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Introduction

Endohedral metallofullerenes (EMFs), that is, those ful-
lerenes that contain metal atoms or metal clusters in their
interior, have attracted increasing attention over the last few
years due to their potential applications in different fields

such as medicine or materials science.[1] Since the first detec-
tion of La@C60 twenty-five years ago,[2] many different fami-
lies of EMFs have been characterized. In 1999, Dorn and
co-workers reported the synthesis, isolation, and characteri-
zation of Sc3N@Ih-C80,

[3] which is the third most abundant
fullerene after C60 and C70 and the prototype of the family
of nitride EMFs. Many other fullerenes that contain the tri-
metallic nitride unit have been prepared and characterized
so far with carbon cages that range from C68 to C104 and
with metal atoms that are generally from Group 3 or lantha-
nides.[1b,c] The electronic structure of the nitride EMFs can
be easily understood from the ionic model if we consider
that a formal transfer of six electrons from the internal
guest to the carbon cage takes place, (M3N)6+@ ACHTUNGTRENNUNG(C2n)

6�.
Within this simple model, an orbital rule for predicting the
most appropriate carbon-cage isomers to encapsulate
a metal nitride was proposed by Poblet and co-workers.[4]

The authors showed that the large HOMO–LUMO gap ob-
served in nitride EMFs, which confers stability upon them,
can be estimated from the energy gap between the
LUMO+3 and the LUMO+2 in the empty cages. Popov
and Dunsch showed that, in general, the stabilities of C2n

6�

and M3N@C2n match, thereby confirming the validity of the
ionic model.[5] The molecular orbital rule, although very
useful, does not provide the physical explanation for the se-
lection of a particular host C2n cage by a given metal cluster.
Recently, it has been shown that the relative stabilities of
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hollow C2n
6� isomers depend on the separation among pen-

tagons, which localize more negative charge than hexa-
gons.[6]

The charge transfer from the encapsulated cluster to the
fullerene cage provides unique properties to EMFs that
confer onto them a characteristic reactivity relative to their
hollow counterparts. Exohedral functionalization of EMFs is
crucial to obtain new materials for multiple potential appli-
cations. For instance, water-soluble derivatives of Gd3N@Ih-
C80 have been shown to be effective relaxation agents for
magnetic resonance imaging (MRI).[7] The first functionali-
zation of a nitride EMF to be described was the Diels–
Alder cycloaddition on the icosahedral (Ih) isomer
Sc3N@C80, reported by Iezzi et al. in 2002.[8] Due to the high
symmetry of the Ih-C80 cage, only two different regioisomers
are possible after functionalization: the adduct on a [5,6]
ring junction (Figure 1, type D) or the adduct on a [6,6] ring

junction (Figure 1, type B). DFT calculations at BP86/TZP
level have shown that addition in the corannulene [5,6]
bond (type D) is at least 11 kcal mol�1 more stable than the
adduct on the [6,6] bond.[9] 1,3-Dipolar cycloadditions of
azomethine ylides (the so-called Prato reaction) on
M3N@Ih-C80 show a variety of interesting results. For the N-
ethylazomethine ylide, the addition takes place regioselec-
tively at the corannulene [5,6] bond on Sc3N@Ih-C80, but the
two regioisomers can be observed when the cycloaddition
occurs on Y3N@Ih-C80.

[10] The two adducts are also observed
in the synthesis of N-tritylpyrrolidino derivative of Sc3N@Ih-
C80.

[11] In the case of the Bingel–Hirsch cyclopropanation of
diethylbromomalonate on M3N@Ih-C80, addition takes place
on the [6,6] bond for M=Sc, Lu, Y, and Er, but the Y- and
Er-based EMFs are much more reactive than the others.[12]

Therefore, as pointed out previously, the exohedral reactivi-
ty of the EMFs seems to be dictated by the nature of the en-
capsulated metal cluster. In a theoretical study, Rodriguez-
Fortea et al. reported that the [5,6] pyrrolidino adduct of

Sc3N@Ih-C80 is much more stable than the [6,6] regioisomer;
however, the two regioisomers are almost degenerate for
Y3N@Ih-C80.

[13] Furthermore, the [6,6] adduct is found to be
the kinetic product as in experiments. A pirouette-type
mechanism was proposed for the observed [6,6]-to-[5,6] iso-
merization under thermal conditions instead of by means of
retrocycloaddition.[13]

Other cages with lower symmetries that encapsulate
metal clusters show a larger number of different C�C bonds,
thus increasing the possible quantity of regioisomers
(Figure 1). Dorn and co-workers have synthesized and func-
tionalized the cage isomers M3N@D5h-C80 (M =Sc and Lu)
by means of Diels–Alder and Prato cycloadditions.[14] Inter-
estingly, the D5h-C80 isomer was found to be significantly
more reactive than the Ih-C80 one, regardless of the metal ni-
tride, as previously observed by Stevenson et al. for the re-
action with diamino silica.[15] Cai et al. synthesized the N-tri-
tylpyrrolidino derivatives of Sc3N@D3h-C78 and, by means of
NMR spectroscopic experiments and X-ray crystallography,
found that addition took place over two different type-B
[6,6] bonds and not over the type-A [6,6] pyracylene
bond,[16] the most reactive bond in C60. The same group ob-
served that Bingel–Hirsch cyclopropanation of bromome-
thylmalonate on Sc3N@D3h-C78 and Sc3N@D3-C68 also occurs
on type-B [6,6] bonds.[17] Recently, some of us performed
a theoretical study of the thermodynamics and kinetics of
the Diels–Alder reaction of s-cis-1,3-butadiene and
Sc3N@D3h-C78.

[18] The results showed that encapsulation of
the nitride on the carbon cage produces a decrease in its re-
activity, and those bonds with Sc atoms facing them become
un- or less reactive. Moreover, the reactions over the hollow
fullerene and the EMF lead to totally different cycloadducts.
The thermodynamic product on the EMF, which is also pre-
dicted to be the kinetic product, is found on a type-B [6,6]
bond and matches the lowest-energy N-tritylpyrrolidino
adduct on Sc3N@D3h-C78.

[16] The stability of products and the
reaction barriers for the Diels–Alder cycloaddition on two
cage isomers of Y3N@C78, the isolated pentagon rule (IPR)
D3h(5) and the non-IPR C2ACHTUNGTRENNUNG(22010), were also analyzed.[19]

Release of the strain energy of the cages plays the most im-
portant role in the reactivity of these isomers. Likewise, ad-
dition to the type-E pentalene bond is predicted on the non-
IPR C2ACHTUNGTRENNUNG(22010) cage. Moreover, the regioselectivity of the
Diels–Alder reaction of s-cis-1,3-butadiene to Ti2C2@C78

EMF has been recently studied and has been found to be
quite different from that of the Sc3N@D3h-C78 EMF due to
the orientation of the metallic cluster.[20] Finally, a DFT
study of the Bingel–Hirsch cyclopropanation on non-IPR
Gd3N@C2n (2n=82 and 84) confirmed that the release of
strain in the fullerene due to functionalization and forma-
tion of open-cage fullerenoids is crucial to understanding
the reactivity of such non-IPR EMFs.[21]

The computational exploration of the exohedral reactivity
of EMFs has been shown to be a powerful tool to under-
stand, predict, and support the experimental addition
sites.[22] The aim of the present work is to provide a detailed
investigation of the exohedral reactivity of the most impor-

Figure 1. Different C�C bond types that may be present in a fullerene.
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tant and abundant EMFs, that is, the Sc3N@Ih-C80 and its
Sc3N@D5h-C80 isomer, and the (bio)chemically relevant lute-
tium- and gadolinium-based EMFs for both Ih and D5h

cages. In particular, we analyze the thermodynamics and the
kinetics of the Diels–Alder cycloaddition of s-cis-1,3-buta-
diene on all the different bonds of the Ih-C80 and D5h-C80

cages. First, we discuss the thermodynamic and kinetic as-
pects of the cycloaddition on the hollow fullerenes and the
two isomers of Sc3N@C80. Afterwards, the effect of the
nature of the metal nitride is analyzed in detail.

