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The bicorannulenyl molecule is composed of two chiral bowls tethered by a single bond in a helical
fashion. This simple combination of two chiral motifs gives rise to rich dynamic stereochemistry, where
12 conformers interconvert through bowl inversions and central bond rotation, and enantiomerizations
occur via multistep processes. Interestingly, 8 out of 10 transition states are chiral, giving rise to mostly
chiral enantiomerization pathways, where the molecule changes chirality without passing through an
achiral conformation. However, analysis of the stereochemical landscape by DFT calculations and variable
temperature NMR spectroscopy reveals that the energetically most favorable enantiomerization pathway
passes through one of the two achiral transition states. Single-crystal X-ray diffraction corroborates the
DFT results and provides information on packing modes of bicorannulenyl molecules in the solid state
that have not been seen previously for other buckybowls.

Introduction

Curved geodesic polyarenes have appealed to chemists ever
since the discovery of fullerenes.1 Bowl-shaped polycyclic
aromatic hydrocarbons that can be mapped onto the surface of
C60 hold a promise for better syntheses of fullerenes,2 offer a
unique arena for studying the effect of curvature on aromaticity3

and exhibit unique reactivity, such as supramolecular aggrega-
tion in the anionic state4 and complexation of transition metals.5

The dynamic stereochemistry of corannulene (1) has been
extensively researched in experiment and theory over the past
15 years. Structure 1 is the smallest curved fragment of C60,
undergoing rapid bowl inversion at room temperature.6 Various
aspects of the inversion dynamics have been studied, including
the quadratic curvature-energy correlation7 and the dependence
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of curvature on charge,8 position of substituents7 and hetero-
substitution.9

Dimers and oligomers of corannulene display promising
capabilities for conduction10 and hosting, along with complex
stereochemistry.11 For example, the concave-concave conforma-
tion of a bis-corannulene “clamshell” recently synthesized by
Sygula et al. is capable of embracing a C60 molecule, forming
a host-guest complex in solution and in the solid state.12

Bicorannulenyl (2) is made of two corannulene bowls linked
by a single covalent bond. The chirality of 2 can be viewed as
a combination of two “chiral motifs”: the asymmetry of each
curved, monosubstituted corannulenyl bowl and the helical
chirality about the central σ-bond, analogous to ortho-substituted
biphenyls.13 When combined, these structural elements afford
rich dynamic stereochemistry, with many combinations of bowls
and twists about the central bond. Unlike dicorannulenyloctane
(3), whose stereochemistry has been studied in the past,11a the
bowls in bicorannulenyl are conjugated. This introduces new
considerations into the stereodynamic energetics. In this work,
the dynamic stereochemistry of bicorannulenyl is unraveled by
a combined experimental and theoretical approach.14

Results and Discussion

Temperature-dependent 1H NMR spectra of 2 reveal a
dynamic process in the molecule (Figure 1). At room temper-
ature and above, a single set of peaks consisting of one singlet
and eight doublets is observed, corresponding to hydrogen 2
and the other eight hydrogens, respectively. As temperature is
lowered the resonances broaden, and when the spectrum finally
sharpens near 200 K, three sets of peaks are evident rather than
one. The three sets represent three separate diastereomers, as
shown by 2D-NMR experiments (COSY and NOESY).

To account for the dynamic NMR results, we have analyzed
the stereochemical space of bicorannulenyl. The chirality arising
from the curvature of each bowl was denoted as P or M,

according to previously suggested nomenclature.15,16 The tor-
sion angle was defined as the dihedral angle φ between C2-C1-
C1′-C2′:17 a right-handed helix (S) at 0° < φ < 180°, and a
left-handed one (R) at -180° < φ < 0°.

Four combinations of bowls exist in 2, denoted PP, MM, PM
and MP (the latter two are meso forms), interconverting by bowl
inversions as shown in Figure 2. The value of the torsion angle
is required to understand how these combinations relate to each
other in space. MM and PP are enantiomers when their φ is of
opposite sign; PM and MP are also enantiomers under these
conditions, except at 0° and 180°, where they are identical. In
all other cases, each pair of conformers is diastereomeric.

