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Abstract

In this review, we show that the local aromaticity of Ceo and endohedral metallofullerenes
(EMFs) is a key factor to understand and predict their structure and reactivity. We report
recent examples provided by our group that highlight the importance of aromaticity in Cso and
EMPFs. First example discusses the regioselectivity of Diels-Alder reactions in reduced Ceo;
the second one analyzes how aromaticity stabilizes the most suitable hosting cages in EMFs;
the third one determines the effect of aromaticity in the relative abundances of EMFs; the
fourth one shows a relationship between aromaticity and the stability of EMF adducts formed
in Bingel-Hirsch (BH) reactions; and the last one proposes structural criteria to predict the
regioselectivity in BH reactions based on the local aromaticity of EMFs.

Introduction

The striking discovery of the fullerenes was made in 1985 by Kroto, Curl and Smalley, when
trying to simulate the conditions of cool red giant stars in the laboratory. They obtained a 720
mass peak (i.e. Cgo), which appeared to be extremely strong [1]. In fact, Ceo Was observed five
years before by lijima in vacuum-deposited amorphous carbon films containing carbon nano-
onions, although lijima did not realize the presence of Cg in the films until 1987 [2, 3]. The
new molecule discovered was named buckminsterfullerene as homage to the geodesic dome
architect, Buckminster Fuller, and was later confirmed using single-crystal X-ray diffraction
(XRD) [4]. Since their discovery, many fullerene structures have been synthesized and a
variety of studies regarding the fullerene stability, characterization, properties such as
aromaticity, and reactivity have been reported [5-13].

Fullerenes are polyhedral with carbon atoms placed at the vertices, bonds in edges, and rings
in faces. As a general rule, fullerenes contain 12 pentagonal rings and a variable number of
hexagonal rings (k/2-10, where k is the number of atoms). Nevertheless, fullerenes containing
4 and 7 membered rings have been reported recently [14, 15]. Many isomers can be obtained
for a fix number of atoms, and rules to elucidate which isomers are more stable are needed. In
this line, Kroto proposed the Isolated Pentagon Rule (IPR), which identifies the most stable
fullerene isomers as those that dispose the 12 pentagons totally isolated [16]. Having two
pentagonal rings fused produces a pentalene unit, which according to the 4N Huckel rule has
a destabilizing effect over the m electronic structure. The IPR has been extensively used
especially for free fullerene structures, as it reduces quite dramatically the number of possible
isomers for a given fullerene.

Right after the Cgo discovery, the possibility of incarcerating atoms or clusters inside the
fullerene cage was postulated. Indeed, La@Cso Was detected the same year of the discovery
[17]. It took some vyears, however, to achieve the formation of lanthanum-based
metallofullerenes (La@Cy, k= 70, 74, 82) in macroscopic quantities [18]. These new
structures were named endohedral fullerenes (EFs) or endohedral metallofullerenes (EMFs) in
the most common case of having metal-based clusters encapsulated. Shinohara and coworkers
characterized by X-ray the first EMF in 1995 [19]. Since then, many other EMFs have been
reported which includes the so-called classical, metallic carbides, metallic tri-nitride template



