Chapter 4

The Chemical Reactivity of Fullerenes
and Endohedral Fullerenes: A Theoretical
Perspective
Sı́lvia Osuna1, Marcel Swart1,2, and Miquel Solà1

Abstract We report here a review of our recent efforts at understanding and
predicting reactivity and regioselectivity of endohedral (metallo)fullerenes and
their parent free fullerenes. The effect of encapsulation of trimetallic nitrides
or noble gas atoms/dimers was shown to have a profound impact on the stability
and reactivity of fullerene compounds. It is not just the encapsulation, but
in particular the nature of the species that is encapsulated that determines
how (un)reactive the fullerene becomes. These findings have important consequences for future applications of (metallo)fullerenes in biomedicine and
(nano)technology.

4.1

Introduction

Soon after the discovery of the buckminsterfullerene (C60), it was hypothesized that
the diameter of this molecule was large enough to encapsulate a variety of atoms
inside the carbon cage (Kroto et al. 1985). Indeed, the first stable metallofullerene
based on the “bucky ball” (La@C60) was detected in the same year as the initial
discovery (Heath et al. 1985), and some years later the formation of higher
fullerenes encapsulating a lanthanum atom, such as La@C70, La@C74, and
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La@C82 was reported in macroscopic quantities (Chai et al. 1991). It was in the
same study, where the symbol @ was introduced to denote that the former atom or
molecule is encaged inside the fullerene molecule. These species containing atoms
or molecules inside the fullerene cages are called endohedral fullerenes (EFs).
The most studied compounds are the so-called endohedral metallofullerenes
(EMFs) due to their high abundancy (Akasaka and Nagase 2002). In 1991,
the first structural characterization by X-ray diffraction of an EMF was reported
(Chai et al. 1991).
EMFs can be classified in several classes (Chaur et al. 2009): (i) classical
EFs of the type M@C2n and M2@C2n (M ¼ metal, noble gas, small molecule
and 60  2n  88); (ii) trimetallic nitride EMFs (M3N@C2n, M ¼ metal and
68  2n  96); (iii) metallic carbide EMFs (M2C2@C2n, M3C2@C2n,
M4C2@C2n, and M3CH@C2n with M ¼ metal and 68  2n  92); (iv) metallic
oxide EMFs (M4O2@C2n and M4O3@C2n); and (v) metallic sulfide (M2S@C2n).
Of course, as the number of EFs families and the elements of each family increase
rapidly this current classification will be modified in the future.
The high interest awakened by these EMFs is in part motivated by the promising
potential applications of these compounds in a wide range of research topics
such as magnetism, superconductivity, and nonlinear optical (NLO) properties
(Whitehouse and Buckingham 1993; Hu et al. 2008). For instance, the optoelectronic properties of EMFs might be tailored without changing the outer carbon
cage by changing the metal cluster encapsulated inside the cage. The encapsulation
of the metals inside the carbon fullerene cage makes these compounds ideal for
medical applications, for example as hosts of radioactive atoms for use in nuclear
medicines (Diener et al. 2007; Shultz et al. 2010) or as effective magnetic resonance
imaging (MRI) contrast agents (Dunsch and Yang 2007; Laus et al. 2007).
In addition, EMFs used as electron acceptor in electron donor–acceptor dyads can
lead to promising photovoltaic materials to be used in solar energy conversion/
storage systems (Guldi et al. 2010). The use of some EFs with long spin lifetime
for quantum computing or spintronic devices has also been suggested (Pietzak
et al. 2002; Harneit 2002). Finally, they have also been used for monitoring
chemical reactions of the fullerene cages via changes in the electron paramagnetic
resonance (EPR) signals (Pietzak et al. 2002; Wang et al. 2001).
The stability and reactivity of the fullerene cages is highly modified after the
encapsulation due to the interaction between the inner species and the carbon
cage. For instance, the C80 cage of Ih symmetry is the most unstable among the
seven structures of C80 that satisfy the isolated pentagon rule (IPR) (Kroto 1987;
Schmalz et al. 1988). However, this is the preferred cage for encapsulating two
La atoms or a Sc3N unit. Indeed, Sc3N@Ih-C80 is the third most abundant
fullerene after C60 and C70 (Valencia et al. 2009). Similar situations are found
for other fullerene cages such as the D3h-C78 and C2v-C82. On the other hand,
while the IPR is strictly followed by all pure-carbon fullerenes isolated to date
(Lu et al. 2008), an increasing number of EMFs have been synthesized that
present non-IPR cages. Therefore, the IPR appears to be more a suggestion
than a rule for these species (Kobayashi et al. 1997) and, in general, for any
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Fig. 4.1 Representation of the different [6,6], [5,6], and [5,5] bond types that may be present in
any fullerene structure

charged fullerene (Aihara 2001). In non-IPR carbon cages, there are six possible
different C–C bond types A to F (represented in Fig. 4.1), where types E and F are
not present in IPR structures.

