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ABSTRACT: Bingel—Hirsch reactions on fullerenes take
place under kinetic control. We here predict, by means of
DFT methodology, the products of the Bingel—Hirsch
addition on non-isolated-pentagon-rule (non-IPR) metal-
lofullerenes Gd;N@C,, (2n = 82, 84), as modeled by
closed-shell Y;N@C,, systems. Adducts on [6,6] B-type
bonds placed near the pentalene unit are predicted for the
two cages, as found for other non-IPR endohedral fullerenes
such as S;;N@Cgs.

E ndohedral metallofullerenes (EMFs) have attracted broad
interest in the past decade because of their unique
properties that make them molecules with potential applications
in many fields such as molecular electronics or nanomedicine.' ~*
Exohedral functionalization is in general required to take full
advantage of these compounds. Cycloaddition reactions have
been important in the development of EMF derivatives.” The
small amounts of EMF reactants along with the low yields for
these reactions lead to almost invisible amounts of products at
the submilligram level, which are very difficult to characterize in
the laboratory. Computational chemistry here plays an important
role as a complementary technique for such a characterization
process.® Predictions about the regioselectivity of a reaction on a
given EMF made from structural or topological parameters of the
carbon cage are possible, but an exhaustive analgsis of the
potential energy surface is required in most cases.””

The Bingel—Hirsch reaction is a type of nucleophilic [2 + 1]
cycloaddition in which a bromomalonate reacts with a fullerene
cage.10 According to Scheme 1, the Bingel—Hirsch reaction takes
place in two separate steps. In the first one, a charged

Scheme 1. General Mechanism of the Bingel—Hirsch
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intermediate with the bromomalonate attached to a C atom of
the fullerene is formed through an almost barrierless process.
After that, a bromide anion is released and a second bond
between the malonate and the cage is formed. Echegoyen and co-
workers have used the Bingel—Hirsch reaction to derivatize the
non-isolated-pentagon-rule (non-IPR) EMFs Gd;N@
C,(39663)-Cg, and Gd;N@C,(51365)-Cgy, among others.'""?
For the Cg, cage, three different monoadducts with relative
amounts of 90%, 7%, and 3% were isolated. For the Cg, cage, a
single monoadduct was isolated experimentally by HPLC, and
several multiadducts were detected. An extensive computational
study based on the relative stabilities of the reaction products was
also done to rationalize the regioselectivity observed with these
two non-IPR EMFs."® Recent results by our group, however,
showed that the Bingel—Hirsch addition on EMFs takes place
under kinetic rather than thermodynamic control,® as for the first
available fullerene oxides Cy,O and Cg,O,.'* On that basis, in the
present work we used density functional theory (DFT) (see
Computational Methodology) to perform a thorough explora-
tion of the reaction profiles for the Bingel—Hirsch additions on
Gd;N@C,(39663)-Cg, and Gd;N@C,(51365)-Cg, that comple-
ments our previous studies. Products that should be observed
under kinetic control are proposed.

As already noted, the structures of Gd;N@C,(39663)-Cg, and
Gd;N@C,(51365)-Cg, are rather similar (see Figures S1 and S2
in the Supporting Information).">"® Both are non-IPR cages that
contain one adjacent pentagon pair (i.e., a pentalene motif) with
one of the internal Gd ions pointing to it. The two carbon cages,
with C, symmetry, have 67 (Cg,) and 66 (Cg,) different C—C
bonds. We assumed pseudo-C; symmetry for the two EMFs
studied here because the plane of the Gd;N cluster is near the o,
plane of the cages. Rotation of the internal cluster is another
important issue that has to be considered in this type of analysis.
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Only those orientations with one Gd** ion directed toward the
pentalene unit were selected for each regioisomer and
intermediate because of the limited rotation of the Gd;N cluster
in these cages."> As performed and validated previously,'>'” we
considered a model in which Gd** was replaced with Y** because
calculations with metals that have unfilled 4f shells are not yet
routine. The products under kinetic control for the Bingel—
Hirsch reaction on Sc;N@C,,, (21 = 80, 68) are adducts on [6,6]
B-type bonds near the pentalene unit (Figure S4 in the
Supporting Information).® For the IPR Cg, cage, the
intermediate was formed on a 666 atom (i.e., an atom
surrounded by three hexagons), while for the non-IPR Cgg
cage it was formed in one of the 566 atoms of the pentalene
unit. On the basis of those results, in this study we analyzed (i) all
of the different bonds around the pentalene region and (ii) all of
the B-type bonds near the metal atoms, taking into account the
restricted rotation of the internal cluster. For the intermediates
with the lowest energies, which are highlighted in bold in Figure
1, we computed the associated transition states (TSs). It should
be noted that bonds are named with letters while atoms are
labeled with numbers. Thus, for example, we can identify the
intermediate/TS 74g of the Y;N@Cg, cage as the one in which
the malonate is bonded to atom 74 and oriented to form product
g (i.e., the adduct over bond g).

