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Abstract: A retro-Claisen reaction of 1-(4-oxo-4H-pyrido [1,2-a]pyrimidin-3-yl)butane-1,3-dione,
3, in the presence of potassium hydroxide and 4-dimethylamino-pyridine has been carried out,
leading to 4-(dimethylamino)pyridin-1-ium 2-methyl-4-oxo-pyrido [1,2-a]pyrimidine-3-carboxylate
5. A plausible mechanism explaining the formation of the title compound has been proposed. A
single-crystal X-ray diffraction analysis confirms the crystal structure of the isolated organic salt (5).
In the crystal, the title compound adopts a layered structure where there are stacks of cations and
anions formed by slipped 7-stacking interactions. These stacks are linked by regions consisting of
water molecules that are hydrogen-bonded together. DFT and Hirshfeld surface analysis supported
the experimental results of the molecular geometry and the intercontacts between different units
in the crystal. The druglikeness, ADMET properties, and predicted targets were investigated, and
the observed results suggest that 5 may act as a carbonic anhydrase I inhibitor. The assumption is
confirmed by docking 5 into the active binding site of carbonic anhydrase, which shows it to have
good binding affinities and to form stable complexes with the active residues of carbonic anhydrase I.

Keywords: alkaline cleavage; retro-Claisen; (-diketones; X-ray diffraction; DFT; molecular
docking; ADMET

1. Introduction

Numerous N-heterocyclic compounds are found in a wide variety of biologically
active substances [1-5]. These include vitamins, nucleic acids, antibiotics, pharmaceuticals,
agrochemicals, and more. Furthermore, nitrogen heterocycles are present in almost 75% of
known small-molecule drugs. A multitude of nitrogen-containing heterocyclic compounds
exhibit a broad spectrum of pharmacological properties, making them promising building
blocks for the construction of new drug candidates. This is due to the nitrogen atom’s
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capacity to readily form hydrogen bonds with biological targets [6-8], its ability to donate
or accept protons, and its ability to easily form various weak interactions.

Pyridopyrimidines are a significant group of nitrogen-containing heterocycles possess-
ing a diverse range of biological activities. Moreover, pyrido[1,2-a]pyrimidine constitutes
the core structure of some marketed drugs, including Seganserin, an antihypertensive [9],
Barmastine, an antiallergic agent [10], Pemirolast, an antiallergic agent [11], Pirenperone,
a tranquilizer [12], Lusaperidone, an antidepressant [13] and Ramastine, an antiallergic,
anti-ulcerative, and antiasthmatic agent (Figure 1) [10,12-16].
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Figure 1. Biologically active 4H-pyrido[1,2-a]pyrimidin-4-ones.

2. Results and Discussion
2.1. Mechanism of the Synthesis of 4-(Dimethylamino)Pyridin-1-Ium
2-Methyl-4-Oxo-Pyrido[1,2-a Pyrimidine-3-Carboxylate

The retro-Claisen reaction, a useful synthetic tool in organic chemistry, leads to
carboxylic acid derivatives involving a (3-dicarbonyl carbon—carbon bond cleavage un-
der various conditions [17,18]. Continuing our previous investigations on the synthe-
sis of pyrido[1,2-a]pyrimidine derivatives [19,20], we describe the alkaline cleavage of
1-(4-oxo0-4H-pyrido[1,2-a]pyrimidin-3-yl)butane-1,3-dione (3), which acts as an unsym-
metrical (3-diketone. This cleavage was carried out using potassium hydroxide and 4-
dimethylaminopyridine as bases under refluxing conditions in ethanol. The unsymmetrical
-diketone used in this study was prepared by condensing 3-acetyl-4-hydroxy-6-methyl-
2H-pyran-2-one, 1, with 2-aminopyridine, 2, in refluxing n-butanol according to a synthetic
route developed by our team [21]. Compound 3 can exist in two tautomeric forms, 3a and
3b, and was reacted with a mixture of potassium hydroxide and 4-dimethylaminopyridine
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in refluxing ethanol to produce 4-dimethylaminopyridin-1-ium 2-methyl-4-oxo-pyrido[1,2-
alpyrimidine-3-carboxylate, 5, as depicted in Scheme 1.
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Scheme 1. A plausible mechanism for the formation of 4-(dimethylamino)pyridin-1-ium 2-methyl-4-
oxo-pyrido[1,2-a]pyrimidine-3-carboxylate 5.

