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The ionic conductivity of [Li*@Ceol(PFs~) was measured in
o-dichlorobenzene, and found to be higher than that of TBA*PFs .
Electrochemical reduction of [Li*@Cgol(PFs ) without any supporting
electrolyte gave the monovalent radical anion Li*@Cgo°, as con-
firmed by the characteristic ESR signal and NIR absorption band.

Lithium-cation-encapsulated [60]fullerene Li'@Cso, which was
first isolated as the [Li*@Csgo](SbCls ) salt, is the only known
endohedral metallo[60]fullerene with 100% encapsulation
ratio, and its structure has been established by single crystal
X-ray analysis." It has attracted growing attention because of
its unique properties such as stronger electron acceptability
than pristine Cgo and high reactivities in photoinduced electron
transfer and regioselective multihydroxylation.*® The most
remarkable property of the [Li*@Csgo] salt is its high ionicity
resulting from the encapsulated lithium cation. Although this
ionic nature of [Li*@Cgo](PFs ) is stated to be responsible for
its rock-salt-type crystal structure,” no other details of the
effects of ionicity have been reported so far.

The fullerene radical anion has been recognised as an
intriguing material because of its unique electronic properties
such as (super)conductivity and ferromagnetism.’™* In addition,
the radial anion can serve as an important reaction intermediate
for various unique chemical modifications of the fullerene cage.*®
Although many methods for the preparation of empty Ce, radical
anion salts have been reported,'* studies on endohedral fullerene
radical anions are relatively stagnant.

We herein report the high ionic conductivity of [Li'@Ceo)(PFs )
in organic solvents, which has enabled a facile electrochemical
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synthesis of the radical anion (Li*@Cs,® ) without any supporting
electrolyte.

The ionic conductivity measurements were performed in
o-dichlorobenzene (0-DCB) and benzonitrile (PhCN) since [Li*@Ceo}
(PFs ) showed sufficient solubility and electrochemical stability in
these solvents.| The molar conductivity 4 is defined in eqn (1),
where k is the measured conductivity at each concentration (c).
The A values for various concentrations

A =x/c 1)

of [Li'@Ceo](PFs ) are shown in Fig. 1 and listed in Table 1,
together with those of tetra-n-butylammonium hexafluoro-
phosphate (TBA"PF, ), which is commonly used as a supporting
electrolyte in organic solvents. The exponential change in A with
¢'? indicated that [Li*@Cg](PFs) itself acted as a supporting
electrolyte. As pristine Cgo showed no ionic conductivity under
the same conditions, the observed conductivity was regarded as
a unique feature of the ion-encapsulated fullerene. The observed

A (mSm?mol1)

1000 MM

200

Fig. 1 Molar conductivity of [Li*@Csol(PF¢~) measured in PhCN (red circles) and
0-DCB (blue squares) solutions containing various concentrations of [Li*f@Cgo](PFs ™)
at 298 K. The black line is the result of TBA*PFs~ measured as a reference (asterisks).
The picture shows the various concentrations of [Li*@Ceo)(PFs ™) in 0-DCB solutions.
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Table 1 lonic conductivities of [Li*@Cgo)(PFs~) and TBA*PFg~ measured in
0-DCB at 298.0 K

c/uM x/mS m ! A/mS m~* mol *
[Li'@Ce0)(PFs )

1.6 0.006 (0.008)” 3.75 (5.00)"
8 0.023 (0.029)" 2.88 (3.63)"
40 0.107 (0.133)* 2.68 (3.33)°
200 0.466 (0.646)° 2.33 (3.23)°
1000 1.688 (—)° 1.69 (—b)*
TBA'PF,

1.6 0.005 3.13

8 0.022 2.75

40 0.078 1.95

200 0.238 1.19

1000 0.649 0.50
Pristine Cgo

Any 0.000 0.00

@ values in parentheses are measured in PhCN. ? Not determined due
to the solubility limitation.

ionic conductivity of [Li'@Ce](PFs ) was higher than that of
TBA'PF, ", indicating the weak interaction between the counter
anion PF  and encapsulated Li" even in such less polar solvents.
To discuss the ionizability of [Li'@Ceo](PFs ), the electro-
static potential of the [Li*@Cs,] cation and the distance between
the cation and the PFs~ anion at the most stable position were
calculated by the density functional theory (DFT) at the B3LYP/
6-31G* level. The result showed that the positive charge of the
[Li*@Ceo] cation was not only located on the encapsulated Li*
but also strongly delocalised on the carbon atoms of the Cgq
cage. Because of the thermal motion of the encapsulated Li*
in the Cgy cage, the charge delocalization might be more
dynamically significant.> Furthermore, the Li-P distance of
[Li"@Ceo)(PFs ) was calculated to be 5.65 A, which was much
longer than that in LiPFe (2.63 A). This difference implied that
the positional relationship observed between Li* and PF¢~ in
[Li"@Ceo)(PFs ) is unusual in common ion pairs, indicating
that the electrostatic attractive force between the [Li*@Ceo]
cation and PFg " is weak due to the delocalised positive charge
on the Cg, cage and the distance limitation by this cage. This
result is consistent with the previous report that the encapsu-
lated Li" is in thermal motion at around room temperature
even if the [Li'@Cso) cation forms an ion pair with PF¢~.2

