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A spiro-fused hexa-peri-hexabenzocoronene dimer was synthe-
sized, and its physicochemical properties were studied by UV-Vis
absorption and emission spectroscopy as well as cyclic voltam-
metry. Chemical oxidation of SB-HBC afforded its radical cation
and dication derivatives, which could be reversibly reduced to the
neutral state.

Spiro-fused polycyclic aromatic compounds, in which orthogonal
n-systems are linked by a common sp’-hybridized atom, have
been widely investigated due to their three-dimensional (3D)
geometries, high thermal stability, good processability and unique
spiro-conjugation effects."” Spirobifluorene (SBF) represents the
most studied class of spiro-conjugated molecules, which has been
recognized as a promising building block for functional materials
in organic light-emitting diodes, phototransistors and solar
cells.* " The structural modification of SBF has been achieved
by core-substitution at the 3,6- and/or 2,7-positions aiming at
tuning the optical and electronic properties (Fig. 1).">™*° However,
much less effort has been devoted to extend the n-system of SBF
by annulation with aromatic units (Fig. 1),>°">* although this can
lead to rigid and enlarged spiro m-systems with increased inter-
molecular n-r overlap in the solid state.>* In particular, the core-
annulation at 3, 4, 5, and 6 positions of SBF that enables the
construction of spiro-fused large polycyclic aromatic hydro-
carbons (PAHs) has remained elusive (Fig. 1).>°
Hexa-peri-hexabenzocoronene (HBC) is an intriguing PAH with a
large m-system which gives rise to a pronounced self-assembly and
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Fig. 1 Functionalization of spirobifluorene.

high intrinsic charge-carrier mobility.>>*® There are numerous

planar HBC derivatives in the literature, but there has been
only a limited number of reports on the incorporation of HBC
into 3D scaffolds,>”>° despite the intriguing properties demon-
strated for smaller PAHs arranged in 3D structures, such
as intrinsic chirality,***' amorphous aggregation® and unique
packing modes.**** Herein, we report an efficient synthesis of a
novel 3,4,5,6-annulated SBF derivative, bearing two spiro-linked
HBC units (spiro-bis-HBC, SB-HBC, Scheme 1). Its robust
orthogonally arranged structure was confirmed by X-ray crystal-
lography. The photophysical and electrochemical properties of
SB-HBC were investigated in comparison with the parent HBC,
revealing largely enhanced absorptivity and two-electron oxida-
tion. Moreover, chemical oxidation and reduction were shown
to be reversible.

The synthesis of SB-HBC is depicted in Scheme 1. Starting
from 4,4’-dibromo-9,9’-spirobifluorene (1),** a two-fold palladium-
catalyzed Sonogashira coupling of 1 with trimethylsilylacetylene
was performed in the presence of tetrakis(triphenylphosphine)-
palladium (Pd(PPhj;),) and copper(i) iodide (Cul) in piperidine,
affording 4,4’-bis(trimethylsilylethynyl)-9,9’-spirobifluorene 2 in
86% yield. The relatively high reaction temperature (120 °C)
was necessary to overcome the steric hindrance at the bay
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Scheme 1 Synthesis of spiro-fused bis-HBC (SB-HBC).

positions of 1. Then, the trimethylsilyl groups were removed
upon treatment of 2 with potassium carbonate (K,COj;) in
dichloromethane (DCM) and methanol (MeOH), furnishing
4,4’-diethynyl-9,9’-spirobifluorene (3) in 98% yield. Bisdienophile
3 was then subjected to a two-fold Diels-Alder reaction with
cyclopentadienone 4, providing the spirobifluorene-based poly-
phenylene precursor 5 in 82% yield. The final oxidative cyclo-
dehydrogenation of 5 resulted in the formation of spiro-fused
HBC dimer SB-HBC as a yellow solid in 71% yield. The chemical
structure of SB-HBC was unambiguously disclosed by mass and
NMR spectroscopies as well as X-ray crystallography. It is
noteworthy that well-resolved 'H-NMR spectrum of SB-HBC
was recorded, where all the aromatic protons could be clearly
assigned by "H-"H correlation spectroscopy (COSY) and nuclear
overhauser enhancement spectroscopy (NOESY) measurements
(see ESIf for further details).

