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Alzheimer's disease (AD) manifests as a progressive decline in cognitive function and mental behavior.

Targeting two crucial enzymes associated with AD, acetylcholinesterase (AChE) and BACE 1 (Beta-site

APP Cleaving Enzyme), in combination, holds promise for therapeutic breakthroughs. In this study, 40

derivatives of pyrrol-2-yl-phenyl allylidene hydrazine carboximidamide were designed based on prior
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research. These derivatives underwent synthesis and assessment for their inhibitory potential against

AChE and BACE 1. ADME predictions indicated favorable physicochemical properties for these
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1. Introduction

Alzheimer disease (AD) is a progressive neurodegenerative
disorder causing cognitive decline and memory loss. AD is the
most common cause of dementia that slowly degrades thinking
and social interactions due to degradation of brain cells.*
Worldwide, as of 2023, around 55 million people have dementia,
with over 60% living in low- and middle-income countries. As the
proportion of older people in the population is increasing in
nearly every country, this number is expected to rise to 78 million
by 2030 and 139 million by 2050.>* Despite significant research,
the underlying causes and precise molecular processes involved
in AD remain unclear. At present, there are no therapeutic
options that can prevent or permanently reduce the advance-
ment of the disease. AD is presently treated using cholinesterase
inhibitors (such as donepezil, galantamine, and rivastigmine)
and N-methyl-p-aspartate (NMDA) receptor antagonist (mem-
antine) (Fig. 1). As these treatments only provide relief from
symptoms and do not modify the disease's progression, there is
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compounds. The findings offer novel avenues for exploring the dual inhibition of AChE and BACE 1 as
a promising therapeutic strategy for AD.

a pressing need for the development of disease-modifying agents
for the treatment of AD.* Various pathological factors have been
identified as major contributors to the development and
progression of AD.” There is characteristic reduction in cholin-
ergic neurotransmission caused by lower levels of acetylcholine
(ACh). Other typical pathological factors of AD include the
accumulation of senile plaques, which are made up of f-amyloid
(AB) aggregates, and the formation of neurofibrillary tangles
comprised of hyperphosphorylated tau protein °.

The two most common hypotheses for AD are the amyloid
pathway and the cholinergic pathway. The build-up of AB occurs
when the amyloid precursor protein (APP) is broken down and
leads to the formation of AP oligomers and plaques through the
amyloidogenic pathway. In the nonamyloidogenic pathway, APP
is broken down by a-secretase into fragments that are soluble in
water, making it possible for them to be eliminated from the
body. The formation of insoluble and waxy AP fragments
(amyloid B 1-42 or AP 1-42), caused by the breakdown of APP
through the activity of B-secretase (also called AP precursor
cleaving enzyme or BACE1), is the hallmark of the amyloido-
genic pathway.” Targeting BACE 1 is crucial in the development
of drugs for Alzheimer's disease leading to the inhibition of
spontaneous aggregation of Af 1-42, a protein that tends to
aggregate on its own.®* Aducanumab, an amyloid targetting
monoclonal antibody, is the only recently approved therapy for
modifying the course of Alzheimer's disease. While the effec-
tiveness of aducanumab in slowing down the progression of
Alzheimer's disease is still being debated, it has been shown to
enhance memory and cognitive function impairments that are
connected to AB plaques.’

RSC Adv, 2024, 14, 26703-26722 | 26703


http://crossmark.crossref.org/dialog/?doi=10.1039/d4ra03589e&domain=pdf&date_stamp=2024-08-22
http://orcid.org/0009-0003-2377-4172
http://orcid.org/0000-0001-8719-5258
https://doi.org/10.1039/d4ra03589e
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra03589e
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA014037

Open Access Article. Published on 23 August 2024. Downloaded on 10/26/2025 3:07:12 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

View Article Online

Paper

o NH,
. 0 | h.e
/\NJLO N\ 3 CH3
o !
Galanthamine Donepezil Rivastigmine Memantine
AChE inibitor ACHhE inhibitor AChE inhibitor NMDA antagonist
Approved in 1995  Approved in 1993 Approved in 1997 Approved in 2003

Fig.1 US FDA approved drugs for the treatment of Alzheimer's disease.

Cholinesterase enzymes break Ach into choline and acetic
acid. Found throughout the body, there are of two types: acetyl
cholinesterase (AChE) and butyryl cholinesterase (BChE).* The
use of cholinesterase inhibitors is aimed at addressing cogni-
tive dysfunction caused by the degradation of ACh." While
AChE is primarily known for its symptom-relieving effects,
studies have revealed that it also plays non-enzymatic roles in
facilitating neurite growth, differentiation, adhesion, and
synaptic maintenance.” As Alzheimer's disease progresses,
there is a notable reduction in the levels of acetyl choline.
Moreover, it is recently reported that AChE triggers the forma-
tion of AP fibrils and plaques in vitro.**'* The process is facili-
tated by the interaction between AB and AChE's peripheral
anionic site (PAS). Consequently, compounds that can inhibit
both the enzyme's catalytic active site (CAS) and peripheral

binding site (PAS), referred to as dual-binding site AChE
inhibitors, have been developed as potential anti-AD agents
(Donepezil, Tacrine, Physostigmine, Decamethonium etc.)."*™"’

Illnesses with complex pathophysiology, such as AD, may
necessitate treatment that concurrently affects multiple biological
targets (polypharmacology). The inability to develop effective anti-
AD medication has cast doubt on the conventional “one drug, one
target, one illness” approach.'® Consequently, the exploration of
dual- or multi-target directed ligands (MTDLs) has emerged as
a potential paradigm for identifying novel small-molecular weight
compounds, wherein a single molecule is used to target two or
more enzymes simultaneously. It could be advantageous in
effectively slowing down the progression of the disease, along
with providing relief for its symptoms.**** Therefore, the present
work was undertaken to identify dual AChE and BACEL1 inhibitor.
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Fig. 2 Design strategy using molecular hybridization approach.
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Our group had reported a novel class of allylidene hydrazine
carboximidamide derivatives as potent BACE 1 inhibitors, having
aminoguanidine substitution on 3 atom allyl linker with two
aromatic groups on either side. The most potent compound had
IC5, of 6.423 pM against BACE 1 (23). It was deduced that two
aromatic rings separated by three carbon linker are needed to
occupy the S1 and S3 cavity, while guanidine functionality binds
with catalytic aspartate dyad of BACE 1. Recently, compounds
based on N-benzyl triazole are reported to exhibit dual inhibition
of AChE and BACE-1 with ICs, values of 1.43 and 10.9 uM,
respectively.”* Donepezil also has a benzyl substitution and has
two aromatic rings separated by a linker.”” Considering these
similarities, it was inferred that incorporating additional ring in
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our BACE 1 inhibitor could impart AChE inhibitor property. It is
reported that N-benzylated heterocyclic fragments can bind the
CAS site of AChE.” Therefore, N-benzyl pyrrole was considered
on one side of 3 carbon linker having guanidine substitution as
could help the structure to interact with the catalytic sites of
AChE as well as BACE 1 (Fig. 2).> It was hypothesized that -NH
group of guanidine could form a hydrogen bond with ASP 32 and
ASP 228 (key amino acid of BACE 1), ring A and B to occupy the
S1, S3 cavities of BACE 1, and occupancy of PAS by N-benzyl
pyrrole and PAS of AChE of other aromatic ring. Herein, this
study of design, synthesis, and in vitro evaluation of pyrrol-2-yl-
phenyl allylidene hydrazine carboximidamide derivatives as
potential dual inhibitors of AChE and BACE 1 is presented.

(A) X-ray crystallographic structure of AChE (4EY7, ribbon form); (B) prominent amino acid residues surrounded by co-crystallized ligand

(E20) bound to chain A and B; (C) surface model of 4EY7 bounded co-crystallized ligand (red color).
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(A) X-ray crystallographic structure of BACE 1 (6UWP, ribbon form); (B) prominent amino acid residues surrounded by co-crystallized

ligand (QKA) bound to chain A and B; (C) surface model of 6UWP bounded co-crystallized ligand (red color).
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2. Results and discussion

2.1. Design of novel dual AChE/BACE 1 inhibitors

The X-ray crystal structure of AChE (4EY7) indicates two binding
sub-sites-PAS and CAS, both of which are involved in binding
acetylcholine. The PAS is noticeably separate from the choline
binding pocket, while the CAS is believed to resemble the
catalytic sub-sites found in other serine hydrolases. The AChE's
active site features a catalytic triad consisting of Ser200, His440,
and Glu327 located at the bottom of the pocket. Studies con-
ducted through both kinetic and chemical analyses have sug-
gested the involvement of a histidine residue in the active site.
AChE's active site can be described as a long and narrow gorge,

Ry
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1b, R;=2-Cl, R,=H

1¢, R=4-NO,, R,=H

1d, R,=2,4-Cl,, R,=H
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spanning approximately 20 A in length. This pocket extends
over halfway into the enzyme and gradually widens as it
approaches the base. The gorge pocket contains only a few
acidic amino acid residues; which includes Asp285, Glu273,
Asp72 hydrogen bonded to Tyr334 and Glu199 respectively.
Thus, AChE inhibitor must occupy both CAS (Trp86, Tyr337,
Trp439 and Tyr341) and PAS (Trp286, Phe297, Phe295, Phe338,
Tyr124 and Tyr72) (Fig. 3).

The X-ray crystal structure of beta-secretase (PDB ID: 6UWP)
was used for gaining insight into the fundamental groups that
are necessary for inhibiting BACE 1. In order to form H-bonding
interactions with the catalytic residues (Asp-228 and Asp-32),
a H-bond donor is needed. Further, large hydrophobic

» Ri

Compounds- 1a-j, 2a-r and 3a-1
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2b, R;=H, R,=4-OCF;
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2q, Ri=H, R,=4-tertbutyl
2r, R;=H, R,=4-isopropyl

3g, R;=4-tertbutyl, R,=4-phenyl
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31, R1:4-C1, R2:4-Br

Scheme 1 Reagents and conditions: (i) substituted benzyl bromide, KOH, DMF, ultra-sonication, 25-27 °C, 1 h (ii) substituted benzaldehyde,
ethanolic NaOH, ultra-sonication, 20—25 °C, 30 min (iii) aminoguanidine-HCLl, conc. HCl, EtOH, ultra-sonication, 30-35 °C, 2.0 h.
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pockets (S1, S3, S2) are present, wherein the side chains of
Tyr71, Phe108, Trp115, Ile118, and Leu30 collectively shape the
S1 hydrophobic cleft. Similarly, the S3 pocket has the side
chains of Trp115 and Ile110, as well as the main chains of
Gln12, Gly11, Gly230, Thr231, Thr232, and Ser35. S2 consists of
the amino acid residues Ile126, Trp76, Val69, Argl28, and
Tyr198 (Fig. 4) [https://www.rcsb.org/].

Our previous results with allylidene hydrazinecarbox-
imidamide derivatives showed that for optimal BACE 1 inhibi-
tion, a three-atom linker with aromatic groups on both ends to
occupy the S1 and S3 cavities, as well as a hydrogen bond donor
for binding to the aspartate dyad is essential.*® Previous studies
have shown that N-benzylated heterocyclic fragments have the
ability to target the CAS site in AChE,* which aligned with
objective of introducing AChE inhibition. Thus, instead of
substituting phenyl ring on either sides of linker, N-benzylated
pyrrole on one end (ring B), substituted phenyl ring (ring A) on
other end, and allylidene hydrazine scaffold on the linker was
hypothesized.

2.2. Chemistry

The synthesis of all the final compounds 1a-j, 2a-r, 3a-1 were
carried out as per the procedure detailed in Scheme 1. In the
first step, N-benzyl pyrrole was benzylated with substituted
benzyl bromides using base (potassium hydroxide) in the

View Article Online
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presence of dimethyl formamide (DMF). The Claisen-
Schmidt condensation was followed by the addition of
substituted benzaldehydes in alcoholic basic condition
resulting in the formation of chalcone derivatives. Nucleo-
philic addition of aminoguanidine hydrochloride to the
chalcones provided the final compounds. The progress of the
reactions was monitored by Thin Layer Chromatography
(TLC) analysis (Silica gel G60 F,s4, Merck). '"H and *C NMR
spectra were recorded on a Bruker Avance II 400 spectrometer
(400 MHz) using DMSO-ds as solvent. HRMS-ESI+ mode
analysis was performed on Agilent Technologies 6545,
Version-Q-TOF B.06.01(B6172 SP1).

