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A B S T R A C T   

The identification of effective and druggable cholinesterase inhibitors to treat progressive neurodegenerative 
Alzheimer’s disorder remains a continuous drug discovery hunt. In this perspective, the present study in
vestigates the design and discovery of pyrimidine-morpholine hybrids (5a-l) as potent cholinesterase inhibitors. 
Palladium-catalyzed Suzuki-Miyaura cross-coupling reaction was employed to introduce the structural diversity 
on the pyrimidine heterocyclic core. A range of commercially available boronic acids was successfully coupled 
showing a high functional group tolerance. In vitro cholinesterase inhibitory potential using Ellman’s method 
revealed significantly strong potency. Compound 5h bearing a meta-tolyl substituent at 2-position of pyrimidine 
ring emerged as a lead candidate against AChE with an inhibitory potency of 0.43 ± 0.42 µM, ~38-fold stronger 
value than neostigmine (IC50 = 16.3 ± 1.12 µM). Compound 5h also showed the lead inhibition against BuChE 
with an IC50 value of 2.5 ± 0.04 µM. The kinetics analysis of 5h revealed the non-competitive mode of inhibition 
against AChE whereas computational modelling results of potent leads depicted diverse contacts with the binding 
site amino acid residues. Molecular dynamics simulations revealed the stability of biomolecular system, while, 
ADME analysis demonstrated druglikeness behaviour of potent compounds. Overall, the investigated pyrimidine- 
morpholine scaffold presented a remarkable potential to be developed as efficacious anti-Alzheimer’s drugs.   

1. Introduction 

Alzheimer’s disease (AD) is a chronic neurological disorder that in
fluence many parts of the body including central nervous system. It is the 
most common forms of dementia and progressive neurodegenerative 
disorder with memory loss, cognitive decline, and language dysfunction 
in people above the age of 60 [1]. Patients with mild cognitive impair
ment (MCI) are at increased risk of progression to Alzheimer’s, however, 
there are currently no effective drugs to treat this diseases. Several po
tential hypotheses have been proposed for the development of AD, 

however, the exact pathogenesis and etiology of this disease remain 
unclear [2]. Several factors are believed to contribute to the progression 
of the AD and the cholinergic deficit indicating the low levels of 
acetylcholine (ACh) remains prominent [3]. Acetylcholine is a neuro
transmitter that plays a role in memory, learning, attention, and invol
untary muscle movement and is hydrolyzed into acetate and choline by 
acetylcholinesterase (AChE) and butyrylcholinesterase (BuChE) [4]. 
AChE is primarily present in the central nervous system (CNS) while 
BuChE is found in the neurons. As AChE plays the leading role in the 
hydrolysis of ACh at a different stages of AD [5], the development of 
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novel inhibitors of AChE that can enhance the cholinergic neurotrans
mission and reduce acetylcholine hydrolysis, is considered as a prom
ising strategy to combat AD [6–8]. Recent literature reports have 
documented several classes of compounds with cholinesterase inhibi
tory potential [9–13]. Moreover, the commercially available and 
approved AChE inhibitors including donepezil, rivastigmine, tacrine, 
galantamine and huperzine A enhance ACh levels at synapses, thus 
improving the neurotransmission. However, severe side effects of these 
drugs, including nausea, vomiting, decreased appetite, weight loss, and 
liver toxicity [14–16] demand the drug discovery community to explore 
wider chemical space and identify potent and efficacious anticholines
terase agents to manage AD more effectively. 

Nitrogen-containing heterocycles are among the top structural 
pharmacophores contributing enormously towards the generation of 
bioactive pharmaceuticals. A recently compiled databank of U.S. FDA 
approved pharmaceutical drugs revealed that nitrogen heterocycles are 
present in 59% of small-molecule drugs [17]. Among them, pyrimidine 
nucleus remains at the forefront of drug discovery efforts in achieving 
the drug molecules targeting various targets. A plethora of commercial 
drugs/drug candidates containing a pyrimidine scaffold continues to 
grow and significant interest of medicinal chemistry community makes 
this heterocycle a valuable entity to be explored. Pyrimidine derivatives 
exhibit a diverse range of biological functions including anticancer, 
antiviral, antimicrobial, anti-inflammatory, antimalarial, antihyperten
sive, anticonvulsant, antitubercular, antioxidant and analgesic activities 
[18–21]. The incorporation of pyrimidine ring in various FDA approved 
drugs provides a promising impetus to explore the wider chemical space 
to deliver new drugs. 

In parallel, morpholine heterocycle is also a predominant entity of 
numerous FDA approved and experimental drugs. It is widely accepted 
as a useful scaffold in drug discovery arena due to its promising physi
cochemical, metabolic and biological properties [22]. Morpholine 
scaffold also presents a wide range of biological potential including 
anticancer, anti-inflammatory, antiviral, antihyperlipidemic, analgesic, 
antioxidant, antipyretic, antimicrobial, antiobesity, antileishmanial and 
antineurodegenerative activities [23–27]. Morpholine containing com
pounds have targeted a range of enzymes such as kinases, squalene 
synthase, amyloid β (Aβ) peptides, γ-secretase, cholinesterases, mono
amine oxidases, Factor Xa, autotaxin, nuclear factor erythroid 2-related 
factor 2, topoisomerases, peptidyl transferase, ribonucleotide reductase, 
α-glucosidase [22]. Therefore, in view of the great interest in the me
dicinal chemistry of morpholine nucleus, the exploration of biological 
profile against different targets remains a burgeoning theme of research. 
Fig. 1 demonstrates the medicinal potential of pyrimidine and mor
pholine scaffolds and rationale of our approach towards the design of 
anti-Alzheimer’s agents. 

Over the last few decades, transition-metal-catalyzed cross-coupling 
methods (Suzuki-Miyaura, Heck, Sonogashira, Hiyama, Stille, Negishi, 
Kumada) have become fundamental reactions in modern (bio)organic 
chemistry and industrial settings to generate new carbon–carbon bonds 
[28–32]. Among these methods, palladium-catalyzed Suzuki-Miyaura 
reaction represents the cross-coupling of two sp2-centers involving an 
electrophilic and a nucleophilic partner, thus enabling a revolutionary 
approach to access biaryl frameworks [33–41]. Moreover, easy acces
sibility and commercial availability of starting precursors, high func
tional group tolerance and air/moisture tolerant properties make this 
method an indispensable tool in the organic chemist’s arsenal [42,43]. 
The industrial application of Suzuki-Miyaura cross-coupling reaction 
has been well-realized in the production of several drugs and pharma
ceutical fragments including Losartan (angiotensin II receptor antago
nist), Etalocib (anti-cancer), Boscalid (fungicide), OSU-6162 (dopamine 
stabilizer), LY503430 (anti-Parkinson’s), LY451395 (anti-Alzheimer’s), 
PDE4 inhibitor (anti-COPD) [42,44–48]. 

