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Cyclopropanation reactions between C60 and different malo-
nates decorated with monosaccharides and steroids using the
Bingel-Hirsch methodology have allowed the obtention of a
new family of hybrid compounds in good yields. A complete set
of instrumental techniques has allowed us to fully characterize
the hybrid derivatives and to determine the chemical structure
of monocycloadducts. Besides, the proposed structures were
investigated by cyclic voltammetry, which evidenced the
exclusive reductive pattern of fullerene Bingel-type monoad-
ducts. Theoretical calculations at the DFT-D3(BJ)/PBE 6-

311G(d,p) level of the synthesized conjugates predict the most
stable conformation and determine the factors that control the
hybrid molecules’ geometry. Some parameters such as polarity,
lipophilicity, polar surface area, hydrophilicity index, and
solvent-accessible surface area were also estimated, predicting
its potential permeability and capability as cell membrane
penetrators. Additionally, a molecular docking simulation has
been carried out using the main protease of SARS-CoV-2 (Mpro)
as the receptor, thus paving the way to study the potential
application of these hybrids in biomedicine.

Introduction

Fullerenes are among the most exciting molecules discovered
last century by Kroto et al.[1] Many research groups have been
devoted to studying their reactivity, photophysical and electro-
chemical properties, and the possible use of their derivatives,
both in materials science[2] and in biomedical applications.[3]

Among the various potential applications that fullerene deriva-
tives possess, their use in medicinal chemistry is probably one
of the most promising and striking at the time. They have
shown some biological properties, both in vitro and in vivo, to
be used for medical purposes.[4] The ability of C60 and its
derivatives to capture a large number of radicals per molecule
makes them potentially useful drugs for preventing or treat-
ment pathologies involving oxidative processes, such as
cardiovascular[5] or degenerative diseases.[6] Also, fullerenes
have been used as HIV-1 protease inhibitors,[7] in photodynamic
therapies,[8] as antioxidant agents,[9] as emerging tool for cancer
treatment,[10] and as antiviral agents.[11]

Although, one of the most significant applications of
fullerenes is its potential use in biological systems, an obstacle
to its application is the lack of solubility in water and the low
solubility in most organic solvents.[12] The chemical modification
of [60]fullerene to increase its solubility, can also lead to the
formation of conjugates with different physicochemical proper-
ties, thus increasing the applications of this allotrope of
carbon.[13]

Among the many reactions experienced by fullerenes,[14] the
cyclopropanation reaction forming a variety of stable derivative
in which a three-membered ring is fused to the fullerene,
represents one of the most efficient alternatives for functionaliz-
ing these carbon allotropes. Traditionally, this reaction uses an
intramolecular halide shift using a malonic acid derivative.[15] In
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this way, different ligands can be introduced by prior function-
alization with malonate linkers[16] following the Bingel-Hirsch
methodology.[17] Then, the cyclization occurs by direct treat-
ment of C60 with malonates in the presence of carbon
tetrabromide (CBr4) and 1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU), using the above-mentioned procedure. Under these
conditions, the reaction occurred smoothly even at room
temperature. However, these methanofullerenes can undergo
under the appropriate conditions a retrocyclization reaction
and, therefore, caution must be exercised when handling the
products.[18]

In the search for fullerene derivatives that could present a
greater solubility in biological media to be used in biomedicine,
our research groups have developed the synthesis of several
fullerene hybrids with potential use in medicinal chemistry. In
that sense, employing the Prato methodology,[19] our group has
reported the synthesis and characterization of novel hybrid
systems based on fullerenes with different molecules such as
heterocycles[20] and steroids.[21]

Also, using the Bingel-Hirsh reaction we carried out the
conjugation of [60]fullerene with naturally occurring steroids
such as cholesterol,[22] epiandrosterone,[23] and
dehydroepiandrosterone[24] with relevant biological properties.
Recently, we reported the synthesis of hybrids of dehydroepian-
drosterone conjugated to H2@C60 and C60 by means of a
malonate bridge.[25] The molecular interaction of these com-
pounds with the HIV-1[26] and SARS-CoV-2 proteases[27,28] as
receptors, open the door for the potential application of these
structures in biomedicine as antivirals agents. Moreover,
theoretical studies were conducted on these fullerene steroid
conjugates to determine the factors that control the geometry
of these hybrid molecules. The morphology and particle size in
aqueous solution were determined by transmission electron
microscopy.[29] A review containing the work developed in this
field by our research groups has recently been published.[30]

On the other hand, incorporating carbohydrates into hybrid
systems is being used for their ability to interact with lectins on
the cell surface, and for their participation in biological
processes such as cell growth and differentiation.[31] Due to
these characteristics, they have been covalently linked to
[60]fullerene, and the conjugates obtained tested as agents
against bacterial and viral infections.[32] Martin et al. reported
the synthesis of multivalent glycofullerenes contained 120
mannoses and up to 360 disaccarides, which act as potent
inhibitors of a model of the Ebola virus as well as other
emergent viruses like Zika and Dengue.[33] Tanimoto et al.
synthesized a derivative of C60 linked to a glucose unit that
degrades the HIV-1 protease under irradiation without addi-
tives, causing a decrease in the number of cells infected with
HIV-1 according to in vitro assays.[34]

Taking into account our expertise using the cyclopropana-
tion reaction to obtain a variety of mono[22,23] and bis-steroidal[24]

methanofullerenes, and following our interest in the chemistry
of fullerene hybrids, we have decided to increase the structural
diversity in these families of compounds. Thus, the presence of
molecules such as monosaccharides[35] and steroids[36] in the
hybrids, could increase their affinity for biological receptors and

hence their potential use in medicinal chemistry. Therefore,
herein, we describe the synthetic methodology to obtain new
fullerene hybrids containing monosaccharide and steroid moi-
eties based on the Bingel-Hirsch reaction.[17] First, it was
necessary to develop a methodology to obtain malonates with
bioactive moieties as sugars and steroids and add the bioactive
conjugates to [60]fullerene. The use of monosaccharides such
as D-galactose, D-mannose, and L-rhamnose has been related
with the increase of the hybrids solubility and their use to allow
greater recognition in the biological environment. On the other
hand, diosgenin and cholesterol scaffolds in the conjugates will
enable them to penetrate cell membranes and interact with
specific hormonal receptors.

