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An Androsterone-H,@C,, hybrid: Synthesis, Properties and
Molecular Docking Simulations with SARS-Cov-2

Margarita Suarez,*® Kamil Makowski,"” Reinier Lemos,” Luis Almagro,”
Hortensia Rodriguez,” Maria Angeles Herranz,'’ Dolores Molero,” Orlando Ortiz,”
Enrique Maroto, Fernando Albericio,” Yasujiro Murata,’ and Nazario Martin*®

We report the synthesis and characterization of a fullerene-
steroid hybrid that contains H,@Ce, and a dehydroepiandroster-
one moiety synthesized by a cyclopropanation reaction with
76% yield. Theoretical calculations at the DFT-D3(BJ)/PBE 6-
311G(d,p) level predict the most stable conformation and that
the saturation of a double bond is the main factor causing the
upfield shielding of the signal appearing at —3.13 ppm, which
corresponds to the H, located inside the fullerene cage.

Introduction

It is widely known that endohedral fullerenes can provide novel
ball-shaped molecules with exceptional structures and physical
properties, which are unobserved for their empty analogs.
Therefore, the encapsulation of different atoms or molecules,
such as water,!"" metal atoms,” or trimetallic nitride clusters®
within the fullerene cavity has attracted wide interest from
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Relevant stereoelectronic parameters were also investigated
and reinforce the idea that electronic interactions must be
considered to develop studies on chemical-biological interac-
tions. A molecular docking simulation predicted that the
binding energy values for the protease-hybrid complexes were
—9.9kcal/mol and —13.5kcal/mol for PL’ and 3CL"™® respec-
tively, indicating the potential use of the synthesized steroid-
H,@C¢, as anti-SARS-Cov-2 agent.

researchers worldwide. In this regard, the development of
synthetic protocols has allowed to synthesizing several endohe-
dral fullerenes, which have shown a practical application either
in biomedicine™ or materials science.®”

A groundbreaking synthetic methodology coined the “mo-
lecular surgery” approach® was developed by Komatsu, Murata
and co-workers in 2003.”) This new approach resulted in the
synthesis on an open-cage derivative with 100% incorporation
of H, molecule into the fullerene cage. In this sense, different
chemical methods have been reported to convert open-cage
fullerenes into endohedric derivatives and to produce H,@Cg, in
milligram amounts.'™ A most recent high-yielding synthetic
methodology to obtain H,@Cy, was described by Whitby
et al,"" and these results have paved the way for the advance-
ment in fundamental as well as applied studies on this singular
molecule.

As yet, H,@Cq4, is among the most studied small-molecule
endofullerene.” Most of the research reported focused on the
study of its physical properties. In this way, techniques such as
IR NMR,™ and photoionization™ have been used to explain
the interactions between the molecular hydrogen and the
carbon cage surface. Moreover, theoretical calculations have
allowed the prediction of some parameters that have led to a
better understanding of hydrogen-filled endohedral fullerene
complexes.'®

The cycloaddition reactions of H,@Cq, to yield methanoful-
lerene and fulleropyrrolidine adducts have been reported to
investigate potential changes on the reactivity of the outer
fullerene cage due to the encapsulated hydrogen.'” Besides, a
small library of H,@Cq, derivatives covalently linked to a
nitroxide radical have been prepared using either Prato or
Bingel-Hirsh methodologies."®'? Moreover, similar derivatives,
in which a nitroxide radical is connected to the endofullerene
by a folded 3,,-helical peptide,*” and also bisadduct isomers of
a H,@C,, derivative modified with nitroxide appendages have
also been reported.?"
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In addition, the stereoselective synthesis of H,@Cg,, was first
described by Martin and co-workers, reacting chiral ligands and
metal salts through a 1,3-dipolar cycloaddition reaction of
azomethine ylides.”? Thus, an interesting finding regarding the
encapsulation of a hydrogen molecule is that the process itself
does not affect the reactivity or the stereoselectivity, as the
observed results are similar to those of the hollow fullerene
C60'[23]

Interestingly, studies carried out by Turro etal. revealed
that, actually, a crucial electron and vibrational interaction of
incarcerated H, in endofullerene H,@C, with an external
electronically excited molecule like singlet oxygen occurs.*”
Therefore, endohedral fullerenes could be used as probes for
further experimental studies and, in this regard, much works
remains to be done to developed new H,@C,, derivatives. In
particular, there is still much research to be done to develop
novel synthetic procedures to generate H,@Cq, derivatives
suitable for biological investigations.

In this sense, during the last decade our research groups
have carried out considerable experimental and theoretical
work on novel steroid-fullerene hybrids for fundamental studies
and their potential applications in diverse fields like medicinal
chemistry and materials science.””

To the best of our knowledge, there are not reports where
the H,@C,, is conjugated with a steroid moiety. Hence, herein,
we describe the synthetic methodology to access a new
conjugate where the endohedral fullerene, H,@Cy, is covalently
attached to the dehydroepiandrosterone (DHEA), a naturally
occurring steroid, which presents interesting bioactive
properties.”® To achieve this goal, the Bingel-Hirsh method-
ology was used.”” This synthetic procedure constitutes one of
the most widely applied reactions in fullerene’s chemistry, due
to its good selectivity and feasibility of adding a wide range of
addends and functional groups.