2.3. AChE/BACE 1 inhibitory activity

The inhibitory activities of pyrrol-2-yl-phenyl allylidene hydra-
zine carboximidamides 1a-j, 2a-r, and 3a-l against AChE and
BACE 1 were evaluated by the Ellman assay and fluorescence
resonance energy transfer (FRET) assay, respectively using

Table 1 Inhibitory potential of compounds la—j against AChE and
BACE 1
HN:T,NHZ

eeAChE hBACE 1

IG5 1G5
Compound R, R, (nM) + SD (uM) £+ SD
la H H 215.30 £ 0.14 169.90 + 1.27
1b 2-Cl H 173.95 + 0.92 183.75 + 0.92
1c 4-NO, H 43.25 £ 0.41 194.30 £+ 0.99
1d 2,4-Di-Cl H 55.45 £+ 0.91 207.95 + 1.91
1le 2-F H 172.30 + 1.56 174.45 + 1.48
1f 4-OCHj; H 139.15 4+ 0.35 173.05 + 1.06
1g 3,4-Di-OCH; H 145.90 + 2.40 114.20 + 1.70
1h 4-Isopropyl H 203.80 + 1.70 107.55 + 1.20
1i 3-OCHj3; H 206.65 + 0.49 134.05 £+ 0.21
1j Pyridine H 95.60 + 2.40 13.74 + 0.77

Results are presented as mean =+ SD, n = 3, eeAChE indicates AChE from
electric eel and hBACE 1 indicates human BACE 1.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Table 2 Inhibitory potential of compounds 2a-r against AChE and
BACE 1
HN L NH,
EeAChE hBACE 1
IG5 IG5

Compound R; R, (uM) & SD (uM) £ SD

2a H 3,5-Di-OCH3 231.21 £ 2.26 95.75 £ 3.45
2b H 4-OCF; 231.66 + 1.27 86.19 £ 0.38
2¢ H 4-OCH-di-F 195.83 + 0.99 15.35 £ 0.24
2d H 2,5-Di-F 153.34 +1.98 107.45 + 3.04
2e H 2,5-Di-Cl 75.57 £ 3.09 178.25 £ 0.92
2f H 4-CH; 176.75 + 0.64 85.74 £ 2.43
2g H 2-F 163.35 + 3.18 100.83 £+ 0.57
2h H 2-CF;,4-F 57.09 £ 3.91 74.24 + 1.80
2i H 3,5-Di-CF3 77.56 £ 0.66 139.11 £ 1.13
2j H 4-Butyl 55.36 + 4.19 132.75 + 1.22
2k H 2,4-Di-F 61.12 £ 1.48 133.42 = 1.84
21 H 4-NO, 43.57 £ 0.66 193.35 + 0.07
2m H 3-Br 51.14 £ 0.22 134.43 + 3.11
2n H 4-CN 56.05 + 1.87 112.12 +£ 0.71
20 H 3-CN 75.42 £ 1.03 147.83 £ 0.28
2p H 2-CH3,5-F 80.13 £ 0.16 145.03 £+ 0.28
2q H 4-Tertbutyl 48.52 £+ 0.23 167.51 £ 0.71
2r H 4-Isopropyl 50.37 & 0.91 191.26 + 1.41

Results are presented as mean =+ SD, n = 3, eeAChE indicates AChE from
electric eel and hBACE 1 indicates human BACE 1.
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donepezil and B-secretase inhibitor IV as reference standards.
The results are shown in Tables 1-3.

Table 1 indicates the results for compounds 1a-j of first
series where ring A was substituted with electron withdrawing
and donating substituents and ring B was unsubstituted.
Overall, results indicate that the hypothesis that extension of
our reported compound could result in dual inhibition of AChE
and BACE 1 was correct. The compounds were active against
both enzymes however, with introduction of AChE inhibition,
the BACE 1 inhibitory potential was decreased.

It was found that strong electron withdrawing substituents like
4-nitro or 2,4-dichloro on ring A, enhanced the AChE inhibition
but decreased BACE 1 inhibitory activity. Conversely, substitution
of electron donating groups on ring A enhanced the BACE 1
inhibitory potential but decreased the AChE inhibitory potency of
compounds. It was noticed that substituting ring A alone with
either electron donating or electron withdrawing moieties was not
favorable for BACE 1 inhibition as compared to the earlier reported
compound, the activity was decreased. However, if at ring A,
phenyl is replaced with pyridine, BACE 1 inhibition is not
impacted much as it exhibited an ICs, of 13.74 pM but affects
AChE inhibition as the activity against AChE was poor.

In second series (compounds 2a-r), ring A was not substituted,
and ring B was substituted with various electron withdrawing and
donating substituents. It was observed that as compared to ortho,

View Article Online
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para substitution of electron withdrawing groups on ring B
(compounds 2h, 2k, 2m, and 2n) was favorable for AChE inhibi-
tion. Also, for BACE 1 inhibition, substitution of electron donating
substituents on ring B was favoured (compounds 2a, 2b, 2¢, and
2f). Increasing the bulk at 4-position of ring B favoured AChE
inhibition but compromised BACE 1 inhibition as can be seen in
compounds 2j, 2q, and 2r. Overall, it can be noted that the electron
withdrawing substitution on ring B favors AChE inhibition and
electron donating groups promote BACE 1 inhibition.

In previous two series, electron withdrawing group substi-
tution on any of the ring favored AChE inhibition and electron
donating substituents on ring A or B were favorable to BACE 1
inhibition. Also, substitution of bulky groups had impacted the
activity. Therefore, in the third series, both the rings (A and B)
were substituted and in particular, the effect of bulky or electron
withdrawing substituents was studied. It was expected that the
substitution on both rings may potentiate the AChE inhibition.
However, not much change in AChE inhibition was observed by
substituting bulky or electron withdrawing substituents on both
rings. Compound 3k which had ¢tert-butyl substituent on both
the rings was most potent AChE inhibitor of all these
compounds showing ICs, value of 48.06 uM. But it did affect
BACE 1 inhibition and the ICs, values increased indicating that
bulky or electron withdrawing substituents on any ring, or both
the rings was not favorable for BACE 1 inhibition.

Table 3 Inhibitory potential of compounds 3a—1 against AChE and BACE 1

HN ﬁ’ NH,

EeAChE hBACE 1

Compound R, R, ICs (UM) &+ SD ICso (M) &+ SD
3a 4-F 4-Br 86.09 £ 0.33 165.65 + 1.34
3b 4-CF; 4-Butyl 57.35 £ 1.12 204.63 £+ 0.42
3c 3,4-Di-OCHj; 2-CF;,4-F 58.19 £ 0.44 203.75 £ 2.33
3d 4-Tertbutyl 2,4-Di-F 104.31 £ 0.14 221.84 £ 1.27
3e 3,4-Di-OCHj, 3,5-Di-OCH; 57.23 + 2.47 162.22 + 2.43
3f 3,4-Di-F 4-Tertbutyl 126.06 = 0.71 135.92 £ 0.71
3g 4-Tertbutyl 4-Phenyl 76.08 + 0.79 185.41 + 1.84
3h 4-Tertbutyl 4-CF; 71.17 £ 0.49 179.15 + 2.26
3i 4-Tertbutyl 4-Br 83.94 £+ 0.74 193.43 + 2.12
3j 3,5-Di-OCH3 4-Tertbutyl 69.63 £ 1.51 177.22 + 2.83
3k 4-Tertbutyl 4-Tertbutyl 48.06 £ 0.52 178.25 + 0.92
31 4-Cl 4-Br 123.44 £+ 3.11 192.35 £ 1.77
Donepezil 0.04 £ 0.01
B-Secretase inhibitor IV 0.02 + 0.01

Results are presented as mean + SD, n = 3, eeAChE indicates AChE from electric eel and hBACE 1 indicates human BACE 1.
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Fig. 5 Docking validation of 4EY7 and 6UWP (A) redocked pose of Donepezil (red) in 4EY7 (AChE) superimposed on the co-crystallized ligand
(yellow) (RMSD: 0.14 A, Glide score: 14.56); (B) redocked pose of QKA (red) in 6UWP (BACE 1) superimposed on the co-crystallized ligand (green)
(RMSD: 0.08 A, Glide score: 9.64); (C) and (D) show overlapping of all of the docked compounds within the active site of 4EY7 and 6UWP,

respectively.

2.4. Molecular modeling studies

2.4.1.

Molecular docking analysis. To gain insights into the

interactions between the synthesized compounds and the active
site pocket of AChE and BACE 1, molecular docking studies
were conducted. Docking was performed using Glide module of

ASP

B:74
LEU GLY
B:130 B:120
TYR
B:133
GLY
B:121
HIS
B:447
GLU
B:202
Interactions
van der Waals
Conventional Hydrogen Bond
[ carbon Hydrogen Bond A

Pi-Anion

T

TYR
B:341

TRP
B:86

Pi-Pi T-shaped

Amide-Pi Stacked

Pi-Alkyl

Schrodinger suite using crystal structure of human AChE and
BACE 1 (PDB ID: 4EY7 and 6UWP, respectively). Validation
studies were performed using co-crystallized ligands extracted
from their respective crystal structures of proteins. Fig. 5 shows

the validation results.
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Fig. 6 (A) 2D interaction plot of 1j in AChE (Glide score-12.26 kcal mol™); (B) 2D interaction plot of 1j in BACE 1 (Glide score-8.03 kcal mol™3).
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The analysis of series 1 compounds in the active site of both
the enzymes (Fig. 6), as exemplified by compound 1j revealed
the occupancy of substrate binding cavities and interactions
with active site amino acids. It was seen that, along with
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occupancy of S1 cavity by ring A, ring B was accommodated in
the S3 pocket of BACE 1. Its guanidinium moiety formed strong
hydrogen bonding interactions with the key aspartate dyad
Asp228 and Asp 32. In case of AChE, ring A was seen to
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Fig.7 (A) 2D interaction plot of 2h in 4EY7 (Glide score-12.59 kcal mol™); (B) 2D interaction plot of 2h in BACE 1 (Glide score-7.94 kcal mol ™).

Trp286

Fig. 9
(Glide score-9.87 kcal mol™).
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Ary235

(A) Secondary structure view of 4EY7 with docked compound 3e within the active site (green color); (B) 3D interaction plot of 3e in 6UWP
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accommodate in the CAS pocket with enhanced 7 stacked
interactions with Leu130, Gly120, Tyr133 and ring B occupied
PAS with m-m stacking with Glu202, Trp86, His447. Similar
results were observed for series 2 compounds as indicated by
compound 2h and are shown in Fig. 7.

Compound 3e having substituted ring A and substituted ring
B, showed moderate BACE 1 inhibition and displayed hydrogen
bonding interactions with aspartate dyad Asp228, Asp 32. It was
seen ring A occupies the S1 cavity (Tyr71, Lys107) and S3 cavity
is occupied by ring B (Arg235, Thr72). In case of AChE, 3e was
seen to accommodate the CAS pocket with enhanced m-m
stacked interactions with Trp286, hydrogen bonded with
Phe295, Tyr341 and occupy PAS with m—7 stacked with Phe297,
Trp86 were also observed and are shown in Fig. 8-10.

The interactions of representative compounds with BACE 1
and AChE, along with their Glide score, are given in Tables 4
and 5, respectively (available in ESI).T

2.4.2. Molecular dynamics (MD) simulation. The stability
of the binding of 3e with AChE and BACE 1 complex was
analyzed through the molecular dynamics simulation study,
utilizing the Desmond software developed by DE Shaw
Research. The stability of the docked complex was assessed in
the context of a flexible protein environment, while also
considering the behavior of virtual water molecules in the
vicinity. The root mean square deviations (RMSD) of the docked
complexes were calculated and compared to the reference
protein backbone structures, with the values falling within
a certain range. Analysis of the simulation trajectories revealed
that the root mean square fluctuations (RMSF) values for the
compound 3e in AChE/BACE 1 complex remained relatively
stable, indicating consistent trajectories for both the ligand and
protein residues. To conduct a thorough analysis of the protein-
ligand interaction, various methods were employed, including
the use of histograms, graphical representations, and time-line
visualizations. By examining the contacts between the protein
and ligand, the proportion of protein residues that interacted
with compound 3e was determined. The findings of AChE

H-Bonds

Donor

Arg235

Acceptor I

Fig. 10
within the active site (green color).
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molecular dynamics studies showed that compound 3e inter-
acted considerably with PAS and CAS residues of AChE formed
the hydrogen bonding interactions with compound 3e. Trp286,
a CAS residue that interacted with the ring A and pyrrole scaf-
fold of compound 3e with Phe297 and Trp86 through the
creation of m-m stacking and charged interaction. The amino-
guanidinium nitrogen atom of compound 3e displayed
hydrogen bonding with His447, Tyr124, Glu202 and Ser203
residue of the catalytic site, respectively. Also, the Tyr72, Trp286,
Tyr337,Phe338 and Tyr341 residue formed the same interaction
as that of Trp86 residue with compound 3e in the PAS region
(Fig. 11).