Computational Methods

All density functional theory calculations have been performed with the
Amsterdam Density Functional (ADF) program.[23] The molecular orbi-
tals (MOs) were expanded in an uncontracted set of Slater-type orbitals
(STOs) of double-z (DZP) and triple-z (TZP) quality that contained dif-
fuse functions and one set of polarization functions. Core electrons (1s
for second period, 1s2s2p for third to fourth period,
1s2s2p3s3p4s3d4p5s4d for sixth period) were not treated explicitly during
the geometry optimizations (frozen core approximation),[23b] as it was
shown to have a negligible effect on the obtained geometries.[24] An auxil-
iary 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
self-consistent field (SCF) cycle. Energies and gradients were calculated
using the local density approximation (Slater exchange and VWN corre-
lation)[25] with nonlocal corrections for exchange (Becke88)[26] and corre-
lation (Perdew86)[27] included self-consistently (i.e., the BP86 functional).
Scalar relativistic corrections have been included self-consistently by
using the zeroth-order regular approximation (ZORA).[28]

All energies reported here have been obtained with the TZP basis in
single-point energy calculations at geometries that were obtained with
the DZP basis (i.e., BP86/TZP//BP86/DZP). Although it is well docu-
mented that standard DFT functionals like BP86 underestimate energy
barriers[29] (in the case of the parent Diels–Alder reaction BP86/TZP pre-
dicts a barrier of 18.6 kcal mol�1, that is, an underestimation of the exper-
imental value by some 6 kcal mol�1), this underestimation should be simi-
lar for all Diels–Alder transition states we encounter here.

The actual geometry optimizations and TS searches were performed with
the QUILD[30] (QUantum-regions Interconnected by Local Descriptions)
program, which functions as a wrapper around the ADF program. The
QUILD program constructs all input files for ADF, runs ADF, and col-
lects all data; ADF is used only for the generation of the energy and gra-
dients. Furthermore, the QUILD program uses improved geometry opti-
mization techniques, such as adapted delocalized coordinates[31] and spe-
cially constructed model Hessians with the appropriate number of eigen-
values.[30] The latter is of particular use for TS searches. All TSs that cor-
respond to the Diels–Alder addition to the free cages, and scandium- and
lutetium-based EMFs have been characterized by computing the analyti-
cal[32] vibrational frequencies, to have one imaginary frequency corre-
sponding to the approach of the two reacting carbon atoms. We should
mention here that the optimization of the gadolinium-based compounds
has been a difficult task. Gadolinium atoms have an incomplete f shell
([Xe]4f75d16s2), and therefore different spin configurations for Gd3N@C80

are possible. The seven unpaired electrons of the gadolinium atoms can
be coupled either ferromagnetically (S= 21=2) or antiferromagnetically
(S= 7=2). The difference in energy between the latter two configurations
was found to be extremely low (0.1 kcal mol�1).[33] It was also recently
published that the low-spin state in the case of the related compound
Gd3N@C78 is 4.5 meV (�0.1 kcal mol�1) lower in energy than the high-
spin state.[34] All calculations reported here have been performed consid-
ering the antiferromagnetic coupling (i.e., S= 7=2). In practice, the analyti-
cal vibrational frequencies for the TSs of the gadolinium-based EMFs
were not calculated due to the high computational cost and SCF conver-
gence difficulties related with the high number of unpaired electrons, and

based on the similarities of the TS structures with those of the other
metal clusters. Pyramidalization angles introduced by Haddon[35] were
computed using the POAV3 program.[36]

Results and Discussion

The Diels–Alder reaction between s-cis-1,3-butadiene and
the fullerenes Ih-C80, D5h-C80, M3N@Ih-C80, and M3N@D5h-
C80 (M=Sc, Lu, and Gd) has been thoroughly studied for
all the nonequivalent bonds that exist in the two fullerene
cages. For the highly symmetrical Ih-C80 cage, only two dif-
ferent addition sites are possible: a type-D [5,6] (corannu-
lene) ring junction and a type-B [6,6] junction (Figures 1
and 2). For the less symmetric D5h-C80 isomer, nine different
C�C bonds exist (Figure 2); four of them are [5,6] bonds

(type-D) and five [6,6] bonds (one type-A, three type-B, and
one type-C; see Figure 1). We will refer to each different
bond according to the nomenclature used in Figure 2, in
which numbers denote [6,6] bonds and lower-case letters
denote [5,6] bonds. The study of the reactivity on the
M3N@C80 EMFs is not straightforward because the metal ni-

Figure 2. Different nonequivalent bonds of the a) Ih-C80 and b) D5h-C80

cages are represented. Numbers denote [6,6] bonds and lower-case letters
denote [5,6] bonds. Different colors are used to highlight the different
bond types (pink is for type A, green for type B, orange for type C, and
blue is for type D, according to Figure 1). The Schlegel diagrams, which
convert the 3D fullerene into a 2D representation, for the two cage iso-
mers are also shown.
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tride can rotate in the interior of the carbon cage, as ob-
served in NMR spectroscopic experiments[3,37] and computa-
tions.[13, 38] We have considered eight orientations of the M3N
unit (see Figure 3) inside the Ih-C80 cage, but only five orien-
tations (1, 2, 4, 5, and 8) have been chosen for the D5h-C80

isomer. On the basis of our experience with other systems,

we believe that these five orientations are sufficient to find
the most favorable orientations for all nine nonequivalent
bonds.[13,21] We refer to these as orientational isomers, which
we identify with a subscript ranging from 1 to 8. For in-
stance, 12 indicates that the addition has been produced
over the [6,6] bond 1 (Figure 2) and that the metallic cluster
is oriented as in orientational isomer 2 (Figure 3).

Reaction energies for Diels–Alder cycloaddition on
Sc3N@Ih-C80 and Sc3N@D5h-C80

Isomer Ih : We have analyzed the thermodynamics of the
[4+2] Diels–Alder reaction between s-cis-1,3-butadiene and
empty Ih-C80 and Sc3N@Ih-C80. In the case of the hollow full-
erene, the preferred addition site corresponds to the type-D
[5,6] bond (the reaction energy is �27.9 kcal mol�1; see
Table 1). In contrast, the cycloaddition reaction over the
type-B [6,6] bond is approximately 16 kcal mol�1 less exo-
thermic (Table 1). As already observed by Campanera
et al. ,[9] C�C bond lengths and pyramidalization angles, qp,
in the pristine fullerene cage may be used as predictors for
the reactivity of the different bond types within the mole-
cule. As pointed out in previous studies,[9,18] the Diels–Alder
reaction should be favored for bonds with short lengths and
high pyramidalization angles, although exceptions exist.[18,19]

Bonds Ih-1 and Ih-a both have similar lengths, but the pyra-
midalization angle for Ih-a is much larger than for Ih-
1 (Table 1). This must be the origin of their different reactiv-
ity. It is worth noting that this is the opposite situation
found for the most common C60 and C70 fullerenes for which
the [6,6] are much more reactive than the [5,6] bonds.[39]

However, it should be emphasized that Ih-C80 lacks the
highly reactive [6,6] pyracylene bond.

