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Abstract: The first N-tritylpyrrolidino derivatives of D3h (78:5) Sc3N@C78 were successfully synthesized
and isolated. The addition sites for the two nearly equivalent kinetic monoadducts 1a and 1b are across
two different 6,6 junction sites on the Sc3N@C78 cage that are offset from the horizontal plane defined by
the Sc3N cluster. The adducts were characterized by NMR experiments, DFT calculations and X-ray
crystallographic analysis of Sc3N@C78 derivative 1a. A unique finding of this study is the regiocontrol of
adduct docking by the internal Sc3N cluster.

Introduction

The chemistry of endohedral metallofullerenes has developed
rapidly during the past decade, driven by the remarkable
chemical and physical features that could provide many
important applications in nanomaterials and biomedical science.1-6

Since their discovery in 1999,7 a large variety of trimetallic
nitride templated endohedral metallofullerenes (TNT EMFs)
with different encapsulated metals, cage sizes, and symmetries
have been synthesized and isolated.7-16 After the initial
discovery of the TNT EMF class represented by the prototypical
Sc3N@C80 (Ih cage),7 Sc3N@C78 was also discovered and X-ray
crystallographic analysis revealed that it possessesD3h (78:5)

symmetry (Figure 1).9 Both crystallography and DFT calcula-
tions of Sc3N@C78 show that the scandium atoms are localized
over the three pyracylene patches.9,17 Studies on the electronic
and vibrational structures of Sc3N@C78 suggest that there are
strong interactions between the Sc3N cluster and the fullerene
cage carbon atoms.18,19Specifically, the Sc3N unit is constrained
to the horizontal plane of theD3h (78:5) cage because of the
more ellipsoidal character of this cage. Two other C78 endohedral
metallofullerenes, La2@C78

20 and Ti2C2@C78,21,22were reported
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Figure 1. Schematic diagram of the carbon cage of theD3h (78:5) C78

isomer showing the eight bands of different types of carbon atoms. The
three-fold axis is aligned vertically, and the horizontal mirror plane passes
through the h-type carbon atoms. There are twoD3h isomers of C78 that
obey the isolated pentagon rule. Throughout this article we are concerned
only with the specific isomer (78:5) shown here.9
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to have the sameD3h (78:5) symmetry. Tm3N@C78, Dy3N@C78

(I), and Dy3N@C78 (II) were also isolated and characterized.12,13

Compared withD3h (78:5) Sc3N@C78, Tm3N@C78, Dy3N@C78

(I), and Dy3N@C78 (II) have significantly longer chromato-
graphic retention times and distinct absorption spectra that
suggest different cage structures for these cases.12,13

Functionalization of the TNT EMFs is necessary to provide
unique nanomaterials useful for various future applications, for
example, MRI contrast agents.23 However, organic functional-
ization chemistry of Sc3N@C78 has not been extensively
explored because only small amounts of the material were
previously available. Recently, by taking advantage of the high
kinetic stability of TNT EMFs, it has been found that high purity
TNT EMFs can be obtained directly from soot or its extract by
selectively trapping empty cage fullerenes and classic EMFs
on a functionalized support, yielding only the more stable TNT
EMFs Sc3N@C68, Sc3N@C78, and Sc3N@C80.24,25 This break-
through makes it possible to isolate significant quantities of
Sc3N@C78 utilizing a single chromatographic step in a relatviely
short period of time.

In this paper, we report the synthesis and characterization of
the firstN-tritylpyrrolidino derivatives ofD3h (78:5) Sc3N@C78

utilizing the Prato reaction.26,27These results are compared with
previous studies of the homologous Sc3N@C80, both in terms
of chemical reactivity and regioselectivity, as well as crystal-
lographic studies. Ellipsoidal Sc3N@C78 D3h (78:5) represents
a case where the internal trimetallic cluster (Sc3N) is restricted
to a horizontal plane allowing exploration of the regiocontrol
of exohedral adduct docking on a metallofullerene sphere.

