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ARTICLE INFO ABSTRACT

Keywords: In this work, a novel bicyclic derivative consisting of the fusion of the pyrazoline ring and cyclohexane, namely
Pyrazoline 2-benzoyl-3-hydroxy-3-(trifluoromethyl)-3,3a,4,5,6,7-hexahydro-2H-indazole (1), is reported. Compound 1 was
Synthesis obtained by condensation of 2-trifluoroacetylcyclohexanone with benzohydrazide in the ethanolic medium. The
g;}:stal structure structure of 1 was confirmed through microanalysis, IR spectroscopy and NMR spectroscopy. The structure in a

crystalline phase was revealed through single-crystal X-ray diffraction and further characterized in-depth using
Hirshfeld surface analysis. As a result, the presence of only one pair of diastereoisomers, namely (3S,3aR)-2-
benzoyl-3-hydroxy-3-(trifluoromethyl)-3,3a,4,5,6,7-hexahydro-2H-indazole (1-3S,3aR) and (3R,3aS)-2-benzoyl-
3-hydroxy-3-(trifluoromethyl)-3,3a,4,5,6,7-hexahydro-2H-indazole (1-3R,3aS), was revealed in the crystal. The
discussed compound was additionally studied through DFT calculations to elucidate its electronic and structural
characteristics. Its biological activity was evaluated in silico to assess potential ADMET properties. Molecular
docking simulations revealed that both isomers of 1 exhibit strong inhibitory potential against hemoglobin S
(HbS), the protein responsible for sickle cell anemia (SCA), with ligand efficiency scores aligning with established

Molecular docking
Hemoglobin S (HbS)
Sickle cell anemia

criteria for a promising drug candidate (Hit).

1. Introduction

Of five-membered heterocycles, pyrazolines are significant repre-
sentatives, which structures contain two nearby located nitrogens.
Pyrazoline cycles are commonly found in a great library of the corre-
sponding derivatives, which are of importance for agrochemicals and
analytical reagents [1,2]. Furthermore, pyrazoline-based compounds
have significant pharmacological properties, making them valuable re-
sources for drug development. Pyrazoline derivatives have demon-
strated diverse biological activities, including anti-inflammatory [3,4],
anticancer [5], antidiabetic [6], antidepressant [7], antitumor [8],
immunosuppressive [9] and antibacterial [10] effects.

According to recently reported findings, incorporation of a fluorine
atom might change both the reaction’s trajectory and the product’s
biological characteristics [11,12]. To be said, the fluorinated pyrazoles
and pyrazolines have been used as antifungal, antibacterial and anti-
fertility agents [13]. Previous publications have thoroughly described a
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number of techniques for the synthesis of both non-halogenated [14-22]
and trifluoro(chloro)methyl containing [23-40] pyrazoles. These com-
pounds are often prepared by reacting trifluoromethyl containing re-
agents with hydrazine derivatives [23,24,27,37,40].

The Cambridge Structural Database identified 28 relevant structures
for the hydroxy-thrifluoromethyl-aroyl(alkoyl) substituted pyrazolines,
of which only one hit was found for the bicyclic derivative consisting of
the fusion of the pyrazoline ring and the other ring, namely 2-cyanoa-
cetyl-3-hydroxy-3-(trifluoromethyl)-3,3a,4,5,6,7-hexahydro-2H-inda-
zole (Chart 1) [41,42]. Thus, the synthesis of the pyrazoline derivatives
of the latter type is of importance due to their significance as promising
candidates for drug development. Notably, the presence of two chiral
carbon centers in the structure of the 3-hydroxy-3-(trifluoromethyl)-3,
3a,4,5,6,7-hexahydro-2H-indazole core might also be of importance for
the efficiency and selectivity of potential drugs.

Guided by these considerations, we have focused on synthesizing a
novel bicyclic derivative consisting of the fusion of the pyrazoline ring

Received 16 April 2025; Received in revised form 30 April 2025; Accepted 19 May 2025

Available online 19 May 2025

0022-2860/© 2025 Elsevier B.V. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


https://orcid.org/0000-0001-8151-1088
https://orcid.org/0000-0001-8151-1088
https://orcid.org/0000-0002-9080-7072
https://orcid.org/0000-0002-9080-7072
mailto:damir.a.safin@gmail.com
www.sciencedirect.com/science/journal/00222860
https://www.elsevier.com/locate/molstr
https://doi.org/10.1016/j.molstruc.2025.142740
https://doi.org/10.1016/j.molstruc.2025.142740

K.G. Avezov et al.

FC o FsC

OH
(0]
N~
=N =N

Chart 1. (left) A general structure for the hydroxy-thrifluoromethyl-aroyl
(alkoyl) substituted pyrazolines revealed in the Cambridge Structural Data-
base; (right) 2-cyanoacetyl-3-hydroxy-3-(trifluoromethyl)-3,3a,4,5,6,7-hexahy-
dro-2H-indazole.
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and cyclohexane, namely 2-benzoyl-3-hydroxy-3-(trifluoromethyl)-
3,3a,4,5,6,7-hexahydro-2H-indazole (1). Elemental analysis, IR and
NMR spectroscopy were employed to characterize the synthesized
compound, while single-crystal X-ray diffraction was used to determine
its crystal structure, which was further examined through Hirshfeld
surface analysis. DFT-based calculations were performed to investigate
the compound’s electronic and structural properties. Additionally, mo-
lecular docking studies were conducted in silico to assess its inhibition
potential toward hemoglobin S (HbS), the protein implicated in sickle
cell anemia (SCA). This choice was motivated by the structural resem-
blance between compound 1 and Voxelotor, which is a pyrazole-derived
medication currently used to treat SCA, highlighting their shared mo-
lecular framework.