(TNT), metallic oxides and sulfides [20, 21]. The most abundant fullerene structure after Cgo
and Cso was reported in 1999 by Balch an co-workers, i.e. ScsN@In-Cgo, Which is the first
member of the TNT family [22]. The charge distribution in these XsN@Cx EMFs can be
formally described as (XsN)**@Cy®, although the real charge transferred is always lower as
covalent interactions between the TNT and the fullerene are rather strong [23]. Depending on
the nature of the encapsulated cluster, the formal charge transferred to the fullerene cage may
be lower [24]. Poblet and coworkers proposed the (LUMO+3)-(LUMO+4) rule to identify
which structures could be good candidates for encapsulating TNT units: those empty fullerene
cages presenting a large (LUMO+3)-(LUMO+4) gap might form TNT-based EMFs [25-27].
In line with this simple ionic model, Popov and Dunsch [28] also observed that the relative
stabilities of MsN®*@C,® (k = 68-98) correlate well with those of their corresponding empty
charged cages (C«*). The negative charge in the latter structures is not evenly distributed and
it accumulates in five-membered rings (5-MRs) [29, 30]. The reason is that anionic
cyclopentadiene and pentalene are aromatic (unlike their neutral forms), and thus they better
stabilize the excess of electrons. The IPR rule is usually more a suggestion than a rule in these
EMF structures, and additional criteria are needed to rationalize the EMF preferences. Alcami
and coworkers found that in these charged cages, the most stable isomers present a well-
separated negatively charged adjacent pentagon pairs (APPs) and positively charged pyrene
motifs [30]. This was further investigated and confirmed by Poblet et al. that defined the so-
called inverse pentagon separation index (IPSI) to quantify the pentagon separation [29]. As
we will show in this review, aromaticity plays also a key role in determining the most stable
isomer for the EMF encapsulation [31]. Aromaticity can also be used to rationalize the
experimental EMF abundances obtained in the laboratory [32].

The formal charge transfer that takes place on EMFs [25] has severe consequences on the
reactivity [31, 33, 34], aromaticity [32, 35, 36], and relative stabilities [28] of these
compounds. Empty fullerenes generally react with those bonds situated between hexagons (i.e
called [6,6]), whereas EMFs and negatively charged Cgo often prefer [5,6] bonds [31, 37].
Since their discovery, fullerenes but in particular EMFs have engendered a huge interest due
to their potential application in a variety of fields [38, 39]. Of interest is their exohedral
functionalization as it allows the bio-application of these compounds as they usually exhibit
low solubility in water, but also to tune their properties for designing new materials and nano-
devices. The chemical functionalization is generally achieved via cycloaddition reactions
such are Diels-Alder (DA), 1,3-dipolar, and nucleophilic [2+1] Bingel-Hirsch (BH) additions.
Many efforts have been devoted to explore the exohedral reactivity of several EMFs. For a
complete review check references [34, 40]. The first exohedral functionalization of an EMF
was the DA cycloaddition of 6,7-dimethoxy-isochroman-3-one to the archetypal ScsN@In-Cso
[41]. DFT calculations confirmed that the [5,6] addition was at least 11 kcal/mol more
favorable than the [6,6] [37, 42, 43]. The Prato reaction of MsN@In-Cgo Was also achieved
[44] and it was found that the regioselectivity of the process is highly dependent on the nature
of the encapsulated cluster [44-48]. On the other hand, the BH addition to MsN@In-Cgo (M=
Sc, Lu, Y, and Er) occurs regioselectively on the [6,6] bond [49]. These representative studies
highlight the huge effect exerted by the encapsulated clusters in directing the fullerene
addition sites.

Computational studies have been key to rationalize, predict, give support, and even correct
some experimental assignments [33, 34, 50-52]. The functionalization preferences have been
rationalized using bond distances together with pyramidalization angles, properly shaped
LUMO orbitals to react with the diene, and more recently fullerene distortion energies and
aromaticity measures [31, 33, 34, 53]. In this article, we review our most recent aromaticity—
based studies involving fullerenes, and endohedral metallofullerenes (EMFs). This review
highlights different aspects of the aromaticity of fullerenes and EMFs, and puts a special
focus on how aromaticity can be used to rationalize, but most importantly, to predict their
molecular structure and reactivity.