In agreement with the previous results obtained in our
group related to the synthesis of [60]fullerene hybrids, in this
work, we report the synthesis of novel steroid-monosacchar-
idemethanofullerenes with potential biological applications. In
addition, the electrochemical properties, thermal stability, deep
structural analysis, and chemical-physical properties were
studied through theoretical calculations. Besides, molecular
docking was carried out prior optimization of the structures by
the theoretical DFT-PBE method and 6–311G(d,p) basis set, to
estimate the potential application of the hybrids as HIV-1
protease inhibitors. Some stereoelectronic parameters were
calculated to determine the electronic interactions present in
these hybrid molecules.

Results and Discussion

New hybrid compounds were prepared using the Bingel-Hirsch
protocol in a multistep synthetic procedure (see Scheme 1).

In contrast to the methods previously reported by the
group[22–24] for obtaining alkyl malonylsteroid derivatives, in this
paper Meldrum’s acid was employed as precursor. Therefore,
the first step was the preparation of the required starting
malonates by treatment of two different sterols – diosgenin
(1a) and cholesterol (1b) – with commercially available Mel-
drum’s acid through acyl nucleophilic substitution, to obtain a
new steroidal acid 2a and 2b. The reaction was carried out at
110 °C, allowing the Meldrum’s acid ring to open. The products
were purified by column chromatography, using a n-hexane/
ethyl acetate (1 : 1) mixture as the eluent. In this way, two novel
steroidal 3-oxopropanoic acids (2a and 2b) were obtained in
85 % and 86 %, respectively.

The structure of the steroidal malonates was verified by
spectroscopic techniques (1H and 13C NMR), mass spectrometry,
and elemental analysis (see Experimental Section and Support-
ing Information). The formation of steroidal acids 2a and 2b
was pointed out by the presence of the methylene protons of
malonate in the 1H NMR spectra, which appeared as singlets
near 3.40 ppm. In addition, the signals from H3 (~ 4.70 ppm) are
unshielded compared to the same proton signal in the starting
steroids (~ 4.30 ppm) confirming the functionalization of the
hydroxyl attached to C3. In addition, two signals appear at
~ 169 and ~ 167 ppm in the 13C NMR spectra, assignable to the
malonate carbonyl groups. The unshielded signal of C3 (~
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77 ppm) relative to the chemical shift of C3 in the starting
steroids (~ 73 ppm) is due to the functionalization of the
hydroxyl group.

It is known that sugars have important biological functions
in cell recognition, transport and cell adhesion, increasing the
biocompatibility of the scaffolds connected to them and
generating glycoconjugates with high affinity for cell
receptors.[31] Taking this background into account, an important
part of the work was the previous functionalization of some
monosaccharides such as D-mannose, D-galactose and L-
rhamnose to subsequently conjugate them to steroidal malo-
nates. The hydroxyl groups of monosaccharides have a similar
nucleophilic reactivity and should be selectively protected to
achieve good yields in conjugation reactions with malonyl
steroids. The saccharide fragments were conveniently function-
alized in different positions and thus achieved different binding
sites to evaluate the potential activity of the glycoconjugates,
and the viability during the conjugation to the steroidal
fragment.

The conjugation of the monosaccharides 3a, 3b or 3c to
the steroidal acids 2a and 2b was carried out using two
synthetic methods, taking into account the positions where the
sugar is linked and their reactivity. The monosaccharides were
linked at the anomeric position and at the C4 and C6 carbons.
The glycosylation reaction occurs through a nucleophilic
substitution in the anomeric carbon, favored by the activating
character of the trichloroacetoimidate group. The glycosidic
bond is formed between the monosaccharide (donor) and the
steroid through the spacer malonate to generate malonates
4a.[37] Conjugates 4b–4d are obtained by an esterification
reaction using EDC as activating of the carboxyl group.[38]

In both cases, the reactions took place in one hour, and the
reaction crudes were purified by column chromatography. In
this way, four new malonyl-substituted steroids (4a–4d) were
obtained with yields ranging between 60–75 %. As the
malonate group fragment of the steroidal acids is the only one
involved in the reaction, it can be deduced that the different
sugars’ structure directly influences the reaction yield. Although
the reactions yields are similar, the lowest yield value
corresponds to conjugate 4a. This experimental result could be
explained considering that the presence in D-mannose of an
axial acetate group linked to C2 causes a steric hindrance in the
β face against the approximation of the steroidal acid to the
anomeric position. In the other conjugates, there is less steric
hindrance in the different conjugation positions.

The structures of compounds 4a–d were verified using
spectroscopic techniques (1H and 13C NMR), mass spectrometry
and elemental analysis (see Experimental Section and Support-
ing Information). The methylene protons of the malonates were
observed as singlets at ~ 3.40 ppm in the 1H NMR spectra. The
proton H1’ of conjugate 4a has a J= 1.9 Hz, which indicates a
weak coupling with its neighboring proton H2’ due to its cis
disposition. On the other hand, the 13C NMR shows two signals
at ~ 165 ppm corresponding to the carbonyl carbons of the
malonate group, showing that this group remains in the
structure without modifications. The carbon signals correspond-
ing to the functionalized positions during the conjugate
formation are more unshielded related to the starting mono-
saccharides due to the strong unshielding effect of the carboxyl
group of the malonate.

