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ABSTRACT: Location recognition at the molecular scale provides valuable
information about the nature of functional molecular materials. This study presents
a novel location sensing approach based on an endohedral metallofullerene, Ce@C82,
using its anisotropic magnetic properties, which lead to temperature-dependent
paramagnetic shifts in 1H NMR spectra. Five site-isomers of Ce@C82CH2-3,5-
C6H3Me2 were synthesized to demonstrate the spatial sensing ability of Ce@C82.
Single-crystal structures, absorption spectra, and density functional theory calculations
were used to select the plausible addition positions in the radical coupling reaction,
which preferentially happens on the carbon atoms with high electron density of the
singly occupied molecular orbital (SOMO) and positive charge. Temperature-
dependent NMR measurements demonstrated unique paramagnetic shifts of the 1H
peaks, which were derived from the anisotropic magnetism of the f-electron in the Ce
atom of the isomers. It was found that the magnetic anisotropy axes can be easily predicted by theoretical calculations using the
Gaussian 09 package. Further analysis revealed that the temperature-dependent trend in the shifts is clearly predictable from the
distance and relative position of the proton from the Ce atom. Hence, the Ce-encapsulated metallofullerene Ce@C82 can provide
spatial location information about nearby atoms through the temperature-dependent paramagnetic shifts of its NMR signals. It
can act as a molecular probe for location sensing by utilizing the anisotropic magnetism of the encapsulated Ce atom. The
potentially low toxicity and stability of the endohedral fullerene would make Ce@C82 suitable for applications in biology and
material science.

■ INTRODUCTION

Spatial location recognition at the molecular scale provides
valuable information on the spatial relationship, absolute
conformation, and dynamics of molecules. This information is
essential for elucidating biological processes1−3 and under-
standing the nature of functional molecular materials.4−6 A
number of methods have been developed and reported for
molecular recognition and location determination. For example,
the location information on atoms in nanomaterials and proteins
can be obtained by standard spectroscopic methods,4,5 crystallo-
graphic methods,1−3,6 cryo-electron microscopy,7,8 photo label-
ing,9 and the analysis of nuclear magnetic resonance (NMR)
chemical shifts.10−12 However, their effectiveness is limited by
the required relatively high affinity for the probe, or the weak
acquired signals.

Ligand-transferred paramagnetic NMR restraints for location
identification have been studied as an attractive method for
investigating drugs and drug candidates with potentially low
affinity.12,13 The shift reagents for this purpose generally consist
of complex ligands and lanthanoid or actinoid atoms, to utilize
the unique characteristic of electrons in the f orbitals of these
metal atoms. These ligands, however, are not expected to be
suitable for harsh conditions, because they can decompose with
time and/or at high temperature. Neither are they suitable for
living organisms as the reagents may be cytotoxic.14

Recently, our group reported anisotropic magnetism in an
endohedral metallofullerene (EMF) Ce@C2v-C82 (hereafter
denoted as Ce@C82, “C2v” and “@” indicate the molecular
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symmetry of the fullerene cage and encapsulation, respectively)
in both the pristine form15,16 and the chemically functionalized
form.17 Remarkably, the observed magnetic anisotropy in NMR
measurements was weakly influenced by the addition of a
carbene. Moreover, the absolute positions of the hydrogen atoms
of the addend could be assigned by analyzing the effective
distance in the anisotropic magnetism, which decreases with the
cube of the distance between the Ce and hydrogen atoms. Thus,
it was evident that Ce@C82 can act as a distance detector for the
surrounding atoms and addends.
EMFs are promising candidates for spatial location detection,

because the caged metal is isolated from the outer environment
and rarely escapes from the fullerene cage even in extreme
conditions, such as high temperature and strongly acidic or basic
media.18−20 Such stability makes them the preferred molecular
probes in a variety of materials ranging from biological systems to
industrial chemicals, which require low toxicity and high
durability. Nevertheless, the practical application of EMFs has
been limited because their synthetic yields are generally quite
low. To overcome this problem, several research groups have
developed efficient methods to produce and purify EMFs in
higher amounts.21,22

Another challenge for utilizing EMFs as molecular location
probes is the lack of understanding of the effects of the
anisotropic magnetism on positions other than on the top part of
the fullerene cage. It is also desirable to clarify the influence of
addends other than carbene on the anisotropic magnetism, to
create high-performance EMF-based probes by chemical
modification. In addition, the influence from the dynamic
motion of the vicinal atoms, which can be observed in singly
bonded derivatives for instance, should be elucidated to provide a
basis for detecting the dynamic atoms in biological molecules
such as proteins, DNAs, and RNAs.
In this study, we have developed Ce@C82 derivatives and

demonstrated the necessary properties as a new type of
molecular probes for location recognition. They are capable of
detecting not only the relative distance, but also the relative
position with regard to the Ce atom probe, by correlating the
experimentally observed anisotropic magnetism of the EMF with
the molecular structures and electronic properties from
theoretical computations.