Results and Discussion

Recently, pyrrolidino derivatives of icosahedrally symmetric
(Ih) Sc3N@C80 were synthesized via 1,3-dipolar cycloaddition
of azomethine ylides to the fullerene cage and characterized.28-30

A kinetic study showed that the 6,6-ring junction adduct is the
kinetically controlled product; it is converted to the thermody-
namic product, the 5,6-ring junction adduct, upon thermal
equilibration.30-32 On the other hand, the minor Sc3N@C80

isomer, withD5h symmetry, exhibits higher reactivity in the
Prato reaction with the tritylazomethine ylide in comparison with
the Ih analogue and yields the thermodynamically stable
monoadduct by addition across the 6,6-ring junction of a
pyracylene unit.14

In the present work, two mono- and one di-N-tritylpyrrolidino
Sc3N@C78 derivatives were obtained after a 3 h reflux with
N-trityloxazolideneone in chlorobenzene (Scheme 1 and Figure
2). From high performance liquid chromatography (HPLC) of
the reaction mixture (Figure 2), product1a (18.6 min) and1b
(22.0 min) were identified as the monoadducts by MALDI-TOF
MS (Figure 3a,b). A small quantity of bisadduct1c was also
isolated and characterized by MALDI-TOF MS (Figure 3c). The
molecular ion peak of bisadduct1c was observed atm/z 1656.
The fragment peak atm/z 1373 was due to loss of one of the
tritylpyrrolidino groups. The fragment peaks atm/z 1413 and
m/z 1128 resulted from the loss of the trityl groups from
tritylpyrrolidino groups of1c, as expected on the basis of the
high stability of the trityl cation. Complete loss of both
tritylpyrrolidino groups gave the Sc3N@C78 ion fragment peak
atm/z1085. The shorter retention time of the bisadduct1c (12.0
min) is analogous to bisadducts of theIh and D5h isomers of
Sc3N@C80.14,30 However, the reactivity of Sc3N@C78 is sig-
nificantly higher than Sc3N@C80 Ih based on the reaction rate
for the monoadducts and higher yields of bisadducts in a shorter
time period.30

The13C NMR spectrum of1a (with 13C-enriched methylene
carbon atoms in the pyrrolidine ring by use of13C labeled
starting material) exhibits peaks at 59.3 and 67.3 ppm, indicating
that methylene carbon atoms Ca and Cb are nonequivalent
(Figure 4a). The1H NMR spectrum of1a contains two triplets
(at 3.79 and 3.31 ppm) for the methylene hydrogens Ha and Hb

(triplets due to coupling with adjacent13C labeled methylene
carbon,1JC-H ) 141 Hz). The heteronuclear multiple quantum
coherence (HMQC) spectrum confirms the assignment; the
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Figure 2. HPLC chromatograms of (a) the initial Sc3N@C78, and (b) the
product mixture from the Prato reaction. HPLC conditions: 10× 250 mm
PYE [2-(1′-pyrenyl)ethyl silica] column at 2.0 mL min-1 flow rate with
toluene, 390 nm detection.

Scheme 1. The Prato Reaction of Sc3N@C78 with
N-Triphenylmethyl-5-oxazolidinone
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methylene carbon atoms Ca and Cb are coupled to the adjacent
methylene hydrogen atoms Ha and Hb, respectively (Figure 4a).
The correlation spectroscopy (COSY) spectrum (Figure 4b)
confirms that these methylene protons are not coupled. In
addition, based on previous studies with the pyrrolidino met-
allofullerene derivatives, differential shielding effects from
pentagon-hexagon ring currents on the surface cage and the
nitrogen atom of the pyrrolidine ring, the 5,6-ring junction
adduct always exhibits large chemical shift differences (1.2-
1.4 ppm) for the diastereotopic methylene protons of the

pyrrolidine ring.28-30,33In contrast, the 6,6-junction adducts have
either no or much smaller shift differences (∼0.2 ppm).14,30,33,34

Therefore, we conclude that1a is a 6,6-ring junction adduct
with equivalent methylene protons (assuming rapid inversion
of the pyrrolidine ring) but nonequivalent methylene carbons.

The13C NMR spectrum of1b (with 13C-enriched methylene
carbons in the pyrrolidine ring by use of13C labeled starting
material) exhibits peaks at 56.2 and 66.8, indicating nonequiva-
lent methylene carbon atoms Ca and Cb. In the 1H NMR
spectrum of1b (Figure 5a), the geminal methylene hydrogen
atoms on each carbon are also nonequivalent in contrast to1a
in which the geminal methylene hydrogens on each carbon are
equivalent. The HMQC spectrum of1b shows that Ha (3.24
ppm) and Ha′ (3.07 ppm) are coupled with Ca, and Hb (3.16
ppm) and Hb′ (3.05 ppm) couple with Cb. The Ha-Ha′ and Hb-
Hb′ couplings are confirmed by the COSY spectrum (Figure
5b). Therefore, we conclude that1b is also a 6,6-ring junction
adduct, but with both nonequivalent methylene carbons and
hydrogens.