The chemical structure of the as-synthesized steroid-H,@Cg,
was unambiguously corroborated by NMR (1D and 2D), IR, and
mass spectrometry. Furthermore, theoretical calculations were
achieved to envision the most stable conformation for the
prepared compound, as well as to evaluate other relevant
physico-chemical characteristics such as polarity, polarizability,
and lipophilicity. Finally, a molecular docking simulation was
carried out to predict the use of the synthesized steroid-H,@Cg,
as potential inhibitor of SARS-Cov-2, proteases 3CLP°®® and
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PLP°,® two of the enzymes that play crucial roles in the viral
life cycle of the 2019 novel coronavirus or “2019-nCoV”,*® and
constitute important targets for antiviral drug design.

Results and Discussion

The novel steroid-endohedral fullerene hybrid 3 was synthe-
sized through the cycloaddition reaction between the previ-
ously reported 33-ethyl malonate-5-androsten-17-one (1)®" and
H,@Cq, using a Bingel-Hirsch methodology, as depicted in
Scheme 1.

The cyclopropanation reaction was carried out at room
temperature by mixing the H,@[60]fullerene with 1, CBr, and
DBU (see Scheme 1). Right after the DBU addition a change in
the color of the solution from purple to brown was observed,
which is a similar color change to that observed when the
reaction is performed using the pristine Cg,.%" In this regard,
according to our previous studies a change in the coloration of
the solution constitutes an evidence of chemical transformation
onto the [60]fullerene molecule, which leads to a [6,6]-closed
mono-adduct. The reaction was followed by thin-layer chroma-
tography (TLC), proceeding apace, since after 3 h it was
completed. Then, the synthesized conjugate 3 was purified by
flash chromatography, being firstly eluted the unreacted H,@C,
using CS,, followed by the elution of the mono-adduct 3, with
DCM as solvent. The endohedral hybrid was separated as a
stable brown solid with a 76 % yield. The reaction mixture was
investigated by HPLC, observing in the chromatogram (toluene:
acetonitrile, 9:1, 1 mLmin™") a peak at 5.5 min, assigned to
hybrid molecule 3 (see Figure S10 in the Supporting Informa-
tion), and a peak at 8.9 min corresponding to the unreacted
H,@Cg.

It should be noticed that the reaction rate and the obtained
yield are near to the same values disclosed for the functionaliza-
tion of the hollow [60]fullerene with steroids.?****¢*" Thus, the
H, molecule trapped inside the fullerene cavity does not
influences the fullerene’s cage reactivity as it was previously
established.””

The structural elucidation of the as-synthesized steroid-
endohedral fullerene 3 was accomplished using different
spectroscopic techniques (see Experimental Section and Sup-
porting Information). In this respect, FTIR spectrum exhibited

Scheme 1. Synthesis of hybrid steroid-H,@Cy,. i) CBr,, DBU, toluene, room temperature.
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the specific band of organofullerene derivatives at ca.
730 cm~',®? and a signal at 1720 cm™' corresponding to the
C=0 stretching vibration (see Figure S8 in the Supporting
Information).

NMR spectroscopy was used to substantiate the covalent
link of the malonate-steroid to the H,@Cq, sphere. Thus, in the
'H NMR spectra, the methylene protons of the malonate-steroid
precursor at 8 =3.33 ppm were not observed, and two signals
at 1.51 ppm and 4.58 ppm, were assigned to the protons of the
ethoxycarbonyl group. Moreover, the presence of a doublet at
0=5.52 ppm assigned to the proton H6 of the ring B and the
proton on C3 positioned at ring A, at d=5.03 ppm, indicate the
existence of the steroid fragment in the conjugate. Further-
more, due to the H,@Cq, cage, these signals are deshielded
related to their positions in the precursor 1, at 5.34 ppm and
4.59 ppm, respectively.?" Therefore, these signals confirmed the
proposed structure of the steroid-endohedral hybrid 3. In
addition, in the "H NMR spectrum is particularly remarkable the
presence of a singlet at d=—3.13 ppm that corresponds to the
encapsulated hydrogen molecule. Interestingly, this signal
appears at a higher field than the value reported for H,@Cg,
(8=—1.45 ppm)."¥ In order to find the reasons behind this
change in the chemical shift, we theoretically estimated the
chemical shifts for compounds 3, a H,@Cq,-cyclopropane, and
H,@Cq, (see Table S1 in the Supporting Information for details).
The results showed that the saturation of a double bond is the
main factor causing the upfield shielding of the H, located
inside the fullerene cage, since the calculated upfield shift of
the molecular hydrogen from H,@C,, to H,@Cq,-cyclopropane is
2.77 ppm, only 0.83 less than for compound 3. These results are
in agreement with the chemical shift change sensitivity
reported for different derivatives of H,@Cg, and in particular
with the value of —3.27 ppm reported for the Bingel-Hirsch
cycloadduct formed by H,@C,, and diethylmalonate."® Addi-
tionally, the hydrogen molecule is slightly off-center displaced
in 3 when compared to H,@Cg, but this might only marginally
impact the magnetic environment of the hydrogen (Figure S12).

