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More than four decades after the discovery of corannulene[1]

(1; Figure 1), its chemistry has become multifaceted. Its
intrinsic properties have been investigated,[2] and numerous

derivatives have been prepared which can be employed, for
example, as blue-light emitters,[3] liquid crystals,[4] and syn-
thetic access to isomerically pure armchair carbon nanotube
end caps.[5] The solid-state structure of pristine corannulene,
which was first investigated in 1976, showed that the solid-
state arrangement is dominated by CH···p interactions and
a packing without columnar order.[6] Structural variations of
the solid-state assembly depend on the substituents at-
tached:[7] Arylalkynyl-substituted corannulenes[8] show an
offset but essentially columnar order; bicorannulene on the
other hand shows a complex network of p–p and CH···p
interactions.[9] Tetrabromocorannulene[8] displays a dense
columnar arrangement of the molecular bowls in a convex–

concave fashion, which is usually found for bigger bucky-
bowls.[10]

The molecular bowl sumanene (2) (C21H12) was first
synthesized in 2003[11] and its crystal structure was elucidated
soon after in 2005.[12] The surprising perfect columnar
staggered stacking along the crystallographic c axis made 2
a promising material for electrically active organic n-type
semiconductors. Consequently, high electron mobility along
the molecular stacking axis was measured by time-resolved
microwave conductivity methods (TRMC), which implied
anisotropic electron-transport properties.[13] In particular,
electron-deficient molecules are considered to be promising
air-stable organic n-type semiconductors for the construction
of thin-film transistors.[14]

This prompted us to design a system that can be utilized
for molecular electronics based on the widely explored
corannulene buckybowl,[2] which Siegel and co-workers
recently succeeded in preparing in kilogram quantities.[15] To
tune the electronic properties as well as the self-assembly in
the solid state, we chose trifluoromethyl groups as substitu-
ents, because of their inherent chemical stability and strong
electron-withdrawing properties.[16] First attempts using tri-
fluoromethyl iodide as a trifluoromethylating reagent
resulted in complicated mixtures of various compounds (see
Figure S1 in the Supporting Information). To avoid this
problem, we used a more specific trifluoromethylating agent
and introduced the trifluoromethyl groups at specific posi-
tions already at an earlier stage of the synthesis.

The first trifluoromethyl group can be introduced by the
reaction of the parent corannulene with Togni�s reagent (1-
trifluoromethyl-1,2-benziodoxol-3-(1H)-one),[17] and com-
pound 3 was isolated in 19 % yield (Scheme 1). Since further
reaction of 3 would lead to several regioisomers, we opted to
introduce two trifluoromethyl groups to the fluoranthene
precursor of the corannulene framework. By application of
the method published by Siegel and co-workers[18] and those
of other groups,[19] the corresponding 1,6,7,10-tetramethyl-
8,9-bis(trifluoromethyl)fluoranthene (4) was obtained in
76% yield when hexafluorobutyne served as the dieneophile.

Fluoranthene 4 can now undergo a Wohl–Ziegler reaction
and subsequent nickel-mediated intramolecular coupling[20]

to give the ortho-bistrifluoromethylated corannulene 6 or can
be trifluoromethylated once more to give 5, which also
undergoes the same ring-closing reaction to yield 7. By this
protocol, up to three trifluoromethyl groups can be intro-
duced with high regioselectivity. All of the synthesized
compounds were completely characterized and investigated
electrochemically in THF solution, using cyclic voltammetry
and square-wave measurements. All corannulenes, including
1 (which was measured for comparison), showed one

Figure 1. Corannulene (1) and sumanene (2).
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Supporting information for this article (including a description of
the electrodeless flash-photolysis time-resolved microwave con-
ductivity measurement (FP-TRMC),[27] the transient absorption and
emission measurements, and analytical data for all new compounds
(NMR, MS)) is available on the WWW under http://dx.doi.org/10.
1002/anie.201205757.
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reversible reduction.[21] The half-wave reduction potentials
are �2.47 for 1, �2.20 for 3, �1.86 for 6, and �1.66 V for 7,
referenced versus the ferrocene/ferrocenium (Fc/Fc+) redox
couple.

As previously reported by the Wang group[22] and the
Petrukhina group,[23] the introduction of perfluoroalkyl sub-
stituents to an aromatic system shifts the reduction towards
higher potentials, hence inducing a stronger electron-accept-
ing ability. Our findings agree with these observations.
Already through the introduction of one trifluoromethyl
group, the E1/2 value of the reduction is shifted by 0.28 V
towards higher potentials relative to 1.

For pentakis(trifluoromethyl)corannulene, Petrukhina
and co-workers observed a shift of 0.95 V,[23] which corre-
sponds to a shift of 0.19 V per trifluoromethyl group. Through
the selective substitution in specific positions and the result-
ing lower symmetry, we can increase this shift up to 0.27 V per
trifluoromethyl group on average. Because of the different
substitution pattern, no strictly linear increase of the electron-
accepting ability can be expected. For compound 7 with three
trifluoromethyl groups, we observe a shift of 0.82 V compared
to 1; this shift is close to that of pentakis(trifluoromethyl)cor-
annulene (0.95 V).

The solid-state structure of a single crystal of trifluor-
omethylated corannulene 6 was studied by X-ray diffraction
(Figure 2).[24] The molecular bowls of 6 are aligned into
parallel columns along the crystallographic c axis, such that
neighboring columns are stacked in opposite directions. The
bowls have a nearly eclipsed alignment (the central five-
membered ring is shifted by 88). The trifluoromethyl groups,
however, are displaced by 1408, as shown in Figure 2, resulting
in a densely packed arrangement.

