3136 (N-H stretching),
3116 (Aromatic sp®> C-H stretching), 2933 - 2843 (sp> C-H
stretching), 1701 (C=0 stretching), 1620 (C=0 stretching),
1556 — 1436 (aromatic C=C and C=N stretching), 1300 -
1280 (Aromatic C-O stretching), 1134 (C-N stretching). TH-
NMR (300 MHz) (DMSO-dg) 6 (ppm): 1.73 (6H, s, adamantane’s

H), 1.98 (6H, s, adamantane-H), 2.03 (3H, s, adamantane-H),
2.57 (4H, br-s, piperazine’s Hyg), 3.38 (2H, s, CO-CH,), 3.67
(4H, br-s, piperazine’s Hss), 6.6 (H, t, J=1.52Hz, “furan-Hy),
6.97 (H, d, J=2.68 Hz, furan-Hs), 7.82 (H, s, furan-Hs), 12.3 (H,
br-s, N-H). "*C-NMR (75 MHz) (DMSO-ds) & (ppm): 28.29 (ada-
mantane), 36.28 (adamantane), 37.66 (adamantane), 43.12
(adamantane), 52.84 (piperazine), 60.12 (CO-CH,-), 111.74
(furan), 116.01 (furan), 145.17 (furan), 147.4 (furan), 157.67
(thiadiazole), 158.7 (piperazine-CO-furan), 168.8 (thiadiazole),
17412 (NH-CO-CH,). HRMS (ESl) (m/z) [M4+11": for
Ca3H2oNs03S calculated: 456.2064; found: 456.2054.

N-[5-(adamantan-1-yl)-1,3,4-thiadiazol-2-yl]-2-(4-ethylpi-
perazin-1-yl)acetamide (3e)

Yield: 58%. Physical appearance: white powder. Experimental
m.p.: 152-153°C. IR (ATR) Umax (cm™'): 3140 (N-H stretching),
2966 - 2806 (sp3 C-H stretching), 1701 (C=0 stretching),
1564 - 1438 (aromatic C=N stretching), 1172 (C-N stretch-
ing). "H-NMR (300MHz) (CDCl;) & (ppm): 1.10 (3H, t,
J=7.23 Hz, CH,—CH;5), 1.80 (6H, s, adamantane-H), 2.10 (9H, s,
adamantane-H), 2.46 (2H, g, J;1 = 7.23Hz, J, = 1441 Hz, CH,—
CHs), 2.55 (4H, br-s, piperazine’s Hss), 2.67 (4H, t, J:3.9ﬁz,
piperazine’s Hyg), 3.28 (2H, s, CO-CH,),10.55 (H, br-s, N-H).
BC-NMR (75MHz) (CDCl3) & (ppm): 11.96 (CH,~CH3) 28.41
(adamantane), 36.39 (adamantane), 37.88 (adamantane),
43.22 (adamantane), 52.16 (CH,-CH3), 52.49 (piperazine),
53.65 (piperazine), 60.01 (CO-CH,-), 157.21 (thiadiazole),
168.5 (thiadiazole), 175.98 (CO). HRMS (ESI) (m/z) M+ 1]1*:
for C,0H31N50S calculated: 390.2322; found: 390.2304.

N-[5-(adamantan-1-yl)-1,3,4-thiadiazol-2-yl]-2-(4-methyIpi-
perazin-1- yl)acetamide (3f)

Yield: 55%. Physical appearance: white powder. Experimental
m.p.: 170-171°C. IR (ATR) Umax (cm™"): 3153 (N-H stretching),
2929 - 2777 (sp3 C-H stretching), 1705 (C=0 stretching),
1571-1438 (aromatic C=N stretching), 1172 (C-N stretching).
"H-NMR (300 MHz) (DMSO-ds) & (ppm): 1.73 (6H, s, adaman-
tane-H), 1.98 (6H, s, adamantane-H), 2.03 (3H, s, adamantane-
H), 2.14 (3H, s, —=CHs), 2.31 (4H, br-s, piperazine’s H), 2.49 (4H,
t, J=1.68Hz, piperazine’s H), 3.28 (2H, s, CO-CH,),12.03 (H,
br-s, N-H). "*C-NMR (75 MHz) (DMSO-dg) & (ppm): 28.3 (ada-
mantane), 36.29 (adamantane), 37.65 (adamantane), 43.12
(adamantane), 46.21 (CHs), 52.83 (piperazine), 55.01 (pipera-
zine), 60.5 (CO-CH,-), 157.67 (thiadiazole), 168.87 (thiadia-
zole), 174.05 (CO). HRMS (ESI) (m/z) [M+ 11*: for Cq9H29NsOS
calculated: 376.2166; found: 376.2156.

