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Corannulene (C20H10, Scheme 1), the smallest nonplanar
polyaromatic fragment of the fullerene C60, has attracted a
great deal of attention in the last two decades.[1] In addition to
its own unique properties, corannulene serves as a primary

model for both theoretical and experimental studies for a
variety of curved carbon networks ranging from fullerenes to
nanotubes. To date, the organic reactions of corannulene have
been mainly limited to the derivatization of its exterior and to
synthetic transformations of rim-bound functional groups.[2]

Herein, we report the successful isolation of bulk crystalline
products and the first X-ray crystallographic characterization
of a family of nonplanar arenium carbocations C20H10R

+ (R =

CH3, CH2Cl, CHCl2, and CCl3), obtained by electrophilic
attack at the interior surface of corannulene (Scheme 1).

Corannulene reacts with halogenated hydrocarbons in the
presence of AlCl3 to give intense purple–blue solutions that
contain C20H10R

+ cations (1–4). The formation of these
cations is attributed to the abstraction of a chloride ion
from the corresponding halogenated reagent followed by
electrophilic attack of the in situ generated CHxCl3�x

+ cations
at the hub C atom of C20H10. Although DFT calculations
showed that the energy difference between electrophilic
attacks at the hub and rim at the curved corannulene surface
is small, especially when compared with the noticeably larger

values for planar polyarenes,[3] only two examples of C�C
bond formation at the bowl interior have been reported.
Firstly, reaction of dichlorocarbene with C20H10 led to the
product of the [1+2] addition to the spoke C=C bond via a
zwitterionic intermediate.[4] Secondly, Scott et al. observed
the formation of purple solutions as possible products of
addition of transient carbocations such as CDCl2

+ and CCl3
+

to corannulene.[5] The authors ingeniously identified species
formed in solution and assigned their molecular structures
based on 1H NMR studies of the reaction mixtures. Despite
the initial progress, further elaboration proved to be unsuc-
cessful (including recording 13C NMR data), and the prepa-
ration and structural characterization of bulk solid products
have not been reported to date. The latter task can be very
challenging because of the extreme reactivity of the resulting
cationic species.

In contrast to the behavior of corannulene, addition of
AlCl3 to C60 and C70 in CHCl3 or Cl2CHCHCl2 provided the
respective neutral products that resulted from the 1,4-
addition of the above halogenated hydrocarbons.[6] Subse-
quent hydrolysis of these products under superacidic con-
ditions led to the observation of the alkylated fullerene
cations that had much longer lifetimes than the bowl-shaped
cations, thus allowing 13C NMR spectra to be recorded,
although no structural studies of these species was under-
taken. The solid-state structure of a fullerene cation has been
elucidated from the X-ray diffraction characterization of
C60(AsF6)2, which was prepared in a high-pressure vessel by
direct reaction of C60 and AsF5 in SO2.

[7]

The arenium carbocations 1–4 were isolated in a pure bulk
form as [AlCl4]

� salts in good (55–70%) yields. The identities
of the isolated products were fully confirmed by 1H and
13C NMR spectroscopy, and by MALDI mass spectrometry
studies.[8] Considerable time and effort were required for
growing crystals of carbocations 1–4 that were suitable for
X-ray diffraction analysis. In general, all the salts tend to
solidify as nondiffracting oily materials, even when special
care is given to the quality of all reagents and solvents. We
found that different procedures such as layering with hexanes,
diffusion of hexanes vapors, or slow evaporation of the
solvent are needed for successful crystal growth of (1–
4)[AlCl4].

The X-ray diffraction analysis of 1[AlCl4] shows the
Cs-symmetric molecular structure for the cation (Figure 1).
The C1�C2 bond between the corannulene moiety and the
methyl group is an elongated single bond (1.578(5) �). The
average value of the C1-C2-C angles (109.48) clearly indicates
the sp3 hybridization of the C2 atom. Alkylation of corannu-
lene pulls this hub C atom away from the surface with a

