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ABSTRACT: The regioselectivities of La,@Cg, in thermal
nucleophilic and electrophilic attacks were theoretically investigated
using vibronic coupling density (VCD) analysis. Nucleophilic and
electrophilic cycloadditions to La,@Cg, were experimentally
reported to yield [6,6] and [6,5] adducts, respectively, as major
products. VCD analysis provided a clear explanation for these
experimental results. For nucleophilic reactions, it was found that the
reactive [6,6] bonds did not have a large lowest unoccupied
molecular orbital (LUMO) density and Fukui function but a large
potential derivative with respect to a reaction mode. The VCD
illustrates the origin of the interaction between the electronic and
vibrational states. On the other hand, conventional reactivity indices
such as frontier orbital density take only the electronic state into

Nucleophilic Attack

Potential Derivative
(Vibrational Factor)

LUMO
(Electronic Factor)

account. The result suggested that the stabilization due to vibronic couplings plays an important role in the regioselectivity of
nucleophilic cycloadditions. The VCD with respect to the effective mode could provide a picture of the functional groups, which
are the double bonds of ethylene moieties. VCD analysis with respect to hypothetical localized modes enabled the quantitative

prediction of regioselectivities.

1. INTRODUCTION

Endohedral metallofullerenes, which consist of a carbon
spherical cage with encapsulated metal atoms, have received
much attention' ™ since they were first reported.” The
electronic states of the outer carbon cage can be varied by
changing the encapsulated atoms. Endohedral metallofullerenes
are expected to have applications in field-effect transistors,®
photovoltaics,9 and drug delivery materials.*°

La,@Cg, is an abundant endohedral metallofullerene;
therefore, its properties and reactivity have been investigated
in detail, both experimentally and theoretically.>* It consists of
a Cyq cage with I, symmetry and two encapsulated lanthanum
atoms. La,@Cyg, has various isomers with symmetries lower
than I,, depending on the La, configuration (examples are
shown in Figure 1). Theoretical results regarding the most
stable isomer are controversial: Shimotani et al.'' reported that
the D, isomer is the most stable, whereas Zhang et al."* found
the D, isomer to be the most stable. The thermal rotation of
the La, molecule inside La,@Cyg, at room temperature has been
experimentally observed.>?

The carbon bonds in La,@Cg, can be classified into two
types: [6,6] and [6,5] bonds. The [6,6] bonds are shared by
two adjacent six-membered rings, whereas the [6,5] bonds are
shared by six- and five-membered rin§s. According to the
experimental work of Yamada et al,”'* the nucleophilic
cycloaddition of N-triphenylmethyl azomethine ylide to La,@
Cyg yields two types of isomers with a ratio of 4:1. The major
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product is a [6,6] monoadduct, whereas the minor one is a
[6,5] monoadduct. In addition, Yamada et al.'> reported the
electrophilic cycloaddition of tetracyanoethylene oxide to La,@
Cg, which yields only a [6,5] monoadduct. Recently, Takano et
al.'® reported the reaction of La,@Cg,, azomethine ylide (AY),
and 11,11,12,12-tetracyano-9,10-anthra-p-quinodimethane
(TCAQ-CHO), with the latter known to be a strong electron
acceptor. In this reaction, two types of the [6,5] monoadduct of
La,@Cg, and AY connected to TCAQ-CHO were obtained.
The structures of a few products from these cycloadditions
were observed at low temperatures using X-ray single-crystal
diffraction."*™"* In addition, several photochemical reactions to
La,@Cg, have been reported.'’ > Recently, Garcia-Borras et
al?' calculated the activation energies for thermal cyclo-
additions of butadiene to endohedral metallofullerenes
including La,@Cg, using the frozen cage model. According to
this computational study, the major product for the cyclo-
addition of butadiene to La,@Cg is a [6,5] monoadduct.
Frontier orbital theory,”>*® Mulliken population analysis,**
and 7-orbital axis vector (POAV) analysis> have frequently
been used to predict the reactivity of fullerenes. These theories
focus on electronic states or static structural strains. Recently,
we proposed the concept of vibronic (electron-vibration)
coupling density (VCD) for a reaction mode.”**” With VCD
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Figure 1. Structures of La,@Cyg, isomers with carbon bonds labeled:
(a, b) D, isomer from different perspectives and (c) D,; isomer. Red
labels indicate [6,6] bonds shared by adjacent hexagonal rings. Blue
labels indicate [6,5] bonds shared by hexagonal and pentagonal rings.
Schlegel diagrams are also shown in the Supporting Information
(Figures S1).

