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Utilizing Pd-catalyzed [5+ 2] annulation a series of heptagon-
extended corannulenes could be synthesized from a borinic
acid precursor furnished by C—H borylation strategy. Single-
crystal X-ray analysis revealed the presence of two conforma-
tional enantiomers crystallizing in a racemic mixture. Through
their embedded five- and seven-membered rings these poly-
cyclic aromatic hydrocarbons (PAHs) exhibit both negative and
positive curvature and UV/Vis/NIR absorption spectroscopy as
well as cyclic voltammetry experiments provided insights into

Introduction

Polycyclic aromatic hydrocarbons (PAHs) are unsaturated two-
dimensional carbon frameworks that resemble substructures of
graphene.l" Through inclusion of non-hexagonal rings PAHs
exhibit distinctive optoelectronic properties. Fusing seven-
membered rings onto five-membered rings leads to azulene
moieties as described by Klaus Hafner in his “rational synthesis
of azulene” in the 1950s.”) More recently, a plethora of azulene-
containing PAHs have been synthesized.”! On the other hand,
incorporation of isolated non-hexagonal rings can lead to a
warped, three-dimensional structure resulting in higher solubil-
ity. Whereas inclusion of five-membered rings into PAHs
generally leads to positive curvature and a bowl shape,
embedded seven-membered rings mostly result in negative
curvature and a saddle-shape.”” Surprisingly, to date only few
PAHs containing both types of curvature are known.”™ Often
problematic is the synthesis of seven-membered rings, which
suffer a lack of general synthetic methods. For such operations,
mostly oxidative coupling is used and thus the reaction scope is
narrow.® The hitherto employed approaches involve functional-
ization of positively curved corannulene” with subsequent
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the influence of larger flanking aromatic systems and electron-
donating substituents encompassing the heptagonal ring.
Through [5+2] annulation of acenaphthylene an azulene-
containing PAH with intriguing optoelectronical properties
including a very small bandgap and absorption over the whole
visible spectrum could be obtained. Theoretical calculations
were employed to elucidate the long-wavelength absorption
and aromaticity.

cross-coupling of suitable precursors to provide the prear-
ranged scaffold for oxidative seven-membered ring formation.®
In order to develop a more general synthetic method for both
positively and negatively curved PAHs, we have conjected that
[5+42] annulation of styrene-substituted corannulene 3 and
suitable PAH could produce a series of such curved m-
conjugated carbon materials.

Herein, we report the synthesis and characterization of
heptagon-extended corannulenes 1a-d bearing both negative
and positive curvature. Our synthetic procedure consists of one-
pot hydroboration electrophilic borylation cascade and follow-
up dehydrogenation of simple alkenes to borinic acids® and
subsequent palladium-catalyzed [5 + 2] annulation with suitable
aryl dihalides.” Furthermore, this methodology could also be
used for the synthesis of an azulene-containing PAH by fusing
acenaphthylene,*™™ which exhibited long-wavelength absorp-
tion that is unusually red-shifted for pure hydrocarbons with
similar size.

Results and Discussion

We first synthesized styrylcorannulene 3 following the route
developed by Stuparu and coworkers."®"" Corannulene alde-
hyde 2 could be efficiently generated in multi-gram scale by
Rieche formylation."” Subsequent Horner-Wadsworth-Emmons
(HWE) reaction of aldehyde 2 with benzyl diethyl phosphonate
and potassium tert-butoxide yielded alkene 3."" Borinic acid 5,
which served as precursor in the final [5+2] annulation, was
prepared using our previously reported NHC-mediated C-H
borylation strategy® and was obtained in 21% yield. Under [5+
2] coupling conditions with two equivalents of the respective
ortho- dibromoarene 6a-d, [Pd,(dba);]-:CHCl; as palladium
precatalyst, P(‘Bu);-HBF, as ligand, cesium carbonate as base
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and water as additive in tert-amyl alcohol at 100°C with 42 h
reaction time the PAHs 1a-d were obtained in 19-33% yield.
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Scheme 1. Synthesis of heptagon-embedded corannulenes 1a-d. Condi-
tions: a) Cl,LHCOCH;, TiCl,, CH,Cl,, 16 h, rt, 90%. b) BnPO(OEt), KO'Bu, THF,
0°C to rt, 2.5 h, 89%. c) i) HNTf,, PhCl, rt, 90 min ii) 3, PhCl, 130°C, 6.5 hiii)
TEMPO, PhCl, 80°C, 24 h 21% for three steps d) dibromoarene (2.0 equiv.),
[Pd,(dba);]-CHCI; (5 mol%), P(‘Bu);-HBF, (11 mol%), Cs,CO; (3.3 equiv.), H,0
(40 equiv.), 'AmOH, 100°C, 42 h. Bn: benzyl, TEMPO: 2,2,6,6-tetramethyl-
piperidinyloxyl, dba: dibenzylideneacetone.

