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Abstract: We report here for the first time a full comparison of the exohedral reactivity of a given fullerene
and its parent trinitride template endohedral metallofullerene. In particular, we study the thermodynamics
and kinetics for the Diels—Alder [4 + 2] cycloaddition between 1,3-butadiene and free Dsy;-Crs fullerene
and between butadiene and the corresponding endohedral Ds;,-ScsN @ Crg derivative. The reaction is studied
for all nonequivalent bonds, in both the free and the endohedral fullerenes, at the BP86/TZP//BP86/DZP
level. The change in exohedral reactivity and regioselectivity when a metal cluster is encapsulated inside
the cage is profound. Consequently, the Diels—Alder reaction over the free fullerene and the endohedral
derivative leads to totally different cycloadducts. This is caused by the metal nitride situated inside the
fullerene cage that reduces the reactivity of the free fullerene and favors the reaction over different bonds.

Introduction

Soon after the discovery of the Cgp fullerene structure by
Kroto and co-workers' in 1985, the possibility of encapsulating
metals inside hollow cages was considered. Although Heath et
al.? presented evidence for the formation of a stable La@Cgy,
these so-called endohedral fullerenes® could not be produced
in high yield until 1999, when Dorn et al.* synthesized a new
family of endohedral metallofullerenes by using the so-called
trimetallic nitride template (TNT) process. This new type of
fullerenes contains metal nitrides inside the fullerene, that is,
M;N@C,, which results in a formal electronic transfer of six
electrons from the M3N unit to the fullerene structure (M3N®*:
C.°7). This electron transfer modifies the physical properties
and has an enormous influence on the reactivity of these
compounds.™®

The first metallofullerene synthesized by Dorn,* ScsN @ Cg,
was extremely stable and could be obtained in high yields; as
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a matter of fact, the ScsN@Cgy compound is the third most
abundant fullerene after Cgy and Cyy. Later, also smaller
metallofullerene cages, that is, Sc3N@Crg and ScsN@Cgg, were
obtained,*’ but in much smaller, yet still reasonable, yields.
The ScsN@Cgg compound is extraordinary in this respect,
because it is one of the few examples of metallofullerenes and
the first TNT fullerene that violates the isolated pentagon rule,
which states that the most-stable fullerenes should be those
where the 12 pentagonal rings are isolated.

The macroscopic quantities in which these TNT compounds
were obtained allowed the organic functionalization of these
new molecules. This functionalization is important for obtaining
nanomaterials with unique properties that might be used in a
variety of fields, ranging from molecular electronics to biomedi-
cal applications.® In 2002, Tezzi et al. reported the crystal-
lographic characterization of the first Diels—Alder derivative
of the icosahedral (I;) isomer of ScsN@Cg.® This I, fullerene
isomer does not possess the reactive [6,6] pyracylene-type bond
(type A in Figure 1, the addition sites of Cgg), and therefore,
the reaction took place over a [5,6] corannulene-type bond (type
D, Figure 1).
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16,6]
Type A, Pyracylene Type B Type C, Pyrene
[5,6] 15,5
Type D, Corannulene Type F Type E, Pentalene

Figure 1. Representation of all possible [6,6], [5,6], and [5,5] bond types
that may be present in a fullerene structure.

The first fulleropyrrolidine derivative of I;-ScsN@Cgy was
reported in 2005,” where a similar reaction pattern (i.e., over
[5,6] corannulene-type bonds) was found. For 7;-Y3N@Csg, the
same reaction took place exclusively at a [6,6] bond of type B
(Figure 1),”'° thus proving that the exohedral chemical reactivity
is profoundly affected by the nature of the endohedral metal
cluster. Interestingly, ScY>)N@Cg gives a mixture of [5,6] and
[6,6] regioisomers.” Dorn and co-workers'? obtained also a
mixture of the [5,6] and [6,6] regioisomers in the synthesis of
the N-tritylpyrrolidinofullerene when starting from SczN @ Cgy.
The structure of the monoadduct under thermodynamic control
was shown, by both NMR spectroscopy and X-ray crystal-
lography, to result from addition across the [5,6] ring junction.
In contrast, under kinetic control, NMR and X-ray spectroscopy
showed conclusively that the product was the [6,6] ring junction
adduct. In refluxing chlorobenzene, the [6,6] adduct was
converted to the thermodynamically more stable [5,6] isomer.
Similar thermal isomerization of the Y3;N @ (N-ethylpyrrolidino-
Cgo) leads also to the [5,6] from the [6,6] regioisome:r.13 It was
shown by theoretical calculations performed at the BP86/TZP
level that this thermal isomerization process takes place through
a pirouette-kind of mechanism instead of via a retrocycloaddition
starting from the [6,6] isomer.'* Finally, an enhanced reactivity
for the Diels—Alder and the 1,3-dipolar cycloaddition reactions
was recently reported for the Ds;, isomers of Scz;N@Cg, and
LusN@Cgj as compared to the most common /j, isomers.'> This
Ds;, isomer contains [6,6] pyracylene-type bonds, and therefore,
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similar to the reactivity of Cg, the reactions took place over
these pyracylenic bonds. As to endohedral derivatives of Crs,
Cai and co-workers'® have recently synthesized the first
N-tritylpyrrolidino derivatives of D3;-ScsN@Crg. The adducts
have been characterized by NMR experiments and X-ray
crystallographic analyses which have shown that the reaction
takes place over two different [6,6] type-B bonds (and not over
the [6,6] pyracylenic bonds). Even more recently, Cao and
co-workers'” have reported thermal and photochemical
addition reactions of adamantylidene to [6,6] and [5,6] bonds
of Lag@C73.