The right and left helices are separated by energy barriers
for bond rotation, where the energy reaches maxima at torsion
angles close to 0° and 180° (Figure 3). These barriers arise from
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FIGURE 1. Dynamic 1H NMR spectra of bicorannulenyl. The inset
shows a blown up spectrum recorded at 190 K with representative
absorptions from the three sets (a, b, c) denoted.

FIGURE 2. Combinations of bowl-shaped corannulenyl moieties and
transitions between them, with the dihedral angle between the bowls
fixed at 180° (note that at this dihedral angle the PM and MP
combinations are identical).
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steric repulsion, as at 0° H2/H2′ (and H10′/H10) are in the
greatest proximity, and at 180° H2/H10′ (and H10/H2′) collide.
In addition, one should expect small energy barriers near (90°
due to loss of π-conjugation when the bowls are perpendicular
to each other, as in biphenyl.18 A 360° sweep of the torsion
angle in a given species thus passes through four stable
conformations and four energy barriers (Figure 3): two due to
steric hindrance and two due to conjugation loss. In MM and
PP, the steric hindrance barriers are expected to occur at φ angles
deviating from 0° and 180°, because these transition states are
asymmetric, unlike in PM0 (Cs) and PM180 (Ci).

To confirm this analysis, the energy was scanned along a
full 360° cycle of the torsion angle φ, starting from a fully
optimized structure at φ ) 44° for the S.PP and at φ ) 58° for
the S.PM (minima structures, see below) and continuing with
single point calculations, where the bowls’ internal structure is
held fixed and φ is varied by 5° or less (Figure 4).16 As expected,
there are two large steric hindrance energy barriers, near φ )
0° and 180°, which are exaggerated in magnitude due to the
partly optimized structures employed in the scan. In addition,
two small barriers rising to 1-2 kcal ·mol-1 are observed at φ

)(90°, which arise from conjugation loss. The PM0 and PM180

steric hindrance barriers include a minute double hump (less

than 1 kcal ·mol-1 in the single point scan, symmetrically
centered around 0° and 180°), which arises from the fact that
in the “rigid bowls” model used for the angle scan, the hydrogen
pairs on each side of the tether collide at two different torsion
angles.19

When the two degrees of freedom in the molecule, bowl
inversion (Figure 2) and bond rotation (Figure 3), are combined,
the resulting stereodynamics can be sketched upon a “stereo-
dynamics map” as shown in Figure 5. The map presents all
possible conformations and the transition states for their
interconversions, their relative energies and exact dihedral
angles, as determined using DFT calculations.20 An important
observation is that pairs of enantiomers are located always on
the same “face” of the cylinder wall (front/rear as the map is
drawn) on opposite “sides” (left/right). The map also outlines
the various enantiomerization pathways. For example, S.PM122

can enantiomerize to R.MP-122 in a single rotation about the
central bond, while an enantiomerization of S.PP44 from the
upper “deck” to R.MM-44 in the lower one requires at least
two bowl inversions and one bond rotation.

The vertical coordinate, which represents bowl inversion, is
drawn as wide “curtains” rather than as single lines to emphasize
the negligible disturbance of the conjugation loss barriers to
the bond rotation motion at the transition state even at low
temperatures. A φ-scan performed with one bowl locked in its
inversion transition state geometry revealed a conjugation loss
barrier that was as low as that calculated with full geometry
optimization.16 Thus, the isomerization from S.PP44 to S.PM122,
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FIGURE 3. Circular coordinate for bond rotation, with the bowls arbitrarily fixed in the MM conformations. Notice that the bowl on the right is
fixed, and the bowl on the left rotates. The expected values of the dihedral angles of stable conformations and of transition states are denoted in
circles and triangles, respectively. In the dashed boxes the full names are given for the conformations: S or R for the helix (determined according
to the helix nomenclature), M or P for the bowls and the dihedral angle in subscript (positive for S and negative for R).

FIGURE 4. Energy scan along φ with frozen bowl geometries, for
upper and lower decks (MM + PP, based on S.PP46) and the middle
deck (PM, based on S.PM60). Arrows mark the conjugation loss barriers.