The results are collected in Table 1 (a complete list of all the
results is presented in Table S1 in the Supporting Information).
For Y;N@C,(39663)-Cg,, the four products b, f, a, and e are
almost isoenergetic within the error of the methodology, with
relative energies of 0.0, 0.3, 0.5, and 0.7 kcal mol ™}, respectively.
It should be noted that all four of these adducts are on
corannulene-type bonds located around the pentalene motif
(Figure 1). Moreover, the four bonds show very similar structural
parameters according to their symmetry equivalence. Because of
the reduced rotation of the nitride around the N—Y—pentalene
axis, we considered only the adducts on bonds j and k among the
bonds that are far from the pentalene unit (Figure 1). Products j
and k are 52 and 6.4 kcal mol™! higher in energy than b,
respectively. Product g is close in energy to them, at 6.1 kcal
mol™'. The energy difference between this first set of
monoadducts and the rest of the possible regioisomers is more
than 11 kcal mol™" (see Table 1 and Table SI in the Supporting
Information). Results are analogous to those already found using
different computational settings."

We analyzed the different intermediates that lead to these
products (Table 1). The most stable intermediate 81b is the one
that leads to the most stable product. Intermediates 81c and 81h,
which are directly related to 81b by 120° rotation around the
formed Ceye;—Conalonate 3XiS, are 0.7 and 2.4 kcal mol™" higher
(see Figure SS in the Supporting Information). Intermediates
74g and 40k are found at 1.1 and 1.2 kcal mol™" with respect to
81b. Finally, we found a set of different type of intermediates in
the range between 1.9 and 2.5 kcal mol™". It should be noted that
the energy differences among the intermediates are not as
significant as those found among the products. The TSs for the
lowest-energy intermediates were also computed (Table 1).
From intermediate 74g, the formation of the product on bond g
requires overcoming an activation barrier of 13.7 kcal mol™ (the
energy of the TS is —2.1 kcal mol ™ relative to reactants; Table 1
and Figure 2). The second-lowest-energy TS, 81h, was 4.5 kcal
mol ™! higher. TSs 49j, 81c, and 68i are located within 6 kcal
mol ™! of 74g. The rest of the computed TSs lie more than 6 kcal
mol ™" higher than 74g. In general, the lowest-energy TSs are
those that lead to [6,6] B-type products. Furthermore, near the
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Figure 1. Schlegel diagrams for (top) C,(39663)-Cg, and (bottom)
C,(51365)-Cg,. The 12 pentagons are colored in orange. The bonds for
which the potential energy surface has been studied in detail
(intermediates, TSs, and products) are highlighted in bold. The color
code for the bonds in the Schlegel diagram for C,(39663)-Cyg, is also
used in Figure 2.

pentalene unit, the TSs formed on 566 atoms are favored, while
far from the pentalene, those formed on 666 atoms are preferred.
We can explain these results because addition onto a 566 atom
near the [5,5] region releases more surface strain than addition
onto a 666 atom, as found for other EMFs.*'® Thus, we propose
that if the Bingel—Hirsch reaction were to happen under kinetic
control on Y;N@C,(39663)-Cg,, the most abundant mono-
adduct should be product g, which shows the lowest-energy TS
(Figure 2). We propose that the second most abundant
monoadduct, with a yield of 7%, should be product h. Finally,
three candidates for the third abundant monoadduct are
proposed: products j, ¢, and i.