+0.15 l Ba 5.65A
o b
+0.10
a.u.
La?
M ullken Charge S
C atom s -0.002 ~ +0.012 Fand
Encapsubted Li bn +0.488 2.63A

Fig. 2 Electrostatic potential of the [Li*@Cg] cation and the distance between
encapsulated Li* and outer PFs~ obtained by the theoretical calculation (B3LYP/
6-31G* method), the distances between Li* and P for Li*@Cgo and LiPF, and the
Mulliken charges on C and Li* atoms of the [Li*@Cgp] cation.

This journal is © The Royal Society of Chemistry 2013
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(1) Attracted by cathode
—-_...-....__—._______}
(11) Electrochemically
reduced around cathode

Fig. 3 Pattern diagram of the electrochemical synthesis of Li*@Cgo®~.

Moreover, the solvation effect is also important for the ion
pair formation."® Because Cg, is a n-conjugated molecule, there
must be strong n-m interaction between the cage and the
aromatic solvent molecules, and the solvation can stabilize
the ionized [Li'@Cso] cation.'® Thus, [Li'@C4o](PFe~) tends to
ionize, showing ionic conductivity, to be used as a unique
electrolyte which, despite its high ionicity, can be used in
low-polarity aromatic solvents. Incidentally, the higher value
of A in PhCN than that in 0-DCB was explained by the
difference in the relative permittivity (¢) between PhCN
(er = 25.2) and 0-DCB (9.93)."”

Based on the above results, we attempted at synthesis of the
Li"-encapsulated fullerene radical anion electrochemically without
using any supporting electrolyte. All the synthetic process was
carried out under N, atmosphere. The synthetic scheme is shown
in Fig. 3. An 0-DCB solution of [Li'@Ceo)(PFs ) (0.25 mg mL ™,
0.29 pM) was set in an H-type cell, cooled to 278 K, and
electrolyzed using a Pt electrode at a constant current (0.3 pA)
for 3-4 days. The homogeneous purple solution gradually
became gradated because of ion conduction by the [Li*@Cqgo]
cation and PFg . The cation was electrochemically reduced at the
cathode, and a monovalent radical anion of Li*-encapsulated
fullerene Li'@Ceo®~ was selectively formed.

The generated Li*@Cg°~ was characterised by UV-vis-NIR
and ESR spectroscopy. “Li and *C NMR, dynamic light scattering
(DLS), and ¢ potential distribution measurements did not furnish
meaningful signals/results, probably because of the low concen-
tration of the target species, in addition to paramagnetic relaxa-
tion. The UV-vis-NIR spectra of the solution collected from the
cathode side after 3 days are shown in Fig. 4, along with the
spectrum of the starting [Li'@Cso](PF, ) solution. The absorp-
tion maximum observed at 1035 nm was clearly assignable
to the monovalent radical anion of the Li*-encapsulated Cgp.”®
The generation of Li*@Cg,°~ was also confirmed by the ESR
spectrum (Fig. 5). The observed g value (2.00058) clearly indi-
cated that the monovalent radical anion was exclusively pro-
duced through one-electron reduction. At 77 K, the thermal
motion of the encapsulated Li" may stop, and thus, the spec-
trum showed a sharp signal. The calculated spin density of
Li*@Csgo°~ for the optimised structure indicated that the delo-
calised spin density is somewhat close to the encapsulated Li".
However, because of the small hyperfine coupling constant of
the Li species, the interaction between the encapsulated Li* and

Chem. Commun., 2013, 49, 7376-7378 | 7377
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Fig. 4 UV-vis-NIR absorption spectra of the product solution by electrochemical

reduction of [Li*f@Cgol(PFs™) (red line) and starting [Li*@Ceol(PFs™) solution

(blue line) in 0-DCB. The inset shows the expanded view of the NIR region of
the spectrum of the product.

300 1100
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Fig. 5 ESR spectrum of the product measured at 77 K (left) and calculated spin
density (B3LYP/6-31G* method) of Li*@Cgo®~ in the optimised structure (right).

Anionic surface

Cationic surface

LitaCy, (cation) Li*@Cg, (neutral)

—0.005 +0.12
au.

