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ABSTRACT: The reaction mechanism of the Diels—Alder reaction of paramagnetic
endohedral metallofullerene, La@Cg,, and 1,2,3,4,5-pentamethylcyclopentadiene
was studied theoretically and experimentally. Theoretical calculations revealed that _ B LTS, concerted way
this reaction proceeds via a concerted mechanism that includes formation of a
stable intermediate. The activation energy of a retro-Diels—Alder reaction was also
studied experimentally, which is in good agreement with theoretical results.

Bl INTRODUCTION of Cp* on La@Cg, was revealed using X-ray crystallographic

The Diels—Alder (DA) reaction is an extremely valuable type analysis (Figure 1). Theoretical studies using the B3LYP//

of cycloaddition in organic chemistry." In recent years, much
attention has been focused on the DA reaction of fullerenes a 8~(2~1) b —6—&

because it can be a useful method for introducing functionality %o 3 __4 ‘5 /\J‘. ’ A \\
to fullerene cages. The fact that fullerenes such as Cg, and C, €« 4 . 9 ?0 ¢ ,’" X
act as polyalkenes and possess a reactive dienophile character T’\ /“'— 11 T‘\ f“}

derived from their electron-deficient properties has prompted

the development of numerous efficient DA reactions of fullerenes.” h’\\ ‘&/\,& - é 1\6‘]]; t\{‘un

For example, Cy, acts as a dienophile in the DA reaction with
many types of reactive dienes, e.g, anthracene,” furan, cyclo- _24 29 \\
pentadiene,4 and others.’ Moreover, the reversible DA reaction e 23 e }/‘ \
of fullerenes is used for separation® and template synthesis.” : —$~
The concerted reaction mechanism of C,, with dienes has been = &
clarified theoretically.**® L ™
Endohedral fullerene is a new type of carbon cluster that
contains one or more atoms inside the hollow fullerene cage.8 Figure 1. (a) La@Cg, with 24 types of nonequivalent carbons and
Especially, endohedral metallofullerenes have attracted broad (b) La@Cg,Cp*.
attention because of their novel properties derived from an intra-
molecular metal—fullerene cage interaction.” A typical endohedral LanL2DZ[La]/3-21G [C, H] showed that the addition site

metallofullerene, La@Cg,, possesses unique electronic properties carbons have neither large f-LUMO coeflicients nor large spin
such as a radical character and low redox potentials, induced by densities (see ref 13 and Supporting Infoll;mation Figure S1),
the electron transfer from La atom to Cg, cage.'® These aspects but they have high positive charge densities.” From these results,
allow the new application of fullerenes.’ Recently, we reported we speculated that one important factor for the regioselectivity is
the reversible and highly regioselective DA reaction of paramagnetic

endohedral metallofullerene, La@Cg,, and cyclopentadiene (Cp)"* Received: October 3, 2012

or 1,2,3,4,5-pentamethylcyclopentadiene (Cp*)."* The addition site Published: March 22, 2013
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~

P .
-2&3kcaMnm1595Ad‘\ 1.597 A
o Y Y L
F <X

x’\i:,i:}?i

p*.

positive charge densities on the fullerene cage carbon because
Cp* is an electron-rich diene.

Closed shell pericyclic reactions are quite well understood
through the Woodward—Hoffmann rule' and the frontier orbital
concept.'® However, the electron-transfer catalyzed DA reaction,
where the diene or dienophile units possess radical cation character,
has also been studied."” Recently, density functional theory (DFT)
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Figure 3. Singly linked intermediate (III) for the stepwise cyclo-
addition reaction between La@Cg, and Cp*.

calculation predicted that the reaction between 1,3-butadiene
radical cation with ethylene proceeds via a stepwise path involving
an open chain intermediate.'® Nevertheless, even qualitative
concepts are lacking for the DA reaction using paramagnetic
molecules in the ground state. More detailed insight into the
mechanisms of the reaction related to the paramagnetic mole-
cule is desirable because it is important to clarify the nature of
transition states and intermediates for understanding the critical steps
and possibilities for manipulating the reaction. Recently, Morokuma,
Sola, and co-workers reported the performance of the ONIOM
method to study the chemical reactivity of fullerene by computing the
reaction Energy and energy barrier of the DA reaction between Cg,
and Cp Their results indicate that both the ONIOM2(M06-2X/
6-31G(d):SVWN/STO-3G) and the M06-2X/6-31G(d)//ONIOM2-
(B3LYP/6-31G(d):SVWN/STO-3G) approaches are among the
most reliable and computationally efficient methods to be exploited
for studying the chemical reactivity of the [6,6]-bonds in fullerenes.

In this article, we studied the mechanism of DA reaction of
paramagnetic metallofullerene, La@Cs,, with Cp*, using the
MO06-2X method. Furthermore, the reason for its energy barrier
and high regioselectivity was discussed, not only theoretically
but also experimentally.

