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ABSTRACT

[Li*@CglPFg~ CpH
equilibrium constant: >1,000 larger than empty Ceo

—
[Li*@Cgy(CpH)]PFg~

Much higher reactivity of [Li* @Cgo]PF~ for Diels—Alder cycloaddition toward cyclopentadiene (CpH), in comparison with that of empty Cgo, was
observed. The synthetic method, electrochemical and light absorption properties, and X-ray crystal structure of the product [Li™ @ Cgo(CpH)]PFs~

are discussed.

Lithium ion containing [60]fullerene, Li* @ Cgy, was first
isolated and structurally characterized in 2010." Since
being isolated in pure form, this emerging carbon nano-
material has garnered interest in various areas of applied
research.” To advance the investigation of Lit@Ce,
covalent modification of this compound should present
new opportunities arising from changes in the compound’s
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electrochemical and photophysical properties. Such che-
mical modification of fullerenes generally plays a central
role in developing fullerene-based materials,® but few
reports have focused on the chemical modification of
Li"@Cgo.* The present Li"@Cg, covalent modification
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represents a unique example, which can be distinguished
from other endohedral metallofullerene modifications
based on [72]-, [74]-, [78]-, [80]-, and [82]fullerene cages,’ ™’
as well as derivatization of molecular hydrogen encapsu-
lated fullerenes.'”

The Diels—Alder reaction is a typical reaction for che-
mical functionalization of fullerenes.!' In general, the
kinetics of the Diels—Alder reaction is more favorable
when the energy difference is small between the highest
occupied molecular orbital (HOMO) of the diene and the
lowest unoccupied molecular orbital (LUMO) of the
dienophile. In comparison with various olefins, fullerene
has a lower-lying LUMO level and hence serves as a better
dienophile. On the other hand, cyclopentadiene (CpH) and
its derivatives have been used as dienes in Diels—Alder
reactions with fullerenes. Since the first report of the
Diels—Alder reaction between fullerene and CpH in
1993, this reaction has been examined through kinetics
investigations and theoretical studies.'? The Diels—Alder
reaction of La@Cg, and cyclopentadienes has also been
studied to elucidate the kinetics of the reaction and the
crystal structure of the product.'® Because the LUMO level
of Lit @Cg is much lower than that of empty Cgo and also
lower than that of La@Csg,, the Diels—Alder reaction of
Li*t@Cgy is expected to proceed much more smoothly. In
this respect, we focused on this relationship of frontier
orbital energies and examined the Diels—Alder reaction of
Lit@Cgy and CpH. This reaction occurred immediately,
and we succeeded in isolating and structurally characteriz-
ing the CpH monoadduct of Li* @Cg,. Here we report the
highly efficient Diels—Alder addition of CpH to Li"@Cg
as well as the structure and properties of the covalently
functionalized Lit@Cg, derivative. The present work
will provide valuable information for derivatization of
Lit@Cq to obtain various functional endohedral
fullerenes.

Reaction of [LiT @Cg]PF, in a mixed solvent of chloro-
benzene and acetonitrile (1/1 volume ratio) with 1.1 equiv
of CpH diluted in organic solvents (e.g., o-dichloroben-
zene and dichloromethane) afforded the monoadduct
[Li" @Cgo(CpH)]PFs~ along with the regioisomers
of bis-adducts [Li"@Ce(CpH),]PF¢~ and unreacted
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starting material [Lit@Cgo]PF¢~ (Scheme 1). The reac-
tion progress was monitored with an analytical HPLC
system equipped with an electrolyte (BuyNPFy)-contain-
ing column (Figure S1, Supporting Information).'* Gen-
eration of mono- and bis-adducts was comfirmed by mass
and 'Li NMR spectra (Figures S2 and S3, Supporting
Information). From the reaction mixture, the desired
monoadduct [Li*@Ce(CpH)]PFs~ was isolated by pre-
parative HPLC in 56% isolated yield. An HPLC chart of
isolated [Li" @Cg(CpH)]PF¢~ in pure form is shown in
Figure Slc.'

