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Organic radical ions play increasingly important roles in a
wide range of research fields from biochemistry to materials
science.[1] o-Semiquinone is a typical organic radical anion
with multistage redox ability that can form chelate salts and
complexes with many kinds of metal cations. Investigation of
a variety of transition-metal complexes of o-semiquinone
radical could help not only to increase general knowledge of
their fundamental chemistry but also to develop functional
materials based on valence tautomerism phenomena.[2, 3] In
contrast, the alkali-metal salts have been extensively studied,
and much attention has been focused on the dynamic
behavior of their structure and of the electronic features of
the ion pair in solution.[4, 5] Solution-phase ESR spectroscopy
measurements of some alkali-metal salts show significant
temperature dependence in their hyperfine coupling con-
stants (hfccs).[4b,d] The origin of this behavior has been only
qualitatively interpreted as temperature-dependent posi-
tional change or migration of the alkali-metal cation to the
oxygen atoms of the o-semiquinone radical.[4e,h] A quantita-
tive discussion of such dynamic behavior has not been carried
out to date.

Recently, we synthesized and isolated corannulene (1)[6]-
based stable neutral mono- and diradical derivatives with
bowl-shaped non-alternant p-conjugated systems.[7] Their
three-dimensional spin-delocalized nature and intra- and
intermolecular magnetic interactions were experimentally
illustrated in terms of geometrical and topological aspects.
These studies have inspired us to design a novel bowl-shaped
radical anion system 2C� based on corannulene with the o-

semiquinone moiety. Notably, 2C� is the first bowl-shaped
semiquinone radical anion with non-alternant p conjuga-
tion.[8] Herein we report the synthesis of a sodium salt of 2C�

(Na+·2C�), which is stable in an oxygen-free solution and even
in the solid state under nitrogen atmosphere. Thanks to the
high stability imparted by the bulky tert-butyl groups, we
could evaluate 3D molecular and electronic structures of
Na+·2C� using the curvature and electronic spin and charge
distribution by ESR spectroscopy and 1H and 23Na ENDOR/
TRIPLE measurements as well as by DFT calculations. We
emphasize that the temperature dependence of the hfccs,
related to the bowl-shaped structure, can for the first time
allow for a quantitative discussion of the dynamic behavior of
the ion pair in a solution of Na+·2C� with the help of
sophisticated DFT calculations. These studies demonstrate
the salient structural and electronic features of a bowl-shaped
semiquinone radical salt with the temperature-dependent
positional change of a countercation, which originates in the
concave–convex dynamics of the bowl-shaped skeleton.

A synthetic route for Na+·2C� is depicted in Scheme 1. Our
modified experimental conditions of the reported penta-tert-
butylation of 1[9] gave tetra-tert-butyl corannulene 3 as the
major product. By bromination and subsequent coupling
reaction,[10] we obtained the silyl ether derivative 5. The
quinone 7, a semiquinone radical precursor, was obtained as
red-orange plates[11] by desilylation of 5 and subsequent
oxidation. Treatment of 7 with a sodium mirror in an oxygen-
free 2-methyl-THF solution gave Na+·2C� as a deep blue
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solution. This salt is very stable in an oxygen-free solution and
is also stable in the solid state under nitrogen atmosphere.[12]

To evaluate the electronic-spin structure of Na+·2C� in
solution, we carried out ESR spectroscopy and 1H and 23Na
ENDOR/TRIPLE measurements in an oxygen-free 2-
methyl-THF solution. An ESR spectrum at 270 K shows
eight hyperfine splittings (g = 2.0044, Figure 1a). Hfccs and
their relative signs at 270 K were unequivocally determined
by 1H and 23Na ENDOR/TRIPLE spectroscopy (Fig-
ure 1b).[13] Assignment of the hfccs was achieved with the
help of DFT calculations (Table 1, Figure 2a).[14] Observed

proton hfccs are in good agreement with the calculated ones
for the optimized structure of Na+·2C� , in which the sodium
cation is located in the semiquinone plane and is chelated by
the two oxygen atoms. However, the experimentally obtained
hfcc of the Na nucleus deviates significantly from the
calculated one (Table 1, see below). These ESR spectroscopy
experiments demonstrate extensive spin delocalization on the
curved p surface of 2C� (Figure 2a). The sum of the absolute
spin density on the corannulene skeleton of Na+·2C� (0.880) is

much larger than that of the corannulene-based neutral
monoradical derivatives bearing the phenoxyl (0.553),[7c]

verdazyl (0.241),[7a] or iminonitroxide (0.175)[7b] moiety.
Noticeably, the delocalized spin density of Na+·2C� is distrib-
uted in a C2 symmetrical fashion, in contrast to the
unbalanced spin-delocalized nature of the neutral monorad-
ical systems.[7a–c] There are sizable amounts of spin density in
the central five-membered ring of 2C� , which implies a
significant contribution of the cyclopentadienyl radical struc-
ture as well as the semiquinone radical one. This unique spin
delocalization is attributable to the topological nature of the
non-alternant p conjugation of 2C� . Electrostatic potential
surfaces of Na+·2C� (Figure 2b) indicate that negative charge
densities are delocalized not only on the two oxygen atoms
but also over the whole curved p network. In contrast to the
negative charge, the positive charge is localized on the Na
atom.