4.1.1

Trimetallic Nitride Template (TNT) Fullerenes

A rule for the stabilization of fullerene cages in metallic nitride EMFs has been
recently established based on the fact that there is a formal charge transfer of six
electrons from the nitride to the carbon cage, i.e. M3N6+@C2n6- (Popov and Dunsch
2007, 2009). According to the maximum hardness principle (Pearson 1997, 1999;
Parr and Chattaraj 1991; Torrent-Sucarrat et al. 2001), Campanera and coworkers
concluded that the most stable metallic nitride EMFs are those encapsulated in
fullerene cages that present large (LUMO-4)-(LUMO-3) gaps (Campanera et al.
2005; Valencia et al. 2007).
The metal cluster encapsulated inside the fullerene cages has an enormous
influence on the reactivity of these compounds (Guha and Nakamoto 2005; Martı́n
2006), which is, in general, reduced in TNT EMFs as compared to free fullerenes
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(Campanera et al. 2005, 2006; Osuna et al. 2008). Many recent experimental and
theoretical studies show that not only the chemical reactivity but also the
regioselectivity of TNT EMFs is strongly affected by the encapsulated cluster,
metal species, carbon cage size, and symmetry (Akasaka and Nagase 2002; Thilgen
and Diederich 2006; Martı́n 2006; Cardona et al. 2005a; Iiduka et al. 2005).
The production of endohedral compounds such as Sc3N@C80, Sc3N@C78 or
Sc3N@C68 in high yields using the so-called trimetallic nitride template (TNT)
process, led to the organic functionalization of these fascinating molecules (Stevenson
et al. 2000). In 2002, the Diels-Alder reaction was successfully produced for the first
time on the Ih isomer of Sc3N@C80 (Lee et al. 2002). The crystallographic characterization of the first Diels-Alder adduct performed on an endohedral metallofullerene
indicated that a symmetric adduct was obtained after reaction with 6,7-dimethoxyisochroman-3-one (Lee et al. 2002). The addition was shown to occur on the
corannulene-type [5,6] bonds. Campanera et al. performed theoretical calculations
(Campanera et al. 2006) that correctly describe the reactive exohedral sites of
Sc3N@C80 for the Diels-Alder reaction. Based on these studies, the most reactive
sites were those with high Mayer Bond Order (MBO) (Mayer 1983) and high
pyramidalization angles (Haddon 2001; Haddon and Chow 1998). The geometry of
the Diels-Alder adduct was similar to that found for the reaction on C60, where the
usual reactive bonds are the pyracylene-type [6,6] bonds. It should be mentioned here
that the Ih isomer of Sc3N@C80 does not possess the reactive pyracylene-type bonds.
In 2005, the 1,3-dipolar cycloaddition of N-ethylazomethine ylide and Sc3N@C80
was reported (Cardona et al. 2005b) where the same addition pattern, i.e. over the
[5,6] bonds, was produced. In contrast, the 1,3-dipolar cycloaddition involving
N-tritylazomethine ylide and Sc3N@C80 led to two different monoadducts. The
thermodynamic control product was shown by both NMR and X-ray crystallography
to correspond to the [5,6] addition, however the [6,6] adduct was the kinetic control
addition product (Cai et al. 2006). Interestingly, the 1,3-dipolar cycloaddition to the
parent Y3N@C80 lead to the [6,6] addition (Cardona et al. 2005b). The same
regioselectivity was observed in the cyclopropenation reaction of diethyl
bromomalonate and Y3N@C80 (Cardona et al. 2005b). The X-ray structure indicated
that the C–C bond attacked is open rather than closed and that one of the yttrium atoms
is positioned near the site of the cleaved bond. It should be noted here that the carbene
addition to Y@C82 was shown to yield an open fulleroid [6,6] regioisomer whose
attacked bond was situated close to one of the yttrium atoms (Lu et al. 2009).
Moreover, the 1,3-dipolar cycloaddition performed on the M2@Ih-C80 (M ¼ La,
Ce) yielded two regioisomeric adducts corresponding to the [6,6] and [5,6]
addition (Yamada et al. 2009). Interestingly, the M2 cluster is facing the attacked
bond in the case of the [5,6] product. The isomerization from the [6,6] to the [5,6]
regioisomer was observed in the case of Y3N@(N-Ethylpyrrolidino-C80) (Cardona
et al. 2006; Echegoyen et al. 2006). This was also the case for the N-ethylazomethine
ylide addition to Er3N@C80 (Cardona et al. 2006). Theoretical calculations at
the BP86/TZ2P level for the Y3N@(N-Ethylpyrrolidino-C80) indicated that the
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isomerization process takes place through a pirouette-kind of mechanism instead of
involving the retro-cycloaddition reaction from the [6,6] adduct (Rodrı́guez-Fortea
et al. 2006). The 1,3-dipolar cycloaddition was also produced to the encapsulated
mixed-metal clusters Sc2YN@C80 and ScY2N@C80 (Chen et al. 2007a).
As mentioned above, the reaction on Sc3N@C80 and Y3N@C80 was shown to give
[5,6] and [6,6] cycloaddition adducts, respectively. Interestingly, the major adduct
obtained in the case of the metal mixed Sc2YN endohedral compound corresponded to
the [5,6] addition as it happens with its parent Sc3N@C80. A change on the
regioselectivity is produced with the encapsulation of two or more yttrium atoms
(i.e. ScY2N and Y3N) inside the cage. The [6,6] product is the minor adduct in the case
of ScY2N@C80, whereas in Y3N@C80 only the [6,6] regio-isomer is obtained. These
findings suggest that the nature of the metal cluster encapsulated inside dictates the
exohedral functionalization of the endohedral metallofullerenes.
The Diels-Alder reaction on the D5h isomer of Sc3N@C80 and Lu3N@C80, and
1,3-dipolar cycloadditions to the D5h isomer of Sc3N@C80 indicated a higher
reactivity of the D5h isomer as compared to the Ih isomer (Cai et al. 2006). The
latter increase on the reactivity was explained in terms of the HOMO-LUMO
energy gaps for both isomers (Cai et al. 2006). The LUMO orbitals of the D5h
isomers of Sc3N@C80 and Lu3N@C80 are comparable to those of the Ih isomer,
whereas a destabilization of the HOMOs for the D5h isomer is produced. The D5h
isomer was shown to be 21.1 kcal·mol1 less stable at PBE/TZ2P than the
corresponding Ih isomer (Popov and Dunsch 2007). Interestingly, the D5h isomer
presents the reactive pyracylene-type [6,6] bonds (the most reactive bond in the
case of C60). The 1,3-dipolar cycloaddition reaction performed on Sc3N@D5h-C80
yielded two possible monoadducts (Cai et al. 2006). The NMR spectrum for the
thermodynamically stable cycloadduct was thought to be resulting from reaction at
the pyracylene-type [6,6] bond. The other regioisomer obtained corresponding to
the addition to an asymmetric bond, presumably of [6,6] type, was partially
converted after heat treatment to other unidentified monoadducts.
The Diels-Alder reaction with ortho-quinodimethane and the gadolinium based
metallofullerene Gd3N@C80 was achieved in 2005 (Stevenson et al. 2005). The
latter compound is of significant interest because of its potential applications as
MRI contrast agent (Agnoli et al. 1987). It was shown that two o-quinodimethane
molecules were attached to the Gd3N@C80 surface (i.e. the formation of a
bisadduct). The yield of the reaction was modest as only 0.5–1 mg of bisadduct
was obtained from 5 mg of Gd3N@C80 (10–20%). For comparison, the yield of the
1,3-dipolar reaction on Sc3N@C80 is 30–40% (Cai et al. 2005). A combined
theoretical and experimental investigation of the change on the regioselectivity of
the 1,3-dipolar cycloaddition and a series of gadolinium and scandium mixed
endohedral metallofullerenes (ScxGd(3x)N@C80) was performed in 2007 (Chen
et al. 2007b). The regioselectivity of the reaction was changed upon introduction of
gadolinium atoms. The [5,6] product was the major adduct in Sc3N@C80,
Sc2GdN@C80, and ScGd2N@C80, however the [6,6] adduct was also obtained
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in Sc2GdN@C80 and ScGd2N@C80. The [6,6] regioisomer was the major
cycloaddition product in the case of Gd3N@C80. Interestingly, the thermal treatment of the final products led to the partial or total isomerization of the [6,6]
adducts formed in the case of Sc2GdN@C80 and ScGd2N@C80 to the [5,6]
regioisomers, respectively. Experimental and theoretical findings showed that the
difference in stability between [6,6] and [5,6] products in the case of ScGd2N@C80
is very small (the [5,6] adduct is at PBE/DNP just 2.3 kcal·mol1 more stable than
the [6,6] one). This energy difference ranges from 11.7 to 0.4 kcal·mol1 along
the series Sc3N@C80 > Sc2GdN@C80 > ScGd2N@C80 > Gd3N@C80. The reactivity of the gadolinium based endohedral compounds Gd3N@C80, Gd3N@C84, and
Gd3N@C88 was investigated to study the effect of the cage size on the exohedral
reactivity (Chaur et al. 2008). They observed that among all considered compounds
Gd3N@C80 was the most reactive cage through reaction with bromomalonate.
The flattened shape of C84 and C88 cages makes them less pyramidalized and thus
less reactive upon the Bingel reaction.
The synthesis and characterization of the first N-tritylpyrrolidino derivative of
Sc3N@C78 utilizing the Prato reaction was successfully produced in 2007 (Cai et al.
2007). On the basis of NMR spectra and DFT calculations, Cai and coworkers
concluded that the two monoadducts obtained corresponded to the addition to
two different type B [6,6] bonds (called c-f and b-d). The X-ray diffraction of one of
the obtained compounds (c-f addition) confirmed that the 1,3-dipole was attached to a
[6,6] bond (Cai et al. 2007). It is interesting to remark here that the cyclopropanation
reaction of Sc3N@C78 and diethyl bromomalonate yielded one monoadduct and one
dominant symmetric bisadduct, which corresponded to the same type B [6,6] addition
(Cai et al. 2008). The photochemical addition reaction of adamantylidene to La@C78
was produced on both a [6,6] and a [5,6] bond (Cao et al. 2008).
Tremendous efforts have been devoted to the functionalization of EMFs and to
get a better understanding of the reactivity of EMFs. Nevertheless, the development of regioselective reactions for EMFs is still in its infancy. The main reason
is the difficulty to produce and isolate sufficient quantities to investigate their
reactivity. Although this has been improved over the years (Tellgmann et al.
1996) and now there are companies offering EMFs at affordable prices (see e.g.
http://sesres.com), still the low EMF yields limit the investigations on the EMFs
reactivity to mainly the most abundant EMFs. Theoretical studies are important
to predict or to give support to possible addition sites. In this chapter, studies on
the exohedral reactivity of the free cages D3h-C78, C2-C78 and the corresponding
TNT EMFs derivatives X3N@D3h-C78 (X ¼ Sc, Y) and X3N@C2-C78 (X ¼ Sc, Y)
will be discussed. First, the theoretical exploration of the exohedral reactivity of
the free cages upon the Diels-Alder reaction with 1,3-cis-butadiene will be
explored. Afterwards, the effect of the encapsulation of different TNT units on
the regioselectivity and reactivity of the fullerene cage will be presented. Then, the
Diels-Alder cycloaddition reaction will be investigated on the preferred isomer of
C78 for encapsulating large TNT units such as Y3N. Finally, the effect of the
encapsulation of noble gas atoms or dimers on the reactivity of C60 will be briefly
explored.
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Chemical Reactivity of D3h-C78 and Its Endohedral
Derivative Sc3N@C78

