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A B S T R A C T   

A new series of benzotriazole-derived α-substituted hemiaminal ethers have been synthesized as human 
cholinesterase (hChE) inhibitors with enhanced activity. The synthesized compounds were extensively charac-
terized by 1H NMR and 13C NMR spectroscopy, mass spectrometry, and SC-XRD studies. All the compounds 
demonstrated dual inhibition potential against acetyl and butylcholinesterases (AChE and BChE) in the in-vitro 
studies. Results revealed that compounds carrying the optically active (R)-menthol group demonstrated more 
activity than the bicyclic (R)-fenchol moiety. For instance, α-butyl-(R)-menthyl-benzotriazole derivative (5a-iii) 
exhibited the best AChE inhibition with an IC50 value of 44.03 nM, while its α-methyl analog (5a-i) showed 
promising results against BChE inhibition (IC50 = 80.74 nM). The molecular modeling study was carried out to 
assess the binding interactions with the target proteins to rationalize the structural–activity relationship. Sub-
sequently, the stability of the protein–ligand complex was verified through molecular dynamics (MD) simula-
tions. Pharmacokinetic and bioavailability parameters further supported the suitability of the new inhibitors as 
lead compounds for neurological disorders.   

1. Introduction 

Hemiaminal ethers represent a promising area of research in 
designing innovative therapeutic compounds for a broad spectrum of 
diseases. They are significant structural motifs of many biologically 
active natural products and synthetic pharmaceutical agents [1–6] 
(Fig. 1a). Their medicinal utilities are widely expanded as anti-cancer, 
anti-HIV, and anti-HCV agents. [7–10] They have also proved their 
effectiveness against cholinesterase inhibition for treating neurodegen-
erative issues.[11,12] Moreover, optically active hemiaminal ethers are 
of particular interest where the presence of stereogenic centers is 
considered responsible for their activities.[13–17]. 

Cholinergic signaling in the human body is regulated by a class of 
enzymes called cholinesterases (ChEs), which include butylcholines-
terase (BChE) and acetylcholinesterase (AChE).[1–6] The abnormal 
concentration of cholinesterases (ChEs) in the body can cause many 

neuro-disorders, such as Parkinson’s and Alzheimer’s Disease.[3,4]As 
Alzheimer’s disease (AD) advances, there is an observed increase in the 
activity of butyrylcholinesterase (BuChE) concurrent with a decline in 
brain acetylcholinesterase (AChE) levels [7]. This phenomenon can 
attributed to the sequence similarity between AChE and BuChE [8,9], 
which allows BuChE to hydrolyze acetylcholine (ACh) [7]. Cholines-
terase inhibitors play a crucial role in regulating these cholinesterases to 
address the progression of these neurodegenerative disorders. With the 
global population aging, the prevalence of these debilitating conditions 
is escalating, emphasizing the pressing need for more efficacious ther-
apeutic interventions. Numerous natural and synthetic inhibitors such as 
rivastigmine, tacrine, donepezil, pyridostigmine, and edrophonium 
(Fig. 1b), have been documented for their ability to modulate these 
enzymes [5,6,10–12]. However, these medications provide only symp-
tomatic relief and often come with significant side effects. Therefore, the 
quest for novel cholinesterase inhibitors is not just about improving the 
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quality of life for millions of affected individuals but also about allevi-
ating the growing socioeconomic burden associated with these diseases. 
Discovering new, simple, and cost-effective inhibitors can offer the un-
derstanding and management of neurogenerative disorders and the 
development of more targeted therapeutic interventions. As part of our 
ongoing research on alkoxymethylation, [15–23] we recently reported a 
new class of azole-derived hemiaminal ethers as promising acetylcho-
linesterase inhibitors.[23] These findings encouraged us to synthesize 
new synthetic analogs from this class to extend the structure–activity 
relationship in search of more potent inhibitors. Here, we designed a 
new class of α-substituted benzotriazole derived chiral hemiaminal 
ethers. We anticipate that the α-substitution and chiral alkoxy groups 
may allow the ligand to better conform to the chiral enzyme’s cavity, 
where the benzotriazole ring facilitates significant π-π and π-alkyl in-
teractions. Collectively, all of these factors may contribute to enhance 
the overall effectiveness of the ligand in its binding to the target protein. 
To access the target ligands, the charge stabilization ability of benzo-
triazole and the chirality of (R)-menthyl and (R)-fenchyl groups offer a 
significant synthetic utility. In-vitro and in-silico studies were performed 
to explore their potential against cholinesterases (ACh and BCh). Mo-
lecular modeling and molecular simulation studies demonstrated the 
stability of protein–ligand complex, whereas ADMET properties were 
studied to investigate the suitability of new compounds as drug leads. 
All-inclusive studies revealed that the α-substitutions on the previously 
synthesized alkoxymethyl benzotriazole derivatives effectively enhance 
the bioactivity of their parent hemiaminal ethers. 

2. Materials and methods 

All experiments were carried out under an argon atmosphere with 
oven-dried glassware and magnetic stirring. All solvents were obtained 
from the Grubbs dry solvent system (model: SPS-200–6 or SPS-400–6). 

Reactions were monitored on TLC plates Merck (silica gel 60 F254). 
Melting points were recorded on a Gallenkamp hot stage. IR spectra 
were measured on a Perkin Elmer Spectrum RX Fourier Transform IR 
System. Bruker Avance NMR III spectrometer was used for 1H (400 MHz) 
and 13C NMR (100 MHz) with deuterated chloroform as the solvent. 
Peak multiplicity is indicated as follows; s (singlet), d (doublet), t 
(triplet), q (quartet), and m (multiplet), and J values are given in Hertz. 
Specific rotations were calculated from optical rotations recorded on an 
AA-10 automatic polarimeter. X-ray crystal structures were obtained by 
a Bruker D8 Venture CMOS Photon 100. Mass spectra were measured by 
using Agilent Tech. 6530 LC/MS or Agilent Tech. 7200 GC/MS-Q-TOF. 

2.1. General procedure for the synthesis of chiral alkoxymethyl 
benzotriazoles 

To the stirred solution of benzotriazole (10 mmol) in dichloro-
methane (5 ml), diisopropyl ethyl amine (10 mmol) was added drop- 
wise. The solution was allowed to stir for 30 min at room temperature 
followed by a slow addition of alkoxymethylchlorides[22](12 mmol). 
The reaction was allowed to reflux for 4 h, extracted with chloroform 
and the product was purified by column chromatography using hexane/ 
ethyl acetate. 