3C NMR confirmed the formation of a monoadduct in the
reaction of H,@Cq with 1. In this regard, due to the lack of
symmetry of the endohedral derivative 3 an increment in the
number of signals between 145.4-139.4 ppm was observed.
Moreover, two signals at 163.8 and 163.1 ppm were assigned to
the two carbonyl groups present in the malonate fragment,
which helped to corroborate the proposed structure of hybrid
3. In addition, the presence of the steroid motif was confirmed
by a signal at low field (221.2 ppm) assigned to the C=0 located
at the C17 of the steroid backbone. Besides, the signals
corresponding to C5, C6, and C3 of the steroid motif at 139.2,
122.9, and 77.4 ppm, respectively, were also detected, being the
latter signal strongly deshielded by ca. 2 ppm, compared to the
same signal in compound 1, due to the presence of the carbon
sphere.

Furthermore, the other signals of the steroid scaffold were
not affected by the presence of the H,@C, cage (see
Experimental Section). Finally, the signals associated with the
sp®> carbon atoms of the cyclopropane ring at the 6,6-ring
juncture of the H,@Cq, structure were detected at 6=72.7 and
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71.8 ppm. The signals of quaternary carbon atoms appeared at
52.5 ppm.

HSQC spectra have allowed straightforwardly the assign-
ment of the '"H NMR and *C NMR. In this sense, the analysis was
based on the chemical shift's theory, substituent effects, and
DEPT data. The assignment of quaternary carbon atoms was
carried out through the analysis of the HMBC spectra.
Furthermore, it is worth noting that 3 showed similar trends in
the chemical shifts of the molecular backbone to those of 1,
which constitute an evidence of the proposed chemical
structure for the novel steroid-endohedral fullerene (see
Experimental Section and Supporting Information)

The proposed structure was verified by Mass Spectrometry.
Consequently, the MALDI-TOF spectra of compound 3 showed
a peak at m/z: 1122.2399 (calculated for CgH;,O5: 1122.2406)
corresponding to M™ ion (See Figure S9). Furthermore, Fig-
ure S11 in the Supporting Information shows the UV-vis spectra
of 3, which exhibit the classical profile of fullerene derivatives,
showing a band centered at 430 nm as a representative
identification for [6,6]-closed fullerene monoadducts.”

A finding of paramount importance for future biological
applications relies on the increment of solubility in organic
solvents, such as chloroform, dichloromethane, dimeth-
ylsulfoxide, and dimethylformamide, underwent by the hybrid 3
when compared with the parent H,@Cq,. This enhancement is
directly related to the presence of polar groups on the steroid
motif.

The geometrical and electronic properties of the as-
synthesized hybrid 3 have been calculated. In this sense, we
developed a theoretical study using density functional theory
(DFT). In a first place, the molecule was pre-optimized with
PM6-D3H4 semiempirical method as a useful starting point for
further calculations.®® For DFT calculations, the PBE functional
was used as it showed good results in carbon systems as
fullerenes,®™ and in endohedral fullerene systems,***” together
with a reasonable computational cost, especially for the
frequency calculations needed to assure getting the minimum
energy conformations. Furthermore, it should be considered
that in the endohedral system with nonpolar molecules as H,
the London dispersion forces became very important to take
into account.”™® Therefore, the third version of dispersion
correction, together with Becke-Johnson damping (D3BJ) was
applied.®” The first structure optimization was carried out with
6-31G(d) basis set and then after triple zeta 6-311G(d,p) was
used to reassure good quality results. The minimum energy
conformation of compound 3 is depicted in Figure 1.

The total energies calculated using PM6 and DFT (Table S7)
along with the Cartesian atom coordinates (Tables S2-S6) are
given in the Supporting Information. Moreover, the overlap
structures which were optimized by PM6-D3H4 and DFT PBE-
D3BJ 6-311G(d,p) are shown in Figure S13.

The calculations have predicted the cyclohexane ring A of
the steroid moiety to present a chair conformation. Further-
more, the carbonyl groups in the malonate moiety in the DFT-
D3 optimized structure present an antiperiplanar disposition
with a dihedral O=C--C=0 angle of —161.2°. This atoms
disposition does not permit the formation of a hydrogen bond

974 © 2021 Wiley-VCH GmbH


https://doi.org/10.1002/cplu.202000770

Chemistry
Europe

European Chemical
Societies Publishing

Full Papers
doi.org/10.1002/cplu.202000770

ChemPlusChem

Figure 1. Minimum energy conformation of compounds 3 obtained by the
DFT-D3(BJ) method at the PBE/6-311G(d,p) level of theory Bond distances
are given in A and dihedral angle in degree °.