Campanera and collaborators'® performed calculations at the
BP86/TZP level for Ih-C60, D3-C(,3, D3-SC3N@C63, Dsh-Cm, D3h'-
Cys, D3;-ScsN@Crg, I,-Cgp, and several isomers of Sc;N@Cgg
metallofullerenes to find structural and/or orbital parameters that
correctly indicate the most-reactive exohedral sites for the
Diels—Alder reaction with 1,3-butadiene. On the basis of these
studies, the most-reactive sites were those with a high Mayer
bond order (MBO)'? (higher MBOs are usually connected to
shorter C—C bonds) and high pyramidalization angles. For
ScsN@Crg, the authors'® concluded that the most-reactive bond
should be a [6,6] pyracylenic type-A bond (in particular bond
7, see Figure 2) followed by two [6,6] type-B bonds (6 and 4);
the other bonds (the rest of [6,6] and all [5,6] bonds) were
discarded because of their lower MBOs and larger bond
distances. As can be seen in Figure 2, the Cyg fullerene has
seven nonequivalent [6,6]-type bonds that can be classified into
three subtypes: pyracylenic or type A (bonds 1 and 7); type B
(bonds 3, 4, 5, and 6); and pyrenic or type C (bond 2). Moreover,
it has six nonequivalent [5,6]-type bonds that are corannulene
or type D (bonds a, b, ¢, d, e, and f).

Detailed theoretical calculations are needed to determine the
most-reactive sites of metallofullerenes because there is no clear
evidence about the possible consequences of TNT encapsulation
on the exohedral reactivity of metallofullerenes as two opposite
effects counteract. First, the introduction of the metal cluster is
likely to produce an increment of the pyramidalization of the
carbon atoms. This leads to an increase of strain energy and,
therefore, a higher reactivity of the cage. Second, the charge
transfer from the metal cluster to the fullerene structure causes
a reduction of the electron affinity, thus diminishing the
reactivity of the endohedral compound. In addition, it is
important to note that the effect of encapsulation may be
different for the different bond types and is likely to depend on
the type of metal compound present inside the cage. Although
Campanera et al.'® gave already some clues about the reactive
sites of this compound, detailed theoretical calculations of the
whole reaction channels are needed to fully determine the
change in reactivity upon encapsulation for all different bond
types and finally obtain a full and detailed description of the
C73 and ScsN@Crg reactivity. Because experimental studies of
the 1,3-dipolar cycloaddition over SczN@Cgy showed that the
thermodynamic and the kinetic products do not always cor-
respond to the same adduct,'? the kinetics of the reaction (i.e.,
the transition-state structure, which is experimentally unattain-
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Figure 2. (a) The different nonequivalent bonds of ScsN@Cyg are represented, where numbers denote [6,6] bonds, and lower-case letters denote [5,6]
bonds. Different colors are used to mark the different bond types (pink is for type A, green for type B, orange for type C, and blue for type D). (b) The
Schlegel diagram of ScsN@Cyg is shown, which converts the 3D fullerene structure into a 2D representation. The positions of the scandium atoms facing

the different bonds are symbolized with a red arrow.

able) is an important aspect to determine that has not been
considered yet in previous works on metallofullerenes.