Dynamic Stereochemistry of Bicorannulenyl
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for example, is practically observed in the NMR time scale as
a direct transition.

The stereochemistry delineated in the map can finally be
applied to explain the three NMR absorption sets at low
temperatures. The minute energy barriers for conjugation loss
allow rapid interchange between “45°”/“135°” conformations
even at 190 K. Thus, for instance, S.MM45 and S.MM137 appear
in the NMR as a single averaged S.MM stereoisomer. Hence,
the 12 conformations practically represent six stereoisomers,
divided into three pairs of enantiomers, which explains the three
sets of NMR absorptions when dynamic processes are slowed
down.

To further assign the absorptions to structures, the populations
of the stereoisomers were determined from the NMR integration
ratios. At 190 K, two strong sets of signals and one weak set
are seen in relative populations of 69%:28%:3%. Similarly, the
calculations, corrected for 190 K, reveal two low-energy
diastereomers (S.PP/R.MM and S.MM/R.PP) and a high-energy
one (S.PM/R.MP). Their energy differences can be translated
into relative populations of 50%:45%:5%. Therefore, the
weakest set of signals c can be assigned to the S.PM/R.MP
diastereomer, and a and b to S.PP/R.MM and S.MM/R.PP.21

Symmetry considerations support this assignment, as S.PP/
R.MM and S.MM/R.PP possess near-C2 symmetries, whereas
S.PM/R.MP has no apparent symmetry elements.

A comparison of calculated stable geometries and conforma-
tions in the crystal demonstrates the difference between gas-

phase calculations and the constraints of solid-phase packing.
The compound crystallized in the orthorhombic space group
Pbca, and since this group is centrosymmetric, each diastere-
omer crystallizes along with its enantiomer in a 1:1 ratio. Two
diastereomeric forms of the molecule are present in the crystal
in a 70%:30% ratio. Thus, four of the 12 possible conformations
of bicorannulenyl are found in the crystal.

The major isomer in the crystal is a “S.PP38/R.MM-38” pair
of enantiomers, which is close in geometry to the S.PP44/
R.MM-44 pair that was found to be the lowest in energy
according to the DFT calculation, when corrected to the
crystallization conditions (573 K, 1 × 10-3 torr). The minor
isomer found in the crystal is a “S.PM118/R.MP-118” enantiomer
pair. This pair is close in geometry to the S.PM122/R.MP-122

pair, which was calculated to lie 1.0 kcal ·mol-1 higher in energy
than the major isomer. Crystal packing forces evidently
overcome this minute gas-phase calculated difference. It should
be noted that the calculated isomer ratio between the S.PP44/
R.MM-44 and S.PM122/R.MP-122, corrected for the crystalliza-
tion temperature, is 34:15%. This ratio is in excellent agreement
with the 70%:30% ratio between the “S.PP38/R.MM-38” and
“S.PM118/R.MP-118” isomers experimentally observed in the
crystal.

The solid-state packing of bicorannulenyl involves several
different intermolecular interactions, including hydrogen bond-
ing and π-π stacking (Figure 6). One of the corannulenyl
subunits is responsible for the formation of a hydrogen-bonded
network, and the other bowl forms aligned stacks based on
concave-to-convex π-π interactions. Two different types of
hydrogen bonding are identified, where both concave and convex
surfaces serve as acceptors of hydrogen bonds.

(21) The calculated difference in energy between S.PP and S.MM is too small
to assign them to (a) or (b) unequivocally. The implications of this vagueness
on the actual stereochemical picture are negligible.

FIGURE 5. Stereodynamics map for bicorannulenyl. Stable conforma-
tions are represented by circles. The exact names (which include the
DFT calculated dihedral angles) are given for all 12 conformations
and 16 transition states. The numbers represent calculated energies in
kcal ·mol-1, relative to the lowest energy conformation S.PP44/R.MM-44,
at 298.15 K.

