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: when a transition state becomes
a stable molecule†

Ephrath Solel, ‡*a Doron Pappo, b Ofer Reany, c Tom Mejuch,a

Renana Gershoni-Poranne, a Mark Botoshansky,§a Amnon Stangera

and Ehud Keinan *a

Flat corannulene has been considered so far only as a transition state of the bowl-to-bowl inversion

process. This study was driven by the prediction that substituents with strong steric repulsion could

destabilize the bowl-shaped conformation of this molecule to such an extent that the highly unstable

planar geometry would become an isolable molecule. To examine the substituents' effect on the

corannulene bowl depth, optimized structures for the highly-congested decakis(t-butylsulfido)

corannulene were calculated. The computations, performed with both the M06-2X/def2-TZVP and the

B3LYP/def2-TZVP methods (the latter with and without Grimme's D3 dispersion correction), predict that

this molecule can achieve two minimum structures: a flat carbon framework and a bowl-shaped

structure, which are very close in energy. This rather unusual compound was easily synthesized from

decachlorocorannulene under mild reaction conditions, and X-ray crystallographic studies gave similar

results to the theoretical predictions. This compound crystallized in two different polymorphs, one

exhibiting a completely flat corannulene core and the other having a bowl-shaped conformation.
Introduction

Nature introduces curvature into two-dimensional graphene
sheets by replacing one hexagonal unit with a ring of a different
size. Thus, substitution by a 5-membered ring creates a positive
Gaussian curvature1 whereas the introduction of either a 7- or 8-
membered ring produces a negative Gaussian curvature.2–4

Combinations of multiple substitutions create more complex
architectures,5 such as Scott's warped nanographenes.6–8 One of
the simplest examples of a bowl-shaped structure created by the
introduction of a pentagonal ring is the corannulene mole-
cule9–13 (1) which represents a sub-structure of many three-
dimensional graphene objects, such as the fullerenes and
carbon nanotubes. Considering the great scientic and prac-
tical signicance of the curved graphene structures and other
materials with 5-fold symmetry, the ability to understand and
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control the extent of their curvature is of fundamental impor-
tance for any architectural design of such molecules.

The corannulene bowl depth is dened as the shortest
distance between the center of the pentagonal ring and the
mean plane of the ten carbon atoms that form the molecular
Fig. 1 Experimental15,19 and calculated16,26,28 bowl depths (Å) of cor-
annulene and its derivatives. Experimental values appear in bold,
calculated at B97-D2/TZVP are in italics, and calculated at B3LYP/6-
31G** or B3LYP/cc-pVDZ are in parenthesis.
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Fig. 2 Derivatives of corannulene and their experimental bowl depths
(Å), where relevant.
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rim (see Fig. 1 for the bonds notations). Crystallographic studies
have shown that the bowl depth of unsubstituted corannulene
is 0.875 Å,14,15 and this value changes with the introduction of
substituents on the molecular rim.16 Corannulene is known to
undergo a bowl-to-bowl inversion, and the consensus is that the
at conformation represents the putative transition state of this
equilibrium process.16 This is supported by quantum mechan-
ical calculations, showing that the at structure is a saddle-
point on the potential energy surface. The energy barrier for
this inversion has been shown by Siegel et al. to have a quartic
dependence on the bowl depth: the shallower the bowl, the
lower the inversion barrier.16 The inversion barrier for unsub-
stituted corannulene was estimated to be 10.2 kcal mol�1 or
11.5 kcal mol�1.16,17 Expectedly, increased bowl depths18,19 and
higher inversion barriers20,21 were reported for derivatives in
which two peri-positions were annulated to become part of an
additional 5- or 6-membered ring.22–25 However, computations
and experiments have shown that changing the aromatic
system's electronic properties by either ring annelation26–30 or
benzannulation30–33 on the rim reduces the bowl depth (Fig. 1).

Specic modes of metal coordination, especially h2

complexes with interior carbons, were shown to increase the
bowl depth.34 Other modes of metal complexation have resulted
in signicant reduction of bowl depths.35–41 For example,
Angelici and Rabideau reported that h6 coordination of two
metal atoms, one on each of the corannulene faces, completely
attened the carbon skeleton of the corannulene ligand.42 Other
interactions can also affect the corannulene bowl depth, such as
p–p interactions.43 Stacking of corannulene 1 with other,
planar, aromatic systems shows bowl attening and decrease of
the inversion barrier, as was conrmed experimentally with
ExBox4+ by Siegel,44 and also with other molecular cages serving
as hosts,45–47 or as was calculated for graphene48 and planar
aromatic hydrocarbons.49,50