Despite the development of structurally diverse nitrogen-containing 
heterocyclic entities as drug pharmacophores, the development of new 
strategies and innovative solutions enabling the improved and speedy 

production of target drug molecules is highly desirable to meet the 
enormous pressure of selective drug scarcity. In this perspective and 
building on our continuous curiosity in the development of cholines
terase inhibitors [49–56], current synthetic chemistry efforts were 
envisioned exploring impactful heterocyclic entities (pyrimidine and 
morpholine) endowed with a diverse substitution pattern to expand the 
drug discovery arena. In line with medicinal chemistry protocols, robust, 
reliable and quick chemical transformation to achieve varied pendent 
functionalities on the heterocyclic ring, Suzuki-Miyaura cross-coupling 
reaction was employed. A diverse selection of boronic acids was used to 
introduce the structural diversity to pyrimidine ring. In vitro anticho
linesterase inhibitory data identified various significantly potent in
hibitors while kinetics studies of the lead molecule revealed the non- 
competitive inhibition of AChE. In silico docking analysis shed light on 
the binding modes of the potent inhibitors which showed multiple 
contacts with the active site amino acids of cholinesterases. Finally, 
ADME analysis showed promising druglike properties suggesting that 
the designed molecules could be considered as a prototype for the 
development of lead inhibitors to treat AD. 

2. Materials and methods 

2.1. Experimental and characterization data 

2.1.1. Synthesis of 4-(2-chloropyrimidin-4-yl)morpholine (3) 
Morpholine (1.1 equiv) was added dropwise to a cooled solution of 

2,4-dichloropyrimidine (1 equiv), and N,N-diisopropylethylamine 
(DIPEA) (1.3 equiv) in IPA (3 mL/mmol) at 0 ◦C. The reaction mixture 
was warmed to room temperature (RT) and stirred for 12 h. After 
completion (TLC, 100% EtOAc), the volatiles were evaporated and 
resulting residue was taken up in EtOAc. After washing with water, the 
organic phase was dried (MgSO4), filtered and evaporated under 
reduced pressure. The purification by silica column chromatography 
(eluent = 30 → 60% EtOAc in hexanes) afforded compound 3 as a white 
solid (844 mg) in 82% yield [57]. Rf = 0.63 (eluent = 100% EtOAc); 
FTIR vmax/cm− 1 (film) 3081, 2990, 1657, 1598, 1190, 1030, 761; 1H 
NMR (400 MHz, CDCl3) δH: 8.05 (d, J = 6.2 Hz, 1H), 6.38 (d, J = 6.2 Hz, 
1H), 3.78–3.72 (m, 4H), 3.69–3.55 (m, 4H); 13C{1H} NMR (101 MHz, 
CDCl3) δC: 162.9, 160.7, 157.4, 101.2, 66.4, 44.4. 

2.1.2. Palladium-catalyzed Suzuki coupling 
To an appropriate reaction vessel containing a magnetic follower was 

charged with 4-(2-chloropyrimidin-4-yl)morpholine (0.25 mmol, 1.0 
equiv), boronic acid/ester (0.30 mmol, 1.2 equiv), Pd(dppf)Cl2 (0.025 
mmol, 10 mol%) and 2 M aqueous potassium carbonate (0.625 mmol, 
2.5 equiv), in a mixture of toluene and ethanol (2:1, 5 mL). The reaction 
mixture was sparged with N2 for 5 min before heating to 80 ◦C and 
stirring for 12 h. After cooling to RT, EtOAc (10 mL) was added to the 
reaction mixture and passed through a short pad of celite. The filtrate 
was washed with water (2 × 10 mL) and organic phase was dried 
(MgSO4) and filtered. The solvent was removed in vacuo and the residue 
was purified by silica column chromatography (eluent = 20 → 80% 
EtOAc in hexanes) to afford compounds 5a-l. 

2.1.2.1. 4-(2-Phenylpyrimidin-4-yl)morpholine (5a). Colorless oil (58 
mg, 97% yield). Rf = 0.63 (eluent = 100% EtOAc); FTIR vmax / cm− 1 

(film) 3044, 2988, 1665, 1609, 1197, 1043; 1H NMR (400 MHz, CDCl3) 
δH: 8.42–8.36 (m, 2H), 8.34 (d, J = 6.2 Hz, 1H), 7.50–7.42 (m, J = 6.7, 
3.5 Hz, 3H), 6.40 (d, J = 6.2 Hz, 1H), 3.85–3.77 (m, 4H), 3.76–3.67 (m, 
4H); 13C{1H}NMR (101 MHz, CDCl3) δC: 163.5, 162.0, 155.7, 137.9, 
130.6, 128.5, 128.2, 100.9, 66.6, 44.2; Anal. calcd. for C14H15N3O 
(241.12): C, 69.69; H, 6.27; N, 17.41%; found: C, 69.60; H, 6.17; N, 
17.33%. 
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2.1.2.2. 4-(2-(p-Tolyl)pyrimidin-4-yl)morpholine (5b). Off-white solid 
(59 mg, 93% yield). Rf = 0.60 (eluent = 100% EtOAc); FTIR vmax / cm− 1 

(film) 3048, 2981, 1660, 1623, 1205, 1036; 1H NMR (400 MHz, CDCl3) 
δH: 8.34 (d, J = 6.2 Hz, 1H), 8.30 (d, J = 8.2 Hz, 2H), 7.27 (d, J = 8.1 Hz, 
2H), 6.39 (d, J = 6.2 Hz, 1H), 3.85–3.78 (m, 4H), 3.77–3.68 (m, 4H), 
2.42 (s, 3H); 13C{1H}NMR (101 MHz, CDCl3) δC: 163.5, 162.0, 155.7, 
140.8, 135.2, 129.2, 128.1, 100.7, 66.6, 44.2, 21.6; Anal. calcd. for 
C15H17N3O (255.14): C, 70.56; H, 6.71; N, 16.46%; found: C, 70.50; H, 
6.73; N, 16.39%. 

2.1.2.3. 4-(2-(4-(tert-Butyl)phenyl)pyrimidin-4-yl)morpholine (5c). Off- 
white solid (41 mg, 55% yield). Rf = 0.57 (eluent = 100% EtOAc); FTIR 
vmax / cm− 1 (film) 3065, 2975, 1678, 1620, 1169, 1036; 1H NMR (400 
MHz, CDCl3) δH: 8.34 (d, J = 6.2 Hz, 1H), 8.30 (d, J = 8.5 Hz, 2H), 7.48 
(d, J = 8.5 Hz, 2H), 6.39 (d, J = 6.2 Hz, 1H), 3.86–3.78 (m, 4H), 
3.76–3.69 (m, 4H), 1.35 (s, 9H); 13C{1H}NMR (101 MHz, CDCl3) δC: 
163.5, 162.0, 155.7, 154.0, 135.1, 128.0, 125.4, 100.7, 66.7, 44.2, 34.9, 
31.4; Anal. calcd. for C18H23N3O (297.18): C, 72.70; H, 7.80; N, 14.13%; 
found: C, 72.63; H, 7.84; N, 14.05%. 

Fig. 1. Medicinal potential of pyrimidine and morpholine scaffolds and rationale of our approach.  
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2.1.2.4. 1-(4-(4-Morpholinopyrimidin-2-yl)phenyl)ethan-1-one (5d). Off- 
white solid (59 mg, 84% yield). Rf = 0.43 (eluent = 100% EtOAc); FTIR 
vmax / cm− 1 (film) 3055, 2980, 1712, 1659, 1599, 1163, 1029; 1H NMR 
(400 MHz, CDCl3) δH: 8.45 (d, J = 8.5 Hz, 2H), 8.36 (d, J = 6.1 Hz, 1H), 
8.01 (d, J = 8.5 Hz, 2H), 6.44 (d, J = 6.2 Hz, 1H), 3.87–3.79 (m, 4H), 
3.76–3.67 (m, 4H), 2.63 (s, 3H); 13C{1H}NMR (101 MHz, CDCl3) δC: 
198.1, 162.7, 162.1, 156.3, 142.6, 138.3, 128.4, 128.3, 101.5, 66.6, 
44.2, 26.9; Anal. calcd. for C16H17N3O2 (283.13): C, 67.83; H, 6.05; N, 
14.83%; found: C, 67.78; H, 5.96; N, 14.88%. 