between H3 and the oxygen from the closest carbonyl group.
However, H3 forms hydrogen bond with the other carbonyl
with a C=0--H distance of 2.51 A. In addition, this carbonyl
group participates in another interaction with the methylene
hydrogen atom (2.59 A). Interestingly, ring C presents a twisted
boat conformation that can be the result of the hydrogen bond
formed between the carbonyl from the cyclopentanone ring
and the B-hydrogen join to the C12 on C ring of the steroid
backbone (2.401 A) (Figure 1). Regarding the disposition of the
inner hydrogen molecule, Korona etal” performed the
analysis of the disposition of H, in a different not fully
optimized structure of conformers of H,@Cg,. The conformation
is energetically favored when the hydrogen molecule is
perpendicular to one of the hexagonal rings. In the case of the
hybrid steroid-H,@Cq,, the optimized structure does not present
orientation in a clear perpendicular position of hydrogen
molecule to any of the hexagonal rings (Figure S14 in the
Supporting Information). Similar results were found by Cross™"
who studied the rotational movement of the encapsulated H,
and reported a free motion of the H, molecule inside Cg,.

In addition, a Non-Covalent Interactions (NCI) analysis was
performed, following the approach proposed by Johnson
et al.*? using the NCIPLOT program.”® These results confirmed
the presence of hydrogen bonding (Figure 2, greenish color)
between the oxygen atom located at C17 of the ring D and H12
(Figure 2c), those formed among the oxygen atoms of the
malonate moiety with H3 (Figure 2b), and one of the hydrogens
of the methylene group (upper left part of Figure 2a).

On the other hand, DFT combined with symmetry-adapted
perturbation theory (SAPT) calculation of endohedral H,@Cq, by
Korona et al.*” showed there is a weak stabilization interaction
of the complex between the fullerene carbon cage and the H,
guest molecule with a value of —19.35 kJ/mol. The stabilization
energy calculated by the supermolecule approach for H,@Cg,

ChemPlusChem 2021, 86, 972-981 www.chempluschem.org

Figure 2. Non-covalent interactions (NCI) analysis of compound 3 in the gas
phase. Isosurfaces represent the regions of interactions where green
represents weak van der Waals interactions, blue strong attractive
interactions and red strong repulsive interactions. For a better visualization
an arrow focuses on interactions near to the A-ring (2b) and near to the D-
ring (2c) of the steroid scaffold.

was carried out by Ramachandran et al.** at MP2/6-31G level of
theory using the following equation AE,,=E ompiex—(Ecage +
Equest) gives —2.1 kcal/mol. Using the same approach at DFT-
D3(BJ)/PBE/6-311G(d,p) level, the stabilization energy for com-
pound 3 was found to be —6.43 kcal/mol. Additionally, the NCI
analysis confirmed the presence of hydrogen bonding (bluish
color) between the oxygen atom located at C17 of the ring D
and H12 (Figure 2¢) those formed among the oxygen atoms of
the malonate moiety with H3 and one of the hydrogens of the
methylene of the ethyl group (Figure 2b).

Additionally, the LUMO-HOMO energy values predicted by
DFT calculation at PBE-D3JP/6-311G(d,p) level of theory are
—4.081eV/—5.414eV. A band gap of 1.332eV has been
predicted. This value is quite similar to experimental values
determined in analogous compounds.”"" (See Figure S15 in
the Supporting Information).

In addition, to predict the intramolecular and intermolecular
electrostatic interactions in hybrid 3, the molecular electrostatic
potential map and selected descriptors and properties were
calculated. Also, the same parameters were calculated for the
pristine endohedral H,@Cq,.

The electrostatic potential maps of 3 and H,@C,, are
depicted in Figure 3. From its analysis, it is possible to conclude
that the malonate-steroid core, covalently connected to the
H,@Cq, cage, modifies the electrostatic potential distribution
providing three well-defined regions. In this sense, the red zone
was correlated with the oxygen atoms present in the carbonyl
groups and denoted a negative density site. The regions with
blue color indicate the positive areas located in some part of
the steroid skeleton. Furthermore, a significant part of the
molecular hybrid showed neutral green regions predicting no
charge separation, indicating the lipophilicity of the molecule.
On the other hand, a comparison with the electrostatic
potential map of the corresponding derivative without the H,
molecule inside the fullerene cage, previously reported by our
research groups,”” allowed to conclude that the H, molecule
present in the endohedral derivative, does not influence the

975 © 2021 Wiley-VCH GmbH
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Figure 3. Depiction of the molecular electrostatic potential maps for the
optimized functionalized endohedral fullerene 3 (a) and H,@Cq, (b). The red
color, represented negative potential, blue color the positive potential and
green color the uncharged regions.

electronic properties of the different functional groups present
in the H,@C,, derivative.

Additional properties were calculated for 3, and compared
with those related to H,@Cg, (Table 1). All results are consistent
with the structural analysis of both compounds.

The solvent-accessible surface area (SASA) is a geometric
measure of the extent to which a molecule interacts with its
environment. The transformation of H,@C¢, to hybrid steroid-
H,@Cq, (3) leads to an increase in this parameter, which can be
interpreted as a higher probability of interaction of 3 with
targets of interest. The variation of SASA has also been used as
an indirect confirmation of the capacity of Cg, as a K* channel
blocker.*!