analysis, the reactivities for the Diels—Alder reactions of
Coor 27 Cpp>' and styrene® and electrophilic addition to
naphthalene®” were successfully elucidated. In the Diels—Alder
reaction, Cg acts as a dienophile like ethylene, and the VCD for
its effective mode also has a similar distribution to that of
ethylene.”® In other words, C4 bears ethylene moieties as
functional groups from the perspective of VCD. The relative
yields of Cq, bisadduct isomers and the regioselectivities of the
multiple adducts up to the hexakisadduct were also
predicted.””*° The regioselectivity can be quantitatively
predicted by estimating vibronic coupling constants (VCCs)
with respect to hypothetical localized modes. A picture of the
functional group can also be extracted by employing VCD
analysis with respect to an effective mode. Regioselectivity can
be discussed on the basis of vibronic couplings by considering
both the effective and localized stretching modes. VCD analysis
is also effective in clarifying the difference between the
reactivities under thermal and mechanochemical conditions.*®
In this study, we applied these reactivity indices for nucleophilic
and electrophilic reactions of the endohedral metallofullerene
La,@Cgy to elucidate the role of vibronic couplings in
cycloadditions to La,@Cg.

2. THEORY

For a reactant, e.g,, a metallofullerene, the VCC V,, of a charge-
transfer (ionic) electronic state W.p with respect to a
vibrational mode « is defined as

o0H
Ve = TET(—
/ ey )

where H is the molecular Hamiltonian, Q, denotes a vibrational
coordinate of mode @, 7 stands for all spatial and spin
coordinates of electrons, and R, is the reference nuclear
configuration (molecular geometry before the charge transfer).
V,, can be expressed in the density form using the VCD 7,,>%*’

Vv, = /na(r)d3r

Yo dr
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where r stands for the spatial coordinates. The VCD g, is
defined as

n,(r) = Ap(r) X v,(r) (3)

where Ap denotes the electron density difference between the
neutral and charge-transfer states at the geometry Ry, and v, is
the derivative of the nuclear-electronic potentials acting on a
single electron with respect to Q, at Ry. The derivation of eqs 2
and 3 is described in the Supporting Information. Ap is equal
to the Fukui function®® within the finite difference approx-
imation. The VCD illustrates the origin of vibronic coupling on
the basis of electronic and vibrational structures.

The vibrational mode @ in the definition of VCD is not only
a normal mode but also an effective®” or localized mode.>" The
effective mode in the charge-transfer state is defined by the sum
of all normal modes weighted by the VCCs with respect to the
normal modes. Using the Hellmann—Feynman theorem,*> it
can be shown that it is equal to the steepest descent direction of
the adiabatic potential in the charge-transfer state. The effective
mode can therefore be regarded as a reaction mode. The VCD
distribution for the effective mode visualizes the origin of
vibronic coupling in the initial stage of a reaction. The localized
mode is used as a hypothetical reaction mode to estimate the
reactivity of each bond quantitatively.

The reagent is stabilized owing to vibronic couplings after
charge transfer. In this work, the direction of the effective mode
is taken such that its VCC is negative. This is the direction of a
deformation such that the system is stabilized. On the other
hand, the direction of the localized mode is taken such that the
corresponding bond is elongated by a positive displacement.

3. COMPUTATIONAL METHOD

A neutral La,@Cy, with D,;,/D;,; symmetry was optimized to obtain its
reference nuclear configuration R,. Symmetry constraints were used
because of the pseudodeﬁeneracy of the neutral La,@Cg, states with
D, and D, symmetries.'"'> After optimization, vibrational analyses of
the D,;, and D;, structures were performed to obtain their frequencies
and normal modes. The forces acting on the nuclei of the D,,/Dsy
anionic and cationic states were subsequently calculated. The anionic
and cationic states can be regarded as the charge-transfer states in
nucleophilic and electrophilic reactions with La,@Cgy. In these
calculations, density functional theory was used with the VWN
+BP86 functional® ~** and the TZ2P and TZP all-electron basis sets*
for carbon and lanthanum atoms, respectively. The relativistic effect
was taken into consideration within the scalar zeroth-order regular
approximation (ZORA).*' Calculations were done using the
Amsterdam Density Functional (ADF) package version
2012.01d.%™** For the open-shell unrestricted calculations, spin
contamination was confirmed to be sufficiently small (0.75 < (S*) <
0.753). The obtained electronic and vibrational structures were used to
calculate the VCCs and VCDs for the effective and localized modes at
all types of carbon bonds in the charge-transfer states. The computed
forces were used to calculate the VCCs following the Hellmann—
Feynman theorem.>**® The calculations of the VCCs and VCDs were
performed using in-house codes.