To obtain information on the structural features of this
system, we examined the curvature of 2C� and its redox
species, neutral quinone 7 and dianion derivatives,[15] by DFT
calculations using the crystal structure of 7 as an initial
structure. Interestingly, the curvature of the studied species
deepens in a stepwise fashion with increasing negative
charge.[16] This finding is in sharp contrast to the parent
corannulene 1 and phenalenyl-fused corannulene systems.[17]

This curvature deepening in the present system is probably
due to the increase in the tethering tendency of the bowl-
shaped skeleton by the decrease of the C1�C2, C1�C15, and
C2�C11 bond lengths with reduction.[18]

To gain insight into the origin of the difference between
the experimental and theoretical hfcc of the Na nucleus (ANa),
we focused on dynamic behavior of Na+·2C� in solution. The
variable-temperature ESR spectroscopy measurements using

Scheme 1. Synthesis of Na+·2C� : a) tBuCl, AlCl3, 0 8C, 62 % (estimated
by 1H NMR spectroscopy); b) Br2, FeBr3, CH2Cl2, �78 8C, 98% (esti-
mated by 1H NMR spectroscopy); c) NaOTBDMS, [Pd(dba)2], (S)-Tol-
BINAP, toluene, 120 8C, 45% (estimated by 1H NMR spectroscopy);
d) Bu4NF, THF, room temperature, 100%; e) Ag2O, toluene, 90 8C,
21%; f) sodium mirror, 2-methyl-THF, room temperature.
TBDMS= tert-butyldimethylsilyl, dba =dibenzylideneacetone, (S)-Tol-
BINAP= (S)-(�)-2,2’-bis(di-p-tolylphosphino)-1,1’-binaphthyl.

Figure 1. Observed a) ESR (microwave frequency: 9.44283 GHz) and
b) 23Na ENDOR spectra at 270 K and c) ESR (microwave frequency:
9.44284 GHz) and d) 23Na ENDOR spectra at 210 K for Na+·2C� in an
oxygen-free 2-methyl-THF solution (5 � 10�3

m). Asterisks denote spu-
rious noise arising from strong RF irradiation.

Table 1: Experimental and calculated hyperfine coupling constants
(hfccs, in mT) of Na+·2C� .

H6 H8 H10 H(tBu) Na

Obsd(270 K)[a] �0.075 + 0.035 �0.026 + 0.005 �0.042
Obsd(210 K)[a] �0.075 + 0.034 �0.025 + 0.005 �0.048
Calcd[b] �0.071 + 0.031 �0.030 + 0.006 �0.123

[a] Values and relative signs were determined by 1H and 23Na ENDOR/
TRIPLE spectra. [b] Hfccs of the optimized structure calculated at the
UBLYP/6-31G(d,p) level of theory.

Figure 2. a) Spin density distribution of Na+·2C� and b) electrostatic
potential surfaces of Na+·2C� (unsubstituted) calculated at the UBLYP/
6-31G(d,p) level of theory. The red color in (a) denotes positive spin
density. The blue and red regions in (b) represent large positive and
negative charge distributions, respectively.
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dual-sample-port cavity equipment demonstrated that the
g value and signal intensity at 210 K are identical to those at
270 K (Figure 3).[13, 19] However, the line shapes of the ESR
spectra differ significantly (Figure 1a, c). Interestingly, the

variable-temperature 1H and 23Na ENDOR/TRIPLE meas-
urements (Figure 1b, d)[13] indicate that ANa becomes more
negative with lowering temperature while hfccs of the protons
are unchanged (Table 1). The ESR spectral simulation[20]

showed that the line-shape change is due to only the
temperature-dependent ANa value. To gain in-depth knowl-
edge about this temperature-dependent behavior, we carried
out additional ESR spectroscopy measurements of Na+·2C� at
190, 225, 240, and 290 K in solution.[13] The ESR spectral
simulations[20] indicate that the absolute value jANa j
increases with lowering temperature (Figure 3)[21] and grad-
ually approaches the value of the optimized structure
(0.123 mT in Table 1). These experimental results suggest
the following points: 1) The temperature-dependent change
in ANa is due to the positional change of the Na cation relative
to 2C� . 2) With decreasing temperature, the position comes
closer to that of the optimized structure. 3) Therefore, the
experimental ANa value at 270 K is significantly different from
the calculated one of the optimized structure, while the
experimental hfccs of the protons at 270 K are in good
agreement with the calculated ones (Table 1).