The results of the BACE 1 molecular dynamics simulation
showed that compound 3e established strong interactions with
aspartate dyad residues (Asp32 and Asp228) with least fluctua-
tions. The amino-guanidinium functionality involved in H-
bonding interaction with Asp32 accounted throughout the
trajectories. Asp228, a one of the catalytic aspartate dyad resi-
dues interacted with the N-atom of amino-guanidinium core of
compound 3e through the creation of salt bridge. The MD
findings suggested that compound 3e showed more stable and
balanced interaction in AChE and BACE 1 active sites (Fig. 12).

2.5. Structure-activity relationship

Based on the AChE and BACE 1 inhibitory activity of the
compounds, a preliminary analysis of their structure-activity
relationship was done. The potential of the compounds to
inhibit AChE and BACE 1 varied with respect to the substitu-
tions on the ring A and B respectively. In the case of molecular
modeling studies of AChE, ring B occupy the CAS site of AChE,
while the ring A is anchored to the PAS site. This same binding
pattern is mainly driven by hydrogen bonding and - stacking
interactions, in which the aromatic ring B of the N-benzyl
interacts with the Trp86 of CAS, ring A interacts with Trp286 of
PAS, pyrrole interacts with residue Tyr337 Tyr341, Phe338 and
guanidine interacts with the catalytic amino acid residues of
AChE (Ser203, Glu202 and His447). The presence of

(A) H-bond surface model (donor/acceptor) of 6UWP bound with 3e; (B) secondary structure view of 6UWP with docked compound 3e

RSC Adv, 2024, 14, 26703-26722 | 26711
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Fig. 11 Molecular dynamics studies of 3e-AChE (4EY7) docked complex. [A] Comparative RMSD of AChE (protein backbone) and compound 1d
in the protein—ligand complex throughout the simulation period of 100 ns. [B] Graphical representation showing protein RMSF throughout the
simulation period of 100 ns. [C] Histogram showing interaction fractions with active amino acid residues. [D and E] Timeline representation
showing interaction with all the amino acid residues at each time frame.
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Table 4 Drug-likeness and ADME characteristics as determined by QikProp

Compound Mol_wt* Donor HB? Acceptor HB® SASA? QplogBB* Qplogo/w’ % human oral absorption®  QplogHERG"
1c 388.42 4.0 4.5 659.17 —2.115 3.417 82.95% —6.192

1d 412.32 4.0 3.5 667.12 —-0.792 5.029 96.03% —6.114

1j 344.41 4.0 4.5 620.42 —1.215 3.557 100.00% —6.197

2¢ 409.43 4.0 3.5 657.33 —0.831 4.961 100.00% —6.122

2h 429.41 4.0 3.5 690.37 —1.029 5.032 93.99% —6.629

2j 399.53 4.0 3.5 795.21 —1.684 5.607 96.49% —7.389

2k 379.41 4.0 3.5 628.50 —0.906 4.423 100.00% —5.867

21 388.42 4.0 4.5 655.03 —1.936 3.511 86.51% —6.225

2m 422.32 4.0 3.5 633.64 —0.883 4.549 100.00% —5.969

2n 368.44 4.0 5.0 651.49 —1.780 3.413 88.63% —6.268

2p 375.44 4.0 3.5 622.41 —1.246 4.038 100.00% —5.426

2q 399.53 4.0 3.5 679.57 —0.935 5.252 100.00% —5.725

3e 463.53 4.0 6.5 748.31 —1.307 4.603 100.00% —5.683

3k 455.64 4.0 3.5 787.74 —1.034 6.554 100.00% —5.912
Donepezil 379.49 0.0 5.5 707.05 0.057 4.293 100.00% —6.588

@ Molecular weight of the compound. ? Hydrogen bond donor in a molecule. © Hydrogen bond acceptor with in a molecule. 4 Total solvent
accessible surface area in square angstroms using a probe with a 1.4 A radius. ¢ Predicted brain/blood partition coefficient. Predicted octanol/
water partition coefficient. ¢ Predicted human oral absorption on 0 to 100% scale. * Predicted ICs, value for blockage of HERG K+ channels.

substitution (1c and 1d) on ring A resulted in better AChE
inhibition (38.07% and 26.75% of inhibition) in comparison to
their unsubstituted counterparts (1a). This might have provided
an additional binding stability to the ligand through enhanced
hydrophobic interactions with the CAS and PAS of AChE. When
conducting modeling studies on BACE 1, it is observed that ring
B occupies the S1 region, ring A is anchored to the S3 site and
guanidine group can form H-bonding interactions with catalytic
aspartate dyad that is, Asp32 and Asp228 respectively. When
ring A alone was replaced with pyridine (compounds 1j), it was
observed that compound 1j had high docking score and high
(43.62%) inhibition. One possible explanation could be attrib-
uted to the robust interactions that were observed during the
docking simulation: (i) ring B occupied S1 active site region with
the pyrrole scaffold w-m stacked to Phe108; (ii) amino-
guanidinium nitrogen formed hydrogen bonding interactions
with catalytic aspartate dyad (Asp228 and Asp32). Introducing
EDG and EWG on ring A alone gave less potent molecules
probably due to weaker interactions with the enzymatic active
site of BACE 1. Placing 4-butyl and 2-CF;,4-F on ring B (2j and
2h), although showed good interactions in docking, were more
favorable for balanced AChE/BACE 1 dual inhibition, which
may be attributed to strong hydrophobic interactions in S1 and
S3 region of BACE 1, occupying CAS and PAS of AChE and
interacts with the catalytic amino acid residues of BACE 1 and
AChE (Asp32/Asp228 and Glu202).

2.6. Theoretical prediction of the drug-likeness and ADME
properties of representative target compounds by QikProp
analysis

The net desired pharmacological activities of drugs/drug
candidates depend on their in vitro potential and the pharma-
cokinetic fate (i.e., ADME). Generally, drug discovery and
development is a complicated and lengthy process that deals
with huge financial and time investments. Due to the

26714 | RSC Adv, 2024, 14, 26703-26722

unintended side/adverse effects and lack of site delivery,
numerous drug candidates fail during the drug discovery
program. Drug candidates' fate can be predicted using
numerous in silico molecular and/or data modeling methods to
reduce the attrition rate during the discovery process. These
approaches offer an option to reduce the overall attrition rate
during the drug discovery process.

The drug-like characteristics of target compounds were
evaluated using Schrodinger QikProp software, which indicated
that the properties are comparable to that of donepezil
(Table 4). It includes molecular weight of the molecule [mol MW
(130-725)], estimated number of hydrogen bonds that the
solute would donate to water molecules in an aqueous solution
[donor HB (0-6.0)], estimated number of hydrogen bonds that
would be accepted by the solute from water molecules in an
aqueous solution [acceptor HB (2.0-20.0)] as well as the other
important factors like total solvent accessible surface area [SASA
(300-1000)], predicted brain/blood partition coefficient
[QPlogBB (—3.0 to 1.2)], predicted octanol/water partition coef-
ficient [QPlogo/w (—2.0 to 6.5)], predicted qualitative human
oral absorption [% human oral absorption (0 to 100% scale)]
and predicted ICs, value for blockage of HERG K+ channels
[QplogHERG (concern below —5)]. The results indicated that the
compounds from series I, II, and III possess “drug-like”
properties.

3. Conclusion

Herein, pyrrol-2-yl-phenyl allylidene hydrazine carbox-
imidamide derivatives have been identified as dual AChE/BACE
1 inhibitors. All the analogs showed dual inhibition and in silico
binding with both the enzymes. The compounds also showed
excellent drug-likeness and ADME characteristics in silico.
These in vitro results collectively warrant further investigation
in suitable animal models for in vivo efficacy.

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra03589e

Open Access Article. Published on 23 August 2024. Downloaded on 10/26/2025 3:07:12 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

4. Experimental protocols

4.1. General procedures

All chemicals and reagents were purchased from commercial
sources and used as such unless specifically mentioned. Thin-
layer chromatography (TLC) was used to monitor the progress
of the reactions and checked by pre-coated TLC plates (E. Merck
Kieselgel 60 F,s5, with fluorescence indicator UV,s,). Compo-
nents were visualized by irradiation with ultraviolet light (254
nm) or other visualizing agents such as iodine vapors, potas-
sium permanganate, etc. Compounds were purified over silica
gel (230-400 mesh) using a solvent mixture specified in indi-
vidual experiments. All solvents used for chromatographic
purification were distilled before use. All final compounds were
characterized by "H NMR, "*C NMR spectroscopy using CDCl,
or DMSO-ds. "H NMR spectra were recorded on a Bruker Avance
400 MHz spectrometer Chemical shifts are given in parts per
million (ppm), (6 relative to residual solvent peak for 1H). Data
are reported as following: chemical shift, multiplicity (s =
singlet, d = doublet, dd = doublet of doublets, t = triplet, q =
quartet, m = multiplet, br = broad signal), and integration.
HRMS-ESI+ mode analysis was performed on Agilent Technol-

ogies 6545, Version-Q-TOF B.06.01(B6172 SP1) mass
instrument.
4.1.1. General procedure for the synthesis of intermediate

1.1. A 100 mL round-bottom flask was used to hold 10 mL of
DMF, to which 25.6 mmol of crushed KOH was added. The
mixture was for ultra-sonication (bath-sonicator) for 15-20
minutes at room temperature. The temperature of bath-
sonicator was maintained by adding cold water into it. Subse-
quently, 8.5 mmol of 2-acetylpyrrole was added to the mixture
and sonication was continued. After 30 minutes, a solution of
substituted benzyl bromide (8.5 mmol) in 5 mL DMF was slowly
added dropwise to the reaction mixture for over 5 minutes. The
reaction was then continued for 1 h. The progress of the reac-
tion was monitored by TLC (ethyl acetate/hexane). Next, the
reaction mixture was removed from sonication, transferred to
ice-cold water and stirred using magnetic stirrer for 5 minutes,
resulting in the formation of a white precipitate. The precipitate
was filtered and subsequently re-precipitated from ethanol to
obtain 1-(1-benzyl-1H-pyrrol-2-yl)ethan-1-one (1.1).

4.1.2. General procedure for the synthesis of intermediate
1.2. An equimolar mixture of substituted benzaldehyde (1
mmol) and compound 1.1 (1 mmol) were dissolved in 15 mL
ethanol. Then 10 mL NaOH solution (6 g in 10 mL H,0) was
added drop wise to the reaction mixture with continuous
sonication. The reaction temperature was maintained between
20-25 °C using a cold water ultrasonic bath. After 20-25 min the
reaction mixture was removed from ultrasonic water bath. The
progress of the reaction was monitored by TLC (ethyl acetate/
hexane). It was then neutralized by acidified cold water to
precipitate the solid product. On filtering off, the crude product
was dried in air and recrystallized using hot ethanol (10-15 mL).

4.1.3. General procedure for the synthesis of compounds
1a-j, 2a-r and 3a-1. To the equimolar mixture of compound 1.2
(1 mmol) and aminoguanidine hydrochloride (0.11 g, 1 mmol),

© 2024 The Author(s). Published by the Royal Society of Chemistry
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0.5 mL HCI and 10 mL EtOH were added and set on ultrasonic
water bath for 2.0 h at 30-35 °C. The reaction temperature was
maintained using a cold water (crushed ice) ultrasonic bath.
Reaction was monitored by TLC for completion. Solvent system
used for TLC was dichloromethane and methanol in different
ratios (5-40% methanol/dichloromethane). The solvent was
evaporated under reduced pressure. After completion, the
mixture was poured into water (10 mL) and extracted with DCM
(3 x 10 mL). The combined extract was concentrated, and the
residue was subjected to column chromatography (silica gel, 3-
22% MeOH:DCM solvent system) to afford the desired purified
product.