2. Experimental
2.1. Materials and physical measurements

All materials were purchased from commercial suppliers and utilized
without additional purification. FTIR spectroscopy was conducted on a
Bruker Invenio S-2021 spectrometer using a KBr pellet with spectral
data collected at 400-4000 cm™'. The NMR spectra were acquired in
CD3OD on a JNM-ECZ600R spectrometer. Elemental analysis was car-
ried out with a Carlo Erba EA 1108 elemental analyzer.

2.2. Synthesis of 2-benzoyl-3-hydroxy-3-(trifluoromethyl)-3,3a,4,5,6,7-
hexahydro-2H-indazole (1)

A solution of 2-trifluoroacetylcyclohexanone (0.01 mol, 1.94 g) in
EtOH (20 mL) was combined with a solution of benzohydrazide (0.01
mol, 1.36 g) in the same solvent (30 mL). The mixture was refluxed
while monitoring reaction progress via TLC. Upon completion, the crude
product precipitated during distillation of approximately two-thirds of
the solvent volume. The solid was filtered, washed with EtOH and
recrystallized from ethanol to afford the title compound as crystalline
material. Yield: 2.06 g (66%). M.p.: 124°C. 'H NMR (8): 1.35 (q. t, 2Ju
=13.3 Hz, %Ji 5 = 3.3 Hz, 1H, H5A, CHy, cyclohexane), 1.55 (q. t, 2Jz i
—13.4 Hz, 3Ju 1 = 3.3 Hz, 1H, H6B, CH,, cyclohexane), 1.72 (q. d, 2
=13.1 Hz, *Jy i = 3.4 Hz, 1H, H7B, CHy, cyclohexane), 1.93 (d. m, 2Ji
=13.4 Hz, 1H, H5B, CHj, cyclohexane), 1.96-2.05 (m, 2H, H6A + H7A,
CHy, cyclohexane), 2.30 (t. d. d, 2JH,H =13.3Hz, 3JH,H =6.5Hz, 4JH,H =
1.3 Hz, 1H, H4B, CH,, cyclohexane), 2.55 (d. d. q, 2y n = 29.2 Hz, *Ji
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Fig. 1. The molecular structure of the 1-3S,3aR diastereoisomer.

= 14.5 Hz, 4JH,H = 1.6 Hz, 1H, H4A, CHy, cyclohexane), 3.27-3.33 (m,
2H, H2A + H1, cyclohexane + hydroxyl), 7.43 (t. t, *Jy i = 7.6 Hz, “Jy 1
= 1.3 Hz, 2H, H12A + H14A, phenyl), 7.51 (t. t, *Jyn = 7.5 Hz, ‘g =
1.3 Hz, 1H, H13A, phenyl),), 7.72-7.75 (m, 2H, H11A + H15A, phenyl).
13c{'H} NMR (5¢): 24.6 (s, C6, CHy, cyclohexane), 26.5 (s, C7, CHa,
cyclohexane), 27.0 (s, C5, CHy, cyclohexane), 28.3 (s, C4, CHa, cyclo-
hexane), 53.4 (s, C2, CH, cyclohexane), 92.9 (q, ZJC,F =33.0Hz, C1,C
(OH)), 125.3 (q, lJC,F = 285.7 Hz, C8, CF3), 128.8 (s, C12 + C14, CH,
Ph), 130.6 (s, C11 + C15, CH, Ph), 132.6 (s, C10, Ph), 135.8 (s, C13, CH,
Ph), 162.0 (s, C3, C=N); 171.9 (s, C9, C=0) ppm. Anal. calc. for
C15H15F3N202 (312.29) (%): C 57.69, H 4.84 and N 8.97; found: C
57.78, H 4.80 and N 8.91.

2.3. Hirshfeld surface analysis

Hirshfeld surface analysis [43-45] was carried out using
CrystalExplorer 21 [46] to study the crystal structure.

2.4. DFT calculations

The two diastereoisomers of compound 1 were geometry-optimized
in gas phase without imposing symmetry constraints using density
functional theory (DFT) at the B3LYP/6-311++G(d,p) level [47-49].
Initial structural models for optimization were derived from the exper-
imentally determined crystal geometries of both diastereoisomers.
Computational workflows were executed using the GaussView 6.0
visualization interface [50] and the Gaussian 09, Revision D.01 software
package [51]. The optimized structures were verified to lack imaginary
frequencies through vibrational frequency analysis, ensuring their
attainment of energy minima. Additionally, the HOMO, LUMO and MEP
surfaces were derived from these optimized geometries.