This study stems from the fundamental question: is it possible
to achieve a completely at, metal-free corannulene? We consider
this question as a specic case of a more general problem: is it
possible to stabilize what is thought to be a transition-state of
a chemical process to such an extent that it would become
a stable, isolable molecule?51–54 Though it is understood that the
TS can never be directly experimentally veried, computational
tools and indirect experimental observations can be employed to
propose reasonable TS structures. Accordingly, such foundational
physical-organic investigations have been undertaken with other
types of reactions, e.g., cyclization reactions.55–57 We were
encouraged by the reports that substituent electronic and steric
effects could signicantly inuence the corannulene bowl depth
(Fig. 2).58–60 For example, reduced depth of 0.72 Å was reported for
sym-pentakis(t-butyl)corannulene (2).61 This effect was found to be
even stronger with decakis(pentynyl)corannulene (0.60 Å),62

decapyrrylcorannulene63 (0.60–0.61 Å), deca(triuoromethyl)-cor-
annulene63 (computed bowl depth of 0.45 Å) and with decaki-
s(phenylsuldo)corannulene (7, 0.486 Å).64 The record for the
shallowest bowl observed experimentally was decakis(4-
chlorophenyl)-corannulene (3, 0.248 Å).65 Nevertheless,
a completely at, metal-free corannulene has never been
observed.
13016 | Chem. Sci., 2020, 11, 13015–13025
Here we report that a sufficiently strong substituent steric
effect stabilizes the at geometry to such an extent that this
highly unstable geometry, which has been considered so far
only in the context of a potential transition state, becomes
a minimum on the potential energy surface for decakis(t-
butylsuldo)-corannulene (8). Interestingly, this corannulene
derivative is unique because it has two different possible stable
structures – one with a at core and one with a bowl structure.
An interplay of different stereoelectronic effects stabilizes each
of the two structures. This observation, which was rst pre-
dicted by DFT calculations, was later conrmed by the synthesis
of 8. X-ray crystallographic studies conrmed that 8 can exhibit
both a perfectly at and a bowl-shaped carbon framework, and
different crystallization conditions prefer one structure over the
other.
Results and discussion

Previous studies with unsubstituted corannulene estimated the
energy difference between the ground state bowl-shaped
conformation and the at transition-state, to be
10.2 kcal mol�1 (209 K)17 or 11.5 kcal mol�1.16 Consequently, the
total attening of the carbon skeleton requires the introduction
of stereo-electronic effects that would destabilize the bowl-
shaped conformation and/or stabilize the at structure by at
least that much. In principle, substitution on the corannulene
rim can affect the bowl depth through three possible mecha-
nisms: (a) steric repulsion between the substituents is expected
to decrease bowl depth; (b) electronic effects arising from
groups with orbitals that could conjugate with the corannulene
p system (an auxochrome effect)66 are also expected to decrease
the bowl depth, and (c) attractive dispersion forces among
substituents is expected to increase bowl depth.67 To examine
these effects, we focused on decakis(suldo)corannulene
derivatives because the sulfur atoms have non-bonding elec-
trons that could decrease the bowl depth via the auxochrome
effect.64
Theoretical predictions

To examine the validity of several chosen DFT methods and the
effect of adding dispersion corrections, we used the M06-2X,
This journal is © The Royal Society of Chemistry 2020
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B3LYP,68,69 B3LYP-D3 (with the Becke–Johnson damping),70

B97D3 and uB97XD methods as implemented in the
Gaussian16 71 package with the def2-TZVP basis set72 to calcu-
late the bowl depths of known compounds whose crystallo-
graphic parameters were available: corannulene 1, sym-
pentakis(t-butyl)corannulene (2) and sym-pentakis(t-
butylsuldo)-corannulene (5)73 (Table 1). As shown in Table 1,
the best agreement between the calculated and the experi-
mental bowl depths is achieved for M06-2X and uB97XD. Both
methods give a mean average error (MAE) of 0.021. B3LYP and
B3LYP-D3 give MAEs of 0.030 and 0.031, respectively, while the
dispersion-corrected functional gives consistently higher bowl
depths. This can also be observed for B97D3, which shows the
general worst t between computations and theory. This func-
tional gives computed bowl depths higher than the experi-
mental ones for all these three examples. As a result, we chose to
use M06-2X for our computations here.