Finally, the [60]fullerene functionalization was performed by
using the Bingel-Hirsch reaction conditions. For this, the C60 and

Scheme 1. Synthesis of hybrid monosaccharide-steroid-fullerene (5a–5d). (i) Meldrum’s acid, toluene, reflux, (ii) monosaccharide (3a, 3b or 3c), BF3·Et2O or
EDC, DCM dry, 1 h, (iii) C60, DBU, CBr4, toluene, room temperature.
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the steroidal malonate (4a–4d) were dissolved at room temper-
ature in toluene and in the presence of carbon tetrabromide as
the halogenating agent and DBU as the base, the correspond-
ing methano[60]fullerene was generated. The formation of the
monoadducts occurs with a color change from purple to brown
in the reaction mixture. The reaction was stopped after two
hours when the formation of more polar species than the
monoadduct were observed by TLC (polyadducts). Purification
was performed by flash chromatography, where carbon disul-
fide was first used to separate the C60 that remained unreacted
and subsequently the monoadduct was eluted with dichloro-
methane. After purifying the different reaction crudes, the
corresponding methano[60]fullerenes 5a–5d, were obtained as
stable brown solids, with 63–65 % yields. These values are
according to those previously obtained for steroid-fullerene
hybrids.[22–24]

The HPLC profiles of the reaction mixtures (toluene/
acetonitrile 9 : 1; 1 mL/min) show peaks at 5.3, 5.2, 5.6 or
4.0 min, corresponding to 5a, 5b, 5c, and 5d, respectively (see
Supporting Information S72-S76). The peak with the highest
retention time on each chromatogram corresponded to
unreacted C60 and other minor peaks attributed to C60 epoxide
and the formation of polyadducts were also observed.

The structural elucidation of the carbohydrate-steroid-full-
erenes (5a–5d) was accomplished using different spectroscopic
techniques (see Experimental Section and Supporting Informa-
tion). 1H NMR spectroscopy reveals the presence of the
disubstituted malonates covalently linked to the [60]fullerene.
No signal corresponding to the methylene protons of the
starting malonates (4a–4d) at ~ 3.38 ppm was identified,
indicating the functionalization of this spacer. The presence of
C60 modifies the chemical shifts of the atoms close to its surface,
and, particularly, those of the monosaccharide protons, which
appear more unshielded. The proton H3 of the ring A resonates
at ~ 5.00 ppm compared to the signal of the same proton (~
4.65 ppm) in 4a–4d. On the other hand, the 13C NMR spectrum
shows an increase in the number of signals in the sp2 carbon
region corresponding to C60. The three signals from the sp3

carbon atoms of the cyclopropanes ring were observed, two at
~ 72 ppm and the other at ~ 52 ppm. Furthermore, two signals
assignable to the carbonyl carbons of the malonate group
appear at ~ 162.8 and ~ 168.9 ppm. The position of the signals
of the steroid and carbohydrate backbones did not show
significant variation. The analysis of the 2D NMR spectra has
allowed the unambiguous assignment of the signals of the 1H
and 13C NMR spectra straightforwardly.

The structure of the monoadducts obtained was confirmed
by high-resolution mass spectrometry using the MALDI-TOF
technique. For all the compounds, a peak with an m/z ratio
equal to the protonated or deprotonated molecular ion is
observed, with the exception of hybrid 5d, which shows a peak
corresponding to the molecular ion [M]*+ (See Experimental
and Supporting Information).

UV-Vis spectroscopy is important to corroborate the for-
mation of [6,6]-closed fullerene adducts. The four synthesized
hybrids presented a weak absorption band center at 430 nm,
characteristic of [60]fullerene monoadducts,[39] see Figure S71 in

the Supporting Information. Also, the FTIR spectra exhibited the
specific band of organofullerene derivatives at ca. 730 cm� 1[40]

and a signal at 1740 cm� 1 corresponding to the C=O stretching
vibration (see Supporting Information).

The hydrolysis of monosaccharide’s protecting groups could
increase the fullerene derivatives’ polarity. The isopropyliden
group is more stable than the acetate group in biological
media, because the acetyl esterase can hydrolyze the last
one.[41] Because of the presence of isopropiliden moiety, 5d was
chosen as a model molecule to test the removal of the
protecting group. Hydroxyl groups deprotection in 5d was
achieved with trifluoroacetic acid[42] affording 6 in 35 % yields
(see Scheme 2).

The structure of hybrid 6 was confirmed by 1H- and 13C NMR
spectroscopic techniques, and high-resolution mass spectrome-
try (see Experimental Section and Supporting Information). In
the most unshielded region of the spectrum, the characteristic
signals of the steroidal skeleton are located, namely the
multiplet at 5.48 ppm assignable to H6 (ring B) and the
multiplet at 5.04 ppm to H3 (ring A). The only protective group
removed was isopropylidene, since the singlets of the methyl
groups were found at 1.65 and 1.37 ppm in the spectrum of 5d
disappeared. In addition, two signals corresponding to two
hydroxyl groups, which were not present in the starting hybrid,
were observed at 3.09 and 2.50 ppm groups were observed at
3.09 and 2.50 ppm. The other signals of 6 did not show
significant variation concerning those identified for compound
5d. (See Experimental and Supporting Information).

Although the solubility of these hybrids was not experimen-
tally determined, it was found that the conjugation of steroids
and monosaccharides to C60 improves the solubility of the
hybrid compounds in organic solvents such as chloroform,
dichloromethane, and dimethylformamide, among others. In
the case of compound 6, it becomes slightly soluble in water
after ultrasonication. A fact that could enable further biological
investigations.