1-(((2-Isopropyl-5-methylcyclohexyl)oxy)methyl)-1H-benzo[d] 
[1,2,3]triazole (4a):[32] White crystalline solid, m.p. 92–94 ◦C, Yield =
78 %; νmax/cm−1: 2954, 2868, 1451, 1376, 1266, 1172, 1075, 741. 
–106.6 (0.02, CHCl3). 1HNMR (400 MHz, CDCl3) δ = 7.99 (1H, d, J = 8), 
7.63 (1H, d, J = 8), 7.45 (1H, t, J = 8), 7.34–7.28 (1H, m), 6.06 (1H, d, J 
= 11.5), 5.91 (1H, d, J = 11.5), 3.18 (1H, td, J = 10.5, 4), 2.02–1.99 (1H, 
m), 1.75–1.68 (1H, m), 1.57–1.40 (2H, m), 1.35–1.22 (2H, m), 
1.13–1.08 (1H, m), 0.82 (3H, d, J = 7), 0.80–0.70 (2H, m), 0.63 (3H, d, J 
= 7), –0.09 (3H, d, J = 7). 13CNMR (100 MHz, CDCl3) δ = 146.3, 132.8, 
127.7, 124.2, 119.8, 109.9, 77.0, 74.4, 47.8, 39.7, 34.1, 31.2, 25.0, 22.7, 

Fig. 1a. Some Representative medicinally important hemiaminal ethers.  

Fig. 1b. Selected examples of commercially available ChEs Inhibitors.  
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22.2, 20.8, 14.8. HRMS (ESI) calculated for C17H25N3O: 287.1998; 
found: 287.2003. CCDC 1855734. 

1-[({1,3,3-Trimethylbicyclo[2.2.1]heptan-2-yl}oxy)methyl]-1,2,3- 
benzotriazole (4b): [32] m.p. 80–82 ◦C. Yield = 83 %; νmax/cm−1: 2950, 
2872, 1493, 1375, 1270, 1089, 741. + 47.9 (0.02, CHCl3).1HNMR(400 
MHz, CDCl3) δ = 8.10 (1H, d, J = 8), 7.72 (1H, d, J = 8), 7.54 (1H, t, J =
8), 7.42 (1H, t, J = 8), 6.01 (2H, ABq, J = 11), 3.27 (1H, s), 1.74–1.65 
(2H, m), 1.62–1.61 (1H, m), 1.41–1.34 (2H, m), 1.05–0.92 (2H, m), 0.86 
(3H, s), 0.74 (3H, s), 0.72 (3H, s). 13CNMR (100 MHz, CDCl3) δ = 146.5, 
132.8, 127.7, 124.3, 120.0, 110.2, 91.6, 77.7, 48.9, 48.5, 41.1, 39.1, 

31.0, 25.9, 25.8, 20.9, 19.1. HRMS (ESI) calculated for C17H23N3O: 
285.1836; found 285.1840. 

2.2. General procedure for α-substitution of benzotriazole based 
hemiaminal ethers 

n-BuLi (2.5 M, 12 mmol) was added to the alkoxymethylated ben-
zotriazole (10 mmol) in dry THF at –78 ◦C. After 10 min, the electrophile 
i.e. methyl iodide, ethyl bromide, butyl bromide, pentyl bromide, or 
trimethylsilyl chloride (10 mmol) in dry THF was added and the reaction 

Scheme 1. Synthesis of α-substitedbenzotraiazole-based hemiaminal ethers.  

Fig. 2. ORTEP diagram (Left) and Hirshfeld surface (Right) of (R)-menthyloxymethyl benzotriazole 4a.  
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mixture was allowed to warm slowly to room temperature. Methanol 
was added and the solvent was evaporated. Purification by column 
chromatography on silica, eluting with petrol–EtOAc (95:5), gave the 
products. 

1-(1-{[(1R,2S,5R)-2-Isopropyl-5-methylcyclohexyl]oxy}ethyl)- 
1,2,3-benzotriazole (5a-i): dr 1.1:1;νmax/cm−1: 2974, 2871, 1613, 1453, 
1336, 1298, 1122, 1098, 771. 1HNMR(400 MHz, CDCl3) δ = 8.11–8.05 
(1H, m), 7.81 (1H, d, J = 8), 7.51–7.47 (1H, m), 7.41–7.36 (1H, m), 6.46 
(0.52H, q, J = 6.5, major isomer), 6.32 (0.48H, q, J = 6.5, minor iso-
mer), 3.45 (0.48H, td, J = 10.5, 4.5), 2.98 (0.52H, td, J = 10.5, 4), 

2.34–2.31 (0.52H, m), 2.26–2.21 (0.48H, m), 1.92 (1.45H, d, J = 6.5), 
1.86 (1.55H, d, J = 6.5), 1.63–1.46 (2H, m), 1.34–0.62 (12H, m), 0.58 
(1.45H, d, J = 6.5), –0.39 (1.55H, d, J = 6.5).13CNMR(100 MHz, CDCl3) 
δ = 147.1, 147.0, 131.3, 131.2, 127.25, 127.2, 124.1 (2C), 120.1 (2C), 
111.7, 111.4, 88.1, 83.1, 81.0, 76.0, 48.9, 47.7, 41.5, 39.6, 34.2, 34.0, 
31.3, 31.2, 25.8, 24.6, 23.0, 22.5, 22.3, 21.9, 21.4, 21.2, 21.1, 20.9, 
16.3, 14.2.HRMS (ESI) calculated for C18H27N3O: 301.2149; found: 
301.2150. 

1-(1-{[(1R,2S,5R)-2-Isopropyl-5-methylcyclohexyl]oxy}propyl)- 
1,2,3-benzotriazole (5a-ii): dr 2:1;νmax/cm−1: 2958, 2868, 1567, 1454, 

Fig. 3. 2D fingerprint plot of (R)-menthyloxymethyl benzotriazole 4a.  

Fig. 4. ORTEP diagram (Left) and Hirshfeld surface (Right) of 5a-v.  

Z. Maqsood Cheema et al.                                                                                                                                                                                                                    



Journal of Saudi Chemical Society 27 (2023) 101746

5

1113, 964, 745.1HNMR(400 MHz, CDCl3) δ = 8.10–8.06 (1H, m), 7.80 
(1H, d, J = 8), 7.48–7.46 (1H, m), 7.42–7.37 (1H, m), 6.15 (0.67H, t, J =
7, major isomer), 6.05 (0.33H, t, J = 6.5, minor isomer), 3.46 (0.33H, td, 
J = 10.4, 4.5), 3.04 (0.67H, td, J = 11.0, 4.6), 2.41–2.25 (2H, m), 
2.25–2.13 (1H, m), 1.86–1.79 (0.67H, m), 1.64–1.47 (2H, m), 1.41–1.05 
(3.33H, m), 1.02–0.72 (9H, m), 0.68 (2H, d, J = 7), 0.57 (1H, d, J = 6.5), 
–0.42 (2H, d, J = 7). 13CNMR (100 MHz, CDCl3) δ = 147.0, 146.9, 131.4, 
131.3, 127.1, 127.0, 124.1 (2C), 120.0 (2C), 111.7, 111.4, 93.1, 88.4, 
81.3, 76.2, 48.8, 47.7, 41.3, 39.6, 34.3, 34.0, 31.3, 28.5, 27.7, 25.5, 
24.6, 22.9, 22.5, 22.3, 21.9, 21.2, 20.9, 16.1, 14.6, 14.1, 9.6, 9.4. HRMS 
(ESI) calculated for C19H29N3O: 315.2305; found: 315.2315. 