The “atoms-in-molecules” (AIM) [52] analysis of the electron den-
sity, the reduced density gradient (RDG) and non-covalent interactions
(NCI) plots [53] were generated using the Multiwfn program [54]. The
obtained results from the topological analysis were visualized using the
VMD [55] and Gnuplot [56] softwares.
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Scheme 1. Synthesis of 1.
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Table 1
Selected bond lengths (A) and bond angles (°) in the crystal and optimized structures of 1 (see Figure 1 for atoms labelling).
Experimental Optimized Experimental Optimized
Bond length
N1-N2 1.419(3) 1.404 C2-C7 1.533(3) 1.540
N1-C3 1.273(3) 1.277 C3-C4 1.488(3) 1.493
N2-C1 1.479(3) 1.493 C4-C5 1.521(4) 1.547
N2-C9 1.367(3) 1.384 C5-Cé6 1.512(4) 1.537
01-C1 1.396(3) 1.388 C6-C7 1.523(4) 1.538
02-C9 1.233(3) 1.231 C9-C10 1.488(3) 1.492
F1-C8 1.334(3) 1.354 C10-C11 1.391(3) 1.400
F2-C8 1.318(3) 1.339 C10-C15 1.389(3) 1.400
F3-C8 1.325(3) 1.350 C11-C12 1.379(3) 1.392
C1-C2 1.534(3) 1.554 C12-C13 1.381(4) 1.394
C1-C8 1.527(3) 1.555 C13-C14 1.374(4) 1.395
C2-C3 1.487(3) 1.508 C14-C15 1.374(4) 1.391
Bond angle
N1-N2-C1 111.85(16) 112.21 C1-N2-C9 122.71(17) 122.13
N1-N2-C9 119.85(17) 121.32 C1-C2-C3 102.21(17) 101.95
N2-N1-C3 107.15(17) 108.44 C1-C2-C7 117.70(18) 116.87
N1-C3-C2 116.23(19) 115.37 C2-C1-C8 110.98(17) 109.79
N1-C3-C4 123.6(2) 124.51 C2-C3-C4 120.04(19) 119.91
N2-C1-C2 102.44(16) 101.95 C2-C7-C6 108.9(2) 109.70
N2-C1-C8 109.76(17) 109.16 C3-C2-C7 109.88(17) 110.43
N2-C9-C10 118.78(19) 119.42 C3-C4-C5 109.8(2) 109.47
01-C1-N2 113.27(17) 113.63 C4-C5-C6 112.3(2) 111.97
02-C9-N2 120.0(2) 119.51 C5-C6-C7 111.6(2) 112.17
01-C1-C2 112.06(17) 112.10 C9-C10-C11 123.11(18) 123.51
01-C1-C8 108.28(17) 109.93 C9-C10-C15 117.28(19) 116.80
02-C9-C10 121.25(19) 121.06 C10-C11-C12 119.4(2) 119.97
F1-C8-F2 105.85(18) 107.62 C10-C15-C14 120.3(2) 120.31
F1-C8-F3 106.03(17) 107.18 C11-C10-C15 119.6(2) 119.53
F2-C8-F3 107.47(17) 107.56 C11-C12-C13 120.7(2) 120.27
F2-C8-C1 114.18(18) 113.14 C12-C13-C14 119.8(2) 119.95
F1-C8-C1 111.72(17) 111.03 C13-C14-C15 120.3(3) 119.96
F3-C8-C1 111.11(18) 110.06
2.5. Molecular docking
Table 2

Hydrogen bond lengths (A) and angles (°) in the crystal and optimized structures

of 1 (see Figure 1 for atoms labelling).

D-H---A d(D-H) d(H---A) d(D---A) «(DHA)
Experimental O1-H1.-02 0.94(3) 1.91(3) 2.671(3) 137(2)
Optimized 0.979 1.859 2.662 137.19

Molecular docking simulations were conducted via the CB-Dock2
online platform [57,58], employing the AutoDock Vina algorithm
[59]. The HbS protein structure, retrieved from the RCSB Protein Data
Bank (PDB ID: 5UFJ) [60], underwent pre-docking preparation,
including removal of water and ligands, addition of hydrogen atoms,
completion of missing residues, and assignment of appropriate charges.
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Fig. 2. The experimental IR spectrum of 1 (black) and the calculated IR spectrum of the optimized structure of the 1-3S,3aR diastereoisomer (red).
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Fig. 3. The 'H NMR spectrum of 1, recorded in CD3OD.
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Fig. 4. Front and rear perspectives of the Hirshfeld surfaces of 1 (left, middle and right denote normalized distance dporm, shape index and curvedness, respectively).
Numbers on the dyorm, surface: 1 = C.--O-H, 2 = F--.C=0, 3 = H--0O=C, 4 = H---F, 5 = F---H, 6 = H-O---C, 7 = C=0---H, 8 = O=C.--F.

The resulting docking poses were visualized and analyzed using BIOVIA
Discovery Studio 2020 [61].

2.6. In silico ADMET analysis

The ADMET properties of the discussed compound were evaluated in
the SwissADME [62] and ProTox 3.0 [63,64] computational tools to
predict its pharmacokinetic and toxicity profiles.

2.7. X-ray diffraction analysis

Data collection was performed at 293(2) K on an Oxford Diffraction
Xcalibur Ruby CCD diffractometer (Mo-Ka, A = 0.71073 A; graphite
monochromator). Structural solution and refinement were carried out
using SHELXL-2014/7 [65], employing direct methods for solution and

full-matrix least-squares for refinement. Non-hydrogen and OH
hydrogen atoms were refined with anisotropic displacement parameters,
while CH hydrogen atoms were positioned geometrically and modeled
as riding atoms with isotropic parameters set to 1.2 those of their carrier
atoms. C15H15F3N209, M, = 312.29 g mol’l, orthorhombic, space group
Pbca, a = 15.289(7), b = 9.996(8), c = 18.491(7) A, v = 2826(3) A%, Z =
8, p = 1.468 g cm 3, p(Mo-Ka) = 0.125 mm ™7, Opmin = 2.20°, Omax =
25.97°, reflections: 2353 collected, 2317 unique, Rjy = 0.014, Ry(all) =
0.0913, wRy(all) = 0.1100, S = 1.016.

CCDC 2443331 contains the crystallographic data. These data can be
obtained free of charge via https://www.ccdc.cam.ac.uk/structures or
from the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: (4+44)-1223-336-033; or e-mail: depos-
it@ccdc.cam.ac.uk.
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Fig. 5. 2D fingerprint plots of the main contacts in the structure of 1.
Table 3

Hirshfeld contact surfaces for 1, alongside calculated random contact distribu-
tions and enrichment ratios.

H C N (o] F
Contacts (C, %)*
H 39.2 - - - -
C 15.8 0.0 - - -
N 4.3 0.0 0.0 - -
(0] 11.0 0.0 0.0 0.0 -
F 24.3 1.7 1.5 1.2 1.0
Surface (S, %)

66.9 8.8 2.9 6.1 15.4
Random contacts (R, %)
H 44.8 - - - -
C 11.7 0.8 - - -
N 3.9 0.5 0.1 - -
(0] 8.2 1.1 0.4 0.4 -
F 20.5 2.7 0.9 1.9 2.4
Enrichment (E)®
H 0.88 - - - -
C 1.35 - - - -
N 1.11 - - - -
o 1.35 0.00 - - -
F 1.18 0.63 - 0.64 0.42

@ Values were derived using the CrystalExplorer 21 software [46].