Once the Sc3N cluster is encapsulated inside the cage, the
cycloaddition reaction is also basically preferred over the
[5,6] bond. The preferred orientational isomers Ih-a6 and Ih-
a2 present reaction energies of �17.2 and �15.6 kcal mol�1,
respectively (see Table 2 and Table S1 in the Supporting In-
formation, and Figure 4). These cycloadducts have the scan-
dium atoms of the metallic cluster situated far away from
the bond at which the s-cis-1,3-butadiene has been attached.
However, the nitride cluster and the attacked bond are
either situated in the same plane (Ih-a2) or the Sc3N unit is
slightly tilted (Ih-a6) (see Figures 3 and 4). This trend of
scandium-based nitride fullerenes for reacting with bonds

Figure 3. Representations of the relative position of the metal nitride
(shown as a Y-shaped figure) with respect to the C�C bond of the fuller-
ene where the adduct is formed (indicated by a bar) for the different iso-
mers computed in this work.

Table 1. C�C bond lengths and pyramidalization angles in the hollow Ih-C80 and D5h-C80 reactants along with the reaction energies, reaction barriers, and
C�C bond lengths in the transition states and final Diels–Alder adducts.[a–d]

Reactants DA adducts Transition states
Bond Bond type[b] Rfull qp DER Rfull Type DE� RCC

Ih-C80

Ih-1 B [6,6] 1.428 9.62 �11.6 1.435 asyn 2.9 1.609 2.536
Ih-a D [5,6] 1.438 10.58 �27.9 1.423 asyn 3.8 2.118 2.941
D5h-C80

D5h-1 C [6,6] 1.471 8.64 0.5 1.660 asyn 20.2 1.922 3.002
D5h-2 B [6,6] 1.425 9.67 �16.1 1.612 asyn 10.2 2.048 3.027
D5h-3 B [6,6] 1.425 9.50 �3.5 1.605 asyn 10.9 2.049 3.083
D5h-4 B [6,6] 1.430 9.71 �4.8 1.596 asyn 7.1[d] 2.119 3.378
D5h-5 A [6,6] 1.382 10.66 �20.6 1.550 syn 10.8 2.373 2.272
D5h-a D [5,6] 1.432 10.50 �24.7 1.612 syn 15.9 1.946 2.000
D5h-b D [5,6] 1.435 10.73 �28.2 1.604 asyn 8.1 2.172 2.976
D5h-c D [5,6] 1.451 10.31 �22.7 1.616 asyn 10.4 2.057 3.075
D5h-d D [5,6] 1.444 10.68 �19.0 1.596 asyn 12.1 2.007 3.075

[a] Bond lengths, Rfull and RCC [�], and average pyramidalization angles of the two C atoms involved in the bond, qp [8]; Rfull is the length of the C�C
bond over which the reaction took place, and RCC are the bond lengths of the two newly formed C�C bonds. [b] Bond-type classification according to
Figure 1. [c] Reaction energies, DER, and reaction barriers, DE� [kcal mol�1].[d] TS computed in the triplet state (all attempts to converge the singlet
state were unsuccessful due to the tiny HOMO–LUMO gap).
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situated far away from the Sc3N influence is not unexpected.
In the case of Sc3N@D3h-C78, in which the nitride unit does
not freely rotate, it was found that those bonds that present
one of the scandium atoms faced towards them were highly
deactivated versus s-cis-1,3-butadiene relative to empty
C78.

[18] Similar results were found for 1,3-dipolar cycloaddi-
tions with azomethine ylides (Prato reaction).[13] Therefore,
our theoretical exploration of the chemical reactivity of
Sc3N@Ih-C80 is in line with the experimental findings and
previous computations.[9,18] The orientational isomer that
presents the third most exothermic reaction energy corre-
sponds to Ih-a7 (�11.5 kcal mol�1). In this case, the nitride
unit is also situated far away from the attacked [5,6] bond,
but the Sc3N unit is not located in the same plane as the C�
C bond. The rest of the isomers that correspond to the [5,6]

addition present very low reaction energies that range from
�4.0 to �6.8 kcal mol�1 (Table S1 in the Supporting Infor-
mation). The Diels–Alder reaction over [6,6] bonds is highly
unfavorable; the reaction energies range from 0.4 to
�4.4 kcal mol�1. Again, those orientations of the nitride clus-
ter in which the scandium atoms are not in close contact
with the reactive bond (i.e., Ih-15 and Ih-16) present the most
exothermic reaction energies (�3.9 and �4.4 kcal mol�1, re-
spectively). It is interesting to note that rotation of the clus-
ter is more hindered when the bond is functionalized, as
previously noted for other reactions.[12,13, 40]

Isomer D5h : For the reaction with the empty D5h-C80

(Table 1), we observed that most of the reaction energies
are exothermic and of the same magnitude as those found
for the empty Ih-C80 and D3h-C78.

[18] In general, [5,6] bonds
are more reactive than [6,6] bonds; the reaction energies for
the four [5,6] bonds are all exothermic in the range from
�28.2 to �19.0 kcal mol�1. Except for the pyracylene-type
bond D5h-5 and the type-B bond D5h-2, the reactivity of the
[6,6] bonds is very low. The behavior for D5h-C80 is similar to
that found for the D3h-C78 cage: the most reactive bond is
a [5,6] bond of type D and the most reactive [6,6] bond is of
pyracylene type (A). In the present case, the most exother-
mic reaction energy is obtained when the addition takes
place on [5,6] bond D5h-b (�28.2 kcal mol�1). This bond
shows a rather short length (1.435 �) and the largest pyra-
midalization angle (10.738), see Table 1. The remaining
three [5,6] bonds (D5h-a, D5h-c, and D5h-d) feature similar or
slightly larger lengths and somewhat smaller pyramidaliza-
tion angles. In contrast, [6,6] bonds show, except for the pyr-
acylene-type bond D5h-5, smaller pyramidalization angles
than [5,6] bonds in line with their lower reactivity. Bond
D5h-5, with the shortest C�C length (1.382 �) and a high
pyramidalization angle (10.668), yields the fourth most exo-
thermic reaction energy after bonds D5h-b, D5h-a, and D5h-c.
As in the case of the D3h-C78 cage, the least reactive of all is
bond D5h-1 of pyrene-type (C), with the longest length

Table 2. Reaction energies, reaction barriers, and bond lengths in the transition states and the final products of the Diels–Alder addition on the EMFs
Sc3N@Ih-C80 and Sc3N@D5h-C80.