(33) Yamada, M.; Wakahara, T.; Nakahodo, T.; Tsuchiya, T.; Maeda, Y.;
Akasaka, T.; Yoza, K.; Horn, E.; Mizorogi, N.; Nagase, S.J. Am. Chem.
Soc.2006, 128, 1402-1403.
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Figure 3. Matrix-assisted laser desorption ionization time-of-flight (MALDI-
TOF) mass spectra using a 9-nitroanthracene matrix and negative ioniza-
tion: (a) monoadduct1a, (b) monoadduct1b, (c) bisadduct1c. Calculated
for monoadducts,m/z 1372; calculated for bisadducts,m/z 1655.

Figure 4. 500 MHz (a) HMQC and (b) COSY spectra of the Sc3N@C78

N-tritylpyrrolidino monoadducts1a [solvent: 1,2-dichlorobenzene-d4].
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The D3h (78:5) ellipsoidal Sc3N@C78 carbon cage has 8
different types of carbon atoms and 13 sets of C-C bonds as
shown in Figure 1. The statistical numbers of bonds of each
type, the type of ring junction involved and the symmetry of
the addition patterns are summarized in Table 1. As suggested
by the NMR data for1a, the c-f bond is the only possible 6,6-
ring junction reaction site that produces nonequivalent methylene
carbon atoms but equivalent geminal methylene protons. The

reaction site for1b, based in Table 1 and the NMR data, has
three possibilities: the b-d, d-e, and f-g bonds; these three sites
yield 6,6-ring junction adducts with both nonequivalent meth-
ylene carbon atoms and hydrogen atoms. DFT calculations were
performed for the three1b adducts as well as pristine Sc3N@C78

and Sc3N@C80. Consistent with the observed higher reactivity
of Sc3N@C78 the HOMO-LUMO gap (2.24 eV) is significantly
lower than for pristineIh Sc3N@C80 (2.56 eV). For the three
1b adducts, the b-d bond adduct has a significantly lower relative
thermodynamic energy (∼20 kcal/mol) and larger HOMO-
LUMO gap (0.4-0.6 eV) than those of the d-e and f-g bond
adducts (Table 2). However, the differences in the relative
thermodynamic energies and the HOMO-LUMO gaps for the
b-d bond adduct and c-f adduct1a are quite small (2.1 kcal/
mol and 0.04 eV), accounting for the experimental observed
production of two kinetically favored monoadducts. Therefore,
d-e and f-g bond sites can be ruled out, and we suggest that the
b-d bond is the most likely addition site for the monoadduct
1b. Consistent with our calculations and experimental result,
Campanera et al. also suggested that the c-f and b-d bond are
the two most reactive site in pristine Sc3N@C78 based on the
higher Mayer Bond Order (MBO) values (Table 2) compared
with other bond sites.35

Black crystals of1a suitable for single-crystal X-ray diffrac-
tion were obtained by evaporation of a benzene solution. Figure
6 shows two drawings of the adduct. The upper drawing shows
a view in which the flat Sc3N unit lies in the horizontal plane.
This view looks down what would have been the three-fold axis
of the parent Sc3N@C78. The lower drawing shows a clearer
view of the attachment of the addend to the cage. Addition has
occurred at a c-f bond in the endohedral fullerene and this adduct
addition site is above but equidistant from the Sc3 and Sc1 atoms
that define the plane of the Sc3N unit. Thus, three pyracylene
patches in the plane of the Sc3N unit and the h-type carbon
atoms are not susceptible to external attack. Thus, the addend
avoids any interaction with the Sc3N unit, which remains in
the horizontal plane of the C78 cage. The Sc-N distances are
Sc1-N1 2.001(2), Sc2-N1 1.999(2), and Sc3-N1 2.001(2) Å.
The Sc-N distances are similar to those in other endohedrals
containing the planar Sc3N unit.36

The scandium ion resides at the center of a pyracylene patch
in the middle of the C78 cage. The shortest Sc-C distances are
as follows: Sc1-C27, 2.213(3); Sc1-C28, 2.271(3); Sc2-C34,
2.238(3); Sc2-C35, 2.250(3); Sc3-C42, 2.210(3); Sc3-C41
2.269(3) Å. The positioning of the metal ions within the C78

cage corresponds to that seen in the parent endohedral metal-
lofullerene. However, in that structural study which involved
the cocrystal, Sc3N@C78‚CoII(OEP)‚1.5C6H6‚0.3CHCl3, there
were three different orientations of the cage and three orientation
of the Sc3N unit to consider. The present structure does not
display any disorder.