> Enrichment ratios were excluded from calculation when random contacts
constituted less than 0.9% of interactions, as these values lack statistical sig-
nificance [45].

3. Results and discussion

A facile condensation reaction of 2-trifluoroacetylcyclohexanone
with an equimolar amount of benzohydrazide produced a novel bicy-
clic derivative consisting of the fusion of the pyrazoline ring and
cyclohexane 1 (Scheme 1).

Compound 1 crystallized in the orthorhombic Pbca space group,
adopting an asymmetric unit containing a single molecule. Interestingly,
the structure of 1 contains two chiral carbon centers, namely C1 and C2
(Figure 1) and, thus, the formation of two pairs of diastereoisomers is
possible from the synthesis. However, the crystal structure of 1 revealed
only one pair of diastereoisomers, namely (3S,3aR)-2-benzoyl-3-hy-
droxy-3-(trifluoromethyl)-3,3a,4,5,6,7-hexahydro-2H-indazole -
3S,3aR) and (3R,3a8)-2-benzoyl-3-hydroxy-3-(trifluoromethyl)-
3,3a,4,5,6,7-hexahydro-2H-indazole (1-3R,3aS). Notably, a similar pair
of diastereoisomers was previously reveled in the crystal structure of 2-
cyanoacetyl-3-hydroxy-3-(trifluoromethyl)-3,3a,4,5,6,7-hexahydro-2H-

Fig. 6. Color-coded intermolecular interaction mapping within a 3.8 A radius
of the central molecule in the crystal structure of 1, derived from single-point
molecular wavefunction calculations at the B3LYP/6-31G(d,p) level.

indazole and it was also reported from the theoretical calculations that
the 3S,3aR and 3R,3as$ pair is more stable in comparison to the 3S,3aS
and 3R,3aR pair [41,42]. Thus, a pair of diastereoisomers, where the
CF3 functionality and the cyclohexane methine hydrogen atom are
cis-located, is more favorable (Figure 1).

The N2-C1 and C2-C3 bond lengths within the pyrazoline ring are
very similar and of about 1.48 A, while the N1-N2 and C1-C2 bonds are
about 0.06 A shorter and about 0.05 A longer, respectively (Table 1).
The N1-C3 bond is the shortest one within the same ring and is of about
1.27 [o\, indicating its double bond nature (Table 1). Remaining C-C
bonds within the cyclohexane ring vary from about 1.49 A to 1.53 A,
while the same bonds of the phenyl fragment are somewhat shorter and
of ~1.37-1.39 A (Table 1). The C1-C8 bond is about 1.53 A, while the
C9-C10 bond is about 0.04 A (Table 1), which is due to the formation of
the former and the latter bonds by the sp®- and sp?-hybridized carbon
atoms, respectively. The C-F bonds are similar and of about 1.32-1.33 A
(Table 1). The C1-O1 bond is about 1.40 ;\, while the C9-02 bond is
0.17 A shorter due to its double bond nature (Table 1). Finally, all the
bond angles formed by the non-H-atoms are of typical values either for
the sz_ (111.85(16)-123.11(18)°) or sp3—hybridized atoms (102.21
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Interaction energies (kJ/mol) for the crystal structure of 1, calculated using the B3LYP/6-31G(d,p) level. Values in parentheses represent normalized attractive energy
contributions, expressed as percentages relative to the total attractive interaction energy (scaled to 100%).

N*  Symmetry operation R Eac® Epol® Eais® Ere® Ew®
B2 vz 02 28@) 0970 92013 60 79
1 —,—y, = 728  -93(156) -3.0(5.0) -47.5(79.4) 258  -375

2 12,2412 1083 —22(206) —0.1(09) -84(785) 3.7 74

B0 2 w2yl 907 28(203) 04Q29) 10668 39 ~10.1
2 x+12,z+12 1016 0.4 ~05(54) -88(946) 23 62

2 x+12,y+12,z 507 -13.5202) -3.7(5.5) -49.5(742) 255 443

1 %, —y, 2 8.87 1.4 04(6.1) -62(939) 0.1 42

2 12,z 12 932 -82(219) -17(45) -27.5(73.5) 150 245

2 x 12,2412 1090 10 -04(42) -92(958) 3.7 5.0

@ N denotes the number of molecules exhibiting a centroid-to-centroid distance R (f\), while the color codes in the first column correlate with the visualization scheme

in Figure 6.

b E is the electrostatic energy, Ep is the polarization energy, Eq;s is the dispersion energy, E.p, is the exchange-repulsion energy, k values are scale factors; Eio; = kele X
Eele + kpot X Epol + Kais X Edis + Krep X Erep = 1.057 X Egle + 0.740 X Epop + 0.871 x Egis + 0.618 X Erep [66].

Fig. 7. Energy framework diagrams illustrating electrostatic (red), dispersion (green) and total (blue) interaction energies for the crystal structure of compound 1,
calculated using the B3LYP/6-31G(d,p) method. Cylinder diameters correlate with the relative magnitude of energy contributions, normalized to a uniform scale of

100 kJ/mol across a 4 x 2 x 2 unit cell array.

(17)-117.70(18)°) (Table 1).

Stabilization of the molecular structure arises from an O1-H1---02
hydrogen bond linking the hydroxyl hydrogen and carbonyl oxygen
atoms, which generates a six-membered ring structure stabilized non-
covalently (Figure 1, Table 2).

The experimental FTIR spectrum of 1 exhibits bands at ~2830-3080
cm™! due to CH stretchings (Figure 2). A broad band at 3270 em! cor-
responds to the OH group (Figure 2). The C=0 and C=N groups were
observed as bands at about 1630 and 1655 cm ™, of which the former
band is strong, while the C=C vibrations were shown as bands at about
1580 and 1600 cm™! (Figure 2). The CF groups were found in the
spectrum as intense bands at 1165 em! (Figure 2).