2.1.2.5. 4-(2-(4-Fluorophenyl)pyrimidin-4-yl)morpholine (5e). Off-white 
solid (58 mg, 90% yield). Rf = 0.61 (eluent = 100% EtOAc); FTIR vmax / 
cm− 1 (film) 3041, 2990, 1662, 1614, 1188, 1056; 1H NMR (400 MHz, 
CDCl3) δH: 8.43–8.35 (m, 2H), 8.31 (d, J = 5.1 Hz, 1H), 7.15–7.07 (m, 
2H), 6.40 (d, J = 6.2 Hz, 1H), 3.84–3.76 (m, 4H), 3.76–3.66 (m, 4H); 13C 
{1H}NMR (101 MHz, CDCl3) δC: 164.6 (d, J = 251.5 Hz), 162.5, 162.0, 
155.6, 134.0 (d, J = 3.0 Hz), 130.3 (d, J = 8.1 Hz), 115.3 (d, J = 21.2 
Hz), 100.8, 66.6, 44.2; 19F{1H}NMR (376 Hz, CDCl3) δF: − 110.7; Anal. 
calcd. for C14H14FN3O (259.11): C, 64.85; H, 5.44; N, 16.21%; found: C, 
64.77; H, 5.32; N, 16.12%. 

2.1.2.6. 4-(2-(4-Chlorophenyl)pyrimidin-4-yl)morpholine (5f). Off-white 
solid (44 mg, 73% yield). Rf = 0.61 (eluent = 100% EtOAc); FTIR vmax / 
cm− 1 (film) 3061, 2967, 1672, 1618, 1166, 1031; 1H NMR (400 MHz, 
CDCl3) δH: 8.33 (dd, J = 7.4, 0.9 Hz, 3H), 7.41 (d, J = 8.6 Hz, 2H), 6.41 
(d, J = 6.2 Hz, 1H), 3.87–3.78 (m, 4H), 3.77–3.67 (m, 4H); 13C{1H}NMR 
(101 MHz, CDCl3) δC: 162.6, 162.0, 155.8, 136.7, 136.4, 129.6, 128.6, 
101.1, 66.6, 44.2; Anal. calcd. for C14H14ClN3O (275.08): C, 60.98; H, 
5.12; N, 15.24%; found: C, 60.87; H, 5.08; N, 15.20%. 

2.1.2.7. 4-(2-(4-(Trifluoromethyl)phenyl)pyrimidin-4-yl)morpholine 
(5g). Off-white solid (57 mg, 83% yield). Rf = 0.64 (eluent = 100% 
EtOAc); FTIR vmax / cm− 1 (film) 3072, 2945, 1664, 1600, 1149, 1062; 
1H NMR (400 MHz, CDCl3) δH: 8.49 (d, J = 8.2 Hz, 2H), 8.36 (d, J = 6.2 
Hz, 1H), 7.70 (d, J = 8.3 Hz, 2H), 6.47 (d, J = 6.2 Hz, 1H), 3.88–3.78 (m, 
4H), 3.78–3.67 (m, 4H); 13C{1H}NMR (101 MHz, CDCl3) δC: 162.1, 
162.0, 155.6, 141.1, 132.2 (q, J = 32.3 Hz), 128.5, 125.4 (q, J = 3.8 Hz), 
124.3 (q, J = 272.3 Hz), 101.6, 66.6, 44.3; 19F{1H}NMR (376 Hz, CDCl3) 
δF: − 62.7; Anal. calcd. for C15H14F3N3O (309.11): C, 58.25; H, 4.56; N, 
13.59%; found: C, 58.16; H, 4.60; N, 13.55%. 

2.1.2.8. 4-(2-(m-Tolyl)pyrimidin-4-yl)morpholine (5h). Off-white solid 
(60 mg, 95% yield). Rf = 0.54 (eluent = 100% EtOAc); FTIR vmax / cm− 1 

(film) 3069, 2971, 1672, 1605, 1154, 1039; 1H NMR (400 MHz, CDCl3) 
δH: 8.32 (d, J = 6.2 Hz, 1H), 8.17 (d, J = 8.3 Hz, 2H), 7.33 (t, J = 7.5 Hz, 
1H), 7.28–7.22 (m, 1H), 6.39 (d, J = 6.2 Hz, 1H), 3.85–3.76 (m, 4H), 
3.72–3.69 (m, 4H), 2.41 (s, 3H); 13C{1H}NMR (101 MHz, CDCl3) 162.0, 
155.6, 138.1, 131.4, 128.7, 128.6, 128.5, 128.4, 125.4, 100.9, 66.6, 
44.2, 21.6; Anal. calcd. for C15H17N3O (255.14): C, 70.56; H, 6.71; N, 
16.46%; found: C, 70.48; H, 6.64; N, 16.37%. 

2.1.2.9. 4-(2-(2-Methoxyphenyl)pyrimidin-4-yl)morpholine (5i). Light 
yellow viscous liquid (65 mg, 97% yield). Rf = 0.19 (eluent = 100% 
EtOAc); FTIR vmax / cm− 1 (film) 3057, 2979, 1660, 1623, 1169, 1029; 
1H NMR (400 MHz, CDCl3) δH: 8.41 (d, J = 6.3 Hz, 1H), 7.71 (dd, J =
7.6, 1.7 Hz, 1H), 7.51 (td, J = 7.3, 1.3 Hz, 1H), 7.05–6.96 (m, 2H), 6.44 
(d, J = 6.3 Hz, 1H), 3.87 (s, 3H), 3.79–3.72 (m, 4H), 3.70–3.63 (m, 4H); 
13C{1H}NMR (101 MHz, CDCl3) δC: 161.9, 157.9, 155.1, 132.2, 132.1, 
128.6, 128.5, 120.5, 112.1, 100.4, 66.6, 56.2, 44.2; Anal. calcd. for 
C15H17N3O2 (271.13): C, 66.40; H, 6.32; N, 15.49%; found: C, 66.31; H, 
6.21; N, 15.40%. 

2.1.2.10. 4-(2-(Naphthalen-1-yl)pyrimidin-4-yl)morpholine (5j). Yellow 
viscous liquid (70 mg, 96% yield). Rf = 0.46 (eluent = 100% EtOAc); 
FTIR vmax / cm− 1 (film) 3061, 2998, 1648, 1602, 1176, 1037; 1H NMR 

(400 MHz, CDCl3) δH: 8.44 (d, J = 6.2 Hz, 1H), 8.03 (dd, J = 7.2, 1.0 Hz, 
1H), 7.96–7.86 (m, 2H), 7.60–7.44 (m, 4H), 6.48 (d, J = 6.3 Hz, 1H), 
3.82–3.75 (m, 4H), 3.75–3.64 (m, 4H); 13C{1H}NMR (101 MHz, CDCl3) 
δC: 165.9, 161.9, 155.6, 134.1, 132.1, 131.1, 130.2, 128.8, 128.5, 126.5, 
126.1, 125.8, 125.2, 100.6, 66.6, 44.3; Anal. calcd. for C18H17N3O 
(291.14): C, 74.20; H, 5.88; N, 14.42%; found: C, 74.09; H, 5.81; N, 
14.33%. 