1. Electrochemical control of the regioselectivity in the exohedral functionalization of
Ceo: the role of aromaticity

The Diels-Alder (DA) cycloaddition involving Ceo has been extensively studied, and it is well
known that both the kinetic and thermodynamic addition takes place regioselectively on the
pyracylenic [6,6] bond [54, 55]. We computed the complete reaction path for the DA reaction
between cyclopentadiene (Cp) and Cg on [6,6] and [5,6] positions, as showed in Figure 1,
finding that the [6,6] reaction barrier and reaction energy are ca. 12 and 16 kcal/mol more
favorable than those for the [5,6] addition [56]. Nevertheless, our calculations revealed that
when Ceo fullerene is reduced with up to 6 electrons, the tendency is inverted becoming the
addition on [5,6] position the most favored from kinetic and thermodynamic points of view.
The differences in the reaction energies and barriers for the additions on [6,6] and [5,6] bonds
when adding n=0-6 electrons to the fullerene are represented in Figure 1. Negative differences
indicate that the addition on [6,6] bond is favored while positive differences indicate a more
favorable addition on [5,6] position. Thermodynamic and Kkinetic behaviors are found to
follow the same trend. Thus, the regioselectivity of the DA addition on Ceo can be controlled
by electrochemical reduction of the fullerene molecule.
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Figure 1. Electronic energy profiles obtained at BP86-D2/TZP//BP86-D2/DZP level of the
Diels-Alder addition of cyclopentadiene to the [5,6] and [6,6] bonds of Ceo (left); and energy
differences in reaction energies (AER) and reaction barriers (AE") for the additions on [6,6]
and [5,6] bonds when the Cg is reduced by n electrons (n=0-6). Energies are given in
kcal/mol. Reproduced from ref. [56] with permission from The Royal Society of Chemistry.

In order to analyze this change on the DA regioselectivity, we studied the changes in the
aromaticity of the five- and six-membered rings (5-MRs and 6-MRs) [57-61]. As showed in
Figure 2, we found that aromaticity of 5-MRs increases while the 6-MRs decreases when
electrons are added to the Cgo molecule. It has been shown that charge distribution in anionic
fullerenes is not uniform, and the negative charge is mainly localized on 5-MRs [29]. As a
consequence, when a 5-MR is negatively charged, it becomes more cyclopentadienyl anion-
like, which fulfills the Huickel 4N+2 rule, and thus becomes more aromatic. On the contrary,
the negative charge induces a decrease of the 6-MR aromaticity because they lose the ideal
4N+2 electronic structure.
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Figure 2. Representation of the reaction energies (AEg, kcal/mol, solid lines) for the Diels-
Alder reaction of cyclopentadiene to [6,6] and [5,6] bonds of Cg and aromaticity multicenter
electronic index (MCI) values (dashed lines, in electrons) of the 5-MRs and 6-MRs in Ceo
when the fullerene is reduced by n electrons. Reproduced from ref. [56] with permission from
The Royal Society of Chemistry.

When the reaction takes place on a pyracylenic [6,6] bond type, the = conjugation of two 5-
MRs and two 6-MRs is lost. On the other hand, when the addition is on a corannulenic [5,6]
bond, the conjugation vanishes in three 6-MRs and one 5-MR. From this observation, we can
rationalize the changes induced in the regioselectivity of the reaction. A higher aromaticity of
a given ring implies more resistance towards an attack over one of its bonds, and vice versa
for lower aromaticity. Consequently, for neutral Ceo, the [6,6] addition is preferred because it
involves the removal of the conjugation in only two 6-MRs (the most aromatic) as compared
to the [5,6] addition that affects three 6-MRs. On the other hand, when 6 electrons are
transferred to the Ceo, the 5-MRs are the most aromatic and the [5,6] addition barrier is lower
in energy because it only destroys the conjugation of one aromatic 5-MR.

We have shown that it is possible to electrochemically control the regioselectivity in the DA
reaction on fullerenes. The change in regioselectivity upon reduction can be rationalized in
terms of the local aromaticity of the 5- and 6-MRs. Negatively charged fullerenes are used as
models for describing the structure of EMFs. In that sense, our results could help in
explaining why in EMFs the DA on [6,6] position is not regioselectively preferred and [5,6]
adducts are often obtained, in contrast to what happens for empty and neutral fullerenes.

2. Maximum aromaticity as a guiding principle to determine most suitable hosting cages
in endohedral metallofullerenes

In our previous work, we found that when negative charge is transferred to a fullerene cage
the aromaticity of its 5-MRs and 6-MRs is modified. In addition, it was previously reported
that there exists a correlation between the negative charge centered on 5-MRs and the relative
stability of Cz, anionic fullerenes with the same number of carbons and adjacent pentagon
pairs (APPs) [27, 29]. Anionic fullerene isomeric structures are good models for describing
EMF stabilities [28], as their electronic structure can be described using the ionic model (for
example, MsN®*@C,.® for TNTS, or M,C,*@C2q* for metallic carbides).