4. RESULTS AND DISCUSSION

4.1. Nucleophilic Attack on La,@Cg,. Figure 2 shows the
electron density differences Ap between the neutral La,@Cyg,
isomers and their anions. Ap consists mainly of the lowest
unoccupied molecular orbital (LUMO) densities of the La,@
Cyg isomers. Because Ap has large distributions on lanthanum
atoms, the isosurface values in Figure 2 were sufficiently
reduced for the distributions to be clearly shown on the Cg,
cage. As shown in Figure 2, except for the region inside the
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Figure 2. Electron density differences Ap between neutral and anionic
states of isolated La,@Cg, isomers: (a, b) D, isomers from different
perspectives and (c) Ds, isomer. Isosurface values are 5.5 X 107 a.u.
Blue surfaces show negative regions (electron decrease), and gray
surfaces show positive regions (electron increase). The ¢3 and a7
bonds have small distributions. Vibronic coupling calculations,
however, indicate that the c3 and a7 bonds are the first and second
reactive sites, respectively (see Figure 6). On the other hand, the cl
bonds are not reactive sites regardless of the large Ap.

cage, Ap has the largest distributions around the c1 bonds. On
the other hand, the c3 and a7 bonds have small distributions
because the corresponding LUMOs are small and antibonding,

Figures 3 and 4 show the effective modes s for the La,@Cg,
anions and the corresponding potential derivatives v,

Figure 3. Effective vibrational vectors s of isolated La,@Cgj, anions: (a,
b) D, isomers from different perspectives and (c) D5, isomer. The c3
and a7 bonds are elongated by the effective modes. In contrast, the
cage sites around the c1 bonds are bent and moved outward.

respectively. These indicate the nuclear motions induced by
charge transfer. As shown in Figure 4, v, has characteristic
positive distributions on a few [6,6] bonds such as ¢3 and a7
bonds, which are elongated by bond stretching vibrations
(Figure 3) that facilitate nucleophilic cycloadditions. The ¢3
bonds have larger positive distributions than that of the a7
bonds. On the other hand, the sites around the c1 bonds do not
have such on-bond distributions of v, because these sites are
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Figure 4. Potential derivatives v, for effective modes s of isolated La, @
Cgo anions: (a, b) D, isomers from different perspectives and (c) Dy,
isomer. Isosurface values are 3.0 X 10~ au. Blue surfaces show
negative regions, and gray surfaces show positive regions. A large
positive distribution on a bond indicates that the bond is easily
elongated by the approach of a nucleophile. The c3 and a7 bonds have
the largest and second largest positive distributions, respectively,
whereas the c1 bonds do not have such distributions.

moved by bending vibrations and not by bond stretching
vibrations.

Figure S shows the 7, of La,@Cy, anions for the effective
modes as well as that of the ethylene anion for comparison.

()

@by
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Figure 5. Vibronic coupling densities (VCDs) 7, of isolated La,@Cg,
anions for the effective modes: (a) c3 bond and (b) c1 bond. (c) 7, of
ethylene anion for the effective mode. The VCD at the ¢3 bond is
similar to that of the ethylene anion. On the other hand, the VCD at
the cl bond, which has a large Ap, is completely different from that of
the ethylene anion.

Although the symmetries around the ¢3 and c1 bonds are lower
than that of ethylene, the corresponding 7, distributions (Figure
Sab, respectively) can be recognized. This is because the
effective mode consists of bond stretching modes on ¢3 bonds,
which are close to the effective mode for the ethglene anion. In
our previous studies on Cgp,>® Cg, derivatives,”>® and C,,,>" it
was found that their reactive sites bear functional groups with
ethylene-like distributions of #,. The ¢3 bonds can therefore be
regarded as the reactive sites. Because these bonds do not have
large Ap, v, is found to be important in nucleophilic
cycloadditions. Thus, this result is different from those of
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frontier orbital theory, Mulliken population analysis, and POAV
analysis, as shown in the Supporting Information (Figures S4,
S6, and S7, respectively). In contrast to the c3 bonds, ethylene
moieties cannot be found at the c1 bonds because the effective
mode consists of bending modes around the bonds, which are
far from the reaction mode of cycloaddition. The possibility of a
c3 monoadduct is consistent with the regioselectivity observed
at low temperatures using X-ray single-crystal diffraction,">'* as
shown in the Supporting Information (Figure S2). It should be
noted that thermal rotation of the La, molecule inside the
adducts might be possible after the reactions. The observed
structure is therefore not necessarily equal to the kinetic
product. Our theoretical prediction is valid for predicting a
kinetic product. In this case, the kinetic and final major
products are found to be the same c¢3 adducts. The atomic
VCCs (AVCCs),” ie., atomic contributions to vibronic
couplings, for the effective modes can be seen in the Supporting
Information (Figure S8).