To examine the effect of sulfur rim substitution on the bowl
depth, corannulene 6 (R ¼ H), which has the smallest possible
group on the sulfur atoms, was analyzed at the M06-2X/def2-
TZVP level of theory. The study showed that the most stable
conformer of 6 has a bowl depth of 0.595 Å, shallower than
unsubstituted corannulene. We suggest that this decrease of
bowl depth operates through the auxochrome effect. It has
already been proposed that extension of the p conjugation via
orbital overlap between the corannulene p system and p

orbitals of substituents would expand electron delocalization
and enhance planarity.26,27 The overlap efficiency is expected to
depend on geometrical parameters, mainly the Crim–Crim–S–R
dihedral angle (a, Fig. 2), and on other geometrical features,
such as the rim deformation. Repulsive steric interactions can
deform the rim by pushing the carbon and sulfur atoms above
and below the rim plane. The calculated structure shows that
the Crim–Crim–S–R dihedral angles for compound 6 (R ¼ H) are
small, allowing for orbital overlap (an average �32.5� dihedral
angle).

NBO analysis of 6 (see details in Table S1†) indeed conrmed
this assumption. The second-order perturbation theory analysis
of the Fock matrix in NBO basis shows that the most stabilizing
interactions between the SH groups and the corannulene p

system are the donor–acceptor interactions between the sulfur p
orbital and the antibonding p* orbital of the rim carbons
(amounting to 16–17 kcal mol�1 for each interaction). The
energy of this interaction is expected to decrease as the dihedral
angle increases from 0� to 90�. The second lone pair on sulfur
(which is a hybrid of s and p orbitals) does not show any
interactions with the corannulene p system, only interactions
Table 1 Calculated and experimental bowl depths (Å) of variously
substituted corannulenes. The basis set def2-TZVP was used for all
functionals

Comp. M06-2X B3LYP B3LYP-D3 B97D3 uB97XD Exp.

1 0.888 0.880 0.916 0.941 0.881 0.87
2 0.712 0.681 0.762 0.791 0.720 0.72
5 0.864 0.858 0.895 0.916 0.848 0.90

This journal is © The Royal Society of Chemistry 2020
with the s*(Crim–Crim) with values of ca. 6 kcal mol�1.The other
contributions are relatively smaller: electron transfer from the
s(S–H) to the antibonding p*(Crim–Crim) orbital, and electron
transfer between the bonding p(Crim–Crim) orbital to the anti-
bonding s*(S–H).

Thus, it is clear that the sulfur lone pair perpendicular to the
Crim–S–R plane can form a better conjugation with the cor-
annulene aromatic system than the other sulfur orbitals, either
the spn lone pair or the s(S–H) orbital (for a discussion of the
conjugations effect on bowl depth in the less-sterically hindered
4 see ESI†).

Siegel observed that decakis(arylsuldo)-corannulene (7,
Fig. 2) exhibits quite a shallow bowl (0.486 Å),64,74 even though
the steric demands of a phenyl ring are not very high. Encour-
aged by this observation, we assumed that ten t-butylsuldo
groups on the corannulene rim would exert sufficiently high
steric demands to atten the bowl. In our computations of the
pentasubstituted 5 all the t-butyl groups are on the convex face
of the corannulene core, and they are relatively far from one
another, as can also be seen from the X-ray structure.73However,
once ten suldo substituents are introduced, as in 7, they adopt
an alternating arrangement, with ve groups on either side of
the corannulene molecule. In such molecules, a bowl structure
is expected to drive the substituents on the concave face close to
one another. In contrast, substituents on the convex face are
expected to be further apart, such as in 5. Generally, the larger
the repulsion between the substituents on the concave face, the
shallower the bowl.

Consequently, the structure of 8 (R ¼ t-Bu) was optimized at
the M06-2X level of theory. Our computations resulted in two
possible minimum structures. One exhibited a bowl depth of
0.620 Å, while the second showed a perfectly at structure with
a bowl depth of 0.008 Å. The latter shows sulfur atoms alter-
nating slightly above and below the corannulene plane and the
t-Bu groups connected to these sulfur atoms also residing above
and below the plane. Both structures were also optimized at
B3LYP/def2-TZVP, B3LYP-D3/def2-TZVP, and although indi-
vidual geometric parameters slightly changed with the different
methods, the corannulene core remained consistently planar
for one of the geometries. Furthermore, taking into account
dispersion forces through the D3 correction did not change the
corannulene core's planarity.

M06-2X calculations predicted that the planar conformer of
8 would be more stable by 2.19 kcal mol�1 (ZPE-corrected
energy) than the bowl-shaped conformer. To verify this predic-
tion at higher levels of theory, we performed single point
computations for the two conformers' energies using various
DFTmethods with the def2-QZVP basis set. The results (Table 2)
at all DFT levels show that the energy difference does not exceed
10 kcal mol�1. Most methods indicate that the bowl is more
stable than the planar structure. However, moving up from pure
functionals to hybrids, double hybrids, and ab initio methods
predicts lower energy difference. Few methods predict that the
at structure would be more stable. These methods represent
the state-of-the-art computational methods available for this
molecule. The use of higher basis sets with DLPNO-CCSD(T) is
not feasible for such a large molecule. These results suggest that
Chem. Sci., 2020, 11, 13015–13025 | 13017