For a better understanding of molecular interactions and
properties, quantum calculations were performed. After build-
ing the 3D structures of compounds 5a–5d first semi-empirical
extended tight-binding method was used, namely GFN2-xTB.[43]

This method is a second and very recent version of the tight-
binding method from Grimme laboratory[44] with several para-
metrizations, including D4 dispersion model and presents some
advantages over previously used by us PM6 semi-empirical[45] as
better approximations of bond length and improved non
covalent interaction energies. This more robust method is still
swift, and we used it for pre-optimization and starting point in
DFT optimizations[46] of all molecules. For more accurate, but

Scheme 2. Selective deprotection. (i) CF3CO2H, H2O, CHCl3, r.t., 14 h.
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computationally expensive DFT calculation, we chose PBE[47]

functional as it presents good consensus regarding results and
computational demand in big systems such as fullerene
derivatives. We also have used dispersion correction D3(BJ)[48] as
it significantly improves optimization in medium and big
systems. In the first iteration, we optimized structures at double
zeta 6-31G(d) and then refined using triple zeta 6-311G(d,p)
level[49] of theory for full optimization. The optimized structures
were confirmed by lacking imaginary frequencies.

The optimized structures are shown in Figure 1. The
previous studies where only a steroid moiety was present
showed that the carbonyl groups of the malonic moiety present
s-trans disposition.[23,24] Herein, where a saccharide moiety is
also part of the structure, this tendency is lost. Only in
compounds 5a and 6 are the carbonyls pointing in opposite
directions with torsion O=C···C=O angles of � 171.67° and
� 116.04°, respectively. Compounds 5b and 5c showed rather
synclinal, or close to synclinal in the case of 5d, predisposition
with torsion angles: 65.45°, 78.85° and � 96.82°, respectively,
were predicted.

The high content of oxygen atoms in monosaccharide or
monosaccharide derivatives moieties and the space constraint
produced by the fullerene cage might make possible inter-
actions between carbohydrate and steroid moieties. The DFT

calculation predicts two interactions of this kind in compound
5a. The oxygen from the pyran ring from galactose interacts
with one of the hydrogen attached to C19 in the methyl group
from diosgenin with a distance of 2.536 Å. Also, the oxygen in
the carbonyl group located on the acetyl group close to C6’
interact with H4 at 2.525 Å distance. Additionally, the methyl
group from the same acetyl group produces a hydrogen bond
with the oxygen from the more distant carbonyl group from
malonic moiety and the same oxygen seems to interact with H3
(2.493 Å). The absence of carbonyl groups in the galactose of
compound 5b also results in no direct interaction between the
cholesterol and galactose scaffolds. However, one of the
malonic carbonyl groups interacts with both moieties H6’
(2.309 Å) from the saccharide and H2 (2.758 Å) and H1 (2.763 Å)
from cholesterol. In compound 5c we can observe a weak
interaction between the saccharide‘s oxygen attached to C4
with the hydrogen from methyl C19 from diosgenin (2.603 Å).
Another hydrogen bond interaction in this compound stems
from the malonic part of the molecule. The closest carbonyl
groups interact on the one hand with H3 from the steroid and
on the other hand with saccharide H6’ (2.382 Å) and simulta-
neously with the hydrogen from one of the methyl group close
to acetal moiety and C4’ (2.573 Å). Oxygen from pyran ring in
compound 6, similar to compound 5a, acts as an electron

Figure 1. Optimized structures of compounds 5a (a), 5b (b), 5c (c), 5d (d), and 6 (e) using DFT-D3(BJ) at PBE/6-311G(d,p) level of theory. Torsion angles (°) are
shown in violet and distances in blue (Å).
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donor to H4 from diosgenin (2.229 Å), producing interaction
between the two moieties.

Other interactions are due to carbonyl groups from the
malonic linker, which in a similar way to compound 5c,
produces hydrogen bonds with the closer moiety. The H3 from
steroid ring A interacts with the closest carbonyl (2.311 Å), and
the other carbonyl interacts with H4’ (2.457 Å) and 5H’ (2.603 Å)

both from saccharide moiety. Compound 6 does not show a
direct interaction between the saccharide and the steroid parts.
However, another interesting interaction is present in this
compound. In this case, rhamnose contributes with free
hydroxyl groups making strong hydrogen bonding possible.
The hydroxyl group at H2’ interacts with the H from another
hydroxyl group at C3’ with OH···O 2.105 Å. However, this
hydroxyl group at C3’ forms another and stronger (1.850 Å)
hydrogen bond with the closer carbonyl from malonic moiety.
The same carbonyl interacts simultaneously with H4’ (2.559 Å).
Another malonic carbonyl group interacts with H3 as in
previous compounds containing diosgenin steroid with a
2.412 Å distance.

The visual representation of those interactions is shown in
Figure 2. The aforementioned interactions between the steroid
and the saccharide moieties in optimized compounds are
shown as an amplification of the specific zones for a better
visualization. The strongest attractive interactions as hydrogen
bond where oxygen is an electron donor are represented by
blue color, weak interactions by green and in red repulsive
interactions. Interestingly, all studied compound show weak
interactions between the fullerene and the oxygen atoms from
the malonate moieties, represented by relatively big isosurface
values. In the cases of compounds 5a, 5d and 6, the oxygen
atoms from the saccharides also contributes to those inter-
actions. Additionally, methyl groups from the saccharide
moieties in 5a and 5c and steroid in 5b also showed weak
attractions to the fullerene.

On the other hand, from the representation of the
molecular orbitals in Figure 3, the LUMO orbitals can be
observed exclusively in the fullerene nucleus for all the hybrids.

Figure 2. Non-covalent interactions of molecules of 5a (a), 5b (b), 5c (c), 5d
(d), and 6 (e). The most important interactions between steroid and sugar
moieties are shown as amplification of the zone in each molecule. The
isosurfaces with blue color represent strong attractions, green weak
attraction forces and red repulsions.