2.1.2.11. (E)-4-(2-styrylpyrimidin-4-yl)morpholine (5k). Off-white solid 
(40 mg, 60% yield). Rf = 0.35 (eluent = 100% EtOAc); FTIR vmax / cm− 1 

(film) 3039, 2986, 1678, 1667, 1613, 1165, 1071; 1H NMR (400 MHz, 
CDCl3) δH: 8.23 (d, J = 6.2 Hz, 1H), 7.87 (d, J = 16.0 Hz, 1H), 7.59 (d, J 
= 7.2 Hz, 2H), 7.38–7.29 (m, 3H), 7.09 (d, J = 16.0 Hz, 1H), 6.34 (d, J =
6.2 Hz, 1H), 3.88–3.75 (m, 4H), 3.74–3.60 (m, 4H); 13C{1H}NMR (101 
MHz, CDCl3) δC: 163.5, 161.8, 155.2, 137.6, 136.2, 129.0, 128.8, 127.7 
(2 × C), 100.7, 66.6, 44.2; Anal. calcd. for C16H17N3O (267.14): C, 
71.89; H, 6.41; N, 15.72%; found: C, 71.80; H, 6.34; N, 15.66%. 

2.1.2.12. 4-(2-Vinylpyrimidin-4-yl)morpholine (5l). Light yellow 
viscous liquid (31 mg, 65% yield). Rf = 0.32 (eluent = 100% EtOAc); 
FTIR vmax / cm− 1 (film) 3067, 2951, 1657, 1604, 1180, 1042; 1H NMR 
(400 MHz, CDCl3) δH: 8.23 (d, J = 6.2 Hz, 1H), 6.69 (dd, J = 17.3, 10.4 
Hz, 1H), 6.48 (dd, J = 17.3, 2.0 Hz, 1H), 6.34 (d, J = 6.2 Hz, 1H), 5.60 
(dd, J = 10.4, 2.0 Hz, 1H), 3.81–3.76 (m, 4H), 3.67–3.57 (m, 4H); 13C 
{1H}NMR (101 MHz, CDCl3) δC: 163.6, 161.9, 156.1, 137.4, 122.7, 
101.2, 66.7, 44.1; Anal. calcd. for C10H13N3O (191.11): C, 62.81; H, 
6.85; N, 21.97%; found: C, 62.71; H, 6.79; N, 21.90%. 

2.2. X-ray characterization 

Compound 5e was characterized through X-ray crystallography. The 
full refinement parameters and crystal data (Table S3) are given in 
Supplementary material. 

2.3. In vitro cholinesterase inhibition assay 

Spectrophotometric methods reported by Ellman [58] with slight 
alterations were used to measure the in vitro inhibitory potential of AChE 
and BuChE enzymes. A solution of 60 µL of phosphate buffer (KH2PO4/ 
KOH, pH = 7.7), 10 µL of test compound dissolved in DMSO (2%) and 
10 µL of enzymes (0.5 and 3.4 U/mg of AChE or BuChE) were included in 
the reaction mixture. Pre-incubation was carried out at 37 ◦C for 10 min 
with the reaction contents thoroughly mixed. Following the pre- 
incubation, the reaction was initiated by the addition of 1 mM ace
tylthiocholine chloride or butyrylthiocholine chloride to the enzymatic 
solution of AChE or BuChE, respectively. Further incubation at 37 ◦C for 
20 min was conducted on the mixture with DTNB (10 mL, 0.5 mM). The 
absorbance was recorded at 405 nm with a 96-well microplate reader. 
Each reaction was performed in triplicate. Assay was conducted using a 
blank in the absence of inhibitor to measure enzymatic activity. Inhi
bition percentage was determined using the formula given below:  

%Inhibition = 100 – (absorbance of compound/absorbance of standard) × 100 

The IC50 values were calculated using PRISM 5.0 based on non-linear 
curve fitting of compounds with > 50% inhibition against acetylcho
linesterase and butyrylcholinesterase (GraphPad, San Diego, California, 
USA). 

2.4. Kinetics protocol 

We determined the type of inhibition of AChE enzyme by using 
Michaelis-Menten kinetics. For the investigation of the potential mech
anism of action of compound 5h, detailed kinetics study was performed. 
In order to determine the inhibition rate of enzyme at four different 
concentrations of substrate (0.25, 0.5, 1.0, 1.5 mM) and compound 5h 
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(0, 0.2, 0.4, 0.6 µM), the initial inhibition rates were measured against 
acetylcholinesterase. 

2.5. In silico modeling protocols 

2.5.1. Selection and preparation of compounds 
In order to analyze the potential interactions between the inhibitors 

and cholinesterase enzymes, molecular docking analysis was performed. 
Using the RCSB PDB database, the structure of hAChE (PDBID:4BDT) 
and hBuChE (PDBID:4BDS) was retrieved for docking studies [59,60]. In 
order to simulate the enzyme and compounds, the structure of the AChE 
was protonated using the Protonate3D [61] algorithm executed within 
the MOE [62]. All crystallographic solvent molecules were taken into 
account in the Amber99 force field when minimizing the energy of the 
structure. A small force was applied to the backbone atoms during en
ergy minimization calculations to avoid the active site from collapsing. 
Subsequently, ligands and solvent molecules were removed. By using 
MOE, the X-ray structure has been modified to include hypothetical 
hydrogen atoms in standard geometries in place of the crystallographic 
water molecules. 

2.5.2. Preparation of compounds 
In the “wash” module, 3D structural coordinates have been gener

ated for compounds based on the MOE method, and the protonation and 
ionization states have been assigned to those compounds in the physi
ological pH range. Consequently, MMFF94x force fields were applied to 
minimize energy of structures for molecular docking analysis. 

2.5.3. Docking analysis 
In silico docking analysis was carried out by using LeadIT, a software 

program from BioSolveIT Germany, GmbH [63]. Load or Prepare Re
ceptor utility of LeadIT suite was used to load the receptor. As a result of 
the spacing of amino acids in 9.0 Å, the binding pocket for the receptor is 
defined. Pyrimidine-morpholine hybrids were docked using the software 
FlexX utility of LeadIT. Using binding free energies, 50 conformations of 
ligand-receptor complexes were produced for each compound docked 
within the receptor binding site. A maximum of top 30 docked poses 
were kept for further analysis based on default docking parameters [64]. 
We considered poses depicting the least free energies to be the most 
stable, demonstrating the strongest receptor interactions. Discovery 
Studio Visualizer v4 was used to visualize 3D putative interactive modes 
of protein–ligand complexes with least binding energies [65]. 

2.6. Molecular dynamics simulation protocol 

The crystallographic structures for hAChE (PDB ID: 4BDT) and 
hBuChE (PDB ID: 4BDS) were retrieved from the Protein Data Bank 
(https://www.pdb.org). In both protein structures, hydrogen atoms 
were added using an online webserver H++ [66] at pH 7.4. AMBER 20 
utility of tleap [67] was used to generate force field parameters for 
protein structure using the ff14SB force field [68]. Antechamber and 
parmchk2 modules of the AMBER software package were used to 
generate the second generation Generalized AMBER force field (GAFF2) 
with AM1-BCC charge [69,70]. In the following step, both protein 
structures (4BDT and 4BDS) in Apo form and 5h bound form were 

dissolved in 70 Å TIP3P [71] water molecules and neutralized with Na+

and Cl− 1 ions whose parameters were calculated based on literature 
[72]. The final step was to generate the coordinates and parameters for 
these four systems in AMBER software using xleap module. 