Figure 6 shows the VCCs for the localized stretching
vibrations of the carbon bonds, which provide a quantitative
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Figure 6. Vibronic coupling constants (VCCs) for localized stretching
vibrations at different types of carbon bonds: (a) D, and (b) Dy,
La,@Cyg anion. a- and c-type bonds are [6,6] bonds, whereas b- and d-
type bonds are [6,5] bonds (see definitions of bonds labeled in Figure
1). Bonds that have negative VCCs can be regarded as reactive sites.
[6,6] bonds have smaller VCCs than [6,5] bonds. In particular, the c3
bonds have the smallest VCCs.

measure of bond reactivities. The sites that have negative VCCs
will be stabilized by bond elongating vibrations and can
therefore be regarded as reactive sites in cycloaddition. In
contrast, the sites with positive values will be destabilized. As
shown in Figure 6, the ¢3 bonds of the D,, isomer are the most
reactive. The figure also shows that a few [6,5] bonds such as
the b3 bonds are slightly reactive and can yield minor products.
This is consistent with experimental observations.'*'*

We calculated energy barriers in the reaction between La,@
Cgo and N-methyl azomethine ylide, which is an electron donor.
We chose the additions at three types of bonds, ¢3, cl, and a5
bonds. According to the VCD analysis, the reactivity order is c3
bond > c1 bond > a5 bond. It should be noted that the c1 bond
has the largest distribution of LUMO density. The calculated
energy barriers were 364 meV (c3 bond) < 483 meV (cl bond)
< 560 meV (a5 bond). This is consistent with the result of the
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VCD analysis. The computational details are described in the
Supporting Information.

4.2. Electrophilic Attack on La,@Cg,. Figure 7 shows the
electron density differences Ap between the neutral La,@Cg,

Figure 7. Electron density differences Ap between neutral and cationic
states of isolated La,@Cg, isomers: (a, b) D, isomers from different
perspectives and (c) Dj, isomer. Isosurface values are 5.0 X 107 a.u.
Blue surfaces show negative regions (electron decrease), and gray
surfaces show positive regions (electron increase). The b4 bonds have
large Ap distributions. From the vibronic coupling calculations, the b4,
dS, and c6 bonds are the first, second, and third reactive sites,
respectively (see Figure 11). The d6 bonds have small Ap because the
corresponding LUMO distributions are antibonding.

isomers and their cations. The Ap for the La,@Cg, cations is
similar to the highest occupied molecular orbital (HOMO)
densities with belt-like distributions on the Cg, cages. Figures 8
and 9 show the effective modes s of the La,@Cg, cations and
the corresponding potential derivatives v,, respectively. Large
positive distributions of v; can be seen on the b4, ¢6, and dS
bonds. As shown in Figure 7, these sites also have large Ap. In
particular, the b4 bonds (a type of [6,5] bond) of the D,,

@ (b /5%
(GE L) L s
\fm_ %Z \7\@?/ 3,

b4

Figure 8. Effective vibrational vectors s of isolated La,@Cyg, cations:
(a, b) D, isomers from different perspectives and (c) D, isomer. The
b4, dS, and c6 bonds are elongated by the effective modes, whereas the
d6 bonds are shortened.
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Figure 9. Potential derivatives v, for effective modes s of isolated La, @
Cgy cations: (a, b) D, isomers from different perspectives and (c) Dy,
isomer. Isosurface values are 5.0 X 10~ au. Blue surfaces show
negative regions, and gray surfaces show positive regions. A large
positive distribution on a bond indicates that the bond is easily
elongated by the approach of an electrophile. The b4, dS, and 6
bonds have large positive v, whereas the d6 bonds have negative
distributions.

isomer not only have the largest Ap distributions but also the
largest v, distributions.