A proposed mechanism suggests that the formation of 5 involves a nucleophilic attack
by a hydroxide ion on the ketonic carbonyl attached to the pyridinic carbon in the 3-position
of the biheterocyclic system, resulting in the formation of an intermediate [A]. The latter
then undergoes a carbon—carbon bond cleavage, leading to the formation of the carboxylic
acid [B]. The carboxylic acid subsequently reacts with 4-dimethylaminopyridine to yield
the organic salt 5 (Scheme 1).

2.2. X-ray Analysis

The geometrical parameters for the cation and the anion are as expected for the given
formulation. In the crystal, the ions stack along the normal to (102) in the order cation-
anion-anion-cation as the repeat unit. These are formed by slipped n-stacking interactions
between cation pyridinium and anion pyrimidine rings (centroid. - -
centroid = 3.5041(5) A, dihedral angle = 3.74(4)°, slippage = 1.10 A) and between anion
pyrido and anion pyrimidine rings (centroid- - -centroid = 3.6680(5) A, dihedral
angle = 3.70(4)°, slippage = 1.54 A) (Figure 2). The solvent water molecules form hydrogen-
bonded regions between the stacks and connect them (Table 1 and Figure 2).
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Figure 2. The structure of 5 consists of an asymmetric unit, which is shown with a labeling scheme
and 50% probability ellipsoids. The hydrogen bonds formed by O—H- - - O interactions and the
slipped m-stacking interactions are depicted with red and orange dashed lines, respectively. The
disordered water molecules are only shown for the major components.

Table 1. Hydrogen bonds (A,O) for 5.

D—H---A D—H H---A D---A D—H---A
C1—H1---06 0.95 257 3.2568 (11) 130
C2—H2--- 021 0.95 2.51 3.3905 (10) 154

N3—H3A.---011 0.91 2.17 2.9118 (10) 138
N3—H3A.---03 1 0.91 2.15 2.8662 (10) 135
C12—H12---O4 0.95 2.44 3.3663 (11) 164
C13—H13. - - Op il 0.95 2.58 3.5143 (11) 168
C14—H14. - -O7 i 0.95 2.54 3.2957 (14) 137
O4—H4A.--- 07V 0.87 1.89 2.7427 (12) 165
O4—H4B. - - 02 0.87 1.90 2.7713 (10) 175
O5—HS5A. -- 01 0.87 1.92 2.7831 (10) 170
O5—HS5B---08 " 0.87 1.93 2.7944 (10) 172
0O5—H5C---05 Y 0.87 1.98 2.8259 (15) 164
O6—HB6A. - - 08 0.87 1.93 2.7975 (10) 176
O6—H6B--- 011 0.87 1.91 2.7705 (9) 172
O7—H7A.--- 04V 0.87 1.95 2.8018 (13) 167
O7—H7B- - - 06 0.87 1.84 2.7058 (10) 173
O8—HS8A. - - N1 Vil 0.87 1.98 2.8457 (9) 179
O8—HS8B. - - 08 Viil 0.87 1.91 2.7716 (13) 170
O8—HS8C---05" 0.87 1.93 2.7944 (10) 176

The following are the symmetry codes for the structure: (i) x,y — 1, z; (ii) x = 1,y,z (ili)) x — 1,y + 1,z (iv) —x + 1,
—y+1,—z+1L(v) —x+2,-y+1, -z (vi)x+ 1,y — 1,z (vil)) —x+1, -y + 1, —z; (viili)) —x + 2, —y, —z.

