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Abstract: Derivatives of Ce @ Cgy(C>,) have been synthesized and fully characterized, and their anisotropic
magnetism has been observed as paramagnetic shifts in NMR measurements. Carbene addition by
photochemical reaction afforded two isomers of Ce@Cgy(C,)Ad (Ad = adamantylidene), 2a and 2b,
demonstrating high regioselectivity. The two isomers were characterized using MALDI-TOF mass
spectrometry, vis—NIR absorption spectroscopy, 'H and '*C NMR spectroscopy, and electrochemistry.
The structure of the minor isomer (2b) was elucidated by single-crystal X-ray structural analysis. '*C and
'H NMR measurements revealed the characteristic anisotropic interaction between the f electron on the
Ce atom and nuclear spins of the carbon atoms of the cage and the protons of the Ad group, respectively.

Introduction

Endohedral metallofullerenes (EMFs) have attracted special
interest as new spherical molecules because they have unusual
physical and chemical properties that are imparted by the
encapsulated metal atoms.' > As a novel hybrid material of
metals and fullerenes, EMFs are expected to have a wide range
of potential applications in chemistry, physics, biomedicine, and
nanomaterials science.”>

From a magnetism aspect, rare-earth-encapsulating EMFs,
such as La@Cg,° % Ce@Cg,”” ! Gd@Cy,,%'?7 !¢ and so
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on,"* "7 are of particular interest because the interplay between

the spins of the metal atoms and the s-electron spins of the
cage is expected to produce unconventional magnetic features.
Among many kinds of EMFs, Ce@Cs,(C,,) is considered as a
simple free-spin model of EMFs because the Ce atom inside
the cage has a 4f' electronic structure.'®'? [Hereafter,
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Ce@Cg,(Cy,) and La@Cgy(C,,) will be denoted simply as
Ce@Cg, and La@Cy,, respectively]. Recently, we reported the
temperature dependence of '3C NMR measurements of Ce @Cg,
in solution, which originates from the spin—spin interaction
between the nuclear spins of carbon atoms of the cage and the
f electron spin remaining on the Ce atom.'®-*° Inakuma and
co-workers reported the magnetic anisotropy of Ce@Csy, by
examining the field-induced change in the magnetic susceptibil-
ity of organic solutions of Ce@Cg, and the temperature
dependence of the magnetic susceptibility and magnetization
of Ce@Cyg, solid films.!! To date, however, no article has
reported the spin—spin interactions and anisotropic magnetism
of chemically functionalized EMFs having paramagnetic carbon
cage structures. Furthermore, there have been only a few studies
of chemical modifications of Ce@Cs,,'®+2!?2 and to the best of
our knowledge, none of the reports achieved structural elucida-
tions of the derivatives. In view of the promising potential
applications of EMFs in the nanotechnology area, it is very
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interesting and important to clarify the influence of chemical
modifications of EMFs on their magnetic properties.

Carbene addition is an efficient method for preparing deriva-
tives of M@Cg, (M = La, Ce and Gd). We recently reported
the reaction of adamantylidene (Ad) with La@Csg,, which affords
only two isomers in high yield (up to 80%).>* The structure of
the major isomer, La@Cg,Ad-1 (3a), was unambiguously
determined by X-ray crystallographic characterization.”** How-
ever, the structure of the minor isomer, La@Cg,Ad-II (3b), has
not been definitively elucidated.?*"

Here we present the first isolation and full characterization
of the analogous derivatives of Ce@Cg,, namely, Ce @Cg,Ad-1
(2a) and Ce@CgAd-II (2b), including single-crystal X-ray
structural analysis for the minor isomer 2b. The anisotropic
interactions between the f-electron spin of the Ce atom and the
nuclear spins of the carbon cage and the addend in 2a and 2b
in their anionic forms, which were observed via temperature-
dependent 'H and '*C NMR chemical shifts, are also discussed.

