Communication

JAC'S

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Synthesis of Stable Nanographenes with OBO-Doped Zigzag Edges
Based on Tandem Demethylation-Electrophilic Borylation

Xiao-Ye Wang,_{_ Akimitsu Narita,’ Wen Zhang,_}- Xinliang Feng,*’i and Klaus Miillen®"

"Max Planck Institute for Polymer Research, Ackermannweg 10, 55128 Mainz, Germany

*Center for Advancing Electronics Dresden and Department of Chemistry and Food Chemistry, Technische Universitit Dresden,

01062 Dresden, Germany

© Supporting Information

ABSTRACT: A tandem demethylation-aryl borylation
strategy was developed to synthesize OBO-doped
tetrabenzo[a,fjo]perylenes (namely “bistetracenes”) and
tetrabenzo[ bgef,kl,no]coronenes (namely “peritetracenes”).
The OBO-doped bistetracene analogues exhibited ex-
cellent stability and strong fluorescence, in contrast to the
unstable all-carbon bistetracene. Single-crystal X-ray
analysis for OBO-doped bistetracene revealed a twisted
double [S]helicene structure, indicating that this synthesis
is applicable to new heterohelicenes. Importantly, cyclo-
dehydrogenation of the bistetracene analogues successfully
produced the unprecedented heteroatom-doped perite-
tracenes, which opened up a new avenue to periacene-type
nanographenes with stable zigzag edges.

Acenes with linearly fused benzene rings have attracted
tremendous attention during the past decades due to their
promising physical properties and applications in organic
electronics.” However, the instability of higher acenes toward
oxidation and photodimerization severely limited further
investigations.2 Recently, several strategies, such as heteroatom
doping and incorporation of five-membered rings, have been
developed to access stable acene analogues,” which could be
facilely handled.

Periacenes, two linear acenes laterally fused at all the peri-
positions, are an important family of extended acene
compounds.” The smaller members, perylene and bisanthene,
have been known for a long time.” The longer homologues such
as peritetracene (tetrabenzo[bcefklno]coronene) and peripen-
tacene (tetrabenzo[bc,ef,mn,pq]ovalene), which can be regarded
as well-defined nanographenes with zigzag edges (Figure 1),°
have remained elusive because of their high instability.” Only
recently, in 2015, peripentacene was achieved on a metal surface
under ultrahigh vacuum conditions by cyclodehydrogenation of a
solution-synthesized precursor 6,6'-bipentacene.” On our way to
periacenes, we have reported a bistetracene (1), namely
tetrabenzo[a,fjo]perylene, in which two tetracenes are con-
nected side by side with two single bonds.” Bistetracene exhibited
distinct properties as compared with tetracene and could be
viewed as a potential precursor of the unprecedented
peritetracene. However, the bistetracene showed very poor
stability and was quickly oxidized under ambient conditions,
hindering detailed structural analyses and further cyclodehy-
drogenation toward peritetracene. Inspired by the strategy of
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Figure 1. Chemical structures of peritetracene and its potential
precursor bistetracene 1, a stable bistetracene analogue 2 with
embedded five-membered rings, and its corresponding cyclodehydro-
genated product 3, as well as OBO-doped bistetracene 4 and
peritetracene $ in this work. The substituents are omitted for simplicity.

incorporating five-membered rings into acene systems to
generate stable acene analogues, we described a bistetracene
analogue with two five-membered rings, namely dibenzo[a,m]-
rubicene (2),'" which was also synthesized by others through
different approaches.'' Bistetracene analogue 2 displayed
excellent stability, which enabled full characterizations and
applications in organic field-effect transistors.'' These results
suggested that targeting stable bisacene and periacene analogues
is a promising way to develop novel materials by avoiding the
instability issue. Nevertheless, cyclodehydrogenation of 2 failed
to produce peritetracene analogue 3 with two embedded five-
membered rings,'' leaving the long pursued peritetracene
framework still elusive.

Heteroatom-doped nanographenes are a promising class of
molecules that possess different properties from their pristine
hydrocarbon structures.'” Especially, boron-doped nanogra-
phenes have received considerable interest in recent years, but
the known examples are still limited due to the lack of efficient
synthetic methods."” Herein, we developed tandem demethyla-
tion-borylation to synthesize an OBO-fused bistetracene
analogue 4, which exhibited excellent stability and allowed
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Scheme 1. Synthetic Route to OBO-Doped Bistetracenes
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comprehensive characterizations. Further cyclodehydrogenation
of 4 successfully provided the first example of heteroatom-doped
peritetracene (5) with OBO units on the edges, representing an
important step forward toward stable zigzag-edged nano-
graphenes.