Although the exohedral reactivity of free fullerenes is quite well-understood, how
TNT endohedral metallofullerenes react is still unclear as different factors counteract. An increase of the reactivity might be expected taking into account that the
insertion of the TNT unit leads to a higher pyramidalization of some carbon atoms.
The more pyramidalized the C–C bond being attacked, the closer it is to the sp3
bonding situation of the final adduct and the lower the deformation energy of the
cage. On the other hand, the electronic transfer produced from the TNT unit to the
fullerene reduces the electron affinity of the cage which implies that a reduction of
the reactivity might be produced. Moreover, the LUMO orbitals of the endohedral
compound are destabilized because of the charge transfer of six electrons from the
metal cluster to the fullerene cage, thus disfavoring the interaction with the HOMO
of the diene. In contrast to C80, the rotation of the TNT unit encapsulated inside the
C78 cage is highly impeded (Campanera et al. 2002), and therefore the study of how
the reactivity of the different bonds is affected by the metal insertion can be directly
investigated. The Diels-Alder [4 + 2] reaction has been studied with the BP86/
TZP//BP86/DZP method over the 13 non-equivalent bonds of the D3h-C78 and
Sc3N@D3h-C78 compounds (see Fig. 4.2) (Osuna et al. 2008).
In Fig. 4.2, all non-equivalents bonds are marked in the fullerene compound,
as well as the activation barriers obtained for every addition site. D3h-C78 has
seven non-equivalent [6,6] type bonds that can be classified in three subtypes:
(i) pyracylenic of type A (bonds called 1 and 7, see Fig. 4.2), (ii) type B (bonds
3, 4, 5, and 6) and (iii) pyrenic of type C (bond 2). Furthermore, there are six [5,6]