Based on the mentioned precedents, we suggested that the aromaticity of the fullerene rings

could have also a key role on the stability of endohedral metallofullerene structures [31]. In
this line, we proposed the additive local aromaticity (ALA) index as an aromaticity indicator
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for the study of the stability of negatively charged fullerene isomers. ALA index is defined as
the sum of the local aromaticities of all rings in the cage:

ALA = Z 1’1¢;
i=1
where A; is the local aromaticity of ring i, and n is the number of rings in the fullerene,
including both 5- and 6-MRs. This index aims to be a representative indicator for comparing
the local aromaticities of the rings in different fullerene cages with the same number of
carbon atoms.
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Figure 3. Relative stabilities (at AM1 level) of C72™ isomers with 1-3 APPs with respect to
the ALA index. The lines in Cz, neutral case indicate the relative average energies with
respect to the energy of the IPR isomer for each isomeric type. Isomers experimentally
observed in EMFs are indicated with their corresponding label. Reprinted with permission
from ref. [31].

We have computed the ALA index using the geometric HOMA aromaticity indicator [62, 63]
for all the possible C7, isomers with 0, 1, 2, and 3 APPs and we have compared them with
their relative stabilities computed at AML1 level. We used HOMA but, as recently show,
aromaticity criteria based on structure, electron delocalization and energy can be unified [64].
As showed in Figure 3, no correlation between the relative stability and aromaticity is found
when the neutral fullerene is considered. The most stable isomer is the IPR one, and when the
number of APPs increases, the relative stability of the fullerene isomers decreases. The latter
was expected from the isolated pentagon rule (IPR) and the pentagon adjacency penalty rule
(PAPR) [65]. Nevertheless, when the negative charge of the fullerene isomers increases up to
six electrons, we found a very good correlation between the relative stabilities of the fullerene
isomers and their local aromaticities in terms of ALA index, regardless of the number of
APPs they have. Here it is important to remark that C., hexaanions are very good models for
describing the relative stabilities of endohedral metallofullerenes [26]. The most stable C7.*
isomer, the non-IPR (10611)-C+, cage, which experimentally forms La®*@C+.% EMF, is the
one that exhibits the largest ALA index value among all C+,% cage isomers. Thus, our results
indicate that the most stable anionic isomers are those that maximize their local aromaticity
(Maximum ARomaticity Criterion, MARC). In addition to that, our results explain why the
IPR rule is no longer fulfilled when EMFs are considered. The isomer that can better stabilize
the negative charge transferred by the encapsulated metal cluster is the most aromatic one,
regardless the number of pentagon adjacent pairs it has.

We systematically computed the AE vs. ALA for a large amount of all the possible isomers
for the most common C,, (2n= 66-104) EMFs reported to date, including IPR and non-IPR
cages in their anionic form. The considered negative charge depends on the formal electron
transfer from the metallic cluster to the fullerene. Our results, summarized in Figure 4,
indicate that fullerene isomers that are experimentally detected forming EMFs, are those that
have the largest local aromaticities in terms of the ALA index. This prediction only partially
fails for those EMFs in which the charge transfer is of two electrons (Ces? and Cos2). The
reason is that in these cases, the role of aromaticity in the stabilization of the cages is less
important than when four or six electrons are transferred.
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Figure 4. Classification in terms of the ALA index of the anionic IPR and non-IPR fullerene
isomers with 1-3 APPs for the most common Cj, (2n=66-104) EMFs reported to date.
Isomers experimentally observed are marked using black dots, and their corresponding isomer
labels are indicated. The ALA prediction ordering for the experimentally observed isomers

are given in parentheses. Reprinted with permission from ref. [31].
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Figure 5. Relative stabilities (at AM1 level) of a) Cg®, b) C7s%, ¢) Cgs®, and d) Ceg* isomers
with 1-3 APPs with respect to the ALA index. Isomers experimentally observed in EMFs are
indicated with their corresponding label. e) Relative stabilities (at BP86/DZP level) of Cg>
IPR isomers versus the computed ALA index using MCI measures. f) Computed ALA index
using MCI index for Cg® IPR isomers versus computed ALA index using HOMA index.
Reprinted with permission from ref. [31].