Related to the topological polar surface area (TPSA), which
is a descriptor defined as the sum of surfaces of polar atoms in
a molecule, Palm et al® found a correlation between TPSA
value and its ability to penetrate biological membranes,
demonstrating that those molecules with a TPSA lower than
60 A> are easily absorbed, and molecules with TPSA values
greater than 140 A2 could have a low capacity for penetrating
cell membranes It may account for their ready penetration

Table 1. Theoretical physicochemical parameters calculated for 3 and
Hz@cso-

Property Compound

3 H,@Ce,
Volume [A]® 879.1 5329
SASA [Ay ® 968.64 552.68
TPSA [A% @ 69.67 0.0
Hy —6.007 —5.762
Dipole moment [D]* 5.45 0.002
logP® 11.96 17.75
Polarizability [A%]¢ 811.95 511.79

[a] Total volume calculated in Chimera 1.14 using MSMS library for surface
generationﬁ"sl [b] Solvent-accessible surface area calculated by FreeSASA
2.0.3 with Lee and Richards algorithm.* [c] Topological polar surface area
calculated by BioTriangle web server.*” [d] Hydrophilic index calculated by
BioTriangle web server.*” [e] Dipole moment retrieved from DFT
calculation. [f] Predicted octanol/water partition coefficient (lipophilicity)
using XLOGP2v3.2.0.%' [g] Polarizability predicted with single point energy

calculation using PBE functional and 6-311G(d,p) basis set.

ChemPlusChem 2021, 86, 972-981 www.chempluschem.org

60 A2 These results are consistent with the covalent linking to
the H,@C,, structures of the malonate-steroid moiety, confer-
ring some polarity to the surface of molecular hybrid 3 in
comparison with the highly hydrophobic H,@Cy,. Therefore, 3
may act as potential biological membrane spanners.

As expected for a structure only formed by carbon atoms,
[60]fullerene has been considered to be hyperhydrophobic.”'*?
The partition coefficient (P) is a physicochemical parameter,
which allows determining the lipophilicity degree of 3 and
H,@Cq, molecules. Thus, P could be defined as a quantitative
parameter that represents the relative solubility of a given
substance in a system composed of two phases that are
immiscible with each other, at a specific temperature.

The logP,, obtained through theoretical calculations
showed that both compounds have high lipophilicity, but a
lower value for 3 (11.96) in comparison with H,@Cq, (17.75)
indicative of a lower hydrophobicity, which is consistent with
the presence of the malonate-steroid moiety. These values
might indicate that this kind of molecules would have the
tendency to form aggregates in aqueous media, similar to the
behavior reported for Cy, and their derivatives.”*>"

On the other hand, although H,@Cg,-steroid conjugation
produced a weak charge separation as observed in Figure 3a,
for compound 3 a calculated dipole moment of 545D was
predicted.

Thus, in comparison with pristine 2 (Figure 3b), a notably
enlarged polarizability was observed (811.95 A% vs. 511.79 A%). In
this respect, polarizability displays a key role in determining
induction and dispersion forces in molecules. Besides, atomic
polarizabilities are widely used both in qualitative schemes for
rationalizing molecular interactions as well as in quantitative
techniques for modelling purposes. On the other hand, and
according to the quenched polarizability model,”® the polar-
izability of C¢, does not change significantly by the encapsula-
tion of atoms or small molecules. Overall, the structural
modification incorporated in the endohedral derivative 3
corresponds to a higher value of polarizability, in comparison
with H,@Cq,. All these results reinforce the idea that electronic
interactions must be considered to develop studies on chem-
ical-biological interactions.

The applications of the novel steroid-endohedral fullerene
hybrid were also evaluated in medicinal chemistry, in particular,
was explored its potential as antiviral at a theoretical level.
Molecular docking of the steroid-H,@C, (3) was performed. The
molecular targets studied here were the papain-like protease
(PLP™) [PDB ID: 40VZ with 2.50 A resolution, chain A]*” and the
3-chymotrypsin-like protease (3CL"™) [PDB ID: 6LU7 with 2.02 A
resolution) chain A)I®*® of SARS-Cov-2. These are cysteine
proteases that play crucial roles in the viral life cycle and are
key targets for antiviral drug design.®

The calculated negative binding energy® predicted that
compound 3 has affinity for both enzymes. The binding energy
values for the protease-hybrid complexes were —9.9kcal/mol
and —13.5kcal/mol for PL?® and 3CLP™ respectively, showing
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the affinity that 3 has for the active site region including the
catalytic residues. The hybrid 3 blocked the active site area of
both proteases through hydrophobic interactions and H-
bonding of the fullerene core and the androsterone moiety. The
lowest binding energy obtained for the 3CL"™ is due to the
higher number of H-bonds and residues interacting in compar-
ison with PLP* (See Figure 4.