Table 2 Calculated single point energy differences between the flat
and bowl-shaped structures of 8 (optimized at M06-2X/def2-TZVP).
Negative values indicate that the bowl structure ismore stable; positive
values find the flat structure lower in energy

Method Basis set DEat-bowl

B97D3 Def2-QZVP �8.73
MN15L Def2-QZVP �7.18
PBE Def2-QZVP �5.32
M06L Def2-QZVP �5.10
TPSSh Def2-QZVP 0.03
B3LYP-D3 Def2-QZVP �4.43
B3LYP Def2-QZVP �0.87
PBE0 Def2-QZVP 0.03
M06 Def2-QZVP �8.85
MN15 Def2-QZVP �0.06
M06-2X Def2-QZVP 1.14
uB97XD Def2-QZVP �2.80
DSDPBEP86 Def2-QZVPP �2.01
DLPNO-CCSD(T)/normalPNO cc-pVTZ 0.14
DLPNO-CCSD(T)/tightPNO Def2-TZVP �0.67

Chemical Science Edge Article
the two structures are very close in energy, differing by only
a few kcal mol�1.

We computed NCIplots75 for the two conformers of 8 (Fig. 3),
to better understand the effects of the t-Bu substituents on the
structure.

The NCI plots suggest van der Waals (vdW) attractive inter-
actions between neighboring sulfur atoms and between the t-Bu
groups on the same side of the corannulene rim. However, the
main interactions appear to be between the t-Bu groups and the
aromatic corannulene core. In the at conformer these disper-
sion interactions are of similar strength for the two sides of the
aromatic plane. For the bowl conformer the interactions on the
convex side of the corannulene are larger.
Fig. 3 Top (upper) and side (bottom) views of NCI plots of the two 8
conformers: (A) the flat structure. (B) The bowl-shaped conformer,
seen from the convex face, and the side. The surfaces are plotted on
the 0.3 au reduced density gradient isosurface. The regions of inter-
action, over a range of �0.04 to 0.04, are represented by color-coded
surfaces, with the maximal attractive interactions in blue, weak vdW
interactions in green and repulsive interactions in red.

13018 | Chem. Sci., 2020, 11, 13015–13025
The comparative examination of the optimized geometries of
the two conformers of 8 byM06-2X (Fig. 4, see ESI† for Cartesian
coordinates) shows differences in the rotation angle of the t-Bu
groups around the S–Ct-Bu bond. In the at conformer, two
methyl groups of every t-Bu group point towards the methyls of
the nearest t-Bu groups, suggesting attractive dispersion forces
(Fig. 4A). In the bowl-shaped conformer, the t-Bu groups on the
convex face are oriented similarly (Fig. 4B, right). However, on
the concave face, one methyl points towards the gap between
two adjacent methyl groups of the nearest t-Bu group, resem-
bling a set of intertwined cog-wheels (Fig. 4B, le). This
arrangement is driven by the reduction of steric hindrance
between the groups, allowing them to come closer together. The
average distance between the quaternary carbons on the
concave face is of 5.526 Å, as compared with 6.189 Å on the
convex face (dashed lines in Fig. 4B). Both M06-2X and B3LYP-
D3 predict qualitatively similar structures. Still, the B3LYP
optimized structure, which does not include dispersion
corrections, shows an intertwined cog-wheels orientation of the
t-Bu groups also on the convex face.

The above ndings reect a delicate balance between
repulsive interactions due to the steric hindrance, attractive
interactions due to dispersion forces, and bond strain in the
corannulene core. When the methyl groups of the t-Bu groups
are close together, forming a bowl structure would require
a reduction of the distances between them, causing a signicant
increase in the energy. This energy penalty compensates the
strain energy of corannulene attening, rendering the at
Fig. 4 Geometries of the two conformers of 8, with the orientation of
the t-butyl groups highlighted (red – two methyl groups pointing
towards the neighboring groups; blue – cog-wheels-like orientation).
The dashed lines mark the distances between quaternary carbons, and
their values are given for both faces. Hydrogens are omitted for clarity.
(A) The flat structure. (B) The bowl-shaped conformer, looking at the
concave (left) and convex face (right).

This journal is © The Royal Society of Chemistry 2020
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structure a minimum in energy. The attening of the bowl
increases the distance between the t-Bu groups to 6.272 Å and
6.275 Å between the quaternary carbons of nearest neighbours
on the two faces. On the other hand, the intertwined cog-wheel
orientation decreases the steric hindrance, allowing for the t-Bu
groups to come closer together and stabilizing the bowl
structure.