4.1.4. (Z2)-2-((E)-1-(1-Benzyl-1H-pyrrol-2-yl)-3-
phenylallylidene)hydrazine-1-carboximidamide (1a). Synthe-
sized as per the general procedure described above. Purified via
column chromatography (8-10% methanol/dichloromethane,
Rf-0.59). Yield 89%, yellow solid. '"H NMR (400 MHz, DMSO-
de) 6 10.88 (s, 1H), 8.06-7.45 (m, 3H), 7.32-7.17 (m, 6H), 7.11 (s,
2H), 6.90 (d, ] = 7.4 Hz, 3H), 6.73 (d, J = 2.2 Hz, 1H), 6.22-6.14
(m, 1H), 5.58 (s, 2H), 2.20 (s, 2H); "*C NMR (100 MHz, DMSO-d,)
0 178.80, 160.88, 158.52, 141.52, 135.24, 133.27, 131.24, 130.55,
129.81, 129.29, 129.01, 128.14, 126.56, 126.41, 124.14, 121.68,
120.82, 119.06, 118.76, 109.65, 46.32; HRMS-ESI+ calculated for
C1Hy,Ns [M + H]" 344.1875, found: 344.1874.

4.1.5. (Z)-2-((E)-1-(1-Benzyl-1H-pyrrol-2-yl)-3-(2-
chlorophenyl)allylidene)hydrazine-1-carboximidamide  (1b).
Synthesized as per the general procedure described above.
Purified via column chromatography (10-12% methanol/
dichloromethane, Rf-0.52). Yield 92%, white solid. 'H NMR
(400 MHz, DMSO-dg) 6 8.16 (dd, J = 6.2, 3.3 Hz, 1H), 7.91-7.74
(m, 3H), 7.66-7.59 (m, 1H), 7.54 (ddd, ] = 6.9, 4.4, 2.1 Hz, 1H),
7.50-7.38 (m, 4H), 7.34-7.19 (m, 4H), 7.11 (d, J = 7.1 Hz, 2H),
6.89 (dd, J = 14.8, 12.6 Hz, 1H), 6.33 (dd, J = 4.1, 2.5 Hz, 1H),
5.69 (s, 2H); >C NMR (100 MHz, DMSO-dg) 6 179.14, 170.11,
161.03, 159.34, 156.57, 147.91, 142.71, 142.33, 135.40, 129.30,
129.16, 124.34, 121.93, 115.98, 108.36, 104.53, 99.04, 55.29,
52.58, 20.95, 16.88; LCMS/MS-ESI+ calculated for C,;H,,CIN;
[M + H] 377.87, found: 377.96.

4.1.6. (Z)-2-((E)-1-(1-Benzyl-1H-pyrrol-2-yl)-3-(4-
nitrophenyl)allylidene)hydrazine-1-carboximidamide (1c¢).
Synthesized as per the general procedure described above.
Purified via column chromatography (20% methanol/
dichloromehane, Rf-0.49). Yield 85%, yellow solid. "H NMR
(400 MHz, DMSO-d,) 6 10.89 (s, 1H), 7.92-7.53 (m, 3H), 7.49 (d,J
= 8.4 Hz, 2H), 7.33-7.07 (m, 6H), 6.89 (d, ] = 7.3 Hz, 2H), 6.73 (s,
1H), 6.18 (s, 1H), 5.58 (s, 2H), 2.20 (s, 2H); **C NMR (100 MHz,
DMSO-dg) 6 170.10, 159.36, 156.26, 147.61, 140.31, 130.74,
129.84, 129.44, 129.25, 129.11, 129.01, 128.85, 127.54, 127.42,
127.12, 126.44, 116.02, 108.37, 52.89, 21.34, 16.83; HRMS-ESI+
calculated for C,,H,,NO, [M + H]" 388.1849, found: 388.1838.

4.1.7. (Z)-2-((E)-1-(1-Benzyl-1H-pyrrol-2-yl)-3-(2,4-dichloro
phenyl)allylidene)hydrazine-1-carboximidamide (1d). Synthe-
sized as per the general procedure described above. Purified via
column chromatography (10% methanol/dichloromehane, Rf-
0.62). Yield 88%, yellow solid. 'H NMR (400 MHz, DMSO-d)
6 8.20 (d,J = 8.6 Hz, 1H), 7.83-7.70 (m, 3H), 7.66-7.60 (m, 1H),
7.54-7.43 (m, 3H), 7.35-7.17 (m, 5H), 7.09 (t, J = 9.6 Hz, 2H),

RSC Adv, 2024, 14, 26703-26722 | 26715
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6.90 (d, J = 6.1 Hz, 1H), 6.33 (dd, J = 4.0, 2.5 Hz, 1H), 5.68 (s,
2H); C NMR (100 MHz, DMSO-ds) 6 170.11, 159.65, 159.18,
156.17, 138.85, 129.51, 129.31, 129.04, 129.00, 128.90, 128.81,
128.73, 128.67, 128.25, 127.65, 116.36, 108.36, 51.91, 34.30,
21.34,16.75; LCMS/MS-ESI+ calculated for C,1H,,CL,N5 [M + H]"
412.10, found: 412.08.

4.1.8. (Z)-2-((E)-1-(1-Benzyl-1H-pyrrol-2-yl)-3-(2-
fluorophenyl)allylidene)hydrazine-1-carboximidamide (1e).
Synthesized as per the general procedure described above.
Purified wvia column chromatography (9% methanol/
dichloromehane, Rf-0.67). Yield 91%, brown solid. "H NMR
(400 MHz, DMSO-d,) 6 10.15 (s, 1H), 9.60 (s, 1H), 7.92-7.65 (m,
3H), 7.61-7.38 (m, 2H), 7.23 (tdd,J = 13.1, 11.2, 9.7 Hz, 6H), 6.92
(dd, J = 12.7, 9.5 Hz, 2H), 6.72 (s, 1H), 5.54 (d, J = 9.3 Hz, 2H),
2.21 (s, 1H), 1.90 (s, 1H); *C NMR (100 MHz, DMSO-d)
6 169.82, 158.52, 155.81, 147.52, 144.89, 141.19, 137.58, 129.44,
129.29, 128.87, 128.61, 128.04, 127.44, 127.01, 125.88, 125.62,
115.99, 108.68, 52.31, 21.04, 16.76; HRMS-ESI+ calculated for
C,1H,,FN; [M + H]' 362.1781, found: 362.1796.

4.1.9. (Z)-2-((E)-1-(1-Benzyl-1H-pyrrol-2-yl)-3-(4-
methoxyphenyl)allylidene)hydrazine-1-carboximidamide  (1f).
Synthesized as per the general procedure described above.
Purified via column chromatography (13% methanol/
dichloromehane, Rf-0.51). Yield 85%, yellow crystals. "H NMR
(400 MHz, DMSO-d,) 6 11.08 (s, 1H), 8.14-7.62 (m, 3H), 7.46 (dd,
J=11.7, 8.9 Hz, 1H), 7.36-7.02 (m, 6H), 7.01-6.60 (m, 5H), 6.18
(s, 1H), 5.59 (s, 2H), 3.89-3.36 (m, 3H), 2.23 (s, 1H), 1.95 (d, ] =
7.5 Hz, 1H); *C NMR (100 MHz, DMSO-dg) 6 170.12, 159.34,
155.88, 147.90, 139.93, 129.25, 129.01, 128.94, 128.88, 128.77,
127.51, 127.36, 127.30, 127.11, 126.78, 126.35, 116.02, 108.37,
55.66, 52.59, 21.34, 17.20; HRMS-ESI+ calculated for C,,H,,NsO
[M + H]" 374.1981, found: 374.1955.

4.1.10. (2)-2-((E)-1-(1-Benzyl-1H-pyrrol-2-yl)-3-(3,4-
dimethoxyphenyl)allylidene)hydrazine-1-carboximidamide
(1g)- Synthesized as per the general procedure described above.
Purified via column chromatography (15% methanol/
dichloromehane, Rf-0.48). Yield 84%, cream solid. "H NMR
(400 MHz, DMSO-d¢) 6 10.94 (s, 1H), 7.83-7.45 (m, 3H), 7.40-
7.18 (m, 4H), 7.16-7.07 (m, 1H), 6.91 (t,/ = 9.9 Hz, 2H), 6.73 (dd,
J = 3.9, 1.7 Hz, 1H), 6.20-6.16 (m, 1H), 5.58 (s, 2H), 3.88-3.76
(m, 2H), 3.38 (s, 6H), 2.21 (s, 2H), 1.90 (s, 1H); **C NMR (100
MHz, DMSO-Dg) 6 170.17, 159.10, 156.07, 147.56, 140.02,
139.70, 129.28, 129.01, 128.95, 128.88, 128.84, 127.52, 127.37,
127.13, 126.82, 126.37, 116.05, 108.38, 56.48, 56.00, 52.60,
21.21, 16.89; HRMS-ESI+ calculated for C,3H,eN50, [M + H]"
404.2087, found: 404.2073.

4.1.11. (Z)-2-((E)-1-(1-Benzyl-1H-pyrrol-2-yl)-3-(4-
isopropylphenyl)allylidene)hydrazine-1-carboximidamide (1h).
Synthesized as per the general procedure described above.
Purified via column chromatography (6-8% methanol/
dichloromehane, Rf-0.73). Yield 93%, yellow solid. "H NMR
(400 MHz, DMSO-d,) 6 11.10 (s, 1H), 8.01-7.75 (m, 2H), 7.68 (dd,
J=11.6, 6.4 Hz, 1H), 7.63-7.46 (m, 1H), 7.36 (dd, / = 8.0, 5.8 Hz,
1H), 7.29-7.21 (m, 4H), 7.19-7.09 (m, 2H), 6.98 (dd, J = 4.1,
3.2 Hz, 1H), 6.78 (ddd, J = 11.7, 8.4, 5.6 Hz, 2H), 6.51-6.27 (m,
1H), 6.25-6.14 (m, 1H), 5.75-5.41 (m, 2H), 2.99-2.75 (m, 1H),
2.22 (s, 2H), 1.27-1.10 (m, 6H); 13C NMR (100 MHz, DMSO-Dy)
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6 156.25, 147.61, 140.29, 129.21, 129.10, 129.04, 128.93, 128.86,
128.83, 128.77, 127.84, 127.57, 127.49, 127.35, 127.30, 127.13,
126.77,126.35,115.97, 108.76, 52.61, 33.45, 23.75, 16.83; HRMS-
ESI+ calculated for C,4H,gNs [M + H]" 386.2345, found: 386.234.

4.1.12. (Z)-2-((E)-1-(1-Benzyl-1H-pyrrol-2-yl)-3-(3-
methoxyphenyl)allylidene)hydrazine-1-carboximidamide  (1i).
Synthesized as per the general procedure described above.
Purified via column chromatography (12-13% methanol/
dichloromehane, Rf-0.53). Yield 83%, yellow cream solid. "H
NMR (400 MHz, DMSO-dg) ¢ 10.09 (s, 1H), 7.72 (d, J = 9.5 Hz,
2H), 7.59 (d, J = 5.7 Hz, 1H), 7.39 (ddd, J = 8.7, 5.6, 2.9 Hz, 1H),
7.25 (ddd, ] = 6.2, 4.5, 5.4 Hz, 3H), 7.18 (d, ] = 7.7 Hz, 1H), 7.15-
7.07 (m, 1H), 7.05-6.94 (m, 2H), 6.91-6.86 (m, 1H), 6.79-6.67
(m, 1H), 6.43-6.33 (m, 1H), 6.19 (ddd, J = 6.5, 5.1, 2.8 Hz, 1H),
5.51 (d, J = 8.1 Hz, 2H), 3.85-3.71 (m, 3H), 2.21 (s, 1H), 1.90 (s,
1H); *C NMR (100 MHz, DMSO-Dg) 4 170.12, 159.34, 155.88,
147.90, 139.93, 129.25, 129.01, 128.94, 128.88, 128.77, 127.51,
127.36, 127.30, 127.11, 126.78, 126.35, 116.02, 108.37, 55.66,
52.59, 21.34, 17.20; HRMS-ESI+ calculated for C,,H,,N50 [M +
H]" 374.1981, found: 374.1978.