SARS-Cov-2 proteases are essential enzymes in the process
of coronavirus replication; hence, they have been a popular
target for coronavirus inhibitors. From the generated docking
model, the fullerene derivative 3 was bound in the active site of
PLP™ interacting with ASN-157, LYS-158, GLU-162, GLU-168, HIS-
172, TYR-269, and GLN-270 (Figure 5A). The binding sites of 3
are consistent with those of the crystalized inhibitor used as
control and some antiviral drug docked.”” A hydrogen bonding
was predicted between the phenolic hydrogen atom of TYR-269
and the malonate linker group. Moreover, the aromatic region
of this residue interacts with the fullerene core through T-shape
and m—x interactions.®”

It is have been determined that the 3CL"* is the key protein
during virus replication; its principal function is to hydrolyze the
polymerase expressed by the virus so the occlusion of the
SARS-Cov-2 protease (3CLP™®) active site inhibits the hydrolysis
of the viral polymerase.” The active site of 3CL" is placed in

Figure 4. Low-energy binding conformations of 3 bound to human SARS-
Cov-2 generated by molecular docking. The proteases are shown as an
electrostatic surface model and the ligand is represented in sticks. The
hydrogen molecule is represented in spheres. (A) Structure of PLP"-fullerene
hybrid complex. (B) Structure of 3CLP"-fullerene hybrid complex.

GLU-162
LYS-158 o

)

HIS-172

GLU-168

TYR-269

the gap between the residues 8-101 and 102-184,°" with HIS-
41 and CYS-145 as catalytic residues.®” The docking results
show that THR-25, HIS-41, THR-45, SER-46, MET-49, ASN-142
HIS-144, CYS145, MET-165, and GLU-166 are the main interact-
ing residues with compound 3 (See Figure 5B). The carbonyl
group of the malonate linker forms hydrogen bonds with ASN-
142 and GLU-166. The hydrogen bonds and hydrophobic
interactions are consistent with those found in the crystalized
inhibitor and the anti-asthmatic drug Montelukast.®"

The binding energy study and the interaction with the
active residues indicate that 3 has a potential use in anti-viral
therapies against Covid-19.

On the other hand, a molecular docking simulation was also
applied to the pristine H,@Cg, to find the binding affinity with
the enzymes PL”™ and 3CL"™ previously studied.

H,@Cq only shows hydrophobic interactions with both
receptors, and the calculated binding energies were —10.0 kcal/
mol and —10.2 kcal/mol for PL’™ and 3CLP* respectively. The
interlinkage with PL"™ does not match with the reported for 3
because it interacts with HIS-74, THR-75, LEU-76, ASP-77, GLN-
175, and HIS-176 residues. These amino acids are not key
residues in the enzyme inhibition, and consequently the
endohedral fullerene is not considered a potential inhibitor for
PLP™®. A different result was obtained for 3CL"°, because H,@Cq,
interacts with the main residues of the enzyme-like compound
3 but with lower affinity energy, since it cannot forms strong
interactions through hydrogen bonds. Figure 6 shows the low-
energy binding conformations of 3 and H,@C, bound to
human SARS-Cov-2 enzymes.

The binding energy study and the interaction with the
active residues indicate that 3 has a higher potential use in anti-
viral therapies against Covid-19. The functionalization of H,@C,
with a steroid moiety is a way to increase the biomolecular
recognition areas and increase the strength of the union with
the enzymatic receptors. These results must be verified by
future in vitro and in vivo assays. Similar results were obtained
with the previously reported empty steroid-C¢,*" because the

HIS-163

SER-1 44/’
- Y

> o Y oY

Figure 5. Low-energy binding conformations of 3 bound to human SARS-Cov-2 generated by molecular docking. The proteases are shown as an electrostatic
surface model and the ligand is represented in sticks. The hydrogen molecule is represented in spheres. (A) Structure of PLP"-fullerene hybrid complex. (B)

Structure of 3CLP-fullerene hybrid complex.
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Figure 6. Low-energy binding conformations of 3 and H,@C4, bound to human SARS-Cov-2 enzymes generated by molecular docking. The proteases are
shown in the cartoon model and the ligand is represented in sticks, H,@Cq, in grey and 3 in yellow. The interacting residues (distance <0.4 nm) are
represented in sticks and the hydrogen molecule was represented in spheres. A) Superimposed image of the H,@Cy—PL"" and hybrid 3-PL?° complexes in the
active site. (B) Superimposed image of the H,@Cy—3CL"™ and hybrid 3-3CL"° complexes in the active site.

fundamental interactions between the ligand and the proteases
residues occur between the groups present in the malonate-
steroid moiety (see Supporting Information Tables S8 and S9,
Figures S16-518).

Conclusion

In summary, the synthesis of H,@61-(ethoxycarbonyl)-61-(33-O-
carbetoxy-5-androsten-17-one)methano[60]fullerene  (3) has
been performed using the Bingel-Hirsch protocol with a good
yield. The reaction path is similar to that when pristine C,, is
used. A comprehensive spectroscopic and analytical study
confirmed the chemical structure of the new compound.
Calculations have predicted that the cyclohexane ring A of the
steroid moiety presents a chair conformation and the carbonyl
groups in the malonate moiety shows an antiperiplanar
disposition. Additionally, it was also possible to determine that
in H,@Cy, the hydrogen molecule does not present a clear
perpendicular disposition to any of the hexagon rings of the
fullerene cage. All theoretical physicochemical parameters were
consistent with the structure of 3, and allow us to infer the
behavior of the novel hybrid in the environment of the
biological fluids and its potential to traverse biological mem-
branes. A binding energy study with the active residues of
human SARS-Cov-2 enzymes and the interactions found
indicate that the steroid-H,@Cq, hybrid has potential for its
implementation in further studies towards anti-viral therapies
against SARS-Cov-2.