[a–d]

DA adducts Transition states
Bond Bond type[b] DER RCC Type DE� RCC

Sc3N@Ih-C80

Ih-a6 D [5,6] �17.2 1.559 1.558 asyn 15.7 1.891 2.871
Ih-16 B [6,6] �4.4 1.579 1.565 asyn 19.3d 2.614 1.784
Sc3N@D5h-C80

D5h-b2 D [5,6] �15.8 1.555 1.561 asyn 13.4 1.915 2.904
D5h-c2 D [5,6] �14.1 1.559 1.557 asyn 16.2 1.839 3.011
D5h-35 B [6,6] �10.0 1.572 1.571 asyn 16.4 1.891 2.665
D5h-a2 D [5,6] �9.2 1.562 1.562 asyn 16.5 1.674 2.743
D5h-d1 D [5,6] �8.7 1.560 1.560 asyn 17.2 1.890 2.795
D5h-25 B [6,6] �8.1 1.574 1.573 syn 17.4 2.275 2.554
D5h-58 A [6,6] �2.0 1.575 1.576 asyn 18.4 1.775 3.261
D5h-15 C [6,6] �1.6 1.575 1.575 asyn 21.7 1.876 2.405
D5h-41 B [6,6] 1.2 1.565 1.572 syn 21.9 2.083 2.234

[a] Reaction energies (DER) and barriers (DE�) [kcal mol�1], and bond lengths [�]. [b] Bond-type classification according to Figure 1. [c] Only the
lowest-energy orientational isomer for each regioisomer is shown. The complete table with all the studied adducts can be found in the Supporting Infor-
mation. [d] The lowest-energy barrier for the Ih-1 regioisomer corresponds to the orientational isomer 5 (Ih-15).

Figure 4. Representation of the regioisomers obtained from the Diels–
Alder cycloaddition between s-cis-1,3-butadiene and Sc3N@Ih-C80. The
lowest-energy orientations of the Sc3N cluster for each regioisomer are
shown; [6,6] and [5,6] regioisomers are named Ih-1x and Ih-ax, respective-
ly, for which x denotes the orientation of the metal nitride, according to
Figure 3. In parenthesis, the relative energies [kcal mol�1] with respect to
the lowest-energy Ih-a6 isomer. All the computed adducts can be found in
the Supporting Information.
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(1.471 �) and the smallest pyramidalization angle (8.648).
Therefore, the C�C bond lengths and especially the pyra-
midalization angles predict correctly the general reactivity
for most of the different bond types, but they do not allow
distinguishing among bonds that show similar values of
these two predictors, as, for example, bonds D5h-2 and D5h-4
with significantly different reactivity and similar values for
the two predictors. Inspection of the topology of the
LUMOs helps to understand such differences, as found pre-
viously for the D3h-C78 cage.[18] The larger the contributions
of the C atoms for a certain C�C bond in the LUMOs, the
more reactive the bond will be. However, the lobes of the
LUMOs within any of these bonds should be of the opposite
sign so as to facilitate the [4+2]-cycloaddition reaction.

Bonds D5h-a, D5h-b, D5h-c, and D5h-5 have suitable low-
energy LUMOs with large contributions on the C atoms of
the corresponding bonds to interact with the HOMO of the
diene. Indeed, they are the bonds that yield the four most
exothermic reactions. Therefore, the molecular orbitals of
the fullerene reactants give predictions of the reactivity that
agree qualitatively with the computed reaction energies. A
combination of the three criteria allows, however, a better
prediction of the relative reactivity of the different
bonds.[18,22]

Regarding the Diels–Alder reaction on Sc3N@D5h-C80, for
each of the different bonds we have computed five different
orientations of the metal nitride inside the fullerene (1, 2, 4,
5, and 8; see Figure 3) based on our experience with previ-
ous studies.[13,21] The reaction energies, displayed in Table 2
(Table S2 in the Supporting Information) and Figure 6, indi-
cate:

1) Rotation of the internal Sc3N unit is more hindered once
the fullerene is exohedrally functionalized, as found for
Diels–Alder and other derivatives of Ih-C80.

[12, 13]

2) As observed by Campanera et al. for Ih-C80 and by
Osuna et al. for D3h-C78,

[9,18] the reaction energies are less
exothermic than for the addition onto the pristine D5h-
C80 cage.

3) In general, the difference between the reaction energies
over the nonequivalent bonds, that is, the regioselectivity,
is reduced.

4) Interestingly, two [5,6] bonds, D5h-b and D5h-c, remain
the most reactive bonds. Due to their relative energy
with respect to other regioisomers (around 5 kcal mol�1),
these two adducts should be the most abundant products
under thermodynamic control. This is in contrast to the
results observed for Sc3N@D3h-C78 in which the most
stable adduct is one of the [6,6] B adducts. The differ-
ence in exothermicity of the reaction over bonds D5h-
b and D5h-c is now reduced to less than 2 kcal mol�1.

5) Bond 3, of [6,6] B type, yields the third most stable
adduct. This bond, which is one of the less reactive
bonds in the pristine cage, is activated by the presence of
the nitride cluster.

6) The pyracylenic bond D5h-5, which is the most reactive
[6,6] bond in the hollow fullerene, is now rather deacti-

vated. Bond D5h-2, also of [6,6] B type, is more reactive
than D5h-5.

7) The orientational isomers in which two Sc atoms are
pointing to the two sides of the functionalized bond (see
Figure 4 and 5) are usually the most stable isomers for

[5,6] bonds, similarly to what happens in the pyrrolidine
adducts of Sc3N@Ih-C80. For the most stable [6,6] adducts
(bonds D5h-2 and D5h-3), orientational isomer 5 is the
one with the lowest energy in good agreement with the
results of the Prato reaction on Sc3N@Ih-C80.

[13]

Based on the results shown so far, Sc3N@Ih-C80 is some-
what more reactive than Sc3N@D5h-C80 from the thermody-
namic point of view, that is, from the exothermicity of the
addition reactions. The two isomers are also more reactive
than Sc3N@D3h-C78.

[18]

Energy barriers for Diels–Alder cycloaddition on Sc3N@Ih-
C80 and Sc3N@D5h-C80 : Transition-state (TS) structures for
each of the nonequivalent bonds of the empty cages Ih-C80

and D5h-C80 as well as the endohedral fullerenes Sc3N@Ih-
C80 and Sc3N@D5h-C80 were computed. In all cases, the TS
search started from a symmetric structure in which the two
C�C bonds to be formed have the same bond length, thus
leading, in most cases, to an asynchronous TS (even in the
symmetric addition sites, at which the synchronous TS is ac-
tually a second-order saddle point).[41]

Isomer Ih : In the case of the hollow Ih-C80 cage, the product
under kinetic control, that is, the one with the lowest-energy
activation barrier, does not correspond to the product under

Figure 5. Representation of the six lowest-energy regioisomers for the
Diels–Alder cycloaddition between s-cis-1,3-butadiene and Sc3N@D5h-
C80. The different regioisomers are named according to nomenclature de-
scribed in Figure 2. For example, D5h-2x is the adduct on bond 2, for
which x denotes the orientation of the metal nitride. Only the lowest-
energy orientation of nitride is shown. In parenthesis, the relative ener-
gies [kcal mol�1] with respect to the lowest-energy D5h-b2 isomer. All the
computed adducts can be found in the Supporting Information.
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thermodynamic control, as the lowest barrier is found for
the addition of the diene to a [6,6] bond (Ih-1, DE� =

2.9 kcal mol�1; Table 1). The TS for the cycloaddition to the
[5,6] bond presents a slightly higher activation barrier (Ih-a,
DE� =3.8 kcal mol�1). For the metallofullerene Sc3N@Ih-C80,
the lowest activation barrier is obtained for the regioisomer
that presents the most exothermic reaction energy (Ih-a6,
15.7 kcal mol�1; Table 2). The differences in DE� between
[6,6] and [5,6] additions are larger than in hollow Ih-C80. The
changes in the reaction barriers for different orientations of
the metal nitride are smaller than the changes found in the
reaction energies (Table S3 in the Supporting Information).
For example, the transition states for Ih-a2 and Ih-a7 are only
0.3 and 1.6 kcal mol�1 higher in energy than that of Ih-a6, re-
spectively. The rest of the [5,6] orientational isomers in
which the metal nitride is either faced or situated perpendic-
ularly to the attacked bond present higher activation barri-
ers (19.7–21.3 kcal mol�1). These higher reaction barriers are
mainly attributed to higher deformation energies of both
the cage and the diene (Table S5 in the Supporting Informa-
tion). It is important to note that the internal cluster adapts
its position along the reaction to minimize the activation
barrier. The mobility of the cluster decreases significantly in
the region of the potential-energy surface close to the prod-
uct.