2.3. DFT Results

The optimized structure of 4-(dimethylamino)pyridin-1-ium 2-methyl-4-oxo-4H-
pyrido[1,2-a]pyrimidine-3-carboxylate by itself is illustrated in Figure 3a. The compari-
son of the X-ray and optimized structures in Figure 3c shows that the calculated bond
distances, bond angles, and dihedral angles are in good agreement with the experimen-
tal data. In the X-ray structure (Figure 3b), the interaction between the two ions occurs
through m-stacking interactions (Figure 3b). However, the optimization only considered
the two ions in the gas phase and did so in the absence of the hydration waters. With
their absence, their hydrogen bonding to the ions is not included in the calculations, and
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two hydrogen bonds are formed between the carboxylate group lone pairs in the 2-methyl-
4-oxo-4H-pyrido[1,2-a]pyrimidine-3-carboxylate anion and the aromatic C-H units of the
4-(dimethylamino)pyridin-1-ium cation (Figure 3a), suggesting that these interactions out-
weigh m-stacking interactions in this scenario. Table 2 presents the selected experimental
and calculated geometrical parameters of 4-(dimethylamino)pyridin-1-ium 2-methyl-4-oxo-
4H-pyrido[1,2-a]pyrimidine-3-carboxylate. The discrepancies between the experimental
and calculated bond lengths, bond angles, and torsion angles are not significant, with the
maximum differences being less than 0.02 A, 10.55, and 7 degrees, respectively. These

minor variations are consistent with the superposition in Figure 3c.

(©)

Figure 3. (a) The optimized structure of 5, (b) X-ray geometries of 5, and (c) their superposition.

Table 2. The selected experimental and optimized structure parameters of 5.

Bond Lengths (A) Bond Angles (°)

Cal X-ray AL(A) Cal X-ray AA (°)
01-C22 1.265 1.259 (4) 0.01 01-C22-02 125.15 128.43 (8) 3.29
02-C22 1.244 1.259 (2) 0.01 01-C22-C16 125.15 114.59 (9) 10.55
Cl6-C22 1.514 1.530 (3) 0.02 03-C17-C16 127.44 128.82 (6) 1.39
03-C17 1.233 1.233 (5) 0.00 C17-N5-C14 121.18 121.31 (8) 0.13
N4-C14 1.330 1.318 (7) 0.01 N5-C14-N4 122.43 122.61 (9) 0.19
N5-C14 1.381 1.398 (5) 0.02 C26-N25-C39 123.00 119.66 (9) 3.33
N23-C29 1.351 1.365 (4) 0.01 01-C22-C16-C15 —124.14 —118.98 (6) 5.15
N23-C31 1.346 1.359 (0) 0.01 01-C22-C16-C17 57.03 60.86 (8) 3.83
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Table 2. Cont.

Bond Lengths (A) Bond Angles (°)
Cal X-ray AL(A) Cal X-ray AA (°)
N25-C26 1.338 1.346 (6) 0.01 03-C17-C16-C22 —2.97 3.78 (4) 6.75
N25-C35 1.462 1.458 (6) 0.00 C6-N5-C17-03 3.41 —2.28 (6) 5.70
N25-C39 1.459 1.477 (0) 0.02 C27-C26-N25-C39 -1.99 —-1.99 (2) 0.00
C26-C27 1.424 1.422 (3) 0.00 C27-C26-N25-C35 —176.34 —176.34 (1) 0.00
C27-C29 1.367 1.366 (2) 0.00 (C33-C26-N25-C35 4.16 4.15 (8) 0.00

2.4. Hirshfeld Surface Analysis

The hydrogen bonding pattern of the HS of 5 mapped over dnorm is illustrated in
Figure 4. The figure shows that strong intermolecular hydrogen bonds are formed between
the lone pairs of the carboxylate groups of 2-methyl-4-oxo-4H-pyrido[1,2-a]pyrimidine-
3-carboxylate and the NH and CH of the 4-(dimethylamino)pyridin-1-ium cation, with
lengths of 2.081 and 2.883 A, respectively.

Figure 4. dporm mapped on the Hirshfeld surface of 5.

Figure 5 shows the electrostatic potential of 5, with the CO groups located in the red
region indicating that they act as hydrogen bond acceptors. The amine group is located in
the blue region, indicating that it acts as a hydrogen bond donor.