Fig. 4.2 Representation of all non-equivalents bonds of the Sc3N@C78 endohedral fullerene, and
the activation barriers obtained for the Diels-Alder reaction on the free C78 (represented in dark
blue) and the Sc3N@C78 (represented in light blue) compounds. All energies are represented in
kcal·mol1
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type bonds of type D (corannulene, a–f). We will refer to each different bond
according to this nomenclature, where for example number 1 is used to denote the
pyracylenic or type A bond situated in the position indicated in Fig. 4.2.
The Diels-Alder reaction on the free D3h-C78 cage is basically favored over
a [5,6] bond called b and two type A [6,6] bonds (bonds 1 and 7) (Osuna et al.
2008). The corannulene (type D) [5,6] bond b presents a reaction energy of
23.9 kcal·mol1 and an activation barrier of 12.5 kcal·mol1. Pyracylenic (type
A) bonds called 1 and 7 do also present favorable reaction and activation barriers
(for bond 1: DER ¼16.0 kcal·mol1, DE{ ¼ 12.2 kcal·mol1, and for bond 7:
DER ¼18.8 kcal·mol1, DE{ ¼ 13.5 kcal·mol1). It is important to remark here
that pyracylene bonds correspond to the most favorable addition sites for C60,
which is indeed also the case for the free D3h-C78 cage.
The encapsulation of the scandium based metal cluster inside the D3h-C78 cage
(i.e. Sc3N@D3h-C78) involves a change in the regioselectivity of the reaction.
The most reactive bonds are two type B [6,6] bonds called 6 and 4, and one [5,6]
type D bond called c. The reaction energies obtained are 12.7, 9.7 and
10.4 kcal·mol1 for the addition over 6, 4 and c, respectively. Furthermore, a
huge destabilization is produced after the TNT encapsulation, as most of the
considered bonds become less reactive by approximately 12–20 kcal·mol1.
A high destabilization is observed for those bonds situated close to the scandium
atoms (especially for 1 and b). The only case where the cycloaddition reaction is
enhanced after the encapsulation is over bond 6 which is stabilized by ca.
17 kcal·mol1. Interestingly, the lowest activation barrier is found for bond 6
(18.5 kcal·mol1), which also presents the most exothermic reaction energy.
It should be noted that the most favorable addition site in Sc3N@D3h-C78 presents
an activation barrier which is 6.3 kcal·mol1 higher in energy than the lowest found
for the free cage (18.5 kcal·mol1 for bond 6 in Sc3N@D3h-C78 as compared to
12.2 kcal·mol1 for bond 1 in D3h-C78). However, the reaction becomes less
regioselective as bonds 4, 7, b, c, and d present activation barriers within the
range of 19.7–20.7 kcal·mol1. Interestingly, the 1,3-dipolar cycloaddition reaction
on Sc3N@D3h-C78 yielded two cycloaddition products corresponding to the addition to the [6,6] bonds called 6 and 4 (Cai et al. 2007). Although our calculations
indicate that the reaction might also be favorable over bond c (7 and b could also
be formed even though they present less exothermic reaction energies), they are in
good agreement with the experimental findings.
The reactivities found for the free cage and its endohedral derivative can be
described in terms of C–C bond distances, pyramidalization angles, and shapes of
the lowest-lying unoccupied molecular orbitals. The most favorable addition sites
present short C–C bond distances, that is indeed the case for bonds 1, 7, and b for
D3h-C78 (see Table 4.1). Similarly, bond 2 presents the longest C–C bond distance
and gives a significantly endothermic reaction energy. However, there are some
bonds that present similar bond distances and their reaction energies are exothermic
(for example bond c). The most reactive bond in the case of Sc3N@D3h-C78 does
also present the shortest C–C bond distance, but for instance bond 7 has the same
C–C distance and its reaction energy is approximately 5 kcal·mol1 less exothermic.
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Table 4.1 Bond distances RCC (Å) and pyramidalization angles yp (degrees)a for the bond-types
in free and endohedral fullereneb
C78
Sc3N@C78
Product
Bond-type
RCC
ypa
RCC
ypa
1
A
[6,6]
1.369
10.46
1.440
13.80
2
C
[6,6]
1.465
8.58
1.466
8.33
3
B
[6,6]
1.432
9.62
1.450
9.26
4
B
[6,6]
1.415
9.60
1.426
9.44
5
B
[6,6]
1.418
9.53
1.432
8.97
6
B
[6,6]
1.420
9.44
1.400
9.99
7
A
[6,6]
1.388
11.64
1.400
11.21
a
D
[5,6]
1.438
11.64
1.437
11.21
b
D
[5,6]
1.410
10.49
1.446
9.73
c
D
[5,6]
1.465
10.32
1.423
9.27
d
D
[5,6]
1.446
10.56
1.452
12.00
e
D
[5,6]
1.438
10.38
1.449
10.92
f
D
[5,6]
1.442
11.13
1.432
10.88
a
Pyramidalization angles averaged over both atoms that constitute the bond under consideration
b
In boldface the bonds that are predicted to be most reactive