N-[5-(adamantan-1-yl)-1,3,4-thiadiazol-2-yl]-2-(pyrrolidin-
1-yl)acetamide (3 g)

Yield: 84%. Physical appearance: light brown powder.
Experimental m.p.: 160-161°C. IR (ATR) Umax (cm™"): 3159
(N-H stretching), 2926 - 2794 (sp3 C-H stretching), 1703
(C=0 stretching), 1556 - 1448 (aromatic C=N stretching),
1301 (C-N stretching). "H-NMR (300 MHz) (DMSO-dg) 6 (ppm):
1.68 — 1.74 (10H, m, adamantane-H and pyrrolidine’s Hs ,),
1.98 (6H, s, adamantane-H), 2.03 (3H, s, adamantane-H), 2.57



(4H, br-s, pyrrolidine’s Hy5), 3.41 (2H,s, CO-CH,), 11.4 (H, br-s,
N-H). 3C-NMR (75 MHz) (DMSO-ds) & (ppm): 23.85 (pyrroli-
dine’s C34), 28.31(adamantane), 36.29 (adamantane), 37.64
(adamantane), 43.13 (adamantane), 53.81 (pyrrolidine’s Cys),
57.94 (CO-CH,), 157.91(thiadiazole), 169.29 (thiadiazole),
173.94 (CO). HRMS (ESI) (m/z) [M + 117 for Cq8H26N40S calcu-

lated: 347.1900; found: 347.1887.

N-[5-(adamantan-1-yl)-1,3,4-thiadiazol-2-yl]-2-(piperidin-1-
yl)acetamide (3h)

Yield: 88%. Physical appearance: light vyellow crystals.
Experimental m.p.. 169-170°C. Literature m.p.: 200-202°C
(Wassel et al.,, 2021). IR (ATR) Umax (cm™'): 3145 (N-H stretch-
ing), 2937 - 2845 (sp3 C-H stretching), 1699 (C=0 stretch-
ing), 1548 - 1438 (aromatic C=N stretching), 1305 (C-N
stretching). 'H-NMR (300 MHz) (DMSO-dg) & (ppm): 1.33 -
1.39 (2H, m, piperidine’s Hy), 1.46 - 1.54 (4H, m, piperidine’s
Hss), 1.73 (6H, s, adamantane-H), 1.98 (6H, s, adamantane-H),
2.04 (3H, s, adamantane-H), 244 (4H, t, J=4.68 Hz, piperi-
dine’s H,¢), 3.24 (2H, s, CO-CH,), 11.83 (H, br-s, N-H). "*C-
NMR (75MHz) (DMSO-dg) & (ppm): 23.96 (piperidine’s C,),
25.91 (piperidine’s Cs5), 28.3 (adamantane), 36.29 (adaman-
tane), 37.65 (adamantane), 43.13 (adamantane), 54.16 (piperi-
dine’'s Cy¢), 61.39 (CO-CH,), 157.74 (thiadiazole), 169.16
(thiadiazole), 174.03 (CO). HRMS (ESI) (m/z) [M+11*: for
Cy19H2gN,40S calculated: 361.2057; found: 361.2036.