Isomer D5h : Table 1 also displays the reaction barriers and
C�C bond lengths that are being formed at the TS for the
hollow D5h-C80 cage. The barriers are significantly larger
than for the Ih-C80 isomer and smaller than those found for
the D3h-C78 cage. This concurs with the fact that the free D5h

cage is approximately 11 kcal mol�1 more stable than the Ih-
C80 isomer. The lowest barrier corresponds to bonds D5h-4
and D5h-b (7.1 and 8.1 kcal mol�1, respectively) followed by
bonds D5h-2, D5h-c, D5h-5, and D5h-3 with barriers that are
up to 3 kcal mol�1 larger. Bonds D5h-d, D5h-a, and D5h-
1 show even larger barriers, especially the last two with
values larger than 15 kcal mol�1. It is interesting to point out
that the adduct on bond D5h-b is the thermodynamic as well
as one of the kinetically preferred products (second-lowest
barrier). Bond D5h-4, which yields an adduct that is not very
stable, is very reactive kinetically speaking (lowest barrier).
It is also interesting to point out that the lowest-energy
adduct on a [6,6] bond (D5h-5, pyracylenic bond) displays
a relatively low barrier. The largest barrier is observed for
bond D5h-1, which is also predicted to have the most endo-
thermic reaction energy. Most of the TS are highly asyn-
chronous except for D5h-a and D5h-5, which show similar
C···C distances for the bonds that are being formed.

For the Diels–Alder reaction between Sc3N@D5h-C80 and
s-cis-1,3-butadiene, we have only computed the TS for the
most stable orientational isomers for each of the regioisom-
ers (Table 2). All the computed barriers are larger than
those found for the empty D5h-C80 cage. This reduced reac-
tivity for the EMF relative to the hollow cage has been also
observed for the Ih-C80 and D3h-C78 systems, and it is easily
understood by comparing the HOMO–LUMO gaps of the

different species (i.e., 0.130, 1.516 eV for Ih-C80 and
Sc3N@Ih-C80; and 0.084 and 1.114 eV for D5h-C80 and
Sc3N@D5h-C80, respectively). The lowest barrier is now
found for bond D5h-b (13.4 kcal mol�1). The barriers for the
other regioisomers are more than 2.5 kcal mol�1 larger. The
second-lowest barrier corresponds to bond D5h-3 (16.2 kcal
mol�1), the third most stable product. The second most
stable regioisomer, the adduct on bond D5h-c, features a bar-
rier that is almost 4 kcal mol�1 larger than for the adduct on
bond D5h-b. The barriers for the other regioisomers are
larger, especially for bonds D5h-4 and D5h-5 (almost 22 kcal
mol�1). Bond D5h-4, which is one of the two most reactive
bonds in the hollow fullerene from the kinetic point of view,
is importantly deactivated once the Sc3N is encapsulated.
All TS except two are found to be very asynchronous. In
general, the orientation of the nitride cluster does not affect
the barriers as much as the energies of the final products.

After these computations, regioisomer D5h-b of [5,6] type
B, is predicted to be the thermodynamic as well as the kinet-
ic product. It is important to note that the TS for the adduct
on bond D5h-5, the [6,6] pyracylenic bond, lies more than
8 kcal mol�1 higher than the lowest barrier (bond D5h-b).
Therefore, this bond does not seem to be the most reactive
one from the kinetic point of view in contrast to the predic-
tions done by Dorn and co-workers from NMR spectroscop-
ic experiments.[14] In a recent study, we have reported the re-
action energies as well as the NMR spectroscopic chemical
shifts computed at the KT2/ET-pVQZ level for the N-trityl-
pyrrolidino mono-adducts of Sc3N@D5h-C80. These calcula-
tions showed that indeed the preferred addition for the 1,3-
dipolar functionalization of the nitride EMF corresponds to
the D5h-b2 bond, which exhibits moreover a NMR pattern
that is consistent with the data by Dorn et al.[42]

Comparison of the activation barriers for the two
Sc3N@C80 isomers (Table 2 and Figures 6 and 7) shows that
Sc3N@D5h-C80 should exhibit higher reactivity, that is, react
faster than the Ih isomer towards the diene under the Diels–
Alder cycloaddition, as observed recently by Dorn and co-
workers.[14] This observation is also consistent with the
smaller HOMO–LUMO gap for Sc3N@D5h-C80 (1.516 and
1.114 eV for the Sc-based Ih- and D5h-C80 cages, respectively)
and the higher deformation energy of the D5h cage (the de-
formation energies that correspond to the nitride cluster en-
capsulation are 18.2 and 15.8 kcal mol�1 for Sc3N@D5h-C80

and Sc3N@Ih-C80, respectively).

Effect of the metal nitride: Diels–Alder cycloaddition on
M3N@Ih-C80 and M3N@D5h-C80 (M=Lu and Gd): We have
extended our study to investigate the exohedral reactivity of
some (bio)chemically important nitride metallofullerenes
that contain Lu3N and Gd3N instead of Sc3N to analyze the
influence of the metal on this type of reactions. As already
pointed out previously, the metal nitride is easily rotated in
Sc3N@Ih-C80.

[38] The 13C NMR spectrum at ambient tempera-
ture of Lu3N@Ih-C80 confirmed that there exists a motional
averaging of the Lu3N similar to that of Sc3N in Sc3N@Ih-
C80.

[43] Moreover, some of us previously studied the differ-
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ence in energy between the orientational isomers at BP86/
TZP for Y3N@Ih-C80 and found rather small energy differen-
ces (less than 3 kcal mol�1).[44] We note here that Lu3+ is
slightly smaller than Y3+ (their ionic radii are 100 and
104 pm, respectively).[45] In light of the experimental and
theoretical observations that the Lu3N unit is also easily ro-
tated, we have employed the same procedure as for
Sc3N@Ih-C80. Therefore, we have studied the cycloaddition
reaction over the two nonequivalent bonds and considered
different orientations of the Lu3N moiety. The rotation of
the larger Gd3N is more debatable. It was proposed from
Raman spectra that the free cluster rotation is prevented in
Gd3N@Ih-C80 due to the interaction between the Gd3N clus-
ter and the C80 cage.[46] In contrast, a recent study showed
that the energy differences between the different orienta-
tional isomers of Gd3N@Ih-C80 are very low (less than 2 kcal
mol�1).[44] To allow a full comparison between all analyzed
systems, we decided to investigate the exohedral reactivity
of Gd3N@Ih-C80 as in the other two studied cases consider-
ing the reaction over the [5,6] and [6,6] bonds with different
orientations of the Gd3N unit. The same analysis was done
for M3N@D5h-C80 (M=Lu, Gd; Figure 8).