The same analysis was performed on Y;N@C,(51365)-Cg,.
Here the number of possible [6,6] B-type bonds far from the
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Table 1. Energies with respect to reactants for the different computed intermediates, transition states and products of the Bingel—
Hirsch addition on Y;N@C,, (21n=82 and 84) including solvent effects (ortho-dichlorobenzene)

product

a6 = 5o

-

S -V S

¥ o M <4 g8 % — g, g3<dp T

bond type®

[6,6] type B
[6,6] type B
[6,6] type B
[5,6] type F
[6,6] type B
[5,6] corannulene
[5,6] corannulene
[5,6] type F
[5,6] corannulene
[6,6] type B
[

5,6] corannulene

[6,6] type B

[6,6] type B

[5,6] type F

[6,6] type B

[5,6] corannulene
[5,6] corannulene
[6,6] type B

[5,6] corannulene
[5,6] corannulene
[5,6] type F

[6,6] type B

[6,6] type B

[6,6] pyrene

[5,5] pentalene
[6,6] pyrene

intermediate”

74g
81h
49j

81c
68i

74e
79a
74d
81b
40k
77f

83s
81t
83n
24y
83m
81q
SSu
771
79r
81p
32w
32v
24x
780
45x

atom type® E.q intermediate?
Y;N@C,(39663)-Cs,
566 —-157 (1.1)
566 —-14.5 (24)
666 —14.6 (22)
566 —-16.1 (0.7)
666 —144 (24)
566 -12.8 (4.0)
566 —14.3 (2.5)
566 —14.9 (1.9)
566 —-16.8 (0.0)
666 —-157 (1.2)
566 —14.8 (2.0)
Y;N@C,(51365)-Cg,
566 —-16.6 (0.2)
566 —-15.8 (0.9)
566 —14.4 (24)
666 —-15.0 (1.7)
566 -15.1 (1.7)
566 —154 (1.4)
566 —-152 (1.6)
566 —14.6 (2.1)
566 —-16.8 (0.0)
566 —14.3 (2.9)
566 —14.6 (22)
666 —144 (24)
666 —14.5 (2.3)
556 -10.7 (6.0)
666 -12.5 (4.3)

=21
2.4
3.6
3.9
4.1
6.3
6.8
6.9
8.0
8.7
8.8

0.7
2.9
34
4.6
4.9
S.1
S.1
S.S
5.8
5.9
6.3
6.5
7.5
9.2
10.0

E, TS®

(13.7)
(19.2)
(182)
(20.7)
(18.5)
(22.0)
(21.0)
(22.6)
(24.8)
(244)
(23.6)

(17.3)
(18.7)
(20.1)
(19.6)
(21.5)
(20.5)
(20.3)
(20.2)
(22.6)
(21.3)
(20.7)
(20.8)
(22.5)
(19.9)
(22.5)

E.q productsd

—32.3
—20.6
—33.2
—20.2
—12.6
=37.7
—37.9
—19.9
—384
—32.0
—38.1

—29.6
=259
—23.3
—37.6
—41.6
—37.3
=25.0
—42.3
—40.0
—20.4
—20.0
—36.5
—36.4
-30.4
—36.4

(6.1)
(17.8)
(52)
(18.2)
(25.8)
(0.7)
(0.5)
(18.5)
(0.0)
(64)
(0.3)

(12.7)
(16.4)
(19.0)
(4.7)
(0.7)
(5.0)
(17.3)
(0.0)
(23)
(21.9)
(22.3)
(5.8)
(5.9)
(11.9)
(5.9)

“Type of bond according to Figure S4 in the Supporting Information. bLabels for intermediates: 74g stands for the intermediate on atom 74 that
leads to the adduct on bond g (see Figure 1). The labels for the intermediates are also applicable to the TSs.
FRelative energies (m kcal mol™) with respect to reactants and (in parentheses) the most stable intermediate/product. “Relative
energies of the TS (in kcal mol™") with respect to reactants and (in parentheses) the corresponding intermediate.

intermediate.

