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Abstract: Among sheet/sheet polynuclear aromatic hydro-
carbon (PAH) hybrids, a buckybowl–graphene hybrid has
been used as a model to explore the effects of physical
properties of PAHs with distinct planar and bowl regions.
Activation of a C(Ar)¢F bond was used to synthesize this
corannulene/graphenic hybrid. Photophysical and voltammet-
ric studies together with high-level computations revealed
curvature and extended p-effects on the properties of these
materials.

Carbon p-system materials owe their multitude of proper-
ties to a diversity of allotropic topologies such as closed
surfaces,[1] tubes,[2] and sheets.[3] Within the concept of sheet
topology, conical (i.e. bowl)[4] and warped morphologies[5]

complement classical planar graphenic forms. Curvature
induces a shift in the orbital levels and HOMO–LUMO gap
compared to a reference graphenic form.[6] Sheet topological
materials with mixed planar and curved regions open the
possibility for controlling the electronic properties and
frontier orbital profile/pattern across the sheet. Specifically,

the buckybowl–graphene hybrid is an attractive family of
synthetic targets.

The hypothetical graphene/fullerene nanobud[7] (1) exem-
plifies one kind of target that can be generated by conjugating
a curved closed-surface with a planar sheet topology. Within
the realm of bowl/sheet hybrids, corannulene/graphenic
hybrid 2-Me serves as a model to explore the effects of the
physical properties of a PAH with distinct planar and bowl
regions (Scheme 1).[8]

The synthesis of 2-Me follows closely the previously
reported synthesis of tetraarylindenocorannulenes,[9] with the
addition of a silyl-cation-induced intramolecular Friedel–
Crafts cycloarylation (Scheme 2).[10] Microwave-assisted, Pd-
PEPPSI-IPent-mediated catalysis improves the arene–acety-
lene coupling to transform dichlorocorannulenedicarboxylate
3 into 4.[11] The metal-mediated [2++2++2][12] reaction of 4 with
tolan yields tetraarylindenocorannulene 5, with fluorine-
substituted arenes in positions 7 and 10.[13] Two-step reduction
of the esters yields the corresponding dimethyl derivative
(7).[14] Finally, a silyl-cation-induced intramolecular Friedel–
Crafts arylation on 7 closes the flanking positions, and an

Figure 1. NMR spectroscopic assignments for 2-Me deduced from
COSY and ROESY data. Chemical shift values in ppm relative to
CD2Cl2.

Scheme 1. Carbon atom numbering for 2-R (R = H or Me).
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accompanying air oxidation/rearomatization completes the
synthesis of 2-Me.

Structure determination of 2-Me proceeded from 2-D
NMR studies in solution and X-ray crystallography. From the
COSY and ROESY data (Figures S12–S14; Supporting
Information) one can clearly assign the 1H NMR spectrum
of 2-Me (Figure 1). The ROESY cross-peaks and differ-
entiating chemical shifts support the idea of a sterically
crowded border between the formal corannulene and gra-
phene regions.

Dark orange crystals grown from dichloromethane dif-
fract X-rays well (Figure 2); the structure derived reveals
a triclinic unit cell (space group P1̄) with two independent
molecules of 2-Me in the asymmetric unit together with
accompanying solvent. The overall geometry, as gauged from
bond lengths and angles, is in line with numerous reported
corannulene structures (Table S1, Supporting Information).

The degree of “hinge” folding and bowl curvature are the
most characteristic structural features of 2-Me.[15] In the
corannulene region, the bowl depth, as gauged from the hub

atom to best rim plane,
ranges from 1.02 to 1.15 è,
with an average of 1.07(4) è;
POAVhub angles[16] are 9.1988,
9.9188, and 10.9188. The gra-
phenic region shows
a bowing, but remains rela-
tively close to its planar ideal
with POAV angles < 188.[17]

The average hinge angle, as
defined by the dihedral
angle of the best plane of
the graphenic region (C23–
C50) and bowl region (C1–
C20), is 65.53(12)88 ; approx-
imating the hinge angle on
the basis of the best hub
plane (C1–C5) and core ben-
zene ring (C34–C39) gives
a value of 60.93(12)88. B97D/
Def2-TZVPP computations
predict well the experimen-
tal geometry, including the

bowl depth (1.106 è) and hinge angle (graphenic and bowl
planes: 70.288//hub and core benzene planes: 65.788) features.
The bowl depth and POAV angles of the corannulene region
agree within < 0.04 è and < 0.488, respectively. The predicted
hinge angle deviates from that observed crystallographically
by only about 588.