The 'H NMR spectrum of 1, recorded in CD30OD, contains two quartet
of triplets, one quartet of doublets, one doublet of multiplets, one
multiplet, one triplet of doublet of doublets and one doublet of doublet
of quartets at 1.35, 1.55, 1.72, 1.93, 1.96-2.05, 2.30 and 2.55 ppm,
respectively, corresponding to the cyclohexane CH; protons (Figure 3).
The phenyl protons were shown in the spectrum as two triplet of triplets
and one multiplet at 7.43, 7.51 and 7.72-7.75 ppm, which were
attributed to the meta-, para- and ortho-hydrogen atoms, respectively
(Figure 3). Finally, the 'H NMR spectrum also exhibits signals at
3.27-3.33 ppm, which are overlapped with the solvent signal, corre-
sponding to the methine CH and OH protons (Figure 3). The Beluy
spectrum of 1, recorded in the same solvent, exhibits four singlets at
24.6, 26.5, 27.0 and 28.3 ppm, corresponding to the cyclohexane CHy
carbon atoms, while the methine carbon atom was shown as a singlet at
53.4 ppm. The phenyl carbons were found in the spectrum as four

singlets at 128.8, 130.6, 132.6 and 135.8 ppm. Two quartets at 92.9 and
125.3 ppm were attributed to the C(OH) and CF3 carbons, respectively,
while to singlets at 162.0 and 171.9 ppm were assigned to the C=N and
C=0 carbon atoms, respectively.

The molecular packing of 1 was analyzed via Hirshfeld surface
analysis. The dyorm-plotted surface revealed eight red spots, of which
four spots correspond to the fluorine-based, four spots correspond to the
carbonyl-based and two spots correspond to the hydroxyl-based in-
teractions (Figure 4). The shape-index mapped Hirshfeld surface
enabled identification of donor and acceptor contact counterparts,
visualized as blue and red regions (Figure 4). Furthermore, the
curvedness-mapped Hirshfeld surface displayed no flat regions, testi-
fying to the absence of n---n stacking (Figure 4).

The 2D fingerprint plots revealed that H---X/X---H (X =H, C,N, O, F)
contacts, collectively accounting for ~95% of interactions, serve as the
primary contributors to the molecular surface composition (Figure 5,
Table 3). The reciprocal H---C contacts, which are shown in the form of
clearly defined “wings” (Figure 5) with the shortest de + d; ~ 2.8 A, are
of the C-H---n nature [44]. The shortest H---H interactions appear at de +
di~ 2.3 A (Figure 5). Reciprocal H---O/F contacts manifest as symmet-
rical spike pairs in the fingerprint plots, with minimum de + d; = 2.5 and
2.4 A, respectively (Figure 5). Reciprocal H---C/N/O/F interactions are
preferentially favored, as evidenced by their enrichment ratios
exceeding unity (Table 3), reflecting a higher observed frequency of
these contacts across the Hirshfeld surface compared to statistically
random distributions. In contrast, H---H contacts are disfavored, with an
enrichment ratio below unity (0.88), indicating their reduced
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Fig. 8. (top) Structural overlay comparing the experimentally determined
(black) and computationally optimized (red) molecular geometries of the 1-
3S,3aR diastereoisomer. (bottom) Correlation between the calculated and
experimental bond length and bond angle values.

Table 5
Dipole moments and descriptors for the optimized structure of the 1-3S,3aR
diastereoisomer.

pp (Debye) 4.8152
px (Debye) -0.9283
jy (Debye) 4.6529
1, (Debye) 0.8219
Enowmo (V) -6.986
Erumo (eV) -1.691
AErumo - Homo = Erumo — Exomo (eV) 5.295
Ionization energy, I = ~Eyxowmo (eV) 6.986
Electron affinity, A = —E ymo (eV) 1.691
Electronegativity, y = (I + A)/2 (eV) 4.339
Chemical potential, y = —y (eV) -4.339
Global chemical hardness, 7 = (I - A)/2 (eV) 2.648
Global chemical softness, S = 1/(2y) (eV 1) 0.189
Global electrophilicity index, @ = u%/(21) (eV) 3.555
ANpax = —p/n 1.639

prevalence relative to random expectations (Table 3).

A molecular cluster [66] was analyzed to probe energetical proper-
ties of intermolecular interactions in 1. The dispersion energy was found
to be the most prevalent component of 71.3-95.8% (Figure 6, Table 4).
The frameworks for the corresponding energies [66] are plotted in
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Figure 7.

Additionally, we used the DFT-based computations to study elec-
tronic and structural characteristics of 1. For structural optimization, we
have applied the molecular structure geometries of both isomers 1-
3S,3aR and 1-3R,3aS. Notably, computations for both isomers pro-
duced the same results and, thus, for the purpose of conciseness, we
concentrated on the 1-3S,3aR isomer. The geometrical parameters of
the optimized structure are in excellent agreement with the molecular
structure of 1-3S,3aR (Figure 8, Tables 1 and 2).

The 1-3S,3aR isomer, composed of 37 atoms, exhibits 105 vibra-
tional modes in its IR spectrum. While the calculated spectrum aligns
well with the experimental data, notable discrepancies are observed
(Figure 2). These differences likely arise from the gas-phase optimiza-
tion of the isolated isomer, which does not account for solid-state effects
(e.g., crystal packing or intermolecular interactions) present in the
experimental IR measurements.

The optimized isomer 1-3S,3aR exhibits a dipole moment of 4.8152
Debye, predominantly governed by its py component (Table 5).
Computational analysis revealed a HOMO energy of —6.986 eV and a
LUMO energy of —1.691 eV, yielding an energy gap of 5.295 eV, with
ionization energy (6.986 eV) and electron affinity (1.691 eV) values
consistent with strong electron-accepting behavior. The compound
demonstrates limited propensity for electron cloud exchange with its
environment, as indicated by its high chemical hardness () and low
chemical softness (S) (Table 5). The electrophilicity index (w) aligns
with values characteristic of potent electrophilic species [67]. Addi-
tionally, the 1-3S,3aR isomer displays a maximum electron-accepting
capacity of ~1.6 electrons (Table 5).