1-(1-{[(1R,2S,5R)-2-Isopropyl-5-methylcyclohexyl]oxy}pentyl)- 
1,2,3-benzotriazole(5a-iii): dr 1.6:1;νmax/cm−1: 2954, 2876, 1563, 
1450, 1258, 1105, 741. 1HNMR (400 MHz, CDCl3) δ = 8.10–8.06 (1H, 
m), 7.81 (1H, d, J = 8.5), 7.51–7.46 (1H, m), 7.42–7.37 (1H, m), 6.22 
(0.62H, t, J = 7, major isomer), 6.12 (0.38H, t, J = 7, minor isomer), 

3.46 (0.38H, td, J = 10.5, 4), 3.03 (0.62H, td, J = 10.5, 4.5), 2.37–2.25 
(2H, m), 2.23–2.10 (1H, m), 1.86–1.79 (1H, m), 1.64–1.03 (9H, m), 
1.01–0.82 (9.1H, m), 0.68 (1.9H, d, J = 7), 0.56 (1.1H, d, J = 7), –0.43 
(1.9H, d, J = 7).13CNMR(100 MHz, CDCl3) δ = 147.0, 146.9, 131.4, 
131.3, 127.15, 127.1, 124.1 (2C), 120.0 (2C), 111.7, 111.5, 91.8, 87.2, 
81.2, 76.1, 48.9, 47.7, 41.3, 39.6, 34.9, 34.3, 34.2, 34.0, 31.3, 27.3, 
26.9, 25.5, 24.6, 22.8, 22.5, 22.3, 22.15, 22.1, 21.9, 21.2, 20.9, 16.1, 
14.1, 13.85, 13.8. HRMS (ESI) calculated for C21H33N3O: 343.2618; 
found: 343.2635. 

1-(1-{[(1R,2S,5R)-2-Isopropyl-5-methylcyclohexyl]oxy}hexyl)- 
1,2,3-benzotriazole (5a-iv): dr 1.8:1;νmax/cm−1: 2974, 2871, 1613, 
1453,1336, 1298, 1122, 1014, 771.1HNMR(400 MHz, CDCl3) δ =

8.08–8.05 (1H, m), 7.80–7.78 (1H, d, J = 8), 7.49–7.44 (1H, m), 
7.40–7.39 (1H, m), 6.21 (0.65H, t, J = 6.7, major isomer), 6.11 (0.35H, 
t, J = 6.5, minor isomer), 3.44 (0.35H, td, J = 10.5, 4.5), 3.02 (0.65H, td, 
J = 10.5, 4.5), 2.35–2.10 (3H, m), 1.84–1.79 (0.65H, m), 1.62–1.03 

Fig. 5. 2D fingerprint plot of α-trimethylsilyl substituted (R)-menthyloxymethylbenzotriazole (5a-v).  

Fig. 6. ORTEP diagram (Left) and Hirshfeld surface (Right) of the co-crystallized 5b-iii.  
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(12.35H, m), 1.00–0.70 (8H, m), 0.67 (2H, d, J = 7), 0.55 (1H, d, J =
6.5), –0.42 (2H, d, J = 6.5). 13CNMR (100 MHz, CDCl3) δ = 147.0, 146.9, 
131.5, 131.3, 127.2, 127.1, 124.1 (2C), 120.0 (2C), 111.7, 111.4, 91.8, 
87.2, 81.2, 76.1, 48.9, 47.6, 41.4, 39.6, 35.2, 34.4, 34.2, 34.0, 31.25, 
31.2, 31.1, 25.5, 24.8, 24.6, 24.5, 23.9, 22.8, 22.5, 22.4, 22.35, 22.3, 
21.9, 21.2, 20.9, 16.1, 14.1, 13.95, 13.9. HRMS (ESI) calculated for 
C22H35N3O: 357.2775; found: 357.2778. 

1-[(S)-{[(1R,2S,5R)-2-Isopropyl-5-methylcyclohexyl]oxy}(trime-
thylsilyl)methyl]-1,2,3-benzotriazole (5a-v): dr 6:1, data for major 

isomer: –100 (0.01, CHCl3). m.p. 122–124 ◦C; νmax/cm−1: 2970, 2876, 
1614, 1454, 1152, 1078, 745.1HNMR(400 MHz, CDCl3) δ = 8.06 (1H, d, 
J = 8), 7.67 (1H, d, J = 8), 7.48 (1H, t, J = 8), 7.37 (1H, t, J = 8), 5.98 
(1H, s, major isomer), 2.99 (1H, td, J = 10.5, 4), 2.31–2.28 (1H, m), 
1.97–1.90 (1H, m), 1.52–1.47 (2H, m), 1.28–1.16 (2H, m), 0.98 (3H, d, 
J = 6.5), 0.93–0.74 (3H, m), 0.70 (3H, d, J = 6.5), 0.16 (9H, s), –0.28 
(3H, d, J = 6.5).13CNMR (100 MHz, CDCl3) δ = 146.3, 133.3, 127.0, 
123.8, 119.9, 110.7, 81.3, 77.6, 47.8, 39.3, 34.3, 31.4, 24.8, 22.8, 22.4, 
20.9, 14.5, –3.1.HRMS (ESI) calculated for C20H33N3OSi: 382.2285; 

Fig. 7. Packing diagram of co-crystallized diastereomers 5b-iii.  