Figure 3. Molecular orbitals involved in the transitions HOMO-LUMO of 5a (a), 5b (b), 5c (c), 5d (d), and 6 (e) calculated using DFT-D3(BJ) method at PBE/6-
311G(d,p) level of theory in the gas phase.
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In contrast, the electron density of HOMO is located in the
steroid skeleton at 5a, while at 5b, 5d, and 6 it is found in the
fullerene unit. In a particular case, the HOMO of 5c is
distributed both in the steroid and in the fullerene. In this
family of hybrids, similar energies were found for HOMOs and
LUMOs, exhibiting an energy gap between them of 1.5 eV.

The surface electronic densities for each hybrid were
determined to evaluate the intramolecular interactions. There-
by, the electrostatic potential maps were obtained, which are
shown in Figure 4.

The covalent binding of functionalized malonates to full-
erene modifies the electrostatic potential distribution in three
well-defined regions. In this sense, the negative potential,
represented by the red color, was mainly associated with the
oxygen atoms belonging to the carbonyl, ester and ether
functions. At the same time, the positive regions identified in
blue were located in some regions of the steroidal skeleton and
associated to the methyl groups of monosaccharides. Most of
the uncharged zones, green in color, are distributed throughout
the molecule, which predicts an improvement in the lipophilic
character of the hybrids, making them more soluble in less
polar solvents.

Additionally, the dipole moments were retrieved from DFT
calculation, which depends directly on the molecular geometry.
It was found that the spatial arrangement of the spacer
malonate carbonyl group has a high contribution to the net
dipole moment of the molecule. In compound 5a, the carbon-
yls are in opposite positions (-171°), so the vector of the central
dipole moment practically cancels out and the molecule‘s
dipole moment is the smallest (3.02 D). The arrangement of the
carbonyl groups in 5b is perpendicular; therefore, the max-
imum contribution to the net dipole moment is obtained
among the analyzed compounds with a value of 7.05 D. For the

remaining hybrids 5c (5.04 D), 5d (5.86 D), and 6 (5.38 D) the
contribution of the carbonyl groups are intermediate.

The electrochemical behavior of monosaccharide-steroid-
methano[60]fullerene 5a–5d and 6 was investigated by cyclic
voltammetry using CH2Cl2 as solvent. Table 1 shows the
obtained results. All the compounds exhibit two quasi-
reversible fullerene-based reductions and another one or two
reduction processes that are chemically irreversible (see Fig-
ure S77 and S78 in the Supporting Information), presumably
due to the cleavage of one of the cyclopropane bonds
connecting the addend to C60. The cathodic shift observed in
the derivatives when compared with C60, is a consequence of
the saturation of a double bond in the fullerene sphere after
the formation of the monoadducts, which leads to higher
energies of the LUMO and to a decrease in the electronic
affinity.

For similar electrochemical results, see the previously
reported information on Bingel–Hirsch-type steroid–fullerene
hybrids.[22–24] The modifications on the sugar or the steroids
have no effects on the reduction potentials of the Bingel-Hirsch
adducts. The energy values obtained for the DFT method are
close to those estimated by cyclic voltammetry with experimen-
tal deviations of ~ 0.03 eV. Differences in the potential values
are within experimental error.

A thermogravimetric analysis (TGA) was performed to assess
the thermal stability of the newly synthesized materials. Thus,
TGA of the synthesized methano[60]fullerenes are represented
to show that the hybrids exhibit a slight weight loss between
100 and 150 °C corresponding to the loss of solvent molecules
(See Figure S79–S82 in the Supporting Information). According
to the theoretical DFT calculations, it was determined that 5a
shows the HOMO with the lowest energy, to which the highest
thermodynamic stability is attributed. 5a presents the thermo-
gram with the lowest mass loss up to 300 °C and a mass
variation of 0.2 %/°C, which corresponds with the theoretical
studies. Taking into account the results obtained from the
thermal behavior of the hybrids, they can be considered
thermally stable solids in the range of 25–100 °C. The stability in
this temperature range allows its potential use for different
medicinal and materials chemistry applications.

Predicting the absorption, distribution, metabolism and
excretion (ADME) properties in silico of organic molecules

Figure 4. Depiction of the molecular electrostatic potential maps for the
optimized structure of 5a (a), 5b (b), 5c (c), 5d (d), and 6 (e). The red color,
represented negative potential, the blue color the positive potential and the
green color the uncharged regions.

Table 1. Redox Potentials obtained in CH2Cl2 vs. Ferrocene (mV) and
estimated LUMO levels (eV).[a]

Compound E1
1/2, red E2

1/2, red E3
1/2, red LUMO[c] LUMO[d]

C60
[a] � 860 � 1440 � 2000 � 4.24 –

5a � 1063 � 1417 � 1922 � 4.04 � 4.07
5b � 1074 � 1475 � 2138 � 4.03 � 4.06
5c � 1052 � 1428 � 1995 � 4.05 � 4.08
5d � 1078 � 1446 � 2003 � 4.02 � 4.05
6 � 1049 � 1413 � 1860 � 4.05 � 4.08

[a] Experimental conditions: GCE as working electrode, Pt as the counter
electrode, Ag/AgNO3 as the reference electrode, Bu4N+PF6

� (0.1 M) as the
supporting electrolyte, 100 mV/s scan rate. Experimental error �5 mV.[50] [b]

Cathodic peak potentials, irreversible processes. [c] LUMO = � (E1
1/2 red +

5.1).[51] [d] Calculated by DFT.
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continues to play a fundamental role in drug discovery.[52]

Preliminary estimates of the permeability of organic molecules
can be made based on their molecular structures. The
physicochemical properties examined were lipophilicity (log P),
polar surface area (PSA), hydrophilicity index (Hy), and solvent-
accessible surface area (SASA). Table 2 shows the results of the
evaluated properties.