The aim of this study is therefore to investigate the change
on the exohedral reactivity of free fullerene C73 when a metal
cluster is encapsulated inside the cage. In particular, in this work,
we analyze both the thermodynamics and the kinetics of the
cycloaddition Diels—Alder reaction of 1,3-butadiene over all
different bonds of Cy3 and ScsN@Crg. The choice of the Crg
cage is in part motivated by the lack of free rotation of the ScsN
unit inside the carbon cage (the BP86/TZP energy barrier for
rotation of the ScsN moiety is as high as 25.8 kcal-mol "),?°
which facilitates the theoretical study and allows the evaluation
of the change in reactivity for all nonequivalent bonds. This is
in contrast to what is found for larger cages such as Cgg, where
the M3N unit rotates freely, and consequently, the reduction of
the reactivity of the [5,6] and [6,6] bonds due to the ScsN unit
is similar because it is somehow averaged with the rotation of
the ScsN unit.?! To the best of our knowledge, a complete
theoretical study of the reaction energies and barriers for all
nonequivalent bonds of a given free and endohedral fullerene
structure has never been done before. Hence, this project
provides a detailed description of a concrete reaction, the results
of which can serve as reference for future studies. In this way,
a new step will be done to understand fullerene properties and
reactivity, which could probably be useful for future medical
and biological applications.

Computational Details

All density functional theory (DFT) calculations were performed
with the Amsterdam density functional (ADF) program.?>** The
molecular orbitals were expanded in an uncontracted set of Slater-
type orbitals (STOs) of double-& (DZP) and triple-C (TZP) quality
containing diffuse functions and one set of polarization functions.
Core electrons (1s for second period and 1s2s2p for third period)
were not treated explicitly during the geometry optimizations (frozen
core approximation),>* because it was shown to have a negligible
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J. M. J. Phys. Chem. A 2002, 106, 12356—12364.
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Chem. 2001, 22, 931-967.

6208 J. AM. CHEM. SOC. = VOL. 130, NO. 19, 2008

effect on the obtained geometries.24 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 self-
consistent field cycle. Energies and gradients were calculated by
using the local density approximation (Slater exchange and VWN
correlation)* with nonlocal corrections for exchange®® and cor-
relation®’ included self-consistently (i.e., the BP86 functional). 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-documented that standard DFT functionals such as BP86
underestimate energy barriers®® (in the case of the parent Diels—Alder
reaction, BP86/TZP predicts a barrier of 18.6 kcal-mol ™!, ie., an
underestimation of the experimental value by about 6 kcal-mol "),
this underestimation should be similar for all Diels—Alder transition
states (TSs) we encounter here. In addition, we have verified that
the trends, that is, reaction energies and barriers, reported here do
not change when using different DFT functionals.

The actual geometry optimizations and TS searches were
performed with the QUILD?’ (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 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® and specially constructed model
Hessians with the appropriate number of eigenvalues.? The latter
is of 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 two reacting carbons.

Results and Discussion

The Diels—Alder reaction between 1,3-butadiene and the
fullerenes C7g and Sc;N@C-g has been studied in detail for all
nonequivalent bonds of the fullerene. We will refer to each
different bond according to the nomenclature used in Figure 2,

(24) Swart, M. S.; Snijders, J. G. Theor. Chem. Acc. 2003, 110, 34-41.

(25) Vosko, S. H.; Wilk, L.; Nusair, M. Can. J. Phys. 1980, 58, 1200—
1211.

(26) Becke, A. D. Phys. Rev. A 1988, 38, 3098-3100.

(27) Perdew, J. P. Phys. Rev. B 1986, 33, 8800-8802.

(28) Swart, M.; Sola, M.; Bickelhaupt, F. M. J. Comput. Chem. 2007, 28,
1551-1560.

(29) (a) Swart, M.; Bickelhaupt, F. M. Int. J. Quantum Chem. 2006, 106,
2536-2544. (b) Swart, M.; Bickelhaupt, F. M. J. Comput. Chem. 2008,
29, 724-734.

(30) Wolff, S. K. Int. J. Quantum Chem. 2005, 104, 645-659.



Chemical Reactivity of Cz (Metallo)Fullerenes

ARTICLES

Table 1. Reaction Energies AEr and Bond Lengths in the Cycloaddition Products of the C—C Bonds over Which the Reaction Took Place

(Rrun) and of the New C—C Bonds Formed (Rec)?