AMBER 20 is used to run all MD simulations utilizing the Particle 
Mesh Ewald Molecular Dynamics module (PMEMD) [67]. Based on a 
2.0 kcal mol− 1 cut-off, 2000 steps of steepest decent minimization were 
used to minimize the system. To equilibrate these systems, a 1 ns NPT 
simulation using the Berendsen barostate and removed backbone po
tential restraints was performed after 400 ps of heating the system from 
0 to 298.15 K using the Langevin thermostate [73,74]. In the next step, a 
50 ns NPT MD simulation was performed with 2 fs time steps employing 
the SHAKE protocol on hydrogen atoms as well as a 10 Å non-bonded 
cut-off with periodic boundary conditions/parameters. Pytraj and 
Cpptraj of the AMBER module [75], and the VMD software [76], 
respectively, were used to analyze and visualize the data at each 2.5 ps. 

3. Results and discussion 

3.1. Preparation of 4-(2-chloropyrimidin-4-yl)morpholine (3) 

2,4-Dichloropyrimidine, morpholine and DIPEA were stirred in IPA 
at room temperature to afford compound 3 in 82% isolated yield 
(Scheme 1). The spectroscopic data fully supported the formation of 
compound 3 and was in accordance with that stated in the literature 
[57]. Compound 3 was used as the main starting material for coupling 
with a diverse range of boronic acids/esters to produce the target 
compounds. 

3.2. Palladium-catalyzed Suzuki coupling 

The formation of target compounds (5a-l) was achieved by arylation 
of compound 3 with a variety of boronic acids under Suzuki-Miyaura 
cross coupling conditions. 1,1′-Bis(diphenylphosphino)ferrocenedi
chloropalladium(II) was used as a promising catalyst. The reaction 
conditions illustrated in Table 1 successfully delivered a range of desired 
products in 55–97% isolated yields. The reaction scope includes various 
aromatic and alkenylated boronic acid nucleophiles (4a-l) in combina
tion with 1–4-(4-chloropyrimidin-2-yl)morpholine (3) as the coupling 
partner. Aryl boronic acids incorporating electron-donating (OMe, Me) 
and electron-withdrawing (F, Cl, CF3, Ac) functional groups were suc
cessful coupling partners and delivered the corresponding biaryl prod
ucts in good to excellent yields. The molecular structure of compound 5e 
was explicitly established by single crystal X-ray crystallography 
(Fig. 2). Various substituents at para-, meta- and ortho-position of phenyl 
ring were well tolerated. The use of tert-butyl-substituted phenylboronic 
acid smoothly provided the biaryl core, albeit in moderate yield (55%). 
A bulky naphthyl boronic acid also underwent carbon–carbon bond 
formation and yielded the corresponding product in 95% isolated yield. 
Styrylboronic acid as well as vinylboronic acid pinacol ester were also 
envisioned as suitable coupling partners and furnished the desired 
products in 60% and 65% yield, respectively. Overall, this protocol 
provides promising small molecules for further applications in drug 
discovery. 

Scheme 1. Synthesis of 4-(2-chloropyrimidin-4-yl)morpholine 3.  
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3.3. Anti-cholinesterase profile and structure-activity relationships 

The newly synthesized pyrimidine-morpholine hybrids (5a-l) were 
subjected to in vitro biochemical assays to evaluate their inhibitory po
tential against acetylcholinesterase and butyrylcholinesterase enzymes 
using Ellman’s protocol [58]. Neostigmine and donepezil were chosen as 
standard drugs for comparison purposes. In vitro cholinesterase inhibi
tory data for the synthetic compounds are shown in Table 2. The syn
thesized compounds consist of three components: 1) heterocyclic 
pyrimidine as the central scaffold; 2) morpholine ring attached at the 4- 
position of pyrimidine heterocycle; and 3) variable (R) group at 2-posi
tion of pyrimidine core for the introduction of structural variations. In 
particular, the pyrimidine ring remains crucial in establishing vital in
teractions like conventional hydrogen bonding. Morpholine oxygen 
atom also establishes hydrogen bond whereas the introduction of an 
aromatic substituent (R) at 2-position of pyrimidine heterocycle as well 
as pyrimidine ring itself found to be involved in π-π stacking. So, the 
biologically potent synthesized compounds and their structural varia
tions are vital for the establishment of several important contacts with 
various active site bound amino acids of both enzymes (AChE and 

BuChE). As the cholinesterase inhibition profile (in vitro) represented 
herein reveals a distinct picture, the exploration of SAR analyses against 
cholinesterases are of paramount importance in guiding the drug dis
covery efforts to the next level. The inhibitory activity data displayed in 
Table 2 also demonstrates the vital significance of the substituent (R) for 
strong potency. 

All the tested compounds showed potent inhibitory potential to
wards acetylcholinesterase within the range of 0.43–8.66 µM. The ex
istence of a meta-tolyl substituent at 2-position of pyrimidine ring (5h) 
was remarkably preferred over other substituents and identified as the 
principal candidate with the best efficacy having an IC50 value of 0.43 ±
0.42 µM, which is ~ 38-fold stronger inhibitory potency as compared to 
the standard drug (neostigmine; IC50 = 16.2 ± 1.01 µM). The effect of 
switching position of methyl substituent from meta- to para-position in 
compound 5b was detrimental, however, the acquired efficacy was still 
~ 3-fold higher than neostigmine. On the contrary, the replacement of 
methyl group with a tert-butyl substituent improved the inhibition 
profile (5c; IC50 = 3.4 ± 0.21 µM). Next, the introduction of electron- 
withdrawing groups such as acetyl showed effective inhibitory 
strength with an inhibition value of 1.4 ± 0.11 µM, ~12-fold robust 

Table 1 
Scope of palladium-catalyzed Suzuki-Miyaura cross-coupling reaction.[a,b]  

[a]Reactions performed using 0.25 mmol of 4-(2-chloropyrimidin-4-yl)morpholine starting material. [b]Isolated yields. [c]Vinylboronic acid pinacol ester was used. 
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inhibition efficacy than standard drug whereas trifluoromethyl substit
uent was little less effective (IC50 = 3.9 ± 0.22 µM). Replacing the acetyl 
with fluoro substituent further improved the inhibitory potency 
rendering compound 5e as the selective AChE inhibitor and the second 
most potent lead among the tested derivatives with an IC50 value of 0.78 
± 0.11 µM. A halogen swap with chloro substituent led to a drop in 
potency but still better than neostigmine. Introduction of an ortho- 
methoxyphenyl (5i) and 1-naphthyl (5j) rings produced similar results 
with inhibitory values of 6.2 ± 0.50 and 6.1 ± 0.47 µM, respectively. 
Compound 5k bearing a styryl group exhibited a potent anti- 
cholinesterase efficacy depicting an inhibitory value of 2.9 ± 0.22 µM. 
The removal of a phenyl ring at alkene moiety generating a vinyl moiety 
demonstrated a slight reduction in activity but still better than several 
inhibitors. Finally, the least inhibition was demonstrated by compound 
5a bearing an unsubstituted phenyl ring at 4-position of pyrimidine 
scaffold. 