Reaction energies : In Table 3, the reaction energies for the
Diels–Alder reaction over the different [5,6] and [6,6] bonds

with the different Lu3N orientations are shown. The pre-
ferred addition site in the case of Lu3N@Ih-C80 corresponds
to the [5,6] Ih-a bond, as found also for M=Sc. Again, the
lowest-energy orientational isomers present the metal clus-
ter situated in the same plane as the attacked bond but with
the Lu atoms situated far away from it (Ih-a2 and Ih-a6 with
reaction energies of �13.1 and �14.5 kcal mol�1, respective-
ly; Table S6 in the Supporting Information). Therefore, the
change of the Sc3N inner cluster for Lu3N does not affect
the regioselectivity of the Diels–Alder cycloaddition on the
cage. It is important to note that the third most exothermic
reaction energy is obtained for the isomer Ih-a3, which has

Figure 6. Comparison of the reaction energies and activation barriers
[kcal mol�1] found for the Diels–Alder reaction over the nonequivalent
bonds of the hollow Ih and D5h cages (black) and the EMFs Sc3N@Ih-C80

and Sc3N@D5h-C80 (gray). Reaction energies and barriers are shown only
for the lowest-energy orientations of the metal nitride. Figure 7. Representation of the TS structures for the Diels–Alder cyclo-

addition between s-cis-1,3-butadiene and Sc3N@Ih-C80 or Sc3N@D5h-C80.
All the computed TS structures can be found in the Supporting Informa-
tion.

Figure 8. Representation of the endohedral metallofullerenes:
a) Sc3N@Ih-C80, b) Lu3N@Ih-C80, and c) Gd3N@Ih-C80. In the latter com-
pound, the nitrogen atom is displaced out of the Gd3 plane.
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one of the lutetium atoms in close contact with the attacked
[5,6] bond (DER =�10.2 kcal mol�1; see Table S6 in the Sup-
porting Information). Actually, the isomers Ih-a1, Ih-a3, and
Ih-a4 present one of the lutetium atoms facing the attacked
bond and their reaction energies are substantially exother-
mic (they range from �9.1 to �10.2 kcal mol�1; see Table S6
in the Supporting Information). Therefore, the encapsula-
tion of larger metal nitrides produces an increase in the re-
activity of those bonds that present one of the metal atoms
in close contact (see Figure 9). Certainly, this preference is
not unexpected. It was found that the exohedral reactivity
of endohedral metallofullerenes that encapsulate large ni-
tride units is led by the fullerene strain energy.[19, 47] In fact,
the deformation energy of the Ih-C80 fullerene cage for en-
capsulating Lu3N is 11.0 kcal mol�1 higher than for Sc3N (the
deformation energies are 15.8 and 26.8 kcal mol�1 for
Sc3N@Ih-C80 and Lu3N@Ih-C80). The exohedral functionaliza-
tion through those bonds situated close to one of the metal
atoms of the nitride leads to a less strained situation in
which the pyramidalization of the attacked carbon bonds
gives extra space to the nitride unit. It is therefore not sur-
prising that the reaction energies for the isomers Ih-a5 and
Ih-a8, which present the Lu3N perpendicular to the attacked
[5,6] bond, have low exothermicities (the reaction energies
are �1.0 and �2.2 kcal mol�1, respectively). As it so happens
with the scandium-based related compound, the cycloaddi-
tion to [6,6] bonds is less favorable. The most stable [6,6]
isomer corresponds to Ih-13 (reaction energy of �7.1 kcal
mol�1), with the nitride directly facing again the attacked
[6,6] bond. Other orientational isomers with the Lu atoms
far from the [6,6] bond present substantially less exothermic
reaction energies (from �0.3 to �1.7 kcal mol�1; Table S6 in
the Supporting Information).

For the reaction on Lu3N@D5h-C80, no significant changes
are found relative to Sc3N@D5h-C80. Although the deforma-
tion energy of the D5h-C80 cage for encapsulating Lu3N is
substantially higher than for Sc3N (18.2 and 31.5 kcal mol�1,

respectively), the similar reactivity of the two com-
pounds might be attributed to the slightly larger
HOMO–LUMO gap for Lu3N@D5h-C80 than for
Sc3N@D5h-C80 (1.314 and 1.114 eV, respectively).
We have only analyzed the lowest-energy orienta-
tional isomers for each of the regioisomers (a total
of twenty one isomers; Table S7 in the Supporting
Information). The most stable regioisomer is also
the adduct formed on bond D5h-b, the reaction
energy being almost the same as for the Sc deriva-
tive. The second most stable regioisomer corre-
sponds now to the adduct on bond D5h-d, which lies
only less than 2 kcal mol�1 higher than the adduct
on bond D5h-b and which is more stable than ad-
ducts on bonds D5h-c, D5h-3, and D5h-a in contrast
to what happens in the Sc3N EMF. As for the Ih

cage, those orientations in which the metal atom is
pointing to the functionalized bond, D5h-d1, become
more favored as long as the metal in the cluster is
larger.[13] Indeed, important stabilizations of orien-

tational isomer 1 are found for all the regioisomers with re-
action energies that become between 3.4 (bond D5h-c) and

Table 3. Reaction energies and bond lengths in the lowest-energy final products of
the Diels–Alder addition on the EMFs Lu3N@Ih-C80 and Lu3N@D5h-C80.

[a–c]

Bond Bond type[b] DER Rfull RCC

Lu3N@Ih-C80

Ih-a6 D [5,6] �14.5 1.641 1.559 1.558
Ih-13 B [6,6] �7.1 1.702 1.563 1.562
Lu3N@D5h-C80

D5h-b2 D [5,6] �15.9 1.648 1.562 1.563
D5h-d1 D [5,6] �14.0 1.680 1.559 1.559
D5h-c2 D [5,6] �11.7 1.664 1.565 1.562
D5h-31 B [6,6] �10.8 1.705 1.562 1.562
D5h-25 B [6,6] �9.5 1.589 1.577 1.578
D5h-a2 D [5,6] �8.4 1.655 1.567 1.567
D5h-41 B [6,6] �7.6 1.708 1.562 1.566
D5h-11 C [6,6] �4.5 1.883 1.554 1.553
D5h-51 A [6,6] �1.8 1.623 1.574 1.567

[a] Reaction energies, DER [kcal mol�1] and bond lengths [�]; Rfull is the length of the
C�C bond over which the reaction took place, and RCC are the bond lengths of the
two newly formed C�C bonds. [b] Bond-type classification according to Figure 1.
[c] Only the lowest-energy orientational isomer for each regioisomer is shown. The
complete table with all the studied adducts can be found in the Supporting Informa-
tion.

Figure 9. Comparison of the reaction energies and activation barriers
[kcal mol�1] found for the Diels–Alder reaction over the nonequivalent
bonds of M3N@Ih-C80 and M3N@D5h-C80 (M=Sc, black; Lu, gray; Gd,
white). Only energies for the lowest-energy orientations of the metal ni-
tride are considered. Broken lines compare the lowest reaction energies
and activation barriers for the Ih and D5h isomers of Sc3N@C80, showing
a smaller barrier, that is, higher reactivity, for the D5h isomer in good
agreement with the experiments.[14]
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16.9 (bond D5h-1) kcal mol�1 more exothermic now
in the case of the Lu-EMF than in the Sc nitride.
Bond D5h-5 leads to the least stable adduct among
all the regioisomers that we have computed with
a reaction energy very similar to that found for the
Sc EMF.