N-[5-(adamantan-1-yl)-1,3,4-thiadiazol-2-yl]-2-morpholi-
noacetamide (3i)

Yield: 89%. Physical appearance: light yellow. Experimental
m.p.: 206-207 °C. IR (ATR) Umax (cm™"): 3163 (N-H stretching),
2900 - 2845 (sp3 C-H stretching), 1705 (C=0 stretching),
1548 - 1444 (aromatic C=N stretching), 1301 (C-N stretch-
ing), 1112 (C-0O stretching). "H-NMR (300 MHz) (DMSO-dg) 6
(ppm): 1.72 (6H, s, adamantane-H), 1.97 (6H, s, adamantane-
H), 2.01 (3H, s, adamantane-H), 2.49 (4H, br-s, morpholine’s
Hss), 3.30 (2H, s, CO-CH,), 3.57 (4H, br-s, morpholine’s H,¢),
12.00 (1H, br-s, N-H). "*C-NMR (75 MHz) (DMSO-dg) & (ppm):
28.3 (adamantane), 36.28 (adamantane), 37.63 (adamantane),
43.12 (adamantane), 53.3 (morpholine’s C35), 60.75 (CO-CH,),
66.55 (morpholine’s C,¢), 157.66 (thiadiazole), 168.71 (thim—
zole), 174.04 (CO). HRMS (ESI) (m/z) M + 117 for C;gH26N40,S
calculated: 363.1849; found: 363.1831.

N-[5-(adamantan-1-yl)-1,3,4-thiadiazol-2-yl]-2-thiomorpho-
linoacetamide (3j)

Yield: 89%. Physical appearance: light brown. Experimental
m.p.: 196-197°C. IR (ATR) Umax (cm™"): 3172 (N-H stretching),
2931 - 2846 (sp3 C-H stretching), 1703 (C=0 stretching),
1517 - 1452 (aromatic C=N stretching), 1300 - 1286 (C-N
stretching). "H-NMR (300 MHz) (DMSO-dg) & (ppm): 1.72 (6H,
s, adamantane’s Heggo), 1.97 (6H, s, adamantane-H), 2.02 (3H,
s, adamantane-H), 2.60 (4H, br-s, thiomorpholine’s H,¢), 2.73
(4H, br-s, thiomorpholine-Hs 5), 3.32 (2H, s, CO-CH,), 11.88 (H,
br-s, N-H). '3C-NMR (75 MHz) (DMSO-dg) & (ppm): 27.95 (thio-
morpholine’s C,¢), 28.7 (adamantane), 36.69 (adamantane),
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38.07 (adamantane), 43.53 (adamantane), 54.95 (thiomorpho-
line’s C35), 61.61 (CO-CH,), 158.06 (thiadiazole), 169.53 (thia-
diazole), 17451 (CO). HRMS (ES) (m/z2) M+11": for
Cy8H26N40S, calculated: 379.1621; found: 379.1611.

General synthesis of N-[5-(adamantan-1-yl)-1,3,4-thiadia-
zol-2-yl]-2-substituted-propanamide derivatives (4a-4g)
Using reflux, an appropriate cyclic secondary amine
(1.23 mmol) and N-[5-(adamantan-1-yl)-1,3,4-thiadiazol-2-yl]-2-
chloropropanamide (2b) (1.23mmol, 0.4g) were reacted in
acetonitrile and K,COs (2.46 mmol, 0.34g) for 12-24 hrs. After
the reaction was completed, THF was first evaporated, solid
residues were washed with water, filtered and recrystallized
from ethanol while liquid residue was extracted using ethyl
acetate.

N-[5-(adamantan-1-yl)-1,3,4-thiadiazol-2-yl]-2-(4-(pyrimi-
din-2-yl)piperazin-1-yl)propanamide (4a)