Scheme 1. Preparation of compounds (1–4)[AlCl4] .
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resulting shift of 0.29 �. The C2�C18 and C2�C21 bond
lengths (1.469(5) and 1.484(5) �) are significantly longer than
the conjugated C�C hub bonds in the parent corannulene
(average 1.414(2) �).[9] In turn, the two adjacent hub bonds
(C18�C19 and C20�C21) become significantly shorter
(1.368(5) �), while the C19�C20 bond length remains essen-
tially unchanged compared to that in C20H10 (1.410(5) �).
Thus, the central five-membered ring exhibits a more diene-
like structure than that of corannulene. The C2�C3 spoke
bond is most strongly affected by methylation (1.487(5) vs.
1.378(2) � in C20H10), while all the other spoke bond lengths
are only slightly elongated (averaged at 1.388(5) �). Inter-
estingly, three rim C�C bonds remain the same (average
values of 1.381(6) vs. 1.380(2) � in C20H10), while the C7�C8
and C13�C14 bonds become considerably shortened
(1.350(5) �). The peculiar bond length variation in 1 is
related to the charge redistribution on the corannulene
surface upon cation formation. Atoms C7, C8, C13, and C14
become the most negatively charged (as well as C4 and C17),
and C3, C18, and C21 bear the most positive charge (see
Table S3). In general, the geometric parameters of cations 2–4
follow similar trends as those in 1 (Figure 2, Table 1).

In the solid state, cations 1–4 exhibit different aggregation
behavior, depending on the steric volume of the attached R
group (Figure 3). Cations 1 assemble into 1D infinite columns
based on strong concave–convex p–p stacking interactions
(ca. 3.5–3.7 �) that result from the complementarity of their
electrostatic potential surfaces. Such packing is not found in
the crystal structure of the parent corannulene,[9] but is
generally observed in polyarenes with deeper bowls.[10] Cation

2 is linked by similar but weaker p–p interactions. The
resulting 1D stacks are additionally connected by p–p

convex–convex interactions (ca. 3.5–3.8 �) into a 2D net-
work. Further expansion of the R-group volume gives only
bimolecular aggregates of corannulene cations 3 and 4, which
are held together by weak p–p convex–convex interactions.

Interestingly, the concave surfaces of 3 and 4, which do not
participate in p–p interactions, engage in electrostatic inter-
actions with the [AlCl4]

� counterions to form extended 1D
binary stacks in the former and a 2D layered structure in the
latter product. In both solids, the [AlCl4]

� ion interacts with
the concave surface of corannulene cations; these compounds
represent the first reported examples where an anionic
species is placed into a p bowl (Figure 3).[11] The Cl atom of
[AlCl4]

� sits inside the cationic bowl, and the distances to the
center of the five-membered ring of C20H10 are 3.566(2) and
3.315(5) � in 3 and 4, respectively.

Crystals of (1–4)[AlCl4] can be redissolved in CD2Cl2 or
CDCl3 to allow full characterization of the species in solution.
The 1H NMR spectra of cations 1–3 demonstrate the signifi-
cantly high-field-shifted resonance signals for the CHxCl3�x

groups (0.12 ppm, 2.08 ppm, and 4.01 ppm for 1, 2, and 3,
respectively) compared to those of CH3CH3 (d = 0.85 ppm),
CH3CH2Cl (d = 3.51 ppm), and CH3CHCl2 (d = 5.90 ppm).
This observation shows a strong shielding of the CHxCl3�x

group from the aromatic 18-p-electron system. The resonance
signals of the aromatic protons in cations 1–4 appear as four
doublets (2JHH� 8.7 Hz) and one singlet signal in the range
d = 8.5–9.3 ppm.

Figure 1. Molecular structure of 1: a) top and b) side views.

Figure 2. Molecular structures of 2–4.

Table 1: Selected distances [�] and angles [8] for 1–4.

1 2 3 4

C1�C2 1.578(5) 1.577(5) 1.581(3) 1.613(7)
C2�C3 1.487(5) 1.503(4) 1.488(3) 1.499(7)
C2�Chub

[a] 1.477(5) 1.497(4) 1.496(3) 1.505(7)
C1�Cl – 1.791(3) 1.771(2)[a] 1.766(5)[a]

C2···X[b] 0.49 0.50 0.50 0.51
C3···X[b] 0.02 0.02 0.04 0.03
C1-C2-C[a] 109.4 109.7 109.5 110.0

[a] Average values. [b] Distance between the C atom and the plane
passing through the three neighboring atoms.