In parallel, the synthesized pyrimidine-morpholine hybrid de
rivatives (5a-l) were also evaluated against butyrylcholinesterase 
enzyme to determine their inhibitory potential. Against BuChE, only few 
derivatives depicted good inhibition indicating 5h as the top candidate 
with an inhibition potency of 2.5 ± 0.04 µM, ~3-fold stronger result 
than positive control, donepezil (IC50 = 7.19 ± 0.14 µM). This com
pound possessed a meta-tolyl as a substituent at 2-position of pyrimidine 
ring which fits enough in the active binding site of butyrylcholinester
ase. Another active compound against butyrylcholinesterase enzyme 
was 5i bearing an ortho-methoxyphenyl ring which revealed a compa
rable inhibitory potential with an IC50 value of 8.9 ± 0.05 µM compared 
to donepezil. Compound 5e bearing a 1-naphthyl ring illustrated detri
mental inhibition (IC50 = 28.7 ± 0.05 µM) whereas compound 5j (IC50 
= 13.4 ± 0.02 µM) with a styryl substituent showed reduced efficacy 
against butyrylcholinesterase compared to donepezil. The remaining 
derivatives in the series showed < 50% inhibition against butyr
ylcholinesterase in the range of 17–43%. 

Table 2 
Evaluation of AChE and BuChE inhibitory potential of pyrimidine-morpholine hybrids 5a-l.  

Compound R group AChE inhibition BuChE inhibition 

IC50 ± SEM (μM)/%inhibition 

5a Ph 8.66 ± 0.52 32 
5b 4-Me-Ph 5.6 ± 0.42 37 
5c 4-tBu-Ph 3.4 ± 0.21 40 
5d 4-Ac-Ph 1.4 ± 0.11 17 
5e 4-F-Ph 0.78 ± 0.11 23 
5f 4-Cl-Ph 2.8 ± 0.12 43 
5g 4-CF3-Ph 3.9 ± 0.22 27 
5h 3-Me-Ph 0.43 ± 0.02 2.5 ± 0.12 
5i 2-OMe-Ph 6.2 ± 0.50 8.9 ± 0.62 
5j 1-Np 6.1 ± 0.47 28.7 ± 2.23 
5k styryl 2.9 ± 0.22 13.4 ± 0.22 
5l vinyl 5.0 ± 0.40 34 
Neostigmine – 16.2 ± 1.01 – 
Donepezil – – 7.19 ± 0.14  

Fig. 2. ORTEP structure of compound 5e (CCDC 2261470).  
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3.4. Mechanism of inhibition 

Kinetics studies were performed to determine the mode of action of 
compound 5h against acetylcholinesterase. Acetylthiocholine iodide 
was used as a substrate. To determine the type of inhibition, analyze the 
effect of inhibitor on Vmax and Km, a Lineweaver-Burk plot (reciprocal of 
reaction rates 1/V and reciprocal of substrate concentrations 1/S) was 
used. 

Different concentrations of inhibitor 5h and substrate were used to 
perform kinetics analysis. Four concentrations (0, 0.2, 0.4, 0.6 µM) of 
inhibitor 5h and four concentrations (0.25, 0.5, 1.0, 1.5 mM) of sub
strate were used. Compound 5h exhibited the non-competitive inhibi
tion with acetylthiocholine iodide within the active pocket of AChE. 
Vmax of the enzyme was decreased and Km of the substrate was not 
affected which depicted a non-competitive inhibition as shown in Fig. 3. 
In the non-competitive inhibition, the inhibitor molecule binds to a site 
on the enzyme other than the active site, which affects the overall 
structure of the enzyme and reduces its activity. The binding of the in
hibitor does not directly compete with the substrate for binding to the 
active site, so increasing the substrate concentration will not affect the 
inhibition. 

3.5. Molecular docking analysis 

The docking studies were carried out for the potent compounds (5d, 
5e and 5h) within the active site of acetylcholinesterase and butyr
ylcholinesterase to analyze important interactions with the protein 
4BDT [59] and 4BDS [60]. Compounds 5d and 5e were selective in
hibitors of acetylcholinesterase whereas 5h was a dual inhibitor of both 
cholinesterases (AChE and BuChE). The docking studies of potent in
hibitor 5d within active binding site of acetylcholinesterase represented 
different vital interactions with amino acid residues like TRP439, 
TYR124, ASP74, TRP86 and TYR337. The docking of compound 5d 
within the catalytic region of acetylcholinesterase revealed the forma
tion of conventional hydrogen bond between ASP74 and oxygen atom of 
morpholine ring with a distance of 3.05 Å. Carbon hydrogen bond and 
π-alkyl interaction were also noticed between morpholine ring and 
TYR124 docked competitively within the active pocket having a dis
tance of 3.51 and 5.45 Å, respectively. TRP86 also established a C–H 

bond with the morpholine moiety with a distance of 3.09 Å as well as 
two π-π stacked interactions with pyrimidine ring (4.69 Å) and aceto
phenone (4.30 Å) moiety. π-Sigma bond was also observed with TRP439 
showing a distance of 3.81 Å. Finally, TYR337 was involved in the for
mation of a π-π stacked interaction with the acetophenone moiety with a 
distance of 3.72 Å as presented in Fig. 4. 

Another potent inhibitor 5e was also docked within the active 
binding site of acetylcholinesterase and exhibited various crucial in
teractions with amino acid residues such as SER125, ASP74, TYR337, 
TYR133 and TRP86. Morpholine moiety depicted multiple interactions 
within the active pocket of acetylcholinesterase involving SER125 (3.22 
Å) and TYR133 (3.53 Å) by forming the carbon hydrogen bonds while 
TRP86 (4.47 Å) exhibited π-alkyl interaction. On the other hand, py
rimidine ring was arranged against TRP86 through π-π stacked inter
action (4.31 Å), ASP74 showed a carbon hydrogen bond (3.53 Å), while, 
TYR337 depicted conventional hydrogen bond (3.07 Å) and a π-donor 
hydrogen bond (3.66 Å). Furthermore, fluorobenzene ring also revealed 
a π-π stacked interaction with the amino acid residues such as TRP86 and 
TYR337 with the distance of 4.80 and 3.63 Å, respectively, as shown in 
Fig. 5. 

Finally, the docking of most potent inhibitor 5h within the binding 
site of acetylcholinesterase depicted different vital interactions with the 
amino acid residues such as TRP86, TYR337, TRP439, TYR449 and 
PRO446. Upon analysis of docking results of compound 5h, it was noted 
that TRP86 was involved in the formation of multiple interactions such 
as π-π stacking, C–H bond and π-alkyl bond with the active moieties of 
the compound. TRP86 exhibited π-π stacked interactions with pyrimi
dine ring (4.03 Å) and m-tolyl moiety (4.64 Å) as well as π-alkyl (4.52 Å) 
and C–H bond (3.44 Å) interactions. Similarly, TYR337 also depicted a 
π-π stacked interaction (3.63 and 5.63 Å) with the m-tolyl moiety and 
pyrimidine ring of 5h, respectively. Moreover, alkyl linkages were also 
established with amino acid residues including TYR337 (4.35 Å), 
TRP439 (4.80 Å), TYR449 (4.76 Å) and PRO446 (4.29 Å) as shown in 
Fig. 6. 

