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Abstract: In this work, the Bingel-Hirsch addition of diethyl-
bromomalonate to all non-equivalent bonds of Sc;N@D,-Csg
was studied using density functional theory calculations. The
regioselectivities observed computationally allowed the pro-
posal of a set of rules, the predictive aromaticity criteria (PAC),
to identify the most reactive bonds of a given endohedral
metallofullerene based on a simple evaluation of the cage
structure. The predictions based on the PAC are fully
confirmed by both the computational and experimental
exploration of the Bingel-Hirsch reaction of Sc;N@Dy,-Cy,
thus indicating that these rules are rather general and
applicable to other isolated pentagon rule endohedral metal-
lofullerenes.

M any endohedral metallofullerenes (EMFs) have been
reported in the literature and they range from encapsulated
single atoms to clusters of up to seven or eight atoms.!!
Computations have been crucial for the correct assignment
and characterization of these compounds as they are usually
obtained in low yields.”) In EMFs, a formal charge transfer of
up to six electrons from the metal cluster to the fullerene cage
takes place, and is mainly responsible for their special
properties and reactivity."!

In the last years, many EMFs with adjacent five-mem-
bered rings (5-MRs) have been synthesized. These EMFs do
not obey the so-called isolated pentagon rule (IPR). It has
been recently demonstrated that the main reason behind the
noncompliance of the IPR for EMFs is the aromaticity of the
system: the more aromatic the negatively charged fullerene
cages are, the more stable.’! In addition, it has been proven
that aromaticity can play a key role in the EMFs chemical
reactivity.!

The exohedral functionalization of EMFs has been
extensively studied both experimentally and computation-
ally.>®1 The preferred addition sites are usually characterized
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by: a) short C—C bond lengths, b) relatively high pyramidal-
ization angles, and c) appropriately shaped LUMOs./**!
Depending on the fullerene cage and metal cluster encapsu-
lated, the addition is preferred at sites that are far from (e.g.
Sc;N@J7,-Cy) or close to (e.g. Y;N@I,-Cqy) the metal clus-
ter'[ﬁa.b]

Since the initial Bingel-Hirsch (BH) addition to
Gd@Cy,"" many EMFs have been functionalized using the
same protocol.[x] However, there are some recent experimen-
tal and computational examples of BH additions to EMFs
wherein the usually employed reactivity parameters are not
able to explain the experimental observations. For instance,
the BH addition to the non-IPR Sc;N@D;(6140)-Cgs*" was
found to occur at a [6,6] bond close to the Sc center.

In a recent report, Garcia-Borras et al.l'”! demonstrated
that the thermodynamics of the BH addition to Gd;N@C-
(51365)-Cy,, having one adjacent pentagon pair (APP),!!
Y;N@C,(22010)-Cyg with two APPs™ and Sc;N@D;(6140)-
Cg with three APPs!™! is governed by the additive local
aromaticity of the rings of the final adducts."”) However,
Alegret et al. found that BH additions are usually kinetically
controlled, thus leading to the kinetic products instead of the
most stable ones."!

Herein, we study the BH addition to all non-equivalent
bonds of Sc;N@D;,-C,s using DFT calculations (see the
Supporting Information for computational details). Based on
these results and the subsequent analysis we introduce
a practical and simple guide to predict the most suitable BH
addition sites. As shown later, this guide only requires
a simple evaluation of the EMF cage structure. We also
performed the BH cycloaddition for the first time on the
unexplored Dys;, isomer of Sc;N@Cy,, and the synthesis and
characterization of the resulting derivatives are described
herein.

The Bingel-Hirsch addition of diethylbromomalonate to
Sc;N@Dy,-Crg was previously reported by Cai and co-work-
ers.® The C-based system presents the perfect platform to
investigate this type of addition because the encapsulated
metal cluster cannot freely rotate.’! The BH reaction requires
the presence of a base to deprotonate the malonate, and
proceeds by a two-step mechanism (Figure 1 A). First, the
bromomalonate reacts with the fullerene cage by nucleophilic
addition to form a negatively charged intermediate (INT).
This addition is a barrierless process.” Afterwards, the
carbanion displaces the bromide and an intramolecular
cyclopropane ring closure takes place.