FIGURE 6. (a) A fragment of the solid-state structure of 2 showing a
3D network formed via hydrogen bonding and π-π interactions. (b)
Schematic representation of interactions in the crystal structure of 2.
Overlapping symbols (π-π and H-H) signify concave-to-convex π-π
interactions and hydrogen bonds, respectively. Single-headed arrows
represent additional hydrogen bonds (arrows point toward the hydrogen
bond acceptor). Double-headed arrow represents additional, convex-
to-convex, π-π stacking interactions.16

Eisenberg et al.
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In addition, unique convex-to-convex interactions are found
in the bicorannulenyl packing pattern. Such interactions, which
are obviously a major motif in the crystal packing of fullerenes,22

have not been observed previously in the crystal packing of
corannulene or other known buckybowls. Although they are
slightly longer and thus weaker than concave-to-convex π-π
interactions, they are still very well inside the limits set for π-π
interactions in benzene dimers.23 These new interactions ap-
parently contribute additional solid-state packing forces, which
bias the crystallization preference toward the S.PM122/R.MP-122

isomer over three other diastereomers that are lower in energy
according to DFT calculations.

The difference between the two types of bowls in bicoran-
nulenyl is further emphasized by a comparison of single-crystal
X-ray diffraction and DFT structural data. Corannulenyl units
taking part in the concave-to-convex π-π stacking exhibit the
largest deviations between the crystal and calculated structures.
This average difference is 4.2% and 1.3% for bond lengths and
angles, respectively, in the major isomer (S.PP44/R.MM-44) and
9.6% and 4.6% in the minor (S.PM122/R.MP-122). In comparison,
the differences in the bowl that interacts chiefly through
hydrogen bonding are 0.3-0.4% for bond lengths and angles
in both the major and minor isomers.

The important geometrical parameters in 2 are bowl depth24

and torsion angle, and again the single-crystal X-ray diffraction
findings agree well with DFT predictions. Bowl depths in the
crystal are within 0.06 Å of the calculated values; torsion angles
deviate by only 4.7-6.4°.16

The calculated energies of the multiple transition states can
be compared to energy barriers obtained from dynamic NMR
experiments and to known values of simpler analogues of
bicorannulenyl. In biaryls, energy barriers for rotation about the
central σ-bond span from 1.5 kcal ·mol-1 in biphenyl to 45.2
kcal ·mol-1 in the crowded 9,9′-bianthryl.25 In bicorannulenyl,
the lowest steric-hindrance rotation barrier belongs to PM180

(12.9 kcal ·mol-1). At this barrier, φ equals exactly 180°, and
therefore the preferred rotation pathway in 2 is transoid. The
same is found for 1,1′-binaphthyl, a smaller analogue that can
be mapped onto the bicorannulenyl skeleton.26 However,
rotation is easier in bicorannulenyl than in 1,1′-binaphthyl:25,27

only 12.9-19.8 kcal ·mol-1 compared to 22.5-32.4, respec-
tively. This reduction in barrier height can be explained by the
curvature of the polycyclic skeletons in 2, which increases the
distance between the colliding hydrogens pairs, thus reducing
the steric crowding that gives rise to the barrier.

With respect to the small rotation barriers arising from
conjugation loss, bicorannulenyl resembles its analogue 1,1′-
biphenyl (which also maps onto its skeleton). These barriers
rise to 1-2 kcal ·mol-1 18 in both molecules, indicating a similar
degree of conjugation. Rotation about a single bond is hardly
influenced by conjugation, either in solution or in the gas phase.

Rotations about the σ bond represent one mechanism for the
conversion of one diastereomer to another, while bowl inversions

represent an alternative. This is best exemplified by intercon-
versions between the two major pairs of enantiomers, S.PP/
R.MMh S.MM/R.PP (signal sets a and b in the NMR, Figure
1). The stereodynamics map shows how this process can proceed
through two alternative pathways: (1) two bowl inversions turn
S.PP into S.MM; (2) a single rotation about the σ-bond converts
S.PP to R.PP, which is the enantiomer of S.MM.

Since enantiomers exhibit isochronous NMR absorptions, the
alternative interconversion pathways between the two major
diastereomers would be indistinguishable by NMR. Thus,
calculations are needed to determine the preferred route. Our
DFT results predict energy barriers of 8.7-10.5 kcal ·mol-1 for
bowl inversions in bicorannulenyl. These values fall within the
range of literature barriers for bowl inversion in singly
substituted corannulenes (9-12 kcal ·mol-1)1 and are 1-2
kcal ·mol-1 lower than the smallest steric hindrance rotation
barrier, suggesting that bowl inversions rather than bond
rotations are the preferred pathway for interconversion between
the major isomers.