Figure 1. Molecular structure and packing of 1c in the crystal. a) Front view
with ellipsoids at 50% probability and bond lengths of seven-membered
ring. b) Crystal packing along the a-axis in a single unit cell. c) C—H-nt
interaction between two homochiral molecules. Enantiomers are color-

coded red and green and hydrogen atoms were omitted for clarity (except
in a). All distances and lengths are given in A.
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All compounds are bench-stable for extended time periods and
exhibit good solubility in common organic solvents (Scheme 1).

Due to its high thermal stability single crystals of 1c could
be obtained by sublimation. The crystal structure confirmed the
highly warped structure with its positive curvature on the
corannulene and the negatively curved seven-membered ring
tilting the naphthalene moiety away from the corannulene’s
bowl (Figure 1).'? The bowl of 1c is only 0.76 A deep and thus
shallower than corannulene which has a bowl depth of
0.87 A" In the seven-membered ring the length of the shortest
bond accounts to 1.355(4) A (Figure 1a), which corresponds to
the length of a conjugated double bond (—C=C—, 1.339 A)."*
The high double bond character of this bond is also observed
in the NMR spectrum, where its proton signal is up-field shifted
to 7.09 ppm with regards to its other protons. The further six
bonds in the seven-membered ring range between 1.445(4)-
1.497(4) A, which is comparable to single bonds between
aromatic systems (—C,—C,— 1.490 A)" and significantly longer
than aromatic C—C bonds (—C,,~C,—, 1.397 A)." The unit cell
of the orthorhombic crystal system within the Pbca space group
contains eight molecules in four pairs of enantiomers as
highlighted in red and green in Figure 1b. Each neighboring
homochiral pair has no stacking interaction between them, but
C—H-m interactions between the corannulene rim and the outer
naphthalene moiety (Figure 1c). With so few attractive inter-
actions between the molecules the good solubility of 1c can be
rationalized.

In the crystal structure of 1c¢, the annulated naphthalene
moiety and the corannulene bowl were located on the same
side of the seven-membered ring (here we call it cisoid
conformation). It is also possible for 1c to adopt a transoid
shape, where the naphthalene and corannulene moieties are
opposed to each other in the seven-membered ring. Further-
more, a racemic mixture of cisoid enantiomers was present in
the crystal. We investigated these phenomena by DFT calcu-
lations (Figure 2). Geometry optimized cisoid conformation was
more stable than the transoid one by 21 kJ/mol. A transition
state (TS1) featuring a planarized corannulene could be found
between the two geometries which was higher in energy by 49
and 28 kJ/mol than the cisoid and transoid conformations,
respectively. Interestingly, we also found a second transition
state (TS2) between the transoid conformation and the
enantiomeric cisoid conformation. Both conformations intercon-
vert through ring inversion of the seven-membered ring with a
barrier of 19 kJ/mol from the transoid and 40 kJ/mol from the
cisoid geometries. Thus, it is to be expected that a molecule of
1c with (M)-cisoid conformation that converted to the transoid
conformation through inversion of corannulene rapidly decays
to the (P)-cisoid conformation through TS2 (Figure 2). We
therefore assume that in solution at room temperature both
conformers are rapidly interconverting in an equilibrium
favoring the thermodynamically more stable cisoid conformatio-
n.Electrochemical studies revealed one oxidation process for
1a-d (Table 1). For benzo-fused 1a a moderately low oxidation
potential of +0.73 V vs. ferrocene/ferrocenium was measured.
The same value was obtained for naphthalene-annulated 1c¢
indicating that a larger flanking m-system on the seven-
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Figure 2. Calculated energy levels of interconversion between the (M)-cisoid conformation of 1, its transoid conformation and its enantiomeric (P)-cisoid

(P)-cisoid

conformation on the B3LYP/6-31+ G(d) level of theory.