The exploration of the chemical reactivity of the
gadolinium nitride metallofullerene Gd3N@Ih-C80

draws interesting results. In contrast with Sc3N@Ih-
C80 and Lu3N@Ih-C80, the Diels–Alder reaction is
favored over both [5,6] and [6,6] bonds and there
are six isomers (Ih-11, Ih-a1, Ih-a2, Ih-a3, Ih-a4, and Ih-
a6) that present favorable reaction energies that
range from �14.1 to �15.6 kcal mol�1 (Table 4 and
Table S8 in the Supporting Information). This lower
regioselectivity is mainly attributed to the higher
deformation energy of the fullerene cage. The Ih-
C80 cage is more distorted when the larger Gd3N
unit is encapsulated inside (the deformation energy
is 31.8 kcal mol�1, that is, 16 kcal mol�1 larger than
for Sc3N). Of course, the higher the deformation
energy of the cage the more reactive the fullerene
structure as the strain is partially released after the
reaction. Those isomers that display significant neg-
ative reaction energies present the Gd3N cluster
either faced or situated far away from the attacked
bond, but as a general rule the nitride unit and the
C�C bond that has the diene attached are con-
tained in the same plane (Table S8 in the Support-
ing Information).

For Gd3N@D5h-C80, the lowest-energy regioiso-
mer is still the adduct on bond D5h-b, the reaction
energy being almost the same as for the other
metal clusters (within 1 kcal mol�1; Table 4). Other
regioisomers with the Gd3N cluster oriented with
a Gd ion pointing towards the functionalized bond
are now almost as stable as adduct D5h-b2, especial-
ly isomer D5h-d1. In general, the reaction energies
are more exothermic (see Table 4 and Table S9 in
the Supporting Information). As in the icosahedral
isomer, regioselectivity is significantly reduced rela-
tive to M=Lu and Sc.

Reaction barriers : Finally, we analyzed the kinetics
of the addition of s-cis-1,3-butadiene to Lu3N@C80

and Gd3N@C80. In the latter case and due to the
high computational cost of the present calculations,
we located the transition states that correspond to
the three preferred addition sites. This is in part jus-
tified by the fact that the kinetic and thermodynam-
ic products coincide in most cases (see above). In
Tables 5 and 6, the activation barriers for the Lu-
and Gd-based metallofullerenes are presented.

For Lu3N@Ih-C80, the product under kinetic control is the
same as the product under thermodynamic control, the [5,6]
regioisomer Ih-a6, as is the case for Sc3N@Ih-C80 (Tables 3
and 5). This cycloaddition product has the lowest activation

barrier (15.1 kcal mol�1) among all considered cases. It is in-
teresting to note here that the lowest reaction barrier ob-
tained for the Sc metallofullerene is 0.6 kcal mol�1 higher in
energy than for the Lu compound. Other orientational iso-

Table 4. Reaction energies and bond lengths in the lowest-energy final products of
the Diels–Alder addition on the EMFs Gd3N@Ih-C80 and Gd3N@D5h-C80.

[a–c]

Bond Bond type[b] DER Rfull RCC

Gd3N@Ih-C80

Ih-a2 D [5,6] �15.6 1.652 1.557 1.557
Ih-11 B [6,6] �14.5 1.710 1.563 1.559
Gd3N@D5h-C80

D5h-b2 D [5,6] �15.2 1.655 1.556 1.557
D5h-d1 D [5,6] �15.1 1.697 1.554 1.552
D5h-31 B [6,6] �13.9 1.727 1.556 1.557
D5h-41 B [6,6] �12.3 1.730 1.556 1.556
D5h-c2 D [5,6] �10.9 1.679 1.556 1.559
D5h-a2 D [5,6] �7.7 1.659 1.560 1.560
D5h-51 A [6,6] �6.3 1.635 1.566 1.563
D5h-25 B [6,6] �6.1 1.593 1.576 1.573
D5h-11 C [6,6] �5.4 2.055 1.541 1.539

[a] Reaction energies, DER [kcal mol�1] and bond lengths [�], Rfull is the length of the
C�C bond over which the reaction took place, and RCC are the bond lengths of the
two newly formed C�C bonds. [b] Bond-type classification according to Figure 1.
[c] Only the lowest-energy orientational isomer for each regioisomer is shown. The
complete table with all the studied adducts can be found in the Supporting Informa-
tion.

Table 5. Reaction barriers and lengths for the C�C bonds being formed at the transi-
tion state for the EMFs Lu3N@Ih-C80 and Lu3N@D5h-C80.

[a–c]

Bond Bond type[b] TS DE� RCC

Lu3N@Ih-C80

Ih-a6 D [5,6] asyn 15.1 1.872 2.903
Ih-13 B [6,6] asyn 17.3 1.958 2.418
Lu3N@D5h-C80

D5h-b2 D [5,6] asyn 13.4 1.889 2.946
D5h-35 B [6,6] asyn 14.9 1.723 2.921
D5h-25 B [6,6] asyn 15.1 1.735 2.794
D5h-d1 D [5,6] asyn 15.9 2.027 2.424
D5h-a2 D [5,6] asyn 16.9 1.660 2.602
D5h-c2 D [5,6] asyn 18.0 1.873 2.735
D5h-41 B [6,6] asyn 18.5 1.929 2.427
D5h-58 A [6,6] asyn 21.5 1.942 2.409
D5h-15 C [6,6] asyn 22.1 1.681 2.521

[a] Reaction barriers (DE�) [kcal mol�1] and bond lengths (RCC) [�]. [b] Bond-type
classification according to Figure 1. [c] Only the lowest-energy orientational isomer
for each TS is shown. The complete table with all the studied TS can be found in the
Supporting Information.

Table 6. Reaction barriers and lengths for the C�C bonds being formed at the transi-
tion state for the EMFs Gd3N@Ih-C80 and Gd3N@D5h-C80.

[a–c]

Bond Bond type[b] TS DE� RCC

Gd3N@Ih-C80

Ih-11 B [6,6] asyn 15.7 1.951 2.546
Ih-13 B [6,6] asyn 15.7 1.935 2.552
Ih-a4 D [5,6] asyn 16.5 1.939 2.512
Gd3N@D5h-C80

D5h-35 B [6,6] asyn 14.5 1.849 3.074
D5h-b2 D [5,6] asyn 16.3 1.879 2.898
D5h-d1 D [5,6] asyn 16.5 2.024 2.445

[a] Reaction barriers (DE�) [kcal mol�1] and bond lengths (RCC) [�]. [b] Bond-type
classification according to Figure 1. [c] Only the lowest-energy orientational isomer
for each TS is shown. The complete table with all the studied TS can be found in the
Supporting Information.
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mers with the cluster placed far away from the attacked
bond (Ih-a2) or with one of the Lu atoms directly facing it
(Ih-a4, Ih-a1, Ih-a3) show activation barriers that are slightly
larger (within 1 kcal mol�1; Table S10 in the Supporting In-
formation). As already observed for the reaction energies,
there is an increase in the reactivity for those regioisomers
that present the Lu atoms situated close to the C�C bond at
which the cycloaddition reaction is being performed. The
transition states that lead to the [6,6] addition present acti-
vation barriers that range from 17.3 to 21.8 kcal mol�1.
Therefore, as it so happens for Sc3N@Ih-C80, the cycloaddi-
tion reaction on [6,6] bonds is less favored.