Fig. 6 Calculated electrostatic potential (B3LYP/6-31G* method) of Li*@Ceo
(left) and Li*@Cgo®~ (right). The left figure is different from Fig. 2 only in the
potential range. Li*f@Cgo®~ had a slightly negative potential on the Cgo cage
(~0.022). In order to simplify the map, the range was set in +0.002 to +0.12.

the spin centre could not be evidenced from the spectrum.
Although the { potentials of the starting [Li'@Ceo](PFs ) and the
resulting Li*@Cg,°~ could not be compared because of the above
reasons, the two species could be clearly distinguished from each
other on the basis of the calculated electrostatic potential (Fig. 6).
This result indicated that the chemical reactivities of the two types
of Li*-encapsulated fullerenes, the external-counter-anion-type
[Li*@Ceo](PFs ") and the cation-encapsulated-anion-type Li*@Ceo®
are much different, and hence, Li'@Cg"~ is a potential nucleophilic
reactant for unique chemical transformations.

In conclusion, the ionic conductivity of Li*-encapsulated
[60]fullerene [Li*@Cs0](PFs ) was measured in two organic solvents,

7378 | Chem. Commun., 2013, 49, 7376-7378

0-DCB and PhCN. [Li'@Ce](PFs ) showed higher ionic conduc-
tivity than TBA'PF,~, indicating the possibility of electrochemical
applications even in the absence of any supporting electrolyte.
Furthermore, the Li"-encapsulated [60]fullerene monovalent radi-
cal anion Li*@Cg°~ was synthesised selectively by a very facile
electrochemical method. Further studies on the use of anion-
exchanged [Li'@Cso), application of [Li*@Cso](PFs ) as a unique
electrolyte, and derivatisation via the anion species are now in
progress, in addition to the synthesis and characterization of
multivalent anions.

This work was supported by Grant-in-Aid for Exploratory
Research (No. 23651111 to K.K.; No. 23750014 to K.O.; No.
23550211 to H.M. & 23108010 to S.F.) from JSPS, Japan, Health
Labour Sciences Research Grants from MHLW, Japan, and a WCU
project (R31-2008-000-10010-0) through KOSEF/MEST, Korea.
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ABSTRACT: We studied the kinetics of the Diels—Alder
reaction of Li'-encapsulated [60]fullerene with 1,3-cyclo-
hexadiene and characterized the obtained product, [Li'@
Ceo(CeHg)1(PEs™). Compared with empty Cgo, Li*@Cy,
reacted 2400-fold faster at 303 K, a rate enhancement that
corresponds to lowering the activation energy by 24.2 kJ
mol™!. The enhanced Diels—Alder reaction rate was well
explained by DFT calculation at the M06-2X/6-31G(d) level
of theory considering the reactant complex with dispersion
corrections. The calculated activation energies for empty Cg,

Ceo
LUMO

T |
i

[Li*@Cec]

A |

HOMO
Smaller energy gap

b o
® .

< 52300 M-is
> 46.2  kJ mof+!
2,400 times faster

105k, = 21.3
E, =704

and Li*@Cyg, (65.2 and 43.6 kJ mol ™!, respectively) agreed fairly well with the experimentally obtained values (67.4 and 44.0 k]
mol ™!, respectively). According to the calculation, the lowering of the transition state energy by Li* encapsulation was associated
with stabilization of the reactant complex (by 14.1 kJ mol™") and the [4 + 2] product (by 5.9 kJ mol™") through favorable frontier
molecular orbital interactions. The encapsulated Li* ion catalyzed the Diels—Alder reaction by lowering the LUMO of Li*@Cg.
This is the first detailed report on the kinetics of a Diels—Alder reaction catalyzed by an encapsulated Lewis acid catalyst rather

than one coordinated to a heteroatom in the dienophile.

B INTRODUCTION

Since the discovery of the Diels—Alder (DA) reaction in 1928,"
it has become the most widely studied pericyclic reaction
because of its practical importance and fundamental interest in
synthetic and theoretical organic chemistry.” According to the
Woodward—Hoffmann rules, a normal-electron-demand DA
reaction is a thermally allowed [4 + 2] cycloaddition that occurs
through frontier molecular orbital (FMO) interactions between
the HOMO of the diene and the LUMO of the dienopbhile. It is
well-known that a smaller energy gap between the HOMO of
the diene and the LUMO of dienophile often results in a higher
reaction rate. A common strategy for accelerating normal-
electron-demand DA reactions is to introduce an electron-
donating group to the diene and/or an electron-withdrawing
group to the dienophile. Another approach is Lewis acid (LA)
catalysis. A heteroatom in the dienophile can serve as a
coordination site for an LA, which can accelerate the DA
reaction by lowering the LUMO of the dienophile (Figure 1a).>
For example, DA reactions run in the presence of lithium ion
(Li*), which serves as an LA, are accelerated up to 9-fold when
acrylonitrile is used as the dienophile.* However, metal ions
cannot be used as LA catalysts in DA reactions unless the
dienophile contains a heteroatom that can serve as a
coordination site. In addition, steric interactions between the
reactants affect the reaction rate. Yet, in previous research on

< ACS Publications  © 2014 American Chemical Society

11162

the DA reaction,* it has been difficult to separate the electronic
and steric effects because electron-withdrawing and -donating
groups inevitably have some steric effect. If electronic effects
could be isolated from steric effects, this would provide useful
information about the DA reaction.