Figure 10 shows the #, of La,@Cyg, cations for the effective
modes and #; of the ethylene anion for comparison. As shown

(a) (b)

Figure 10. Vibronic coupling densities (VCDs) #, of isolated La,@Cg,
cations for the effective modes: (a) b4 bond and (b) d6 bond. (c) 7, of
ethylene cation for the effective mode. The VCD at the b4 bond,
which has a large Ap, is similar to that of the ethylene cation. On the
other hand, the VCD at the d6 bond is completely different from that
of the ethylene cation.

in the figure, the b4 bond has the same 7, distribution as that of
the ethylene cation. This indicates the existence of ethylene
moieties as functional groups at the b4 bonds. In contrast to the
b4 bonds, the d6 bonds have completely different 7,
distributions from those of the ethylene cation; therefore,
these are not reactive sites. The prediction of a b4 monoadduct
is consistent with the reactive sites observed at low temper-
atures using X-ray single-crystal diffraction,"® as shown in the
Supporting Information (Figure S2). The observed structure is
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not necessarily the same as the kinetic product because of the
thermal rotation of the La, molecule. In this case, the kinetic
product (b4 adduct) is found to be the same as the final
product. For electrophilic cycloadditions, the frontier orbital
theory predicts the same regioselectivity as that from the VCD
analysis (see the Supporting Information, Figure SS). The
AVCCs for the effective modes are shown in the Supporting
Information (Figure S9).

Figure 11 shows the VCCs at the localized stretching
vibrations for all types of carbon bonds. As shown in Figure 11,
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Figure 11. Vibronic coupling constants (VCCs) for localized
stretching vibrations at different types of carbon bonds: (a) D, and
(b) D,y La,@Cg cation. a- and c-type bonds are [6,6] bonds, and b-
and d-type bonds are [6,5] bonds (see definitions of bonds labeled in
Figure 1). Bonds that have negative VCCs can be regarded as reactive
sites. [6,5] bonds have smaller VCCs than [6,6] bonds. In particular,
the b4 bonds have the smallest VCCs.

the [6,5] bonds such as the b4 and d5 bonds are found to be
reactive. Particularly, the b4 bonds of the D,; isomer are the
most reactive. In addition, [6,6] bonds with negative VCCs
such as the c6 bonds may yield minor products.

5. CONCLUSIONS

We theoretically clarified the regioselectivities of La,@Cg, in
nucleophilic and electrophilic attacks using vibronic coupling
density analysis. The ¢3 bonds (a type of [6,6] bond) of the D,
La,@Cg, isomer were found to be the most reactive in
nucleophilic attacks, consistent with experimental observations.
Although the ¢3 bonds have small Ap and LUMO densities,
they have a large potential derivative with respect to a reaction
mode. For nucleophilic cycloadditions, therefore, the degrees of
freedom of nuclear motions are important.

In addition, the present theory predicted that the b4 bonds
(a type of [6,5] bond) of the D, isomer are the most reactive
in electrophilic attacks, which is also consistent with the
experimental observations. The b4 bonds have large HOMO
densities; thus, the frontier orbital theory, like the present
theory, correctly predicts the regioselectivity for electrophilic
attacks.

Recently, Garcia-Borras et al. have theoretically investigated
the Diels—Alder reaction between La,@Cyg, and butadiene.*'
According to their study, the energy barriers of the [6,6] and
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[6,5] attacks are close to each other. This is because butadiene
is not a strong nucleophile or electrophile. The net charge
transfer between La,@Cg, and butadiene is not so large.
Accordingly, both of the charge transfers from La,@Cg, to
butadiene and from butadiene to La,@Cg, should be almost
equally taken into consideration. Ap in this case is the mixture
of Ap for a nucleophilic attack and Ap for an electrophilic
attack. The VCD theory predicts that both of the [6,6] and
[6,5] bonds are reactive. This is consistent in that the energy
barriers of the [6,6] and [6,5] attacks in this reaction are close.

The VCDs illustrate the origin of the coupling between the
electronic and vibrational states. On the other hand, the
conventional reactivity indices such as frontier orbital density
consider only the electronic state. The frontier orbital theory
predicts a regioselectivity in terms of the stabilization due to the
charge-transfer interaction between approaching reactants,
depending on the approaching orientation. In the case of
fullerenes, the charge-transfer interaction is almost the same for
every orientation. Therefore, the frontier orbital theory fails to
predict the reactivity of such fullerenes. La,@Cyj is such a case.
On the other hand, the vibronic couplings of the fullerenes
depend on orientations. The vibronic coupling density analysis
can predict the regioselectivity in terms of the stabilization due
to vibronic couplings after the charge transfer, depending on
the approaching orientation. The present study shows that the
stabilization due to vibronic couplings plays an important role
in the regioselectivity of nucleophilic cycloadditions to La,@
Cyo-

A picture of the functional groups, which are the double
bonds of ethylene moieties, could be extracted from the VCD
with respect to the effective mode. The regioselectivity could be
predicted using VCD analysis with respect to the localized
modes.
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