On the basis of the confined columnar stacking structure
of 6 in the solid state, we examined the charge-transport

properties in an electrodeless microwave conductivity mea-
surement. Upon excitation at 355 nm, a polycrystalline
sample of 6 exhibits a clear signature of photoconductivity
as shown in Figure 3a; this is in striking contrast to the
conductivity transient observed for amorphous corannulene,
which is three orders of magnitude lower. This observation
indicates that the corannulene moieties provide a highly
electric conductive pathway when they are in an intermolec-
ular p-stacking arrangement analogous to that of crystalline
sumanene. Unlike the photoconductivity transient observed
in a single crystal of 2, the transient in crystalline 6 displays

Figure 2. ORTEP[25] representation (space-filling model) of the crystal
packing structures, rendered with POV-Ray.[26] Left: A fragment of the
extended stack of sumanene (2) (C21H12);[12] intermolecular distance
from the centroids of the central six-membered rings 3.86 �. Right:
Fragment of the stacking motif of 6, showing the concave–convex
bowl-in-bowl stacking with an intermolecular distance of 3.73 �.

Scheme 1. Synthesis of trifluoromethylated corannulenes. a) 1.0 equiv
1-trifluoromethyl-1,2-benziodoxol-3-(1H)-one (Togni’s acid reagent),
0.1 equiv methyltrioxorhenium, 1,2-dichloroethane, 80 8C, 8 h;
b) 5.5 equiv pentan-3-one, 1.65 equiv KOH, MeOH, 1 h, RT, then
3.9 equiv hexafluorobutyne, Ac2O, 60 8C, 48 h; c) 1.75 equiv 1-trifluoro-
methyl-1,2-benziodoxol-3-(1H)-one (Togni’s acid reagent), 0.1 equiv
methyltrioxorhenium, 1,2-dichloroethane, 80 8C, 12 h; d) 12.0 equiv N-
bromosuccinimide, 0.03 equiv AIBN (azobisisobutyronitrile), 24 h,
80 8C, then 8.8 equiv nickel powder, DMF, 80 8C, 8 h.

Figure 3. a) Conductivity transients observed for a polycrystalline film
of 6 and for a solid film of 1; excitation at 355 nm, 2.1 � 1015 and
2.8 � 1015 photons cm�2, respectively. b) Dependence of the observed
maximum photoconductivity on the excitation photon density. c) Pho-
toinduced emission spectra of 6 upon excitation at 390 nm in vacuo
and under air. d) Photoluminescence lifetime measurement of poly-
crystalline 6 in vacuo with excitation at 390 nm. The emission was
observed at 470 nm, 298 K.
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a significant delay in the generation of photo-carriers , which
is reflected by the considerable increase of transient con-
ductivity over a few ms. The dependence of the maximum
value of conductivity (Figure 3b) also supports the second-
order generation of photo-carriers through excited-state
interactions.

For this reason we examined the contribution of the
photoexcited state of 6 to the generation of charge carriers by
emission and transient absorption spectroscopy. Considerable
photoemission at 468 nm was observed in solid 6 (Figure 3c),
and the emission was quenched rapidly by exposure to air.
The measurement of the lifetime at 470 nm gives the decay
constants of 650 ns and 9.3 ms, suggesting a relatively small
energy gap between singlet and triplet excited states of 6, and
especially the latter decay is due to the phosphorescence from
the triplet state. The decay constant shows striking contrast to
the evolution of transient conductivity in Figure 3a, and this
indicates that the free charge carriers in polycrystalline state
of 6 are formed predominantly by triplet–triplet annihilation
processes in polycrystalline 6.

Transient absorption spectra of 6 were also observed upon
nanosecond laser excitation at 355 nm (Figure S2 in the
Supporting Information), giving a clear signature of the
formation of the triplet excited state at 400 nm. For quanti-
tative analysis of the yield of the triplet excited state, the
transient absorption decay traces were also monitored in
a solid film of 6 (Figure S3). Photobleaching of the steady-
state absorption was traced at 375 nm, where the molar
extinction coefficient of steady-state 6 was e = 4 �
103 mol�1 dm3 cm�1. The initial photobleaching of the absorp-
tion was rapidly recovered within 1 ms, which is mainly due to
the relaxation of the singlet excited state with fluorescence.
The kinetic trace at 400 nm does not show an initial delay
analogous to that of the photobleaching, but decays with the
time constant of 3.1 ms, which is in good agreement with the
rise time of the conductivity transient. Based on the value of
e at 375 nm, the extinction coefficient of triplet-state 6 (T1–Tn

transition) was estimated as et� 1.1 � 104 mol�1 dm3 cm�1.
Thus the maximum estimate of the yield of free charge
carriers, based on the assumption of 100 % conversion of
triplet state, has a value fmax of 6 � 103. We obtained the
minimum limit of charge-carrier mobility as �m>

0.9 cm2 V�1 s�1 in 6 (intracolumnar) and �m> 5 �
10�4 cm2 V�1 s�1 in 1. The value for 6 is almost equivalent to
that observed for crystalline sumanene.[13]

In summary, we have synthesized trifluoromethylated
corannulenes regioselectively by a liquid-phase synthesis and
their unprecedented electron-acceptor abilities were inves-
tigated in THF solution. Owing to the highly ordered
columnar solid-state structure of 6, it is a highly electrically
conductive material with high charge-carrier mobility along
the intermolecular stacks. These findings should lead to the
development of electrical materials based on corannulenes.
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