4.1.13. (Z)-2-((E)-1-(1-Benzyl-1H-pyrrol-2-yl)-3-(pyridin-2-yl)
allylidene)hydrazine-1-carboximidamide (1j). Synthesized as
per the general procedure described above. Purified via column
chromatography (18% methanol/dichloromehane, Rf-0.59).
Yield 93%, yellow solid. 'H NMR (400 MHz, DMSO-d¢) 6 10.95
(s, 1H), 7.55 (s, 3H), 7.25 (dt, J = 9.3, 7.2 Hz, 5H), 7.16-7.00 (m,
2H), 6.90 (d, ] = 7.2 Hz, 3H), 6.73 (dd, J = 3.9, 1.7 Hz, 1H), 6.22—
6.12 (m, 1H), 5.58 (s, 2H), 2.21 (s, 2H); *C NMR (100 MHz,
DMSO-Dg) 6 156.26, 146.22, 142.58, 135.75, 131.13, 130.90,
130.32, 129.98, 129.37, 129.24, 128.64, 127.51, 125.81, 125.47,
122.19, 119.50, 116.36, 108.45, 50.92, 21.85; HRMS-ESI+ calcu-
lated for C,oH,oNg [M + H]" 344.1849, found: 344.1874.

4.1.14. (Z)-2-((E)-1-(1-(3,5-Dimethoxybenzyl)-1H-pyrrol-2-
yl)-3-phenylallylidene)hydrazine-1-carboximidamide (2a).
Synthesized as per the general procedure described above.
Purified via column chromatography (15-17% methanol/
dichloromehane, Rf-0.58). Yield 83%, brown solid. "H NMR
(400 MHz, DMSO-de) 6 10.14 (s, 1H), 9.56 (s, 1H), 7.71-7.49 (m,
3H), 7.23 (ddd, J = 9.9, 6.3, 4.1 Hz, 4H), 7.11 (d, = 7.0 Hz, 1H),
7.00 (dd, ] = 8.8, 4.5 Hz, 1H), 6.91 (dd, J = 7.6, 3.0 Hz, 2H), 6.82-
6.66 (m, 1H), 6.42-6.11 (m, 1H), 5.55 (t, ] = 6.2 Hz, 2H), 3.85-
3.66 (m, 6H), 2.21 (s, 1H), 1.90 (s, 2H); "*C NMR (100 MHz,
DMSO-Dg) 6 178.78, 170.14, 159.14, 156.12, 147.23, 139.45,
131.82, 131.78, 131.74, 129.53, 129.34, 129.30, 129.19, 129.01,
128.84, 128.62, 115.99, 109.37, 108.37, 52.07, 51.55, 21.03,
17.04; HRMS-ESI+ calculated for C,3H,5N50, [M + H]|" 404.2087,
found: 404.2065.

4.1.15. (Z)-2-((E)-3-Phenyl-1-(1-(4-(trifluoromethoxy)
benzyl)-1H-pyrrol-2-yl)allylidene)hydrazine-1-carboximidamide
(2b). Synthesized as per the general procedure described above.
Purified via trituration with ethyl acetate and diethyl ether, Rf-
0.63, yield 87%, yellow solid. "H NMR (400 MHz, DMSO-d)
610.17 (s, 1H), 7.80 (s, 3H), 7.66-7.50 (m, 5H), 7.41 (t,] = 7.5 Hz,
2H), 7.35-7.27 (m, 1H), 7.12 (s, 1H), 6.96 (t, ] = 8.7 Hz, 1H), 6.73
(d,J = 2.3 Hz, 1H), 6.21-6.14 (m, 1H), 5.60 (s, 2H), 1.88 (d, ] =
7.4 Hz, 2H); *C NMR (100 MHz, DMSO-Dg) 6 170.40, 159.55,
159.10, 156.08, 155.57, 155.54, 148.93, 147.68, 140.06, 139.19,
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129.36, 128.91, 127.86, 127.21, 127.00, 126.97, 116.19, 108.51,
52.32, 21.03, 18.64, 16.76; HRMS-ESI+ calculated for C,,H,,
F;KN;0 [M + K]+ 466.1257, found: 466.1251.

4.1.16. (Z)-2-((E)-1-(1-(4-(Difluoromethoxy)benzyl)-1H-
pyrrol-2-yl)-3-phenylallylidene)hydrazine-1-carboximidamide
(2¢). Synthesized as per the general procedure described above.
Purified via trituration with ethyl acetate and diethyl ether, Rf-
0.60, yield 81%, yellow solid. '"H NMR (400 MHz, DMSO-d)
6 10.19-9.33 (m, 1H), 7.71 (dd, ] = 9.7, 5.1 Hz, 4H), 7.40 (d, ] =
4.0 Hz, 4H), 7.22-6.84 (m, 7H), 6.29 (dt, ] = 6.8, 4.1 Hz, 1H), 5.48
(ddd,J =11.2, 8.0, 5.9 Hz, 2H), 1.91 (d, ] = 6.8 Hz, 2H); **C NMR
(100 MHz, DMSO-Dg) 6 171.10, 158.78, 155.81, 153.66, 151.83,
150.15, 130.37, 130.09, 129.38, 129.21, 128.87, 128.40, 128.33,
127.51, 119.24, 116.55, 113.92, 108.51, 98.17, 98.06, 50.92,
20.96; HRMS-ESI+ calculated for C,,H,, F,N;O [M + HJ'
410.1792, found: 410.1788.

4.1.17. (Z)-2-((E)-1-(1-(2,5-Difluorobenzyl)-1H-pyrrol-2-yl)-3-
phenylallylidene)hydrazine-1-carboximidamide (2d). Synthe-
sized as per the general procedure described above. Purified via
trituration with ethyl acetate and diethyl ether, Rf-0.72, yield
89%, brown solid. 'H NMR (400 MHz, DMSO-d,) 6 8.00 (s, 1H),
7.83-7.70 (m, 3H), 7.63 (dd, J = 4.1, 1.5 Hz, 1H), 7.57-7.51 (m,
3H), 7.47 (d, ] = 8.8 Hz, 1H), 7.42 (dd, J = 5.8, 4.7 Hz, 2H), 7.40-
7.37 (m, 1H), 7.31-7.26 (m, 1H), 6.36 (qd, J = 8.5, 4.0 Hz, 2H),
5.88 (d,J = 6.9 Hz, 2H), 1.90 (s, 2H); **C NMR (100 MHz, DMSO-
D) 6 178.66, 170.75, 170.16, 158.99, 141.22, 138.72, 135.29,
134.61, 133.39, 131.51, 130.58, 129.29, 128.97, 127.94, 126.99,
125.98, 124.37, 121.49, 109.35, 50.92, 21.33; HRMS-ESI+ calcu-
lated for C,,H,o F,N5 [M + H]" 380.1687, found: 380.1686.

4.1.18. (Z)-2-((E)-1-(1-(2,5-Dichlorobenzyl)-1H-pyrrol-2-yl)-
3-phenylallylidene)hydrazine-1-carboximidamide (2e). Synthe-
sized as per the general procedure described above. Purified via
trituration with ethyl acetate and diethyl ether, Rf-0.55, yield
94%, yellow solid. "H NMR (400 MHz, DMSO) 6 10.96 (s, 1H),
7.53(d,J = 6.9 Hz, 3H), 7.29 (t,/ = 7.4 Hz, 3H), 7.21 (t,] = 7.3 Hz,
1H), 7.14-7.05 (m, 2H), 6.90 (d, ] = 7.2 Hz, 3H), 6.73 (dd, J = 3.8,
1.7 Hz, 1H), 6.18 (dd, J = 3.8, 2.7 Hz, 1H), 5.58 (s, 2H), 2.21 (s,
2H); *C NMR (100 MHz, DMSO-Dg) 6 169.83, 159.12, 155.81,
147.53, 141.58, 139.54, 132.63, 131.40, 129.96, 129.30, 129.19,
129.16, 129.09, 129.06, 127.06, 116.36, 110.03, 109.02, 50.56,
21.04, 16.77; HRMS-ESI+ calculated for C,,H,oCIl,N5 [M + H]
412.1096, found: 412.1093.

4.1.19. (Z)-2-((E)-1-(1-(4-Methylbenzyl)-1H-pyrrol-2-yl)-3-
phenylallylidene)hydrazine-1-carboximidamide (2f). Synthe-
sized as per the general procedure described above. Purified via
trituration with ethyl acetate and diethyl ether, Rf-0.49, yield
79%, light yellow solid. "H NMR (400 MHz, DMSO-dg) 6 11.09 (s,
1H), 7.67 (dd, J = 9.5, 7.9 Hz, 3H), 7.51 (dd, J = 7.1, 4.6 Hz, 2H),
7.38-7.05 (m, 6H), 7.01-6.83 (m, 2H), 6.78-6.60 (m, 1H), 6.19 (d,
J=9.0 Hz, 1H), 5.58 (s, 2H), 3.47 (s, 3H), 2.29-2.13 (m, 1H), 1.91
(s, 1H); >C NMR (100 MHz, DMSO-D) 6 156.15, 147.48, 136.88,
136.43, 129.71, 129.49, 129.37, 129.30, 129.17, 129.10, 128.97,
128.65, 127.49, 127.24, 126.78, 126.37, 115.98, 109.30, 108.28,
52.42,21.10, 16.97; HRMS-ESI+ calculated for C,,H,,N5 [M + H]"
358.2032, found: 358.2030.

4.1.20. (Z)-2-((E)-1-(1-(2-Fluorobenzyl)-1H-pyrrol-2-yl)-3-
phenylallylidene)hydrazine-1-carboximidamide (2g).
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Synthesized as per the general procedure described above.
Purified via trituration with ethyl acetate and diethyl ether, Rf-
0.70, yield 86%, light brown solid. "H NMR (400 MHz, DMSO-
de) 6 11.03 (s, 1H), 8.19-7.64 (m, 3H), 7.61-7.32 (m, 3H), 7.28-
6.89 (m, 6H), 6.72 (t, J = 9.3 Hz, 1H), 6.60-6.43 (m, 1H), 6.41-
6.10 (m, 1H), 5.60 (d,J = 7.2 Hz, 2H), 2.22 (s, 2H); ">*C NMR (100
MHz, DMSO-Dg) 6 160.88, 158.45, 156.22, 147.67, 129.64,
129.56, 129.25, 129.02, 128.64, 128.36, 128.32, 127.47, 126.86,
126.72, 125.11, 125.08, 115.96, 115.68, 108.38, 46.99, 16.81;
HRMS-ESI+ calculated for C,,H,,FN;s [M + H]' 362.1781, found:
362.1778.

4.1.21. (Z)-2-((E)-1-(1-(4-Fluoro-2-(trifluoromethyl)benzyl)-
1H-pyrrol-2-yl)-3-phenylallylidene)hydrazine-1-
carboximidamide (2h). Synthesized as per the general proce-
dure described above. Purified via trituration with ethyl acetate
and diethyl ether, Rf-0.81, yield 89%, yellow solid. "H NMR (400
MHz, DMSO-d¢) 6 11.01 (s, 1H), 7.84 (ddd, J = 8.6, 6.5, 4.2 Hz,
2H), 7.60 (ddd, J = 8.1, 5.9, 3.1 Hz, 3H), 7.51-7.24 (m, 4H), 7.23-
6.89 (m, 2H), 6.86-6.67 (m, 1H), 6.55-6.21 (m, 2H), 5.86-5.62
(m, 2H), 2.23 (s, 2H); **C NMR (100 MHz, DMSO-Dy) 6 162.14,
159.73, 156.16, 147.91, 141.91, 135.79, 135.76, 134.96, 130.19,
129.64, 129.57, 129.49, 129.28, 129.19, 128.66, 127.75, 127.43,
120.29, 116.17, 109.07, 49.12, 17.08; HRMS-ESI+ calculated for
Ca,H,oF4N5 [M + H]' 430.1655, found: 430.1654.