The synthesis of compounds 4a and 4b is illustrated in Scheme
1. Treatment of hexabromobenzene with (2-methoxyphenyl)
magnesium bromide in THF provided 1,2,4,5-tetra(2-
methoxyphenyl)benzene (6a) after quenching the mixture with
dilute hydrochloric acid.'* Simply heating a solution of
compound 6a in o-dichlorobenzene (ODCB) at 150 °C in the
presence of BBr; gave OBO-doped bistetracene 4a in 92% yield.
The reaction presumably included a demethylation process to
form intermediate 7a with four new B—O bonds, followed by
electrophilic borylation on the central benzene to provide two
extra C—B bonds. Compound 4b with tert-butyl groups was
synthesized in the same manner. During the preparation of this
manuscript, Hatakeyama et al. independently reported the same
compound 4a and its derivative as double helicenes for the study
of chiroptical properties.'> Compared to Hatakeyama’s method
where lithium-halogen exchange on the central benzene was first
performed to introduce boron, followed by cyclization with
oxygen to give the OBO-fused compounds in 55—60% yields, the
method presented here is overall simpler, involving direct C—H
borylation, and more efficient with higher yields. Compounds 4a
and 4b were stable enough to be purified by column
chromatography over silica gel and recrystallization from
CH,Cl,/MeOH. No obvious decomposition was observed
during this process. The solids are stable even after storing
under ambient conditions for more than six months, showing no
detectable change in '"H NMR spectra.

The single crystal of compound 4a was successfully grown
from CHCI;/EtOH, so that its structure was unambiguously
determined by single-crystal X-ray analysis. As depicted in Figure
2a, the B—C bond length is around 1.52 A, indicating a single
bond character. The B—O bond length is around 1.37 A, a typical
value for three-coordinated boron—oxygen compounds.'® The
molecule adopts a twisted conformation. The dihedral angles for
C1-C2—C3—C4 and C5—C6—C7—C8 are 32.3° and 28.2°
respectively. The central benzene ring exhibits one of the highest
distortions reported in the literature,'” with a torsion angle of
24.5° for C9—C2—C3—C10 (also defined by the three blue
bonds in Figure 2a). The twisted bistetracene analogue 4a is
actually a double hetero[5]helicene ' with a pair of enantiomers
in one unit cell (Figure 2b). Hatakeyama et al. have successfully

Figure 2. Single-crystal structure of 4a with thermal ellipsoids shown at
50% probability. (a) Top view. (b) A pair of enantiomers in one unit cell.
(c) Crystal packing structure.

separated the chiral isomers by increasing the isomerization
barrier through the introduction of tert-butyl groups at the para-
positions with respect to the oxygen."” In our racemic crystal of
4a, the (P,P)- and (M,M)-isomers are packed in an alternating
fashion, forming close 7-stacking structures (interlayer distance:
3.2—3.4 A) with multiple O---H hydrogen bonds (Figure 2c).

To further understand the distorted conformation of
compound 4a, DFT calculations were performed to investigate
the properties of the experimentally missing meso-isomer (P,M)-
4a. According to the optimizations at the B3LYP/6-311G(d,p)
level, (P,M)-4a, which adopts an anti-folded conformation, is
24.1 kJ/mol higher in energy than the twisted (P,P)- or (M,M)-
isomers (Figure S2). The large energy difference indicates that
the twisted conformations are thermodynamically more stable, in
agreement with the experimental observation.

With the ultimate goal of accessing OBO-doped peritetracene,
we first tried the cyclodehydrogenation of compounds 6a and 6b
with FeCl; or DDQ/TfOH (Scheme 2). These conditions failed
to give the expected products 8a and 8b. Nevertheless, the

Scheme 2. Synthesis of OBO-Doped Peritetracenes
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Figure 3. (a) High-resolution MALDI-TOF MS spectrum of OBO-
doped peritetracene Sa. Inset: the corresponding experimental and
simulated isotopic distributions. (b) Aromatic regions of the 'H NMR
spectra of 4b and Sb.

cyclodehydrogenation of 4a and 4b in the presence of DDQ/
TfOH cleanly turned the twisted bistetracene analogues into the
planar nanographene molecules $a and Sb in excellent yields
(91—94%). This result at the same time indicated the high
stability of the OBO-peritetracenes under the acidic and
oxidative conditions. The structure of Sa was confirmed by
high-resolution mass spectrometry (HRMS), which showed a
single peak at m/z = 458.0884 Da, in good agreement with its
expected molecular mass of 458.0922 Da (Figure 3a). The
isotopic distribution observed for Sa also perfectly matched with
the simulated pattern, corroborating the successful cyclo-
dehydrogenation. However, the poor solubility of Sa prevented
further characterizations. The introduction of #-Bu groups
substantially increased the solubility of the nanographene
molecule in common organic solvents. A well-resolved 'H
NMR spectrum of Sb could be recorded in C,D,Cl, (Figure 3b,
for full spectra, see the Supporting Information). Compared to
the spectrum of 4b with three sets of aromatic proton signals, two
singlets were observed for Sb, clearly demonstrating its chemical
structure. Different from the unstable all-carbon peritetracene,
the OBO-doped analogues Sa and 5b displayed excellent stability
under ambient conditions, facilitating all further character-
izations.