To further characterize the stereodynamics in the molecule,
the exchange rates of the three diastereomers were experimen-
tally measured by exchange spectroscopy (EXSY-NMR), and
the energy barriers were extracted using the Eyring equation.16

The experimental energy barriers span a range from 12.0 to 13.1
kcal ·mol-1, slightly higher than the known literature range for
bowl inversion in singly substituted corannulenes.1 The nearly
systematic difference of +3 ( 1 kcal ·mol-1 between the
experimental and calculated values may be attributed to the
difference between gas-phase calculations and solution-phase
barriers at 190 K and to imperfection of the computational
model.

The blank spots on the stereodynamics map are finally
colored, as the result of a fertile interplay between theory and
experiment. When cooling a solution of 2, rotation about the
central bond is first to slow down, separating the six diastere-
omers into two groups: three right-handed and three left-handed
helical conformations, where the conformers of each group still
interconvert through bowl inversions. Upon further cooling,
bowl inversions freeze as well, overall resulting in the line
splitting observed in Figure 1 below 250 K.

It is interesting to note that all 12 conformers of 2 are chiral
and, additionally, that 18 out of the 20 transition states are chiral
(i.e., all 8 bowl inversion barriers, all 6 conjugation loss barriers,
and 4 out of 6 steric hindrance barriers are chiral). Most
enantiomerization pathways are thus chiral all the way through.
Such chiral enantiomerizations contain a curious point of latent
handedness,28 where the structure is chiral but its handedness
cannot be determined. It should be noted, however, that of the
two achiral transition states, namely PM0 (Cs) and PM180 (Ci),
the latter is the lowest energy steric hindrance barrier for bond
rotation. Since all enantiomerization pathways must pass through
at least one steric hindrance barrier, the kinetically favored
enantiomerization pathway for each pair of enantiomers is
actually the one that involves an achiral transition state (PM180).

Overall, bicorannulenyl demonstrates how the introduction
of a biarylic structural element brings about complex stereo-
dynamics to the corannulene family. A radical example for the
rich stereochemistry of oligocorannulenes is another molecule
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41.
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from our laboratory, 1,3,5,7,9-pentacorannulenyl-corannulene,fea-
turing no fewer than 1120 distinct conformations, or 280 stable
pairs of enantiomers.

In addition to the stereodynamics, the biaryl motif should
also influence the electronic behavior of bicorannulenyl. This
behavior should come into play, for example, when the molecule
is reduced with alkali metals, facilitating phenomena such as
electron hopping, supramolecular aggregation, and reductive ring
closure. We have already started investigating the anions of
bicorannulenyl, and a unique reduction profile is beginning to
materialize.

Experimental Section

Synthesis. Bicorannulenyl was first prepared more than 10 years
ago,29 and preliminary investigations into its reduction with alkali
metals were reported soon thereafter.30 It has subsequently been
synthesized also by others.31 The procedure used here was modeled
after that reported by Rawal and co-workers.32

