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Abstract

Epoxide of oestradiol is one of the main risk factors for the genesis and evolution of breast cancer; hence, in recent years
there has been considerable interest in the investigation of new inhibitors capable of reducing its carcinogenic activity. The
aim of this article is to study the [2+2] cycloaddition reaction of epoxide of oestradiol in different pristine (C7¢ and Dsj,-
Cso) and endohedral metallofullerene (C72 @Sc,C;, C76@Sc; and Cgp@Sc;) by means of molecular electrostatic potential
(MEP) topological analysis. Different from other molecular scalar fields, MEP topology enables to find minima related
to lone pairs and 7 electrons, therefore, this molecular scalar field is appropriate to identify the most reactive sites. In
consonance with our results, it was found that Cgg was the best candidate to carry out the epoxide of oestradiol cycloaddition
since more stable adducts were obtained. Furthermore, it is expected that more than one oestradiol epoxide molecule will
be added to Cgg, forasmuch as Cgg reactivity is enhanced once the adduct is formed. The study was carried through DFT
framework included in the Gaussian 09 package (MPWB95/6-31G(d,p)).
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Introduction Despite the aforementioned, there are several recent

reports indicating that this kind of procedure is possible

Cycloaddition reactions between organic substances are
known procedures that are carried out in the presence of
UV radiation [17]. Nevertheless, the corresponding thermal
procedure does not yield any products since, according
to the Woodward—Hoffman rules [35], the symmetry of
the orbitals is not appropriate for the attack. However,
the elevated energy provided by the photoreactive method
allows the reactants to reach a level in which the symmetry
of the orbitals is propitious for the addition.

Electronic supplementary material The online version of
this article (https://doi.org/10.1007/s00894-018-3778-5) contains
supplementary material, which is available to authorized users.

< Roberto Salcedo
salcedo@unam.mx

Instituto de Investigaciones en Materiales,
Universidad Auténoma de México, Circuito
Exterior s/n, Ciudad Universitaria, Coyoacan,
Mexico City, 04510, Mexico

in both pristine and endohedral fullerenes [23-25, 39, 40]
because the frontier molecular orbitals of these systems
have sufficient symmetry to permit [2+2] cycloaddition.
Indeed, this procedure is the source of several interesting
derivatives of fullerene, which have important applications
[7,20].

Endohedral fullerenes are derivatives in which many
different guest species are found in the space within the
cages of the fullerene [29]. A clear preference for large
fullerenes (Cgg, Cg, etc.) as hosts has been observed,
while the guests can be free elements (mainly alkaline,
lanthanide or actinide metals) [29, 33], small molecules
such as nitrides, carbides, and oxides [38]. It is even possible
to contemplate a fullerene fitting within one another, in a
structure that resembles a Matryoshka doll [4].

Due to biocompatibility of nanometer-scale carbon
structures and low toxicity [14], fullerene biomedical
applications are of great interest [6, 22]. In previous reports,
our group has demonstrated that pristine fullerenes can work
as electron acceptors of oestradiol epoxide (which is one of
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the main risk factors for the genesis and evolution of breast
tumours [28]), decreasing its reactivity and avoiding its
carcinogenic activity [30, 31]. We have also suggested that
fullerene Cg( can account to inhibit the carcinogenic activity
of this oestrogen agent. The main contribution of fullerene
in those cases was due to the electronic interchange between
fullerene and the terminal groups of oestradiol.

Considering the above mentioned, the aim of this work
is to study the interaction between bigger pristine fullerenes
(Cy6 and Dsp,-Cgo) and endohedral metallofullerenes
(C7p@ScrCy, Cy6@Scy and Cgyp@Scy) with oestradiol
epoxide. As these systems show a different electronic
distribution of the frontier molecular orbitals from Cg, it is
expected that exploring this new possibility would allow us
to propose these structures as new and potential agents for
the prevention of breast cancer.