Single crystals of SB-HBC were grown by slowly diffusing
pentane vapor into its tetrahydrofuran solution. As shown in
Fig. 2, the SB-HBC molecule revealed a nearly orthogonal spiro-
shaped structure with the dihedral angle of 87.0° between the two
fused five-membered rings. This is close to the reported torsion
angle of SBF (ca. 89.0°)*° and also in good agreement with the
value of 88.7° calculated for the gas phase by density functional
theory (DFT) at the B3LYP/6-31G(d,p) level (Fig. S2, ESIT). The HBC
subunits in SB-HBC are slightly bent, with the largest distance of
0.48 A between the outermost carbons and the plane of the central
benzene ring. This is attributed to the concurrent effects of the
steric interactions among tert-butyl groups and the strains induced
by the five-membered rings. It is noteworthy that adjacent SB-HBC
molecules are stacked by m-m overlap of the HBC subunits along
the c-axis, forming one-dimensional arrays (Fig. 2c). The inter-
molecular n-r stacking distances are in the range of 3.42 to 3.63 A.
This molecular stacking mode is similar to that of previously
reported spirobiphenalenyl neutral radicals, which show long-
range one-dimensional charge-transporting properties.*®*”

The optoelectronic behavior of SB-HBC was initially investi-
gated by UV-Vis absorption spectroscopy in comparison with
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Fig. 2 Crystal structure of SB-HBC. Solvent molecules, tert-butyl groups,
and hydrogen atoms were omitted for clarity. (a) Top view and (b) side
view. Thermal ellipsoids are shown at 50% probability. (c) Molecular packing
of SB-HBC in one unit cell.
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2,5,8,11,14,17-hexa-tert-butyl-HBC (HBC-tBu).>**° As displayed
in Fig. 3a, SB-HBC exhibits a similar but less structured absorp-
tion pattern. The significantly enhanced absorption behavior of
SB-HBC relative to HBC-tBu can be clearly disclosed from the
nearly two-fold enhancement of the maximum molar extinction
coefficient (emq(SB-HBC) at 363 nm: ~3.1 x 10° L mol ' ecm™*
and g (HBC-tBu) at 359 nm: ~1.8 x 10° L mol ' em ™). The
slightly red-shifted absorption maximum of SB-HBC implied the
spiro-conjugation effect between two spiro-fused HBC moieties,
which has been previously observed in other spirocyclic fused
aromatics.” Further lower-energy absorption bands for SB-HBC
were observed at 432 nm (& ~6.0 x 10> L mol ™' em™") with a
shoulder at 442 nm and at 464 nm (& ~6.3 x 10° L mol " em ™),
which are more pronounced compared with the corresponding
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Fig. 3 (a) UV-Vis absorption (Abs) and photoluminescence (PL) spectra
(0-0 vibronic transitions are notified with arrows) of 5.0 x 10~ mol L™*
SB-HBC and HBC-tBu in DCM. Inset: Magnified absorption region for
better visualization. (b) Cyclic voltammetry and differential pulse voltam-
metry profiles of 1.0 x 10~° mol L' SB-HBC and HBC-tBu in 1,1,2,2-
tetrachloroethane.
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peaks from HBC-tBu (inset Fig. 3a). Excitation spectrum of
SB-HBC is well consistent with the absorption with distinct
long-wavelength excitation bands at 438, 446 and 465 nm
(Fig. S6, ESIt). Notably, compared to HBC-tBu, SB-HBC showed
an extremely sharp emission band at 467 nm assignable to
the 0-0 vibronic transition (Fig. 2a), which is attributed to a
reduced symmetry of SB-HBC.*® Furthermore, the fluorescence
quantum yield of SB-HBC was determined to be 0.063, which is
higher than the reported values of HBC-tBu (¥ = 0.030) and
other alkyl substituted HBC derivatives.*' In contrast to the
doubly degenerated HOMO and LUMO of unsubstituted HBC,
DFT calculations demonstrated the non-degenerate frontier
molecular orbitals (HOMO and LUMO) of SB-HBC, with the
electron density shared over the spiro bridge (Fig. 4). On the
basis of the time-dependent DFT (TD-DFT) method, HBC
shows a symmetry-forbidden low-energy transition at 429 nm
(oscillator strength (f) = 0.000) (Fig. S4 and Table S1, ESIY),
which was previously assigned to the a-band.** In contrast, the
low-energy transition at 432 nm of SB-HBC is partially symme-
try allowed with f= 0.023 (Fig. S5 and Table S2, ESIt), which is
in line with the experimental observations. When studied by
cyclic voltammetry, SB-HBC presented reversible two-electron
oxidation in the range of 0-1.5 V as evidenced by differential
pulse voltammetry (DPV) curves in contrast to the one-electron
oxidation process of HBC-tBu (Fig. 3b). The onset oxidation
potentials of SB-HBC and HBC-tBu were close to each other
(SB-HBC: 0.95 V, HBC-tBu: 0.92 V), which implied their compar-
able electron-donating abilities.