Our computations strongly suggest that 8 could adopt two
competing conformers: a perfectly at one (Fig. 3A) and a bowl-
shaped one (Fig. 3B). A gentle interplay between repulsive steric
interactions, attractive dispersion interactions, and the strain of
attening the corannulene core could stabilize either of these
unique structures. As the difference in energy between the
conformers is small, on the order of several kcal mol�1 (see
Table 2), crystal packing forces could shi the preference for
one over the other.
Scheme 1 Synthesis of corannulene penta- and decathioethers.

Scheme 2 Synthesis of 1,3,5,7,9-pentamercaptocorannulene, 4 and
1,3,5,7,9-pentakis(methylsulfido)corannulene, 13. Reagents and
conditions: (a) AlCl3, toluene, 24 h, 59%; or trifluoroacetic acid, triflic
acid, toluene, 80 �C, 17 h, 73%; (b) (1) NaH, DMI; (2) MeI, 24 h, 49%.
Synthesis

To verify the intriguing theoretical predictions, we aimed to
synthesize 1,3,5,7,9-penta(t-butylsuldo)corannulene (5) and
compound 8. The reaction of decachlorocorannulene,76,77 10,
with sodium t-butylsulde in 1,3-dimethyl-2-imidazolidinone
(DMI) at room temperature for 48 hours afforded compound 8
in 60% yield. However, under similar conditions compound 5
was obtained from 1,3,5,7,9-pentachlorocorannulene, 9, in only
22% yield (as reported by us before).73 Other pentaki-
s(alkylsuldo)corannulenes,78–80 were reported previously, but
also in rather low yields (typically between 20% and 55%).
Therefore, to ensure the supply of these key compounds in
sufficient amounts, we examined other synthetic approaches.

Accordingly, metal-catalyzed coupling reactions were exam-
ined because compound 9 has been reacted successfully with
various carbon61,81,82 or oxygen based coupling partners.83,84

Palladium or nickel-catalyzed coupling reactions have been
used in the synthesis of aryl,18,85,86 alkyl,87–89 and alkynyl62,90

corannulene derivatives. We have demonstrated that copper-
catalyzed Ullmann coupling reactions can be used efficiently
in the synthesis of aryloxy83 and alkoxy84 analogs in good yields.
Furthermore, it has been shown that either palladium91 or
copper92,93 complexes can catalyze cross-coupling reactions
between thiols and simple aryl halides. Although aryl chlorides
are less reactive than the commonly used bromides and iodides,
they have also been employed to synthesize thioethers via the
Hartwig–Buchwald procedure.94–97 Considering that chlorocor-
annulenes are signicantly more active than simple aryl chlo-
rides,83 we decided to employ palladium catalysis to form
corannulene poly-thioether.

For the synthesis of 5, the Pd-catalyzed reaction was found to
be signicantly advantageous over the uncatalyzed reaction.
Thus, the reaction of 9 with t-butylthiol was carried out in the
presence of palladium acetate (10 mol%), diisopropylphosphi-
noferrocene (DIPPF, 20 mol%), and sodium t-butoxide in dry
dioxane at 100 �C to produce 5 in 75% yield as compared with
22% in the uncatalyzed substitution reaction (Scheme 1).73 We
also checked the efficiency of this reaction with a primary and
a secondary thiol. Thus, the reaction with n-propyl mercaptane
This journal is © The Royal Society of Chemistry 2020
produced pentakis(n-propylsuldo)corannulene, 11, in 54%
yield in the Pd-catalyzed reaction, as compared with 38% re-
ported for the uncatalyzed reaction.98 Interestingly, with i-
propylthiol as the coupling partner the Pd-catalyzed reaction
proceeded with lower yield (43%) than the uncatalyzed substi-
tution (59%) to produce pentakis(i-propylsuldo)corannulene
(12, more details in the ESI†).

The steric crowding of the ten substituents in 8 was found to
also affect the reactivity of the compound. Complete deal-
kylation of 5 to produce 1,3,5,7,9-pentamercapto-corannulene
(4) could be easily achieved using strong acids (Scheme 2),
such as either AlCl3 (59%) or an equimolar mixture of TFA and
triic acid (73%), as briey described by us previously.99 In
contrast, compound 8 was found to be stable in the presence of
AlCl3, and harsher acidic conditions resulted only in unidenti-
ed decomposition products. The resistance to dealkylation
conditions probably reects the fact that the sulfur atoms are
buried under the thick hydrophobic environment of the t-butyl
groups, completely insulated from the solvent. Compound 4
could be used for either metal binding or the synthesis of
various thioethers. We demonstrated the latter option by
synthesizing pentakis(methylsuldo)corannulene (13) by reac-
tion of 4 with methyl iodide under basic conditions.
Chem. Sci., 2020, 11, 13015–13025 | 13019



