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indicate that the paramagnetic ring currents disappearfr,C
however, there is a decrease in the diamagnetic ring currents as
well, which results in an overall decrease of tha-flillerene
diamagnetisniab

In this study we aim to detect local ring currents inC
experimentally and compare them to those of neutral Eor
this purpose we studied bridgedq@ullerenes, where the protons
of the bridges are located above the centers of rings. This
positioning enables the protons to sense the magnetic character
of each ring: an accepted method for the study of local ring
currents in polycyclict-arrays? including Gso.®1°

Cyo has two different types of 5-MRs and three different types
of 6-MRs, allowing four possible annulene isomers (fulleroids)
for C71H,; however, only two of them have been detected.
The fulleroids retain the basic fullerene electronic structure due

Great interest in fullerene research has developed since theirto strong homoaromatic interaction, so that perturbation of the

discovery in 1986. The aromatic character of fullerenes, as
defined by their magnetic and electronic properties, is very unique.
These traits result from the closed spherical shape of fullerenes
as well as from the presence of two different types of rings,
namely, five-membered rings (5-MRs) and six-membered rings
(6-MRs). The magnetic susceptibility of fullerenes is the outcome
of two opposing contributions: a diamagnetic contribution from
6-MRs and a paramagnetic contribution arising from 5-NMRke
addition of electrons to this new-conjugated carbon allotrope
led to question of the aromaticity of anionic fullerenes, especially
the hexaanions, since reduction of fullerenes brings about
considerable changes in the magnetic susceptiBility.

In the case of &, the magnetic susceptibility of the hexaanion
is much greater than that of the neutral moledulEhe two
opposing magnetic contributions cancel each other outgyp C
leading to a low magnetic susceptibility. However, igT the
5-MRs become diamagnetic, leading to a high diamagnetic ring
current that prevails over the entire systém.

The magnetic behavior of &£shows an opposite trend to that
of Cso. Neutral Go shows a higher magnetic susceptibility than
Ceo, but in the charged systems, that is;o®C, the magnetic
susceptibility is lower than that ofg?~.2 This trend is even more
pronounced in®He NMR measuremeritsof the endohedral
compound$He @G, and He@G°~, thus demonstrating that the
C:o5 is less aromatic than# Measuring the local aromaticity
of the rings is the only way to rationalize the aromatic behavior
of Cyo and its hexaanion. The magnetic character of the anion is
determined by the location of the extra electrons igfCand
from their influence on the local ring currents. Therefore,

m-system is minimat®4 Therefore, it is reasonable to deduce
information of the precursor fullerene from the behavior of the

Jfulleroid. In both these isomers one of the bridge protons is located

above the 6-MR Kla) and the other above the 5-MRil§). In

the major isomerX), the bridge is located at the molecular pole,
unlike the minor isomer2).1* It can be said that the four protons

in the two isomers can serve as external localized probes for
aromaticity, allowing distinction between rings that differ by size
(5-MR and 6-MR) as well as their location on the fullerene.

To observe the changes in tHe¢ NMR chemical shifts of the
bridged protons in the anion compared with those of the neutral
molecule, two different fulleroid isomers were synthesized by the
addition of CHN, to C;o. HPLC of the mixture of the two isomers
showed a ratio of 6:1. This mixture was reduced to give the
bridged anions.

The *H NMR spectrum of the mixture of isomers consists of
two sets of doublets: at 2.95 and at 6.52 ftat and Hb of 1,
respectively, and at 2.78 and at 5.23 ppm it andHb of 2,

understanding the local changes should provide insight into the respectivelyt! The reduction process was carried quti5 mm

nature of fullerenes. Until now, only quantum mechanical studies
of the local ring current were performédlhese calculations

NMR tube equipped with a top reduction chamber containing
excess lithium metal with THIgs as a solvent and in the presence
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Table 1. 'H NMR Chemical Shifts (THFdg) of the Fulleroids and
Their Anions.

neutral hexaanion
Ce1H2 2.84,6.350=9.7¢ 2.74,1.343=8.9 Hzy
CnH2(1) 2.95,6.529=9.8HzfF 2.27,—0.255(0=9.6 Hz)
CnH2(2) 2.78,5.23)= 10 Hzy 2.34,3.60=9.1Hz)

aTaken from ref 10° Taken from ref 9¢ Taken from ref 11.
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Figure 1. IH NMR spectrum ofl®~ and25~ (top), and the same spectrum
after inversion recovery and DQF experiments (bottom). (a: refers to
16-; b: refers to2%~; s: the solvent bands, THfg).

of corannulene, acting as an “electron shuttle” which transfers
electrons from the metal to the fullererfie$he solution was
brought into contact with the lithium metal by repeated inversion
the tube.