■ RESULTS AND DISCUSSION
Molecular Design and Synthesis. Radical adducts of Ce@

C82 were chosen as the target molecules for elucidating the
anisotropic magnetic property toward location recognition
(Scheme 1). It is because (i) Ce@C82 can be a simple spin
model with a single f-electron for elucidating the anisotropic
magnetic properties, (ii) a radical reaction method has been
established for La@C82,

23,24 which has chemical reactivity similar
to that of Ce@C82, and a limited number of monosubstituted
site-isomers are expected to be afforded; (iii) the addition sites
for two site-isomers have already been identified for La@C82;
(iv) some of the addition sites are on the side instead of the top of
the fullerene cage; and (v) the resulting adducts can be readily
observed in NMR because of the diamagnetic property of the
fullerene cage due to the radical addition. The pristine cage of
Ce@C82 or La@C82 is paramagnetic as a result of electron
transfer from the metal to the cage.18−20 Therefore, these
fullerenes must be electrochemically reduced by one electron to
acquire NMR signals.15,25 Radical coupling reaction has the
advantage of directly affording diamagnetic compounds,23

without further electrochemical reduction, which is required in

conventional cycloaddition reactions of fullerenes, such as the
Prato reactions18,26 or the Diels−Alder reactions.20
The target compounds were synthesized by photoirradiation

(hν > 330 nm) of Ce@C82 in the presence of mesitylene (Figure
1a). Photoinduced cleavage of alpha hydrogen of mesitylene

triggers the radical coupling between the resulting radical
C6H3Me2CH2

• and Ce@C82. Multistep high-performance liquid
chromatography (HPLC) separation afforded five isomers (1a−
e) (see also Figures S1 and S2), four of which (1b−e)
correspond to the four isomers previously reported in
monobenzyl adducts of La@C82,

23 and one additional isomer
(1a). The corresponding lanthanum compounds 2a−e were also
synthesized by using La@C82 instead of Ce@C82 as diamagnetic
reference molecules for comparison (Figures 1b, S3, and S4).
Vis−near IR absorption spectra provided information on the

molecular structures of 1a−e and 2a−e (Figures S5 and S6). It is
generally known that similar absorption spectra of fullerene
derivatives in the vis−near IR region indicate the same position
of the addend on the fullerene cage. This allows us to conclude

Scheme 1. Synthetic Scheme of M@C82 (M = Ce or La)

Figure 1. (a) HPLC profiles of the mixtures of 1a−e, before (black line)
and after (red line) 50 s of photoreaction. (b) HPLC profiles of the
photoreaction mixtures for 2a−e.
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that the compounds 1a−e and 2a−e have one-to-one
correspondence. The molecular structure of 1d was successfully
elucidated by single-crystal X-ray diffraction analysis (SCXRD),
in which the 3,5-dimethyl-benzyl group is attached to C10
(Figure 2a and b). This is the same position as that of a reported

benzyl adduct of La@C82 identified by single-crystal structure.
23

The addition positions of 1e and 2e were determined to be both
C23, based on the resemblance of their absorption spectra to that
reported for the singly bonded La@C82 derivative.27 These
results will provide essential information for deducing the
location of the addends by NMR measurements utilizing
anisotropic magnetism (vide infra).
Density Functional Theory Calculations of Plausible

Addition Positions.Density functional theory (DFT) provides
a reasonable way to determine the addition positions in the
radical coupling reaction.23 The spin densities derived from the
singly occupied molecular orbital (SOMO) of the carbon atoms
in Ce@C82 were calculated using the Gaussian 09 program.28

Eight carbon atoms with the highest spin densities (C2, C3, C9,
C10, C14, C18, C19, and C23; Table 1) were selected as
candidate positions for the radical addition, which is expected to
occur on the atoms with the highest spin density. It is generally
known that the aryl radicals without electron-withdrawing
groups are relatively nucleophilic, and prefer to undergo radical
coupling with an electron-deficient atom. This is also true in the

case of fullerenes.23,29 Among them, positions C2 and C3 can be
excluded, because the addition at either position leads to Cs
molecular symmetry, while the NMR spectra indicate C1
symmetry. Their negative Mulliken charges (C2 −0.209, C3
−0.132) further support their exclusion from consideration. C19
can be also excluded, based on the fact that the carbon atom is
negatively charged, and addition to this position would result in
the most unstable adduct (+4.5 kcal/mol higher than the most
stable adduct). Among the remaining five plausible positions
(C9, C10, C14, C18, and C23, Figure S7), C10 and C23 were
experimentally verified as the addition positions of 1d and 1e
respectively, as discussed above. This consistency supports the
validity of DFT predictions.