In 2-R there are two large motion processes to consider:
bowl inversion and hinge folding. Both motions independ-
ently relate two diastereomeric conformations 2’’ and 2’’’’
(Figure 3). The crystallographically observed conformer (cf.
Figure 2) is predicted to be more stable than the alternative
diastereomer by 8.2 kcalmol¢1, thus indicating that, inde-
pendent of hinge folding dynamics, the population of the
minor isomer is likely to be less than the detection limit of the
NMR methods. In addition, as interconversion of these
diastereomers does not create a dynamic symmetry, dynamic
NMR line shape is not a useful technique to assess the hinge
motion.

The steric character across the hinge can be likened to
a meso pair of 5-helicenes (Figure 3). Depending upon the
mechanism of hinge folding (concerted, H2, versus stepwise,
H “helix” inversion) the barrier to hinge-isomer interconver-
sion could range from 15 to 30 kcalmol¢1; bowl inversion, B,
would also interconvert the diastereomers by an alternate
mechanism, the barrier to interconversion by bowl inversion
would be around 25–30 kcalmol¢1.[9]

The electronic structure model depicts the HOMO and
LUMO of 2-H extending well over the planar and bowl
regions; however, the corannulene (bowl) region dominates
the LUMO and the graphenic (planar) region dominates the
HOMO, consistent with the idea that local curvature can be
used to focus orbital and electron density in carbon sheets
(Figure 4). The nucleophilic LUMO contour plot indicates
a high probability that attack by nucleophiles will be at the
edge of the bowl region, near the hinge of the structure.

Scheme 2. Synthesis of buckybowl–graphene hybrid 2-Me.

Figure 2. The asymmetric unit in the crystal structure of buckybowl–
graphene hybrid 2-Me+ 2·CH2Cl2.
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To place these features into a structural context, a series of
reference compounds were considered for electrochemical
and photophysical studies, including corannulene (8), benzo-

hemicoronene (9), indenocorannulene
(10), and 2-Me (Figure 5). Using the
first reduction potential as a gauge of
electron affinity, the measured and
B97D/Def2-TZVPP computed poten-
tials were determined, and found to
match very closely (Table 1). Optical
band gaps determined from the onset
of the absorption spectrum and GW-
BSE-computed also agree well. Addi-
tionally, GWHOMO¢LUMO gaps were cal-
culated. This ensemble of electro-
chemical and photophysical data
clearly indicates that the size and
curvature of the p-systems play an
important role in modulating reduc-
tion potential.

Motivated by the basic results, an
extended series of compounds 11–14
was analyzed computationally to eval-
uate the effect of wrapping the bowl/
sheet hybrid into a tube (Figure 6).
The predicted first reduction poten-
tials for 11 and 12 are 0.08 V and
0.05 V lower than those of 2’’-H, which
is a direct consequence of their
increased “box length” (11) and cur-
vature (12) from that of 2’’-H, respec-
tively. The effects, as gauged from the
experimental or computed model
series, reveal a crudely additive prop-
erty (Figure 7), indicating one may be
able to develop transferable parame-
ters for “region types” in the design of
morphology-dictated features of gra-
phenic sheets. The fused hybrid 14,
with the largest p-conjugation and
highest degree of pyramidalization, is
predicted to be the most easily re-
duced among the hybrid series (calcd
1st reduction potential, ¢1.67 V).

For the subseries, 2’’-H, 11–14,
computational predictions suggest
a progression from bowl to tube[18]

Figure 4. B97D/Def2-TZVPP calculated HOMO (left), LUMO (middle),
and nucleophillic LUMO map (right; blue shows highest probability of
attack by a nucleophile) of the major conformation of 2-H.

Figure 3. Conformations (2’’/2“) and graph of diastereomer interconversion by helix (H) or bowl
(B) inversion.

Table 1: Reduction potential, GWHOMO¢LUMO, and optical gap for 8, 9, 10,
and 2-R.