Crs ScsN@Crq
product bond type AEg (kcal-mol ™) R (A) Rec (A) AEg (keal-mol ™) Ru (A) Rec (A)
1 A [6,6] —16.0 1.552 1.582 1.582 +4.0 1.605 1.572 1.572
2 C [6,6] +12.5 1.696 1.581 1.581 +6.1 1.681 1.578 1.578
3 B [6,6] +1.8 1.625 1.577 1.581 +9.2 1.675 1.570 1.573
4 B [6.,6] -9.2 1.624 1.573 1.577 -9.7 1.639 1.564 1.576
5 B [6,6] +0.9 1.604 1.574 1.590 +5.9 1.613 1.575 1.581
6 B [6,6] +4.0 1.609 1.571 1.586 —12.7 1.584 1.570 1.572
7 A [6,6] —18.8 1.580 1.574 1.574 =7.6 1.585 1.574 1.574
a D [5,6] —8.8 1.622 1.566 1.566 —6.0 1.628 1.563 1.563
b D [5,6] —23.9 1.612 1.566 1.570 —4.3 1.637 1.561 1.568
c D [5,6] —13.3 1.608 1.568 1.568 —10.4 1.621 1.563 1.563
d D [5,6] —5.2 1.604 1.561 1.570 —7.6 1.656 1.559 1.563
e D [5,6] —13.8 1.625 1.566 1.569 —4.9 1.637 1.563 1.564
f D [5,6] -59 1.594 1.567 1.570 —6.5 1.611 1.563 1.564
“ Boldface font: bonds that are most reactive under thermodynamic control.
15
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Figure 3. Comparison between the reaction energies (kcal-mol ') in the free fullerene C7g (in red) and endohedral fullerene Sc;3N@Cog (in green), where

numbers denote [6,6] bonds, and lowercase letters are used for [5,6] bonds.

where for example, 1 is used to denote the [6,6] pyracylenic or
type-A bond situated in the position as indicated in Figure 2,
and a refers to the [5,6] corannulene or type-D bond, the
situation of which is also marked in the same figure.
Reaction Energies for Diels—Alder Reaction on Nonequi-
valent Bonds. The reaction energies at the BP86/TZP//BP86/
DZP level listed in Table 1 show some clear differences for
the different types of bonds in free fullerene. The reaction energy
for the [5,6] bonds is in all cases exothermic but is found in a
wide range, from —5 to —24 kcal -mol~!. The most-exothermic
reaction energy is obtained when the attack is produced over
bond b (—23.9 kcal-mol ™!, see Table 1), whereas the least-
exothermic [5,6] bonds are d and f (ca. —5 kcal*mol~!). For
Ceo, it was shown that the most-reactive bonds are the [6,6]
pyracylenic or type-A bonds, which are also present in the Cyg
fullerenes studied here. Therefore, it might have been expected
that they may lead to the most-stable products. Indeed, among
the different [6,6] bonds in free fullerene, the pyracylenic type-A
bonds are the most reactive, with values for the reaction energy

of —16.0 (1) and —18.8 (7) kcal*mol '. The type-B bonds are,
with the exception of bond 4 (that has a reaction energy of —9.2
kcal*mol ™ "), all slightly endothermic (1—4 kcal-mol™"). Least
reactive of all is however bond 2, of type C (see Figure 1),
which is endothermic by 12.5 kcal*mol "

For the endohedral compound, the reactivity trend changes
completely (see Figure 3). In general, the difference in reaction
energy among the bonds is reduced, and therefore, the reaction
is less regioselective. The three most-exothermic products of
the free fullerene are significantly destabilized (by 12—20
kcal-mol 1), whereas bond 6 of type B, which was endothermic
for the free fullerene, is stabilized by ca. 17 kcal*mol ' to
become the most-exothermic product for ScsN@Crg (—12.7
kcal-mol !, see Table 1). Together with bond 4, which provided
already an exothermic product in the free fullerene (of almost
equal stability, i.e., —9.2 kcal-mol ™! in free fullerene versus
—9.7 kcal-mol~! in the endohedral derivative), and bond 7
(—=7.6 kcal-mol™"), these are the only [6,6] bonds giving
exothermic products. The other four [6,6] bonds (1, 2, 3, and

J. AM. CHEM. SOC. = VOL. 130, NO. 19, 2008 6209
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Table 2. Reaction Barriers and Distances for the C—C Bonds Being Formed at the TS?
Crs ScsN@Cyg
product bond-type TS AE* (kcal-mol™") Rec (A) TS AE* (kcal -mol™") Rec (A)
1 A [6,6] syn 12.2 2.253 2.259 asyn 23.8 1.762 2.457
2 C[6,6] asyn 30.2 1.717 2.422 asyn 27.1 1.699 2.525
3 B [6,6] asyn 21.7 1.653 2.499 asyn 28.9 1.715 2.465
4 B [6,6] asyn 14.8 1.945 3.086 asyn 20.0 1.995 2.507
5 B [6,6] asyn 14.4 1.927 3.157 asyn 27.6 1.758 2.496
6 B [6,6] asyn 17.2 1.847 3.193 asyn 18.5 2.077 2.415
7 A[6,6] syn 13.5 2.271 2.278 syn 20.1 2.164 2.215
a D [5,6] asyn 17.2 1.866 3.029 asyn 21.5 1.804 2.761
b D [5,6] asyn 12.5 2.130 2.616 asyn 20.7 1.673 2.664
[ D [5.6] asyn 16.7 1.907 3.731 asyn 20.1 1.926 2.622
d D [5,6] asyn 22.1 1.695 2.713 asyn 19.7 1.851 2.649
e D [5.6] asyn 15.3 1.960 2.943 asyn 22.3 1.750 2.758
f D [5,6] asyn 18.0 1.874 3.372 asyn 21.5 1.784 2.927

“ Boldface font: bonds that are most reactive under kinetic control.