We also undertook chemical oxidation of SB-HBC using anti-
mony chloride (SbCl;) as the oxidant, which were monitored by
UV-Vis-NIR absorption spectroscopy and electron paramagnetic
resonance (EPR) measurements. Upon incremental addition of
a solution of SbCl; in DCM, the light yellow solution of SB-HBC
turned red with the appearance of a sharp absorption band at
548 nm and a broad band from 600 to 1000 nm centered at
815 nm (red lines in Fig. 5a). We assign these new absorption
bands to the radical cation of SB-HBC (SB-HBC*"), also based
on the observation of an intensive EPR signal (g = 2.0033)
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Fig. 4 Energies and shapes of frontier orbitals of HBC and model SB-HBC
at the B3LYP/6-31G level of theory.

This journal is © The Royal Society of Chemistry 2018

View Article Online

Communication

a) 1.8
1.6
1.4 sB-HBC?*
A T
§ 12 3320 3360
BIG
g 1.0
208 SB-HBC™
206
0.4
0.2
0.0+ ! T T T T T
400 500 600 700 800 900 1000 1100
Wavelength (nm)
b) 2.8
——SB-HBC*
244||l ——sB-HBC? +SnCl, for30's
;j 2.04|l| ——SB-HBC* +SnCl, for 5 min
Y 1.6 i) "). . .
= [x) [ox]
o @ [ox
graffl =V — EF =i
o —_—
2 3320 3360
o 0.84
< B/G
0.4
0.0

400 500 600 700 800 900 1000 1100
Wavelength (nm)

Fig. 5 (a) Absorption and EPR (displayed in the inset) spectral changes
upon the oxidation of SB-HBC (2.0 x 10~> mol L™t in DCM) by incremental
addition of SbCls. (b) Absorption and EPR (displayed in inset i) spectral changes
of SB-HBC?* in DCM (1 x 10~> mol L™ after the addition of excessive SnCl,
for the indicated time. Inset ii: Photographs of SB-HBC in DCM observed upon
the oxidation by SbCls followed with the reduction by SnCl,.

(inset of Fig. 5a and Fig. S8, S9, ESIt). Excess amounts of SbCl;
were necessary for this oxidation process (Fig. S7, ESIt). Never-
theless, loss of degeneracy in the HOMO of SB-HBC, as pre-
dicted by the DFT calculation (Fig. 4), precludes the formation
of bis(radical cation) species.

Further oxidation of the red SB-HBC®" with an increasing
amount of SbCl; afforded a green solution with a broad absorp-
tion band centered at 756 nm (green lines in Fig. 5a). These
spectral and color changes coincided with the disappearance of
the EPR signal (inset of Fig. 5a), suggesting the formation of
diamagnetic SB-HBC dication (SB-HBC>"). This is in agreement
with the loss of degeneracy of the HOMO mentioned above and
in contrast to oxidation of coronene which can form a para-
magnetic diradical dication due to the two-fold degenerate
HOMOs.*

It is noteworthy that the green SB-HBC>" could be reversibly
reduced to the neutral state by adding tin(u) chloride (SnCl,).
A stepwise color change was observed from green to red and
then to light yellow, which was accompanied by simultaneous
changes of the absorption and EPR spectra, demonstrating the
recovery of SB-HBC*" and then of the neutral SB-HBC (Fig. 5b).
The reversible redox property of SB-HBC indicated the good
stability of its oxidized species.

In summary, we have demonstrated the efficient synthesis of
a spiro-fused bis-HBC (SB-HBC), representing a novel PAH with
a robust spiro-linkage. The orthogonally arranged m-system of
SB-HBC was proven by X-ray crystallography, with the adjacent
molecules stacking by the marked one-dimensional n-w
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overlapping pattern. The chemical oxidation of SB-HBC into the
stable oxidized species and reversible reduction process are
demonstrated. Our result sheds light on n-extended SBF with
modulated optical and electronic properties, and can become a
starting point for the investigation of other spiro-fused nano-
graphene structures.
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