Scheme 1. Reaction of [Li*@Cgo]PFs~ with CpH

[Li*@CgglPFs CpH

[Li*@Cgo(CPH)IPFs~  [Li*@Cigo(CpH)oIPFs~

The isolated product was characterized by mass spectro-
metry, NMR spectroscopy, UV—vis absorption spectro-
scopy, and cyclic voltammetry. The high-resolution
atmospheric pressure chemical ionization (APCI) time-
of-flight (TOF) mass spectrum showed a single peak for
[Lit@Ceo(CpH)] at m/z 793.0661 (caled 793.0631). The
compound’s '"H NMR spectrum (Figure S5, Supporting
Information) was similar to that of empty Cgo(CpH), with
only slight differences between them. The '*C NMR
spectrum exhibited a C-symmetric pattern with 32 signals
for the fullerene cage and 3 signals for CpH (Figure S6,
Supporting Information). The "Li NMR spectrum showed
a high-field signal due to the lithium ion at high mag-
netic field (6 —13.4), indicating that the lithium ion is
contained inside the fullerene cage (Figure S7, Supporting
Information). The UV—vis absorption spectrum of
[Li" @Cgo(CpH)]PFs~ was very similar to that of empty
Ceo(CpH). The spectrum for [Li*@Ceo(CpH)PFs~
showed a small absorption maximum at 720 nm due to
the 58-7-electron conjugated system of the fullerene cage
(Figure S8, Supporting Information). The first reduction
potential of [Li* @Cgo(CpH)]PFs~ was —0.49 V vs Fc/Fct.
This value indicates that, in comparison with empty Cgo-
(CpH) (—1.22V)and C4y(—1.13 V), [Li" @Cg(CpH)|PF¢
has a much higher electron affinity (Table 1).

Next we performed a single-crystal X-ray structural
analysis of [Lit@Cg(CpH)]. We first attempted X-ray
crystallographic analysis of [Lit@Ceo(CpH)]PFs~ but
could not obtain a single crystal of sufficient quality. Then,
we performed counteranion exchange, from PF¢ ™ to tetra-
kis(3,5-bis(trifluoromethyl)phenyl)borate (TFPB™), by

(14) Analytical HPLC conditions: column, Buckyprep (Nacalai
Tesque, COSMOSIL 4.6 x 250 nm); eluent, o-dichlorobenzene/acetoni-
trile 95/5 v/v with 30 mM BuyNPFg; column temperature, 30 °C;
detector, UV, 320 nm.

(15) Preparative HPLC conditions: column, zNAP (Nacalai Tesque,
COSMOSIL 4.6 x 250 nm); eluent, chlorobenzene/o-dichloroethane/
acetonitrile 2/1.5/6.5 v/v/v with saturated Me4sNPFg; temperature,
30 °C.
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Table 1. Reduction Potentials (V vs Fc¢/Fc™) for
[Li" @Coo(CpH)IPFs_, [Li" @Ceo]PFs _, Coo(CpH), and Ceo"”

compd El/2redl/v El/zredZ/V El/zred3/v El/zred4/V
[Lit*@Cgo(CpH)IPFs~  —0.49 —-1.05 —1.56 -1.93
[Li*@CeolPFs 043  -1.02  -149  —1.90
Ceo(CpH) -1.22 -1.59 -2.11
Ceo -1.13 —-1.51 —-1.96

“Determined with cyclic voltammetry in o-dichlorobenzene contain-
ing 50 mM BuyNPFg.

reacting [Li" @ Cego(CpH)]PFs~ with NaTFPB (1.1 equiv)
in dichloromethane. The product [Li"@Ceo(CpH)J-
TFPB™ was recrystallized by the vapor diffusion method
using CH,Cl,/Et,O. The obtained single crystal was sub-
jected to X-ray crystallography to reveal the struc-
ture of the CpH adduct of Lit@Cg.'® The crystal struc-
ture (Figure 1) shows that the Diels—Alder addition
of CpH occurred at the (6,6)-bond of the fullerene
cage. This finding is in good agreement with the re-
sults of quantum mechanical studies on Cgo(CpH), which
showed that the (6,6)-adduct is more stable than the (5,6)-
adduct.'” To date, X-ray crystallographic analysis of
Cso(CpH) has yet to be performed. Crystallographic ana-
lysis of [LiT @ Cgo(CpH)]TFPB ™~ was successful due to the
low-lying LUMO of the dienophile, Lit@Cg, which
imparts further electronic stability to the Diels—Alder
product.