Similarly, the docking study of the lead BuChE inhibitor 5h inside 
the active pocket of butyrylcholinesterase also revealed multiple in
teractions such as π-π T-shaped, amide-π stacked, alkyl linkage, π-alkyl, 
conventional hydrogen bond and carbon hydrogen bond. The active 
moiety of compound 5h, m-tolyl, exhibited π-π T-shaped interactions 

Fig. 3. Inhibition mode of compound 5h against AChE.  
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with TRP231 (6.72 Å) and PHE329 (5.11 Å), amide-π stacked with 
GLY116 (5.09 Å), alkyl interaction with VAL288 (5.09 Å) and a π-alkyl 
interaction with LEU286 with a distance of 5.28 Å. Furthermore, 

pyrimidine ring also depicted π-π T-shaped interactions with HIS438 and 
conventional hydrogen bond with SER198 having a distance of 4.37 and 
3.08 Å, respectively, whereas, morpholine ring offered multiple bonding 

Fig. 5. 2D and 3D interaction poses of docked compound 5e against AChE; hydrogen bond as green, π-alkyl as light pink, π-π stacking interactions are shown as 
fuchsia, carbon hydrogen bond as light green and π-sigma as purple dotted lines. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 6. 2D and 3D interaction poses of docked compound 5h against AChE; hydrogen bond as green, π-alkyl as light pink, π-π stacking interactions are shown as 
fuchsia, carbon hydrogen bond as light green and π-sigma as purple dotted lines. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 4. 2D and 3D interaction poses of docked compound 5d against AChE; hydrogen bond as green, π-alkyl as light pink, π-π stacking interactions are shown as 
fuchsia, carbon hydrogen bond as light green and π-sigma as purple dotted lines. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 

S. Zaib et al.                                                                                                                                                                                                                                     



Bioorganic Chemistry 141 (2023) 106868

10

such as π-alkyl linkages with the amino acid residues such as TRP82 
(4.93 Å) and ALA328 (4.36 Å) as shown in Fig. 7. 

The distance of bonds, binding interactions types and atoms playing 
role in interactions for AChE and BuChE are illustrated in Table 3. 

3.6. SeeSAR visual drug design 

SeeSAR visual investigation was carried out for all synthesized 
compounds, however, only 5e and 5h exhibited remarkable Hyde en
ergies against acetylcholinesterase. The visual and deeply docked poses 
of inhibitors 5e and 5h depicted expressible, innovative and significant 
conformations employing SeeSAR [64]. Fig. 8 depicts the interactive 
and refractive optimization of hits revealing the non-binding and 
binding capability of inhibitors. Various atoms such as carbon, oxygen 
and nitrogen exhibited Hyde energies in compounds 5e and 5h. Des
olvation and interactions for potent compounds 5e (C5: − 2.5 kj/mol, 
C14: − 2.4 kj/mol, C17: − 4.1 kj/mol F19: − 5.9 kj/mol and C18: − 2.7 kj/ 
mol) and 5h (C2: − 3.0 kj/mol, C10: − 1.8 kj/mol, C14: − 2.3 kj/mol, 
C16: − 5.0 kj/mol, C18: − 2.1 kj/mol and C19: − 8.5 kj/mol) were also 
observed. The approach reveals the visual and illustratable assessment 
for implied H-bonds and dehydration achieved through FlexX default 
parameters, and validates the results of docking studies. 

3.7. Molecular dynamics simulations 

Additionally, molecular dynamics simulations were performed for 
the most potent compound 5h against cholinesterases (AChE and 
BuChE), which demonstrates several fold higher inhibitory potential 
than the remaining compounds. The molecular dynamics simulation of 
protein complexes with the potent compound 5h was performed in 
aqueous medium for 50 ns under the initial conformations taken from 
the best docked pose which exhibited lowest binding energy as well as 
the best binding affinity in active pocket of AChE and BuChE were 
observed within specific time dependent mode. 

The stability of receptor and its relationship with inhibitor are rep
resented by RMSD values as a result of MD simulations. Fig. 9a shows 
that potent compound 5h (AChE) revealed more stability with little 
deviation in the range of 0–2.9 Å. Apo protein (4BDT) showed stability 
with a little deviation between 30 and 32 ns, however, the protein 
complex (4BDT + 5h) exhibited good stability with the little deviations 
within the range of 8–9, 19–21, and 37–39 ns. The overall simulations 
were observed stable in comparison to apo protein (4BDT). It was noted 
that protein showed consistent fluctuation throughout the simulation. In 
parallel, compound 5h (BuChE) revealed stability and slight deviation 
within the range of 0–1.8 Å. Apo protein (4BDS) showed stability with a 
little deviation between 0 and 6 ns whereas the structure of protein 
complex (4BDS + 5h) exhibited overall stability with very little de
viations within the range of 13–15 and 20–30 ns. The remaining simu
lations were observed stable as compared to apo protein (4BDS) as 

Fig. 7. 2D and 3D interaction poses of docked compound 5h against BuChE; hydrogen bond as green, π-alkyl as light pink, π-π stacking interactions are shown as 
fuchsia, carbon hydrogen bond as light green and π-sigma as purple dotted lines. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 

Table 3 
Distance of bonds, types of binding interactions and atoms playing role in in
teractions (AChE and BuChE).  

Compounds Binding interactions 

Ligand atom Receptor 
residue 

Interaction 
type 

Distance 
(Å) 

5d (AChE) O3 ASP74 H-bond  3.05 
C21 TRP439 π-sigma  3.81 
Morpholine TRP86 C–H bond  3.09 
Morpholine TYR124 C–H bond  3.51 
Morpholine TYR124 π-alkyl  5.45 
Pyrimidine TRP86 π-π stacked  4.69 
Phenyl TRP86 π-π stacked  4.30 
Phenyl TYR337 π-π stacked  3.72 

5e (AChE) N13 TYR337 H-bond  3.07 
Morpholine SER125 C–H bond  3.22 
Morpholine TYR133 C–H bond  3.53 
Morpholine TRP86 π-alkyl  4.47 
Phenyl TYR337 π-π stacked  3.63 
Phenyl TRP86 π-π stacked  4.80 
Pyrimidine ASP74 C–H bond  3.53 
Pyrimidine TRP86 π-π stacked  4.31 
Pyrimidine TYR337 π-donor H-bond  3.66 

5h (AChE) C4 TRP86 C–H bond  3.44 
C19 PRO446 Alkyl  4.29 
C19 TYR337 Alkyl  4.35 
C19 TRP439 Alkyl  4.80 
C19 TYR449 Alkyl  4.76 
Morpholine TRP86 π-alkyl  4.52 
Pyrimidine TRP86 π-π stacked  4.03 
Pyrimidine TYR337 π-π stacked  5.63 
Phenyl TRP86 π-π stacked  4.64 
Phenyl TYR337 π-π stacked  3.63 

5h (BuChE) N13 SER198 H-bond  3.08 
C19 VAL288 Alkyl  5.09 
Phenyl GLY116 amide-π 

stacked  
5.09 

Phenyl PHE329 π-π T-shaped  5.11 
Phenyl TRP231 π-π T-shaped  6.72 
Phenyl LEU286 π-alkyl  5.28 
Pyrimidine HIS438 π-π T-shaped  4.37 
Morpholine ALA328 π-alkyl  4.36 
Morpholine TRP82 π-alkyl  4.93  
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Fig. 8. Visualization and investigational modes of compounds 5e (left) and 5h (right) inside the active pocket of AChE (4BDT). The light green are chlorine atoms 
and blue are nitrogen atoms, however green color shows the favorable interactions and atoms contributing towards potency inside active site and oxygen atoms are 
shown in red. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 9. Root mean square deviation (a), radius of gyration (b) root mean square fluctuation (c) of residues of receptor acetylcholinesterase (4BDT) in the time of 50 
ns as time of simulation for compound 5h. 
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shown in Fig. 10a. Over the entire simulation period, protein showed 
consistent slight fluctuations. 

MD simulation time was used to investigate the compactness of 
system based on its radius of gyration. Additionally, it describes how 
protein structures fold and unfold in the absence and presence of com
pound. The results in Fig. 9b revealed the protein compactness and 
presence of potent derivative. The average score of radii of gyration (Rg) 
for AChE and its complex with compound (4BDT + 5h) was noted to 
24.6 and 24.5 Å, respectively, and exhibited the compactness of struc
ture in the whole simulation time. While, radii of gyration for BuChE and 
its complex (4BDS + 5h) was noticed with almost the same score (22.6 
Å) as shown in Fig. 10b. 

