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Synthesis and isolation of an all-carbon tetraanion; a discrete C60
42 fulleride

salt
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The highly reduced, all-carbon tetraanion, C60
42, earlier

identified as a discrete ion in solution by electrochemical and
spectroscopic methods, can be synthesized and isolated as an
analytically pure, sodium cryptand salt.

There is considerable current experimental and theoretical
interest in the high negative charge states attainable in small
aromatic molecules.1 The first isolable tetraanion of a p
hydrocarbon (rubrene, C42H28) has recently been reported2 and
the all-carbon p frameworks of fullerenes present further
interesting targets for the study of anionic charge buildup.

The electron accepting ability of C60 is its most characteristic
chemical property and the maximal extent of charge buildup is
an intriguing phase-dependent question. In the gas phase, two
electrons can bind to give the rare example of a stable dianion.3
In the solid state, the heavier alkali- or alkaline-earth cations can
interstitially stabilize negative valencies at least as large as 8 in
the so-called superfullerides.4 Intercalated lithium stabilizes the
C60

122 state, presumably with some degree of covalency.5 In
solution, the highest C60

n2 fullerides known are n = 6 on the
electrochemical timescale6 and n = 5 for low-temperature
spectroscopic identification.7 In synthetic chemistry, discrete
fulleride salts have only been isolated up to n = 3.8,9 We now
report the successful synthesis and isolation of a discrete salt of
the highly reduced tetraanion, C60

42 ion.
The nature of the C60

42 ion is of interest for a number of
reasons. For alkali-metal intercalated C60, it is not well
understood why A4C60 salts are insulating while A3C60 salts are
metallic and superconducting.10 A detailed knowledge of the
electronic structure of the discrete repeating units, namely
C60

42 and C60
32, may be instructive. With its t1u

4 configura-
tion, C60

42 is the electron–hole equivalent of the C60
22 ion,

whose electronic structure is controversial.11,12 Mirrored prop-
erties would be interesting. The question of a singlet vs. a triplet
ground state for C60

42 is particularly intriguing because
unexpectedly, neither C60

22 nor C60
32 obeys Hund’s rule.9,11

For C60
32, it is presently unknown whether there is a

relationship between Cooper pairs of superconducting electrons
and the unanticipated tendency of localized spins on C60

n2

fullerides to attain minimum multiplicity.
The synthesis of an analytically pure salt of C60

42 was
achieved in an inert-atmosphere glovebox by stirring a
suspension of C60 (20.0 mg, 0.0278 mmol) in tetrahydrofuran
(thf) (35 ml) with a piece of freshly cut sodium in the presence
of 4.2 equiv. of cryptand 222 (44.0 mg, 0.117 mmol).† The
reaction proceeds via successive reductions with [Na-
(crypt)+]4[C60

42] precipitating as a dark brown, microcry-
stalline solid. The product was filtered off, the ball of excess
sodium removed as completely as possible with tongs, and the
product washed with thf and dried under vacuum (90%). Anal.
calc. for C132H144N8Na4O24: C, 68.38; H, 6.26; N, 4.83; Na,
3.97. Found: C, 67.69, 66.80; H, 6.16, 6.17; N, 4.88, 5.25; Na,
5.25%. Integration of the NOE-suppressed 13C NMR signals
(15 s pulse delay) of the cryptand (d 67.9, 66.9, 52.1) vs.
fulleride (see below) gives the expected 4 : 1 ratio of cation to
anion. The product is exceedingly air sensitive, oxidizing
initially to C60

32 as the major product. It dissolves without
immediate decomposition in scrupulously dried, deoxygenated

dimethyl sulfoxide. Electrochemical estimates13 of the pKa of
the conjugate acid, C60H32 (pKa = 37), suggest that C60

42 is a
sufficiently powerful base to remove a proton from Me2SO
(pKa = 31). That this does not occur within a day or so indicates
either that this reaction is very slow or that the pKa estimate is
incorrect for electrolyte-free solvent. Traces of protonic sol-
vents (e.g., water) in the Me2SO cause immediate oxidation to
C60

32, presumably via fullerene hydrocarbon formation. At-
tempted cation metathesis reactions with NBu4Cl and with
[N(PPh3)2]Cl both led to oxidation to C60

32, presumably due to
acidity of the a-methylene protons in NBu4

+ and redox
instability14 of [N(PPh3)2]+, respectively.