The DA reaction can be used to synthesize fullerene-based n-
type materials for organic photovoltaics, for example, indene-
Cgo bis-adduct and methano/indene fullerenes.> However, the
inherent equilibrium between the DA and retro-DA reactions
lowers the yield and limits the scope of dienes that can be
used.® Considering the enhancement of the DA reaction by LA
activation of dienophiles, we have focused on the DA reaction
of lithium-ion-encapsulated [60]fullerene Li*@Cy.” Compared
with empty Cyp, Li*@Cg has a lower LUMO level”® but exactly
the same size. When comparing the DA reactions of C4, and
Li*@Cg, the steric effects can therefore be ignored when
considering the reaction kinetics and thermodynamics, and in
particular, the reaction rate can be considered in terms of only
the HOMOiepe—~LUMOienophiie g2p (Figure 1b). In our
previous study,’ we used cyclopentadiene as a diene to
efficiently synthesize the DA adduct of Li*f@Cy, and we
observed a drastic rate enhancement due to the encapsulated
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Figure 1. (a) Frontier molecular orbital interaction in normal-
electron-demand DA reaction and DA activation by an LA and
encapsulated ion. (b) Differences in electronic and steric factors
between Li*@Cgy and empty Cg influenced the DA reaction rate.
EWG, electron-withdrawing group; EDG, electron-donating group.

Li*. This result stands in contrast to the findings on neutral
endohedral fullerenes such as He@Cgo, H,@Cgo, and H,@C,,
which are not known to enhance reactivity of the DA
reactions.” However, because the DA reaction of Li*@Cyg
with cyclopentadiene was extremely fast, we were unable to
conduct a quantitative analysis of the kinetics.® This can be seen
by comparing the second-order rate constants (k,) for the DA
reaction of empty Cg, with cyclopentadiene (1.70 X 107" M™!
s7') and 1,3-cyclohexadiene (6.71 X 107° M~" s7!) in toluene
at 30 °C, as shown in Supporting Information Table S2.

In this study, we kinetically and computationally investigated
the DA reaction of Li'@Cy, with 1,3-cyclohexadiene (C4Hy)
and precisely determined the activation energy E, and other
kinetic parameters. Together with the reported DA reactivity of
other endohedral metallofullerenes,'® our observed kinetics
data on the DA reaction of Li*@Cy will provide basic
knowledge that should be useful for the chemical functionaliza-
tion of endohedral fullerenes and, more generally, for the
understanding of DA chemistry. Our results suggest that Li*@
Cgo will be useful as a core unit of functionalized nanomaterials
in organic electronics and medicinal chemistry.""

B RESULTS AND DISCUSSION

Synthesis and Characterization of the DA Adduct of
Lit@Cq, and 1,3-Cyclohexadiene. To study the kinetics of
the DA reaction, we chose 1,3-cyclohexadiene (C¢Hg) because
of its simple structure and suitable reactivity toward both Cg,
and Li*@Cg. In our experiments, the second-order rate
constants for DA reactions of empty Cg with various 1,3-
dienes at 303 K were distributed over a wide range: k, = 1.8 X
105 to 1.7 X 107 M~ s7! (Supporting Information Table S2).
All reactions were carried out in the dark (Scheme 1). Reaction
progress was monitored by an HPLC technique using an
electrolyte-containing mobile phase,®'! and the monoadduct
product was isolated by preparative HPLC. The product [Li*@
Ceo(CsHg)](PF4™) was very stable in solution, and no retro-DA
reaction or decomposition occurred, even under heating at 383
K for 24 h. Such stability of Li*f @Cgy-based DA products stands

Scheme 1. DA Reaction of [Li'‘@Cgy](PFs~) with 1,3-
Cyclohexadiene”

O
s
dichloromethane

[LiI*@Ceol(PF6") [Li*@Ceo(CsHg)I(PFg")

“10 equiv for preparation and 100 equiv for kinetic measurement.

in marked contrast to the instability of typical DA adducts of
empty Cgq. This comparatively high stability is ascribed to the
stronger interaction between the lower lying LUMO of Li*@
Cgo and the HOMO of C4Hy (see Figure 1)."