In the case of the endohedral compound, the longest bond (2) does not possess the
least favorable reaction energy. Hence, there is not an overall correlation between
C–C bond distances and reaction energies, apart from the fact that the most reactive
bonds do exhibit short C–C bond distances.
As it happens with bond distances, the prediction of the fullerene reactivity in
terms of the pyramidalization angles is not straightforward. The most reactive sites
exhibit from moderately to high values, however a large pyramidalization angle
does not always correspond to an enhanced reactivity of the bond (see Table 4.1).
The encapsulation of the Sc3N moiety inside the cage leads to an increase of the
pyramidalization angles, especially for those bonds situated close to the scandium
influence. For instance, bond 1 in Sc3N@D3h-C78 presents the highest pyramidalization angle (13.8 ), but the cycloaddition reaction over it is endothermic by
4 kcal·mol1. Therefore, the use of pyramidalization angles to predict fullerene
reactivity does not always lead to the correct answer.
Finally, the cycloaddition reaction between 1,3-cis-butadiene and the fullerene
compounds might also be understood in terms of the molecular orbitals of both
reacting species. The most prominent interaction occurs between the HOMO of
the diene and the LUMO of the fullerene, therefore those bonds presenting suitable
shaped orbitals to interact with the HOMO of the diene might be the most favorable
addition sites. In C78, bonds 1, 7 and b present suitable orbitals to interact, and are
indeed the most reactive sites of the fullerene compound (see Fig. 4.3). However,
several bonds present similar suitable antibonding orbitals to react with diene 1, 2,
3, 4, 6, 7, c, and e in the case of Sc3N@C78 (see Fig. 4.4). Among all bonds with
suitable orbitals to interact only 6, 4, 7 and c present favorable reaction and
activation energies. Moreover bond d does not possess suitable shaped orbitals
and its reaction and activation barriers are substantially favorable. Hence, the
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Fig. 4.3 Representation of the C78 LUMO and degenerate LUMO + 1 and LUMO + 3 molecular
orbitals (isosurface value 0.02 a.u) where all non-equivalent [6,6] and [5,6] bonds have been
marked. Those bonds with favorable orbitals to interact with the HOMO of the diene are marked
with ellipses
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Fig. 4.4 Representation of the Sc3N@C78 LUMO, LUMO + 1, and degenerate LUMO + 2 and
LUMO + 4 molecular orbitals (isosurface value 0.02 a.u.) where all non-equivalent [6,6] and [5,6]
bonds have been marked. Those bonds with favorable orbitals to interact with the HOMO of the
diene are marked with ellipses
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predictions of reactivity for fullerene compounds using the LUMO orbitals are too
imprecise, as one finds many bonds suitable to interact.
Although the previously mentioned descriptors do not give accurate results for
describing the exohedral reactivity of the cages, the combination of all three
descriptors (C–C bond distances, pyramidalization angles and molecular orbital
analysis) gives quite successful results. Only bonds 1, 7 and b in the case of C78,
and bonds 4, 6, 7, and c in Sc3N@C78 fulfill the three criteria. They exhibit short
C–C bond distances, relatively high pyramidalization angles and suitable orbitals
to interact with diene. And in fact, our thermodynamic and kinetic study indeed
shows these bonds to be most reactive.

4.3

The Diels-Alder Reaction on Endohedral Y3N@C78:
The Importance of the Fullerene Strain Energy

In some experimental studies, it was observed that the exohedral reactivity of
the TNT endohedral metallofullerenes is highly affected by the nature of the
encapsulated cluster (Cardona et al. 2005a). Our initial study involving the DielsAlder reaction on the endohedral scandium based fullerene compound has been
extended to directly compare how the reactivity is affected by encapsulating either
scandium or yttrium inside the cage (Osuna et al. 2009a). In the first part of this
section, the preferred addition sites for the Y3N@D3h-C78 molecule will be thoroughly described as well as compared to the previously reported Sc3N@D3h-C78
and D3h-C78 (Osuna et al. 2008). Finally, an insight into the exohedral reactivity of
the most favorable isomer for the encapsulation of the large Y3N unit is presented.
The large yttrium based TNT cluster is forced to adopt a pyramidal configuration
inside the D3h-C78 cage, and two clearly differentiated areas are present (see
Fig. 4.5): the so-called up region, which is more influenced by the nitrogen atom,
and the down part which has the yttrium atoms in close contact. In every region,
13 non equivalent bonds might be considered to take into account all possible
addition sites: two type A [6,6] bonds (1 and 7), four type B [6,6] bonds (3, 4, 5, 6),
one type C [6,6] bond (2), and 6 type D [5,6] bonds (a-f). Our study of the
Diels-Alder reaction at the ZORA-BP86/TZP//ZORA-BP86/DZP level on both
faces of the fullerene indicates that both areas are equally reactive with energy
differences of at most 1.6 kcal·mol1. The most stable regioisomer for the DielsAlder cycloaddition reaction over the endohedral compound Y3N@D3h–C78 is
shown to be favored over the [5,6] bond d that exhibits the longest bond distance
in the initial fullerene (DER ¼15.0 kcal·mol1, DE{ ¼ 17.1 kcal·mol1). As far
as we know, this is the first case of a cycloaddition reaction where the most stable
addition is obtained over one of the longest C–C bonds in the cage. This observation
is of significance as those bonds with the shortest bond distances are usually related
with the most reactive positions. Therefore, bond distances cannot be considered
a predictor of fullerene reactivity anymore, and as a consequence those studies
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Fig. 4.5 Representation of all non-equivalents bonds of the Y3N@D3h-C78. The Schlegel diagram
of the fullerene (2D representation) is also depicted where the non-equivalent bonds are marked.
The Y3N cluster presents a pyramidal configuration and therefore two clearly differentiated areas
exist. The up region is more affected by the nitrogen atom, whereas the down area is more
influenced by the yttrium atoms