Methods

In order to recognize the possible sites where [2+2]
cycloaddition reactions can occur, a topological analysis
of the molecular electrostatic potential (MEP) was carried
out in the fullerenes of interest. As distinct from other
molecular scalar field for (like electron density and electron
localization function), MEP can be used to identify both
structural and electronic features of molecules [19]. In
addition, by means of the topological analysis of MEP, it is
possible to find minima related to lone pairs and 7 electrons
((3,+3) critical points), which are absent in other scalar
fields [19]. Considering the information provided by MEP
and the subsequent molecular and topological analysis,
different cycloaddition reactions have been described [3, 5,
16, 26].

In order to estimate the energy involved (AH) in the
cycloaddition reactions, the following expression was
employed:

AH = Hfyil—est — (Hfull + Hest) (H
Fig.1 Example of a [2+2]

cycloaddition reaction for Cgg
with epoxide of oestradiol
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Where H’s represent the enthalpies of reactants (Hg and
Heg for each fullerene and epoxide of oestradiol, respec-
tively) and products (Hgypest) participating in the [2+2]
cycloaddition reactions. An example of this reaction is
shown in Fig. 1. Some properties related to all MEP
minima (its value, number of electrons and volume),
as well as the AH’s for each possible reaction site of
the fullerenes of interest are shown in Tables S1, S2,
S3, S4 and S5 in SI. Graphic representations of the
MEP minima are shown in Figs. S1, S2, S3, S4 and S5
in SI.

Furthermore, a geometrical analysis for each possible
reaction site for all of the studied fullerenes was made by
means of the m-orbital axis vector (POAV) analysis, which
enables to describe the electronic structure of nonplanar
conjugated organic molecules [11, 12, 14] via the atoms
coordinates. Through this analysis, we determined the
pyramidalization angle (6p), the s content of the -orbital
(m) and the p content of the o-orbitals. Results for
every possible site are in Tables S6, S7, S8, S9 and S10
in SL.

All calculations were carried out by means of Den-
sity Functional Theory (DFT) framework [15, 18], the
MPWB95 [41, 42] functional (which has proved to give
a good approach for covalent and noncovalent thermo-
chemistry [41]) and the 6-31G(d,p) basis set (MPWB95/6-
31G(d,p)), both included in Gaussian 09 package [1].
Geometry optimization processes were performed for the
oestradiol epoxide molecule, both pristine and endohedral
fullerenes and for every possible product from the [2+2]
cycloaddition. Frequency calculations were made at the
same level of theory in order to confirm that the opti-
mized structures were at the minimum of the potential sur-
faces. Furthermore, from vibrational frequency calculations,
corrections to the energy by translational, rotational and
vibrational contributions at standard temperature (298.15 K)
and pressure (1 atm) were obtained. The topological anal-
ysis of the MEP was achieved through Multwfn software
[21].
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Results and discussion

The studied species, pristine and endohedral fullerenes and
epoxide of oestradiol molecule, are shown in Fig. 2. It can
be seen that there are many possible fullerene sites where
the cycloaddition of the epoxide of oestradiol is likely to
occur. Therefore, it is necessary to use a descriptor capable
of shedding light and show us the most favorable sites where
the reaction can be carried out.

Regioselectivity of fullerenes is mainly determined by
two factors: the configuration and distribution of both
pentagonal and hexagonal rings, and the presence of
molecules or atom clusters inside of it. The loss of
electronic resonance and the deformation of the rings
produce different tension values and forced angles. These
phenomena lead to the existence of non-equivalent bonds
in which cycloaddition reactions could be possible [36],
whereas the presence of a metallic cluster inside the
fullerene produces a charge transfer towards the outer
part of the structure. Moreover, depending on its internal
position, the cluster can contribute to a greater tension of
bonds, causing the reactivity of the fullerene either increase
or decrease [37]. In order to analyze these effects, Garcia-
Borras and coworkers defined the additive local aromaticity
(ALA) index [8]. This is adequate to describe and predict the
stability of endohedral metallofullerenes and is convenient
to find the reactive sites by means of the local aromaticity.
However, this index is useful only for endohedral fullerenes.

The geometrical and electronic features mentioned above
have an important effect on the electronic distribution.
Consequently, the study of the regioselectivity by means
of the molecular electrostatic potential (MEP) will show
the most propitious sites in fullerenes where the [2+2]
cycloaddition reactions can be achieved for both pristine and
endohedral fullerenes.