In Figure 1B, the reaction profile for the most favorable
additions are represented (see Table S4 in the Supporting
Information for the rest of the non-equivalent bonds of
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Figure 1. A) The Bingel-Hirsch mechanism. B) AG profile calculated at
the BP86-D/TZP//BP86-D/DZP level of theory for the BH cycloaddition
to selected non-equivalent bonds of Sc;N@Dj,-Cy5 (in kcalmol™).

C) Representation of the thirteen non-equivalent bonds of Sc;N@D;,-
Cyg. D) Schematic representation of intermediates INT56 and INT234.
Blue carbon atoms (in spheres) represent the initial addition site
corresponding to C-666; orange carbon atoms denote C-566.

Sc;N@Dj,-Cog). Experimentally, Cai and co-workers observed
one monoadduct and one bisadduct, both corresponding to
attack at the [6,6] bond labeled 6 (Figure 1C).5 Our
calculations indeed indicate that the addition to bond 6
exhibits the lowest Gibbs activation barrier among all
possible additions (7.3 kcalmol™' with respect to isolated
reactants). The addition to the [6,6] bond 4 exhibits a Gibbs
activation barrier which is 1.6 kcalmol™" higher. The rest of
the non-equivalent positions exhibit even higher activation
barriers. Interestingly, those bonds with lower activation
barriers do not coincide with those having the most exother-
mic reaction energies. For instance, adduct 6 is the kinetically
preferred isomer, whereas adduct 2 is thermodynamically the
most stable.

The preferred BH cycloadduct corresponding to the
addition to bond 6 exhibits an open-cage structure.® As we
recently demonstrated, the most stable adducts exhibit the
largest aromaticities (see the Supporting Information).!'"!
Open-cage products are usually more aromatic than closed-
cage ones, as the sp’ hybridization of all fullerene carbon
atoms is conserved.

As mentioned earlier, the BH reaction proceeds by a two-
step mechanism. Each BH adduct can result from two
different intermediates, depending on the carbon atom
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attacked by the bromomalonate (Figure 1 D). Depending on
the orientation of the malonate unit with respect to the
neighboring fullerene carbon atom, three (or two in some
cases due to symmetry) different final products can be
obtained. The barriers for the interconversion of the different
orientational isomers of malonate are very low and accessible
at room temperature.l’) In addition, the differences in relative
stabilities between different conformers are quite low (see
Table S5 in the Supporting Information). The computed
intermediates are about 3.5-11.8 kcalmol™' higher in Gibbs
energy than isolated reactants as a result of entropic effects
(see Tables S3 and S4 in the Supporting Information).

Remarkably, the intermediate INT56 (Figure 1 D), which
is the lowest in energy, leads to the kinetic BH adduct 6.
INTS6 and INT234 are substantially more stable than the
other possible intermediates. Both intermediates share the
same feature: the addition occurs at a carbon atom situated
among three hexagonal rings (we denote them as C-666). Our
calculations show that aromaticity accounts for the extra
stability of C-666 with respect to C-566 (i.e., the attacked
carbon atom is among two hexagonal rings and one pentag-
onal ring). As expected, the negative charge transferred from
the metallic cluster to the fullerene cage is mainly localized on
the 12 5-MRs (see Table S1 in the Supporting Information).
Aromaticity estimations using the NICS and MCI indexes
presented in Table S2 indicate that 5-MRs are more aromatic
than 6-MRs.°! Thus, if a C-566 intermediate is formed, the
process will be disfavored because of greater disruption of the
aromaticity.

A second key factor in explaining the stability of the
intermediates should be taken into account, that is, the BH
initial intermediate has one negative charge, which is
delocalized in the vicinity of the carbon atom undergoing
the attack. Therefore, those intermediates exhibiting 5-MRs
on neighboring positions will be able to better stabilize this
extra negative charge. The location of the 5-MRs is the main
reason for the extra stability of INT56, which is almost
3 kcalmol ! more stable than INT234. The latter has two
pentagonal rings and one hexagonal ring in neighboring
positions, while INTS6 exhibits three pentagonal rings
(Figures 1 D; see Figure S1).