The variations seen in the C-C distances in the C78 cage are
larger than those seen in Sc3N@C80 where there are only two
types of C-C bonds with corresponding distances of 1.437-
(15) Å at the 5:6 ring junctions and 1.421(18) Å at the 6,6 ring
junctions.36 In 1a the average C-C distances for the shortest
C-C bonds are 1.394 Å for the a-a bonds at 6,6 ring junctions

(35) Campanera, J. M.; Bo, C.; Poblet, J. M.J. Org. Chem.2006, 71, 46-54.
(36) Lee, H. M.; Olmstead, M. M.; Iezzi, E.; Duchamp, J. C.; Dorn, H. C.;

Balch, A. L. J. Am. Chem. Soc.2002, 124, 3494-3495.

Figure 5. 500 MHz (a) HMQC and (b) COSY spectra of the Sc3N@C78

N-tritylpyrrolidino monoadducts1b. For good resolution, methylene carbons
are not 13C-enriched in the 1D proton spectrum of1b [solvent: 1,2-
dichlorobenzene-d4].

Table 1. Comparison of Symmetries for D3h (78:5) Sc3N@C78
N-Tritylpyrrolidino Monoadducts at Different Addition Sites

site of
addition

ring
junction

type

number of
equivalent

bonds

symmetry of
the methylene
carbon atoms

symmetry of
the methylene

hydrogen atoms

a-a 6,6 6 symmetric symmetric
a-a 6,5 6 symmetric symmetric
a-b 6,5 12 asymmetric asymmetric
b-c 6,5 12 asymmetric asymmetric
b-d 6,6 12 asymmetric asymmetric
d-d 6,6 6 symmetric asymmetric
d-e 6,6 12 asymmetric asymmetric
g-e 6,5 12 asymmetric asymmetric
c-f 6,6 6 asymmetric symmetric
f-g 6,6 12 asymmetric asymmetric
g-g 6,5 6 symmetric asymmetric
h-h 6,6 3 symmetric symmetric

A R T I C L E S Cai et al.
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and 1.394 Å for the c-f bonds. The c-f bond at the site of
additions has been excluded from this averaging. Other average
C-C distances are: 1.441 Å for the a-a bonds at 5,6 ring
junctions, 1.420 Å for the a-b bonds (5,6 junction), 1.445 Å
for the b-c bonds (6,6 junction), 1.468 Å for the d-d bonds (6,6
junction), 1.450 Å for the d-e bonds (6,6 junction), 1.441 Å for
the e-g bonds (5,6 junction), 1.429 Å for the f-g bonds (6,6

junction), 1.419 Å for the g-g bonds (6,6 junction), 1.443 Å
for the h-e bonds (5,6 junctions), and 1.436 Å for the h-h bonds
(6,6 junction), which are the carbon atoms nearest the scandium
ions.

Conclusions

In conclusion, we have synthesized and isolated derivatives
of Sc3N@C78 via 1,3-dipolar cycloaddition of tritylazomethine
ylides. The addition sites of two kinetically stableN-tritylpyr-
rolidino monoadducts1a and 1b were located at c-f and b-d
bonds on the Sc3N@C78 cage, respectively (Figure 7), based
on NMR spectra and DFT calculations. The single-crystal X-ray
diffraction study of Sc3N@C78 derivative1a confirms that the
addition has occurred at the c-f bond on the ellipsoidal
metallofullereneD3h (78:5) Sc3N@C78. The Sc3N unit remains
in the horizontal plane of theD3h (78:5) cage after exohedral
derivatization and does not interact directly with the site of
addition. This represents the first case (in contrast with earlier
studies of A3N@C80 molecules and other endohedral metallo-
fullerenes) where the internal trimetallic cluster (Sc3N) is
restricted to a horizontal plane in the molecule and thus
demonstrates regiocontrol of adduct docking on a metallo-
fullerene sphere.