B COMPUTATIONAL METHOD

Calculations were carried out using the Gaussian 09 program.'® Geometries
were optimized using density functional theory at the spin-unrestricted
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M06-2X? level: the double-zeta basis set (Lanl2dz) and effective core
potential (Lanl2 ECP)>' were used for La and the 6-31G(d) basis set
was used for C and H. Energies were improved by single-point
calculations with the larger 6-311+G(d,p) basis set for C and H. In an
attempt to evaluate dispersion interactions considered in the M06-2X
functional, single point calculations were performed using standard
B3LYP* and dispersion-corrected B3LYP-D3*® methods with Lanl2dz
and Lanl2 ECP for La and 6-31G(d) for C and H. These B3LYP and
B3LYP-D3 calculations were performed using the GAMESS package.”*

General Experiment. Toluene was distilled over benzophenone
sodium ketyl. Maleic anhydride was purchased from Wako Pure
Chemical Industries, Ltd., and used as received. HPLC isolation was
performed on an LC-908 (Japan Analytical Industry Co. Ltd.)
monitored by UV absorption at 330 nm. The ESR measurements were
performed using a spectrometer (Bruker EMX-T), equipped with
Bruker N, temperature controller. The spectra were simulated using
the NIEHS WinSim software.”®

Materials. Soot containing lanthanide metallofullerenes was
prepared according to the reported procedure®® using a composite
anode that contains graphite and the metal oxide with the atomic ratio
of La/C equal to 2.0%. The composite rod was subjected to an arc
discharge as an anode under 150 Torr helium pressure. Raw soot
containing lanthanide metallofullerenes was collected and extracted
using 1,2,4-trichlorobenzene. To isolate La@Cyg,, the soluble fraction
was injected into the HPLC; a SPYE column (20 mm X 250 mm,
Cosmosil; Nacalai Tesque Inc.) was used in the first step and a
Buckyprep column (¢20 mm X 250 mm, Cosmosil; Nacalai Tesque,
Inc.) in the second step to give pure La@Cg,. For the determination of
kinetics, La@Cg,Cp* was synthesized according to a reported
procedure.”

B RESULTS AND DISCUSSION

Theoretical studies of the DA reaction of La@Cg, with Cp*
were conducted using the M06-2X methods. The energy profile
calculated for the reaction is presented in Figure 2. In the initial
step for the cycloaddition reaction, a complex of La@Cg, and
Cp* (intermediate I) was formed, which is more stable by 10.6
kcal/mol than the reactants (La@Cg, + Cp*). The shortest
atomic distances between La@Cg, and Cp* for I with addition
carbon sites (C21 and C23 in Figure 1a) are 3.069 and 3.084 A.
The slight differences of these two distances are derived from
the asymmetric structure of I. The energy barrier from I to the
final adduct via a transition state (II) is 12.2 kcal/mol. The
geometry of II closely resembles the reported transition
structure for the DA reaction of Cg, with Cp.4d The closest
carbon—carbon distances between La@Cg, and Cp* are 2.318
and 2.181 A, which are similar to the distances reported for the
transition states of C60—Cp4d and Cg—quinodimethane
reactions.”” As is clear from Figure 2, the DA reaction of
La@Cg, with Cp* proceeds in a concerted way.

To validate the concerted mechanism, calculations were
conducted for the case of the stepwise addition, which proceeds
via the formation of a singly linked intermediate between
La@Cy, and Cp* at C21 or C23. The singly linked intermediate
was searched in detail. As a result, the formation of one singly
linked intermediate (III) shown in Figure 3 was found. It is
notable that the Intermediate is 19.3 kcal/mol higher in energy
than reactants. This result suggests that the energy barrier for
the stepwise path is considerably larger than that for the
concerted path in the reaction of La@Cg, and Cp*.

It has been widely accepted that the addition pattern of DA
reaction is explainable by the Woodward—Hoffmann rule'> and
Frontier Molecular Orbital theory.'® In this context, the LUMO
of La@Cy, is expected to play a key role in the interaction with
the HOMO of Cp* because the smaller HOMO—LUMO gap
between the HOMO of diene and the LUMO of dienophile
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results in the decreasing of the energy barrier. Furthermore, it is
required that the addition site for La@Cg, possesses suitable
orbitals to interact with Cp*. However, molecular orbital (MO)
calculations showed that the f-LUMO of La@Cg, has no large
coefficients on the addition site carbons (C21 and C23) (Figure 4).
Hence, to provide further insight regarding this reaction system,
the MOs of I are illustrated in Figure S. In the initial step for
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Figure S. (a) Molecular orbitals of intermediate I in the cycloaddition
reaction of La@Cg, and Cp*. (b) The a-HOMO, S-LUMO,
a-LUMO, and B-LUMO+1 of I are expanded for clarity. Orange
circles show the addition site.