5) give significantly endothermic products (4—9 kcal *mol ).
It is worth mentioning here that the reaction energies for the
same cycloaddition reaction on bonds 4, 6, and 7 were already
reported by Campanera and co-workers,'® and the same reactiv-
ity order (6 > 4 > 7) was obtained.

Similar to free fullerene, all [5,6] bonds in ScsN@C7g provide
exothermic products but with a smaller range of stability (—4
to —10 kcal'mol™!) and in a different order. The most
exothermic [5,6] products are now resulting from addition to
bonds ¢ and d (—10.4 and —7.6 kcal-mol™', respectively).
Interestingly, the reaction over bond ¢ leads to the second most
favorable reaction energy (only bond 6 is more stable, see Table
1), which is in contrast with what Campanera and co-workers
predicted."®>' Two [5,6] bonds enhance their stability slightly
(bonds d and f), whereas the others become more endothermic
upon TNT encapsulation.

A comparison of the reaction energies for both free and
endohedral fullerene reveals that C73 products have, in general,
more-favorable reaction energies; therefore, C7g reactivity is
clearly reduced when the TNT unit is introduced (see Figure
3). Although products 2, d, and f have slightly more-favorable
reaction energies after the TNT encapsulation, the only product
for which the reaction energy is clearly enhanced is 6 (with a
reaction energy value of 4.0 kcal*mol™! in Csg and —12.7
kecalemol ! in ScsN@Cyg), whereas a significant decrease in
exothermicity is produced in the other products. The most
important destabilization is found for products 1 and b, the
reaction energy value of which is reduced by 20 kcal+mol ',
and products 3, 7, and e with a reduction of 8—11 kcal+mol ™",
In general, the bonds that are more deactivated are those located
closer to one of the Sc atoms of the SciN unit (with the
exception of bond d, which is close to a Sc, but its reaction
energy is not affected).

Energy Barriers. We have also determined the TS structures
for the cycloaddition reaction, for each of the nonequivalent
bonds, and for both free and endohedral fullerenes. In all cases,
the TS search has started from a symmetric structure in which
the two C—C bonds to be formed have the same bond length,
leading, in most cases, to an asynchronic TS (even in the
symmetric addition sites, where the synchronic TS is actually
a second-order saddle point).*?

(31) Akasaka, T.; Nagase, S. Endofullerenes: A new Family of Carbon
Clusters; Kluwer Academic Publishers: Dordrecht, 2002.

(32) Bachrach, S. M.; White, P. B. J. Mol. Struct.. THEOCHEM 2007,
819, 72-78.
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In the free fullerene case, the three most-exothermic products
(1,7, and b) also have the lowest barriers, but in different order
(see Table 2). The lowest barrier (12.2 kcal-mol ') is observed
for the third most-exothermic product (1), followed by the most-
exothermic product (b, barrier 12.5 kcal-mol ™), and product
7 with a barrier of 13.5 kcal-mol™'. The other TSs are found
at slightly higher energies (14.4—18.0 kcal-mol ') or consider-
ably higher energies (21.7—30.2 kcal-mol '). The highest
barrier is observed for bond 2, which also provided the most-
endothermic product for the free fullerene.

In the Diels—Alder reaction between Sc;sN@Crg and 1,3-
butadiene, the favored product under thermodynamic control
(6) is also the favored product under kinetic control with a
barrier of 18.5 kcal*mol™". Note that this corresponds to an
increase of 6 kcal-mol ' with respect to the reaction with the
lowest barrier in free fullerene, and this is now almost the same
energy as that of the parent Diels—Alder reaction between
butadiene and ethylene, for which BP86/TZP predicts a barrier
of 18.6 kcal-mol ' (18.9 kcal-mol ! at the BP86/TZ2P). This
loss of reactivity is a general trend observed for all bonds; in
fact, only bonds 2 and d have lower energy barriers upon TNT
encapsulation (see Figure 4), whereas the others show an
increase by up to 13 kcal-mol .