Yield: 67%. Physical appearance: white powder. Experimental
m.p.: 115-116°C. IR (ATR) Umax (em™"): 3149 (N-H stretching),
2902 - 2848 (sp*> C-H stretching), 1695 (C=O0 stretching),
1585 - 1446 (aromatic C=C and C=N stretching), 1163 (C-
N stretching). 'H-NMR (300 MHz) (DMSO-ds) & (ppm): 1.20
(3H, br-s, CH-CHs), 1.71 (6H, s, adamantane-H), 1.97 (6H, ada-
mantane-H), 2.01 (3H, s, adamantane-H), 2.55 (4H, br-s, piper-
azine’s Hy¢), 3.56 (1H, g, J; = 541Hz, J, = 10.56Hz, CH-
CHs), 3.72 (4H,s, piperazine-Hs5), 6.59 (1H, t, J=4.05Hz, pyri-
midine’s Hs), 8.31 (2H, br-s, pyrimidine’s Hy¢), 12.64 (H, br-s,
N-H). "*C-NMR (75 MHz) (DMSO-ds) & (ppm): 13.83 (CH-CHs),
28.74 (adamantane), 36.74 (adamantane), 38.07 (adaman-
tane), 43.57 (adamantane), 44.43 (piperazine), 49.57 (pipera-
zine), 6273 (CO-CH), 11091 (pyrimidine), 15835
(thiadiazole), 158.78 (pyrimidine), 161.98 (pyrimidine), 171.93
(thiadiazole), 174.45 (CO). HRMS (ES) (m/z) IM+11": for
Cy3H31N;0S calculated: 454.2384; found: 454.2362.

N-[5-(adamantan-1-yl)-1,3,4-thiadiazol-2-yl]-2-(4-(pyridin-
2-yl)piperazin-1- yl)propanamide (4b)

Yield: 72%. Physical appearance: white powder. Experimental
m.p.: 240-241°C. IR (ATR) Umax (€m™"): 3001 (N-H stretching),
2902 - 2821 (sp3 C-H stretching), 1697 or 1591 (C=0
stretching), 1554 - 1435 (aromatic C=C and C=N stretch-
ing), 1242 (C-N stretching). "H-NMR (300 MHz) (DMSO-dg) 6
(ppm): 1.18 (3H, d, J=6.73Hz, —CH—%), 1.72 (6H, s, ada-
mantane-H), 1.95 (6H, s, adamantane-H), 2.01 (3H, s, adaman-
tane-H), 2.58 (4H, t, J=6.15Hz, piperazine’s H,¢), 3.30 (1H, g,
J; = 6.59Hz, J, = 14.38Hz, CH-CHs), 3.43 (4H, s, piperazine’s
Hss), 6.59 (H, t, J=5.87Hz, pyridine’s Hs), 6.77 (H, d,
J=8.56Hz, pyridine’s Hs), 7.48 (H, t, J=6.91Hz, pyridine’s
H,), 8.07 (H, d, J=4.53Hz, pyridine’s Hg). ">*C-NMR (75 MHz)
(DMSO-ds) & (ppm): 15.02 (CH-CHs), 2841 (adamantane),
36.53 (adamantane), 37.5 (adamantane), 43.31 (adamantane),
4545 (piperazine), 49.47 (piperazine), 64.62 (CO-CH), 107.42
(pyridine), 113.21 (pyridine), 137.86 (pyridine), 147.98 (pyri-
dine), 159.53 (thiadiazole), 163.48 (pyridine), 171.37
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(thiadiazole), 174.3 (CO). HRMS (ESI) (m/z) [M+1]": for
Cy4H35N60S calculated: 453.2431; found: 453.2417.

N-[5-(adamantan-1-yl)-1,3,4-thiadiazol-2-yl]-2-(4-phenylpi-
perazin-1-yl) propanamide (4c)

Yield: 74%. Physical appearance: light creamy powder.
Experimental m.p.. 241-242°C. IR (ATR) Umax (cm™"): 3061
(N-H stretching), 2904 - 2848 (sp3 C-H stretching), 1697
(C=0 stretching), 1552 — 1504 (aromatic C=C and C=N
stretching), 1282 (C-N stretching). "H-NMR (400 MHz) (CDCl3)
o (ppm): 1.40 (3H, d, J=6.98 Hz, COCH-CHs), 1.81 (6H, s, ada-
mantane-H), 2.12 (9H, s, adamantane-H), 2.71 - 2.83 (4H, m,
piperazine-H), 3.05 and 3.16 (2H, 2t, J=4.77Hz and
J=4.69Hz, piperazine-H), 3.28 (2H, br-s, piperazine-H), 3.48
(1H, g, J; = 6.98Hz, J, = 13.98Hz, COCH-CHj5), 6.89 (1H, t,
J=6.04Hz, phenyl's H,), 695 (2H, d, J=8.13Hz, phenyl's
Hoe), 729 (2H, t, J=7.72Hz, phenyl's Hss). '>C-NMR
(100 MHz) (CDCl3) & (ppm): 10.97 (COCH-CHs), 28.43 (ada-
mantane), 36.41 (adamantane), 37.89 (adamantane), 43.24
(adamantane), 49.49 (piperazine), 49.79 (piperazine), 63.71
(CO-CH), 116.41 (phenyl), 120.24 (phenyl), 129.20 (phenyl),
150.98_(phenyl), 157.57 (thiadiazole), 171.73 (thiadiazole),
175.87 (CO). HRMS (ESI) (m/z) M+ 1] *: for Cy5H33Ns0OS cal-
culated: 452.2479; found: 452.2462.