Table 1. Optical and redox properties of compounds 1a-d.

apslnm] Aem [nm]™ (&)1 Eo VI Eeeq VI
(€ [M—W cm—W])[a]

1a 292 (57300), 481(0.21) +0.73 nd.
403 (10100)

b 296 (48300), 479,501 (0.24) +0.53 nd.
422 (9600)

1c 298 (61500), 468, 486 (0.30) +0.73 nd.
406 (13300)

1d  312(24800), nd. +031 -136
371 (26000), —1.92
515 (8300),
729 (3200)

[al UV/Vis/NIR spectra were measured in chloroform (c~1x107° M) at
298 K. [b] Fluorescence spectra were measured in chloroform (ca1x
1077 M) at 298 K with the highest wavelength absorption maxima as
excitation wavelength. [c] Absolute fluorescence quantum yields were
measured in chloroform (c~1x107° M) at 298 K. [d] CV and DPV spectra
were measured at room temperature in dry, degassed dichloromethane (¢
~2.5x107* M) with 0.1 M (n-Bu),NPF, under an argon atmosphere and are
calibrated to the ferrocene/ferrocenium redox couple. n.d.=not detected.

membered ring has a minuscule influence on the electronic
properties. Substitution of the heptagon’s annulated benzene
ring with two electron-donating methoxy groups as in the case
of 1b significantly decreases the potential to +0.53 V. These
potentials are similar to those reported by Miao and coworkers
for a saddle-shaped PAH with two embedded seven-membered
rings." For the azulene-embedded 1d not only a low-lying
oxidation potential of +0.31V was determined, but also two
reduction processes at —1.36 V and —1.92V vs. the ferrocene/
ferrocenium couple were observed. Comparable potentials to
the first oxidation and first reduction process of 1d were
reported for non-planar azulene-embedded PAHs by Chi and
coworkers®? and from the groups of Liu and Feng.’¥ The
second reduction of 1d likely stems from the reduction of the
corannulene moiety as for unsubstituted corannulene a single
reduction process at a potential of —2.30 V is reported."®

We then investigated the optoelectronic properties of
compounds 1a-d (Figure 3). Heptagon-embedded PAHs 1a-c
absorb most strongly in the ultraviolet (UV) region with maxima
between 290 and 300 nm and weak absorption bands between
400 and 420 nm being responsible for their yellow color.
Enlargement of the mt-system from benzene (1 a) to naphthalene
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Figure 3. a) UV/Vis spectra (solid lines) and normalized fluorescence emission
(dashed lines) of compounds 1a-d. UV/Vis and fluorescence spectra were
measured at 298 K in chloroform (c~1x 107> M for UV/Vis, c~1x 107 M for
fluorescence) with the highest wavelength absorption maxima used as
excitation wavelength (indicated by the colored arrows). For 1d no
fluorescence was detected. b, ¢) 1a-d (left to right) as CHCl, solutions under
ambient conditions (b) and under UV irradiation (365 nm) (c).

(1¢) induces a very small bathochromic shift of 2-6 nm and
leads to an increased extinction coefficient. An increase in
electron density through dimethoxybenzene (1b) has a larger
influence and shifts maxima toward longer wavelengths, albeit
at slightly decreased extinction coefficients. In stark contrast,
azulene-containing 1d exhibits, in addition to strong absorption
in the UV region, absorbance over the whole visible spectrum
with maxima at 370 and 515 nm. Further, it possesses another
maximum in the NIR region at 729 nm that extends to 950 nm.
In the fluorescence measurements 1a-c exhibit blue (1a, 1¢) or
green colors (1b) and only slight differences in peak shape with
maxima around 480-500 nm, Stokes shifts of around 4000 cm™
and fluorescence quantum yields of 21-30%. In contrast no
fluorescence is observed for 1d, similar to pristine azulene
which exhibits no fluorescence upon excitation to the S,
state."”
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In order to gain insight into the origin of the long-
wavelength absorption of 1d we carried out theoretical
investigations. Similar to 1¢, cisoid and transoid configurations
exist for 1d with the latter being disfavored by 19 kJ/mol.
Therefore, for all calculations the cisoid form of 1d was used.
TD-DFT calculations at the B3LYP/6-31+G(d) level of theory
attributed the NIR absorption of 1d to its HOMO-LUMO
transition, similar to pristine azulene which gains its famous
blue color from its weak S, transition."® Akin to azulene HOMO

Figure 4. Charge density difference plots for the Sy-S; transition of azulene
(a) with isovalue 0.08 and 1d (b) with isovalue 0.002/0.0005 calculated from
TD-DFT data (B3LYP/6-31+ G(d)). Green and blue regions correspond to
positive and negative changes in charge density, respectively. Individual
nodes plotted on the left, barycenters on the right with vector arrows
indicating the direction of charge transfer. Plots were created with
multiwfn,2?