The low barrier of bond 6 is followed by a group of five
other bonds (4, 7, b, ¢, and d) that are found within a range of
1 kecal*mol ! (19.7—20.7 kcal *mol ") from each other, a second
group with the other [5,6] bonds (a, e, and f) at ca. 22
kcal-mol™ !, and finally the other [6,6] bonds at 24—29
kcal*mol ' (see also Figure 4). It is interesting to note that the
first N-tritylpyrrolidino derivatives of ScsN@C7g synthesized
by Cai et al.'® were the result of the addition of the azomethine
ylides to bonds 4 and 6 (bonds b—d and c¢—f, respectively, in
the work by Cai et al.l6), which are the two most-reactive [6,6]
bonds according to the present calculations. Our results,
however, also predict the possible formation of the [5,6] adduct
¢ for the Diels—Alder cycloaddition of ScsN@Cyg with 1,3-
butadiene (7 and d could also be formed, but they are
thermodynamically less favored).

More conclusions may be drawn by looking at the C—C bond
distances in the TSs for the bonds to be formed (see Table 2).
There does not seem to be a direct relationship between the
reaction barrier and the (a)synchronicity of the TS structure.
For instance, although the lowest energy barrier in free fullerene
corresponds to a synchronous structure with the two forming
bonds of similar magnitude, there is only one other synchronous
TS observed for free and endohedral fullerene (1 and 7). All
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Figure 4. Comparison between the activation energies (kcal+mol ') in the free fullerene Crg (in red) and endohedral fullerene ScsN@C7g case (in green),
where numbers denote [6,6] bonds, and lower case letters are used for [5,6] bonds.

Figure 5. Representation of the pyramidalization angle. A vector that
equalizes the angles o, 3, and 0 is defined in order to compute the final
pyramidalization angle value (6, = o — 90°).

the other TSs are modestly (ARcc = 0.4—0.7 A)to significantly
(ARce = 1.0—1.6 A) asynchronous.*?

Reactivity Predictions Based on Bond Distances, Pyra-
midalization Angles, and Shapes of the Lowest-Lying Unoc-
cupied Molecular Orbitals. As pointed out in previous works,*
the Diels—Alder reaction should be favored over bonds that
have short bond distances and high pyramidalization angles 6,
This pyramidalization angle (see Figure 5), introduced by
Haddon,* is a measure of the local curvature in polycyclic
aromatic hydrocarbons, which differentiates in a simple manner
between, for example, sp* (6, = 0°) and sp (6, = 19.47°)
centers. Shorter bonds with higher pyramidalization angles are
favored for two reasons: first, because they exhibit more double-

(33) Sola, M.; Mestres, J.; Duran, M. J. Phys. Chem. A 1995, 99, 10752—
10758.

(34) (a) Haddon, R. C. J. Phys. Chem. A 2001, 105, 4164-4165. (b) Haddon,
R. C.; Chow, S. Y. J. Am. Chem. Soc. 1998, 120, 10494—10496.

Table 3. Bond Distances and Pyramidalization Angles for the
Bond Types in Free and Endohedral Fullerenes?®

Crs ScN@Crg
product bond-type Rec (A) 6, (°)° Rec (A) 6, (°)°
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

“ Boldface font: the bonds that are predicted to be most reactive.
® Pyramidalization angles averaged over both atoms that constitute the
bond under consideration.

bond character that facilitates the interaction with the diene,
and second, because the higher the pyramidalization, the closer
to the final sp® geometry, and hence, the system has to be
deformed less during its transit from reactants to TS or products.
In Table 3, we report the pyramidalization angles as well as
bond distances for all considered bonds, both for free C7g and
encapsulated ScsN@Cg, so that we can compare these predic-
tors with the observed kinetic and thermodynamic reactivity.

In the free fullerene case, type-A bonds 1 and 7 exhibit the
shortest bond distances (1.37—1.39 A), followed by [5,6]-bond
b (1.41 A). The reaction energies as well as the activation
barriers of the free fullerene agree well with the predicted trends
based on bond distances, which predicted indeed 1, 7, and bto be
most reactive (although in a different order). Likewise, the
endothermicity of bond 2 of +13 kcal-mol ' concurs well with
its large bond distance of 1.47 A. However, bond ¢ has a
similarly large distance (1.47 A) but provides a considerably
exothermic product (—13 kcal-mol ™). In fact, all [5,6]-bond
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Figure 6. Molecular orbital level diagram of the free fullerene, Sc3N, and Sc;N@Cg orbitals.

distances are relatively large (1.44—1.47 A, apart from bond
b), yet each one of them provides a modest-to-significant
exothermic product. For the endohedral compound, the three
most exothermic products (4, 6, and ¢) do indeed have small
bond distances, with the most exothermic product (6) having
the smallest distance (see Tables 1—3). But bond 7 is of equal
length (1.40 A), and yet, it is less exothermic by 5 kcal*mol .
Likewise, the bond with the largest distance (2, 1.47 A) does
not provide the most-endothermic product. Therefore, there is
no overall correlation between the bond-distance predictions and
the actual reaction energies found in both cases.