Experimental Section

General. All of the chemicals and solvents were obtained from
Wako and Aldrich and used without further purification, unless
otherwise stated. Toluene was distilled over benzophenone sodium
ketyl under an argon atmosphere prior to use in reaction. 1,2-
Dichlorobenzene (ODCB) was distilled over P,Os under vacuum
prior to use. High-performance liquid chromatography (HPLC)
isolation was performed on an LC-908 chromatograph (Japan
Analytical Industry Co., Ltd.) monitored by UV absorption at 330
nm. Toluene was used as the eluent. Mass spectrometry was
performed on a Bruker BIFLEX I instrument with 1,1,4,4-
tetraphenyl-1,3-butadiene as the matrix. Absorption spectra were
measured by using a SHIMADZU UV-3150 spectrophotometer.
The 'H and '*C NMR measurements were carried out on a Bruker
AVANCE 500 with a CryoProbe system. Tetramethylsilane was
used as an internal reference (6 = 0.00 ppm). Jyy coupling constants
could not be determined because of the paramagnetic shift. Signals
of the carbon atoms on the Ad group were not detected because
they were obscured by the signals of the electrolyte and acetone.
Cyclic voltammograms (CVs) and differential pulse voltammograms
(DPVs) were recorded on a BAS CV50W electrochemical analyzer.
Platinum wires were used as the working and counter electrodes.
The reference electrode was a saturated calomel reference electrode
(SCE) filled with 0.1 M (n-Bu),NPF¢ (TBAPF) in ODCB. CVs
were recorded using a scan rate of 20 mV/s, and DPVs were
obtained using a pulse amplitude of 50 mV, a pulse width of 50
ms. a pulse period of 200 ms, and a scan rate of 20 mV/s.

An ordinary Ce@Cg, sample was prepared according to a
procedure reported elsewhere.”* An 11% '3C-enriched Ce@Cg,
sample was prepared by a similar procedure using a composite
anode of '3C-enriched graphite and cerium oxide instead of an
ordinary graphite and cerium oxide rod.

Synthesis of Adamantyl Derivatives of Ce@ Cs,. AN, (1) was
synthesized and purified as reported in the literature.>> An excess
amount of 1 (6.2 mg, 3.8 x 107* mol) was added to a 8.0 x 107°
M toluene solution of Ce@Cyg, (5.6 mg, 5.0 x 107° mol), and the
mixture was degassed by freeze—pump—thaw cycles and then
irradiated using a high-pressure mercury-arc lamp (cutoft <350 nm)
for 90 s. The two isomers 2a and 2b, were isolated from the
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Preparation of the Anions of 2a and 2b. To prepare anions,
the following procedures were done for 2a and 2b. Controlled-
potential bulk electrolysis was performed using an H-type cell with
two platinum gauze electrodes as the working and counter
electrodes. [Ce@Cg,Ad]” was obtained under argon in ODCB
containing 0.2 M TBACIO, by setting the applied potential at a
value 250 mV more negative than the E;,, value of the [Ce@Cg,Ad] ™/
Ce@Cg,Ad redox couple. The freshly prepared [Ce @Cg,Ad]™ was
then transferred from the bulk cell to a 1.00 cm quartz cuvette under
argon for measurement of its vis—NIR spectrum. The excess
supporting electrolyte was precipitated from the solvent by adding
carbon disulfide to the ODCB and then removed by filtration. The
solvent was evaporated under reduced pressure. The residual brown
solid was washed with hexane, dried, and dissolved in 1:3 (v/v)
acetone-de/CS, for NMR analysis.

Theoretical Calculations for Ce @ Csg,, 2a, and 2b. Geometries
were optimized with the Gaussian 03 program®® using density
functional theory (DFT) at the B3LYP level.?”2° The relativistic
effective core potential and SDD?° basis set were used for Ce. The
split-valence 3-21G basis set was used for C and H*' (this method
is denoted as B3LYP/3-21G~SDD).