Fig. 8. 2D fingerprint plot of α-trimethylsilyl substituted (R)-fenchyloxymethylbenzotriazole (5b-iii).  
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found: 382.2286.CCDC 1855732. 
1-(1-{[(1S,4S)-1,3,3-Trimethylbicyclo[2.2.1]heptan-2-yl]oxy} 

ethyl)-1,2,3-benzotriazole (5b-i): dr 1.1:1;νmax/cm−1: 2938, 2876, 
1556, 1391, 1093, 995, 749. 1HNMR (400 MHz, CDCl3) δ = 8.09–8.05 
(1H, m), 7.82–7.79 (1H, m), 7.51–7.45 (1H, m), 7.40–7.35 (1H, m), 6.26 
(0.45H, q, J = 6.5, minor isomer), 6.21 (0.55H, q, J = 6.5, major iso-
mer), 3.12 (0.45H, s), 2.95 (0.55H, s), 1.93 (1.3H, d, J = 6.5), 1.89 
(1.7H, d, J = 6.5), 1.80–1.69 (2H, m), 1.64–1.28 (3H, m), 1.23 (1.7H, s), 
1.14 (1.7H, s), 1.06 (1.3H, s), 0.96–0.88 (2H, m), 0.47 (1.3H, s), 0.32 
(1.7H, s), 0.26 (1.3H, s). 13CNMR (100 MHz, CDCl3) δ = 147.0, 146.9, 
131.15, 131.1, 127.1, 127.0, 124.1, 124.05, 120.1, 120.0, 111.8, 111.7, 
91.8, 90.0, 88.1, 86.9, 49.4, 48.9, 48.5, 47.9, 41.3, 41.1, 39.6, 38.9, 
31.7, 30.1, 26.1, 26.0, 25.9, 25.7, 21.0, 20.8, 20.7, 20.65, 20.2, 19.0. 
HRMS (ESI) calculated for C18H25N3O: 299.1992; found: 299.1993. 

1-(1-{[(1S,4S)-1,3,3-Trimethylbicyclo[2.2.1]heptan-2-yl]oxy}pen-
tyl)-1,2,3-benzotriazole (5b-ii): dr 2.8:1;νmax/cm−1: 2958, 2876, 1458, 
1364, 1089, 745. 1HNMR (400 MHz, CDCl3) δ = 8.10–8.04 (1H, m), 7.89 
(1H, d, J = 8), 7.51–7.45 (1H, m), 7.41–7.36 (1H, m), 6.09–5.97 (1H, 
m), 3.09 (0.27H, s, minor isomer), 2.91 (0.73H, s, major isomer), 
2.47–2.13 (2H, m), 1.82–1.61 (3H, m), 1.50–1.24 (6.75H, m), 1.13 
(2.25H, s), 1.09 (2.25H, s), 0.95–0.82 (5H, m), 0.49 (0.75H, s), 0.34 
(2.25H, s), 0.21 (0.75H, s). 13CNMR (100 MHz, CDCl3) δ = 147.0 (2C), 
131.3, 131.2, 127.1, 127.0, 124.0 (2C), 120.1, 120.0, 111.8 (2C), 91.9, 
91.4, 90.6, 89.8, 49.5, 49.0, 48.6, 47.9, 41.3, 41.1, 39.6, 39.0, 34.2, 
34.0, 31.7, 30.1, 27.4, 26.9, 26.2, 26.0, 25.95, 25.8, 22.2, 22.15, 21.3, 
20.8, 20.4, 19.1, 13.8, 13.75. HRMS (ESI) calculated for C21H31N3O: 
341.2462; found: 341.2466. 

1-({[(1S,4S)-1,3,3-Trimethylbicyclo[2.2.1]heptan-2-yl]oxy} 

(trimethylsilyl)methyl)-1,2,3-benzotriazole (5b-iii): dr 1.5:1, m.p. 
146–148 ◦C; νmax/cm−1: 2970, 2876, 1614, 1454, 1375, 1078, 745. 
1HNMR(400 MHz, D6-DMSO) δ = 8.07–8.03 (1H, m), 7.95–7.90 (1H, 
m), 7.61–7.56 (1H, m), 7.43–7.37 (1H, m), 5.96 (0.6H, s, major isomer), 
5.85 (0.4H, s, minor isomer), 2.98 (0.4H, s), 2.76 (0.6H, s), 1.78–0.79 
(7H, m), 1.24 (1.2H, s), 1.08 (1.8H, s), 1.03 (1.8H, s), 0.33 (1.2H, s), 
0.19 (1.8H, s), 0.16 (3.5H, s), 0.11 (5.5H, s), –0.06 (1.2H, s).13CNMR 
(100 MHz, D6-DMSO, major isomer only listed, two quaternary C could 
not be observed) δ = 150.1, 138.9, 132.6, 129.2, 124.4, 116.3, 99.1, 
95.9, 53.7, 53.4, 45.1, 36.6, 30.7, 26.3, 25.0, 2.2.HRMS (ESI) calculated 
for C20H31N3OSi: 357.2231; found: 357.2226.CCDC 1855733. 

2.3. In-vitro cholinesterase inhibition studies 

In-vitro inhibition study of the synthesized hemiaminal ethers was 
carried out by slight modification in Ellman’s spectrophotometric 
method. [22,23] A mixture of phosphate buffer (60 μL, KH2PO4/KOH, 
pH 7.7), inhibitor (10 μL) and enzyme (10 μL, 0.015 unit/well for AChE 
and BChE separately, was preincubated at 37 ◦C for 10 min. Then, 
acetylthiocholine chloride, or butylthiocholine iodide 1 mM (10 μL) was 
added to the enzyme reaction mixture. Later, 0.5 mM DTNB (10 μL) was 
added as coloring reagent. Absorbance (at 405 nm) was measured using 
microplate readers after 20 min of incubation at 37 ◦C. Donepenzil was 
used as a positive control. All experiments were carried out in triplicate 
at three different concentrations and percentage inhibition was calcu-
lated. Compounds with high inhibition ability (>50 %) against cholin-
esterases were further evaluated for the IC50. Enzyme kinetic studies 
were carried [24] to understand the mode of inhibition for the most 
potent derivatives 5a-iii for AChE and 5a-i for BChE at different con-
centrations of inhibitor (0, 0.5, 1.0, 2.0 nM) and substrate (0, 0.087, 
0.175, 0.35 and 0.7 µM). Lineweaver–Burk plot was generated by using 
GraphPad PRISM (8.4.3) [25]. 

Table 1 
Cholinsterases inhibition by new α-substituted hemiaminal ethers.  

Compounds AChE BChE 
No. Alkoxy 

Group 
α-Substitution IC50 

(nM) 
Ki 
(nM) 

IC50 
(nM) 

Ki 
(nM) 

5a-i (R)- 
menthyl 

Me  52.91 35 ±
06  

80.03 31 ±
40 

5a-ii (R)- 
menthyl 

Et  54.28 38 ±
72  

82.19 42 ±
71 

5a-iii (R)- 
menthyl 

Bu  44.03 25 ±
90  

109.20 63 ±
29 

5a-iv (R)- 
menthyl 

Pent  60.39 48 ±
07  

133.82 79 ±
47 

5a-v (R)- 
menthyl 

TMS  66.48 52 ±
19  

109.54 76 ±
3 

5b-i (R)- 
fenchyl 

Me  80.74 59 ±
43  

83.73 51 ±
8 

5b-ii (R)- 
fenchyl 

Bu  76.57 49 ±
08  

97.46 61 ±
21 

5b-iii (R)- 
fenchyl 

TMS  79.92 55 ±
74  

94.65 57 ±
09 

Donepezil    62.09 37 ±
84  

91.01 51 ±
34  

Fig. 9. Kinetic studies of most potent 5a-iii against AChE (left) and 5a-i against BChE (right).  