a)

and LUMO of 1d are localized on different parts of the
molecule. Strikingly though, the spatial distribution of frontier
orbital coefficients is diametrical in both compounds: Whereas
the HOMO of azulene is mainly located on its five-membered
ring and the LUMO on the seven-membered ring, in 1d the
HOMO resides mainly on the cyclohepta[bc]corannulene and
the LUMO on the acenaphthylene moiety (see Supporting
Information, Figure S23). Such uneven orbital coefficient distri-
bution leads to charge transfer upon excitation which can be
gauged by the Ar index."” For pristine azulene Ar=0.90 A was
computed with electron density moving from the five- to the
seven-membered ring, whereas for 1d a much longer charge
transfer vector with Ar=2.39 A and opposite direction was
obtained (Figure 4). This leads to the conclusion that for 1d the
cyclohepta[bclcorannulene system serves as electron donor and
the acenaphthylene moiety as electron acceptor during the
excitation, contrary to pristine azulene.

The different UV/Vis/NIR spectra of 1a—c and 1d were
further interpreted by calculations of nucleus-independent
chemical shift (NICS)®" and anisotropy of the induced current
(AICD).”? Due to the non-planarity of the molecules of interest
the values for NICS(1),, and NICS(—1),, differ and were averaged
out as NICS(avg),, (see Supporting Information, Table S3).2
While the odd-membered rings of 1c¢ have strong antiaromatic
character with high NICS(avg),, values, those of the equivalent
rings in 1d are slightly lower and thus less antiaromatic
(Figure 5). Further, the five-membered ring in the azulene
moiety of 1d has a higher nucleus-independent chemical shift
than the corresponding ring in pristine acenaphthylene. These
observations indicate that in 1d the aromaticity is stronger in
the cyclohepta[bc]corannulene unit than that of 1c and the
aromatic ring current is disconnected in the five-membered
ring of acenaphthylene. Thus, when separated by the ring with
the highest antiaromatic character, 1d can be seen as
cyclohepta[bc]corannulene and naphthalene bridged by an
antiaromatic five-membered ring, and 1c as corannulene and
naphthalene bridged by an antiaromatic seven-membered ring.

Figure 5. NICS(avg),, values for 1c (a), 1d (b), acenaphthylene (c) and corannulene (d) calculated at the GIAO-B3LYP-6-31 + G(d) level of theory.
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AICD plots corroborate this hypothesis (see Supporting Informa-
tion, Figure 524).

Conclusion

In summary, we were able to establish a protocol for synthesiz-
ing PAHs bearing both positive and negative curvature. The
positively curved corannulene-based borinic acid 5 could be
extended by [5+2] annulation to form an additional seven-
membered ring with negative curvature. We could analyse the
geometry of 1c using X-ray crystallographic analysis and
confirmed the designed non-planar mt-scaffold. Annulation with
acenaphthylene resulted in azulene-embedded PAH 1d with
weak NIR absorption caused by its S, transition. Akin to its
parent compound, the non-alternant character of 1d leads to a
lower energy transition with a charge transfer character. We
anticipate that our method® may be useful to expand the
scope of available non-planar PAHs with both positive and
negative curvature and pave the way towards the investigation
of such compounds.

Experimental Section

General procedure for the synthesis of 1a-d: To a Schlenk tube
equipped with a magnetic stirring bar were added 5 (20.0 mg,
52.9 pmol, 1.0 equiv.), ortho-dibromoarene (106 umol, 2.0 equiv.),
[Pd,(dba);]-CHCl; (2.74 mg, 2.64 umol, 5mol%), P(Bu);HBF,
(1.69 mg, 5.82 umol, 11 mol%) and cesium carbonate (56.9 mg,
174 umol, 3.3 equiv.). Under nitrogen atmosphere distilled water
(38.1 pL, 2.12 mmol, 40 equiv.) and tert-amyl alcohol (5 mL) were
added by syringe. The mixture was stirred at room temperature for
one hour and then at 100°C for 42 h. After cooling to room
temperature, it was filtered through Celite and the filter cake was
washed with ethyl acetate. After evaporation of the solvent from
the filtrate the crude solid was purified by flash chromatography on
silica-gel (eluent cyclohexane/dichloromethane mixtures) and sub-
sequent recycling GPC.
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