Experimental Section

Materials and Methods. A Sc3N@C68, Sc3N@C78, andSc3N@C80

mixture was obtained by the chemical separation method, as reported
in detail earlier.24 Pure Sc3N@C78 was isolated and purified by HPLC
at retention time of 41.2 min (PYE column, 10× 250 mm, toluene, 2
mL/min). N-Tritylpyrrolidino derivatives of Sc3N@C78 were synthesized
by heating a solution of 2.0 mg (1.8µmol) of Sc3N@C78 and 12.2 mg
(37 µmol) of N-triphenylmethyl-5-oxazolidinone in 25 mL of chlo-
robenzene at reflux for 3 h under N2. The solvent was removed under
a stream of nitrogen overnight. The crude solid was dissolved in toluene
and then injected into an HPLC for isolation and analysis (PYE column,
10× 250 mm, toluene, 2 mL/min). On the basis of recovered Sc3N@C78

(∼1 mg), we estimate a yield of of∼25%

Table 2. Relative Thermodynamic Energies (kcal/mol) and HOMO/LUMO Levels (eV) for Sc3N@C78 N-Tritylpyrrolidino Monoadducts

site of addition

relative thermodynamic
energy of Sc3N@C78

N-tritylpyrrolidino monoadduct

HOMO level
of Sc3N@C78

N-tritylpyrrolidino monoadduct

LUMO level
of Sc3N@C78

N-tritylpyrrolidino monoadduct

HOMO−LUMO gap
of Sc3N@C78

N-tritylpyrrolidino monoadduct
final MBO

for Sc3N@C78
35

c-f 0.00 -5.28 -3.11 2.17 1.280
b-d 2.13 -5.23 -3.11 2.13 1.271
d-e 21.89 -5.02 -3.51 1.51 1.097
f-g 23.50 -5.10 -3.33 1.77 1.165

Figure 6. Two drawings of Sc3N@C78-(CH2)2NC(C6H5)3, 1a, with 50%
thermal elipsoids. The top view looks down what would be the three-fold
axis of the unfunctionalized endohedral, while the lower view is arranged
to show the disposition of the addend. The benzene molecules in the solvate
are not shown.

Figure 7. Two addition sites c-f and b-d bond (yellow) onD3h (78:5)
Sc3N@C78 cage.
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for each monoadduct (1aand1b). The HPLC system and the MALDI-
TOF mass spectrometer are the same as were used in the previous
study.30 A JEOL ECP 500 MHz instrument was used for Sc3N@C78

NMR measurements.
Computations. Full geometry optimizations were conducted at the

B3LYP level37-39 using the Gaussian 03 program.40 The effective core
potential and the corresponding basis set were used for Sc. The basis
sets employed were LanL2DZ for Sc,41 and 3-21G* for C, N, and H.42

For the computed structure of the c-f bond adduct of Sc3N@C78, we
referred to the crystallographic data. As for structures of the b-d, d-e,
and f-g bond adducts, we assumed that the functional group would
connect to the carbon as far away as possible from the positions of the
metal atoms. All the calculations were subjected to frequency analyses,
which were performed at the same level as that of the geometry
optimization. As a result, no imaginary frequencies are reported for
optimized structures.

Crystals of Sc3N@C78-(CH2)2NC(C6H5)3‚2.5(C6H6) were obtained
by slow evaporation of a benzene solution of the compound. Crystal

data for Sc3N@C78-(CH2)2NC(C6H5)3·2.5(C6H6): black needle, 0.27×
0.05 × 0.05 mm, triclinic, space groupP1h, a ) 10.923(2),b )
16.311(3), andc ) 18.734(3) Å,R ) 75.545(2),â ) 76.371(2), and
γ ) 77.167(2)°, V ) 3093.4(9) Å,3 λ ) 0.71073 Å,Z ) 2, Dc ) 1.682
Mg m-3; µ(Mo KR) ) 0.391 mm-1; T ) 90(2) K; Bruker Apex II;
scans, 2 max) 66.46°; 25065 reflections collected; min/max transmis-
sion ) 0.90/0.98; Patterson and difference Fourier methods solution
(SHELXS-97, Sheldrick, 1990); full-matrix least-squares based onF2

(SHELXL-97; Sheldrick, 1998);R ) 0.1802 for all data; conventional
R1 ) 0.0679 computed for 9806 observed data (>2σ(I)) with 1043
parameters and no restraints.
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