Table 2 
Binding affinities (Kcal/mol) of α-substituted benzotriazole-based hemiaminal 
ethers against selected proteins of cholinesterase.  

Compounds AChE BChE 
No. Alkoxy Group α-Substitution 6o4x 2h7c 1P0I 
5a-i (R)-menthyl Me  −10.1  −8.7  −10.1 
5a-ii (R)-menthyl Et  −10.1  −8.8  −10.1 
5a-iii (R)-menthyl Bu  −10.3  −9.0  −9.8 
5a-iv (R)-menthyl Pent  −10.1  −8.2  −9.6 
5a-v (R)-menthyl TMS  −7.5  −6.1  −7.0 
5b-i (R)-fenchyl Me  −8.7  −9.0  −10.1 
5b-ii (R)-fenchyl Bu  −8.9  −8.2  −9.7 
5b-iii (R)-fenchyl TMS  −7.6  −7.9  −9.5 
Donepezil    −9.7  −10.4  −8.9  
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Fig. 10. Molecular docking interactions of α-butyl menthyloxymethyl benzotriazole (5a-iii) a) 2D Interactions b) 3D interactions with AChE proteins 6o4x (Left) and 
2h7c (Right) c) Protein-ligand complex with AChE Protein 6o4x. 
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2.4. In-silico cholinesterase inhibition studies 

The protein data bank was searched for the human ACh and BCh 
enzymes. Fourteen different proteins (seven for acetylcholine esterases/ 
carboxylesterases and seven for butylcholineesterases) were down-
loaded from the RCSB protein data bank. Discovery Studio Visualizer 
[26] was used to save the chemical structures in pdb format. The pro-
teins were downloaded from RCSB protein data bank in pdb format and 
were prepared by using autodock tools [27]. The proteins were saved in 
pdbqt format after removal of water molecules followed by addition of 
polar hydrogens and Kollman charges to balance the protein. The li-
gands were also saved in pdbqt format by using autodock tools. Auto 
dock vina and CB-Dock2 [28] were used to carry out docking studies and 
Discovery Studio Visualizer were employed to evaluate the results. 
Pharmacokinetic parameters and physicochemical properties were 
evaluated by online portals Protox-II [29], SwissADME [30] and pkCSM- 
biosig [31]. 

The output file generated through docking of selected ligand and 
protein converted into complex file in PyMol [32] and then used for 
generating protein and ligand topologies. Ligand topology is created by 
uploading the Mol2 file in SwissParam [33] online server. Protein to-
pology, after trimming the chain with which ligand is showing inter-
action, was created by applying CHARM36 forcefield and TIP3P water 
model in GROMACS version 2020 [34] installed in Ubuntu 20.04. Both 
topologies were then complexed together, solvated after adding a dec-
ahedral box and system was neutralized by adding six sodium ions. This 
was followed by equilibrating the complex by minimizing the energy 
and then applying an Md run of 20 ns at constant pressure (1 atm) and 
temperature (300 K). After the completion of simulation, the trajectory 
file was analyzed through different in-built tools in GROMACS including 
gmx_rms, gmx_rmsf, gmx_gyrate, gmx_hbond, and gmx_energy for 

calculating RMSD (root mean square deviation), RMSF (root mean 
square fluctuation), Rg (radius of gyration), number of hydrogen bonds, 
Coulombic and Lennard-Jones interaction energies. VMD [35] and UCSF 
Chimera [36] was used for visualizing the trajectories and creating 
snapshots. 

3. Results and discussion 

3.1. Chemistry 

The development of effective methods for the preparation of 
substituted hemiaminal ethers is a synthetic challenge for organic 
chemists. They have been reported by nucleophilic substitution of α-halo 
ethers, α-amination of ethers, and metal-catalyzed hydroamination of 
enols.[29–31] Recently, we have synthesized [23] some azole-derived 
hemiaminal ethers carrying chiral alkoxy part based on (R)-menthyl 
and (R)-fenchyl groups in three steps (Scheme 1a).Bis-menthyloxy-
methanes (2a-b) were prepared by the condensation of formaldehyde 
with (R)-menthol (1a) and (R)-fenchyl alcohol (1b).[23] Chlorination of 
acetals with a combination of SOCl2/MgCl2 provided the corresponding 
α-halo ether (3a-b).Further, nucleophilic substitution with benzo-
triazole in the presence of DIPEA provided the corresponding alkox-
ymethyl benzotriazoles (4a-b) in good yields. [23] For current studies, 
we decided to substitute the α-position of the prepared hemiaminal 
ethers (4a-b), where the presence of benzotriazole moiety of anion- 
stabilizing ability provides an intriguing opportunity for the required 
functionalization. 

To introduce the substitution at α-carbon, a series of experiments 
were performed to find the best conditions for α-lithiation of 4a followed 
by electrophilic quench with alkyl halide (Table S20, Supplementary 
Information). Under the optimized condition, reaction of alkoxymethyl 
benzotriazole derivatives (4a-b) with BuLi (1.2 Eq) in THF at −78 ◦C 
provided the target α-substituted benzotriazole derivatives (Scheme 1b). 
The synthesized hemiaminal ethers [5a(i-v)-5b(i-iii)] were character-
ized by 1H, 13C NMR, Mass and XRD analysis. 

3.2. Single crystal-XRD and Hirshfeld surface analysis 

Compounds 4a, 5a-v, and 5b-iii were obtained in the crystalline 
form and their structures were ultimately confirmed by single crystal 
XRD studies. In addition, Hirshfeild surface analysis was performed to 
observe the type of nonbonding interactions exists in the crystal lattice. 

Menthyloxymethylated benzotriazole derivative (4a) was isolated as 
a white crystalline solid and SC-XRD confirmed the structure as 1-(1- 
{[(1R,2S,5R)-1-(2-Isopropyl-5-methylcyclohexyl)oxy)methyl)-1H- 
benzo[d][1,2,3]triazole. The structural parameters of 4a revealed that 
the compound is crystallized in the monoclinic crystal system with a 
space group of P21. Interestingly an upfield methyl signal was observed 
at −0.3 ppm in the NMR spectrum of 4a (See supplementary information), 
due to the anisotropic shielding of the benzotriazole ring as seen in the 
ORTEP diagram (Fig. 2, Left). 