To gain insight into the above temperature-dependent
behavior, we calculated ANa of Na+·2C� for defined positions of
the Na cation relative to 2C� by the DFT method. We set up x,
y, and z axes and angle q (see inset of Figure 4)[22] to define the
position of the Na cation. For the positional change of the Na
cation, we focused on the motion in the xz plane, keeping a
constant distance between the Na cation and each oxygen
atom. Depending on q, the Na cation moves to the convex or
the concave side of 2C� . Figure 4 shows the angular (q)
dependence of the calculated ANa value of Na+·2C� . When the
angle q is 08, that is, the sodium cation is in the xy plane, jANa j
takes the maximum. As the sodium cation departs from the

xy plane, jANa j gradually decreases.[23] Notably, the exper-
imentally obtained jANa j values (0.040 to ca. 0.052 mT,

Figure 3) are similar to the calculated ones with the angle q in
the range of + 10 and + 12.58 or �10 and �12.58 (Figure 4).
This finding means that the Na cation is not in the xy plane.
Also, the increase of the experimental jANa j value with
decreasing temperature (Table 1, Figure 3) corresponds to the
decrease of q in this model. Another possible model based on
the positional change of the sodium cation on the x axis does
not reproduce the temperature-dependence of jANa j .[24]

Therefore, we have concluded that the sodium cation
approaches the xy plane or the O-C-C-O plane with decreas-
ing temperature. Figure 4 provides another interesting point
for the angular dependence of ANa in this system. An jANa j
value for negative q is always larger than that for the
corresponding positive q value; for example, jANa j=
0.064 mT (q =�108) and jANa j= 0.061 mT (q = + 108). This
difference is clearly due to the intrinsically 3D structure of 2C� ,
in which the p-electronic system of the convex and concave
sides are asymmetrically related to each other.[25] Further-
more, the DFT calculations of some sodium salts of corannu-
lene-based semiquinone radicals with different curvatures
suggest that the difference of jANa j in each side becomes
significantly larger with increasing curvature of the bowl-
shaped skeleton.[26]

In summary, the first bowl-shaped semiquinone radical
salt Na+·2C� has been synthesized, and its 3D spin- and charge-
delocalized natures and redox properties have been charac-
terized. Especially, we emphasize the quantitative evaluation
of the convex–concave dynamic behavior, which originates in
the structural and electronic features of the curved p radical
2C� . This bowl-shaped skeleton has an intermediate geometry
between planar p radical[27, 28] and tetrahedral s radical. At
the present stage, we assume that this dynamic behavior is
attributable to the temperature-dependent influence of
solvation[5d] and thermal motion of the ion pair, thus allowing
a reasonable interpretation of the variable ANa values with the

Figure 3. Temperature dependence of the relative ESR intensity (I, *,
left) and magnitude of hfcc of the Na nucleus (jANa j , &, right) for
Na+·2C� . The relative ESR intensity I represents the ratio of the ESR
intensities of Na+·2C� and DPPH (1,1-diphenyl-2-picrylhydrazyl) mea-
sured under the same conditions (temperature, microwave frequency,
and Q value).[19] The jANa j values were obtained by ESR spectral
simulation.[20]

Figure 4. Calculated hfcc of the Na nucleus (ANa, *) for Na+·2C�

depending on q, which is the angle between the x axis and the line
connecting the Na cation with the origin O. The distance between the
Na cation and each oxygen atom is constant. Positive and negative q

values mean that the Na cation is in the concave and convex sides,
respectively. The calculations were carried out at the UBLYP/6-31G-
(d,p) level of theory. In the inset, tert-butyl groups are omitted for
clarity.
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help of state-of-the-art quantum chemical computations.
These findings demonstrate that this class of o-semiquinone
radical salts with curved p-conjugated systems is an intriguing
model system not only for studying the dynamic behavior of
the ion pair but also for gaining molecular-level information
on the electronic structure of convex and concave faces in a
curved open-shell system by the use the countercation as a
probe. Taking advantage of the high stability and chelating
ability of 2C� , we are currently investigating chelating
complexes with paramagnetic metal ions. Intra- and inter-
molecular magnetic interactions and valence tautomerism
phenomena of metal–organic hybrid systems in curved p-
conjugated radical ion species are of great interest for
developing molecule-based functional materials displaying
3D spin and charge delocalization in the solid state and
electronic-spin structures associated with the dynamic behav-
ior in the solution state.[3, 29–32]
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