N-[5-(adamantan-1-yl)-1,3,4-thiadiazol-2-yl]-2-(4-ethylpi-
perazin-1-yl) propanamide (4d)

Yield: 50%. Physical appearance: white powder. Experimental
m.p.: 99-100°C. IR (ATR) Umax (cm™'): 3157 (N-H stretching),
2904 - 2819 (sp3 C-H stretching), 1699 (C=0 stretching),
1508 - 1450 (aromatic C=N stretching), 1170 (C-N stretch-
ing). "H-NMR (300 MHz) (DMSO-ds) & (ppm): 0.94 (3H, t,
J=7.02Hz, N-CH,CH3), 1.17 (3H, d, J=6.71 Hz, CO-CH-CH,),
1.73 (6H, s, adamaﬁne—H), 1.98 (6H, s, adamantane—H),ﬁS
(3H, s, adamantane-H), 2.22-2.33 (10H, m, piperazine’'s H and
N-CH,-CHs), 3.47 (1H, g, J;= 6.58 Hz, J,= 13.29 Hz, CH-CH5),
12.06 (1H, br-s, N-H). "*C-NMR (75 MHz) (DMSO-dg) & (ppm):
12.49 (N-CH,CHs), 13.33 (CO-CH-CHs), 28.29 (adamantane),
36.29 (adam;mne), 37.64 (adama_ntane), 43.13 (adaman-
tane), 49.19 (N-CH,CHs), 52.04 (piperazine), 53.06 (pipera-
zine), 62.14 (CO-CH), 157.71(thiadiazole), 171.42 (thiadiazole),
174.06 (CO). HRMS (ESI) (m/z) [M + 117 for C51H33Ns0S calcu-
lated: 404.2479; found: 404.2467.

N-[5-(adamantan-1-yl)-1,3,4-thiadiazol-2-yl]-2-(4-(2-(dime-
thylamino)ethyl) piperazin-1-yl)propanamide (4e)

Yield: 73%. Physical appearance: light yellow liquid. IR (ATR)
Umax (€m™"): 3145 (N-H stretching), 2900 - 2816 (sp®> C-H
stretching), 1693 (C=0 stretching), 1514 - 1290 (aromatic
C=N stretching), 1165 - 1014 (C-N stretching). 'H-NMR
(300 MHz) (DMSO-dg) & (ppm): 1.14 - 1.20 (3H, m, COCH-
CHs), 1.74 (6H, s, adamantane-H), 1.99 (6H, adamantane-H),
2.04 (3H, s, adamantane-H), 2.12 (6H, s, N-(CHs),), 2.32 (4H,
br-s, piperazine- H), 2.38 (4H, br-s, piperazine-H), 2.95-3.35
(2H, m, N-CH,), 3.47 (2H,q, J; = 6.72Hz, J, = 13.53Hz, N-
CHy), 403 (1H,q, J; = 7.11Hz, J, = 14.25Hz, CO-CH-CH;).