For Lu3N@D5h-C80, very similar results are obtained rela-
tive to the Sc-based endohedral. The lowest barriers corre-
spond to two orientational isomers of the regioisomer on
bond D5h-b, analogously as in Sc3N@D5h-C80, the reaction
barriers being the same (within tenths of kcal mol�1;
Table S11 in the Supporting Information). Barriers for the
adducts on bonds D5h-2 and D5h-3, which are now around
15 kcal mol�1, are slightly reduced (1 kcal mol�1) as it occurs
for the barriers for regioisomers D5h-d and D5h-a. The most
significant reduction (3.2 kcal mol�1) is observed for the bar-
rier of the adduct on bond D5h-4, which is in line with the
important stabilization of the final product. The barrier for
regioisomer D5h-5 does not change appreciably. It is interest-
ing to remark here that our predictions about the reaction
barriers in the two isomers of Lu3N@C80 are in agreement
with the experimental fact that Lu3N@D5h-C80 exhibits
higher reactivity with respect to dienes than the Lu3N@Ih-
C80 isomer.[14] Both Lu3N@D5h-C80 and Lu3N@Ih-C80 present
LUMOs of similar energy, so that the HOMOdiene�LU-
MOdienophile gap is almost identical. Again, the higher reactiv-
ity of the lutetium-based D5h cage is attributed to the small-
er HOMO–LUMO gap of the D5h compound (1.314 and
1.625 eV for Lu3N@D5h-C80 and Lu3N@Ih-C80, respectively)
and the higher deformation energy of the D5h cage for en-
capsulating the Lu3N unit (31.5 and 26.8 kcal mol�1, respec-
tively).

As mentioned before, we have located the TS for
Gd3N@Ih-C80, but only for those regioisomers that presented
the most exothermic reaction energies (Table S12 in the
Supporting Information). Interestingly, the product under
kinetic control is not the same as the one under thermody-
namic control. The preferred regioisomer from the thermo-
dynamic point of view is the [5,6] Ih-a2 (the reaction energy
is �15.6 kcal mol�1). However, the isomers that present the
lowest activation barrier correspond to addition to the [6,6]
bond, Ih-11 and Ih-13 (with the same reaction barrier of
15.7 kcal mol�1). Instead, the activation barrier for the ther-
modynamic regioisomer Ih-a2 is 16.7 kcal mol�1. Other orien-
tations of the cluster lead to very similar activation barriers
(within 1 kcal mol�1; Table S12 in the Supporting Informa-
tion).

In a previous combined experimental/theoretical study,
the regioselectivity of the 1,3-dipolar cycloaddition reaction
was compared for the mixed species ScxGd3�xN@Ih-C80 (x=

0–3).[48] Experiments showed that the regioselectivity of the

reaction was drastically changed as the [5,6] regioisomer
was obtained in the case of Sc3N@Ih-C80, whereas for
Gd3N@Ih-C80 it was the [6,6] one. Chen et al. computed the
difference in stability between the [5,6] and [6,6] regioiso-ACHTUNGTRENNUNGmers at the Perdew–Burke–Ernzerhof/double-numeric-po-
larized (PBE/DNP) level and observed that for Sc the [5,6]
adduct was favored by 11.7 kcal mol�1, whereas for Gd it
was the [6,6] one by 0.4 kcal mol�1. They found a very low
difference in energy between both additions for Gd3N@Ih-
C80, which indeed concurs with our computed reaction ener-
gies (although we found that the [5,6] regioisomer is some-
what lower in energy than the [6,6] one). Our calculations
indicate that the difference in reactivity observed experi-
mentally must be essentially due to the lower activation bar-
rier found for the [6,6] addition. An exploration of the ki-
netics of the Diels–Alder reaction on Gd3N@Ih-C80 is there-
fore crucial to fully understand the experimental findings.

With regards to Gd3N@D5h-C80, we have also computed
the TS for only the three lowest-energy regioisomers. Inter-
estingly, we have found that the lowest barrier among those
that we have computed does not correspond to adduct D5h-
b2, but to a [6,6]-type bond (D5h-35). Therefore, orientation
1 of the cluster, which favors the products, does not favor
the TS as much. The energy barrier is somewhat larger than
for M= Sc and Lu (13.4 kcal mol�1 for these two metals). As
a characteristic difference relative to smaller and less elec-
tropositive metals, we find that for Gd3N the thermodynam-
ic product is different from the kinetic product, as occurs for
the Ih-C80 isomer.

Conclusion

We have performed a thorough computational study of the
Diels–Alder reaction on the two cage isomers (Ih and D5h)
of M3N@C80 for M= Sc, Lu, and Gd. We have analyzed the
effect of addition of s-cis-1,3-butadiene on the different C�
C bonds of each carbon cage. Due to the observed rotation
of the nitride cluster inside the carbon cages, several orien-
tations of the nitride have been taken into consideration
and therefore an exhaustive search of all relevant stationary
points in the potential-energy surface has been necessary.

As observed in Sc3N@C78, all the endohedral species are
less reactive than their homologous hollow cages. When the
Sc3N is encapsulated inside the icosahedral cage, the [5,6]
adduct is more stable than the [6,6] one by more than
12 kcal mol�1. The energy difference between the corre-
sponding TS, however, is notably smaller (4 kcal mol�1). For
the less-symmetric D5h cage, we have explored the reactivity
of all nine distinct bonds. The regioisomer proposed from
the 1H NMR spectra to be the product under thermodynam-
ic control for the Prato cycloaddition, the adduct on the
[6,6] pyracylenic bond D5h-5, is not found among the lowest-
energy regioisomers and shows one of the larger reaction
barriers. From our work, we propose regioisomer D5h-b to
be the product under thermodynamic control for the Diels–
Alder cycloaddition on Sc3N@D5h-C80. Bond D5h-b, which is
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the most similar to the unique [5,6] bond type in the icosa-
hedral cage, is the most reactive bond. The activation barri-
er computed for this bond is 13.4 kcal mol�1, 2.3 kcal mol�1

lower than the barrier for the Ih-a bond, which is in excel-
lent agreement with the experiments.

The reactivity of Lu3N@C80 is rather similar to that of the
scandium nitride homologues, although the regioselectivity
is somewhat smaller for both Ih and D5h cages. The situation
is rather different for the larger and more electropositive
Gd3+ ion. Once the cage is functionalized, the M3N unit
(M= Sc, Lu) tends to orient in such a way that the M atoms
do not directly point to the functionalized C�C bond, rather
the nitride and the bond are coplanar. Those orientations
with one M atom pointing to the functionalized bond result
in an increase in stability for larger and more electropositive
metals. The size of Lu is not enough to reverse the relative
stability of the above-mentioned orientational isomers, but
for Gd, some [6,6] regioisomers that contain nitrides with
the metal pointing towards the attacked bond become com-
petitive. Calculations also show that for Gd3N@Ih-C80 and
Gd3N@D5h-C80 the product under kinetic control is not the
same as the one under thermodynamic control.
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