The product was characterized by 'H, BC, and "Li NMR,
high-resolution atmospheric pressure chemical ionization time-
of-flight (APCI—TOF) mass spectrometry, and single-crystal X-
ray structural analysis. The 'H and *C NMR spectra of the
product (Supporting Information Figures S1 and S2) were
quite similar to those of empty Cy,(C¢Hg) and showed that the
product had C,-symmetry with a [6,6]-addition pattern.®> The
’Li NMR spectrum (Supporting Information Figure S3)
showed a single sharp signal at —13.5 ppm, indicating that
the Li* was located within the highly shielded fullerene cage.
This signal was shifted slightly upfield compared with that of
the starting material, [Li*@Cy](PF4"),” because the magnetic
field inside the cage is altered in the 6,6-adducts of Cg,
derivatives; similar upfield shifts have been reported for *He
and/or Hy-encapsulated 6,6-adducts of Cg, derivatives."* The
high-resolution APCI-TOF mass spectrum showed the
formation of a product at m/z 807.0773, which was assigned
to the molecular ion (M'; caled for CgHgLi, 807.0786;
Supporting Information Figure S4). The UV—vis spectrum of
[Li*@Cyo(CeHg)](PEs™) was similar to that of the empty
analogue (Supporting Information Figure $5).13 Finally, the
structure was confirmed by X-ray structural analysis (Figure 2

(b)

Figure 2. Crystal structure of [Li*‘@Cg(CsHg)]TFPB™: (a) Li'@
Ceo(CgHg) cation in the crystal; (b) C¢Hg moiety on the fullerene cage
(values are C—C bond lengths in angstroms).

and Supporting Information Table S1) after exchanging PF,~
with tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (TEPB~,
B[C4H;(CF;),],”) by our reported procedure.15 The crystal
structure showed that the addition of C4Hg to the Cg, cage
occurred at the [6,6;-bond, as has been discussed in quantum
mechanical studies."® The encapsulated Li* was located close to
a six-membered ring near one of the C¢H;(CF;), groups of the
TEPB counteranion.”

Kinetics of the DA Reaction of Li*@Cq with 1,3-
Cyclohexadiene. We studied the kinetics of the DA reaction
under pseudo-first-order conditions, using a large excess of
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C¢Hg (100 equiv) at 253, 263, and 273 K for Lif@Cg, in
dichloromethane (CH,Cl,) and at 353, 363, and 373 K for
empty Cg in o-dichlorobenzene (0-DCB). Different solvents
were used due to temperature limitations. We confirmed that
empty Cgy exhibited no remarkable difference in kinetics
between the solvents (measured at 303 K, Supporting
Information Table S3). The representative HPLC profile of
the DA reaction between Li*@Cg4 and C¢Hg in CH,CI, is
shown in Figure 3. The second-order rate constant k, was

Product
{(Monoadduct)
Starting Li'@Cqgy
s 2h 0h
1h 1h
0h 2h
0 5 10 15 20 25 30

Retention Time / min

Figure 3. Representative HPLC profile (Buckyprep, 0-DCB/MeCN =
9/1 with S0 mM "Bu,NPF,, 1 mL/min) of the DA reaction of [Li*'@
Ceo] (PF¢™) with 1,3-cyclohexadiene in CH,Cl, at 263 K in the dark.

calculated by using the measured pseudo-first-order rate
constant k' (Supporting Information Figure 56) from the
HPLC data, according to the following equatlon

—d[Li* @Cyol/dt = K'[LiT@Cq,] = k,[Lit@Cy,][C4H,)

The k, values at various temperatures are listed in Table 1 along
with the k, values estimated at 303 K by extrapolation in

Table 1. Second-Order Rate Constants for DA Reactions of
[Li*@Cqo](PF,~) and Empty Cq with C¢Hg

[Li*@Cg](PFs") empty Cqo
Temp./K 10°k,/M ! 57! Temp./K 10%k,/M~! 57!
253 1344 353 1187
263 3129 363 2167
273 6714 373 4302
303 523007 303 21.3%

“Estimated by extrapolation in Arrhenius plot.

Arrhenius plots (Figure 4). The k, ratio (Li*f@Cg, vs Cgp at 303
K) revealed that the DA reaction of [Li*@Cg,](PFs~) was
about 2400-fold faster than the reaction of empty Cg,. This
difference can be attributed to the encapsulated Li*. Using the
kinetics data, we computed the activation energy E,, activation
enthalpy AH?, activation entropy AS?, and activation Gibbs
free energy AGi from Arrhenius plots (In k, vs 1/T) and Eyring
plots (In(k,/T) vs 1/T) (see Table 2 and Figure 4) by using the
following equations, respectively:'®

Ink,=—-E,/RT+InA
In(k,/T) = —AH*/RT + [In(ks/h) + AS*/R]

Here, In A is a constant, kg is the Boltzmann constant, and h is
the Planck constant. Because the DA reaction is bimolecular,

(a) 1O/T (for blue)
28 29 3

36 3.2 38 39 4
1O¥/T (for red)
()] 10%/T (for blue)
2.6 2.7 28 29 3
-8 } ¥ 3

T
10 1 y=.g10x+ i2.6\\

36 37 38 39 4
10T (for red}

Figure 4. (a) Arrhenius and (b) Eyring plots in the DA reaction of
[Li*@Cq](PFs”) (red) and empty Cq (blue) with 1,3-cyclo-
hexadiene.

