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The interplay between structural strain and conjugation
makes two families of polycyclic hydrocarbons—bucky-
bowls[1] and overcrowded ethylenes (OEs)[2]—particularly
appealing. This interplay gives rise to a rich stereochemistry in
OEs, and allows buckybowls, which are polycyclic hydro-
carbons that can be mapped onto fullerene surfaces, to be
used as model compounds[1,3] and possible precursors[4] for
curved carbon-rich structures such as fullerenes and carbon
nanotubes.[2] Buckybowls are also interesting because of their
organometallic[5] and supramolecular[6] chemistry, photophys-
ical properties,[7] and reduction capacity.[8,9] Corannulene
(C20H10), the archetypal buckybowl, is the smallest curved
subunit of C60.

[1] Corannulene can accept several negative
charges because of the double degeneracy of its lowest
unoccupied molecular orbital (LUMO), which arises from its
high symmetry. Reduction of corannulene and other buck-
ybowls often leads to unusual structural and electronic
phenomena,[8] such as anisotropic charge redistribution[10]

and self-assembly through different binding modes.[11]

The stereochemistry of OEs has fascinated chemists for
over a century[12] and has promoted the return of OEs to the
spotlight of material science as structural elements in
molecular machines and switches.[2, 13] OEs can be intercon-
verted between the principal conformations, that is, folded
and twisted, by applying external stimuli, such as heat,[12,14]

pressure,[12,15] photoexcitation,[14] and redox chemistry.[16] To
the best of our knowledge, in every OE studied so far,
reduction or oxidation relieves the steric hindrance present in
the neutral molecule by decreasing the conjugation between
the two units, thus effectively converting the OE into a
twisted biaryl unit.[16, 17] An elegant exploitation of this
property for switching was demonstrated by Feringa and co-
workers, where a redox reaction of a bithiaxanthylidene
derivative served as input in a three-state luminescent

switch.[18] The opposite phenomenon, where reduction of a
biaryl unit increases the double-bond character of the tether
connecting the two subunits is extremely rare and has only
been demonstrated so far in small molecules, such as biphenyl
and 1,1’-binaphthyl.[19]

Herein we describe the alkali-metal reduction of bicor-
annulenyl (1), a large biaryl composed of two corannulene
units, and demonstrate that the single bond tethering the two
corannulene units acquires a substantial double-bond char-
acter upon charging to a dianion, thus effectively transform-
ing 1 into a charged OE (Scheme 1).

The dynamic stereochemistry of neutral 1 has been
recently elucidated by our research group.[20] Compound 1
contains two chiral elements: the asymmetry of a monosub-
stituted corannulenyl bowl, and the helical chirality around
the central bond. Together, these elements give rise to rich
stereodynamics. The neutral molecule displays twelve stable
conformations, but because of the low energy barrier for
breaking the p conjugation between the units (1–2 kcal mol�1,
similar to biphenyl),[21] only three chiral diastereomers (three
pairs of enantiomers) are observed in the 1H NMR spectrum.
The diastereomers interconvert through bowl-to-bowl inver-
sions and rotations about the central bond. To facilitate the
discussion, each conformation is annotated according to the
following conventions: R/S for right or left twist of the tether;
P/M for the handedness of the bowls; and a subscript number
denoting the twist angle. Thus, enantiomers would have
inverse annotations, for example, S.PP139 and R.MM�139.

When bicorannulenyl is reduced by using potassium metal
in [D8]THF,[22] a diamagnetic species is observed in the
1H NMR spectrum at low temperatures (Figure 1). The
spectrum at 190 K consists of two sets of absorptions spread
over a range of D = 6 ppm, each with one singlet and eight
doublet signals, with a relative integration ratio of 3.8:1. As
the temperature is increased, the spectrum disappears rever-
sibly without change in chemical shifts, thus indicating rapid
equilibrium with a thermally accessible triplet spin state.[23]

2D NMR experiments (COSY and NOESY) indicate that the
two sets of signals represent two separate diastereomers that
interconvert on the NMR timescale. All 1H and 13C NMR

Scheme 1. Reduction of bicorannulenyl (1) with elemental potassium.
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signals were assigned for the major isomer (assisted by
theoretical calculations; see below). The full assignment
reveals a complete reversal of signal ordering relative to the
1H NMR of diatropic neutral 1, hence demonstrating a strong
paratropic ring current in the anion (Figure 1).