Temperature-Dependent 1H NMR Spectra. The para-
magnetic shifts in 1H NMR signals were recorded at various
temperatures. The chemical shifts of 1a−d exhibited temper-
ature-dependent (TD) changes that originate from the f-electron
spin remaining on Ce3+ (4f15d06s0) in the cage (Figures 4a, S8−
11). The signals of 1e were not detectable because of the low
yield of this compound. The chemical shift (δ) of a paramagnetic
molecule in solution is generally expressed as the sum of three
contributions, the diamagnetic (δdia), Fermi contact (δfc), and
pseudocontact (δpc) shifts:

δ δ δ δ= + +dia fc pc (1)

The δdia values of 1a−d were obtained from the corresponding
chemical shifts of 2a−d. In recent literature, it was demonstrated
that δpc dominates the TD shift for various nuclear species such as
1H, 13C, and 45Sc in the EMFs with f-electron spin, and δfc
contributes little to the shift.15−17,30,31 The δpc term can be briefly
described as

δ θ= −C
r T

(3 cos 1)
pc

2

3 2 (2)

where T is the measurement temperature, r is the magnitude of
the r vector as well as the distance between the Ce atom and the
atom of interest (Figure 3a), and θ is the angle between the r

vector and the axis defined by the molecule (which will be
discussed in the next subsection).C is a common constant, which
can be estimated experimentally (−2.1× 107 Å3 K2 in the present
case). r can be fixed by the experimentally or theoretically
determined molecular structures, with the positions of the atoms
averaged to take into account the dynamic rotation of the
addend. Therefore, one can expect that the amplitude of δpc

Figure 2. (a) Schematic drawing of M@C82 with the carbon atoms
numbered. Red dashed line indicates the C2v axis. (b) Molecular
structure of 1d drawn by the ORTEP program with 30% thermal
ellipsoids. The solvent and minor metal positions are omitted for clarity.

Table 1. Eight Carbon AtomPositions in the Pristine Ce@C2v-
C82 with the Highest SOMO Spin Densities, Their Mulliken
Charges, and the Relative Energies of Formation of Ce@
C82CH2-3,5-C6H3Me2 from DFT Calculationsa

carbon
number

resulting
symmetry

spin
density

Mulliken
chargeb

relative energy
(kcal/mol)

C10 C1 0.031 +0.003 0.3
C18 C1 0.030 +0.005 0.4
C23 C1 0.025 +0.008 0.0
C19 C1 0.025 −0.004 4.5
C3 Cs 0.025 −0.132 0.9
C9 C1 0.024 +0.005 2.7
C2 Cs 0.023 −0.209 2.6
C14 C1 0.021 +0.004 0.1

aCalculated at the B3LYP/6-31G* [C and H], SDD [Ce]//B3LYP/3-
21G [C and H], SDD [Ce] level. bCalculated at the B3LYP/3-21G [C
and H], SDD [Ce] level.

Figure 3. (a) Definition of the distance (r) based on the r vector,
anisotropic axis, and angle (θ) in eq 2. (b) Two-dimensional plots of the
effective field of anisotropic magnetism derived from the δpc value of the
Ce atom. The red, green, and blue areas display high-field, neutral, and
low-field shift effects in NMR measurements, respectively.
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varies with the distance and the relative position from the Ce
atom (Figure 3b), which is the key to molecular location sensing.
In the case of 1d, four signals including one AB quartet were

observed, indicating C1 symmetry (Figure 4a). Remarkably, the
shifts of the signals changed with temperature. The plot of the
chemical shifts versus T−2 (Figure 4b) demonstrates the
temperature dependence of the anisotropic magnetism derived
from the Ce atom. The consistency between the extrapolated y-
intercepts and the observed chemical shifts of 2d recorded at
room temperature (plotted at T −2 = 0 in Figure 4b), which are
theoretically expected to be the same as the shifts of 1d at T −2 =
0, confirms that the shifts are dominated by δpc, regardless of the
dynamic motion of the protons. Exceptions are the two
methylene proton signals (orange and purple), extrapolated
intercepts of which deviate considerably from corresponding
signals of diamagnetic reference 2d. Because the two protons are
distant enough from the Ce atom (5.8 Å) as in the case of
previous reported Ce encapsulated fullerenes and their
derivatives,17 this may not be attributed to the contribution of
δfc as supported by the large deviation shown in the dependency
for T−1 (Figure S13), but to an uncertain dynamic effect to be
investigated.
Utilizing Anisotropic Magnetism for Location Sensing.