*C-NMR (75MHz) (DMSO-dg) 8 (ppm): 13.34 (COCH-CHs),
28.29 (adamantane), 36.29 (adamantane), 37.64 (adaman-
tane), 43.12 (adamantane), 45.92 (N-(CHs),), 49.18 (pipera-
zine), 53.78 (piperazine), 56.23 (piperazine-(CH,),-N), 56.94
(piperazine-(CH,),-N), 62.09 (CO-CH), 157.66 (thiadiazole),
171.37 (thiadiazole), 174.08 (CO). HRMS (ESI) (m/z) IM+1] *:
For C53H3gNgOS calculated: 447.2901; found: 447.2880.

N-[5-(adamantan-1-yl)-1,3,4-thiadiazol-2-yl]-2-(pyrrolidin-
1-yl)propanamide (4f)

Yield: 70%. Physical appearance: white powder. Experimental
m.p.: 158-159°C. IR (ATR) Upmax (€cm™"): 3134 (N-H stretching),
2974 - 2794 (sp®> C-H stretching), 1691 (C=0 stretching),
1537 - 1450 (aromatic C=N stretching), 1294 (C-N stretching).
'H-NMR (400 MHz) (CDCl5) & (ppm): 139 (3H, d, J=7.01Hz,
COCH-CHs), 1.80 (6H, s, adamantane-H), 1.83 - 1.88 (4H, m,
pyrrolidine’s Hs4), 2.11 (9H, s, adamantane-H), 2.60-2.69 (4H,
m, pyrrolidine’s H,s), 3.30 (1H, g, J; = 6.99Hz, J, = 13.98 Hz,
COCH-CHs). "*C-NMR (100 MHz) (CDCl5) & (ppm): 15.40 (COCH-
CHs), 23.47 (pyrrolidine’s C34), 28.44 (adamantane), 36.41 (ada-
mantane), 37.86 (adamantane), 43.23 (adamantane), 50.88 (pyr-
rolidine’s C,s), 62.43 (CO—@), 157.6 (thiadiazole), 172.86
(thiadiazole), 175.77 (CO). HRMS (ES) (m/z) M+11": for
Cq9H28N4OS calculated: 361.2057; found: 361.2042.

N-[5-(adamantan-1-yl)-1,3,4-thiadiazol-2-yl]-2-morpholino-
propanamide (4 g)

Yield: 63%. Physical appearance: white powder. Experimental
m.p.: 195-196 °C. IR (ATR) Umax (€M™ '): 3161 (N-H stretching),
2927 - 2852 (sp3 C-H stretching), 1734 (C=0 stretching),
1541 — 1448 (aromatic C=N stretching), 1296 (C-N stretch-
ing), 1116 (C-O stretching). 'H-NMR (300 MHz) (DMSO-d,) &
(ppm): 1.19 (3H, d, J=6.81Hz, COCH-CHs), 1.74 (6H, s, ada-
mantane-H), 1.99 (6H, s, adamantane-H), 2.04 (3H, s, adaman-
tane-H), 2.43-2.55 (4H, m, morpholine’s Hss), 3.48 (1H, g, J;
= 6.87Hz, J, = 13.75Hz, CO-CH), 3.57 (4H, s, morpholine’s
Hyg), 12.17 (1H, br-s, N-H). 3C-NMR (75 MHz) (DMSO-dy) &
(ppm): 13.29 (COCH-CHs), 28.29 (adamantane), 36.29 (ada-
mantane), 37.64 (adamantane), 43.12 (adamantane), 49.8
(morpholine Css), 624 (morpholine Cyg), 66.85 (CO-CH),
157.67 (thiadiazole), 171.34 (thiadiazole), 174.13 (CO). HRMS
(ES) (m/2) IM+11": for Cy9H.5N4O5S calculated: 337.2006;
found: 337.1987.