Experimental Section

General: All reagents were of commercial quality and were used as
supplied unless otherwise specified. Solvents were dried by
standard procedures. All reactions were performed using an
atmosphere of argon and oven-dried glassware. Reactions were
monitored by thin-layer chromatography carried out on 0.25 mm

ChemPlusChem 2021, 86, 972-981 www.chempluschem.org

silica gel plates (230-400 mesh). Flash column chromatography was
performed using silica gel (60 A, 32-63 um). 'H NMR spectra were
recorded at 700 MHz, and *C NMR at 175 MHz; the one-bond
heteronuclear correlation (HMQC) and the long-range 'H-">C
correlation (HMBC) spectra were obtained by use of the inv4gs and
the inv4gslplrnd programs. HRMS were recorded under MALDI
(dithranol as matrix) conditions in positive mode of detection. A
high-performance liquid chromatography (HPLC) system (Cosmosil
Buckyprep preparative column, dimensions, 4.6x250 mm? flow
rate 1.0 mLmin ', injection volume 15 pL, eluent toluene) was
used to determine the purity of the compounds synthesized. The
retention times (t;) reported were determined at a wavelength of
320 nm. FTIR spectra were carried out using ATR of the solid
compound. UV/Vis spectra were recorded in CHCl;.

Computational methods: All molecules were built with
Avogadro.® For the semi-empirical calculations MOPAC2016% was
used, and DFT calculation was performed with ORCA 4.2.1.1¢ All
structures were pre-calculated using the semi-empirical PM6
method with dispersion correction D3H4 as a satisfactory starting
point for large carbon structure, especially fullerene derivatives.®
Then structures were optimized using Density Functional Theory at
gradient-corrected exchange-correlation functional of Perdew,
Burke, and Ernzerhof (PBE)®® method using 6-31G(d) and refined
with 6-311G(d,p) basis set as described somewhere else.*” The
Grimme in combination with the Becke-Johnson damping (D3BJ)"
method for empirical dispersion corrections together with the
contribution of three-body dispersion terms, was employed, as the
long-range dispersion interactions in endohedral fullerene are very
important to consider in both geometry optimizations. The
coulomb part integration was solved using Resolution of Identity
(RI) approximation (with def2/J auxiliary basis set as a keyword in
ORCA). To avoid imaginary frequency modes (negative frequencies)
together with numerical noise, the TightOpt with VeryThight
convergence as keywords was employed. Improving the numerical
precision as ORCA implantation permits. The Lebedev302 grid
(Grid4) during the SCF iterations and Lebedev434 (Grid 5) as a final
grid for the final energy evaluation after SCF convergence was set
for integration precision.

The frontier orbitals HOMO/LUMO were visualized directly from the
optimized structure with DFT/PBE quantum mechanical calculation
with 6-311G(d,p) basis set using lboView v29150427"" and this
conformation was used for the calculation of dipole moment and
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visualization of the electrostatic potential map. The Log P was
calculate using XLOGP2v3.2.0.*® For molecular electrostatic map
first the mep.py python script written by Marius Retegan”? was
used for cube file preparation and then was visualized using VMD
1.9.3.7% NCI analysis was performed using NCIPLOT 4.0 and the
result visualized with VMD 1.9.3. For visualization of optimized
structure, Mercury 2020.1 was used.” The DFT GIAO calculations
were carried out on previously optimized structure at the TPSS level
as this functional similar accuracy compares to hybrid functionals at
much lower computational cost”™ together with NMR optimized
triple T basis set namely pcSseg-2"® with CPCM continuum
solvation model using chloroform. The provided chemical shift are
referenced to tetramethylsilane optimized and calculated using the
same methodology as studied compounds.

Molecular Docking: Ligand/Protein Preparation. Ligand optimized
structure was obtained with DFT PBE method. The structure of
human Coronavirus proteases papain-like (PL") [PDB ID: 40VZ (R=
2.50 A) chain A]*” and (3CL"™) [PDB ID: 6LU7 (R=2.02 A) chain
A)]®¥ were used as the model of SARS-Cov-2 proteins and down-
loaded from Protein Data Bank (PDB) (http://rcsb.org). The crystal-
lized inhibitors were removed and used as control molecules. The
proteins were processed by removing water, adding polar hydro-
gen atoms, and default rotatable bonds were retained. Ligands
optimized structures were obtained with the DFT PBE method.”®
The Gasteiger model was used for the calculations of the partial
charges of the ligands. The proteins and ligand structures were
saved in PDBQT format with AutoDock Tools.”” The center of the
simulations were boxes of size (40 Ax40 Ax40A) centered at
(—16.333, 42.889, —38.722) for the PL"™ and (50 Ax50 Ax50 A)
centered at (—60.039, —38.173, 26.194) for the 3CL"".