where only short bonds were investigated might not give the correct picture of the
reactivity of endohedral fullerene compounds.
The second most favorable regioisomer corresponds to the addition over a type
B [6,6] bond called 6 (DER ¼11.0 kcal·mol1, DE{ ¼ 18.3 kcal·mol1). Finally,
although the reaction energy for the cycloaddition reaction to the [5,6] bond called
e is hardly exothermic (4.1 kcal·mol1), it does present a low activation barrier
(17.2 kcal·mol1). Moreover, there is a difference of 4.1 kcal·mol1 between the
activation barrier of bond e situated in the down and up areas. The enhanced
reactivity of bond e situated in the down region is basically attributed to the presence
of suitable shaped orbitals to interact with diene at lower energy. Moreover, the
cycloaddition reaction over bond eu (i.e. situated in the up region) is disfavored
as it breaks an attractive interaction between the N atom and this eu bond.
By comparing the same Diels-Alder reaction over the related compounds
D3h-C78, Sc3N@D3h-C78, and Y3N@D3h-C78 different reactivity patterns are
observed (see Fig. 4.6). For the free cage, the reaction is favored over the [5,6]
bond called b. The second and third most stable regiosiomers correspond to the
addition to the pyracylenic [6,6] bonds called 7 and 1, respectively. Once the
scandium based TNT cluster is encapsulated inside, the addition is basically
preferred to the type B [6,6] bond called 6. The other favorable interactions are
over the type B [6,6] bond 4 and the type D [5,6] c. It should be emphasized here,
that the most reactive bonds in Sc3N@D3h-C78 exhibit short C–C bond distances,
relatively high pyramidalization angles and are situated far away from the scandium
influence. In contrast to Sc3N@D3h-C78, the reaction in the case of Y3N@D3h-C78
is basically favored over bond d having one of the yttrium atoms in close contact.
This preference for reacting with a bond situated close to the yttrium atoms is due to
two different factors. First, the D3h cage is extremely deformed, especially in the
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Fig. 4.6 The activation barriers in kcal·mol1 obtained for D3h-C78 (represented in lilac),
Sc3N@D3h-C78 (in pink) and Y3N@D3h-C78 (in green)

pyracylenic areas situated close to the yttrium atoms which contain the most
reactive bonds, thus the attack reduces the strain energy of the cage. Second, in
the final adduct the Y3N cluster gets additional space to adopt a more planar
configuration. The C–C bond of the attacked bond d is practically broken and an
open fulleroid is obtained. The addition to bond d is preferred as the diene has to be
deformed to a lesser extent to react (in the case of bonds 1 and 3 situated close to the
yttrium atoms, the deformation of the diene is approximately 22 kcal·mol1,
whereas only 14 in the case of d).
As observed in the previous section, the encapsulation of Sc3N inside the D3h
cage produces a decrease of the exohedral reactivity. It is basically governed by the
electronic charge transfer from the TNT to the fullerene that leads to LUMOs
higher in energy. Most of the considered bonds in the case of Y3N@D3h-C78
slightly decrease their reactivity, which is consistent with the relatively larger
HOMO-LUMO gap found for Y3N@D3h-C78 (1.26 and 1.22 eV for the yttrium
and scandium based metallofullerenes, respectively) and the higher electron transfer produced in the case of yttrium.

4.4

The Diels-Alder Reaction on the C2: 22010 Cage

The most favorable C78 cage to encapsulate the large Y3N cluster is the non-IPR C2:
22010 isomer where the TNT moiety can adopt a planar configuration (Popov and
Dunsch 2007). The difference in energy between Y3N@D3h-C78 and Y3N@C2-C78
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Fig. 4.7 Representation of the selected bonds of the Y3N@C2-C78 compound. The reaction
energies obtained for the different cases studied: C2-C78 (represented in dark blue), Sc3N@C2C78 (in blue), and Y3N@C2-C78 (in light blue) are expressed in kcal·mol1. Different colors are
used to indicate the different bond types studied: pink, [6,6] type A; green, [6,6] type B; blue, [5,6]
type D; red, [5,5] type E; orange, [5,6] type F

is 20.2 kcal·mol1 at ZORA-BP86/TZP//ZORA-BP86/DZP. The latter is similar to
the difference of 21.1 kcal·mol1 between the two synthesized and exohedrally
functionalized D5h and Ih cages of the C80 fullerene, which are both experimentally
attainable (Popov and Dunsch 2007). Among all non-equivalent bonds of the C2:
22010 cage, eight bonds were selected on the basis of the reactivity trends observed
in the D3h cage: one type E [5,5] bond only present in the non-IPR cages (called
C2-E), one type F [5,6] bond (C2-F), two type B [6,6] bonds with short bond
distances and situated far away from the metals (C2-B1, C2-B2), another type
B [6,6] bond situated near one of the yttrium atoms (C2-B3), one type D [5,6]
bond with large C–C bond distances and positioned close to the yttrium metal
(C2-Dl), another type D [5,6] bond with short bond distance and situated far away
from the yttrium influence (C2-Ds), and finally one pyracylene [6,6] bond called
C2-A close to the yttrium atom (see Fig. 4.7).
Interestingly, the Diels-Alder reaction on Y3N@C2-C78 is favored over the [5,5]
bond called C2-E which has one of the yttrium atoms directly coordinated towards it.
As far as we know, the reactivity of these [5,5] bonds was never assessed before.
Although Campanera and coworkers predicted a low reactivity of these non-IPR
bonds on the basis of the Mayer Bond Order analysis (Campanera et al. 2006),
our theoretical findings indicate that the reaction is substantially exothermic
(25.9 kcal·mol1) and highly stereoselective. The reaction over the rest of the
considered bonds is from 15.6 to 28.1 kcal·mol1 less favorable. This observed
tendency to react with those bonds situated close to the metal atoms might either be
influenced by the presence of the yttrium atoms or be dictated by the C2 cage. Hence,
the Diels-Alder reaction was also assessed in the case of the free C2 and the scandium
based endohedral derivative. Interestingly, the reaction is found to be favored over
the same [5,5] bond called C2-E in both C2-C78 and Sc3N@C2-C78 compounds (the
reaction energies obtained are 42.6 and 28.9 kcal·mol1, respectively).
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Therefore, our theoretical calculations indicate that the exohedral functionalization
of synthesized Tm3N@C78 (Krause et al. 2005), Dy3N@C78 (Popov et al. 2007)
and Gd3N@C78 (Beavers et al. 2009) might be stereoselectively produced over
the [5,5] bonds.