By understanding root mean square fluctuations, we can determine 
how the protein structure will behave in the absence and presence of 
compound. As Fig. 9c depicted, apo protein and holo-protein showed the 
specific mode of fluctuation. The apo protein (4BDT) started from 1.0 Å 
and exhibited the fluctuation between 1.9 and 5.7 Å during the simu
lation time with slight increase to 6.0 Å, whereas, the holo-protein 
(4BDT + 5h) started from 5.1 Å with fluctuation between 1.0 and 3.7 
Å during the overall time of simulation with modest increase to 6.0 Å 
(Fig. 9c). In parallel, the apo protein (4BDS) began from 1.0 Å and 
exhibited the fluctuation around 1.0–2.2 Å during the time of simulation 
with small increase to 2.6 Å. Consequently, the holo protein (4BDS +

5h) began from 0.9 Å and revealed the fluctuation around 0.9–1.9 Å 
during time of simulation with modest increase to 3.9 Å (Fig. 10c). 
Overall, the system displayed stability with fewer fluctuations. Over the 
simulation course, the region with loops and motifs displayed small 
fluctuation while the active pocket experienced significant stability. As 
compared to protein only, complex exhibited better stability. 

3.8. Physicochemical properties 

Pharmacokinetic properties of the potent inhibitors (5d, 5e and 5h) 
against AChE and BuChE were explored to evaluate effect of several 
parameters employing previously designed prediction software [77–80]. 
These parameters consist of polar surface area, molecular weight, 
number of acceptor atoms, number of donor atoms, lipophilicity, 
refractivity, partition coefficient such as n-octanol, log Po/w, WLOGP, 
MLOGP, and XLOGP etc. exploring the binding energies of solvation and 
solvent polar surface area [81]. One of most crucial parameters like 
molecular weight, was found to be < 500 Da, whereas hydrophobicity of 
the tested inhibitors such as polar surface area and Log P values repre
senting the permeability of blood brain barrier. In parallel, hydrophi
licity such as Log S value indicates the solubility of the compounds in 
aqueous environment. On the other hand, pharmacokinetics also 
exhibited gastrointestinal absorption, cytochrome inhibitors, P-gp 

Fig. 10. Root mean square deviation (a), radius of gyration (b) root mean square fluctuation (c) of residues of receptor butyrylcholinesterase (4BDS) in the time of 
50 ns as time of simulation for compound 5h. 
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substrate and Log Kp properties, which explore the blood–brain barrier 
permeability and drug-likeness of synthesized inhibitors. All the potent 
derivatives depicted increased gastrointestinal absorption and P-gp 
substrate ability that make the compounds safer and better feasible for 
drug candidacy. These derivatives also exhibited better efficacy and 
represented drug-likeness following various rules such as Ghose, Lip
inski, Egan, Veber and Muegge, while bioavailability also showed good 
score to make them lead drug candidate. The results shown in Table 4 
depict that the synthetic derivatives might be developed as possible 
drugs to treat Alzheimer’s disease. 

4. Conclusions 

In summary, the current study reports the facile synthesis of 
pyrimidine-morpholine compounds. The target structures were charac
terized by spectroscopic techniques including FTIR, 1H- and 13C NMR. 
Compound 5e was also characterized through X-ray crystallography. 
The use of various commercially accessible boronic acids presented an 
auspicious opportunity for the incorporation of structural diversity on 

the pyrimidine scaffold. The synthesized compounds were tested against 
acetylcholinesterase and butyrylcholinesterase enzymes. In vitro results 
revealed potent cholinesterase inhibition with preferable selectivity 
towards AChE. Compound 5h was identified as the lead dual inhibitor 
with several folds strong inhibition profile than standard drugs whereas 
compounds 5a-g, 5j and 5l were selective inhibitors of AChE. Kinetics 
studies revealed that the most efficacious inhibitor 5h inhibits the AChE 
in a non-competitive manner. Molecular docking analysis depicted 
several vital contacts with amino acids in the binding cavity of both 
enzymes. Assessment of ADME parameters further supported the 
development of pyrimidine-morpholine compounds as promising leads 
towards the development of efficacious anti-Alzheimer’s agents. 
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Table 4 
ADMET prediction scores for the potent compounds (5d, 5e, 5h).  

Properties 5d 5e 5h 

Physicochemical properties 
Formula C16H17N3O2 C14H14FN3O C15H17N3O 
Molecular weight 283.33 259.28 255.31 
No. of heavy atoms 21 19 19 
No. of aromatic heavy atoms 12 12 12 
Fraction C(sp3) 0.31 0.29 0.33 
No. of rotatable bonds 3 2 2 
No. of H-bond acceptors 4 4 3 
No. of H-bond donors 0 0 0 
Molar refractivity 83.39 73.15 78.16 
TPSA (Å) 55.32 38.25 38.25 
Lipophilicity 
Log Po/w (iLOGP) 2.56 2.59 2.64 
Log Po/w (XLOGP3) 1.63 2.05 2.31 
Log Po/w (WLOGP) 1.80 2.16 1.91 
Log Po/w (MLOGP) 0.83 1.63 1.49 
Log Po/w (SILICOS-IT) 2.74 2.79 2.87 
Consensus Log Po/w 1.91 2.24 2.24 
Water solubility 
Log S (ESOL) − 2.85 − 3.07 − 3.21 
Solubility 4.02e-01 mg/mL; 1.42e-03 mol/L 2.18e-01 mg/mL; 

8.43e-04 mol/L 
1.56e-01 mg/mL; 6.11e-04 mol/L 

Class Soluble Soluble Soluble 
Log S (Ali) − 2.40 − 2.48 − 2.75 
Solubility 1.12e + 00 mg/mL; 3.94e-03 mol/L 8.55e-01 mg/mL; 3.30e-03 mol/L 4.52e-01 mg/mL; 1.77e-03 mol/L 
Class Soluble Soluble Soluble 
Log S (SILICOS-IT) − 4.69 − 4.64 − 4.75 
Solubility 5.82e-03 mg/mL; 2.06e-05 mol/L 5.97e-03 mg/mL; 2.30e-05 mol/L 4.57e-03 mg/mL; 1.79e-05 mol/L 
Class Moderately soluble Moderately soluble Moderately soluble 
Pharmacokinetics 
GI absorption High High High 
BBB permeant Yes Yes Yes 
P-gp substrate Yes Yes Yes 
CYP1A2 inhibitor Yes Yes Yes 
CYP2C19 inhibitor Yes No No 
CYP2C9 inhibitor No No No 
CYP2D6 inhibitor Yes Yes Yes 
CYP3A4 inhibitor Yes Yes Yes 
Log Kp (skin permeation) cm/s − 6.87 − 6.43 − 6.22 
Druglikeness 
Lipinski Yes; 0 violation Yes; 0 violation Yes; 0 violation 
Ghose Yes Yes Yes 
Veber Yes Yes Yes 
Egan Yes Yes Yes 
Muegge Yes Yes Yes 
Bioavailability Score 0.55 0.55 0.55 
Medicinal chemistry 
PAINS 0 alert 0 alert 0 alert 
Brenk 0 alert 0 alert 0 alert 
Leadlikeness Yes Yes Yes 
Synthetic accessibility 2.33 2.25 2.39  
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