Into a 10 mL Schlenk flask with a stir bar were added 600 mg
(1.82 mmol) of bromocorannulene, 0.100 g (0.912 mmol) of
hydroquinone, and 0.594 g (1.82 mmol) of cesium carbonate. The
flask was then purged with nitrogen. Into a heat-dried 5 mL cone
bottom flask with a stir bar were added 22.2 mg (0.0729 mmol) of
tri-o-tolylphosphine and 16.4 mg (0.0729 mmol) of palladium
acetate. This flask was also purged with nitrogen. To each flask
was added 1.95 mL of dimethylacetamide, and the contents of both
flasks were stirred briefly. The catalyst solution was then transferred
to the Schlenk flask by syringe. This mixture was lowered into a
preheated silicon bath at 100 °C and stirred for 24 h under a nitrogen
atmosphere. The reaction mixture was run through a plug of silica
with excess methylene chloride and washed once with a 10% HCl
solution. The organic layer was then dried with magnesium sulfate
and filtered. The solvent was removed under reduced pressure, and
the crude products were purified on a column of silica with a 1:19
methylene chloride/cyclohexane solvent system to give a pale
yellow to white solid (yield 97 mg, 21.3%), mp 160-162 °C. Very
significant amounts of bromocorannulene and corannulene were also
recovered. MS m/z (relative intensity): 498 (M+, 100), 249 (46),
248 (63), 125 (7), 42 (37). HRMS, calculated for C40H18 (M+):
498.1408, found 498.1407. 1H NMR (400 MHz, THF-d8, 320K) δ
8.18 (s, 1H, H2), 7.96 (d, JH,H ) 8.81 Hz, 1H), 7.92 (d, JH,H ) 9.16
Hz, 1H), 7.90 (d, JH,H ) 10.00 Hz, 1H), 7.87 (d, JH,H ) 9.21 Hz,
1H), 7.86 (d, JH,H ) 9.25 Hz, 1H), 7.80 (d, JH,H ) 8.43 Hz, 1H),

7.70 (d, JH,H ) 8.77 Hz, 1H), 7.66 (d, JH,H ) 8.79 Hz, 1H) ppm.
1H NMR (400 MHz, THF-d8, 190K) δ 8.32 (s, 1H, a, H2), 8.50 (d,
JH,H ) 10.09 Hz, 1H, c), 8.49 (s, 1H, c, H2), 8.30 (d, JH,H ) 8.71
Hz, 1H, b), 8.29 (d, JH,H ) 8.72 Hz, 1H, a), 8.21 (d, JH,H ) 9.08
Hz, 1H, c), 8.17 (s, 1H, b, H2), 8.16 (d, JH,H ) 8.96 Hz, 1H, a),
8.10-8.06 (m, 4.85H, b+c), 8.04 (d, JH,H ) 8.96 Hz, 1H, a), 8.00
(d, JH,H ) 8.65 Hz, a), 7.91 (d, JH,H ) 8.69 Hz, 1H, a), 7.72 (d,
JH,H ) 8.96 Hz, 1H, b), 7.54 (d, JH,H ) 9.25 Hz, 1H, c), 7.42 (d,
JH,H ) 8.93 Hz, 1H, a), 6.69 (d, JH,H ) 9.21 Hz, 1H, c) ppm. 13C
NMR (400 MHz, THF-d8, 320K) δ 139.22, 136.21, 136.07, 136.98,
135.72, 135.47, 135.44, 131.23, 131.19, 131.14, 130.95, 130.94,
128.43, 127.31, 127.22, 127.12, 127.01, 126.98, 126.97, 126.82
ppm. 13C NMR (400 MHz, THF-d8, 190K) δ 139.07, 138.67,
136.61, 136.14, 136.01, 135.96, 135.80, 135.69, 135.65, 135.33,
135.20, 135.13, 131.66, 131.54, 131.31, 131.24, 131.03, 130.38,
129.83 (C2), 128.00, 127.83, 127.70, 127.62, 127.43, 127.42, 127.20
ppm.

DFT Calculations. All DFT calculations described herein were
carried out using the GAUSSIAN 03 program package.20 The PBE0
functional33 was employed with the 6-31G* basis set, and energies
were corrected for zero-point and Gibbs free energy at 298 K (unless
stated otherwise).

Crystallographic Procedure. Crystals of bicorannulenyl
(C40H18, 2) suitable for the single-crystal diffraction study were
grown by deposition from the gas phase over 2 weeks at 300 °C.
At temperatures higher than 310 °C traces of decomposition were
observed. An X-ray data set for 2 was collected on an X-ray
diffractometer equipped with graphite-monochromated Mo KR
radiation (λ ) 0.71073 Å). The structure was solved by direct
methods and refined against F2 by the full-matrix least-squares
technique. Data were corrected for absorption effects using the
empirical methods SADABS. The molecule exhibits a half-molecule
diastereomeric disorder so only one-half of all carbon atoms were
refined anisotropically. All hydrogen atoms were included at
idealized positions for structure factor calculations.
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