Hirshfeld surface analysis was used to provide the quantitative 
knowledge of inter-molecular interaction based on dnorm property of the 
molecules and the distance of the atom (internal, di and external, de). 
The analysis was visualized by adjusting the color scale range from 
−0.039 (red) to 1.8579 (blue) Å, in the Crystal Explorer program 
(version 21.5). The red color shows the interatomic contact site 
(Fig. 2,4,6 Right), whereas 2D fingerprint plot quantifies the overall 
contribution of the intermolecular interactions, H….H (72.6 %), H….N 
(6.9 %), H….C (3.3 %) and H….O (1.6 %) towards the crystal lattice 
stability of the 4a (Fig. 3). Likewise, the trimethylsilyl substituted de-
rivative 5a-v was also isolated as a crystalline solid. The structural pa-
rameters of 1-[(S)-{[(1R,2S,5R)-2-Isopropyl-5-methylcyclohexyl]oxy} 
(trimethylsilyl)methyl]-1,2,3-benzotriazole (5a-v) revealed that the 
compound has orthorhombic crystal system with space group of P21 
(Fig. 4). 

Table 3 
Comparative analysis of interactions of synthesized ligand, native ligand, and 
standard drug with protein 6o4x.  

Ligand Amino acids in chain 
A 

Interaction Type Distance (Å) 

5a-iii PHE:338,PHE:297, 
TYR:337, TRP:124, 
TRP:86 

π-alkyl, π-alkyl, π-π 

stacked 
5.21, 5.12, 4.44, 
4.89, 4.59, 4.58, 
3.74, 3.93, 

Donepezil TRP:286,PHE:297, 
TYR:337,TRP:341, 
TRP:86, ARG:296 

C–H bond, π-alkyl, 
π-π stacked, π-Alkyl 

5.32, 5.33, 5.04, 
5.02, 4.92, 4.59, 
3.41, 3.28 

9AA HIS:447, TYR:337, 
TRP:86 

π-π stacked, H-bond 5.01, 5.47, 4.61, 
4.42, 4.2  

Table 4 
Featured pharmacokinetic parameters of the hit compound 5a-i and 5a-iii.  

No. Properties Results 
5a-i 5a-iii 

1. Molecular Mass (g/mol) 301.43 343.51 
2. Number of rotatable bonds 4 7 
3. Hydrogen Bond donor 0 0 
4. Hydrogen Bond acceptor 3 3 
5. Topological Polar Surface Area (A◦2) 39.94 39.94 
6. Skin Permeation (Log Kp) cm/s −4.56 −3.78 
7. Molar Refractivity 90.64 105.06 
8. Lipophilicity (Log Po/w – XLOGGP3) 5.04 6.50 
9. Lipinski’s Rule violation 0 1 
10 Gestor-intestinal absorption High High 
11. Human Oral Bioavailability 0.55 0.55 
12. Blood Brain Barrier +0.8000 +0.8000 
13. VDss (log L/kg) 0.26 0.155 
14. Total Clearance (log ml/min/kg) 1.111 1.212 
15. Renal OCT2 substrate No No 
16. LD50 (mg/kg) 120 120 
17. Toxicity Class III III  
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Whereas, the 2D fingerprint plot of 1-[(S)-{[(1R,2S,5R)-2-Isopropyl- 
5-methylcyclohexyl]oxy}(trimethylsilyl)methyl]-1,2,3-benzotriazole 
(5a-v) showed H….H (82.3 %), H….N (3.8 %), H….C (3.8 %) and H….O 
(0.6 %) intermolecular contribution towards lattice stability (Fig. 5). 

The 2D fingerprint plot showed that the significant interactions 
responsible for crystal packing in 5a-v are H…H interactions. Interest-
ingly, the fenchyl analog 1-({[(1S,4S)-1,3,3-Trimethylbicyclo- [2.2.1] 
heptan-2-yl]oxy}(trimethylsilyl)methyl)-1,2,3-benzotriazole (5b-iii) 

Fig. 11. 3D Demonstration of multiple docking results of 5a-iii and 9-aminoacridine with 6o4x.  

Fig. 12. Molecular docking interactions with BChE protein 1P0I a) 2D Interactions of 5a-i, 5a-iii, and 5b-i b) Protein-ligand complex of (5a-i).  
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was isolated as co-crystal and single crystal X-ray analysis revealed that 
two molecules are in one asymmetric unit (Fig. 6). 

The packing diagram (Fig. 7) shows the tetrahedral geometry with 
space group P21 and exists in two independent molecules A and B having 
two Si atoms in a unit cell. There are four asymmetric molecules of the 
complex in a unit cell showing secondary interactions. One such possible 
interaction occurs between a nitrogen atom of the triazole and a proton 
on a methyl group attached to the Si atom, providing stability to the 

complex diastereomeric mixture. Likewise, as per 2D fingerprint plot of 
1-({[(1S,4S)-1,3,3-Trimethylbicyclo[2.2.1]heptan-2-yl]oxy}(trime-
thylsilyl)methyl)-1,2,3-benzotriazole (5b-iii) the contribution of inter-
action to the overall crystal lattice measured by 2D fingerprint plot 
revealed the H….H (84.6 %), H….C (9.0 %), H….N (6.4 %) and C….H 
(4.9 %) intermolecular contribution towards lattice stability (Fig. 8). 
Similar to α-silyl substituted ether 5a-v, the 2D fingerprint plot of 
substituted ether 5b-iii also showed that the significant interactions 

Fig. 13. Structural analysis of the synthesized compounds involving in the target inhibition.  

Fig. 14. Graphical representation of Radius of gyration and RMSF of protein, and RMSD of 6o4x and 5a-iii.  
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responsible for crystal packing are H…H interactions. 