Using the pyramidalization angle as predictor for reactivity
gives even worse results. Although some predictions concur with
the actual reaction energy in Cyg (like bond 2, which has the
smallest pyramidalization angle and indeed the largest endo-
thermic reaction energy), there is no overall agreement. For
instance, bond f, with one of the largest angles (11.1°), shows
only a modest exothermic reaction of —6 kcal*mol™". In the
endohedral fullerene, the bond with the largest angle (bond 1,
13.8°) is endothermic (4.0 kcal-mol™!), whereas the most
exothermic product results from a bond which is only modestly
pyramidalized.

Apart from the structural predictors (bond distance and
pyramidalization angle), we also explored the molecular orbitals
of the reactant fullerenes as possible descriptor for the observed
reactivity. In the case of free fullerene and its endohedral
derivative, the main interactions occur between the highest
occupied molecular orbital (HOMO) of butadiene (at —5.77 eV)
and the lowest unoccupied molecular orbitals (LUMOs) of the
fullerene (found between —5.13 and —4.86 eV for C;g and
between —4.20 and —3.87 eV for ScsN@Crs). Note that because
of the formal charge transfer upon metal-cluster encapsulation,
the three lowest LUMOs of the free fullerene are occupied and
only higher-lying unoccupied orbitals are available for interact-
ing with the HOMO of the diene (see Figure 6). As a result,
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the HOMO(diene)—LUMO(dienophile) gap increases from 0.64
eV for free fullerene to 1.57 eV for the endohedral derivative.
This larger gap should lead to a reduced interaction and, hence,
a reduced reactivity, which is indeed what we observe.

If we now study in more detail the low-lying unoccupied
orbitals of either the free fullerene cage or the endohedral
derivative, some additional predictions about their exohedral
reactivity might be made. Of course, the larger the contributions
of the C atoms for a certain C—C bond in the LUMOs, the
more reactive the bond will be. But the lobes of the LUMOs
within any one of these bonds should be of opposite sign in
order to facilitate the [4 + 2]-cycloaddition reaction. In the Cyg
case, bonds 1, 7, and b have suitable orbitals to interact with
the HOMO of the diene (see Figure 7); they are indeed the three
most-exothermic bonds we observed (see Table 1). Bonds 4
and e are also predicted to be reactive, which came next in terms
of exothermicity.

In ScsN@Cys, bonds 1, 2, 3, 4, 6, 7, ¢, and e present favorable
orbitals to react with (see Figure 8), whereas the most-
exothermic reaction energies were obtained for products 6, c,
4,7, and d (see Table 1). Thus, the LUMO criterion fails to
predict the nonreactivity in bonds 1, 2, and 3 that correspond
to endothermic reactions. Therefore, the predictions of reactivity
from the LUMOs are qualitatively correct but much too
imprecise in the sense that one finds many bonds with suitable
orbitals for the interaction with the HOMO of 1,3-butadiene.

Finally, let us conclude that a combination of the three criteria
proves to be quite successful to predict the chemical reactivity
of the different bonds. Thus, in Crg, only bonds 1, 7, and b
have small C—C bond lengths, relatively high pyramidalization
angles, and suitable orbitals to interact with the HOMO of the
diene. Similarly, for ScsN@Cyg, only bonds 4, 6, 7, ¢, and d
obey the three criteria, and they correspond indeed to the most-
exothermic reactions (the only exception could be 1, but its C—C
bond length is relatively large for a [6,6] bond, and only the
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Figure 7. Representation of the C73 LUMO, LUMO+1, and LUMO+3
molecular orbitals (isosurface value 0.02 au) where all nonequivalent [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.

LUMO++4(e,) at —3.87 eV has the correct shape to interact with
the HOMO of the diene in this bond). It is interesting to note
that bond 6 suffers a significant reduction of the C—C bond
length and a slight increase in the pyramidalization angle (see
Table 3) when going from free to encapsulated fullerene,
although at the same time, this bond remains far from the
influence of the TNT unit in ScsN@Crg (see Figure 2).