Figure 5. ESP of 5.

Figure 6 displays the 2D fingerprint plots of 5, which show that the most prevalent
interatomic contacts between the units of 5 were hydrogen atoms (H- - - H, accounting for
50.5% of the total) and hydrogen bonds O- - - H/H- - - O (accounting for 31.7% of the total).
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Figure 6. The two-dimensional fingerprint plots showing the major intercontacts H'--H (left) and
O~ "H/H O (right) in 5.

2.5. ADMET and Druglikeness Prediction of 5

The supplementary material contains the calculated ADMET properties of 5, as well as
its anionic (F1) and cationic (F2) components, which are presented in Tables S1-S5. These
show that 5 adheres to Lipinski’s rule of five and has a lipophilicity value (MlogP) of 0.68,
which is lower than the threshold of 4.15 (Tables S2 and S5), indicating good druglike-
ness properties. The topological surface area (TPSA) of 5 was calculated to be between
78-125 A2 (Table S1). This suggests that the compound is likely to be orally absorbed, and
its bioavailability score of 0.55 (Table S5) further supports this conclusion. The bioavailabil-
ity of 5 is also visualized using bioavailability radars (Figure 7), which show that 5 falls
within the pink area of the polygon, except for the unsaturation parameter, which is still
within the polygon but outside the pink area. This suggests that 5 may have a good oral
bioavailability (Figure S1). The pharmacokinetic properties in Table 54 indicate that 5 has a
high gastrointestinal (GI) absorption, and the lack of penetration through the Blood-Brain
Barrier (BBB) is shown in Figure 8. To predict the potential biological targets of 5, a pie chart
was generated, which suggests that 5 may function as an inhibitor of carbonic anhydrase I
(Figure 9).

LIPO LIPO
SIZE FLEX SIZE FLEX SIZE
POLAR  INSATU POLAR INSATU POLAR
INSOLU INSOLU

Figure 7. Bioavailability radars of 5 and its anionic F1 and cationic F2 components.
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Figure 8. Boiled-egg model of 5 and its anionic F1 and cationic F2 components.
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Figure 9. Predicted biological targets of anionic F1 and cationic F2 components of 5.

2.6. Molecular Docking Study

To validate the potential inhibitory effect of 5 on carbonic anhydrase I (CAI), a docking
study was conducted, which examined the binding affinity of the individual components
of 5 with the CAI binding site. Table 3 presents the binding energies of the F1I-DNA-PK
and F2-DNA-PK complexes, the number of hydrogen bonds formed between the docked
molecules and the active site residues of CAI, and the number of amino acids in closest
proximity to the docked compounds.

Table 3. Binding energies, hydrogen bonds, and the number of closest residues to the docked
components F1 and F2 of 5.

Free Binding Energy H-Bonds Number of Closest Residues to the
(kcal/mol) (HBs) Docked Ligand in the Active Site *
F1 —5.54 3 7
F2 —3.72 1 5

* displays the number of amino acids in the active site of carbonic anhydrase I that interact with F1 and F2.

Both F1 and F2 components of 5 are able to fit into the binding site of carbonic anhy-
drase I with relative ease and form stable complexes with its amino acids, as evidenced by
their binding energies of —5.54 and —3.72 kcal-mol ! for F1-CAI and F2-CAl, respectively.
The negative binding energies suggest that the inhibition of carbonic anhydrase I by 5 is
thermodynamically favorable and occurs spontaneously. Figure 10 illustrates the 2D and
3D binding interactions between F1 and F2 with the amino acids located in the binding site
of CAI The results presented in Table 3 and Figure 10 suggest that the binding affinity of 5
with the CAI binding site is primarily attributed to F1. This is supported by the observation
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that the F1-CAI complex is more stable, which could be due to the higher number of
hydrogen bonds formed between F1 and the amino acids HIS A119 and THR A199 of
CAL Specifically, the acetate group in F1 establishes three hydrogen bonds with THR199
and HIS A199 at distances of 2.85, 2.93, and 3.05 A (i.e., these distances are between the
non-hydrogen components of the interactions), respectively (Figure 10).