Fig. 5 Notations of the various types of C–C bonds and C–C–C bond
angles in penta- and deca-substituted corannulene: r¼ rim, h¼ hub, f
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X-ray crystallography

Recrystallization of 8 was attempted from various solvents and
resulted in two different polymorphs, differing in shape. The
rst polymorph, polymorph 8a, was obtained from either
toluene or mixtures of hexane and THF, whereas the second
polymorph, 8b, was obtained from dichloromethane. 8a crys-
tals were hexagonal-shaped crystals, built from very thin layers,
while 8b crystals were needle-like. Our crystallization trials of 8
in both forms gave crystals, but in most of the cases the crystals
were not suitable for diffraction measurements. Even those
crystals gave very weak diffractions and required long acquisi-
tion times (R factors of 9.95 for 8a and of 9.68 for 8b). The best
crystallographic data were achieved from measurements per-
formed at relatively high temperatures (Table 3). While we are
aware of the boundary values in the goodness of t, all attempts
to model a different assignment of space group to verify that we
are not dealing with an average of two ip-disordered shallow
bowls (e.g., in 8a), resulted in incomplete convergence of t.
Nevertheless, valuable information on the molecule's structure
can be learned from these analyses. In addition, needle-like
crystals suitable for X-ray analysis of compound 5 were ob-
tained from dichloromethane. Table 3 provides the crystallo-
graphic data and renement details of all three structures.

We examined critical structural parameters of the cor-
annulene core: C–C bond lengths, C–C–C bond angles, and bowl
depth, and compared them with those previously reported for
Table 3 Crystallographic data and refinement details for 8a, 8b and 5

Compound 8a

Empirical formula C60H90S10$2.3H2O
Formula weight 1173.62
Temperature, K 240(1)
Wavelength, Å 0.71073
Crystal system Trigonal
Space group P3
a (Å) 20.793(4)
b (Å) 20.793(4)
c (Å) 16.882(3)
a (�) 90
b (�) 90
g (�) 120
Volume (Å3) 6321(2)
Z 3
Density (g � cm�3) 0.925
F(000) 1899
Crystal size (mm) 0.30 � 0.27 � 0.02
Q range for data collection 1.65 to 24.73 deg.
Limiting indices 0 # h $ 24

�20 # k $ 0
�19 # l $ 19

Reections collected/unique 7198/3595 [R(int) ¼ 0.0775]
Data/restraints/parameters 7198/89/611
Goodness-of-t on F2 1.427
R indices (all data) R1 ¼ 0.1836

wR ¼ 0.2722
Final R indices (I > 2s(I)) R1 ¼ 0.0995

wR ¼ 0.2371
Residual electron density (max/min) 0.758/�0.426

13020 | Chem. Sci., 2020, 11, 13015–13025
penta(t-butyl)corannulene, 2,61 decakis(phenylsuldo)cor-
annulene, 7,64 and decakis(4-chlorophenyl)corannulene, 3,65

(Fig. 5 and Table 4). We took advantage of the C5 symmetry of
these molecules to average several geometrical parameters that
relate to each other by this symmetry. This symmetrization
operation removed distortions caused by crystal packing
forces.15

In the case of sym-pentakis(t-butylsuldo)corannulene 5, the
observed hub–hub angles (hh, Fig. 5) ranged from 107� to 110�

whereas the reported values for 2 varied more signicantly –

between 104� and 111�, indicating that 2 was highly distorted.
Interestingly, the bowl depth in 5 (0.902 Å) is much larger than
that of 2 (0.720 Å) and even larger than that of corannulene itself
8b 5

C60H90S10 C40H50S5
1131.92 691.10
293(2) 293(2)
0.71073 0.71073
Monoclinic Orthorhombic
Pn Pna21
10.370(2) 20.235(4)
21.376(4) 6.7800(10)
14.870(3) 27.996(6)
90 90
90.74(2) 90
90 90
3295.9(11) 3842.6(13)
2 4
1.141 1.195
1220 1480
0.24 � 0.06 � 0.04 0.50 � 0.18 � 0.09
1.67 to 25.10 deg. 2.48 to 25.58 deg.
0 # h $ 12 0 # h $ 24
0 # k $ 25 0 # k $ 8
�17 # l $ 17 �33 # l $ 0
5555/1773 [R(int) ¼ 0.1175] 3621/2434 [R(int) ¼ 0.0525]
5555/56/565 3621/57/388
0.872 1.155
R1 ¼ 0.2521 R1 ¼ 0.1270
wR ¼ 0.3063 wR ¼ 0.2449
R1 ¼ 0.0968 R1 ¼ 0.0791
wR ¼ 0.2413 wR ¼ 0.2085
0.422/�0.259 1.027/�0.766

¼ flank, s ¼ spoke.