Thermal Isomerization of 2a to 2b. Powdered 2a (0.93 mg,
7.4 x 1077 mol) was placed in a glass tube and sealed under
vacuum. The tube was heated in an oil bath at 250 °C for 12 h,
after which the black powder in the tube was dissolved in CS,.
The solvent was replaced with toluene, and this was followed by
HPLC analysis, which demonstrated that the black powder con-
tained 20% 2a and 80% 2b (Figure S4 in the Supporting
Information).

Results and Discussion

Irradiation of a toluene solution of Ce@Cyg, with an excess
molar amount of 1 resulted in the formation of the corresponding
adducts (2a and 2b in Scheme 1). 2a and 2b were purified by
single-stage HPLC in 63 and 23% yields based on consumption
of the starting Ce@Cy,, respectively (see Figure 1 and the
Supporting Information). This result indicates the striking
similarity in the reactivities of Ce@Cg, and La@Cg, toward
carbene addition.”

Figure 2 shows the vis—NIR absorption spectra of 2a and
2b. The absorption features of 2a and 2b are almost identical
to those of pristine Ce@Cyg;, in the NIR field. This suggests that
2a and 2b retain the essential electronic structural characteristics
of Ce@Cs,, indicating that the sz conjugation of the Cg, cage is
changed only slightly despite the C—C bond cleavage due to
the carbene addition. From the similarities between the spectra
of 2a and 3a and 2b and 3b (inset of Figure 2), it is reasonable

(26) Frisch, M. J.; et al. Gaussian 03, revision C. 01; Gaussian, Inc.:
Wallingford, CT, 2004.

(27) Becke, A. D. Phys. Rev. A 1988, 38, 3098.
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75, 173.
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102, 939.
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Figure 1. HPLC separation/isolation scheme for 2a and 2b. Conditions:
Buckyprep column (¢20 mm x 250 mm); eluent, toluene; flow rate, 9.9
mL/min; wavelength, 330 nm; temperature, room temperature.
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Figure 2. Vis—NIR absorption spectra of 2a, 2b, and Ce@Cg, in CS,.
Inset: spectra of 3a, 3b, and La@Csg, in CS, for comparison.

Table 1. Redox Potentials®?

compound EY El) EB) EQ)
2a 0.01 —-0.41 —1.36 —1.72
2b 0.02 —-0.42 —1.35 —1.74
Ce@Cy,“ 0.08 —-0.41 —1.41 —1.53

“ Values are given in volts relative to a ferrocene/ferrocenium redox
couple and were obtained from DPVs. ” Conditions: working electrode
and counter electrode, platinum wires; reference electrode, SCE;
supporting electrolyte, 0.1 M TBAPFs in ODCB. CV: scan rate, 50 mV
s~!. DPV: pulse amplitude, 50 mV; scan rate, 20 mV s~!. “ Data from
ref 18i.

to consider the respective addition sites to be the same, because
the similarities indicate that they have similar fingerprints of
the sr-electron system topology.

The ESR signals due to the unpaired electron of the carbon
cage in 2a and 2b were not detected, as in the case of Ce@Csg,,
because of broadening due to the remaining orbital angular
momentum of the 4f electron on the Ce atom.'®!

The redox potentials of 2a and 2b obtained from the DPVs
are shown in Table 1. The first reduction potentials of 2a and
2b were almost unchanged from those of pristine Ce@Cs,,
indicating that the introduction of the Ad group has no important
influence on the electron-accepting properties. The first oxidation
potentials of 2a and 2b were cathodically shifted from that of
Ce@Cy,, suggesting an increase in the electron-donating proper-
ties. The CVs of both 2a and 2b exhibited three one-electron
reduction and one oxidation reversible waves, as in the Ce@Cg,
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1 0 -1 -2
Electrolytic potential / V

Figure 3. CVs of (top) 2a and (bottom) 2b.

case (Figure 3). It is also notable that the difference between
the addition positions in 2a and 2b does not influence the
electronic properties, which is in good agreement with the results
of the absorption spectra.