The proposed maximum aromaticity criterion can predict the formation of a non-IPR EMF, as
for instance the case of C.%. But it can also predict the stabilization of an IPR EMF isomer.
For example, Cgo-based TNT EMFs can be synthetized in two different IPR isomeric forms:
the 1n-Cgo (ScsN@In-Cgo, the most abundant EMF), and Dsi-Cgo (SCsN@Dsn-Cgo, less
abundant). These two isomers are the Cg> isomers with the largest ALA values, as showed in
Figures 4 and 5a. The same good performance of the aromaticity criterion and ALA index is
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found to describe mixed IPR and non-IPR EMFs formation, as for example in Czs% systems
(see Figure 5b).

Depending on the nature of the metallic cluster encapsulated, different number of electrons
are formally transferred from the cluster to the fullerene. Our results also showed that using
the ALA index one can rationalize the different isomer stabilization when six (Figure 5c) or
four electrons (Figure 5d) are transferred, for example, to the Ces fullerene.

Finally, we also showed that the maximum aromaticity criterion does not depend on the
method used for computing the local aromaticities of the fullerene rings. The same trends and
correlations are found when using the electronic multicenter index MCI and DFT optimized
structures (see Figure 5e) instead of HOMA aromaticity measures and the AM1 optimized
structures (see Figure 5f).

3. Understanding the relative abundances of TNT-based endohedral metallofullerenes
from aromaticity measures

Following the line started with our previous study, we generalized the ALA index to expand
its scope [32]. In this work, we proposed the normalization of the ALA index per number of
rings present in the fullerene structure to allow the comparison between fullerenes with
different number of carbon atoms, as follows:

ALAN = l Z A,
n;

where A is the local aromaticity of ring i, and n is the number of rings in the fullerene,
including both 5- and 6-MRs. In order to compare ALAn measures, which include different
number of rings, we needed to use an accurate aromaticity index, which equally treats both
ring types. In that sense, we proposed to use the normalized version of the MCI multicenter
index, the so-called Ing electronic index [57-61].
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for each Ca (2n=68-88) fullerene family, obtained from our previous work [31]. Isomers



experimentally observed containing TNT units are displayed in green, while isomers
experimentally not formed are colored in red. Aromaticity results are given as ALAy x 10
values. Reproduced from ref. [32] with permission from The Royal Society of Chemistry.

In Figure 6, we summarize the ALA values for selected Czn (2n=68-88) isomers, sorted by
their ALAN values. As a general trend, fullerene isomers experimentally observed containing
TNT moieties have the largest ALAN values, which indicates that they are more aromatic in
terms of ALAn. The rest of thousands less stable C,, isomers exhibit lower ALAn values
(lower ALA values, from our previous work). Thus, our computations indicate that the most
aromatic C,, (2n=68-88) fullerene cages, independently of their size or their number of APPs,
are those most suitable for stabilizing a TNT-based EMF.

Finally, we applied the ALA\ index for the analysis of the relative abundances of ScsN@Co,
(2n=68-88) EMFs. We have computed the aromaticity in terms of ALAy using the electronic
delocalization Ing index for the optimized EMFs structures explicitly containing scandium
TNT metallic cluster inside. The results, summarized in Figure 7, demonstrate that the most
abundant EMF, ScsN@In-Cgo, is by far the most aromatic scandium-based TNT EMF. The
second most aromatic EMF is Dsy-Cgo, followed by the ScsN@Css and ScsN@Crs TNTS,
which are the following most abundant scandium based TNT EMFs obtained from a common
arc discharge synthesis. Consequently, our results indicate that the ALA index obtained for
ScsN based EMFs can be used to predict the abundances of EMFs regardless the fullerene
cage size or the number of adjacent pentagon pairs, being the experimentally detected most
abundant EMFs formed the most aromatic ones.
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Figure 7. Right: Relative ALAy values (calculated at B3LYP/6-31G//BP86/DZP level) for
ScsN@Cz, fullerenes, sorted by increasing cage size; Left: Quantitative HPLC
chromatograms of the arc reactor carbon sample of a typical scandium based TNT EMFs
synthesis (from Prof. Echegoyen lab, ref [66]). Reproduced from ref. [32] with permission
from The Royal Society of Chemistry.