This journal is © The Royal Society of Chemistry 2020



Table 4 Selected averaged bond distances (Å) and angles (deg), bowl depth (Å) and calculated volume per carbon atom (Å3) in the structures of
penta- and deca-substituted corannulenes. Calculated structures from M06-2X/def2-TZVP

2 (ref. 61) 3 (ref. 65) 5 7 (ref. 64) 8a 8a calc 8b 8b calc

C–Cr 1.404 1.415 1.440 1.381 1.530 1.420 1.472 1.410
C–Cs 1.384 1.372 1.484 1.376 1.423 1.362 1.436 1.370
C–Ch 1.434 1.400 1.328 1.416 1.371 1.402 1.338 1.409
C–Cf1 1.464 1.471 1.356 1.443 1.429 1.477 1.444 1.460
C–Cf2 1.474 1.414 1.334 1.477 1.467
C–C–Chs1 123.3 125.3 130.0 124.8 135.4 126.0 124.2 124.7
C–C–Chs2 115.6 116.6 126.0 123.8
C–C–Cf1�s 113.3 111.3 110.4 110.8 107.7 111.5 113.5 113.2
C–C–Cf2�s 116.6 112.8 111.5 112.9
C–C–Cf1�r 124.3 122.3 120.1 123.6 122.8 122.3 120.9 121.8
C–C–Cf2�r 119.3 125.4 122.3 121.0
C–C–Cf1�f2 132.3 136.7 131.0 138.2 138.2 137.0 132.2 133.6
C–C–Chh 107.5 108.0 108.0 108.0 108.0 108.0 107.3 108.0
Bowl depth 0.72 0.25 0.90 0.49 0.02 0.01 0.56 0.62
Volume per “C” 20.8 22.4 24.0 23.6 35.1 27.5
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(0.875 Å). Although compound 5 differs from 2 only by a single
sulfur atom inserted between the ve t-Bu groups and the cor-
annulene core, the relative orientation of the t-Bu groups and the
aromatic core changes from coplanar in 2 to orthogonal in 5.

Consequently, while steric repulsion among the coplanar
substituents in 2 causes reduction of the bowl depth, the
orthogonal, one-sided orientation increases the bowl depth.

The crystal structure of 5 features herringbone stacking in an
anti-parallel fashion along the b axis, with the molecules tilted
relative to the column axis, as shown by a slice of the crystal
structure at the ab plane (Fig. 6).

The intermolecular distance between the centroids of
parallel molecules is 6.783 Å, ruling out any p–p stacking.43,100

Thus the intermolecular distances are determined mainly by
the hydrophobic and dispersion forces among the t-Bu
groups, with an average distance of 3.8 Å between the carbon
atoms of the methyl groups from different columns, and 3.74–
4.30 Å between t-Bu groups of one molecule and the p system
of the molecule above it. These relatively short contacts
suggest that attractive dispersion forces contribute to the
overall well-ordered structure in the solid-state although the
estimated volume per C atoms is higher than that of both 2
and corannulene (1) itself (24.0 vs. 20.8 and 15.3 Å3,
respectively).

From visualization of the crystal structure of 8a by ORTEP101

diagrams (Fig. 7A), the relatively high R factor (9.95%) stems
Fig. 6 A slice of the crystal structure of 5 at the ab plane.

This journal is © The Royal Society of Chemistry 2020
mainly from the displacement of the carbons in the t-Bu groups
and of the water molecules. The ellipsoids of the corannulene
core's carbon atoms are small and show displacement mainly in
the molecule's plane and not above or below it. Thus, this X-ray
structure supports our prediction that 8 exhibits a planar core.
In contrast, polymorph 8b shows larger ellipsoids of its carbon
core atoms, and thus the results of its bowl depth are less
conclusive. However, there is a good agreement between the
experimental (0.558 Å) and computed (0.620 Å) bowl depths.
Fig. 7 ORTEP diagrams of 8 polymorphs. (A) 8a, presented with 50%
probability ellipsoids. (B) 8b presented with 50% probability ellipsoids
(left) and 5% probability ellipsoids (right). The t-Bu groups are omitted
for clarity.

Chem. Sci., 2020, 11, 13015–13025 | 13021
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Also, the calculated residual electron density parameters (Table
3) for both polymorphs, divided by the atomic number of the
heaviest atom, are within the range of �0.075, indicating that
the solution to the diffraction data does not leave any solvent
molecules or a part of the structure unassigned.