Final Remarks and Conclusions

Theoretical calculations have revealed that not only is
ScsN@Cyg less reactive, but it also has a different reactivity
than its free derivative C7g. In this sense, the decrease of the
exohedral reactivity represents an improvement for future
medical applications with respect to the free cage, because it
would make the process safer, and secondary reactions with
biomolecules would probably be reduced. However, ScsN@Cg
still presents energy barriers of the same magnitude as that of
the parent Diels—Alder reaction (ca. 19 kcal*mol ' at BP86/
TZP). Other TNT units with different metals (e.g., Y3N or
Sco,YN) might lead to even less-reactive compounds with higher
activation energies, which could therefore be more appropriate
for medical purposes.

The introduction of the metal cluster ScsN inside the fullerene
cage leads to several changes of the physical properties of the
compound. The main reactivity differences are due to the
changes produced in the low-lying unoccupied orbitals, which
should be suitable to interact with the diene. The presence of

LUMO+1 (A2")

E=-4.20 eV E=-3.92 eV

LUMO+2 (ea) (E’)
E=-3.90 eV

LUMO+2 (eb) (E1’)
E=-3.90 eV

LUMO+4 (ea) (E1")

E=-3.87 eV LUMO+4 (eb) (E1")

E= -3.87 eV

Figure 8. Representation of the ScsN@C73 LUMO, LUMO++1, LUMO+-2,
and LUMO+4 molecular orbitals (isosurface value 0.02 au) where all
nonequivalent [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.

the metal cluster leads to a formal charge transfer from the
cluster to the fullerene. As a result, the three LUMOSs of the
free fullerene are occupied in the endohedral compound, and
only higher-lying unoccupied orbitals are available for interact-
ing with the HOMO of the diene. This results in a larger
HOMO(diene)—LUMO(dienophile) gap, with a corresponding
decrease of reactivity.

For the free fullerene, the product under thermodynamic
control is obtained for the cycloaddition to the [5,6] bond b,
whereas under kinetic control, it corresponds to the pyracylenic
[6,6] bond 1. In the case of the endohedral compound, both the
kinetic and thermodynamic products correspond to addition to
the type-B [6,6] bond 6. However, both the exothermicity and
reaction barriers indicate a significant reduction in reactivity
for the endohedral compounds compared to that of the free
fullerene. In addition, the reaction energy differences among
the different attacks are reduced in ScsN@Cg, thus indicating
a reduction of the regioselectivity of the reaction due to ScsN
encapsulation.

The reactivity patterns obtained in the study of the kinetics
and thermodynamics of the different attacks do not correlate
well with the predictions based on bond lengths, pyramidaliza-
tion angles, and LUMOs shapes and energies. Some agreement
is observed, for instance, the fact that the three shortest bonds
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in the free fullerene correspond to the three most-stable products
with the lowest barrier. However, of these three bonds, it is the
one with the largest distance that is the most exothermic. Similar
inconsistencies are observed for the other bonds and the
endohedral compound. Moreover, in several instances, we
observe different predictions from the bond distance versus the
pyramidalization angle. In general, orbital studies give a good,
although somewhat imprecise, approximation to the fullerene
reactivity, because those bonds with LUMOs that are unsuitable
for the interaction with the HOMO of the diene will surely
produce less-stable products with higher barrier energies.
However, the presence of suitable orbitals is not enough to
ensure that the final product will be stable and will present low
barrier energies, because other factors such as bond distances
and pyramidalization do also contribute. Indeed, the combination
of short bond lengths, high pyramidalization angles, and
appropriate shape of some of the LUMOs provide the best
criterion for chemical-reactivity predictions. Still, an exploration
of the complete energy profile remains mandatory for the
understanding of the modulation of the chemical reactivity of
these fascinating compounds.

It is important to mention that although [5,6] bonds have been
considered to be much less reactive in those structures possess-
ing [6,6]-pyracylene-type bonds, the present study has also
shown that the reaction energies as well as the activation barriers
for certain [5,6] bonds are favorable and might play an important
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role in the fullerene exohedral reactivity. Finally, we note that
the present conclusions are relevant for the C;g fullerene, where
the influence of the metal unit inside the cage on the reactivity
can be studied in great detail. But they cannot be extrapolated
in a straightforward manner to larger cages, where the metal
unit may rotate freely, nor to different types of reaction.
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Note Added in Proof. During preparation of the galley proof
of the present paper, the following work discussing the selective
formation of a symmetric Sc;3N@Cyg bisadduct via a Bingel-Hirsch
reaction has appeared: Cai, T.; Xu, L.; Shu, C.; Champion, H. A.;
Reid, J. E.; Anklin, C.; Anderson, M. R.; Gibson, H. W.; Dorn,
H. C. J. Am. Chem. Soc. 2008, 130, 2136-2137.
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