4.1.22. (Z)-2-((E)-1-(1-(3,5-Bis(trifluoromethyl)benzyl)-1H-
pyrrol-2-yl)-3-phenylallylidene)hydrazine-1-carboximidamide
(2i). Synthesized as per the general procedure described above.
Purified wvia column chromatography (4-6% methanol/
dichloromethane, Rf-0.73). Yield 81%, yellow solid. "H NMR
(400 MHz, DMSO-d,) 6 10.87 (s, 1H), 10.08 (s, 1H), 8.13-7.84 (m,
2H), 7.70 (s, 2H), 7.62-7.36 (m, 5H), 7.34-6.98 (m, 2H), 6.81 (d, ]
=2.2 Hz, 1H), 6.24 (s, 1H), 5.81 (s, 2H), 2.16 (s, 2H), 1.90 (s, 1H);
3C NMR (100 MHz, DMSO-Dg) 6 170.17, 159.09, 156.11, 147.56,
143.68, 131.24, 130.87, 130.55, 130.22, 129.62, 128.52, 127.73,
127.37, 125.02, 122.31, 121.24, 121.21, 119.63, 117.06, 108.94,
51.96, 21.19, 16.71; HRMS-ESI+ calculated for C,3H,F¢N5 [M +
H]" 480.1623, found: 480.1620.

4.1.23. (Z)-2-((E)-1-(1-(4-Butylbenzyl)-1H-pyrrol-2-yl)-3-
phenylallylidene)hydrazine-1-carboximidamide (2j). Synthe-
sized as per the general procedure described above. Purified via
column chromatography (5% methanol/dichloromethane, Rf-
0.64). Yield 79%, yellow solid. "H NMR (400 MHz, DMSO-d)
6 11.10 (s, 1H), 8.08-7.72 (m, 2H), 7.70-7.21 (m, 4H), 7.20-6.97
(m, 4H), 6.94-6.61 (m, 3H), 6.45-6.07 (m, 1H), 5.63-5.30 (m,
2H), 2.85 (s, 1H), 2.23 (s, 2H), 1.64-1.13 (m, 5H), 0.99-0.66 (m,
4H); C NMR (100 MHz, DMSO-Dg) 6 156.16, 147.48, 141.41,
137.12, 133.52, 129.25, 129.09, 129.02, 128.96, 128.81, 128.73,
128.69, 128.61, 127.44, 127.21, 126.85, 126.37, 115.88, 108.30,
52.40, 34.89, 33.53, 22.21, 16.98, 14.21; HRMS-ESI+ calculated
for C,5HzoN5 [M + H]" 400.2501, found: 400.2502.

4.1.24. (Z2)-2-((E)-1-(1-(2,4-Difluorobenzyl)-1H-pyrrol-2-yl)-3-
phenylallylidene)hydrazine-1-carboximidamide (2k). Synthe-
sized as per the general procedure described above. Purified via
column chromatography (7-8% methanol/dichloromethane,
Rf-0.64). Yield 89%, yellow solid. '"H NMR (400 MHz, DMSO-
de) 6 11.05 (s, 1H), 7.97-7.61 (m, 3H), 7.44 (ddd, J = 8.6, 6.8,
4.8 Hz, 2H), 7.22 (ddd, J = 8.3, 7.1, 5.1 Hz, 2H), 7.13-6.82 (m,
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3H), 6.74 (t, J = 7.9 Hz, 1H), 6.68-6.55 (m, 1H), 6.47-6.10 (m,
2H), 5.70-5.43 (m, 2H), 2.21 (d, J = 7.6 Hz, 2H); *C NMR (100
MHz, DMSO-Ds) & 156.27, 147.92, 129.69, 129.37, 129.18,
128.90, 128.78, 128.64, 127.44, 127.39, 123.18, 123.15, 123.03,
123.00, 116.36, 112.21, 112.03, 108.37, 104.24, 46.34, 16.83;
HRMS-ESI+ calculated for C,1H,oF,N5 [M + H]' 380.1687, found:
380.1690.

4.1.25. (Z)-2-((E)-1-(1-(4-Nitrobenzyl)-1H-pyrrol-2-yl)-3-
phenylallylidene)hydrazine-1-carboximidamide (21I). Synthe-
sized as per the general procedure described above. Purified via
column chromatography (15-17% methanol/dichloromethane,
Rf-0.68). Yield 84%, brown solid. *H NMR (400 MHz, DMSO-
de) 67.95 (d, ] = 7.2 Hz, 1H), 7.80 (d, ] = 6.8 Hz, 1H), 7.73 (dd, J
=5.7,3.3 Hz, 1H), 7.67 (dd, ] = 5.6, 3.4 Hz, 1H), 7.52 (dd, ] = 8.3,
4.2 Hz, 4H), 7.43-7.38 (m, 4H), 7.32 (d, ] = 4.5 Hz, 1H), 6.38 (t, ]
= 9.3 Hz, 1H), 5.89 (dd, ] = 7.2, 6.2 Hz, 2H), 4.28 (q, ] = 7.1 Hz,
2H), 1.90 (m, 1H), 1.28 (s, 1H); *C NMR (100 MHz, DMSO-Dy)
6170.22, 167.38, 159.07, 155.97, 132.14, 131.97, 129.83, 129.72,
129.36, 129.16, 129.11, 129.03, 128.49, 128.37, 127.25, 127.07,
126.87, 113.51, 61.53, 20.96, 14.41; HRMS-ESI+ calculated for
C21H,oN4O, [M]" 388.1802, found: 388.1803.

4.1.26. (Z)-2-((E)-1-(1-(3-Bromobenzyl)-1H-pyrrol-2-yl)-3-
phenylallylidene)hydrazine-1-carboximidamide (2m). Synthe-
sized as per the general procedure described above. Purified via
column chromatography (8% methanol/dichloromethane, Rf-
0.55). Yield 78%, yellow solid. "H NMR (400 MHz, DMSO-d)
6 10.94 (s, 1H), 7.68 (dddd, J = 11.5, 9.5, 8.5, 7.0 Hz, 3H), 7.54-
7.34 (m, 2H), 7.25 (qd, J = 7.2, 3.3 Hz, 4H), 7.15-7.04 (m, 2H),
6.89 (d,J = 7.1 Hz, 2H), 6.73 (dd, J = 3.9, 1.8 Hz, 1H), 6.18 (dd, J
= 3.8, 2.7 Hz, 1H), 5.57 (s, 2H), 2.21 (s, 2H), 1.90 (s, 1H); *C
NMR (100 MHz, DMSO-Dg) 6 156.26, 146.22, 142.58, 135.75,
131.13, 130.90, 130.32, 129.98, 129.37, 129.24, 128.64, 127.51,
127.33, 125.81, 125.47, 122.19, 119.50, 116.36, 108.45, 50.92,
16.85; HRMS-ESI+ calculated for C,,H,,BrN; [M + H]" 422.0980,
found: 422.0974.

4.1.27. (Z)-2-((E)-1-(1-(3-Cyanobenzyl)-1H-pyrrol-2-yl)-3-
phenylallylidene)hydrazine-1-carboximidamide (20). Synthe-
sized as per the general procedure described above. Purified via
column chromatography (15% methanol/dichloromethane, Rf-
0.49). Yield 82%, yellow solid. *H NMR (400 MHz, DMSO-d,)
611.07 (s, 1H), 8.27-7.73 (m, 3H), 7.46 (ddd, J = 9.3, 8.4, 6.2 Hz,
3H), 7.34-7.01 (m, 5H), 6.92 (dd, J = 5.2, 3.6 Hz, 2H), 6.76-6.68
(m, 1H), 6.20-6.12 (m, 1H), 5.57 (d, J = 9.7 Hz, 2H), 2.22 (s, 1H),
1.91 (s, 1H); **C NMR (100 MHz, DMSO-Dy) 6 156.23, 138.16,
136.92, 130.25, 129.11, 129.06, 129.01, 128.83, 127.97, 127.69,
127.49, 126.71, 122.84, 121.03, 115.00, 114.62, 111.65, 55.70,
50.11, 49.05, 25.46, 18.55; HRMS-ESI+ calculated for C,,H,;Ng
[M + H]" 369.1835, found: 369.1838.

4.1.28. (Z)-2-((E)-1-(1-(5-Fluoro-2-methylbenzyl)-1H-pyrrol-
2-yl)-3-phenylallylidene)hydrazine-1-carboximidamide 2p)-
Synthesized as per the general procedure described above.
Purified via column chromatography (7% methanol/
dichloromethane, Rf-0.71). Yield 92%, yellow solid. "H NMR
(400 MHz, DMSO-dg) 6 11.12 (d, J = 4.0 Hz, 1H), 10.20-10.13 (m,
1H), 9.58 (s, 1H), 8.91 (s, 1H), 7.76-7.63 (m, 2H), 7.31-7.19 (m,
8H), 7.04-6.93 (m, 1H), 5.56-5.41 (m, 2H), 3.15 (s, 1H), 2.26-2.18
(m, 1H), 1.97 (t, / = 5.5 Hz, 3H); *C NMR (100 MHz, DMSO-Dy)
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0170.16, 159.68, 159.22, 156.50, 156.26, 155.06, 147.43, 141.15,
129.28, 129.01, 115.88, 113.75, 112.06, 111.83, 108.70, 50.99,
49.01, 25.13, 21.23, 18.67, 18.09, 17.04; HRMS-ESI+ calculated
for C,,H,3FNs [M + H]' 376.1954, found: 376.1955.

4.1.29. (Z)-2-((E)-1-(1-(4-(tert-Butyl)benzyl)-1H-pyrrol-2-yl)-
3-phenylallylidene)hydrazine-1-carboximidamide (2q). Synthe-
sized as per the general procedure described above. Purified via
column chromatography (4-5% methanol/dichloromethane,
Rf-0.67). Yield 77%, light yellow solid. "H NMR (400 MHz,
DMSO-dg) 6 10.96 (s, 1H), 7.72 (ddd, J = 2.8, 4.0, 6.4 Hz, 2H),
7.61-7.51 (m, 1H), 7.47 (dd, J = 8.0, 5.4 Hz, 1H), 7.42-7.36 (m,
1H), 7.32-7.21 (m, 3H), 7.18-6.82 (m, 4H), 6.73 (dt, J = 7.3,
3.6 Hz, 1H), 6.50-6.27 (m, 1H), 6.25-6.11 (m, 1H), 5.74-5.37 (m,
2H), 2.21 (s, 2H), 1.34-1.24 (m, 9H); "*C NMR (100 MHz, DMSO-
Dg) 6 170.13, 159.64, 159.19, 156.22, 149.78, 147.59, 136.97,
129.11, 129.03, 126.62, 126.18, 125.70, 115.88, 108.35, 56.47,
52.19, 34.62, 31.57, 31.49, 31.44, 25.13, 21.22, 19.03, 18.64,
17.08; HRMS-ESI+ calculated for C,5H;,N5 [M + H]' 400.2501,
found: 400.2506.

4.1.30. (Z)-2-((E)-1-(1-(4-Isopropylbenzyl)-1H-pyrrol-2-yl)-3-
phenylallylidene)hydrazine-1-carboximidamide (2r). Synthe-
sized as per the general procedure described above. Purified via
column chromatography (6% methanol/dichloromethane, Rf-
0.70). Yield 85%, brown solid. "H NMR (400 MHz, DMSO-d)
6 11.06 (s, 1H), 7.80 (d, J = 8.8 Hz, 1H), 7.70 (ddd, J = 8.4, 5.9,
3.0 Hz, 1H), 7.62-7.50 (m, 1H), 7.46-7.29 (m, 2H), 7.25-7.13 (m,
3H), 7.12-7.00 (m, 2H), 6.93 (d, J = 6.6 Hz, 1H), 6.90-6.79 (m,
2H), 6.71 (dd, J = 3.8, 1.7 Hz, 1H), 6.19-6.12 (m, 1H), 5.52 (s,
2H), 2.82 (dt,] = 7.8, 4.9 Hz, 1H), 2.23 (s, 2H), 1.20-1.03 (m, 6H);
3C NMR (100 MHz, DMSO-Dg) 6 159.61, 159.57, 156.17, 156.14,
147.60, 147.54, 147.50, 137.34, 129.33, 129.13, 129.01, 128.64,
127.51, 126.85, 126.77, 126.60, 126.45, 115.92, 108.34, 52.29,
33.49, 24.32, 24.17, 17.00; HRMS-ESI+ calculated for C,,H,gNs
[M + H]" 386.2358, found: 386.2361.