When this anion is reduced further, the well-defined
1H NMR spectrum disappears and a weak broad signal
appears at around d =�3.7 ppm (200 K).[24] This high-field
signal is typical for the antiaromatic corannulene dianion,[8b]

and identifies the second reduction state of bicorannulenyl as
a tetraanion with two additional electrons in each corannu-
lenyl bowl. This result allows us to conclude that the first
reduction state, which is in the focus of the work presented
herein, is a dianion. To verify this hypothesis, we calculated
the 13C NMR chemical shifts of all possible minimum energy
conformations of the dianion and tetraanion at the DFT level
and compared them to the experimental assignment.[24] The
calculated chemical shifts are consistent with the charge
assignment of a dianion. The calculations show an average
chemical shift difference between calculated and observed
values of less than 12 ppm for all computed conformations of
the dianion, compared to a difference greater than 25 ppm for
the most stable conformation of the tetraanion.[24]

Having identified the reduction state of the observed
species, the two sets of signals were assigned to the
appropriate conformations of the bicorannulenyl dianion.
Based on the chiral elements of bicorannulenyl mentioned
above, its stereochemistry can be represented on the face of a
cylinder (Figure 2).[20] On this stereodynamics map, the
vertical axis denotes bowl-to-bowl inversion, and the circular
axis denotes a 3608 rotation around the central bond.
E isomers appear on the front face of the cylindrical map,
and Z isomers appear in the back.

The geometries were optimized, and their energies and
vibration frequencies were computed for all thirteen mini-

mum-energy conformations found, as well as for the tran-
sition states that arise from the bowl-to-bowl inversions (e.g.,
S.P143), sterically hindered rotations around the central bond
(e.g., S.PP165), and E/Z isomerizations (e.g., S.PP90). The
thirteen stable conformations are divided into six pairs of
enantiomers, and a single achiral isomer (PM180).

Gas-phase calculations predict three stable diastereomers
(PM180, S.MM156/R.PP�156, and S.PP20/R.MM�20), out of the
seven possible stereoisomeric conformations. However, the
1H NMR spectrum shows only two sets of signals. This
discrepancy can be explained by a fast exchange between
two of the most stable diastereomeric conformations, thus
producing a single set of absorptions that represents an
average conformation. Because all gas-phase-calculated
energy barriers are of similar magnitude (5–10 kcalmol�1),
and since the neglected ion pairing and the solvation further
modify the potential energy surface of the conformational
dynamics, it is impossible to decide which exchange pathway
is faster, and thus to assign NMR absorptions unequivocally.
However, the calculated spectrum of the PM180 isomer fits
best to the experimental 13C NMR chemical shifts of the
major isomer,[24] thus suggesting that PM180 might be the
major isomer in solution.

By using exchange NMR spectroscopy (EXSY),[24, 25] we
have measured the rates of the chemical exchange between
the two observed isomers at 190 K. Based on these rates, the
energy barrier for conversion of the major isomer into the
minor isomer was calculated to be DG�

190K = (11.1� 0.1) kcal
mol�1 by using the Eyring equation[26] . According to the
stereochemical analysis (Figure 2), this barrier must arise

Figure 1. 1H NMR spectra of a) 1 and b) 12� at 190 K. Representative
signals are annotated (see Scheme 1 for numbers, minor isomer
signals are marked with *). Note the change in the spectral range. Figure 2. Stereodynamics map for 12�. Stable conformations are repre-

sented by circles. Dotted lines represent bowl-inversion pathways, and
the labels on these lines represent the transition states and their
energies. The numbers represent calculated Gibbs free energies in
kcalmol�1 relative to the lowest energy conformation S.MM156/R.PP�156

at 190 K.
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from two consecutive conforma-
tional changes, that is, either a
combination of bowl inversion and
bond rotation, or two consecutive
bond rotations.

The most important observation
from the computational results is
that in the calculated geometries of
the 12� isomers, the central bond
becomes shorter and the central
twist angle is flattened compared
to both neutral 1 and 14� (Table 1).

Additionally, the energy barriers for the E/Z isomerization
are significantly higher in the dianion (8–10 kcal mol�1) than
in the neutral compound (1–2 kcalmol�1, similar to that of
biphenyl).[20,21] These results suggest an increase in bond order
for the tether in 12�. Each bowl bears an additional electron,
thus rendering the bowls equivalent in the NMR spectra and
reversing the ring current to paratropic. This species is a
closed-shell singlet system at low temperatures; an increase in
temperature populates the close-lying triplet state.[23]

Further support for the dianionic structure shown in
Scheme 1 is obtained from bond-order considerations. Inter-
estingly, in all Lewis resonance structures of a dianion with a
central double bond, the bond orders on the rim (a–e,
Scheme 2) are fixed at their positions, and alternate from
single to double along the rim of each bowl. Bond length
alternation was indeed observed in the DFT-level calculated
isomers of 12� but not in 1 or 14� (Table 2). Compelling
experimental evidence for this model comes from the strong
alternation of the 1JHH coupling constants along the periphery
of the bowl (Table 2), thus supporting the theoretically
predicted trend. This alternation upholds the hypothesis
that the central bond has significant double-bond character,
because only a double bond between the bowls would fix the
bond orders on the rim in the observed manner.