The HOMO is delocalized on almost the molecule except one of the
ortho- and the opposite meta-CH groups of the phenyl fragments, and the
fluorine atoms, while the LUMO is found over the benzoyl and the
pyrazoline N2-N1-C3 fragments (Figure 9).

The MEP surface identified the carbonyl oxygen atom as the most
nucleophilic regions, followed by the hydroxyl oxygen atom, while the
CHj hydrogen atoms emerged as the most prominent electrophilic sites
(Figure 10).

Intramolecular interactions in the optimized structure of the 1-
3S,3aR isomer were examined using the reduced density gradient (RDG)
approach. Analysis of the obtained RDG plot revealed a set of high
repulsive interactions (Figure 11). Furthermore, a set of weak van der
Waals interactions can be revealed on the RDG plot (Figure 11). Notably,
the RDG plot also exhibits a spread region at a highly negative side
(Figure 11), indicating a notable attraction due to the above mentioned
0O1-H1---02 hydrogen bond (Figure 1). The combined QTAIM and NCI
plot analysis of the optimized structure of the 1-3S,3aR isomer revealed
three bond baths. In particular, a bond path with the corresponding
critical point, accompanied with the dark blue RDG isosurface, was
found between the hydroxyl hydrogen atom and the carbonyl oxygen
atom (Figure 11), yielding the above mentioned O1-H1---O2 hydrogen
bond (Figure 1). The second bond path with the corresponding critical
point, accompanied with the green RDG isosurface, was observed be-
tween the same carbonyl oxygen atom and one of the trifluoromethyl
fluorine atom, yielding a F---O interaction (Figure 11). Finally, the third
bond path with the corresponding critical point, accompanied with the
green RDG isosurface, was shown between the nitrogen atom of the five-
membered ring and one of the ortho-hydrogen atoms of the phenyl
fragment, yielding a C-H---N interaction (Figure 11).

Toxicity profiling of the 1-35,3aR isomer was performed using the
ProTox 3.0 platform. The compound was classified under Toxicity Class
IV (oral administration), with a predicted LDsq of 800 mg/kg (Table 6).
The same class of toxicity was revealed for paracetamol and erythro-
mycin [68]. Computational toxicity predictions indicate activity in
neurotoxicity, ecotoxicity, respiratory toxicity, clinical toxicity and
carcinogenicity, while displaying no predicted hepatotoxic, nephro-
toxic, cardiotoxic, immunotoxic, cytotoxic or nutritional toxicity
(Table 6). Further comparison of the predicted toxicity results of the
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Fig. 11. The RDG (left) and QTAIM/NCI (right) plots of the optimized structure of the 1-3S,3aR diastereoisomer. Bond critical points and bond paths in the QTAIM/

NCI plot are shown as small yellow spheres and orange lines, respectively.

1-3S,3aR isomer with Paracetamol and Erythromycin, which are known
hepatotoxic agents, and with Acetylcysteine, which is a known hep-
atoprotective agent [69], revealed that the reported herein compound is
much less hepatotoxic than Paracetamol and Erythromycin but slightly
more hepatotoxic than Acetylcysteine as well as Cyclophosphamide and
Doxorubicin (Table 6) [68]. Furthermore, the 1-3S,3aR isomer is pre-
dicted to be less carcinogenic than Cyclophosphamide but much more
carcinogenic than Paracetamol, Erythromycin, Acetylcysteine and
Doxorubicin (Table 6) [68]. The same isomer is as highly inactive in
immunotoxicity as Paracetamol, Cyclophosphamide and Acetylcysteine,
while less mutagenic and cytotoxic in comparison to Paracetamol and
Erythromycin (Table 6) [68].

The bioavailability radar analysis indicates that 1-3S,3aR satisfies all
six pharmacokinetic criteria, with predicted inhibitory activity against
nuclear receptors, enzymes, kinases, proteases, family B G protein-
coupled receptors, voltage-gated ion channels, reader and ligand-gated
ion channels (Figure 12). The BOILED-Egg model predicts high blood-
brain barrier (BBB) permeability and gastrointestinal (GI) absorption

for the compound, while suggesting negligible P-glycoprotein-mediated
efflux from the central nervous system (Figure 12).

Sickle cell anemia (SCA) is a severe genetic blood disorder and one of
the most widespread inherited diseases globally. First emerging in Af-
rica, SCA has since spread across continents through human migration
over centuries [70,71]. Over 300000 newborns globally are estimated to
have this disease each year [72]. It is caused by a mutation on human
chromosome 11 where thymine replaces adenine [71]. The p-globin
gene mutation involves a single nucleotide substitution (GAG — GTG),
replacing the hydrophilic glutamic acid with hydrophobic valine at
position six of the p-globin subunit. This substitution drives hemoglobin
S (HbS) polymerization under hypoxic conditions, inducing the char-
acteristic sickle-shaped deformation of red blood cells.

For the purpose of avoiding and reducing problems related to SCA,
the US FDA has identified four therapy options: Voxelotor, hydroxyurea,
crizanlizumab and L-glutamine [73]. Although the treatment of SCA has
greatly improved because to these drugs, researchers are always pushing
the envelope to enhance patient outcomes and treatment efficacy.
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Table 6
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Toxicity profiling of the 1-3S,3aR diastereoisomer, obtained from the ProTox 3.0 tool generated toxicity model report and oral toxicity prediction. Toxicity endpoint
activities (active/inactive) were classified based on probability scores ranging from 0 to 1.