3.3. In-vitro cholinesterases inhibition studies 

All the synthesized compounds [5a(i-v) and 5b(i-iii)] were subjected 
to in-vitro cholinesterase inhibition studies targeting both acetylcho-
linesterase and butyrylcholinesterase. Notably, these compounds 
demonstrated favorable inhibitory potential when compared to their 
parent hemiaminal ethers as well as the standard drug, donepezil. The 
results presented in Table 1 indicate that the activity of the compounds 
depends upon the specific chiral alkoxy group and the presence of 
α-substitution. Generally, it was observed that hemiaminal ethers con-
taining the (R)-menthyloxymethyl group (5a) displayed superior 
inhibitory properties compared to their fenchyloxy counterparts (5b). 
Furthermore, compounds featuring a moderately sized α-alkyl group, 
such as butyl (5a-iii), exhibited the highest AChE activity, with an IC50 
value of 44.03 nM. In contrast, compounds with smaller groups like 
methyl or ethyl (5a i-ii) or sterically demanding substitutions like pentyl 
or trimethyl silyl (5a iv-v) demonstrated comparatively lower activity 
(Table 1). Likewise, when assessing the inhibitory capabilities of the 
synthesized hemiaminal ethers against butylcholinesterase (BChE), 
compounds featuring the menthyloxy chiral component exhibited more 
promising outcomes. Specifically, compound 5a-i displayed maximum 
inhibition capacity, with IC50 values of 80.03 nM (Table 1). These 
findings align with our earlier study, where we reported that compounds 
containing the menthol ring exhibit higher inhibitory potential than 
those containing the bicyclic fenchol moiety [23]. 

The kinetic studies of the most potent hit compounds, 5a-iii against 
AChE and 5a-i against BuChE were performed at various concentrations 
of inhibitor (0, 0.5, 1.0, 2.0 nM) and substrate (0, 0.087, 0.175, 0.35 and 
0.70 µM). (Fig. 9 demonstrated the initial velocity of the reaction at 
different concentrations in the form of Lineweaver–Burk plots [24], 
where competitive inhibition was observed in both cases. These results 
effectively demonstrate that newly synthesized α-substituted 

hemiaminal ethers have remarkable inhibition potential against target 
enzymes and can considered for further studies as prospective candi-
dates for the treatment of neurogenerative diseases. We anticipate that 
the presence of chiral alkoxy groups can offer significant binding with 
chiral proteins, the presence of α-substituted linear chains helps the 
ligand to best fit in the enzyme cavity through π-alkyl interactions, while 
the benzotriazole ring is responsible for π-π stacking. 

3.4. In-silico cholinesterase inhibition studies 

3.4.1. Molecular docking studies against different cholineasterase enzymes 
To analyze the binding interaction of new α-substituted 

benzotriazole-derived hemiaminal ethers with cholinesterases (AChE 
and BuChE) molecular docking studies were carried out. The protein 
databank was searched for cholinesterase proteins and human acetyl-
cholinesterase proteins 6o4x, 2h7c, and human butylcholinesterase 
protein 1P0I were selected. The docking results of all the synthesized 
compounds [5a (i-v) and 5b (i-iii)] showed effective binding with 
selected proteins (Table 2). 

The results revealed that the α-substituted derivatives carrying 
menthyl group 5a (i-iv) exhibited high binding affinity (B.E. > -10.0 
Kcal/mol) with receptor 6o4x as compared to the standard drug (-9.7 
Kcal/mol). α-Butyl menthyloxymethyl benzotriazole (5a-iii) showed the 
maximum interactions with both proteins (B.E. −10.3 and −9.0 Kcal/ 
mol). Different π-alkyl, π-π-stacking, and π-σ interactions were found to 
be involved with chain A of 6o4x (Fig. 10a, Left) and π-alkyl interactions 
with chain C of protein 2h7c (Fig. 10a, Right). In the case of interactions 
between ligand 5a-iii with receptor protein 6o4x, amino acids PHE:297, 
TYR:124, and PHE:338 were observed to be involved in π-alkyl in-
teractions with a distance of 4.45, 5.11, and 5.22 Å. Similarly, 5a-iii also 
displayed significant interactions with protein 2h7c, where amino acids 
LEU:3255, PHE:3426, and VAL:3254 showed π-alkyl interactions with 
the menthol ring. The α-butyl group demonstrated alkyl-alkyl in-
teractions with LEU:3363 and ILE:3359 with a distance of 5.40 and 4.85 

Fig. 15. Snapshots of 6o4x-5a-iii complex during MD simulation.  
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Ao, and π-alkyl with HIS:3368 with 5.01Ao. Moreover, the benzotriazole 
ring in the ligand showed different π-stacking such as π-alkyl and π-σ 

interactions with various amino acid residues like LEU:3304, LEU:3363, 
and π-sulfur interactions with sulfur-containing amino acid MET:3364 
(Fig. 10b, Right). 

Further, a comparative analysis with the native ligand of protein 
6o4x authenticated that 5a-iii demonstrated significant interaction 
within the protein’s active site. Docking 9-aminoacridine (the native 
ligand) with 6o4x revealed a lower docking score (9.2 kcal/mol) in 
comparison to the synthesized ligand 5a-iii (-10.3 kcal/mol). The 2D 
representation (Fig. 10) evident that the hit compound 5a-iii, standard 
drug donepezil, and native ligand 9AA all interacted with the same 
amino acids (TYR: 337 and TRP: 86) in chain A through π-π interactions. 
9AA also interacted with His:447, while the 5a-iii additionally inter-
acted with other amino acids, namely PHE: 297, PHE: 338, and TYR: 
124. A detailed examination of the distances between the amino acid 
residues revealed that 5a-iii is positioned in closer proximity to the 
protein’s active site (Table 3). 

9-aminoacridine found to posses distinct active site pockets within 
the protein. Multiple docking experiments were performed with both 
ligands (9AA and 5a-iii) in three additional site pockets (two in chain B 
and one in Chain A) by Discovery Studio Visualizer and CB Dock2. Re-
sults revealed that the hit compound exhibited stronger binding in-
teractions with all three active sites within the protein (Table 4, 
Figure 11). It was observed that, among the three active sites, both li-
gands exhibited significant binding interactions with the C2 and C3 
pockets i.e. −10.2 to 10.3 Kcal/mol for the hit compound and −9.0 to 
−9.2 Kcal/mol for native ligand (Table S24: Supplementary Informatio-
nInformation). Notably, the benzotriazole ring in 5a-iii displayed an 
interaction pattern that closely resembled the hydrophobic rings of the 
native ligand 9AA, resulting in a high binding affinity. The presence of 
the alkyl substituent on 5a-iii contributed to enhanced stability, as the 
presence of the butyl group caused the two ring systems to become 
perpendicular, which can effectively mask repulsive forces, resulting in 
a higher docking score. However, both 9-aminoacridine (9AA) and 
hemiaminal 5a-iii exhibited lower binding scores (-7.1 to −7.6 Kcal/ 
mol) in the C1 pocket. This phenomenon could also be attributed to a 
conformational change in the orientation of the ligand within the C1 
pocket (Figure 11). Therefore, it can be inferred that the interactions 
responsible for establishing a protein–ligand binding are predominantly 
hydrophobic in nature. 

In order to confirm the high inhibition potential of the hit compound, 
5a-iii was further docked with five other human AChE proteins, where 
the binding energy was observed between −8.6 to 9.7 Kcal/mol 
(Table S25: Supplementary Information). 