The lowest-energy INT56 could lead to the formation of
either 5 or 6, but the activation barrier that leads to 5 is almost
10 kcalmol™ higher than the one corresponding to 6. As
discussed, the negative charge is mainly localized across 5-
MRs. The charge distribution on 5-MRs is, however, not
uniform: those rings situated close to the metal atoms
(denoted as Z rings in Figure 1B) are the ones exhibiting
a higher negative charge [gpue(Z-5-MR)=-0.415¢ and
(Bager(Y-5-MR) = —0.115 ¢; Table S1]. This higher charge is
localized on the Z rings, thus making Z-5-MRs more
aromatic, and therefore the ring closure during the second
step of the BH is preferred for the less aromatic Y-5-MRs
(Table S2). The final BH product results from the intermedi-
ate which disrupts the aromaticity the least during the first
step of the reaction (INT56), and the transition state for ring-
closure at the less aromatic 5-MR (TS6) dictates the preferred
addition site. For intermediate INT234, the ring closure on 5-
MRs is preferred over that of 6-MRs even though the latter
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rings are less aromatic because 6-MRs have a much lower
nucleophilic character than 5-MRs (TS2 > TS4 > TS6).

The understanding of the Sc;N@Dy,-C,s BH reactivity
patterns allow us to propose a set of aromaticity-based
criteria, the predictive aromaticity criteria (PAC), for the BH
addition on IPR EMFs (Figure 2). The PAC identify the

< Int.1. The least aromatic positions:
* C-666>C 4

< Int.2. Number of 5MR in the « positions:
3251 B

<= T8.1. Ring closure: The best nucleophile.

5-MR > 6-MR
- T8.2. Less aromatic the ring, the lowest TS (L—
-B>5-MR(Z)-C 7>Y

> Kinetic Bingel adduct

Figure 2. Predictive aromaticity criteria (PAC) for the Bingel-Hirsch
addition to IPR EMFs.

lowest-energy intermediates and transition states for a given
EMF by a simple visual inspection of the initial fullerene
structure.

The most aromatic (and therefore lowest in energy)
intermediates lead to the lowest activation barriers for the BH
addition. The PAC criteria states that: 1) the lowest-energy
intermediate should be located in a 666 region (C-666), and
2) among all possible C-666s, those possessing more pentag-
onal rings adjacent to the 666 region (denoted as a-positions
in Figure 2) will likely be more favored. The penalty for
having fewer adjacent 5-MRs is, however, small, as it ranges
between 2-3 kcalmol ™. According to PAC, the lowest-energy
transition states for the cyclopropane ring closure will occur
on: 1) 5-MRs and 2) among all 5-MRs, those located far from
the metal cluster. These rings will therefore exhibit a lower
aromaticity and less-negative charge (i.e. Y-5-MRs are
preferred over Z-5-MRs). Application of the PAC to the
BH addition to Sc;N@I,-Cg, predicts that the [6,6] bond is the
most reactive in complete agreement with experimental and
theoretical studies.”

We also used the PAC to predict the preferred BH
additions to the challenging Sc;N@Dj,-Cyg,. This Cg, isomer
exhibits nine non-equivalent bonds (five are [6,6] bonds and
four [5,6]), and the cluster unit can freely rotate inside."
Among all nine possible additions, five (out of nine) bonds
can be immediately discarded by just applying the PAC. The
BH adducts exhibiting the lowest activation barriers will be
those coming from one of the two possible C-666 positions
(INT12 and INT34; Figure 3). Therefore, PAC predicts
products 1, 2, 3, and 4 as possible BH candidates. INT34
might be slightly more stable than INT12 since it has one
additional 5-MR adjacent to the 666 region. According to the
PAC, the formation of 1 would be disfavored as the final
cyclopropane ring formation involves attack of a 6-MR. In
addition, as the 5-MR rings, which contain bond b, are more
aromatic than the 5-MR rings containing bonds a-c-d (see
Table S6 in the Supporting Information), the PAC predicts
that the cyclopropane closure from INT34 to form 3 should be
more favorable.
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Figure 3. Gibbs energy profile calculated at the BP86-D/TZP//BP86-D/
DZP level of theory for the BH cycloaddition to selected non-equivalent
bonds of Sc;N@ Ds;-Cy, (in kcal mol™) and the representation of the
five non-equivalent [6,6] bonds: pyrene bond type bond 1; pyracylene
bond 5; type B bonds 2, 3, 4, and 5; and four [5,6] type D corannulene
bonds a—d.