Compound CVRedPot [V]
expt[a] (calcd)[b]

GWHOMO¢LUMO

gap
Optical gap
expt (calcd GW-BSE)

8 ¢2.49 (¢2.50) 7.2 3.5 (3.6)
9 ¢2.24 (¢2.24) 5.6 2.8 (3.2)
10 ¢2.06 (¢2.06) 6.0 3.1 (3.3)
2-Me (2’’-H) ¢1.87 (¢1.88) (5.7) 2.4 (2.5)

[a] Solvent: THF; working electrode: glassy carbon; reference electrode:
Ag/Ag + in acetonitrile; counter electrode: platinum wire; scan rate:
0.1 Vs¢1; supporting electrolyte: tetra-n-butylammonium hexafluoro-
phosphate (TBAPF6). [b] B97D/Def2-TZVPP: E88=¢DG/nF +Eref, n = 1,
F = 1 eV; Eref =¢4.52 [values referenced to Fc/Fc+ in THF (+ 0.085 V)].

..Angewandte
Zuschriften

10944 www.angewandte.de Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2015, 127, 10942 –10946

http://www.angewandte.de


(Figure 6). Calculated POAV values
correlate well with the respective first
reduction potential (Table 2), and indi-
cate that pyramidalization to sp2-hybrid-
ized carbon facilitates reduction.

The photophysical properties for 2-
Me as well as the reference series are
reported in Table 3. Across the series,
one sees an expected increase in the
longest absorption wavelength as a func-
tion of system size and curvature (from
320 nm for the smallest system, 8, to
494 nm for the largest system, 2-Me).
This trend maps directly with the pre-
dicted GWHOMO¢LUMO gap values
(Tables 1 and 2). Lifetimes across the
series are 3–7 ns.

Somewhat unexpected is that the
Stoke’s shift for 2-Me is closer to that of
the flat species 9 than to those of either
the curved species 8 or 10. This perhaps
is indicative that the principal lumines-
cent process occurs from state overlap in

the flat region of 2-Me avoiding the need for large structural
rearrangement.

Quantum yields reveal a morphological effect in which
greater curvature leads to a reduced quantum yield.[19] This
phenomenon could possibly be explained by a curvature-
induced nonradiative internal conversion mechanism. Rela-
tive to the other curved members of the series (8, 1.63% and
10, 0.7%), the quantum yield of 2-Me appears to be some-
what enhanced by hybridization to the flat graphenic region.
This effect may also indicate that the principal luminescent
process occurs from state overlap in the flat region of 2-Me.

Keywords: buckybowl–graphene hybrids · fused-ring systems ·
polyaromatic hydrocarbons · structure–activity relationships

Figure 5. Compounds 2-H/Me with reference set 8–14.

Figure 6. B97D/Def2-TZVPP calculated structures of 2’’-H, 12 (fused),
and 14 (tube) (from left to right) showing increasing surface curva-
ture.

Figure 7. Comparative pyramidalization versus size relation based on
B97D/Def2-TZVPP predicted reduction potentials of 2’’-H, 11, 12, and
13.

Table 2: B97D/Def2-TZVPP-calculated electrochemical data and GW
gapHOMO¢LUMO.

Property 2’’-H 11 12 13 14

redCV[V] ¢1.88 ¢1.80 ¢1.83 ¢1.75 ¢1.67
gapHOMO¢LUMO 5.7 – 5.6 – 5.2
POAV angles 11.0,

7.3
10.9,
7.4

11.6, 11.1 11.5, 10.9 12.4, 12.7

Table 3: Experimental photophysical properties in CH2Cl2 for 8, 9, 10,
and 2-Me.

Property[a] 8 9 10 2-Me

labs (log
e)

288
(4.7),
320
(4.0)

311 (4.8), 325
(4.8), 353(sh),
376(sh), 399
(4.36), 422 (4.4)

297 (4.3), 310
(4.4), 322(4.3),
338(4.3), 357-
(sh), 374(3.7)

316 (4.4), 389
(4.4), 422
(4.1), 461
(3.0), 494
(3.5)

lem 420,
436

442, 460 556 509, 542

Stokes
shift

1 5 0.55 6.7

lexcite 318 325 340 397
QY(Ff) 1.63% 52.4% 0.7% 3.2%
t (ns) 7.3 3.04 2.6 6.15

[a] abs = absorption (nm), em =emission (nm), Stokes shift = lem¢labs

(Ö 105 cm¢1), excite= excitation (nm), t = lifetime (ns).
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