The paramagnetic nature of the carbon cages of 2a and 2b
does not allow direct NMR analysis, so their anions, [2a]~ and
[2b]~, were prepared by the bulk electrolysis method. Both [2a]~
and [2b]~ showed clear bathochromic shifts in the absorption
maxima relative to 2a and 2b (Figure S3 in the Supporting
Information). It is very interesting to note that the 'H NMR
signals of [2a] ™ and [2b]™ appeared in the extremely high field
region between —2 and —15 ppm at room temperature (Figure

4), which is ascribed to the interplay between the f-electron spin
on the Ce atom and the nuclear spins on the hydrogen atoms.
This phenomenon was beneficial for the 'H NMR observations
because it enabled us to observe the signals of the methylene
and methyne protons on the Ad group even if when proton
signals of electrolytes or solvents overlapped them. Indeed, for
[3a]” and [3b], the proton signals of Ad groups were not
observed because of the overlapping.

BC enrichment of cage carbons enabled us to observe the
3C NMR signals of [2a]~ and [2b]~ despite their low solubilities
and the paramagnetic broadening of signals by the f-electron
on the Ce atom. The '3C NMR spectrum of [2a]”~ showed a
total of 82 lines for the Cg, cage, indicating that [2a]™ has C,
symmetry (Figure 5), while that of [2b]™ showed 43 lines for
the cage, indicating its C; symmetry (Figure 6). The signals of
the two sp? carbon atoms at the addition position of [2a]”~ were
observed in the high-field region at 2 and —14 ppm at 293 K,
providing evidence of the strong paramagnetic interaction
between the two carbon atoms and the f electron on the Ce
atom. On the other hand, the two signals of the sp? carbon atoms
of [2b]™ could not be detected because they were obscured by
peaks due to impurities, such as the solvent and the electrolyte
(as further discussed below). The signals of the Cs, cage of
[2a]™ were distributed in the wide region from 65 to 210 ppm,
except for those in the high-field region due to the two sp?
carbon atoms at the addition position. In contrast, the distribution
of the [2b]™~ dignals is considerably narrower (i.e., 100 to 177
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[ | ||
A A .
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Figure 4. Temperature-dependent '"H NMR spectra of (left) [2a]™ and (right) [2b]™ in 1:3 (v/v) acetone-d¢/CS,. Colored symbols correspond to those in

Figures 11 and 12.
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Figure 5. Temperature-dependent *C NMR spectra of [2a]~ in 1:3 (v/v) acetone-ds/CS,. The signals due to the sp> carbon atoms on the cage are

shown.
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Figure 6. Temperature-dependent '3C NMR spectra of [2b]™ in 1:3 (v/v)
acetone-dg/CS,. The signals due to the sp? carbon atoms on the cage are
shown.

Figure 7. ORTEP drawing of [2b]™ at the 50% probability level. Hydrogen
atoms on the Ad group, CS,, and the countercation have been omitted for
clarity.

ppm). These different paramagnetic shifts are ascribed to the
fact that [2a]™ and [2b]™ have different addition positions.

The ORTEP drawing clearly shows that [2b]™ is a 6,6-adduct
with an open structure having C; symmetry (Figure 7). This is
in good agreement with the NMR spectroscopy results and the
optimized structure calculated at the B3LYP/3-21G~SDD level
(Figure 8b). This addition site is exactly the same as that we
proposed for 3b in the previous report,>*” supporting the
similarity in the selectivities of carbene addition to La@Cyg, and
CC@ng.