Different from other scalar fields, (3,+3) critical points
(minima) can be obtained from the topological analysis of
MEP. These (3,+3) critical points, known as repulsors are

&

C,,@Sc,C,

Fig.2 Representation of studied
species, pristine and endohedral
fullerenes and epoxide of
oestradiol molecule

i

associated to the presence of lone pairs and 7 electrons
throughout a given structure [19]. Hence, the topological
analysis of MEP was used in this work in order to detect
the possible sites where the cycloaddition of epoxide
of oestradiol could be carried out, in both pristine and
endohedral fullerenes. All sites where these minima were
found, for each pristine and endohedral studied fullerenes,
are shown in Tables S1, S2, S3, S4 and S5 in SI. The
possible formation of adducts in all of the sites where a
minimum was found was also studied. The energy formation
(AH) for the products in each site for every fullerenes is
shown in Tables S1, S2, S3, S4 and S5 in SI.

Based on topological analysis of MEP, it was found
that the most stable formed products correspond to those
produced from C7¢, C76 @Sc,C; and Cgg (see Tables S1, S2,
S3, S4 and S5 in SI). However, Cgg has more favorable sites
than C7¢ and C76@Sc;, since a greater amount of stable
adducts were formed.

In order to understand the difference in the reactivity
of each fullerene, an inspection of the frontier molecular
orbitals (FMO) was performed. This analysis is shown
in Fig. 3 and it can be observed that the difference
in energy between the HOMO of fullerene and the
LUMO of epoxide of oestradiol (AE HOMof,,,,—LUMom)
and LUMO of fullerene and HOMO of epoxide of
oestradiol (AELUMO,;—HOMO,,,) 1s similar for every
pristine and endohedral fullerene. However, the smallest
differences in energy were found for Cr¢, C76@Sc,, Cgo
and Cgy@Sc, AELUMO_/MH—HOMOgm With exception of
Cg0@Scy, the results obtained from the FMO analysis are
in good agreement with those of MEP topology, where
Cso’s AELuMOfull-HOMOest 18 the smallest difference and
therefore, Cgg the molecule with the most stable adducts.
With respect to Cgo@Sc,, the reason why no stable
cycloaddition products were formed could be associated
to the shape of molecular orbitals (they are different from
those of HOMO of epoxide of oestradiol, consequently
the reaction can not occur). These results are consistent

76 C76@Sc2 80 CBO@SCZ

Lok

oestradiol epoxide
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Fig.3 FMO diagram of the interaction between epoxide of oestradiol molecule and the different studied fullerenes

with previous works, where studied fullerenes behaved as
electron acceptors of epoxide of oestradiol [30, 31].

As was mentioned before, both the distribution of
pentagonal and hexagonal rings and the presence of metal
clusters inside the fullerene have an effect on the electronic
distribution. These effects can be observed in the HOMO
of Cy¢, C76@Sc,, Cgp and Cgy@Sc;, where the electronic
distribution changes, together with the distribution of the
rings and the presence of metals inside the fullerenes. To
make these effects more visible, the molecular electrostatic
potentials and the dipole moments are shown in Fig. 4.

In the case of C7¢ and C;6@Scy, the effect of the
presence of scandium atoms is remarkable (see Fig. 4).
While in the pristine fullerene, the charge distribution is
uniform (1 = 0 D), in C76@Sc; the electron density tends
to polarize (u = 0.8246 D), increasing the sites where
stable adducts can be formed (see Tables S2 and S3 in
SI). The presence of scandium atoms also has an important
effect on the molecular orbital energies, as scandium atoms
donate electrons to the LUMO of pristine fullerene, the

Fig.4 Molecular electrostatic
potentials (MEP) and dipole
moments p (represented by red
arrows) of pristine and
endohedral fullerenes. Red zones
in MEP represent minima, while
blue zones represent maxima