HIS
A:200
F1
ALA
A:121
Interactions "
- Conventional Hydrogen Bond D Alkeyl 19
- Pi-Sigma [:l Pi-Alkyl
P P sece 121
GLN
A:92
Valid His94
JO
' b / GIng2
7
L e
F2 .
A 1I§E3U VAL ;
) HIS .
. A:143
A:94 Leu198 f
!

Interactions

- Conventional Hydrogen Bond D Pi-Pi T-shaped
l:l Carbon Hydrogen Bond :l Pi-lkeyl

Figure 10. 2D and 3D closest interactions between the active site residues of carbonic anhydrase I

and units of 5.

3. Materials and Methods
3.1. General Procedure

A solution containing 0.01 mol of 3-acetyl-4-hydroxy-6-methyl-2H-pyran-2-one 1 and
0.01 mol of 2-aminopyridine 2 was refluxed in butanol for 24 h. Upon removal of the
reaction solvent under reduced pressure, the product is pyridopyrimidine 3, which exists
in two tautomeric forms, 3a and 3b.

A solution containing a mixture of pyrido[1,2-a]pyrimidine 3 (1.5 g, 6.14 mmol),
0.1 mol of 4-dimethylaminopyridine 4, and potassium hydroxide (0.51 g, 9.21 mmol) in
30 mL of ethanol was stirred under reflux for 6 h. The reaction mixture was allowed
to cool to room temperature, and the resulting residue was extracted with 15 mL of
dichloromethane, followed by removal of the solvent under reduced pressure. The resulting
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solid was then recrystallized from diethyl ether, yielding the organic salt 5 as white crystals
in a 60% yield (Scheme 2).

| X
Q P
N NH,
HsC 0 N A CHs
n-BuOH , A
O OH O
3a
\N/
N »
N CH P
" | 3 N KOH/ >y Z /N| CHs
~N ® P - 4 SN CH,
EtOH, /\
o 0° _N_ O O O
H,C CH,
3b

Scheme 2. Synthesis scheme of 5.

3.2. X-ray Crystallography

For the X-ray crystallographic analysis, a colorless, thick plate-like sample of C17HpgN4Og
with approximate dimensions of 0.147 x 0.272 x 0.275 mm was used. X-ray intensity data
were collected using a Bruker D8 QUEST PHOTON 3 diffractometer system equipped with
a fine-focus sealed tube (MoKa, A = 0.71073 A) and a graphite monochromator, controlled
by the APEX4 software [22]. The initial data obtained were transformed into F? values
using SAINT [22], which also conducted a global refinement of the unit cell parameters. A
numerical absorption correction and merging of equivalent reflections was performed by
SADABS [22].

The structure was solved by dual space methods (SHELXT) and refined on F? by
full-matrix, least-squares procedures (SHELXL). Hydrogen atoms attached to carbon were
included as riding contributions in idealized positions, with isotropic displacement pa-
rameters tied to those of the attached atoms. Those bound to nitrogen were located in
difference maps and refined with DFIX 0.91 0.01 instructions. Details of data collection and
refinement are provided in Table 4.

3.3. Hirshfeld Surface Analysis

Compound 5 was analyzed with Crystal Explorer 3.0, where both the Hirshfeld surface
(HS) and 2D fingerprint plots were calculated [23,24]. The HS of 5 was visualized with
dnorm values ranging from —0.11 to 1.19 au, with the blue color indicating lower values and
red color indicating higher values. Additionally, the 2D fingerprint plots were displayed
with an expanded scale ranging from 0.6 to 2.8 A.

3.4. DFT Calculations

The Gaussian 16 software package was used to optimize the starting geometry of 5
at the B3LYP/6-311++G(d,p) level of theory [25]. To ensure that the optimized geometry
obtained was a stable configuration, frequency calculations were carried out [26]. The input
Z-matrix parameters for the DFT calculations were obtained from the X-ray coordinates
of 5, and the ESP surface and FMOs were computed using the same level of theory. The
polarizable continuum model (PCM) was employed to account for solvent effects [27]. All
DFT calculations were carried out using the Gaussian 16 software package [25].
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Table 4. Crystal and refinement data for 5.