Table 2. Activation Parameters for DA Reactions of [Li'@
Ceo) (PF™) and Empty Cg, with C¢Hg

AGH
E, K mol™ AH*kJ mol™! AS*]J mol™! K kJ mol ™!
Li'@Cq 462 440 (43.6)° —381 144
empty Cg, 70.4 67.4 (65.2)° —368 201

“The activation free energies AG* were estimated from each AHY,
AS?, a.nd temperature T (263 K for Li*@Cy, and 363 K for empty
Cw) bCalculated value at M06-2X/6-31G(d) level as E (thermal) at
298 K.

AS* is negative. However, there was no entropic difference
between Li*@Cg and empty C4y. The observed E, value for the
DA reaction of Li*f@Cg, with C¢Hg (46.2 kJ mol™') was about
24 kJ mol ™" lower than that for the reaction of empty Cq, (70.4
kJ mol™"). This was mainly because the lower LUMO level of
Li*@Cg, strengthened the FMO interactions, which is a well-
known phenomenon in LA-mediated DA reactions,” and we
therefore attribute the observed rate enhancement to a similar
effect of encapsulated Li*. In general, the dominant factors in
the rate constant of DA reactions are the energy difference
between the HOMO of the diene and the LUMO of dienophile
and the steric enwronment surrounding the FMOs of the diene
and dienophile.*

In our experiment, because Li*@Cy, and empty Cg, have a
[60]fullerene cage of nearly identical size, steric effects do not
produce any difference in kinetic behavior. The present
reaction is a rare example where we can discuss electronic
effects alone in regard to the DA reaction rate, without
considering steric effects. Furthermore, in this reaction, the
encapsulated Li* is considered to be an intramolecular
catalyst,''* which is also a rare example showing the effect of
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encapsulation of an LA catalyst rather than coordination to a
heteroatom.

Computational Studies on the DA Reaction of Lit@Cg,
with 1,3-Cyclohexadiene. The observed rate enhancement
of the DA reaction was in good agreement with the results of
DFT calculation at the MO06-2X/6-31G(d) level including
Grimme’s dispersion correction'® (Figure S). As reported by

(a)

Li*@Ceo-CoHa TS
Li*@Cego + CeHg

Relative Energy

RC: Reactant Complex
Li"@Ceo(CeHs)

Y

227A\ /226 A

225A\ ‘/‘ 2.25 A .
2% ¥y J‘:‘:“\o
2 ‘M 2‘ e 30\’{
Figure S. (a) Energy profiles (in k] mol™) for the DA reaction of
empty Cq (blue) and Li*@Cy, (red) with C4Hg calculated by DET

(M06-2X/6-31G(d)). (b) Transition state structures of Cg—CsHy
(left) and Li'@Cg—CsHjy systems (right).

Osuna et al,,'®®'® both Cg, and Li*@Cg, form somewhat stable
intermediate reactant complexes (RCs) with C¢Hg. Here, the
calculated energy difference between the RC and transition
state (TS) indicated that the activation energy for the DA
reaction of Li*@Cg was 21.6 kJ mol ™" lower than that of empty
Ceo- The calculated activation energy E(thermal) of 65.2 kJ
mol™" for Cg, and 43.6 kJ mol™" for Li*@Cy, agreed fairly well
with the experimental values shown in Table 2: 67.4 and 44.0 kJ
mol ™, respectively. The values calculated by using the B3LYP/
6-31G* level of theory without considering the RC were
overestimated as 91 and 56 kJ mol™' (see Supporting
Information Figure S7).

In addition, the calculated energy difference between the
substrates and the products suggested further stabilization of
Li*@Cg(C¢Hg), being explained by the energy gained in
orbital interactions, AE, according to Klopman—Salem
equation:12

AE = 2(C,CyB,)" /e, — ¢
= constant X (C,Cy)*/le, — &

Here, C,C, denotes the overlap of molecular orbital coefficients
of interacting atomic orbitals. The term f,, is the resonance
integral that converts the efficiency of overlap to units of
energy. Figure 6 shows calculated LUMO energy (e,) of each
fullerene and the HOMO energy (e,) of cyclohexadiene (MO06-

LUMO
9 -2.70 LUMO
-3.74

Encapsulated Li*

Isovalue of surface: 0.03

Figure 6. Calculated LUMOs of Li'@Cg, (with PF¢~ counteranion)
and empty Cg, and calculated HOMO of C¢Hg with energies (eV) at
the M06-2X/6-31G(d) level. Contour lines in the figure indicate
isovalues of 0.001, 0.002, 0.004, 0.008, and 0.02 from the outer side.