“Type of atom forming the
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Figure 2. Plot of the relative energies of the different intermediates and transition states studied in this work for the Bingel—Hirsch addition on Y;N@
C,(39663)-Cyg,, considering solvent effects (o-dichlorobenzene). Parts of the structures of the lowest-energy intermediate and TS are also depicted.

pentalene unit that can be activated through interaction with the
internal metal atoms is larger. We found the products on bonds 1

and m, with relative energies of 0.0 and 0.7 kcal mol ™), to be the
lowest-energy monoadducts. These two so-similar values are in
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good agreement with the fact that the two bonds are related by
symmetry in the empty C,(51365)-Cg, cage. At 2.3 and 5.0 keal
mol " higher energies, we found products r and q, respectively. It
should be noted that also now the lowest-energy products
correspond to adducts on the four [5,6] corannulene bonds
around the pentalene motif. Monoadducts on the [6,6] bonds y,
v, and x, which are far from the pentalene but activated by the
metal atoms, show energies around 4.7—6 kcal mol™ higher than
adduct 1. Other products show energies that are above 12 kcal
mol™! (Table 1).

Intermediates 79r, 83s, and 81t, which are essentially
isoenergetic within the error of the methodology, show the
lowest energies. A large group of intermediates with energies
between 1.4 and 2.5 kcal mol ™" are also observed: 81q, 55u, 83m,
24y, 771, 32w, 24x, 32v, 83n, and 81p. Intermediates on the [6,6]
pyrene-type and [5,5] pentalene-type bonds (45x and 780,
respectively) appear at higher energies (Table 1). As for
C,(39663)-Cyg,, intermediates on 566 atoms are favored near
the pentalene unit, while intermediates on 666 atoms are
preferred far from the pentalene. Again, energy differences
among the intermediates are not as significant as those among
the products. As far as the TSs are concerned, 83s is the one with
the lowest energy (0.7 kcal mol™" with respect to reactants) and
the lowest barrier (17.3 kcal mol™). T'S 81t is found more than 2
kcal mol™" above, and the other TSs show much larger energies
and barriers (Table 1). Therefore, the monoadduct on bond s is
proposed to be the single regioisomer observed experimentally if
the Bingel—Hirsch reaction on Y;N@C,(51365)-Cg, were to
take place under kinetic control.

To sum up, the products of the Bingel—Hirsch reaction on the
non-IPR fullerenes Y;N@C,, (2n = 82, 84) have been predicted.
We have assumed that the reaction takes place under kinetic
control, as recently observed for similar nitride EMFs. The two
egg-shaped non-IPR cages in these EMFs are rather similar and
intimately related. Besides, the nitride cluster has limited rotation
around the N—M—pentalene axis. Therefore, similar behavior for
the two EMFs is expected. All of the regioisomers analyzed show
open-fulleroid structures where the functionalized C—C bond is
broken. The energy differences among the intermediates are
much smaller than those among the final products. The predicted
products, which come from the lowest-energy intermediates and
TSs, are monoadducts on [6,6] B-type bonds placed near the
pentalene motif, as also found for the non-IPR EMF Sc;N@
D;(6140)-Cgs. Thus, we have shown that the Bingel—Hirsch
addition presents analogous reaction paths on different non-IPR
nitride EMFs.

B COMPUTATIONAL METHODOLOGY

All of the stationary points were first calculated using the ADF 2009
code'? with a Slater TZP-quality basis set and the BP86 functional.*>*"
In a second step, the most stable intermediates and TSs were
reoptimized with the MO06 functional®* and the 6-31G** basis set
(LANL2DZ for Y) using the Gaussian 09 code® and then evaluated
with the PCM method™* by single-point energy calculations at the M06/
6-311G** (TZ for Y) level to take into account the solvent effects (see
the Supporting Information for details).

B ASSOCIATED CONTENT

© Supporting Information

Additional results and figures related to the characterization of
the potential energy surface. This material is available free of
charge via the Internet at http://pubs.acs.org.
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