The n-octanol/water partition coefficient (log P) is a tradi-
tional molecular transport descriptor used to measure hydro-
phobicity or lipophilicity related to cell membrane penetration
and permeability of organic molecules.[56] The log P values
calculated for each compound indicate an electrostatic distribu-
tion that increases the lipophilicity of the hybrids. The higher
lipophilicity value obtained for the 5b derivative can be
attributed to the cholesterol moiety in the hybrid, which is less
polar than the diosgenin. It is curious that although hybrid 6 is
the only unprotected derivative with two free hydroxyl groups,
it does not have the lowest log P value. The hydroxyl groups of
6 can form intramolecular hydrogen bonds, which suggests
that they have little participation in the interaction with the
polar molecules of the solvent. It was observed in the optimized
structure in Figure 4. Although log P is a good predictor of
permeability across biological membranes, lipophilicity is not
the only determinant of cell permeability and other factors
have been shown to affect the overall permeability of a
molecule.

PSA is another property that has emerged as an estimation
of permeability and has been used to predict passage through
the blood-brain barrier and human intestinal absorption.[57] The
topological polar surface area (TPSA) was calculated since the
results are computationally faster and homologous to the
classical estimation of the PSA. The literature suggests that
patency is optimal when the TPSA is <120 Å2 based on a study
of commercially available drugs.[58] Only two hybrids exceed
120 Å2, corresponding to the derivatives with acetate groups
(5a) and hydroxyl groups (6) in the monosaccharide units. The
high TPSA values may indicate the higher desolvation energy
required to overcome the strong carbonyl: water and hydroxyl:
water interactions in 5a and 6, respectively. It is postulated that
the polar groups resist desolvation when passing from an
aqueous extracellular environment to the interior of mem-
branes. Thus, PSA measures part of the desolvation energy to
break the solute: water interaction necessary for membrane
transport.

On the other hand, we also determined the hydrophilicity
index (Hy), which predicts water solubility and follows the same
trend as the TPSA. As expected, this magnitude shows the
opposite results to lipophilicity. The less lipid-soluble hybrid
(5a) shows the highest hydrophilic behavior (� 6.026), due to
the possible interaction between the mannose unit and the
water molecules through four carbonyl groups forming H-
bonds.

The solvent-accessible surface area (SASA) is an important
property that can explain intermolecular interactions and the
degree of folding in a molecule. 5b presents the lowest SASA
(1113.65 Å2), due to steroid folding. Moreover, the interface
between the monosaccharide and the steroid is limited to
interaction with the solvent. In the case of the other hybrids,
the diosgenin backbone is fully extended, allowing solvent
interaction with the steroid and the monosaccharide.

Therefore, considering the results, the hybrid molecules 5a–
5d and 6, may penetrate through lipid membranes and cross
the blood-brain barrier, which would be important for possible
biological applications.

The interaction of the synthesized fullerene derivatives with
the main protease of SARS-CoV-2 (Mpro) was studied by
analyzing the binding energy of the different complexes
generated by Molecular Docking. The C60 core interacts with the
main protease of SARS-CoV-2 as reported in silico assays.[59] The
active site shows a pocket shape which allows the accommoda-
tion of small ligands inside it. Moreover, Mpro has a catalytic
dyad H41 and C145 involved in specific interactions with the
substrates.

The docking parameters selected were corrected using the
crystallization ligand (G65) where the best conformation has
the same binding mode that in the protein PDB with an RMSD
value of <2 Å. The ligand-Mpro complexes were grouped in
clusters and the group with the highest number of solutions
and the lowest average energy was selected as the representa-
tive binding mode for each fullerene derivative. Of the total
number of conformations obtained, more than 90 % of the
conformations present a structural overlap with an RMSD value
of 2 Å for each ligand (See Table S4 in the Supporting
Information). Table 3 shows the affinity values for the hybrids.

All hybrids present a negative energy binding lower than
that calculated for G65, showing the affinity of these derivatives
for this SARS-CoV-2 receptor. Although there are no significant
differences between the binding values of the hybrids, it should
be noted that the rhamnose products present the highest
affinities. The removal of the isopropylidene group resulted to
be a method to barely increase the scoring function. TheTable 2. Theoretical physicochemical parameters calculated for the hy-

brids 5a–5d and 6.

Property 5a 5b 5c 5d 6

log P[a] 13.65 22.43 17.35 21.93 20.36
TPSA (Å2)[b] 185.49 98.75 117.21 107.98 129.98
Hy[c] � 6.03 � 6.24 � 6.16 � 6.17 � 6.11
SASA (Å2)[d] 1305.37 1113.65 1232.75 1260.53 1229.99

[a] Predicted n-octanol/water partition coefficient (lipophilicity) using
XLOGP2v3.2.0.[53] [b] Topological polar surface area calculated by Bio-
Triangle web server.[54] [c] Hydrophilic index calculated by BioTriangle web
server.[54] [d] Solvent-accessible surface area calculated by FreeSASA 2.0.3
with Lee & Richards algorithm.[55]

Table 3. Molecular docking results of fullerene hybrids with Mpro.

Ligand Binding energy [kcal/mol]
Cluster A Cluster

5a � 9.5 � 9,0
5b � 9.4 � 8,1
5c � 10.4 � 9,6
5d � 11.8 � 11,3
6 � 13.8 � 13,0
G65 � 9.3 � 8,7
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amphipathic nature of the C60-anchored malonate determined
the region of the molecule for which interactions were
established. All the generated conformations showed a prefer-
ential disposition of the monosaccharide fragment inside the
enzyme, while the steroid was exposed on the protease surface.
Representative conformations of each ligand are represented in
Figure 5.