In-vitro enzyme studies

AChE inhibitions

Anticholinesterase activity of the synthesized derivatives was
in vitro evaluated against AChE (E.C.3.1.1.7, electric eel) and
BChE (BChE-E.C.3.1.1.8, horse serum) using the reference drugs
donepezil and tacrine, respectively. A modified Ellman’s
method as reported previously (Ellman et al, 1961; Saghk
et al, 2016) was used. This method depends on the measure-
ment of a yellow-colored chromophore that produces upon
the reaction of 5,5-dithiobis (2-nitrobenzoic acid) (DTNB) with
thiocholines produced from substrates, acetylthiocholine iod-
ide (ATC) or butyrylthiocholine iodide (BTC), hydrolysis by



cholinesterase enzymes. Inhibitor solutions of derivatives 3a-
3j, 4a-4g, donepezil and tacrine were prepared in 2% DMSO
at initial concentrations of 107> and 10™* M. In 96-well plates,
2.5U/ml AChE or BChE enzyme solution (20 pl/well), phos-
phate buffer (140 pl/well), inhibitor solution (20 pl/well), 0.01 M
DTNB solution (20 pl/well) and 0.075M ATC or BTC solution
(10 pl/well) were all mixed and incubated at 25°C for 15 mins.
A blank,without inhibitor and substrate solution, and a nega-
tive control,without inhibitor solution, were also prepared.
Absorbances of the yellow-colored chromophore were meas-
ured twice at 412nm over 5mins intervals using a microplate
reader (BioTek-Synergy H1, USA). The experiment was done
quadrat. The same process was performed at lower concentra-
tions from 107> to 10™° M for derivatives that displayed over
50% inhibition activity at the initial concentrations and for ref-
erence drugs to calculate their IC5q values . Data are pre-
sented as mean +standard deviation (SD). The inhibition %
was determined using the following equation,

[(A(C) — A(B)) — (A(I) — A(B))]
(A (C)-A(B)

B: blank, C: control, A(B): difference in absorbance read-
ings of the blank sample, A(C): difference in absorbance
readings of the control sample and A(l): difference in absorb-
ance readings of the inhibitor sample. Dose-response curves
represented as inhibition % vs. log concentrations using the
GraphPad ‘PRISM’ software (version 5.0) were plotted to cal-
culate 1C5q values.

100,

MAO inhibitions

MAO inhibition activity of the synthesized derivatives was
evaluated against both hMAO-A and hMAO-B using the refer-
ence drugs moclobemide and selegiline, respectively by
using in vitro Ampliflu™ Red-based fluorimetric assay (Saglik
et al, 2019) which depends on the detection of hydrogen
peroxides generated by both subtypes of MAO enzymes dur-
ing tyramine’s oxidation that further react with Ampliflu™
Red non-fluorescent agent in the presence of horseradish
peroxidase to give the measurable fluorescent resorufin sub-
stance. Inhibitor solutions of derivatives 3a-3j, 4a-4g,
moclobemide and selegiline were prepared in 2% DMSO at
initial concentrations of 107> and 10™* M. In a black flat-bot-
tomed 96-well plate, 0.5 U/ml hMAO-A or 0.64 U/ml hMAO-B
(100 pl/well) and inhibitor solution (20 pl/well) were mixed
and incubated at 37°C for 30 mins. Then, 100 pl/well of the
working solution (the fluorescence reagent Ampliflu™ Red
(20 mM, 200 pl), Horseradish peroxidase (200U/ml, 100 pl)
and tyramine (100 mM, 200 pul)) was added and incubated at
37°C for another 30 mins. Resorufin level was measured on
the fluorescence (Ex/Em: 535/587 nm) at 5-mins intervals.
Besides that, the following samples were prepared: negative
control by replacing inhibitor solution with 2% DMSO); blank
sample by replacing hMAO isoforms with phosphate buffer
to measure the background activity; another sample by
replacing enzyme solutions with 3% H,0, solution to assess
each inhibitor’s ability to inhibit horseradish peroxidase and
samples containing only working and inhibitor solutions to
assess each inhibitor's ability to affect the produced
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fluorescence due to non-enzymatic inhibition. The experi-
ment was done four times. The same process was repeated
at lower concentrations from 107> to 10~° M for derivatives
that displayed over 50% inhibition activity at the initial con-
centrations and for reference drugs to determine their 1Csq
values. Data are presented as mean+standard deviation
(SD). The % inhibition was calculated using the equation
shown below after subtracting the background activity to
calculate the specific fluorescence emission value for each
compound.