2X/6-31G(d)) along with schematic images of their orbitals.
Because Li'@Cg has a lower LUMO level (closer to the
HOMO of C4Hg) than empty Cg,, thus making the term le, —
eyl smaller for Li'@Cg, than for empty Cg, AE is increased to
give a more stabilized TS and product in the case of Li'@
Ceo(CgHg), as shown in Figure 5 (115.9 kJ mol™ from the RC
and 146.1 kJ mol™' from the starting material). In the case of
empty Cg, these values are somewhat smaller: 110.0 and 126.1
kJ mol™", respectively. The reason for the formation of the
more stable RC from Li*@Cyg, than from Cg is also attributable
to the same FMO interactions.

As shown in Figure 6, the slightly delocalized LUMO of
Li*@Cygq, and thus its increased LUMO coefficient C, could be
another factor in increasing AE. The slightly increased partial
charges in the RC and TS (6— at the electron-accepting
fullerenyl carbon and 5+ at the electron-donating C4Hg carbon)
could be stabilized by the inner Li* of Li*@Cg,. This may be
the reason that C¢Hg approaches Li*@Cg, from the Li* side in
the TS (Figure S). These electronic effects can be quantitatively
discussed when steric effect can be completely ignored. In the
present comparison of DA kinetics, our system is clearly the
ideal case where only electronic effects need to be considered
and steric effects can be ignored.

B CONCLUSION

In summary, we have synthesized and characterized a new Li*-
encapsulated fullerene derivative [Li*@Cgo(CeHs)](PFs™)
obtained by the DA reaction of [Li'@Cg](PFs~) with 1,3-
cyclohexadiene. Our study of the DA reaction kinetics revealed
that Li*@Cg, reacted about 2400 times faster than empty Cq,
because of the stronger interaction between the lower-lying
LUMO of Li*f@Cgy, with the HOMO of cyclohexadiene. This
remarkable rate enhancement was explained by encapsulated
Li* lowering the activation energy by 24 kJ mol™!, as estimated
from Arrhenius plots. Values of other kinetic parameters,
namely, activation enthalpy AH¥, activation entropy AS¥, and
activation Gibbs free energy AG*, were obtained from Eyring
plots. The observed rate enhancement caused by encapsulated
Li* was supported by DFT calculation at the M06-2X/6-
31G(d) level of theory considering RCs with dispersion
corrections. The calculation results suggest that encapsulation
of Li* lowered the activation energy by 21.6 k] mol™", which
was consistent with the experimental value. The activation
energy was lowered through stabilization of the RC and the [4
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+ 2] product by 14.1 and 5.9 kJ mol™’, respectively. We
conclude that encapsulated Li* clearly caused the drastic rate
enhancement. In this study, we have successfully examined the
relation between the HOMO jene—LUMO gienophiie €nergy gap
and DA reaction rate, while isolating the electronic effects and
excluding the steric effects.

B EXPERIMENTAL SECTION

General Procedure. [Li'@Cg](PFs~) was obtained from Idea
International Corporation. All other reagents were commercially
available and used without further purification. High resolution mass
spectra were obtained by APCI using a TOF mass analyzer on a JEOL
JMS-T100LC (AccuTOF) spectrometer with a calibration standard of
polyethylene glycol (MW 1000). The "Li, 'H, and *C NMR spectra
were recorded at 233.12, 599.85, and 150.84 MHz on a Varian Unity
Inova 600. UV—vis spectra were recorded on a Shimadzu UV-1800
spectrometer.