Chemical Formula

C10H7N,03-C7H11N,-5(H,0)

M;

Crystal system, space group
Temperature (K)

a,b,c (A)

o, B,y (°)

V (A%)

Z

Radiation type

w(mm)

Crystal size (mm)

416.43
Triclinic, P1
150
9.4302 (3), 9.7094 (3), 12.9484 (4)
77.686 (2), 71.945 (2), 66.414 (1)
1027.60 (6)
2
Mo Ko
0.11
0.28 x 0.27 x 0.15

Data collection

Diffractometer Bruker D§ QUEST PHOTON 3
diffractometer
Absorption correction Numerical
SADABS (Krause et al., 2015)
T min, Tmax 0.94,0.98
No. of measured, independent andobserved [I > 20(I)] reflections 68,565, 7857, 6719
Rint 0.026
(sin 0/A)max (A1) 0.771
Refinement
R[F2 > 20(F?)], wR(F?), S 0.042,0.119, 1.03
No. of reflections 7857
No. of parameters 267
H-atom treatment H-atom parameters constrained
Apmax, Dpmin (€ A3) 0.49, —0.25

3.5. In Silico ADMET and Druglikeness Properties

Compound 5 was subjected to ADMET (absorption, distribution, metabolism, ex-
cretion, and toxicity), druglikeness, pharmacokinetics, and physico-chemical property
predictions using the Swiss ADME tool, which is available at http:/ /www.swissadme.ch/
(accessed on 1 January 2023). In addition, the Swiss target prediction tool (http://www.
swisstargetprediction.ch/ accessed on 1 March 2023) was used to predict the probable
targets of 5 (accessed on 1 January 2023).

3.6. Molecular Docking Study

Based on the predictions from ADMET and druglikeness analysis, it is indicated that 5
has the potential to act as an inhibitor for carbonic anhydrase I. To investigate the feasibility
of this approach, a molecular docking study was carried out using the Autodock software
package [28] to dock 5 into the binding site of carbonic anhydrase I. The target enzyme
and original docked ligand were obtained from the RCSB website (PDB code 2NN?7) [29].
The accuracy of the molecular docking study was validated by re-docking the original
ligand into the binding site, which resulted in an RMSD of 1.30 A and a binding energy of
—6.93 kcal-mol L. For additional information regarding the docking of 5 and the original
ligand, please refer to our previous publication [30].

4. Conclusions

In this work, we report an interesting alkaline cleavage involving a retro-Claisen reac-
tion of 3-acetoacetyl-2-methyl-pyrido[1,2-a]pyrimidin-4-one in the presence of potassium
hydroxide and 4-dimethylaminopyridine as bases, leading to 4-(dimethylamino)pyridin-
1-ium 2-methyl-4-oxo-pyrido[1,2-a]pyrimidine-3-carboxylate, 5. A plausible mechanism
for the formation of 5 has been proposed. The crystal structure of 5 was determined by
single-crystal X-ray diffraction analysis. The geometrical parameters for the cation and the
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anion are as expected for the given formulation. In the crystal, the ions stack along the
normal to (102) in the order cation-anion-anion-cation as the repeat unit. The intercontacts
were determined through the analysis of Hirshfeld surface (HS) and 2D fingerprint plots.
The structural parameters of 5 are relatively well reproduced by DFT calculations. The pre-
dicted ADMET, druglikeness, pharmacokinetics, and physico-chemical properties indicate
that 5 may act as an inhibitor of carbonic anhydrase I, which is confirmed by its binding
affinity using a molecular docking study.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst13091333/s1, Table S1: Physicochemical Properties of 3 and
4; Table S2: Lipophilicity of 3 and 4; Table S3: Water Solubility of 3 and 4; Table S4: Pharmacokinetics
Properties of 3 and 4; Table S5: Druglikeness Properties of 3 and 4; Table S6: Medicinal Properties of 3
and 4.
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