The paramagnetic shifts in the NMR spectra were further
investigated to clarify the influence of the anisotropic magnetism
on location sensing. In the case of 1d, the addition position has
been experimentally determined as C10. The observed temper-
ature dependence of chemical shifts on T−2, C(3 cos2 θ − 1)/r3

obtained from linear fitting (Figure 4b), was compared to the
calculated values based on eq 2 with the single-crystal structure
and three different axis systems (Figure 5a and b). Specifically,
the three axes are (i) the original C2v axis in the pristine Ce@C82

(Figure 5a and b, blue, labeled as “original”), (ii) the axis along
the local electric field predicted by DFT calculations (Figure 5a
and b, red, labeled as “EF”), and (iii) the axis connecting the Ce

atom and the carbon atom of the addition position (Figure 5a
and b, orange, labeled as “addend”). Here, we found that the EF
axis system can reasonably reproduce the anisotropic magnetic
axes of not only pristine Ce@C82 and a previously reported Ce@

Figure 4. (a) TD 1H NMR spectra at various temperatures. The ×-marks indicate the temperature-independent signals of dibutyl phthalate for
highlighting the other TD signals. (b) Plots of the 1H NMR measurements with linear fitting, demonstrating the dependence of the chemical shifts on
T−2. The plotted values at T−2 = 0 are the observed chemical shifts in 2d recorded at room temperature, which are theoretically expected to be the same
as the shifts of 1d at T−2 = 0.

Figure 5. (a) The SCXRD structure of 1d, showing the three possible
definitions of the axis. Blue line: the axis parallel to the originalC2v axis of
the pristine Ce@C82. Red line: the axis along the direction of the local
electric field predicted by the DFT calculation. Orange line: the axis
connecting the Ce atom and the addition position. (b) The temperature
dependence of 1H NMR signals to T−2 obtained from Figure 4b. The
black bars indicate the observed values, and the values calculated using
each of the axes in (a) are colored accordingly.
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C82 derivative (Figures S14 and S15),15,17 but also [Dy-
(paaH*)2(H2O)4]3 (Figure S16).32,33 The trends in the NMR
signals of 1d and the calculated values based on its crystal
structure and the DFT optimized structures were statistically
analyzed by the Pearson product−moment correlation coef-
ficient (rp), p values for the paired t-test, and R

2 values from linear
fitting, and the results are listed in Table 2. The definition for rp is
described in eq 3, and positive values close to +1.00 indicate high
relevance between the two groups of values (x and y) of interest.

=
∑ − ̅ − ̅

∑ − ̅ ∑ − ̅
r

x x y y

x x y y

( )( )

( ) ( )
p 2 2

(3)

It was found that the correlation coefficients can serve as an initial
filter to eliminate impossible addition positions and axis system,
which have negative correlation coefficients. The most probable
addition position then can be selected by the highest p value. It is
C10 in the case using the DFT optimized structures, being in
agreement with the experimental result. Meanwhile, theR2 values
do not seem to be highly relevant in determining the addition
position. The EF axis was confirmed to best reproduce the
experimental result, although the original C2v axis could also
reproduce it in the case of 1d, due to the similar directions of the
two axes. The third axis (“addend”) was found unsuitable for this
purpose. Hence, we conclude that the addend position can be
determined by a detailed examination of the experimental TD
shifts, using theoretically predicted molecular structures, the EF
axis system, and statistical analysis. In addition, calculating from
eq 2, the effective range is 13.3 Å for δpc = −0.2 ppm at 298 K to
occur for the proton on the anisotropic axis. It is sufficient range
to cover the mesityl addend of compounds 1a−c.
For 1a−c, the trends of their TD shifts in 1H NMR are quite

different (Figures S8−S10). 1a shows only high-field shifts with
increasing temperature, whereas 1b and 1c show mixed shifts,
reflecting the distinct addition positions from those of 1a and 1d.
The addition positions in 1a−c were determined by the same
statistical analysis method as for 1d (Figure S17, Tables 3 and
S2). The correlation coefficients and p values were systematically
examined for all three candidate addition positions discussed
above (C9, C14, and C18). As a result, the addition positions
were successfully determined as C9 for 1a, C14 for 1b, and C18
for 1c. These results evidence that the paramagnetic shifts based

on the anisotropic magnetism of the encapsulated Ce atom can
be used for molecular location sensing.