Molecular Docking Simulation and Analysis of Target-Ligand Com-
plexes. Molecular docking between the proteins and the ligand was
performed using AutoDock Vina 1.1.2.7% Docking parameters were
set to default, except for exhaustiveness=32 and num_modes=2.
Ten independent runs were performed in each case, and the two
best-docked conformations of each run were analyzed, according
to the affinity calculated with the scoring function. The total docked
conformations were grouped based upon Root Mean Square
Deviation (RMSD) of the different bound poses. The RMSD differ-
ence between conformations of the same cluster was set to less
than 2 A. The binding free energy (kcal/mol) of every cluster was
calculated as the mean binding free energy (MBFE) of all the
conformations present in the same cluster. The cluster 3D
structures of the representative binding mode for each complex
with best-scoring pose were represented using PyMOL 2.1.0.7

Synthesis and Characterization

Synthesis of 3f-ethylmalonate-5-androsten-17-one (1): This com-
pound was prepared by following the method previously reported
by us.B1

Synthesis of H,@61-(ethoxycarbonyl)-61-(3f-O-carbetoxy-5-an-
drosten-17-one)methano [60]fullerene (3): To a solution of H,@C,
(30 mg, 0.041 mmol) in dry toluene (50 mL) was added 3f-ethyl
malonate-5-androsten-17-one (1, 21 mg, 0.053 mmol), CBr, (18 mg,
0.053 mmol), and diazabicyclo[4.2.0lundec-7-ene (DBU; 0.1 mL,
0.67 mmol) in that order. The reaction mixture was then stirred at
room temperature for 3 h under argon atmosphere. The color of
the solution changed from purple to brown. Water was added, and
the residue was extracted with toluene. The organic layer was dried
over MgSO,, filtered, and concentrated in vacuo. The crude product
was purified by column chromatography on silica gel, first with CS,
to elute unreacted Cg4 and finally with dichloromethane. With
characterization purposes, additional purification of these com-

ChemPlusChem 2021, 86, 972-981 www.chempluschem.org

pounds was carried out by repetitive precipitation and centrifuga-
tion using hexane, methanol, and diethyl ether as solvents.
Chemical yield: 76% (35 mg, 0.031 mmol), amorphous brown solid.
HPLC: toluene:acetonitrile, 9:1, flow rate 1 mL/min, t; = 5.5 min. 'H
NMR (700 MHz, CDCl;, 6 ppm): 5.52 (d, J=5.1 Hz, 1H, H6), 5.03 (m,
1H, H3), 4.58 (g, /=7.1 Hz, 2H, CH,0), 2.58 (m, 2H, H1), 2.48 (dd, J=
19.2 Hz, J=8.7 Hz, 1H, H16), 2.17 (m, 1H, H12), 2.13 (m, 1H, H2), 2.10
(m, 1H, H16), 1.98 (m, 1H, H4), 1.97 (m, 1H, H15), 1.88 (m, 1H, H7),
1.84 (m, 1H, H2), 1.72 (m, 1H, H11), 1.70 (m, 1H, H8), 1.58 (m, 1H,
H15), 1.55 (m, 1H, H11), 1.51 (t, J=7.1 Hz, 3H, CH;CH,), 1.35 (m, TH,
H14), 1.32 (m, TH, H7), 1.27 (m, 1H, H12), 1.25 (m, 1H, H4), 1.12 (s,
3H, CH;—C10), 1.09 (m, 1H, H9), 0.91 (s, 3H, CH;—C13), —3.13 (s, 2H,
H,) *C{1H} NMR (175 MHz, CDCl,, § ppm): 221.2 (C17), 163.8 (C=0),
163.1 (C=0), 145.51, 145.47, 145.42, 145.1, 1449, 144.8, 144.12,
144.11, 143.33, 143.25, 143.22, 143.17, 142.5, 142.12, 142.10, 141.2,
139.48, 139.46, 139.2 (C5), 122.9 (C6), 77.4 (C3), 72.7 (Csp® cyclo-
propane ring), 71.8 (Csp® cyclopropane ring), 63.5 (CH,0), 52.5 (C61
cyclopropane ring), 51.8 (C14), 50.3 (C9), 47.7 (C13), 38.0 (C1), 37.0
(C4), 36.9 (C10), 36.0 (C16), 31.6 (C8), 31.5 (C7), 31.0 (C12), 27.8 (C2),
220 (C15), 20.5 (C11), 19.6 (CH;—C10), 14.5 (CH,CH,), 13.7
(CH,—C13). ATR-FTIR: v 2930, 2864, 1720 (C=0), 1665, 1614, 1453,
1376, 1265, 1226, 1181, 1118, 1020, 730 cm™~'. HRMS (MALDI-TOF):
m/z: M" Caled for CgyH;,05: 1122.2406; Found 1122.2399.
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