Table 2 (with atom numbering given in Figure 9) shows
values of the Mulliken charge density and the s-orbital axis
vector (POAV) angle (6, — 90°) in Ce@Cg,.** The C2 atom
has the most positive charge and the largest POAV angle. This
suggests that the C2 atom is selectively attacked by 1 as an
electrophile. Therefore, it is most feasible that the addition of
the Ad carbene onto Ce@Csg, takes place at the C1—C2 bond
(bond A) or the C2—C3 bond (bond B). Indeed, the addition
takes place between C2 and C3, as indicated by the X-ray crystal
structure of [2b]™. On the other hand, carbene addition at bond
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Figure 8. Optimized structures of (a) 2a and (b) 2b obtained using DFT
calculations at the B3LYP/3-21G~SDD level. Structure (b) was found to
be 2.72 kcal/mol more stable than structure (a).

Table 2. Charge Densities (p, in e/A%) and POAV Angles (deg) in
Ce@ng

atom o POAV atom P POAV atom o POAV

Cl —0.152 11.74 C9 0.004 9.83 C17 —0.029 825
C2 —0.206 11.54 C10 —0.002 10.68 CI18 0.006 11.01
C3 —0.136 8.4l Cl1 —0.009 1062 C19 —0.004 10.90
C4 —-0.102 9.39 Cl12  0.001 10.98 C20 —0.023 8.39
C5 —0.012 8.6l C13 —0.034 7.75 C21  0.004 10.49
Cc6 —0.011 1032 Cl4  0.004 11.13 C22 —0.004 10.72
C7 —0.072 8.88 C15 —0.010 10.68 C23  0.008 10.72
C8 —0.040 8.78 Cl6 —0.021 744 C24 —-0.023 831

A leads to the major isomer 2a, on the basis of the fact that the
C1 atom has more positive charge and a larger POAV angle
than C3. The DFT calculations showed that 2a and 2b are the
most stable and that 2b is 2.72 kcal/mol more stable than 2a.
The thermal isomerization of 2a to 2b was also examined. After
2a was heated at 250 °C for 12 h, a mixture of 2a (20%) and
2b (80%) was obtained (Figure S4 in the Supporting Informa-
tion). Decomposition of the adducts to pristine Ce@Cg, was
not observed. This shows the high thermal stabilities of 2a and
2b.

The 'H and >*C NMR chemical shifts (6) of [2a]” and [2b]™
are temperature-dependent as a result of the buried f-electron
spin remaining on the Ce**(4{'5d°6s®) atom. The chemical shift
of a paramagnetic molecule in solution is generally expressed
as a sum of three contributions, namely, the diamagnetic (i),
Fermi contact (Or), and pseudocontact (J,) shifts, where the

top view

Figure 9. Schematic drawings and atom numbering of Ce@Csgj,.
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Figure 11. Observed (red) and calculated (blue) values of the proportional-
ity constant between ;. and T2 for the "H NMR signals of (a) [2a]~ and
(b) [2b] ™. The observed proton signals are listed in order of chemical shifts
at 303 K, and the calculated values are listed in descending order. The
colored symbols in (a) and (b) correspond to those in Figures 4 and 12,
respectively.

Figure 12. Schematic drawing of the Ad group. Atom colors correspond
to the colored symbols in Figures 4 and 11.

paramagnetic shifts oy and 0, are proportional to T 'and T2,
respectively (eq 1).**

0 = Oy T O + 0 (1)

The d4i, values in eq 1 were obtained from the '*C NMR
chemical shifts of [3a]™ and [3b]~.>* As examples of paramag-

netic NMR spectral analysis of EMFs, analyses for Ce@Csg,
and Ce,@CyAd have been reported recently.”*** 6, makes a
much larger contribution than d¢, to the chemical shift for both
[2a]~ and [2b], as shown by the analysis of the values at 7!
= 0 and T2 = 0 obtained by extrapolation in the line-fitting
plots of ¢ with respect to 7! and 72, respectively (Figure S5
in the Supporting Information). The contributions of Oy are
implied in the temperature dependence of the 'H NMR spectra
of [2a]” and [2b]™ (Figure S6 in the Supporting Information).
The underestimated values of 0, at 7> = 0 obtained from d;,
by extrapolation in the line-fitting plot with respect to 72 (below
0 = 0.8 ppm in the results for both [2a]” and [2b]") are
supplemented by Jy., giving rise to positive chemical shifts at
T'=0.