@&
C72@SCIC2 C76
§=0.8762 D u=0D
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energy of HOMO increases but the energy of LUMO
tends to decrease (see Fig. 3), increasing the capacity
of endohedral fullerene to accept electrons derived from
epoxide of oestradiol and to obtain more stable products
once the cycloaddition is carried out (see A H’s in Tables S2
and S3 in SI). In contrast, the presence of scandium atoms
in Cgo@Sc; reduces its reactivity (see Tables S4 and S5
in SI), since the polarizability decreases when scandium is
added to the pristine fullerene (© = 0.5792 D for Cgp and
u = 0.5422 D for Cgg@Scy, for a better overview see
Fig. 4) and both HOMO and LUMO increase their energy.
Distribution of pentagonal rings has a direct effect on
fullerenes shape [32]. Comparing pristine fullerenes, C7¢
exhibits a lower associated reactivity associated than Cgg
due to its regular charge distribution (see Fig. 4). Since
pentagonal rings are more homogeneously distributed in
C76 whereas in Cgp are more concentrated in an specific
zone (see Figs. 2 and 4). These results suggest that
pentagonal rings are responsible for the polarization of
electron density. Consequently, the reactivity of fullerenes

C7s@scz

§=0.8246 D §=0.5792 D

u=0.5422 D
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will be associated to pentagonal rings distribution. This is
also reflected in MEP minima arrangement. Based on the
above mentioned, as pentagonal rings are more distributed
along C7¢ structure several minima were found in MEP
topological analysis (see Fig. S2 and Table S2 in SI) and,
as each MEP minima withdraws electron density, the charge
distribution in this molecule will be uniform (this is the
reason why dipole moment is null). On the contrary, a lower
amount of minima in topological analysis of MEP (see
Fig. S4 and Table S4 in SI) and a dipole moment different
from zero were found in Cgp, since pentagonal rings are less
distributed along fullerene structure, therefore increasing its
reactivity. This analysis is consistent with that reported by
other authors [9, 13, 34].

A geometrical examination through the m-orbital axis
vector (POAV) analysis was made for each reaction site for
each pristine and endohedral fullerene (results are shown in
Tables S6, S7, S8, S9 and S10 in SI). By means of POAV
analysis, the pyramidalization angle (6p), the s content of
the w-orbital (m) and the p content of the o-orbitals were
determined for each atom involved in [2+2] cycloaddition.
No relationship was observed between 6p, m and n with the
tendency to form stable adducts. Nevertheless, it is clear that
each site involved in the cycloaddition has a 6p greater than
10° and an important sp> character.

To get a better idea of how geometrical features
contribute to reactivity, a deeper analysis was carried out
for Cgp, since a greater amount of stable products was
obtained from this compound. In Table 1 the energies of the
most stable adducts are shown. It can be noticed that most
of reactive sites correspond to [5,6] bonds. As previously
mentioned, the reactivity of fullerenes is associated with the
presence of pentagonal rings. Hence, it is concluded that the
most stable adducts correspond to those where a pentagonal
ring is present. In fact, the most stable product was obtained
in a [5,6] bond (see Table 1).

As shown, the [6,6] bond reported in Table 1 is
surrounded by pentagonal rings. Therefore, in spite of not

Table 1 Energy formation (A H) of Cgg most stable formed adducts

Site Type AH
(kcal mol~1)

34,42 5,6 -0.01
34,38 5,6 -3.58
23,31 5,6 -0.55
56,64 5,6 -2.70
01,03 6,6 -0.77
67,75 5,6 -0.55
16,27 5,6 -2.37
27,72 5,6 -0.36

directly involving a pentagonal ring, a stable product can
be formed. The influence of pentagonal rings over the
reactivity of [6,6] and [5,6] bonds can be observed in
Table 2, where the mean pyramidalization angles (6p) of
most reactive sites (where the most stable adducts were
obtained) are shown. Additionally, a site where no minima
were found in topology of MEP, was added in order to make
comparisons (the last one in Table 2). When a pentagonal
ring is involved in the reaction site (either as part of the bond
or as part of the bond neighborhood), 6p tends to increase
and reactivity is enhanced. In the case of [6,6] bond where
carbon atoms number 8 and 9 are involved, only hexagonal
rings are surrounding this bond, resulting in a lower 6p and
a poor reactivity (no minima was found in this bond).