Synthesis of [Li*@Cg(CsHg)l(PFs7). 1,3-Cyclohexadiene (di-
chloromethane solution, 53.7 mM, 2 mL, 107 pmol) was slowly
added to a dichloromethane solution (47 mL) of [Li*@Cq,]PF¢~ (9.37
mg, 10.7 pmol) and reacted at 0 °C for 150 min. Then unreacted 1,3-
cyclohexadiene was removed in vacuo after dilution of the crude
solution by adding chlorobenzene (30 mL) to avoid further progress
of the reaction in this process. The product was purified by HPLC at
30 °C using a zNAP (Nacalai Tesque COSMOSIL 4.6 X 250 nm); the
mobile phase was chlorobenzene/1,2-dichloroethane/acetonitrile = 2/
1.5/6.5 (v/v/v) saturated with Me,NPF. After evaporating the solvent
in vacuo, dichloromethane was added to the red—brown residue
containing white solids of Me,NPF,. After removing the solids by
filtration, recrystallization from the solution by vapor-diffusion with
diethyl ether at 0 °C gave brown crystals of [Li*@Cg(CsHg)]PFs~
(1.8 mg, 18%, 1.9 umol, red—brown solid). 'H NMR (600 MHz,
dichloromethane-d,): § 7.34 (dd, ] = 4.6, 3.2 Hz, 2H, vinyl), 4.26 (m,
2H, bridgehead), 3.10 (m, 2H), 2.31 (m, 2H). *C NMR (151 MHz,
dichloromethane-d,): 6 156.88 (s), 156.24 (s), 146.46 (s), 145.54 (s),
145.46 (s), 145.31 (s), 145.28 (s), 145.16 (s), 144.81 (s), 144.49 (s),
144.47 (s), 14435 (s), 144.07 (s), 143.54 (s), 143.29 (s), 142.43 (s),
142.07 (s), 141.92 (s), 141.07 (s), 140.78 (s), 140.77 (s), 140.68 (s),
140.63 (s), 140.57 (s), 139.00 (s), 138.94 (s), 136.38 (s), 135.40 (s),
135.14 (s), 70.48 (s), 42.87 (s), 24.59 (s). 'Li NMR (233 MHz,
dichloromethane-d,): § —13.5 (s). High-resolution APCI-TOF MS
(+): m/z caled for CggHgLi, 807.0786; found, 807.0773.

X-ray Structural Analysis of [Li*@Cso(CsHg)ITFPB™. Structural
characterization of Li*@Cgo(C¢Hg) was performed by means of single
crystal X-ray diffraction of [Li*@Ce(CsHs)]TFPB™. [Li*@
Cso(CsH)JPFs~ (0.2 mg) and NaTFPB (1.1 mg, excess) were
dissolved in 4 mL of dichloromethane with ultrasonic agitation (1
min). Then, the solution was filtered and concentrated in vacuo to
~60 uL. Recrystallization from the solution by vapor-diffusion with
diethyl ether at 0 °C gave brown crystals of [Li*@Cg(CsHg)] TFPB™.
The synchrotron-radiation X-ray diffraction measurement was
performed by using the large cylindrical image-plate camera at
SPring-8 BLO2B1 (Hyogo, Japan) at 150 K. The crystal structure
analysis was performed by using SHELX. The results are summarized
in Supporting Information Table S1 and the CIF file (CCDC 985137).
The Li*@Cg(CgHs) crystal showed a disordered structure with two
molecular orientations evenly coexisted in the crystal. The
encapsulated Li* cation is localized under a six-membered ring so
that the C; symmetry of the molecule is broken in the crystal.

Kinetic Evaluation in the DA Reactions of [Li*@Cgl(PFs)
and Empty C, with 1,3-Cyclohexadiene (and Other 1,3-
Dienes). The kinetic measurements for the DA reactions of [Li'@
Ce](PF™) and empty Cgo with 1,3-cyclohexadiene were performed
under pseudo-first-order conditions by using a large excess of diene
(ca. 100 equiv, 6 mM) relative to fullerenes (ca. 60 xM) in the dark.
The progress of the reaction was followed by monitoring the
consumption of Cg by HPLC. For [Li*f@Cg)(PFs ): column,
Buckyprep (Nacalai Tesque COSMOSIL 4.6 X 250 nm); eluent, o-
dichlorobenzene/acetonitrile = 9/1 (v/v) with saturated "Bu,NPFg;

temperature, RT. For empty Cg; column: Buckyprep (Nacalai Tesque
COSMOSIL 4.6 X 250 nm), eluent: toluene, temperature: RT.
Monitoring the reaction by HPLC showed a gradual increase of
monoadduct ([Li*@Cgo(CsHg)](PFs™) or empty Cgo(CgHg)) accom-
panied by consumption of the starting material. The natural
logarithmic plot of the normalized signal intensity of each remaining
fullerene starting material (relative to the signal intensity of the first
aliquot at ¢ = 0) was linear with respect to time. The obtained slope,
that is, the pseudo-first-order rate constant k', was divided by the
concentration of 1,3-cyclohexadiene to obtain the second-order rate
constants k,.

Theoretical Calculation. Full geometry optimizations have been
carried out by using the restricted M06-2X functional with the 6-
31G(d) basis set in Gaussian 09 (rev. C.01) software.”® Frequency
calculations showed only one imaginary frequency for the transition
states (351i for Li@Cg," and 404i for Cy,) or no imaginary frequency
for the other states. All energies include zero-point energies (ZPEs)
and thermal corrections by the frequency calculations.

B ASSOCIATED CONTENT
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Crystallographic data (including CIF), kinetic data with various
1,3-dienes and in various solvents, spectroscopic data (NMR,
MS, and UV—vis) of the new compound, kinetic plots of the
DA reactions, the calculated energy profiles at B3LYP/6-31G*
level, the calculated energies, and the coordinates of the atoms
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