(FCia = FCt1)— (Fley = Flyy)
FC — FCx

100,

FCt,: fluorescence of the control sample measured at t,
time, FCt;: fluorescence of the control sample measured at t,
time, Flt,: fluorescence of an inhibitor sample measured at t,
time, FIt1: fluorescence of an inhibitor sample measured at t;
time.

Dose-response curves represented as inhibition % vs. log
concentrations using the GraphPad 'PRISM’ software (version
5.0) were plotted to calculate IC5q values.

In-silico studies

Pharmacokinetic properties prediction

Nowadays, many in silico programs have been established to
give an earlier prediction of the safety and efficacy of drug
candidates depending on their physiochemical properties,
hence pharmacokinetic properties. ADME parameters of the
most active derivatives (3a, 3b, 3d, 4a and 4b) and the refer-
ence drugs (donepezil and selegiline) were estimated using
both SwissADME and Molsoft.

Molecular docking studies

The binding interactions within hAChE and hMAO-B of the
most active derivatives 4a, 4b, 3a and 4a, respectively were
visualized using the in-silico Schrodinger Maestro interface
(Schrodinger, 2020). The X-ray crystal structures of hAChE
(PDB ID: 4EY7) and hMAO-B (PDB ID: 2V5Z7) were first
imported from the Protein Data Bank server (www.rcsb.org),
then the Protein Preparation Wizard protocol of the
Schrodinger Suite 2020 was applied to prepare enzymes for
docking, while LigPrep module (Schrodinger, 2020) was
applied to prepare the ligands with their proper atom types
and the protonation states at pH 7.4+1.0. In addition to
that, hydrogen atoms and bond orders were further inserted
into the structures. The grid and docking simulations were
conducted in standard precision docking mode using the
Glide module (Schrodinger, 2020).

Molecular dynamic simulation (MDS) studies

The nature of the binding interactions as well as the time-
dependent stability of a ligand-target complex was evaluated
using MDS studies that were run for 100 ns (100 trajectory and
1000 frames, NPyT condition) at 310.55K (body temperature)
according to standard procedure (Evren et al., 2022; Saglik et al.,
2022; Turan Ylcel et al, 2022). The Desmond program
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(Schrodinger, 2020) was run by applying the standard force field
(OPLS3e) of the Schrodinger Suite with a transferable intermo-
lecular potential with a 3-points (TIP3P) water model then an
energy minimization of the complex was applied (Sureshkumar
et al., 2018). Both Na™ and CI” ions were used for system neu-
tralization. MDS studies were performed after the system setup
was completed. The Rg, RMSD and RMSF values were calculated
by the Desmond program (Schrodinger, 2020).

Conclusion

With the scope of developing MTD for AD, different deriva-
tives of N-[5-(adamantan-1-yl)-1,3,4-thiadiazol-2-yl]-2-(4-un/
substituted) cyclic secondary amino-acetamide/propana-
mide were synthesized and evaluated in vitro against AChE,
BChE, h-MAO-A and h-MAO-B that are pathological targets
in AD. Generally, derivatives were selective inhibitors
toward AChE and h-MAO-B. Derivatives 4a, 4b and 3a
ordered from the most active to the least displayed dual
inhibition activity against both AChE and h-MAO-B, how-
ever derivatives 3d and 3b displayed significant inhibition
activity against only AChE.

In terms of SAR, the piperazine ring, the methyl group
within the propanamide skeleton and the aromatic pyrimidine
ring at the fourth position of piperazine were all noticed to
have a more favorable impact on the inhibitory activity.

In terms of binding within the enzyme’s active site, all
derivatives that showed inhibition activity against AChE were
found to bind both CAS and PAS of the enzyme which high-
lights the potential ability of these derivatives to block the
generation of the neurotoxic AChE- AP complexes.
Interestingly, maintaining balanced interactions with Trp86
and His447 beside the other common binding interactions
was noticed to be the ideal situation for activity against
AChE, however, the absence of binding with Trp86 leads to a
more decrement in activity compared to the absence of
His447. On the other hand, binding interactions with GIn 206
are considered important for selectivity against hMAO-B.
Binding interactions with FAD within the active site were
also among the positive contributors to the activity against
hMAO-B.
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