Figure 1. Crystal structure of [LiT@Ce(CpH)[TFPB™: (a)
anion/cation pair in the crystal; (b) CpH moiety on the fullerene
cage. Hydrogen atoms are omitted for clarity.
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A closer look at the crystallographic structure of
[Lit@Ceo(CpH)]TFPB ™~ revealed the nature of the C—C
bonds connecting Lit@Cg and CpH as well as the
dynamic behavior of the lithium atom inside the fullerene
cage. Covalent bond lengths between Cg and CpH
(C1—Cg4; and Cg—Cgy) were 1.594(7) and 1.636(8) A,
longer than for the length of a typical carbon—carbon
single bond (1.54 A). A similar structural feature has also
been observed for the Diels—Alder adduct of La@Cg, with
pentamethylcyclopentadiene (CsMesH); C—C bond dis-
tances between carbon atoms of La@Cg, and CsMesH
have been reported to be 1.610 and 1.599 A."> We ascribed
the long C—C bond distances between the fullerene cage
and CpH to restricted degrees of freedom at the participat-
ing carbon atoms of the fullerene cage (C; and Cg) as well
as at the CpH bridgehead carbon atoms (Cg; and Cgy),
which are constrained by the methylene group (Cgs) and
fullerene cage. These structural constraints partially weak-
en the newly formed C—C covalent bonds, making them
longer. Regarding the position of the lithium ion, we
observed a large thermal parameter for the lithium atom,
which was isotropically optimized in the X-ray crystal
structure analysis. This observation suggests partial delo-
calization of the lithium ion inside the fullerene cage. Such
behavior of the lithium ion of Lit@Cg, even at low
temperature, has been reported in the literature.'®

Finally, we report details of the reactivity of Li*@Cg as
compared with Lit@Cg and empty Cgo. We performed
time-course analysis for the reactions of [Li" @ Cgo]PFg~
and Cg at the same concentration with 1.0 equiv of CpH
(Figure 2). We observed that the reaction of Li* @ Cg with
CpH reached equilibrium in 15 s. On the other hand, the
reaction of Cgy with CpH proceeded slowly and achieved
equilibrium after 40 min. The main product of the reac-
tion using Lit@Cg, was the monoadduct [Lit@Cg-
(CpH)]PF4~, while that for Cgo was the unreacted starting
material. These results indicate that both the rate constant
(k) and the equilibrium constant (K > 1.6 x 10° M~ '; see
the Supporting Information) for Li* @ Cgg are much larger
than those for Cg (K’ ~ 1.5 x 10° M~ !; see the Supporting
Information). Our attempt to determine the rate constant k
was unsuccessful because the reaction of Lit@Cg, was
very fast.'” Although our analysis was qualitative, its
results will provide valuable information on controlling
fullerene cage reactivity by encapsulation of inner ions.

We remark on the equilibrium constant of the Diels—
Alder reaction. We consider that the present reaction offers
an ideal system to estimate the electronic effect of the
dienophiles on the equilibrium of the Diels—Alder reac-
tion, because we can count out the steric effect of the
dienophiles due to the similarity in size between Cgy and
Lit@Cgy. From the experimental results, we suggest
that the low-lying LUMO level of Li*@Cg, not only
accelerates the Diels—Alder reaction but also stabilizes
the product. In other words, the lower LUMO level of the
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dienophiles was responsible for the increase in both the rate
constant and the equilibrium constant.
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Figure 2. Comparison of reactivity of [Li" @Cg]PF¢~ and Cg
toward CpH.

In summary, we have demonstrated the Diels—Alder
addition of CpH to Li* @Cg and found that this reaction
was highly efficient, with an equilibrium constant that was
more than 10°-fold that for the reaction with empty Cgp.
This result clearly reveals the effect of the encapsulated

Org. Lett,, Vol. 15, No. 17, 2013

lithium ion on the reactivity of the fullerene cage. In
addition, we have reported the X-ray crystal structure
and properties of the Diels—Alder product. These findings
and data should provide useful hints for covalently mod-
ifying endohedral fullerene Li* @ Cgo, which is an emerging
material in applied research.
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