It was possible to observe polar interactions in all studied
clusters. The carbonyl group of the malonate forms hydrogen

bonding with N142, E166, D187, and Q189. These superficial
residues bind the ligand to the interior of the receptor. In
addition, the monosaccharide fragment is responsible for the
interaction with the catalytic dyad. The sugar forms hydrogen
bonds fundamentally through the different protective groups
of the oxygen atoms. For residue H41, aromatic H-bonds with
ether and carbonyl groups of the monosaccharides were
observed in some clusters (Table 4).

In similar studies Calvaresi et al.[59a] determined that the core
of C60 occludes the enzyme cavity and interacts directly with
the catalytic residue H41 by π-π stacking interactions. In our
case, the interactions reported for C60 are replaced by polar
interactions of the monosaccharide in the cavity. The represen-
tative conformation for 6 is shown in Figure 6. It was observed
that the free hydroxyl groups of the sugar form hydrogen
bonds with the carbonyl groups of R188 and Q189, and the
oxygen atom of the rhamnose ring interacts with H41. The
preference of the monosaccharide for the active site leaves the
fullerene core exposed on the enzyme surface and makes it a
hydrophobic blocker for competing ligands.

The presence of polar groups in the monosaccharide moiety
increases the hydrogen bonds formation. These results, both in
energy and number of interactions, were higher than those
obtained in previous work in the same computational con-
ditions by our group for an androsterone-H2@C60 hybrid.[25]

Conclusions

In summary, in this paper we report new hybrids using
[60]fullerene as a platform, showing steroid and monosacchar-
ide moieties in their structures by using the Bingel– Hirsch
methodology. The cyclopropanation of the steroid-monosac-
charide malonates with C60 provided methano[60]fullerene
derivatives (5a–5d and 6). An exhaustive spectroscopic and
analytical study confirmed the chemical structure of the new
compounds to be unambiguously determined. Also, the
proposed structures are supported by their electronic spectra
and cyclic voltammetry investigations, which reveals the
spectroelectrochemical features of methanofullerene monoad-
ducts. Besides, theoretical calculations predicted the most
stable conformations of the synthesized monosaccharide-
steroid-fullerene derivatives, showing that hydrogen bonding
plays a major role in the geometry of these hybrid molecules.
The molecular docking studies suggested the possible applica-
tion of these compounds as anti- SARS-CoV-2, due to their
ability to inhibit the Mpro protease, the one that has a key role
in the virus life cycle, notably in mediating viral replication and
transcription. The calculated physicochemical parameters
achieved by the presence of steroid and carbohydrate moieties
in these fullerene hybrids, could contribute to enhancing the
predicted activity, which is a promising result to explore further
in the search for biomedical applications of these molecular
systems.

Figure 5. Superimposed image of hybrids-Mpro complex with the lower
binding energy: 5b (blue), 5d (yellow), 6 (green).

Table 4. Molecular docking results of fullerene hybrids with Mpro.

Ligand Cluster A Cluster

5a H41, N142, C145, E166 H41, H41*, N142, C145, Q189
5b H41*, C145, Q189 H41, N142, C145, Q189
5c H41*, N143, C145, E166 H41*, C145, Q189
5d H41*, Q189 H41, N142, E166
6 H41, N142, Q166 H41, D187, Q189
G65 H164, S144, C145 L141, C145

*aromatic H-bonds

Figure 6. Polar interactions of 6 with Mpro residues. The H-bonds are
represented in yellow discontinued lines.
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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
silica gel plates (230-400 mesh). Flash column chromatography was
performed using silica gel (60 Å, 32–63 μm). 1H NMR spectra were
recorded at 700 MHz, and 13C NMR at 175 MHz; the one-bond
heteronuclear correlation (HMQC) and the long-range 1H-13C
correlation (HMBC spectra were obtained by use of the inv4gs and
the inv4gslplrnd programs). HRMS were recorded under ESI and
MALDI (dithranol as matrix) conditions in a positive mode of
detection. Microanalysis was performed with a Perkin–Elmer 2400
CHN instrument. A high-performance liquid chromatography
(HPLC) system (Cosmosil Buckyprep preparative column, dimen-
sions, 4.6 × 250 mm2; flow rate 1.0 mL min � 1, injection volume
15 μL, eluent toluene) was used to determine the purity of the
compounds synthesized. The retention times (tR) reported were
determined at a wavelength of 320 nm. FTIR spectra were carried
out using the ATR of the solid compounds. UV/Vis spectra were
recorded in toluene. Electrochemical measurements were per-
formed with a three-electrode configuration system. The measure-
ments were carried out with CH2Cl2 solutions [0.1 M in tetrabuty-
lammonium hexafluorophosphate (TBAPF6)]. A glassy carbon
electrode (3 mm diameter) was used as the working electrode, and
a platinum wire and an Ag/AgNO3 electrode were employed as the
counter and the reference electrode, respectively. Ferrocene (Fc)
was added as an internal reference, and all potentials were
determined relative to the Fc/Fc+ couple. Both the counter and the
reference electrodes were directly immersed in the electrolyte
solution. The surface of the working electrode was polished with
commercial alumina before use. Solutions were stirred and
deaerated by bubbling argon for a few minutes before each
measurement. Unless otherwise specified, the scan rate was
100 mV/s and the experimental error �5 mV. TGA analyses were
carried out under air and nitrogen in a TATGA-Q500 apparatus. The
sample (~ 0.5 mg) was introduced inside a platinum crucible and
equilibrated at 90 °C followed by a 10 °C min� 1 ramp between 90
and 1000 °C.