The photophysical properties of 4a, 4b, and Sb were
investigated in CH,Cl, solutions (Figure 4). The optical gaps
of 4a and 4b deduced from the absorption onsets are 2.88 and
2.83 eV, respectively, which are larger than that of the carbon
analogue bistetracene 1.” Different from the nonfluorescent
bistetracene 1, compounds 4a and 4b both exhibited strong
fluorescence with high quantum yields of 61% and 52%,
respectively. When the twisted 4b was planarized into OBO-
peritetracene Sb, well-resolved vibronic structures were observed
for both the absorption and fluorescence spectra. A blue
fluorescence with a quantum yield of 27% was recorded, with
the spectrum displaying almost the mirror image of the low-
energy absorption band. The Stokes shift was as small as 7 nm,
indicating the rigid structure of this nanographene molecule.

The electrochemical properties of the OBO-fused compounds
were studied by cyclic voltammetry (Figure S1). With ferrocene
as an external standard, the HOMO and LUMO energy levels of
4a were estimated to be —5.86 and —2.96 eV, respectively. The t-
Bu groups on 4b significantly raised the HOMO to —5.54 eV and
the LUMO to —2.72 eV. The electrochemical HOMO—-LUMO
gaps of 4a and 4b are thus 2.90 and 2.82 eV, respectively, which
are in good agreement with the optical gaps (Table S1). Only the
oxidative wave was observed for Sb, whose HOMO was
determined as —5.87 eV. The LUMO level of Sb was calculated
to be —3.03 eV based on the HOMO level and the optical gap.
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Figure 4. Absorption and fluorescence spectra (excited at the absorption
maxima) of compounds 4a, 4b, and 5b in CH,Cl, (1 X 107> M).

For gaining deeper insight into the effect of heteroatom
incorporation, DFT calculations were performed to compare the
electronic properties of pristine peritetracene and the OBO-
doped analogue (Figure 5). According to the NICS calculations,

NICS(1) NICS(1) 9
A:-6.7 A: -10.0
B:-5.6 B: +0.1
Mo b
176 eV
) (’ L ' . 218ev
LIS — ) "
- 4.0.00.
‘ .‘. " -3.22eV
| 3 st { AhE
,‘.““, Ly ey ' .
AP O
PP QY 575ev

A4 LA

Figure 5. DFT-calculated NICS(1) values (in ppm), molecular orbitals,
and energy diagrams of peritetracene (left) and OBO-doped
peritetracene (right). The orbitals connected by the dashed lines exhibit
similar distributions. H: HOMO; L: LUMO.

the benzene rings A and B in peritetracene display moderate
aromaticity, whereas C and D rings are weakly antiaromatic and
nonaromatic, respectively. Differently, A and D rings in OBO-
doped peritetracene are highly aromatic, whereas ring B is
nonaromatic and ring C exhibits low aromaticity. These results
indicated that the heteroatoms significantly modified the
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electronic structures of the carbon framework. A closer look into
the molecular orbitals of both molecules suggested that the
HOMO and LUMO distributions of OBO-doped peritetracene
are very similar to the LUMO and LUMO+1 distributions of
peritetracene, respectively. Considering the different valence
electrons of CCC (3 p, electrons) and OBO (4 p, electrons)
units, OBO-doped peritetracene should possess two more p,
electrons, which are filled in the orbital corresponding to the
LUMO of peritetracene to give the HOMO of OBO-doped
peritetracene. Importantly, the heteroatom doping results in a
low-lying HOMO, which contributes to the high stability of
OBO-peritetracenes. Furthermore, comparison of the electronic
structures of OBO-doped peritetracene and those of tetraben-
zoanthracene derivatives with and without alkyl substituents
indicates that the OBO unit cannot be simply viewed as a
structural linkage, but has a significant impact on the electronic
properties (Figure S7).

In summary, we have developed a tandem demethylation-
electrophilic borylation method to synthesize new OBO-doped
bistetracenes, which exhibit good stability and strong fluo-
rescence as compared to the ambient sensitive, nonfluorescent
bistetracene 1. Single-crystal X-ray analysis revealed a double
hetero[S]helicene structure with a highly twisted benzene ring.
Cyclodehydrogenation successfully generated the first example
of heteroatom-doped peritetracenes, which opened a new
strategy to stabilize zigzag edges of periacenes. This work offers
new possibilities not only for the synthesis of twisted double
helicenes but also for the construction of planar zigzag-edged
nanographenes, in particular higher periacenes and eventually
zigzag-edged graphene nanoribbons, with excellent stability.
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