Figure 3. p–p stacking of cations 1–4 in crystals. Insertion of the
[AlCl4]

� ion into the p bowl of corannulene in 3 (bottom right).
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The 13C NMR spectra of 1–4 contain twelve signals, thus
also confirming the Cs symmetry of the bowl-shaped carbo-
cations (Figure 4). The signal of the cationic C3 center in 1
appears at 196 ppm. The position of this signal in 2–4 ranges
from 191 to 187 ppm (Table 2). These values compare well

with those found in the 13C NMR spectra of C70–CHCl2
+

(198 ppm, in CF3SO3H)[6b] and in the protonated form of C60

(182 ppm, 1,2-C6H4Cl2).[12] The slight high-field shifts of the
C3 resonances of the chlorinated cations 2–4 compared to that
of 1 can most probably be attributed to the interaction of
unshared electron pairs at the Cl atoms of the R groups with
the cationic C3 center. Similar interactions were postulated
for the C60–CHCl2

+ and C60–CCl2CH2Cl+ ions.[6]

The chemical shifts of C4 (166–170 ppm) in 1–4 indicate a
significant amount of positive charge at this carbon atom. The
signal for C2 (53–59 ppm) is typical for aliphatic carbon
atoms. Importantly, this signal demonstrates the exclusion of
C2 from the aromatic system of the corannulene core, thus
also indicating the sp3 hybridization of this atom. For
comparison, the corresponding C�H resonance signal of the
C60H

+ cation is detected at 56 ppm.[12] The chemical shift of
the methyl group in 1 at 31 ppm shows the absence of a
significant positive charge on the Cl atom, thus implying its
strong delocalization over the curved polyaromatic surface.
The substitution of hydrogen atoms of the CH3 group in 1 by
chlorine atoms leads to downfield shifts (by ca. 21 ppm) of the
C1 resonance in 2 and 3 (Table 2).

The UV/Vis spectra of cations 1–4 measured in chloro-
form show a strong dependence of the absorption maximum
of the p–p* transition band on the CHxCl3�x substituent
(Figure 5). Whilst the corresponding maximum for the
solution of 1 is detected at 560 nm, each subsequent
substitution of a hydrogen atom of the CH3 moiety by a
chlorine atom leads to a bathochromic shift of approximately
23 nm.

The transfer of positive charge from R+ to the corannu-
lene core can be best illustrated by the change of the
molecular electrostatic potential surface in C20H10CH3

+

(Figure 6).[8] The delocalization of the charge provides a

remarkable thermodynamic stability for these cationic spe-
cies. In contrast to planar polyaromatic systems, electrophilic
attack of the R+ group at a hub C atom of corannulene also
alleviates the pyramidalization strain at that atom. The total
energetic effect is large enough to fully trap the reactive
CHxCl3�x

+ species at the hub site. The excellent delocalization
ability of the nonplanar surface of corannulene was also
recently demonstrated for radicals.[13]

In conclusion, site-specific alkylation of the curved
corannulene surface under Friedel–Crafts reaction conditions
resulted in bowl-shaped arenium carbocations, which were
isolated as pure bulk crystalline solids with [AlCl4]

� counter-
ions. The first X-ray diffraction analysis of these products
revealed the perturbation of bowl-shaped structures caused
by the interior surface functionalization. This work signifi-
cantly expands the rare examples of any sort of reactivity at
the interior carbon atoms of polyaromatic hydrocarbons.[14] It
should also open practical routes for utilizing C�C covalent-
bond-forming reactions for target derivatization of p-bowl
surfaces. Moreover, this work illustrates that the strain energy
stored within the curved nonplanar structures can be used to
trap reactive intermediates, such as a CH3

+ cation. We can
anticipate the potential application of these reactions as a
useful tool for the structural characterization of a variety of
elusive chemical species.
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Figure 4. 13C NMR spectrum of 1.

Table 2: Key 13C chemical shifts [ppm] for 1–4.

1 2 3 4

C3 196 191 188 187
C4 170 167 166 167
C2 53 55 59 –[a]

C1 31 52 73 –[a]

[a] Not observed because of low solubility and decomposition.

Figure 5. UV/Vis spectra for the cations 1–4 (CDCl3).

Figure 6. Molecular electrostatic potential surfaces for C20H10 and
C20H10CH3

+ (1).
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