4. Aromaticity as the driving force for the stability of non-IPR endohedral
metallofullerene Bingel-Hirsch adducts

Bingel-Hirsch (BH) reaction is one of the most employed strategies for functionalizing
fullerenes and endohedral metallofullerenes. In general, the thermodynamically most stable
EMF products obtained are those corresponding to open-cage adducts (termed fulleroids).
None of the traditional parameters used to understand the regioselectivity in EMFs, that is C—
C bond distances and pyramidalization angles, are able to describe the stability tendencies
found in EMF BH adducts. Based on our previous findings where we relate the endohedral
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metallofullerenes stabilities with the local aromaticity of their rings, we have studied the
relationship between the aromaticity of the BH EMF monoadducts and their relative
stabilities.

We computed the relative stabilities of selected monoadducts, at BP86-D2/TZP//BP86-
D2/DZP level, for GdsN@Cs(51365)-Css, YsN@C2(22010)-Crs, and ScsN@D3(6140)-Ces
EMPFs, as showed in Figure 8 [36]. In addition, we calculated the ALA index at HOMA level
for each optimized BH monoadduct structure. The correlations found between the relative
stabilities of the different monoadducts and their corresponding ALA values indicate that the
products lowest in energy are those that are more aromatic in terms of local ALA index,
independently of the number of APP units on the structure (1 for Cga4, 2 for Crg, and 3 for Ces
based EMFs).
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Figure 8. Schlegel diagram representations with the considered bonds and the relative
stability of Bingel-Hirsch monoadducts at BP86-D2/TZP//BP86-D2/DZP level with respect to
the ALA index of: a) GdsN@Cs(51365)-Css, b) YsN@C,(22010)-Css, and c)
ScsN@Ds(6140)-Css EMFs. Green circles, blue diamonds, and red triangles represent [6,6],
[5,6], and [5,5] bonds, respectively. Closed-cage products are labeled in italics and
underlined. The positions of metallic atoms are represented with black arrows and 5-MRs are
highlighted in orange. Reproduced from ref. [36] with permission from The Royal Society of
Chemistry.

We found that, in general, closed-cage adducts are the least aromatic and the least stable. In
these adducts, there is a hybridization change of the attacked carbon atoms from sp? to sp®,
disrupting the = electron delocalization of the rings. On the contrary, in the case of the open-
cage structures, all fullerene carbon atoms keep their sp? hybridization (large = electron
delocalization) resulting in the so-called homofullerenes.

Those products with similar ALA values have similar stabilities, regardless of their bond
type. For example, we found that product C, a [6,6] monoadduct in ScsN@D3(6140)-Ces and
product D, a [5,6] addition, have relative stabilities of 0.0 and 0.2 kcal/mol, and exhibit
equivalent ALA index measures. In addition, aromaticity measures rationalize the different
stabilities found for analogous bonds, which have similar C-C bond distances and
pyramidalization angles. This is the case, for example, of products F1 (2.4 kcal/mol) and F2
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(ca. 11 kcal/mol) in ScsN@D3(6140)-Ces EMF that have equivalent bond distances and
pyramidalization angles but different ALA measures.