Toxicity Model Report

Target Prediction (Probability) Target Prediction (Probability)
Hepatotoxicity Inactive (0.60) Immunotoxicity Inactive (0.97)
Neurotoxicity Active (0.70) Mutagenicity Inactive (0.58)
Nephrotoxicity Inactive (0.56) Cytotoxicity Inactive (0.63)
Respiratory toxicity Active (0.67) Ecotoxicity Active (0.57)
Cardiotoxicity Inactive (0.69) Clinical toxicity Active (0.58)
Carcinogenicity Active (0.57) Nutritional toxicity Inactive (0.61)

Oral Toxicity Prediction Results

Predicted LDsq (mg/kg) 800
Predicted Toxicity Class 4

Average similarity (%) 48.77
Prediction accuracy (%) 54.26

Investigating new therapeutic chemicals is a crucial field of research that
might eventually result in a better quality of life and a lighter load of
difficulties for more SCA patients. With all this in mind, we have in silico
probed both isomers of the title compound 1 to inhibit HbS. Notably, one
of the mentioned medications, namely Voxelotor, is a pyrazole deriva-
tive. Thus, the studied herein compound 1, which also can be considered
as a pyrazole derivative, is worthy to be probed as a potential inhibitor
of HbS.

It was established that both isomers of 1 inhibit HbS with the 1-
3S,3aR isomer being slightly more active (Table 7). Complex of HbS
with 1-3S,3aR is due to one carbon hydrogen bond with HIS92; one
halogen interaction with HIS92; one n--- interaction with LEU141; four
alkyl interactions with LEU28, VAL67, LEU106 and VAL98; and six
n---alkyl interactions with PHE42, HIS63, HIS92, PHE103, VAL67 and
ALA70 (Figure 13, Table 8). Complex HbS-1-3R,3as$ is characterized by
one carbon hydrogen bond with HIS92; one halogen interaction with
ASN102; two alkyl interactions with LEU31 and LEU106; and five
n---alkyl interactions with PHE42, HIS92, VAL67, ALA70 and LEU141
(Figure 13, Table 8). Interestingly, although the studied compound 1

comprises a carbonyl oxygen atom, either isomers do not form in-
teractions with the HbS protein due to this functionality (Figure 13,
Table 8), which is, in turn, known as a pronounced hydrogen bond
promoter. Instead, both isomers form a halogen interaction due to one of
the fluorine atoms (Figure 13, Table 8). Furthermore, the second fluo-
rine atom of the 1-3S,3aR isomer and the hydroxyl oxygen atom of the
1-3S,3aS isomer are involved in the formation of the carbon hydrogen
bonds with HbS (Figure 13, Table 8). Finally, both the cyclohexane and
phenyl fragments are responsible for the formation of hydrophobic in-
teractions with the HbS protein (Figure 13, Table 8). Contrarily, the
formation of complex of HbS with Voxelotor is exclusively characterized
by the formation of hydrophobic interactions. In particular, complex
HbS-Voxelotor is described by two 7---¢ interactions with VAL67 and
LEU106; two n---n T-shaped interactions with PHE42 and HIS92; and
seven n---alkyl interactions with PHE42, LEU28, VAL67, ALA70, LEU8S,
VAL98 and LEU106 (Table 8). Notably, although Voxelotor comprises
the aldehyde, hydroxyl and ester oxygen atoms as well as the pyridine
and pyrazole nitrogen atoms, not a single hydrogen bonding was
revealed within the interactions of this molecule with HbS (Table 8).
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Fig. 12. The bioavailability radar (left), the BOILED-Egg model (middle) and prediction of druggability (right) for the 1-3S,3aR diastereoisomer.

Table 7

Ligand efficiency scores for complexes of 1-3S,3aR, 1-3R,3aS and Voxelotor with HbS. Docking center (x, y, 2) =-18, 12, 26; docking size (x, y,

2) = 20, 26, 26; cavity volume = 1291 A3,

Ligand efficiency scores 1-3S,3aR 1-3R,3aS Voxelotor
Binding energy (BE, kcal/mol) -9.7(1) -9.4(1) -8.2(0)
Inhibition constant (K; = e®ERD, M) 0.078 0.129 0.993
miLogP (Molinspiration octanol-water partition coefficient) 3.27 3.27 2.94
Ligand efficiency (LE = -BE/(Heavy atoms), kcal/(mol HA)) 0.441 0.427 0.328

LE _Scale (0.0715 + 7.5328/(HA) + 25.7079/(HA2) - 361.4722/(HA3)) 0.433 0.433 0.391

Fit quality (FQ = LE/LE _Scale) 1.018 0.986 0.839
Ligand-efficiency-dependent lipophilicity (LELP = miLogP/LE) 7.415 7.658 8.963
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Fig. 13. Interaction of HbS with 1-3S,3aR (top) and 1-3R,3aS (bottom).

Instead, the benzene, pyridine and pyrazole n-systems are the contrib-
utors to the interactions responsible for the binding of Voxelotor with
HbS (Table 8).

To assess the potential bioactivity of both isomers of 1 against HbS,
we calculated ligand efficiency scores [74-79]. For classification as a
Hit, criteria include: K; between 0.1-1 pM (values <10 nM qualify as
drug-like) [78], LE > 0.3, FQ > 0.8 and LELP between —10 and 10 [78].
For both HbS-1 isomer complexes, all ligand efficiency scores fell within
the Hit threshold range (Table 7), suggesting strong potential for ther-
apeutic targeting. Notably, the same scores calculated for Voxelotor
revealed its significant inferior activity against HbS in comparison to
both isomers of 1 (Table 7). This might be explained by the exclusive
formation of hydrophobic interactions between Voxelotor and HbS,
while hydrogen and halogen bonds were additionally revealed in com-
plexes of both isomers of 1 with HbS (Table 8).