Computational methods: All molecules were built with
Avogadro.[60] First the structure of the molecules were optimized
using semi-empirical GFN2-xTB[44][43] using xtb[61] (version 6.4)
application. The optimization war run using vtight keyword to
increase the accuracy of the optimization. Then those optimized
structures were used as a starting point for DFT calculations which
were performed with ORCA 4.2.1.[62] The gradient-corrected ex-
change-correlation functional of Perdew, Burke, and Ernzerhof
(PBE)[47] functional was chosen for optimization and calculation of
properties using first the double-zeta 6-31G(d) and then refined
with 6-311G(d,p) basis set.[49] In all DFT calculations, dispersion
correction was applied (D3BJ),[48] and TightOpt keyword was used
to reduce numerical noise in the gradient. 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. The mep.py python script written by Marius Retegan[63]

was used for cube file preparation and then molecular electrostatic
map were visualized using VMD 1.9.3.[64] NCI analysis was performed
using NCIPLOT 4.0[65] and the results were visualized with VMD
1.9.3. Mercury 2020.1[66] was used for the representation of
optimized structures.

Molecular Docking

Ligand/Protein Preparation. The structure of Mpro [PDB code:
7JU7, (R = 1.60 Å)[67] was retrieved from Protein Data Bank (PDB)
(http://rcsb.org). The optimized structures of the ligands were
obtained from the DFT calculations.[46] PDB files of the protease
and ligands underwent a conversion to PDBQT format to
perform molecular docking simulations with AutoDock Tools.[68]

The Gasteiger model was used for the calculations of the partial
charges of the ligands. Nonpolar hydrogen atoms were merged
and default rotatable bonds were retained, except for the
fullerene that was set to un-rotatable, using TORSDOF utility in
AutoDock Tools. The simulation box was positioned at the
center of the active site of the protease with size 30 × 30 × 30 Å3.

Simulation and Analysis of Docking Results. Nonflexible
docking simulations were performed using AutoDock Vina
1.1.2.[69] Docking parameters were set to default. Ten independ-
ent runs were performed in each case, each run‘s two best-
docked conformations each run were analyzed, according to
the affinity calculated with the scoring function. Each docking
simulation produced 20 different docked conformations, which
were then grouped based upon Root Mean Square Deviation
(RMSD) of the different bound poses. The RMSD difference
between conformations of the same cluster was set to less than
2 Å. The binding free energy (kcal/mol) of every cluster was
calculated as the mean binding free energy of all the
conformations present in the same cluster. The cluster with the
best-scoring pose (higher number of conformations with the
lowest mean binding energy) was used as a representative
binding mode for each complex. 3D structures were repre-
sented using Schrödinger Maestro 13.2.[70]

Synthesis and Characterization

Synthesis of mono-carboxylic malonates 2a and 2b: To a
solution of the appropriate steroid diosgenin (1a) or cholesterol
(1b) (4.82 mmol) in toluene (100 mL), Meldrum's acid (1.04 g,
7.24 mmol) was added and the mixture was stirred under reflux.
After 1 h the solvent was removed under reduced pressure. The
crude product was purified by column chromatography on
silica gel with n-hexane/ethyl acetate (1 : 1) as the eluent.

Synthesis of steroid-sugar conjugates

Method A

(22R,25R)-spirost-5-en-3β-yl malonate-2’,3’,4’,6’-tetra-O-
acetyl-β-D-mannopyranoside (4a): A solution of malonate 2a
(0.94 g, 1.87 mmol), 3a (0.54 g, 1.10 mmol), 4 Å molecular sieves
(0.5 g) in dry CH2Cl2 (10 mL) was stirred for 5 min. The solution
was cooled to 0 °C and BF3·Et2O (0.3 mL, 2.37 mmol) was added
over 5 min over argon. The mixture was stirred for 1 h at room
temperature and the reaction mixture was neutralized with
Et3N, filtered through Celite, the solvent was removed and the
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residue was purified by column chromatography in silica gel
with n-hexane/ethyl acetate (3 : 1) as the eluent.

Method B

To a stirred solution of the corresponding monosaccharide 3b
or 3c (0.38 mmol) in dry CH2Cl2 (5 mL), was added the
corresponding malonic acid (2a or 2b) (0.5 mmol) followed by
EDC·HCl (221 mg, 1.15 mmol). After stirring at 25 °C for 1 h the
mixture was diluted with CH2Cl2 (5 mL). The solution mixture
was washed with two 10 mL portions of water and saturated
NaCl aqueous solution (15 mL). The organic layer was dried
(MgSO4) and filtered, and the solvent was removed under
reduced pressure. The crude product was purified by column
chromatography on silica gel with n-hexane/ethyl acetate (6 : 1)
as the eluent.

Synthesis of Bingel-Hirsch hybrids: A solution of C60

(50 mg, 0.069 mmol) in toluene (100 mL) was prepared. The
corresponding malonate (0.069 mmol), CBr4 (0.12 mmol), and
diazabicyclo[4.2.0]undec-7-ene (DBU; 0.19 mL, 1.35 mmol) were
added in that order. The reaction mixture was then stirred at
room temperature for 2 h. Water was added, and the residue
was extracted with toluene. The combined extracts were dried
(MgSO4) and filtered, and the solvent was removed under
reduced pressure. Purification of the products was achieved by
column chromatography on silica gel, first with CS2 to elute
unreacted C60 and finally with dichloromethane for the
monoadduct.
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New [60]fullerene hybrids endowed
with steroid and monosaccharide
moieties are obtained through a cy-
clopropanation reaction. The structure
of monoadducts were determined by
spectroscopic and analytical study.
Theoretical calculations predicted the

most stable conformations and
determine the factors that control the
hybrid molecules’ geometry. The
molecular docking studies suggested
the possible application of these
compounds as anti-SARS-CoV-2.
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