4.1.31. (Z)-2-((E)-1-(1-(4-Bromobenzyl)-1H-pyrrol-2-yl)-3-(4-
fluorophenyl)allylidene)hydrazine-1-carboximidamide (3a).
Synthesized as per the general procedure described above.
Purified wvia column chromatography (10% methanol/
dichloromethane, Rf-0.63). Yield 81%, yellow solid. "H NMR
(400 MHz, DMSO-dg) 6 11.05 (s, 1H), 8.04-7.66 (m, 3H), 7.65-
7.53 (m, 1H), 7.53-7.19 (m, 5H), 7.13-7.09 (m, 1H), 6.92-6.80
(m, 2H), 6.76-6.64 (m, 1H), 6.19 (ddd, ] = 6.5, 5.0, 2.7 Hz, 1H),
5.58 (d,J = 6.2 Hz, 2H), 2.22 (s, 1H), 1.91 (d,/ = 5.1 Hz, 1H); *C
NMR (100 MHz, DMSO-d,) 6 170.31, 159.63, 159.18, 156.12,
148.85, 147.57, 139.96, 129.23, 129.00, 128.93, 128.85, 128.71,
127.34, 126.72, 126.34, 116.21, 108.54, 52.60, 21.22, 18.55,
16.91; HRMS-ESI+ calculated for C,,HygN5 [M + H]'" 439.1927,
found: 439.1916.

4.1.32. (Z)-2-((E)-1-(1-(4-Butylbenzyl)-1H-pyrrol-2-yl)-3-(4-
(trifluoromethyl)phenyl)allylidene)hydrazine-1-
carboximidamide (3b). Synthesized as per the general proce-
dure described above. Purified via column chromatography (3-
4% methanol/dichloromethane, Rf-0.79). Yield 78%, yellow
solid. "H NMR (400 MHz, DMSO-de) ¢ 11.10 (s, 1H), 10.14 (s,
1H), 9.56 (s, 1H), 8.88 (s, 1H), 7.69 (dd, ] = 9.6, 7.1 Hz, 4H), 7.57-
7.50 (m, 1H), 7.21 (s, 1H), 7.08 (dd, J = 7.9, 5.4 Hz, 2H), 6.95-
6.82 (m, 1H), 6.81-6.65 (m, 1H), 6.15 (dd, J = 3.8, 2.7 Hz, 1H),
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5.52 (s, 2H), 3.16 (s, 1H), 2.21 (s, 1H), 1.99-1.87 (m, 6H), 0.90—
0.81 (m, 3H); *C NMR (100 MHz, DMSO-Dg) 6 170.15, 159.63,
159.19, 156.45, 156.19, 155.08, 147.47, 141.40, 137.15, 130.57,
129.11, 128.99, 128.82, 127.25, 126.38, 115.90, 108.28, 62.57,
52.36,49.02, 25.12, 22.19, 21.21, 18.62, 17.02, 14.21; HRMS-ESI+
calculated for C,6H,o F5N5 [M + H]' 468.2375, found: 468.2371.

4.1.33. (Z)-2-((E)-3-(3,4-Dimethoxyphenyl)-1-(1-(4-fluoro-2-
(trifluoromethyl)benzyl)-1H-pyrrol-2-yl)allylidene)hydrazine-1-
carboximidamide (3c). Synthesized as per the general procedure
described above. Purified via column chromatography (14%
methanol/dichloromethane, Rf-0.59). Yield 92%, yellow solid.
'H NMR (400 MHz, DMSO-d,) 6 11.21 (d, ] = 8.5 Hz, 1H), 9.56 (d,
J = 6.0 Hz, 1H), 8.88 (s, 2H), 8.34-8.24 (m, 1H), 7.69 (d, J =
4.2 Hz, 2H), 7.46 (d, ] = 3.1 Hz, 1H), 7.41 (d, ] = 5.1 Hz, 2H), 7.20
(d, ] = 6.0 Hz, 1H), 7.16 (d, J = 8.6 Hz, 1H), 5.63 (d,J = 9.4 Hz,
2H), 4.71 (s, 6H), 2.41 (d,J = 6.1 Hz, 1H), 1.89 (s, 2H); *C NMR
(100 MHz, DMSO-Dg) 6 170.13, 159.65, 159.21, 156.47, 156.27,
156.20, 155.06, 147.70, 129.67, 129.21, 128.65, 127.65, 120.49,
120.29, 116.06, 111.73, 109.05, 56.49, 55.99, 49.02, 25.12, 21.22,
18.64, 17.21; HRMS-ESI+ calculated for C,,H,, F4N50, [M + H]'
490.1814, found: 490.1812.

4.1.34. (Z)-2-((E)-3-(4-(tert-Butyl)phenyl)-1-(1-(2,4-difluor-
obenzyl)-1H-pyrrol-2-yl)allylidene)hydrazine-1-
carboximidamide (3d). Synthesized as per the general proce-
dure described above. Purified via column chromatography (5%
methanol/dichloromethane, Rf-0.65). Yield 84%, yellow solid.
"H NMR (400 MHz, DMSO-dg) 6 11.07 (s, 1H), 10.16 (s, 1H), 9.58
(s, 1H), 8.85 (d, J = 4.3 Hz, 2H), 7.68 (s, 3H), 7.50 (dd, J = 6.7,
3.3 Hz, 1H), 7.26 (s, 7H), 4.62 (s, 2H), 2.00-1.78 (m, 9H); *C
NMR (100 MHz, DMSO-Dg) 6 159.57, 156.11, 147.53, 139.48,
131.82, 131.77, 131.62, 129.49, 129.30, 129.00, 128.84, 128.61,
128.52, 127.32, 125.97, 120.53, 120.34, 116.31, 108.52, 52.07,
34.99, 34.94, 31.57, 31.40, 16.92; HRMS-ESI+ calculated for
C,sH,g FoN5 [M + H]" 436.2313, found: 436.2311.

4.1.35. (Z)-2-((E)-1-(1-(3,5-Dimethoxybenzyl)-1H-pyrrol-2-
yl)-3-(3,4-dimethoxyphenyl)allylidene)hydrazine-1-
carboximidamide (3e). Synthesized as per the general procedure
described above. Purified via column chromatography (20-22%
methanol/dichloromethane, Rf-0.51). Yield 89%, light yellow
solid. *H NMR (400 MHz, DMSO-d,) 6 11.07 (s, 1H), 8.85 (s, 1H),
7.79-7.53 (m, 2H), 7.38 (s, 1H), 7.11 (dd, J = 2.5, 1.9 Hz, 1H),
7.07-6.92 (m, 1H), 6.72 (dd, ] = 3.9, 1.8 Hz, 1H), 6.35 (dt, ] = 4.5,
2.9 Hz, 1H), 6.22-6.12 (m, 1H), 6.06 (t, ] = 8.6 Hz, 1H), 5.49 (s,
2H), 4.71 (s, 1H), 3.82-3.32 (m, 12H), 2.22 (s, 2H), 1.99-1.86 (m,
1H); **C NMR (100 MHz, DMSO-Dg) 6 170.14, 161.01, 159.66,
159.61, 159.16, 156.41, 156.22, 156.18, 147.39, 142.48, 129.52,
129.42, 128.93, 116.05, 108.25, 104.63, 104.53, 98.75, 55.94,
55.50, 52.67, 25.13, 21.21, 18.60, 16.92; HRMS-ESI+ calculated
for C,5H,oN50, [M + H]" 464.2338, found: 464.2335.

4.1.36. (Z)-2-((E)-1-(1-(4-(tert-Butyl)benzyl)-1H-pyrrol-2-yl)-
3-(3,4-difluorophenyl)allylidene)hydrazine-1-carboximidamide
(3f). Synthesized as per the general procedure described above.
Purified via column chromatography (4-5% methanol/
dichloromethane, Rf-0.68). Yield 86%, white crystals. "H NMR
(400 MHz, DMSO-dg) 6 11.15 (s, 1H), 10.14 (s, 1H), 9.57 (s, 1H),
8.88 (s, 1H), 7.28 (t,/ = 6.1 Hz, 3H), 7.07 (dd, ] = 2.4, 1.9 Hz, 1H),
6.85 (d,J = 4.4 Hz, 2H), 6.71 (dd, J = 3.9, 1.8 Hz, 1H), 6.15 (dd, J

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

= 3.8, 2.7 Hz, 1H), 5.52 (s, 2H), 2.24 (s, 1H), 1.97 (t,J = 6.1 Hz,
1H), 1.89 (s, 2H), 1.23 (s, 9H); *C NMR (100 MHz, DMSO-Dy)
6 170.14, 159.74, 159.65, 159.24, 159.19, 156.46, 156.22, 155.07,
149.78, 147.58, 136.97, 129.12, 129.01, 127.03, 126.17, 125.70,
115.89, 108.35, 52.18, 34.62, 31.57, 25.13, 21.22, 18.65, 17.09;
HRMS-ESI+ calculated for C,sH,s F,N5 [M + HJ|" 436.2348,
found: 436.2352.

4.1.37. (Z)-2-((E)-1-(1-([1,1'-Biphenyl]-4-ylmethyl)-1H-pyr-
rol-2-yl)-3-(4-(tert-butyl)phenyl)allylidene)hydrazine-1-
carboximidamide (3g). Synthesized as per the general proce-
dure described above. Purified via column chromatography (3%
methanol/dichloromethane, Rf-0.79). Yield 75%, yellow solid.
'H NMR (400 MHz, DMSO-dg) 6 10.13 (s, 1H), 8.88 (s, 1H), 7.63
(ddd,j = 8.7, 5.5, 2.0 Hz, 3H), 7.54 (d, ] = 8.3 Hz, 1H), 7.50-7.39
(m, 3H), 7.37-7.30 (m, 3H), 7.28-7.20 (m, 1H), 7.19-7.14 (m,
1H), 7.09 (d, J = 8.2 Hz, 1H), 7.05-6.94 (m, 2H), 6.90-6.72 (m,
1H), 6.44-6.32 (m, 1H), 6.27-6.15 (m, 1H), 5.68-5.39 (m, 1H),
3.68-3.33 (m, 2H), 2.24 (s, 1H), 2.01-1.84 (m, 2H), 1.35-1.02 (m,
7H); C NMR (100 MHz, DMSO-Dg) 6 170.14, 159.64, 159.19,
156.19, 140.15, 139.41, 139.23, 129.34, 129.25, 129.01, 128.52,
128.00, 127.84, 127.46, 127.25, 127.20, 127.10, 127.04, 127.00,
126.11, 125.93, 116.10, 108.44, 52.32, 34.96, 31.56, 31.38, 25.13,
21.22,18.64, 17.05; HRMS-ESI+ calculated for C3;Hz,N5 [M + H]"
476.2883, found: 476.2889.

4.1.38. (Z)-2-((E)-3-(4-(tert-Butyl)phenyl)-1-(1-(4-(tri-
fluoromethyl)benzyl)-1H-pyrrol-2-yl)allylidene)hydrazine-1-
carboximidamide (3h). Synthesized as per the general proce-
dure described above. Purified via column chromatography (5%
methanol/dichloromethane, Rf-0.67). Yield 79%, yellow solid.
'H NMR (400 MHz, DMSO-dg) 6 11.00 (s, 1H), 8.83 (s, 1H), 7.67
(d,J = 8.4 Hz, 1H), 7.54-7.44 (m, 3H), 7.42-7.34 (m, 1H), 7.13 (tt,
J = 5.8, 3.7 Hz, 2H), 7.02-6.92 (m, 1H), 6.91-6.79 (m, 2H), 6.74
(dd, ] = 3.9, 1.7 Hz, 1H), 6.19 (ddd, J = 6.5, 5.1, 3.1 Hz, 1H), 5.57
(s, 2H), 4.71 (s, 1H), 2.21 (s, 2H), 1.41-0.97 (m, 9H); *C NMR
(100 MHz, DMSO-Dg) 6 159.57, 156.11, 147.53, 139.48, 131.82,
131.77, 131.62, 129.49, 129.30, 129.00, 128.84, 128.70, 128.61,
128.52, 127.32, 125.97, 120.53, 120.34, 116.31, 108.52, 52.07,
34.99, 34.94, 31.57, 31.40, 16.92; HRMS-ESI+ calculated for
Ca6H,oF3N5 [M + H]" 468.2401, found: 468.2403.