A simplistic “annulene-within-an-annulene” model pre-
dicts that the added electron resides on the pentagon of each
bowl and renders it aromatic with six p electrons (a H�ckel
number). However, according to a higher-level charge
distribution analysis obtained with natural population anal-
ysis (PBE0/6-311G**),[24, 27] most of the charge is located on
the periphery of the bowl. The strong anisotropy of the
system, which is evident from the strong paratropic ring
current, prevented us from obtaining a reliable experimental
charge distribution from the differences in the 13C NMR
signals. The calculated charge distribution in 12� is similar to
that of other corannulene anions, in which excess charge is
usually distributed on the rim,[10c,d, 28] probably to minimize
Coulombic repulsion within each bowl.

The change in bond order observed in 12� can be
rationalized with a frontier molecular orbital analysis. While
the highest occupied molecular orbital (HOMO) of the
neutral molecule features an antibonding p overlap along the
tether (Figure 3a), the HOMO of the dianion features a clear
bonding interaction (Figure 3 b), which contributes to the
double-bond character.

In several small biaryl molecules that exhibit an increase
in bond order of the tether upon reduction, the LUMO also
features a localized double-bond character on the central
bond.[19] The transformation occurs in 12�, despite the over-
crowded 1,1’-binaphthyl moiety that can be traced on its
skeleton, and probably occurs with greater ease than in
1,1’-binaphthyl itself[19b] because of the curvature introduced
by the corannulene bowls. The curvature minimizes the
mutual steric repulsion by removing the protons situated on
both sides of the tether from its plane in opposite directions.
When the molecule adopts the PM180 conformation in which
the bowls face opposite directions (Ci symmetry; Figure 4) the
steric crowding is minimized while the double-bond character
of the central bond can retain its planarity in this conforma-
tion (Table 1).

Table 1: Calculated lengths and twist angles of the central bond.[a]

Central 1[20] 12� 14�

bond S.PP44 S.PM58 S.MM137 S.PP20 PM180 S.MM156 S.MM147

length
[�]

1.482 1.484 1.480 1.431 1.410 1.432 1.494

twist
angle [8]

44.4 57.5 137.0 19.7 180.0 155.7 147.0

[a] Calculations performed at the PBE0/6-31G* level. Only stable isomers
(DG<2 kcalmol�1 relative to others) are considered.

Scheme 2. Possible resonance Lewis structures of 12�. The number of
structures is calculated for one additional electron in each bowl.

Table 2: Bond order alternation in neutral 1 and its anionic species.[a]

1[20] 12� 14�

Bond lengths 1JHH Bond lengths 1JHH Bond lengths
Bond S.PP44 S.PM58 S.MM137 S.PP20 PM180 S.MM156 S.MM147

a 1.394 1.395 1.395 1.459 1.463 1.453 1.398
b 1.384 1.385 1.385 8.7 1.382 1.378 1.382 9.0 1.451
c 1.385 1.386 1.385 8.8 1.412 1.410 1.416 7.5 1.414
d 1.385 1.386 1.384 8.7 1.392 1.385 1.388 8.6 1.405
e 1.385 1.386 1.386 8.9 1.397 1.405 1.403 7.7 1.450

[a] Calculated bond lengths ([�]; PBE0/6-31G*) and experimental 1JHH coupling constants (Hz, major
isomer) along the periphery of the bowls in neutral, di-, and tetraanionic bicorannulenyl.

Figure 3. HOMOs of a) 1 (S.MM137) and b) 12� (PM180; PBE0/6-
311G**).
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In addition to the molecular orbital rationalization, other
driving forces for the enhanced double-bond character of the
tether might be involved. One is the increased resonance
energy, gained from improved conjugation between the bowls
and resulting in electron delocalization over a particularly
large system. The other driving force is the avoidance of
antiaromaticity—in the alternative charge distribution model
for 12�, two electrons are delocalized on one bowl (under-
going charge hopping[29] to the other, neutral bowl), thus
rendering it unfavorably antiaromatic.[8b] Overall, the dianion
avoids this situation by becoming a conjugated, closed-shell
system with a localized double-bond tether.

To summarize, it was found that upon converting neutral
bicorannulenyl to a dianion, the central bond assumes double-
bond character. This transformation of a large biaryl system
to an overcrowded ethylene is especially impressive because
of the anticipated steric crowding of the central bond, around
which there is a 1,1’-binaphthyl substructure. The crowding is
effectively avoided by the introduction of a curved element,
the corannulene bowl. Evidence for this transformation was
provided by theoretical calculations and corroborated exper-
imentally by NMR spectroscopy, which shows a clear bond
alternation pattern at the rim of the bicorannulenyl dianion.
The stereochemistry of this special charged overcrowded
ethylene was also described with the help of a combined
theoretical and experimental approach. We anticipate that
the introduction of the corannulene functionality into the
area of overcrowded ethylenes and molecular machinery will
serve to advance new functionality in the field.
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Figure 4. The PM180 conformation of 12� (PBE0/6-31G*).
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