We computed the reaction paths for all nine possible
additions, considering seven different orientations of the
inner metal cluster (see Table S7 in the Supporting Informa-
tion). The intermediates INT12 and INT34 are indeed the
most stable, as predicted from the PAC, and they are more
than 3 kcalmol™! lower in energy than the other possible
intermediates (Table S7). Moreover, the TSs corresponding
to the additions towards bonds 1, 2, 3, and 4 are the lowest in
energy, in accordance to what was predicted by the PAC
(Table S7). For the most favorable additions we have
computed the complete Gibbs reaction profiles, as reported
in Figure 3. For these four additions, the corresponding
intermediate is 1.9 kcalmol ' less stable than isolated reac-
tants, and TS3 is the one presenting the lowest activation
barrier. Thus, as predicted by the PAC and confirmed by DFT
calculations, the addition to bond 3 is the preferred BH
kinetic product. Product 3 is, however, not the most stable
thermodynamic product (AGg=—20.4 kcalmol™', while
AGgr = —32.1 kcalmol ™" for product 1).

The final proof of the validity of the PAC for predicting
BH additions to EMFs was provided by the experimental BH
functionalization of Sc;N@Dj,-Cyy. Bromoethylmalonate and
DBU were added to an o-dichlorobenzene solution of pure
Sc;N@Dy,-Cy.Y Three different monoadduct isomers [A
(21%), B (15%), and C (6%)] were purified and charac-
terized by "H NMR spectroscopy and UV/vis. The '"H NMR
spectrum of the major product, A, proved that the compound
possesses an unsymmetric addition pattern. Consequently,
addition to the symmetric [6,6] bonds 1, 4, and 5 can be ruled
out, and only the unsymmetric [6,6] 2, 3 bonds and [5,6] a—d
bonds remain as possibilities. According to the computational
results, all [5,6] additions are discarded. Moreover, calcula-
tions show that addition to bond 2 has a Gibbs barrier which is
1.8 kcalmol ' higher than that for the addition to bond 3.
Thus, the results from NMR spectroscopy, combined with the
computed activation barriers and the PAC predictions point
to the same conclusion: the major BH product A corresponds
to the addition to the unsymmetric bond 3.
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The 'H NMR spectrum of B proved that the compound
results from a symmetric addition pattern. Therefore, addi-
tion to symmetric [6,6] bonds 1, 4, and 5 would be consistent
with the observed NMR spectrum. Based on DFT calcula-
tions, addition to the [6,6] bond 5 can be discarded. The attack
on bond 4 is in direct competition with that at bond 3, as they
share the same intermediate INT34. Thus, once the inter-
mediate is formed, the preferred attack corresponds to that at
bond 3 (AG* =11.3 kcalmol ™), for which the TS is 3.3 kcal
mol~' lower in energy than the one for the addition to bond 4
(Figure 3). Consequently, all evidence supports that the
experimentally isolated isomer B corresponds to the mono-
adduct 1 (AG* =14.2 kcalmol '), which has a TS that is
0.4 kcalmol ' lower in energy than the one corresponding to
that obtained for attack at bond 4.

The 'HNMR spectrum of C exhibited two quartets
corresponding to the methylene of the ethyl ester groups.
As explained before, by combining the symmetry consider-
ations from the '"H NMR spectrum and DFT calculations, we
suggest that C corresponds to addition to the unsymmetric
bond 2.

The isomers A, B, and C showed essentially identical UV/
Vis absorption spectra to that observed for the pristine
fullerene Sc;N@D ;,-Cy, thus indicating that the additions for
A, B, and C are likely to yield adducts with open bonds in
agreement with DFT predictions (see Table S7).]

Based on the analysis of the BH derivatization of
Sc;sN@Dy,-Cyg EMF in terms of aromaticity and nucleophi-
licity, a set of simple rules to predict the most favorable BH
addition sites from a simple evaluation of the cage structure
has been proposed. The PAC was used to predict the BH
regioselectivity in the Sc;N@Dy,-Cy, system. The PAC pre-
dicted bond 3 to be the one most favored, and was later
confirmed by an extensive computational study of the BH
reaction and by experimental functionalization. The excellent
agreement between the PAC predictions, the experimental
assays, and DFT calculations indicate that these rules are
rather general and applicable to other BH additions on IPR
EMFs.
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