The fingerprint region for the absorption spectrum of
fullerides is in the near-IR region and corresponds to t1u–t1g
transitions of ca. 1 eV.7,15 The VIS–NIR spectrum of [Na-
(crypt)+]4[C60

42] in Me2SO is shown in Fig. 1. The absence of
a band at 780 nm indicates the absence of C60

32. Maxima at 730
and 1195 nm are consistent with those reported for electro-
chemically generated C60

42 in benzonitrile (728, 1209 nm)15

and rubidium-reduced C60
42 in liquid ammonia (715, 1175

nm).7‡
We have recently shown that for n = 1, 2 and 3, the C60

n2

fullerides have broad, downfield-shifted resonances in their
solution 13C NMR spectra, the result of paramagnetism.11,17

The same is true for C60
42, indicating that it too has significant

paramagnetism at room temperature. The spectrum in
(CD3)2SO is shown in Fig. 2. The chemical shift of d 185 is
essentially the same as that of C60

2 (d 186) and C60
22 (d 184)

but different from that of C60
32 (d 197). An integrity check on

the NMR sample was run after measurement and, within the
limits of VIS–NIR detection (ca. 5%), it indicated no decay to
C60

32 (lmax = 780 nm). Interestingly, the chemical shift of the
discrete C60

42 ion (d 185) is not very different from that in
solid-state K4C60 (d 180) and Rb4C60 (d 182).18 The interpreta-
tion of 13C chemical shifts in fullerides is complex, but to a first
approximation, the ca. 40 ppm downfield shift can be equated
with an average spin density of about one unpaired electron per
buckyball. This suggests that like C60

22, the singlet (S = 0) and
triplet (S = 1) states are close in energy. Fast intersystem cross-
ing and/or electron transfer would average the signal to that
approximating an S = 1/2 system. Efforts to quantify the
singlet–triplet splitting for C60

42 and C60
22 by NMR methods

Fig. 1 VIS–NIR spectrum of C60
42 in Me2SO
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are ongoing. The present results are in qualitative agreement
with those on Rb4C60 where a localized singlet ground state is
proposed with a close-lying triplet a few hundred cm21 higher
in energy.19

EPR spectroscopy has been widely used to investigate the
spin states of fullerides but interpretations have been bedeviled
by problems of sensitivity to impurities, the difficulty of
quantifying overlapping signals with widely differing line-
widths, aggregation uncertainties in frozen solution, etc.11,12

Preliminary results on C60
42 salts fare no better. Fig. 3 shows

the low-temperature EPR spectrum of C60
42 in frozen Me2SO

solution. Comparison to the spectrum of C60
32 under identical

conditions of cation and solvent (also shown in Fig. 3) indicates
the presence of C60

32 in the C60
42 sample even though this is

undetectable by NIR. The additional, sharper signals are
potentially ascribable to C60

42, but it would be premature to
make such an assignment in view of the difficulties11,12

associated with assigning the spectrum of C60
22, of which

C60
42 is the electron–hole equivalent. Since these signals

appear to have integrated intensities that are less than the trace
C60

32 signal, the simplest interpretation is that C60
42 is EPR

silent at 4 K because of a singlet ground state.§ However, a
close-lying, thermally accessible triplet state is indicated by the
paramagnetically shifted 13C NMR signal seen at room
temperature.

In summary, despite its exceedingly strong reducing nature
(22.35 V vs. ferrocene),6 the discrete C60

42 ion can be isolated
with an ‘innocent’ cation. This opens the way to deeper studies
of its electronic and molecular structure and to studies of its
chemical reactivity, particularly with electrophiles.20

We are grateful to Robert D. Bolskar for assistance and to the
National Institutes of Health (USA) for support (GM 23851).

Footnotes

* E-mail: careed@chem1.usc.edu
† Cryptand 222 is a commercially available alternative to a crown ether for
chelation of sodium ions (Aldrich 29, 111-0).
‡ A third report on the NIR of C60

42 with a single lmax at 934 nm is
inconsistent with the present work and with refs. 7 and 15.16

§ C60
42 has been reported by Baumgarten et al.16 to be diamagnetic because

no EPR signal was found. However, since their NIR spectrum16 is
inconsistent with literature reports7,15 and the present work, it is possible
that their C60

42 product, if formed, was completely insoluble under the
conditions used.
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Fig. 2 13C NMR spectrum of C60
42 in (CD3)2SO (34196 scans, 125.8 MHz)

Peak marked * at d 185 is from C60
42; the others are from Na(cryptand

222)+

Fig. 3 EPR spectra of C60
42 and C60

32 in frozen Me2SO solution at 5 K
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