The 'H NMR spectrum of the anions contains three doublets
at —0.255 ppm J = 9.6 Hz, strong absorption), 2.27 pph=£
9.6 Hz, strong absorption) and 2.34 ppth=£ 9.1 Hz, weak
absorption). COSY experiments show a correlation between the

J. Am. Chem. Soc., Vol. 122, No. 37, 28089

Table 2. 13C NMR Chemical Shifts (THFg) and Coupling
Constants of the Methylene Bridge in the Neutral and Charged
Fulleroids

12 16 2 2
5 (3CHy) 34.0 44.87 39.9
e P 150.2 129 149.8 139
145.7 132 146.4

aTaken from ref 11° Top row: high-field absorption; bottom row:
low-field absorption.

similar to that of the neutral molecule. This strengthens the
assumption that these methylene bridges cause only a small
perturbation of ther-conjugation of the hexaanion. The carbon
and the lithium NMR chemical shifts are in the same range as
those of GoLie,’ thus supporting this assumption. These shifts
also indicate that &H, and G are both reduced to a hexaanién.
Consequently, the results of the reduction efHG~ provide
insight into the aromatic character of;&. The 'H NMR
chemical shifts exhibit three facets: (i) Both isomers show a center
of gravity of thelH NMR spectrum that appear at a higher field
than that of the neutral molecule, and the chemical shift differ-
ences A0), between the two doublets is lessened. This leads
to the conclusion that the extra electrons infC as in G,
are mainly located in the 5-MRs, rendering them diatropic
(Table 1). (ii) A full assignment of théH NMR chemical shifts
can be obtained, as protdita of both isomers is located above
a 6-MR of the same type. It follows that the absorptiondiaf
in 1 and 2 appear at 2.27 and 2.34 ppm, respectively, and the
absorptions oHb appear at-0.255 and 3.6 ppm fot and 2,
respectively. This assignment strengthens the conclusion that the
extra electrons are located mainly on the 5-MRs, but that the
distribution is not equal between the different types of 5-MRs.
(iii) In isomer 1, where the bridge is at the;§s poles, the change
in theH NMR chemical shifts is much more significant, and the
shifts appear at a higher field, than & Therefore, it can be
deduced that unlike &, the charge distribution is mostly
concentrated on theA8 s poles, and is not equally shared by
all of the 5-MRs of the fulleren&The diamagnetism of the polar
5-MRs is much stronger than that of the nonpolar 5-MRs and
also than that of 6-MRs. Apparently, the significant difference
in the properties of €, C;o and their hexaanions stems from their
different geometry and symmetry. Whilesdds an icosahedral
molecule, Gy has a lower symmetryDi,) and is close to an
ellipsoid. Therefore, in g% the charge is distributed sym-

first and the second doublet and another correlation between thernetrica”y over all 5-MRs, and the g|0ba| ring current magnetic
third doublet and a fourth doublet at 3.6 ppm, which appears under sysceptibility of the fullerene is very high. In contrast, the charge
the solvent signal (Table 1). Unfortunately, temperature variations distribution in G~ is unsymmetrical; and, the extra charge is
do not cause a significant change in its chemical shift, ruling out concentrated at the 5-MR located at the poles. Together with the

the use of simple 1D techniques. We succeeded in observing thisstudy of fullerene anions with endohedral heland the bridged

doublet by performing double quantum filter (DQF) and inversion
recovery experiments simultaneoustywhich suppressed the
solvent peak and enabled the identification of the “missing”
doublet (Figure 1).

The 13C NMR spectrum consists of one band at 44.87 ppm,
which was assigned to the methylene carbori®%f (by C—H
correlation), and broad bands in the region of 4260 ppm,
assigned as the fullerene skeletons carbon atoms. The methylen
carbon of26~ was observed at 39.9 ppm, by HSQC. Tdex
coupling constants (Table 2) are typical for an “open botid”,
which indicates a strong homoaromaticity for the hexaanion,

(15) The signal at 3.6 ppm was expected to have an intensity of 1% of the
solvent signal. A gradient enhanced DQF experiment reduced the solvent

anion of GiHy° this study clarifies the puzzling behavior of
charged fullerenes. The lower magnetic susceptibility af C

as opposed to that ofs&€~ and the neutral & can be rationalized

in terms of nonhomogeneous charge distribution of the extra
electrons on the g skeleton.
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