4.5

Reactivity and Regioselectivity of Noble Gas Endohedral
Fullerenes Ng@C60 and Ng2@C60 (Ng ¼ He-Xe)

Krapp and Frenking performed a theoretical study on the noble gas dimers
endohedral fullerenes Ng2@C60 (Ng ¼ He-Xe) (Krapp and Frenking 2007). Interestingly, they observed that an electron transfer of 1–2 electrons is produced in the
case of the larger noble gas homologues, in particular for the Xe2 dimer. Free noble
gas dimers are rarely observed, however a genuine chemical bond is formed once
the Xe2 unit is trapped inside the fullerene moiety. In addition to that, the encapsulation of Ar2, Kr2 and Xe2 was found to affect the C–C bond distances of the C60
compound as well as the pyramidalization angles. Therefore, a change on the
exohedral reactivity might be observed. In this section, the Diels-Alder reaction
is discussed either for the single noble gas endohedral compounds Ng@C60 (Ng ¼
He-Xe) and the noble gas dimers endohedral fullerenes Ng2@C60 at the ZORABP86/TZP level of theory (Osuna et al. 2009b).
First, the Diels-Alder reaction between 1,3-cis-butadiene and C60 has been
studied as reference. The reaction is favored over the pyracylene [6,6] bond that
presents a reaction energy of 20.7 kcal·mol1 and an activation barrier of
12.7 kcal·mol1. The [5,6] bonds are substantially less reactive as the reaction
and activation energies obtained are 15.4 and 8.3 kcal·mol1 less favorable. The
noble gas encapsulation hardly affects the exohedral reactivity of the cage, i.e.
differences of less than 0.4 kcal·mol1 were observed for both the reaction energies
and barriers.
More interesting results were obtained for the case of the noble gas dimer
encapsulation. Krapp and Frenking studied the cage isomerism of the noble gas
endohedral derivatives and observed that the most stable structure was the D3d
isomer for He-Kr, and the D5d isomer for Xe (Krapp and Frenking 2007). However,
the energy differences between the different isomers were found to be very low.
Therefore, we decided to study the Diels-Alder reaction on the D5d isomer for all
noble gases for many reasons. First, the comparison of the different bonds can only
be done considering the same isomer for all cases studied. Second, the most
interesting compound to study is the xenon-based endohedral fullerene because
of the electron transfer produced. Finally, the energies for the encapsulation of the
He-Kr atoms inside the D5d isomer differed by less than 2 kcal·mol1 from the D3d
equivalents. Note that for the D5d isomer there are six non-equivalent type D [5,6]
bonds (called a, b, c, d, e, and f) and three type A [6,6] bonds (called 1, 2, and 3)
(see Fig. 4.8).
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Fig. 4.8 Representation of all non-equivalent bonds of the Ng2@C60 compound. The activation
energies (in kcal·mol1) corresponding to the Diels-Alder cycloaddition reaction between 1,3butadiene and all non-equivalent bonds for all considered noble gas endohedral compounds.
Ng2@C60 has been represented on the right. A grey scale has been used to represent the different
noble gases endohedral compounds: black color is used to represent the helium-based fullerene,
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The Diels-Alder reaction produced on the lighter noble gas dimer compounds
(i.e. He2@C60 and Ne2@C60) presents reaction and activation barriers that are close
to the ones obtained for free C60. I.e., the reaction energies for the most reactive
bond 1 are compared to the free fullerene 0.2 and 2.4 kcal·mol1 more favorable for
the helium and neon dimer compounds, respectively. Likewise, the activation
barrier for the addition to bond 1 is 12.8 and 11.9 kcal·mol1 for the He2@C60
and Ne2@C60 cases, respectively. The other [6,6] bonds present similar reaction
and activation energies, whereas [5,6] bonds are much more less reactive. It is
important to remark that the addition of 1,3-butadiene produces a rotation of the
noble gas dimer which is reoriented during the course of the reaction from the initial
position to face the attacked bond.
Once Ar2 and Kr2 are inserted inside C60, the reaction becomes substantially
more exothermic (32.2 and 39.9 kcal·mol1 for bonds 1 and 2, respectively),
and the activation barriers are largely reduced (to ca. 8 and 6 kcal·mol1 for the Ar2
and Kr2 compounds, respectively). The addition to the [6,6] bond 3 is less favored,
as the noble gas moiety is not totally reoriented to face the attacked bond. Of course,
the larger the noble gas atom, the more impeded the rotation of the noble gas dimer
inside the cage. Hence, for the larger noble gas endohedral compounds the addition
is favored over those bonds situated close to the C5 axis where the dimer is initially
contained. This lack of rotation leads to substantially less favored reaction and
activation barriers.
The preferred addition site for the Xe-based compound corresponds to [6,6]
bond 1 (44.9 kcal·mol1), however the [5,6] bonds a, b and e do also present
favorable reaction energies (44.6,44.5, and45.5 kcal·mol1, respectively). On
the other hand, the lowest activation energy is found for the [6,6] bond
2 (3.8 kcal·mol1), nonetheless bonds 1, a, b, and e also present low energy barriers
(4.9, 5.7, 5.6, 6.1 kcal·mol1, respectively). Therefore, the reaction is no longer
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regioselective as five (!) regioisomers might be formed during the reaction between
1,3-butadiene and Xe2@C60.
The enhanced reactivity along the series He2@C60 < Ne2@C60 < Ar2@C60 <
Kr2@C60 < Xe2@C60 can be attributed to several factors. First, the HOMOLUMO gap is reduced from 1.63 eV for He2@C60 to 0.75 eV for Xe2@C60 (for
the free cage it is 1.66 eV), which is basically produced by a slight stabilization of
the LUMO and a major destabilization of the HOMO. The latter is a complex
situation as the HOMO for the lighter noble gas compounds (a1u orbital, for He-Ar)
is different to that of xenon and krypton fullerenes (a2u orbital that primarily
presents antibonding s* orbitals in the noble gas dimer unit). The destabilization
of the a2u orbital increases from He to Xe because of the reduction of the Ng-Ng
distance along the series. Second, the deformation energy of the cage also plays an
important role. The encapsulation of He2 and Ne2 inside C60 hardly affects the cage
as the calculated deformation energies are 0 and less than 1 kcal·mol1, respectively. However, the insertion of the larger Ar2, Kr2, and Xe2 leads to a deformation
energy of 11.2, 22.5 and 34.1 kcal·mol1, respectively. The high deformation
energy found, especially for the xenon-based compound, leads to a highly strained
cage where all [5,6] and [6,6] bonds situated close to the initial position of the Xe2
dimer are equally reactive. The reaction is then extremely exothermic and unselective as the strain of the cage is partially released after reaction. Finally, the Ng–Ng
bond distance elongation does also contribute to the enhanced reactivity for the
heavier noble gas compounds. After reaction, the Ng-Ng distance is increased by
0.028, 0.043, 0.040, 0.035, and 0.054 Å along the He2Xe2@C60 series which
corresponds to an stabilization of 0.2, 1.0, 4.1, 5.3, and 10.4 kcal·mol1.
This decompression represents an important contribution to the exothermicity of the
reaction for those bonds where the Ng dimer is reoriented facing the attacked bond.