The results from the acetylcholinesterase inhibition encouraged us to 
expand our studies to include human butyrylcholinesterase (1P0I). 
Remarkably, the hit compound 5a-iii displayed a favorable binding af-
finity of −9.8 kcal/mol, higher than the donepezil (-8.9 Kcal/mol). 
Moreover, other synthesized hemiaminal ethers [5a(i-ii) and 5b(i)] 
showed excellent binding affinity (>-10.0 Kcal/mol) with the receptor 
protein 1P01 (Table 2). The visualization of docking results revealed 
that compound 5a-i demonstrates many prominent interactions such as 
π-alkyl, π-σ, π-π T-shape, and π-cation along with conventional hydrogen 
bonding with chain A of the receptor 1P0I. The amino acid residue 
Trp:82 showed π-σ and π-alkyl interactions with the menthyl part of the 
5a-i. Whereas, benzotriazole ring was found to involve in π-π T-shape 
interactions with amino acid residue Trp:231, Phe:329, Leu:286, and 
His:438, and π-cation interactions along with hydrogen bonding with 
His:438 and Ser:198, respectively. Additionally, only the butyl group 
showed Pi-sigma interaction with TYR: 332 among these three (Fig. 12). 

Both menthyloxy (5a-i) and fenchyloxy analogs (5b-i) demonstrated 
significant interactions such as π-alkyl, π-σ, and π-π T-shape interactions 
with different amino acid residues of Chain A of the receptor 1P0I 
(Fig. 12). The interactions of the active compounds 5a i-ii and 5b-i were 
further evaluated with other BChEs proteins (Table S26: Supplementary 

Information). 
A comprehensive structural-activity analysis unveiled the role of 

specific groups in the synthesized compounds responsible for particular 
interactions within the protein residues (Fig. 13). For instance, the 
benzotriazole ring is found to be involved in many hydrophobic in-
teractions, such as π-alkyl, π-cationic, and π-sigma interactions. More-
over, the chiral moiety in the molecules demonstrates π-alkyl, alky-alkyl, 
and π-sigma interactions. The O-CH group between the benzotriazole 
and chiral auxiliary serves as a linker, providing the necessary spacing 
between the two components. Additionally, the type and size of the alkyl 
group on the alpha carbon influenced binding affinity in many ways. For 
instance, medium-sized groups, like butyl, provide favorable confor-
mational orientation to develop stable complexes. 

The promising results from the enzyme inhibitory assay and docking 
studies have led us to conclude that the synthesized hemiaminal ethers 
hold significant potential for acetylcholinesterase inhibition. Molecular 
dynamics simulation further validated the stability of the complex be-
tween the hit compound 5a-iii and the protein receptor (6o4x). Several 
parameters, including root mean square deviation (RMSD), root mean 
square fluctuations (RMSF), and radius of gyration (Rg), were calculated 
by analyzing the MD data to elucidate the dynamic interactions within 
the protein–ligand complex (Fig. 14). The post-simulation analysis 
revealed that 5a-iii forms a stable complex with 6o4x as ligand 
remaining inside the protein throughout the simulation. The average 
RMSD values were 0.22 nm for protein and 0.31 nm for 5a-iii. A slight 
increase to 0.41 nm at about 12 ns indicates a slight instability during 
this period relative to the rest of the simulation time. However, the 
overall RMSD values for both the ligand and protein remained below 1, 
indicating the stability of the complex. Moreover, Rg (Radius of gyra-
tion) was plotted against time, where a constant value of 2.1 nm sug-
gests the compactness of the complex. The RMSF (root mean square 
fluctuations) value was observed at less than 0.5 nm except for a small 
variation for two residue points, suggesting a well-structured pro-
tein–ligand complex with minimal distortion. (Fig. 14). 

Snapshot demonstration in Fig. 15 of the simulation process showed 
that the ligand maintained its conformation without significant changes 
throughout the entire simulation. In addition, the gmx_hbond script 
analysis confirmed the absence of hydrogen bonding between the pro-
tein and the ligand, thus validating the results obtained from the docking 
studies. In summary, the molecular dynamics (MD) simulation analysis 
revealed the formation of a stable complex between the protein and the 
ligand. This stability was supported by an average short-range Coulomb 
energy value of −21.9 KJ/mol and a Lenard-Jones (LJ) energy of −188.2 
KJ/mol. The combined contribution of these two energy components 
resulted in a total interaction energy of −210.1 KJ/mol, further con-
firming the stability of the complex. 

In short, in-silico studies were found in line with in-vitro studies, 
where α-butyl menthyloxymethyl benzotriazole 5a-iii was found effi-
cient AChE inhibitor and α-methyl derivative 5a-i was found active 
against BChE. Both hit compounds (5a-i and 5a-iii) were further sub-
jected to physicochemical and pharmacokinetics evaluation and ADMET 
studies. Results displayed in Table 4, demonstrate the suitability of these 
compounds for further investigations as drug leads, where zero violation 
for 5a-i and one violation for 5a-iii was observed according to Lipinski 
rule. Molecular weight, solubility parameters, and structural features 
are all in favor of compounds’ suitability as drug candidates except 
number of rotatable bonds in 5a-iii. Similarly, the Low Topological Polar 
Surface Area (TPSA) of 39.94 A◦2 for each compound signified the good 
blood–brain penetration ability of the molecules. Additionally, the 
compounds exhibited high gastrointestinal absorption and human oral 
bioavailability scores, with no interactions as OCT2 substrates, further 
supporting their potential as drug leads for further study. 

4. Conclusion 

A new series of substituted benzotriazole-derived hemiaminal ethers 
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carrying a chiral alkoxy group of menthol and fenchol are successfully 
synthesized. In-vitro and in-silico studies were extensively employed to 
explore their potential against inhibition of cholinesterases. Results 
identified (R)-menthyl derivatives 5a-i and 5a-iii as the most effective 
compounds against BChEs and AChE inhibition. Molecular docking an-
alyses helped in evaluating the roles of benzotriazole and menthol ring 
systems, as well as the impact of alkyl substituents on binding affinity. 
The results disclosed that the α-substitution significantly enhanced 
the inhibitory potential of the alkoxymethyl benzotriazoles. Molecular 
dynamics simulations further confirmed the stability of the pro-
tein–ligand complex with a total interaction energy of −210.1 kJ/mol. 
Pharmacokinetics and ADMET drug-likeness parameters supported the 
bioactivity and bioavailability of the synthesized hemiaminal ethers. 
Given their straightforward and efficient synthesis, these novel hemi-
aminal ethers hold substantial promise for the cost-effective develop-
ment of medications targeting Alzheimer’s disease (AD). 
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