4.1.39. (Z)-2-((E)-1-(1-(4-Bromobenzyl)-1H-pyrrol-2-yl)-3-(4-
(tert-butyl)phenyl)allylidene)hydrazine-1-carboximidamide (31i).
Synthesized as per the general procedure described above.
Purified wvia column chromatography (5-6% methanol/
dichloromethane, Rf-0.6). Yield 85%, yellow solid. 'H NMR
(400 MHz, DMSO-d¢) 6 11.00 (s, 1H), 8.83 (s, 1H), 7.67 (d, J =
8.4 Hz, 1H), 7.54-7.43 (m, 3H), 7.41-7.35 (m, 1H), 7.13 (tt, ] =
7.2, 4.4 Hz, 2H), 6.97 (dt, ] = 6.4, 3.0 Hz, 1H), 6.91-6.78 (m, 2H),
6.73 (dt,J = 8.6, 5.8 Hz, 1H), 6.19 (ddd, J = 6.5, 5.1, 3.1 Hz, 1H),
5.54 (d, J = 2.3 Hz, 2H), 4.71 (s, 1H), 2.21 (s, 2H), 1.44-0.97 (m,
9H); *C NMR (100 MHz, DMSO-Dg) ¢ 159.57, 156.11, 147.53,
139.48, 131.82, 131.77, 131.62, 129.49, 129.30, 129.00, 128.84,
128.61, 128.52, 127.32, 125.97, 120.53, 120.34, 116.31, 108.52,
52.07, 34.99, 34.94, 31.57, 31.40, 16.92; HRMS-ESI+ calculated
for C,5H,oBrN; [M + H]' 478.1606, found: 480.1652.

4.1.40. (Z)-2-((E)-1-(1-(4-(tert-Butyl)benzyl)-1H-pyrrol-2-yl)-
3-(3,5-dimethoxyphenyl)allylidene)hydrazine-1-
carboximidamide (3j). Synthesized as per the general procedure
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described above. Purified via column chromatography (10-12%
methanol/dichloromethane, Rf-0.55). Yield 76%, yellow solid.
'H NMR (400 MHz, DMSO-d¢) 6 11.17 (s, 1H), 8.91 (s, 2H), 7.67
(s, 1H), 7.31 (d, J = 1.8 Hz, 1H), 7.29 (d, J = 2.2 Hz, 1H), 7.24 (s,
2H), 7.07 (dd, J = 2.5, 1.9 Hz, 1H), 6.85 (d, ] = 8.4 Hz, 2H), 6.70
(dd, J = 3.9, 1.8 Hz, 1H), 6.15 (dd, J = 3.8, 2.7 Hz, 1H), 5.52 (s,
2H), 4.56 (s, 6H), 2.24 (s, 2H), 1.97 (t, J = 5.9 Hz, 1H), 1.22 (s,
9H); *C NMR (100 MHz, DMSO-Dg) ¢ 159.73, 159.66, 156.48,
156.25, 156.21, 155.05, 149.80, 149.78, 149.75, 147.56, 136.98,
129.17, 129.11, 129.02, 128.99, 126.18, 125.74, 125.70, 125.65,
115.88, 108.34, 52.18, 34.62, 31.57, 25.13, 18.67, 17.11; HRMS-
ESI+ calculated for C,,H;NsO, [M + H]" 460.2708, found:
460.2704.

4.1.41. (Z)-2-((E)-1-(1-(4-(tert-Butyl)benzyl)-1H-pyrrol-2-yl)-
3-(4-(tert-butyl)phenyl)allylidene)hydrazine-1-carboximidamide
(3K). Synthesized as per the general procedure described above.
Purified via column chromatography (2-3% methanol/
dichloromethane, Rf-0.79). Yield 91%, yellow solid. '"H NMR
(400 MHz, DMSO-dg) 6 11.16 (s, 1H), 8.90 (s, 2H), 7.82-7.66 (m,
1H), 7.31 (s, 2H), 7.29 (s, 2H), 7.07 (dd, J = 2.5, 1.9 Hz, 2H), 6.85
(d,J = 8.4 Hz, 3H), 6.71 (dd,J = 3.9, 1.8 Hz, 1H), 6.15 (dd, ] = 3.8,
2.7 Hz, 1H), 5.52 (s, 2H), 2.24 (s, 2H), 1.23 (s, 18H); "*C NMR (100
MHz, DMSO-Dg) 6 159.73, 159.65, 159.60, 156.27, 156.24,
156.21, 149.81, 149.77, 147.60, 147.56, 137.01, 136.98, 129.17,
129.11, 129.07, 129.03, 126.23, 126.18, 125.70, 115.95, 115.88,
115.20,113.70,108.42, 108.34, 52.18, 34.63, 31.57, 17.10; HRMS-
ESI+ calculated for CyoHjsNs [M + H]' 456.3122, found:
456.3117.

4.1.42. (Z)-2-(E)-1-(1-(4-Bromobenzyl)-1H-pyrrol-2-yl)-3-(4-
chlorophenyl)allylidene)hydrazine-1-carboximidamide (3D.
Synthesized as per the general procedure described above.
Purified via column chromatography (10% methanol/
dichloromethane, Rf-0.65). Yield 83%, yellow solid. 'H NMR
(400 MHz, DMSO-dg) 6 10.15 (s, 1H), 9.58 (s, 1H), 7.98-7.73 (m,
3H), 7.71-7.52 (m, 3H), 7.51-7.31 (m, 3H), 7.08 (dd, ] = 7.2,
4.3 Hz, 1H), 6.94-6.59 (m, 2H), 6.55-6.05 (m, 1H), 5.96-5.32 (m,
2H), 2.21 (s, 1H), 1.90 (s, 1H); *C NMR (100 MHz, DMSO-Dy)
0170.31, 159.63, 159.18, 156.12, 148.85, 147.57, 139.96, 129.23,
129.00, 128.93, 128.85, 128.71, 127.34, 126.72, 126.34, 116.21,
108.54, 52.60, 21.22, 18.55, 16.91.

4.2. AChE inhibition assay

The inhibitory effect of compounds on EeAChE was assessed
using a modified Ellman assay. Each compound was accurately
weighed and dissolved in molecular biology grade DMSO to
create a 10 mM stock solution. AChE was dissolved in 0.1 M
phosphate buffer (pH 7.2) to prepare enzyme stock solution at
1 mg mL "' concentration, which was then further diluted with
PBS to yield working solutions with enzyme activity of 2.5 units
per mL. Working solutions of DTNB and ATChI were also
prepared in PBS at concentrations of 0.3 mM, 10 mM, and 10 mM
respectively. Test compound concentrations ranging from 1 to
100 uM were prepared from the stock solutions by dilution with
PBS. In the experimental procedure, 20 uL of enzyme solution
(AChE), 20 pL of test compound solution (inhibitor), and 140 uL
of 0.3 mM DTNB solution were added to each well of a 96-well
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plate. Control wells contained the same components as the test
wells, with the addition of the proportion of DMSO present in the
test compound solution to account for any interference from
DMSO. The assay solutions, with and without inhibitor, were pre-
incubated at 25 °C for 20 minutes before the addition of 20 uL of
10 mM ATChI solution. The reaction was monitored by
measuring absorbance at 412 nm at 1-minute intervals for a total
of 10 minutes using a 96-well microplate reader, as the absor-
bance is directly proportional to enzymatic activity. Each experi-
ment was performed in triplicate, and donepezil was used as the
reference standard. Blank solutions, containing all components
except enzyme solution, were prepared alongside the test solu-
tions to account for nonenzymatic substrate hydrolysis. Percent
inhibition values were calculated from the slopes of absorbance
readings over different time intervals for both control and test
compounds. ICs, values were determined graphically from the
observed percentage inhibition values at different inhibitor
concentrations using GraphPad Prism 6 software and are re-
ported as mean + SD (an average of three experiments).

4.3. BACE 1 inhibition assay

The BACE 1 fluorescence resonance energy transfer (FRET)
assay kit, obtained from Sigma-Aldrich (Product No. CS0010,
Saint Louis), was used following the manufacturer's protocol. A
stock solution of the substrate (500 uM) was prepared using
DMSO, and aliquots were stored at —20 °C. Test compounds
were dissolved in DMSO to create a 10 mM stock solution, and
desired concentrations were achieved through further dilutions
with fluorescent assay buffer (FAB, 50 mM sodium acetate
buffer, pH 4.5) provided in the kit. Just before starting the assay,
a BACE 1 enzyme solution (0.3 unit per puL) and a 50 uM
substrate solution were prepared by dilution with FAB. The
fluorometer was configured in well plate reader mode with
excitation set at 320 nm and emission at 405 nm. For the assay,
10 pL of the test compound, 20 pL of substrate, and 68 uL of FAB
were added to each well of a 96-well black polystyrene micro-
plate. Two microliters of BACE 1 were then added, and fluo-
rescence was immediately measured after enzyme addition.
Following the initial reading (“time zero”), the plate was covered
and incubated for 2 hours at 37 °C. After the incubation period,
fluorescence intensities were measured again. The difference
between the fluorescence readings at “time zero” and after 2
hours provided A fluorescence, which was used for subsequent
calculations. Each concentration was assayed in triplicate. The
background signal was determined in control wells containing
all reagents except BACE 1 and was subsequently subtracted.
Fluorescence intensities of assay solutions without inhibitor
were also measured. The percentage of inhibition due to the
presence of test compound was calculated by the following
expression: 100 — (IFi/IFo x 100) where IFi and IFo are the
respective fluorescence intensities obtained in the presence and
in the absence of inhibitor. Percentage inhibition of enzyme by
the compounds are reported as mean + SD (an average of three
experiments). BACE 1 inhibitor IV (Calbiochem IV; CAS no.
797035-11-1) (ICs, = 18 nM; literature value. 15 nM) were used
as reference compounds.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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4.4. Computational studies

4.4.1. In silico docking simulations. RCSB Protein Data
Bank (PDB) (https://www.rcsb.org) was used to retrieve the
crystal structures (PDB ID: 4EY7 for AChE, and 6UWP for
BACE 1). Protein complex structures were created using the
Protein Preparation Wizard (Schrodinger) and ligands were
created using the LigPrep module. Using the OPLS_2005 force
field, the low-energy conformers of ligand were computed.
Hydrogen atoms and water molecules were removed and
supplied separately throughout the protein production process.
Within an orthorhombic box that stretched 20 A in each
direction, each grid box was formed according to the crystal
ligands. Molecular dockings [extra-precision (XP)] were carried
out with the Glide module implemented in Schrodinger 2022.
The best docking poses determined by examining the interac-
tion with key residues were output among the docking poses.

4.4.2. Molecular dynamics. To confirm the binding
strength and pattern of the compound in AChE and BACE 1
complex using Desmond, a molecular dynamics simulation run
of 100 ns was conducted. The clear-cut water environment was
created by soaking the ligand-protein complex in the TIP3P
molecules of water encompassed by the orthorhombic water
box. The prepared complex system was neutralized by adding
the necessary counter ions, and the isosmotic salt environment
was maintained by adding 0.15 M NaCl. The system's energy
minimization was achieved by using a combined gradient
algorithm with maximal 2000 interactions with convergence
criteria of 1 kcal mol™* A", Simulation run of 100 ns with
periodic boundary conditions
ensemble (NPT) was performed after energy minimization, and
the system temperature and pressure were set respectively at
300 K and 1013 atmospheric bar.

4.4.3. Insilico determination of drug-like properties. Using
Schrodinger Maestro's QikProp module 2022-1, the features of
drug-likeliness were discovered. The properties of drug-likeliness
in the molecule were determined by predicting many descriptors,
such as molecular weight of the compound (Mol_Wt), hydrogen
bond donor in a molecule (donor HB), Hydrogen bond acceptor
with in a molecule (acceptor HB), SASA-total solvent accessible
surface area (SASA) in square angstroms using a probe with a 1.4
A radius, predicted brain/blood partition coefficient (QplogBB),
predicted octanol/water (Qplogo/w).

under isothermal-isobaric

4.5. Statistical analysis

The experimental results were provided as mean standard devi-
ation (+S.D.) GraphPad Prism 8.0 was used to analyze the data.
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