4.6

Conclusions

The effect of the encapsulation of trimetallic nitride (TNT) complexes or noble gas
dimers on the exohedral reactivity of fullerene cages is profound. Not only does the
encapsulation affect the reactivity, it also changes the regioselectivity patterns.
For the TNT complexes, a reduction in the reactivity is observed corresponding
to an increase of the barriers by some 6 kcal·mol–1, and a decrease of the reaction
energy by some 12–20 kcal·mol–1. The preferred addition sites for the free C78
fullerene are totally different from those for Sc3N@C78, which are again radically
different for Y3N@C78. Both the free and Sc3N@C78 fullerenes prefer to react over
C–C bonds with short distances, which in the case of Sc3N@C78 are located far
away from (the influence of) the scandium atoms. In contrast, the Y3N@C78
fullerene preferably reacts over long C–C bonds, close to the yttrium atoms. This
latter is in part attributed to the deformation of the cage.
The deformation of the cage also plays a role for the encapsulation of noble gas
dimers in C60, but there it leads to drastically more reactive compounds. I.e. the
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larger the noble-gas atoms, the smaller the reaction barrier and the more exothermic
are the products. Similar to Y3N@C78 this results primarily from a strained
fullerene, which is (partially) released upon reaction. Also the decompression of
the noble gas dimer contributes, as is the major destabilization of the HOMO
orbital. For the xenon-dimer fullerene, which is characterized by a charge transfer
of one to two electrons to the fullerene, many reactive bonds are found and there is
almost no regioselectivity anymore.
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Appendix: Computational Details
All Density Functional Theory (DFT) calculations were performed with the
Amsterdam Density Functional (ADF) program (Baerends et al. 2009; te Velde
et al. 2001) and the related QUILD (QUantum-regions Interconnected by Local
Descriptions) (Swart and Bickelhaupt 2008). The molecular orbitals (MOs) were
expanded in an uncontracted set of Slater type orbitals (STOs) of triple-z (TZP)
quality containing diffuse functions and one set of polarization functions. Core
electrons (1s for 2nd period, 1s2s2p for 3rd-4th period) were not treated explicitly
during the geometry optimizations (frozen core approximation) (te Velde et al.
2001), as it was shown to have a negligible effect on the obtained geometries (Swart
and Snijders 2003). An auxiliary set of s, p, d, f, and g STOs was used to fit the
molecular density and to represent the Coulomb and exchange potentials accurately
for each SCF cycle. Energies and gradients were calculated using the local density
approximation (Slater exchange and VWN correlation) (Vosko et al. 1980) with
non-local corrections for exchange (Becke 1988) and correlation (Perdew 1986)
included self-consistently (i.e. the BP86 functional). For the studies with heavier
elements, relativistic corrections were included self-consistently using the Zeroth
Order Regular Approach (ZORA) (van Lenthe et al. 1993; te Velde et al. 2001).
The actual geometry optimizations and transition state searches were performed
with the QUILD program (Swart and Bickelhaupt 2008). QUILD constructs all input
files for ADF, runs ADF, and collects all data; ADF is used only for the generation of
the energy and gradients. Furthermore, the QUILD program uses improved geometry optimization techniques, such as adapted delocalized coordinates (Swart
and Bickelhaupt 2006) and specially constructed model Hessians with the appropriate number of eigenvalues (Swart and Bickelhaupt 2006, 2008). The latter is of
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particular use for TS searches. All TSs have been characterized by computing the
analytical vibrational frequencies, to have one (and only one) imaginary frequency
corresponding to the approach of the reacting molecules.
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