this reaction, we found that while the f-LUMO of La@Cg, has
no suitable orbital coefficients on the addition site carbons, the
a-LUMO and B-LUMO+1 of La@Cg, have large orbital
coeflicients. This indicates that the @-LUMO and S-LUMO+1
of La@Cg, can play a main role in interaction with the HOMO
of Cp*. The fact that the @-LUMO and -LUMO+1 of La@Cg,

dx.doi.org/10.1021/ja309763f | J. Am. Chem. Soc. 2013, 135, 5582—-5587



Journal of the American Chemical Society

10.7 kecal/mol

10.9 kecal/mol

5.1 kcallmol 5.5 kcal/mol
y-t‘-\.u h :“0—-1}‘; t‘“;
' 7“) YWY
31 Aa 2
4 YR
)““) b
3.5 keal/mol 4.1 kcal/mol

Figure 6. Relative energies calculated for La@Cqy,Cp* isomers. Addition sites of each isomer were selected from those which possess large orbital
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Figure 7. Relative energies calculated for La@Cq,Cp* isomers. Addition sites of each isomer were selected from those which possess large orbital

coefficients in f-LUMO.

present a favorable orbital at the addition site to react with Cp*
suggests that the DA reaction proceeds via a concerted mechanism.

Experimentally, the DA reaction between La@Cg, and Cp*
afforded only one isomer."® To analyze the reason for this regio-
specific manner, the optimized structure and relative stability of
regioisomers and their stereoisomers were calculated, respec-
tively. The addition site of 13 isomers was selected by the
orbital coefficients in the LUMO of La@Csg,. Figures 6 and 7
portray the optimized structures and relative energy of
La@Cg,Cp* isomers. It should be noted that isomer a (addition
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site carbons are C21 and C23), which is determined using X—ray
crystallographic analysis, is the most stable one. These results
confirm that isomer a is not only kinetically but also thermo-
dynamically the most conceivable monoadduct.

To disclose kinetic parameters for the retro-DA reaction of
La@Cg,Cp* to La@Cyg, and Cp¥*, the rates of decomposition
were experimentally determined (see Supporting Information
Figure S2) in the temperature range at 283—303 K (Table 1).”*
A toluene solution of isolated La@Cg,Cp* (1.8 X 107° M) and
excess molar amount of maleic anhydride were prepared, for
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Table 1. Rates and Activation Energies of the Cycloreversion
of La@Cg,Cp*

T (K) K (s t1/, ()
283 8.17 x 107° 23.5
288 223 X 107° 8.63
293 5.60 X 107° 342
298 9.79 X 107° 1.97
303 1.92 x 107* 1.00

E, (kcal/mol)
La@Cg,Cp* 27.0
La@Cg,Cp” 23.9

“Reference 12.

which maleic anhydride was used as a scavenger of Cp* to
prevent recombination between La@Cg, and Cp*. The ESR
spectrum of the tracing retro-DA reaction exhibited a set of
octet signals for La@Cg,Cp* and La@Cg, (see Supporting
Information Figure S3). The rate constants at 283, 288, 293,
298, and 303 K were determined based on the ratio of the ESR
signals of La@Cg,Cp* and La@Cg, estimated by simulation of
their ESR spectra. Furthermore, to obtain kinetic parameters
for the decomposition of La@Cg,Cp*, the data of rate con-
stants in Table 1 were applied to the Arrhenius form of the rate
expression: k = Ae®/RT (see Supporting Information Figure $4).
Consequently, the activation energy for this retro-DA reaction
was determined as 27.0 kcal/mol, which is 3.1 kcal/mol higher
in energy than the retro-DA reaction of La@Cg,Cp. This higher
activation energy is mainly attributable to the substituent effect
of electron donation derived from five methyl groups of Cp*,
increasiné the stability of La@Cg,Cp* similarly in the case of
CgCp™*." In addition, the experimental value of 27.0 kcal/mol
agrees reasonably well with the calculated values of 29.9 kcal/mol.

B CONCLUSION

In conclusion, results of this study show that the DA cyclo-
addition reaction of Cp* and paramagnetic La@Cg, proceed via
a concerted bond formation mechanism, through an inter-
mediate formation of La@Cg, and Cp*. The experimentally
obtained results related to the retro-DA reaction of La@Cg,Cp*
exhibit the activation energy, which is in good agreement with the
theoretical predicted one. Using the M06-2X method™ there-
fore enables the analysis of endohedral metallofullerene DA
cycloaddition reactions, in spite of the fact that La@Cg, has a
radical character. This approach is therefore also promising for
further investigation of the reaction mechanism of functional-
ization of endohedral metallofullerenes.*

B ASSOCIATED CONTENT
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Charge density, p-orbital axis vector (POAV) angles, and SOMO
spin density of carbon atoms in La@Cyg, and the experimental
results of kinetics studies. This material is available free of charge
via the Internet at http://pubs.acs.org.
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