In order to study the adducts’ stability, in Fig. 5 the
FMO and charge distribution analysis are shown for the
most stable product. It can be seen from FMO analysis
that neither the HOMO nor the LUMO of [5,6] product are
involved in the formed bonds from the cycloaddition; these
results indicate that the adduct is stable. On the other hand,
it can be inferred from Fig. 5 that electrons are donated from
epoxide of oestradiol to Cgg, since the energy difference of
Cgo’s HOMO and [5,6] product’s HOMO is relatively short.
This is in agreement with the previous analysis. Starting
with MEP analysis (Fig. 5), a greater charge distribution
is observed when epoxide of oestradiol is added to Cgy,
i.e., the dipole moment is greater for the adduct than for
the pristine fullerene. This may imply the ability of Cgg to
be involved in more cycloaddition reactions, i.e., once an
epoxide of oestradiol molecule is added, the reactivity of
Cgo could be enhanced. This in an important issue for future
research.

Finally, it is important to mention that most of the stable
adducts in the different studied fullerenes were obtained
when the cycloaddition was carried out in [5,6] bonds (see
Tables S6, S7, S8, S9 and S10 in SI). Integrating the electron

Table 2 Mean pyramidalization angles (6p) of Cgo reaction sites
associated with the most stable formed adducts

Site Type Op
34,42 5,6 10.24
34,38 5,6 10.80
23,31 5,6 10.57
56,64 5,6 10.71
01,03 6,6 11.96
67,75 5,6 10.56
16,27 5,6 10.80
27,72 5,6 10.80
08,09 6,6 7.46

The last site is not presented in Tables S4 and S9 due to no (3,+3)
critical point was found, it was added in order to make comparisons

@ Springer
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Fig.5 a FMO diagram of the E A
reaction between epoxide of
oestradiol and Cgg; molecular
orbitals are also shown for the
most stable adduct. b Molecular
electrostatic potential (MEP) W
and dipole moment of the most ’
stable adduct formed by the
reaction between epoxide of
oestradiol and Cgg
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density in the MEP basins, the average number of electrons
related to (3,+3) critical points and the associated volume
were obtained. It was found that, in general, the largest
volumes are related to sites where the most stable products
are formed (see Tables S6, S7, S8, S9 and S10 in SI).
Therefore, the reactivity of fullerenes is enhanced when a
greater amount of pentagonal rings are concentrated in a
specific site or when a pentagonal ring is directly involved in
the reaction site. Having the [5,6] as the best sites where the
[2+42] cycloaddition can occur. This finding is in agreement
with other studies made for pristine [27] and endohedral
[2, 10, 39] fullerenes. Of the studied fullerenes, the best
candidate to be employed as a possible treatment for breast
cancer is Cgo, since it showed to have the stable adducts and
a greater number of sites where the epoxide of oestradiol
cycloaddition can occur.

Conclusions

Different pristine (C7¢ and Cgp) and endohedral metallo-
fullerenes (C7,@ScrCp, C76@Scy and Cgy@Sc,) were
studied with the aim of determining the best candidate to
react with oestradiol epoxide, by means of a [2+2] cycload-
dition reaction. And subsequently propose new alternatives
for breast cancer treatment. As many possible sites were
found in fullerenes to carry out the [2+42] cycloaddition of
epoxide of oestradiol, a topological analysis of the molec-
ular electrostatic potential (MEP) was performed in order
to identify the most propitious reaction sites, and geomet-
rical parameters were also obtained. Taken together, these
results suggested that the most reactive sites are those which
have associated a (3,+3) critical point, originated by the

@ Springer
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pyramidalization in the structure, a consequence of the pres-
ence of pentagonal rings. Therefore, the most favorable sites
are those corresponding to [5,6] bonds.

Topology of MEP and FMO analysis revealed that the
most stable adducts correspond to those from C76, C76 @Scy
and Cgg. However, since more reaction sites were identified
for Cgo and it also originated the most stable adducts, this
molecule revealed to be the best candidate to carry out the
cycloaddition.

Furthermore, it is expected that Cgg reactivity will be
enhanced once an estradiol molecule is added; this makes it
possible for more than one epoxide of oestradiol molecule
to be added to Cgg.
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