An important observation is that in none of the three studied systems, the thermodynamic
addition to the [5,5] bond is favored, as opposite to what is found for the Diels-Alder addition
on Y3N@C2(22010)-C+s EMF [52]. The presence of a metallic atom facing the attacked C-C
bond, as experimentally observed in the YsN@Ix-Cso X-ray monoadduct structures, is also
found in most of the optimized most stable products of the studied systems. For example, the
latter is observed for the DI product of YsN@C2(22010)-C-s EMF, as showed in Figure 9. The
occupancy of this position by the metal atom, also improves the p-p overlap between the
functionalized carbon atom orbitals enhancing the ring =-homoaromaticity.

Figure 9. Optimized structure at BP86-D2/DZP of the most stable Bingel-Hirsch
Y3N@C»(22010)-C+s DI monoadduct, with an yttrium atom directly facing the functionalized
open-cage C-C bond.

Our computational exploration showed that there exists a relationship between the relative
stabilities of BH monoadducts of EMFs and their aromaticities measured in terms of ALA
index. This fact, confirms that the maximum aromaticity criterion is a powerful tool for
analyzing and rationalizing the stability of EMF thermodynamic BH products.

5. Bingel-Hirsch derivatization of TNT endohedral metallofullerenes predicted from
simple aromaticity measures. The ScsN@D3n-Crs, and ScsN@ Dsn-Cao.

As observed in our previous work, we found a relationship between the stability of Bingel-
Hirsch EMF monoadducts and their ALA aromaticity [36]. Nevertheless, the group of Prof.
Poblet demonstrated that the BH reaction under typical conditions is kinetically controlled
[67, 68]. As a consequence, we decided to try to find some parameters and/or rules for
predicting the regioselectivity of BH additions on IPR EMFs under kinetic control.

To that end, we computationally studied the Bingel-Hirsch addition of diethyloromomalonate
over all 13 nonequivalent bonds of ScsN@Dsn-C7s EMF at BP86-D2/TZP//BP86-D2/DZP
level [69]. In Figure 10 we summarize the results obtained. Our computations revealed that
the addition to bond 6 has the lowest activation energy among all possible additions (barrier
of 7.3 kcal/mol). This result is in agreement with the experimental monoadduct detected and
characterized by means of NMR measures by Dorn and co-workers [70]. In addition, we
found that those bonds presenting the most exothermic reaction energies do not coincide with
those having the lowest reaction barriers, as previously reported for BH additions on non-1PR
EMFs [67, 68].
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Figure 10. A) The Bingel-Hirsch mechanism. B) Gibbs energy profile for the BH
cycloaddition to selected non-equivalent bonds of ScsN@Dazn-Crs (in kcal/mol). C)
Representation of the seven non-equivalent [6,6] bonds: pyracylene bonds 1 and 7, pyrene or
type C bond 2, and type B bonds 3, 4, 5, and 6; and the six types of [5,6] D corannulene
bonds, a-f. D) Schematic representation of intermediates int56 and int234. Blue carbon atoms
(in spheres) represent the initial addition site corresponding to int666; orange carbon atoms
denote int566. For clarity, 6-MRs are colored in blue, Z-5-MRs in orange and Y-5-MRs in
light yellow. Reprinted with permission from ref. [69].

The lowest energy intermediate int56, which leads to the kinetic product 6 formation, and
int234 are substantially lower in energy that the other possible intermediates (see Figure 10).
We have found that the aromaticity can be used to understand why those intermediates
corresponding to the attack on a carbon atom situated in a three hexagonal rings junction
(denoted as int666 in Figure 10) are the most stable ones. First, 5-MRs in EMFs are those that
concentrate the negative charge transferred from the metal to the fullerene structure, thus
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become more aromatic. Then, int666 intermediates are more stable than int566 because in the
former no 5-MRs aromaticity is lost in the attack to the C atom. And second, the formed
intermediate is negatively charged, with the negative charge delocalized on the vicinity of the
attacked carbon atom. Therefore, those intermediates having 5-MRs on neighbor positions, as
int56 and int234, will be able to better stabilize the extra negative charge (see Figure 10D).