Polymorph 8a is substantially different from 5 and different
from 8b in terms of geometric patterns and trends. The crystal
packing of 8a is trigonal with three molecules in the unit cell,
space group P3 and cell dimensions of a ¼ b ¼ 20.793; c ¼
16.882 Å, and g ¼ 120�. This structure shows an equilateral
triangle comprising three molecules, each apex being
a pentagon centroid (Fig. 8A).

The carbon core of the molecules is rotated 28.9� along the
triangle edge. Interestingly, the distance between each apex is
approximately 10.4 Å and the entire volume delineated by each
of these triangles is lled with nine t-Bu groups, demonstrating
the highly hydrophobic areas within the unit cell, aligning the
molecules perpendicular to the ab plane with 3-fold symmetry
axes (Fig. 8A). In this arrangement, the molecules form two-
dimensional layers held together by hydrophobic interactions,
with disordered water molecules between the layers. These
water molecules are positioned too far away from one another to
be hydrogen-bonded.

The crystal structure of 8b exhibits some similarities to that
of 5. It is monoclinic with two molecules in the unit cell, space
group Pn and cell dimension of a ¼ 10.370; b ¼ 21.376; c ¼
14.870 Å, and g ¼ 90.74�. The two molecules are oriented in
a zig-zag mode, forming parallel columns (Fig. 8B).

The signicant steric repulsion between neighboring
substituents in 8a and 8b result in considerable zig-zag
distortion of the corannulene rim. This distortion is much
more pronounced in 8a than in 8b. In 8a the carbon rim
atoms form two planes, each containing 5 rim carbons, 0.11 Å
apart, one is 0.04 Å above, and the other is 0.07 Å below the
pentagonal centroid. Thus, the distance between the center of
the pentagonal ring and the mean plane of the rim carbons is
0.02 Å, and the corannulene carbon core here is essentially
at. In 8b this zig-zag distortion is smaller, and all ten carbon
rim atoms are on one side of the central pentagonal ring,
forming a bowl shape (Fig. 7B). Also, both polymorphs show
large deviation of the sulfur atoms above and below the mean
plane of the rim carbons in an alternating fashion (as can be
seen in Fig. 7) with an average distance of 0.28 Å in 8a and of
0.37 Å in 8b.

We noticed small differences between the two polymorphs
when looking at the distances between the quaternary carbon
Fig. 8 Solid-state packing of polymorphs 8a (A) and 8b (B).
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atoms of neighboring t-Bu groups residing on the same side of
the corannulene core. In the at structure, 8a, the average
distances on the two faces are 6.20 and 6.29 Å whereas in the
curved polymorph, 8b, the average distances are 6.19 Å on the
convex face and 6.14 Å on the concave face. The difference in
values could be explained by the differences in the forces
exhibited from the neighboring molecules in the crystal. This
larger compression operating on 8b is consistent with the smaller
volume for “C” observed for 8b compared to 8a (Table 4). Very
similar observations were reported for the distances between ipso
carbons of neighboring phenyl groups on the same face (6.16 Å
for both faces) of compound 7. Indeed, 8b and 7 show very
similar bowl depths. These relatively short distances probably
reect severe repulsive steric interactions in decasubstituted
corannulenes since in the pentasubstituted analog 5 the average
distance between two neighboring t-Bu quaternary carbons is
7.01 Å (and from the calculated structure – 6.87 Å). Upon the
theoretical addition of ve more groups on the concave face of 5,
going from penta to deca substitution, these concave groups
clearly repulse one another, causing the groups on the convex
face to come closer together, and reducing the bowl depth.

As mentioned above, we predicted that corannulene
decasubstituted with t-butylsuldo groups could adopt two
possible structures – one bowl-shaped and the other at due to
the increase of steric hindrance around the rim. Our experi-
mental results t these predictions, with a bowl depth of 0.558 Å
in 8b, and attening of the aromatic corannulene bowl achieved
in 8a. Each of these structures is made more stable in its
respective crystal, by the crystal packing forces.

Conclusions

In this report, we demonstrate that sufficiently strong substit-
uent stereoelectronic effects can make the planar geometry of
the corannulene molecule a thermodynamically stable confor-
mation, similar in energy to the bowl-shaped conformer. Due to
the small energetic difference between the at and bowl-shaped
conformers, they compete in the solid-state, leading to poly-
morphism. This phenomenonwas predicted by DFT calculations
with 8 at M06-2X/def2-TZVP and conrmed by X-ray crystallo-
graphic studies. It is noteworthy that this sterically-crowded
molecule was easily synthesized in high yields in a single step
under mild reaction conditions from decachlorocorannulene.
Thus, the signicance of this study arises from the demonstra-
tion that an essentially at metal-free corannulene, which
resembles the proposed transition state of the bowl-to-bowl
inversion process, can be stabilized to such an extent that it is
a synthetically accessible, highly stable molecule.
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