3. Conclusions

A novel bicyclic derivative consisting of the fusion of the pyrazoline
ring and cyclohexane, namely 2-benzoyl-3-hydroxy-3-(trifluoromethyl)-
3,3a,4,5,6,7-hexahydro-2H-indazole (1), which was readily synthesized
by a one-pot reaction of 2-trifluoroacetylcyclohexanone with an
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equimolar amount of benzohydrazide in the ethanolic medium, is re-
ported. Compound 1 was proved by the means of elemental analysis
data, IR, 'H and 3C{'H} NMR spectroscopy. The crystal structure of 1
was elucidated by single crystal X-ray diffraction, which revealed the
presence of only one pair of diastereoisomers, namely (3S,3aR)-2-ben-
zoyl-3-hydroxy-3-(trifluoromethyl)-3,3a,4,5,6,7-hexahydro-2H-inda-
zole (1-3S,3aR) and (3R,3aS)-2-benzoyl-3-hydroxy-3-(trifluoromethyl)-
3,3a,4,5,6,7-hexahydro-2H-indazole (1-3R,3aS). Hirshfeld surface
analysis of the crystal structure of compound 1 identified reciprocal
intermolecular H---X (X = H, C, N, O, F) contacts as the primary con-
tributors to its molecular surface interactions. Structural and electronic
properties of the compound were further investigated through the DFT
calculations. Both diastereoisomers yielded identical computational re-
sults; consequently, only the 1-3S,3aR isomer was analyzed in detail to
streamline the discussion. The optimized structure of 1-3S,3aR was
found to be in excellent agreement with its molecular structure. Analysis
of global chemical reactivity parameters and the MEP surface revealed
that 1-3S,3aR exhibits strong electrophilic character. The carbonyl and
hydroxyl oxygen atoms serve as the primary nucleophilic sites, while the
CH; hydrogen atoms are identified as the most prominent electrophilic
centers.

In silico ADMET profiling classifies 1 under Toxicity Category IV,
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Table 8

Interactions in complexes of HbS with 1-3S,3aR, 1-3R,3aS and Voxelotor.
Interaction Distance (A) Bonding Bonding type
HbS-1-3S,3aR
B:HIS92:CD2 - A:1-3S,3aR:F2 2.754 Hydrogen bond Carbon hydrogen bond
B:HIS92:NE2 — A:1-3S,3aR:F2 3.611 Halogen Halogen (fluorine)
B:LEU141:CD2 - A:1-3S,3aR 3.689 Hydrophobic TG
B:LEU28 - A:1-3S,3aR 5.286 Hydrophobic Alkyl
B:VAL67 — A:1-3S,3aR 4.771 Hydrophobic Alkyl
B:LEU106 — A:1-3S,3aR 4.680 Hydrophobic Alkyl
A:1-3S,3aR:C8 — B:VAL98 4.119 Hydrophobic Alkyl
B:PHE42 — A:1-3S,3aR 5.198 Hydrophobic n---Alkyl
B:HIS63 - A:1-3S,3aR 5.483 Hydrophobic n---Alkyl
B:HIS92 — A:1-3S,3aR:C8 4.938 Hydrophobic w---Alkyl
B:PHE103 - A:1-3S,3aR:C8 4.993 Hydrophobic n---Alkyl
A:1-3S,3aR - B:VAL67 5.383 Hydrophobic n---Alkyl
A:1-3S,3aR - B:ALA70 5.102 Hydrophobic n---Alkyl
HbS-1-3R,3aS
B:HIS92:CD2 - A:1-3R,3aS:01 3.746 Hydrogen bond Carbon hydrogen bond
B:ASN102:0 - A:1-3R,3aS:F2 3.246 Halogen Halogen (fluorine)
A:1-3R,3aS:C8 — B:LEU31 4.981 Hydrophobic Alkyl
A:1-3R,3aS:C8 - B:LEU106 4.214 Hydrophobic Alkyl
B:PHE42 - A:1-3R,3aS 5.082 Hydrophobic n---Alkyl
B:HIS92 — A:1-3R,3aS 4.465 Hydrophobic n---Alkyl
A:1-3R,3aS - B:VAL67 5.117 Hydrophobic n---Alkyl
A:1-3R,3aS - B:ALA70 5.187 Hydrophobic n---Alkyl
A:1-3R,3aS - B:LEU141 4.393 Hydrophobic n---Alkyl
HbS-Voxelotor
B:VAL67:CG1 — A:Voxelotor 3.558 Hydrophobic -G
B:LEU106:CD2 - A:Voxelotor 3.829 Hydrophobic TG
B:PHE42 — A:Voxelotor 5.214 Hydrophobic n---nt T-shaped
B:HIS92 - A:Voxelotor 4.628 Hydrophobic n---w T-shaped
B:PHE42 — A:Voxelotor:C17 4.611 Hydrophobic n---Alkyl
A:Voxelotor - B:LEU28 4.859 Hydrophobic n---Alkyl
A:Voxelotor — B:VAL67 4.651 Hydrophobic n---Alkyl
A:Voxelotor — B:ALA70 4.848 Hydrophobic n---Alkyl
A:Voxelotor — B:LEU88 5.278 Hydrophobic n---Alkyl
A:Voxelotor — B:VAL98 4.837 Hydrophobic n---Alkyl
A:Voxelotor — B:LEU106 5.116 Hydrophobic w---Alkyl

with predicted neurotoxic, ecotoxic, respiratory toxic, clinical toxic and
carcinogenic activities. Conversely, the compound shows no hepato-
toxic, nephrotoxic, cardiotoxic, immunotoxic, cytotoxic or nutritional
toxicity risks. Pharmacokinetically, it exhibits favorable BBB penetra-
tion and GA, with negligible P-glycoprotein-mediated efflux from the
central nervous system. Molecular docking simulations suggest both
isomers of 1 act as potent inhibitors of hemoglobin S, which is the
pathogenic driver of sickle cell anemia, with ligand efficiency scores
aligning with established criteria for a Hit in drug discovery. The ob-
tained ligand efficiency scores surpassed those of Voxelotor, which is a
current sickle cell anemia therapeutic.
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