■ CONCLUSION
Five radical adducts of Ce@C82 (1a−e) were successfully
designed and synthesized to demonstrate the feasibility of using
Ce@C82 as a probe for molecular location recognition, using the
TD chemical shifts in their 1H NMR signals from the anisotropic
magnetism of the Ce atom. A detailed numerical analysis of the
shifts using statistical criteria enabled us to determine the
locations of nearby atoms relative to the fullerene cage in all of
the adducts. One can anticipate that chemical modification in or
on the fullerene cage will achieve further improvement of the
EMF-based molecular probe. These molecular location probes
would be applied in many areas, such as biology, nanoscience,
and material science under a variety of conditions.

■ EXPERIMENTAL PROCEDURES
General. All chemicals and solvents were obtained from Wako Inc.

or Sigma-Aldrich Inc. and used without further purification unless
otherwise stated. La@C2v-C82

34 and Ce@C2v-C82
35 were prepared

according to the reported procedures. 1,3,5-Trimethylbenzene
(mesitylene) and o-DCB were distilled over benzophenone sodium
ketyl under an argon atmosphere prior to use in a reaction. Analytical
high-performance liquid chromatography (HPLC) was performed on a
series of HPLC apparatus (Jasco Inc.) using 5PYE, Buckyprep, or 5PBB
columns (4.6 × 250 mm; Nacalai Tesque Inc.). Preparative HPLC was
performed on a HPLC apparatus LC-908 C60 (Japan Analytical Industry
Inc.) using 5PYE, Buckyprep, or 5PBB columns (20 × 250 mm; Nacalai
Tesque Inc.). Monitoring absorption was carried out at 330 nm, and
toluene was used as an eluent for HPLC. The 1H NMR measurements
were conducted on a spectrometer (AVANCE 500; Bruker Analytik
GmbH) with a CryoProbe system, where TMS was used as an internal
reference (δ = 0.00 ppm). Absorption spectra were recorded using a
spectrophotometer (UV-3150; Shimadzu Corp.). Mass spectrometry

Table 2. Statistical Analysis of theObserved Paramagnetic Shifts in the 1HNMRSignals of Compound 1d in Figure 5b for Different
Addend Locations

compound addition position structure axis system Pearson product−moment correlation coefficient (rp) p-value for t-test R2

1d C10 SCXRD original 0.98 0.84 0.96
EF 0.98 1.00 0.96
addend −0.98 0.06 0.97

C9 DFT original 0.98 0.31 0.96
EF 0.97 0.14 0.93
addend −0.98 0.05 0.96

C10 DFT original 0.98 0.87 0.97
EF 0.98 0.91 0.97
addend −0.98 0.06 0.97

C14 DFT original 0.98 0.15 0.96
EF −0.99 0.10 0.98
addend −0.98 0.05 0.96

C18 DFT original −0.99 0.09 0.97
EF −0.99 0.09 0.97
addend −0.27 0.01 0.97

Table 3. Determination of the Addend Locations in 1a−d by
Statistical Analysis, Using DFT-Optimized Structures and the
EF Axis

compound rp p-value for t-test addition position

1a 0.98 0.07 C9
1b 0.99 0.84 C14
1c 0.15 0.32 C18
1d 0.98 0.91 C10
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was conducted using a mass spectrometer (BIFLEX III; Bruker Analytik
GmbH) with 1,1,4,4-tetraphenyl-1,3-butadiene as a matrix.
Theoretical Calculations. All theoretical calculations were

conducted using the Gaussion 09 revision D.01 program.28 A computing
method and level of theory for the present study was selected as
unrestricted B3LYP36 as a functional and 3-21G37 for structural
optimizations and 6-31G(d)38 for single point calculations as a basis set
with the SDD relativistic effective core potential39 for the metal atoms,
after the advance verifications (see the Supporting Information for
details). Anisotropic axis derived from ametal atomwas predicted by the
local electric field around the atom, which was calculated by the
Gaussian 09 package as electrostatic properties using the “Prop”
keyword.40

Statistic Analyses. The Pearson product−moment correlation
coefficients (rp), double-tailed p values for the paired t-test, and R

2 values
from linear fitting were calculated by using Microsoft Excel 2013
software.
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