The difference in the reaction activation barrier for the formation of products 5 and 6 (ca. 10
kcal/mol), which come from the same intermediate (see Figure 10), has also been rationalized
in terms of aromaticity measures. Because of the proximity of the metal atoms, 5-MRs Z in
ScsN@Dsp-Crg are more aromatic than Y 5-MRs. It is energetically more favored to attack the
less aromatic Y 5-MR than Z 5-MRs during the nucleophilic attack in the second step of the
BH reaction (Figure 10A). In general, our calculations indicate that the cyclopropane ring
closure is preferred to be on 5-MRs than 6-MRs because 5-MRs are better nucleophiles. In
addition to that, we observed that closed-cage products are usually obtained when the
cyclopropane ring closure takes place on a carbon atom having a lower pyramidalization
angle and located in a ring with low aromatic character. On the other hand, open-cage
products usually present a high pyramidalization angle of the attacked carbon atom located in
a ring with large aromatic character.

The understanding of the BH reactivity patterns observed in the case of ScsN@Dsn-Crs in
terms of aromaticity we proposed an aromaticity-based criteria (Predictive Aromaticity
Criteria, PAC) to predict the regioselectivity of Bingel-Hirsch additions on IPR EMFs (see
Figure 11) [69].
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Figure 11. Left: Predictive Aromaticity-based rules for the Bingel-Hirsch addition on IPR
EMPFs; Right: Gibbs energy profile for the BH cycloaddition to selected non-equivalent bonds
of ScsN@Dsp-Cgo (in kcal/mol) and the representation of the five non-equivalent [6,6] bonds:
pyrene bond type bond 1, pyracylene bond 5, and type B bonds 2, 3, 4, and 5; and the four
type D corannulene bonds a-d. Adapted from ref. [69].

We subsequently applied the PAC criteria to predict the regioselectivity of BH addition on the
challenging ScaN@Dsn-Csgo System. The Dsp-Cgo cage has 9 different possible addition sites
(see Figure 11), and the TNT cluster can freely rotate inside. Applying our proposed
aromaticity criteria, we identified two possible int666 on the ScsN@Dsn-Cgo EMF, int12 and
int34 as shown in Figure 11, and predicted int34 to be slightly more stable because of having
3 pentagons on vicinity positions. According to PAC, and our aromaticity calculations, which
indicate that 5-MR rings containing bonds a-c-d are less aromatic than 5-MR rings containing
bond b, we concluded that the formation of product 3 should be more favored.

The computational exploration of the BH reaction on all 9 different addition sites, considering
7 different orientations of the inner cluster, is in complete agreement with the PAC prediction.
The Gibbs energy profiles for some selected additions are shown in Figure 11. As predicted,
intermediates int12 and int34 are those more stable, and the transition state for the formation
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of product 3 is the one lowest in energy, thus being the proposed kinetic product for the BH
addition on ScsN@Dsh-Cgo EMF.

The PAC predictions for the BH addition on ScsN@Dsh-Cso EMF were also experimentally
tested [69]. Three different monoadducts were obtained, the major isomer being the one
corresponding to product 3 as predicted initially by the PAC criteria, and our subsequent
computational exploration. The excellent agreement between our proposed PAC predictions
and the experiments indicates that these rules are rather general and could be extensible to
other IPR EMFs.

Conclusions

It is generally considered that aromaticity does not play a fundamental role in determining the
molecular structure and reactivity of neutral and hollow fullerenes. However, the situation is
the opposite when we consider charged fullerenes [71]. In reduced fullerenes or fullerenes
with encapsulated metal clusters (endohedral metallofullerenes, EMFs), aromaticity plays a
relevant role that has not been taken into account when discussing the structure and reactivity
of EMFs until recently. In this review, we emphasize the role that aromaticity plays in EMFs
and negatively charged fullerenes by analyzing five different situations, namely, the
regioselectivity of Diels-Alder reactions in reduced Cgo, the choice of the most suitable
hosting cages in EMFs, the stability of EMF adducts formed in Bingel-Hirsch (BH) reactions,
and the existence of structural criteria to predict the regioselectivity in BH reactions. It is
likely that coming works will further reinforce the importance of aromaticity in endohedral
metallofullerene chemistry.
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