The O, shifts of [2a]” and [2b]~ can be briefly written as

_C3 cos? O — 1)

T TR

2

where r is the distance between the Ce atom and the cage
carbon, 6 is the angle between the r vector and the vertical
axis on which the Ce atom and the spiro carbon on the Ad group
are located, and C is a common constant with a negative value
for all cage carbons (C = —6.827 x 1077 A3 K?). Figure 10
shows observed and calculated values of the proportionality
constant between 0, and T2, namely, C(3 cos* 6 — 1)/r, for
each observed carbon signal of [2b]™. The calculated 0, shifts
were obtained using the r values from the DFT-optimized
structures of [2a]~ and [2b] . The calculated 0, values for [2b]~
are in very good agreement with the observed ones. This result
provides the prediction for the '*C NMR chemical shifts of the
two missing signals for the sp? carbon atoms at the addition
position of [2b]™. According to the calculated 04, and J,,. values,
these signals are expected to appear at ~30 and ~41 ppm at
293 K, where the large peaks due to the solvent and the
electrolyte can obscure them. For [2a]”, although it was not
possible to analyze all of the signals because of the complexity
of the spectral pattern, the observed and calculated values
showed a tendency for the J. shifts similar to that for [2b]~
(Figure S7 in the Supporting Information). These results indicate
that eq 2 is applicable to the analysis of the paramagnetic shifts
in Ce@Cg, derivatives.

In addition, the "H NMR spectra could be assigned on the
basis of the paramagnetic shifts by comparing the calculated
and observed values of C(3 cos? 6§ — 1)/ for each proton of
[2b]™ (Figure 11b). These values were found to be the largest
for the protons in the bottom part of the Ad group (colored
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blue in Figure 12) and the smallest for those in the top part of
the Ad group (colored red in Figure 12). Because each of these
two positions has two equivalent protons, the singlet signal at
0 = —14.31 ppm is surely attributable to the protons in the
bottom part of the Ad group and the signal at —2.91 ppm to
those in the top part. The signals at —3.11 and —3.97 ppm are
due to the two inequivalent protons in the upper part on the
mirror plane (colored purple in Figure 12) on the basis of their
half-signal intensities. Of the remaining eight protons, the four
positioned farther from the Ce atom (colored brown in Figure
12) give rise to the peaks from —4 to —5 ppm on the basis of
their smaller degree of upfield shifting, and the four nearer to
the Ce atom (colored green in Figure 12) produce the signals
at —7 to —9 ppm on the basis of their larger upfield shifting. In
a similar way, through the use of the values in Figure 11a, the
proton signals of [2a]™ can be roughly assigned as shown by
the colored symbols in Figure 4 (which correspond to the color
code in Figure 12), even though [2a]™ has C; symmetry and all
of the hydrogen atoms are nonequivalent.

Conclusion

Two isomers of Ce@Cg,Ad (2a and 2b) were synthesized in
high yields by a carbene addition reaction. 2a and 2b were fully
characterized by spectroscopic methods. Interestingly, the
chemical reactivity of Ce@Csg, is similar to that of La@Csg,,
although the encapsulated metals are different. Paramagnetic
shifts in '"H and '*C NMR spectra were observed for [2a]~ and
[2b]~, reflecting the anisotropic behavior of the f-electron spin
on the Ce atom. The observations of paramagnetic shifts help
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reveal the magnetic properties of metal-encapsulating carbon
clusters, as demonstrated by structural and substituent effects
on Ce@Cg, derivatives.
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