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Abstract: A bottom-up approach toward stable and mono-
disperse segments of graphenes with a nitrogen-doped zigzag
edge is introduced. Exemplified by the so far unprecedented
dibenzo-9a-azaphenalene (DBAPhen) as the core unit, a ver-
satile synthetic concept is introduced that leads to nitrogen-
doped zigzag nanographenes and graphene nanoribbons.

P henalene (1) is the prototype of a non-Kekulé polycyclic
aromatic hydrocarbon (PAH).! It can occur as a neutral,
delocalized radical with 13 & electrons as well as an anionic
(14 we™) or a cationic (12 & e~) aromatic compound.” Being
the smallest D,-symmetric PAH after benzene, it is a struc-
tural motif for graphene that has entirely zigzag-edge
peripheries. Repetition of this motif can lead to nanogra-
phenes or graphene nanoribbons (GNRs) that have entirely
zigzag edges.®! In contrast to the fully benzenoid nano-
graphenes or GNRs,¥ segments of graphene with zigzag
peripheries have unpaired electrons primarily located on the
edges.” These zigzag graphenes are candidates for spintron-
ics.”) However, they are kinetically unstable in terms of
oxidation or dimerization,'®” and the synthesis of larger
monodisperse, open-shell zigzag-graphene segments remains
a challenging task, the so-called “synthetic organic spin
chemistry”.[®!

Here, we introduce the synthesis of 9a-azaphenalenes §
and 6 (Figure 1) with dibenzo-elongated zigzag edges and
propose a procedure for the solution-based bottom-up
approach towards doped zigzag GNRs. This is exemplified
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on the next higher homologue 7, an aza derivative of
dibenzoheptazethrene synthesized by Clar et al.”! In contrast
to previously studied azaphenalenes, such as 9b-azaphenalene
(cyclazine) (2)!” and 1-azaphenalene (3),l! the introduction
of nitrogen into the zigzag edge results in a neutral diradical
4a. This can, in principle, be stabilized in a zwitterionic
valence bond structure of an azomethine ylide (AMY) type
4b.'"” The high chemical reactivity of the nitrogen “doping”
at the 9a-position is demonstrated by the dimerization and the
[243] cycloaddition reaction of the insitu created rBu-
DBAPhen 5. Single-crystal analysis revealed the selective
addition of dimethyl acetylenedicarboxylate (DMAD) to the
AMY side of 5. A bulky aryl group was introduced in 6 to
cause steric shielding of the highly reactive periphery in 5 and
so inhibit self-dimerization and increase the kinetic stability.

The synthesis of § and 6 was accomplished by treatment of
the corresponding precursor derivatives 11 and 12 with base.
These precursors can all be derived from 8 (Scheme 1). The
synthesis of the precursor comprises the following steps: First,
Suzuki coupling was performed between 2,6-dibromo-4-(tert-
butyl)aniline (8) and 1-hydroxy-3H-2,1-benzoxaborole (9) to
afford 10 or 13, and a repeated Suzuki coupling of 13 and 1,5-
dibora-2,6-dioxa-sym-hydrindacene-1,5-diol (14)"* led to 15.
Second, a HCl-induced microwave-assisted, cyclization of 10
and 15 afforded precursors 11 and 16, while further Grignard
addition and hydride abstraction from 11 provided 12 with
a phenyl-terminated edge.

e

Figure 1. Phenalene 1 and aza derivatives 2—4; dibenzoazaphenalenes
5 and 6 and their repeated structural motif in dimer 7.

Although the cyclization of 10 was conducted in the
presence of oxygen under harsh conditions (HCI, 130°C,
6 bar), no decomposition by oxidation or polymerization was
observed, and 11 was obtained in 99 % yield by precipitation.
The selective a-addition of phenylmagnesium bromide to 11
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Scheme 1. Synthesis of precursors 11, 12, and 16, and in situ generation of DBAPhens 5-7. Trapping of 5 by
either a [3+2] cycloaddition reaction in the presence of dimethoxyacetylene dicarboxylate (DMAD) to 17, or
by dimerization to 18. a) [Pd(PPhs),], K,CO; (2 M), toluene, ethanol; b) HCl in dioxane (4 m), microwave, O,,
99%; c) PhMgBr, THF, 0°C; d) trityl BF,, toluene, acetonitrile, 90°C; e) TEA; f) DMAD, TEA, CH,Cl,, 25°C,
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AMYs cannot be character-
ized by '"H NMR spectrosco-
py because of their high
reactivity, and only a few
isolable AMYs have been
reported in the literature.’
X-ray analysis of single crys-
tals of the cycloadduct 17
grown by slow evaporation
of solutions in dichlorome-
thane (Figure2) clearly
reveals selective addition to
the 1,3-positions of the AMY
site. The structure of the
dimer 18 was also confirmed
by NMR spectroscopy and
HR-ESI MS.

The UV/Vis absorption
spectra of 5-7 were recorded
in situ under inert conditions
(Figure 2¢). The generation
of 5 and 6 results in broad
absorptions at A=580nm
(536 nm) arising, which dem-
onstrate extended conjuga-
tion compared to their pre-
cursors 11 and 12, which
have maxima at 4 =366 nm

53%; g) DMSO, NBu;, 190°C, 51 %.

and hydride abstraction by trityl tetrafluoroborate at 90°C
resulted in the kinetically controlled Hofmann product 12
with the phenyl substituent on the saturated o-carbon atom
(see Figure S2 in the Supporting Information). The stable,
charged precursors 11, 12, and 16 are readily soluble in polar
organic solvents and thus can be purified by repeated
precipitation in n-hexane. Finally, deprotonation of precur-
sors 11, 12, and 16 by using anhydrous triethylamine (TEA)
generated solutions of 5-7 under inert conditions.

As 5-7 could not be isolated, due to their high reactivity,
a solution of 5 was prepared and trapped with DMAD to
afford the [3+42] cycloaddition product 17. Interestingly, in the
absence of the trapping reagent DMAD, work-up of the
resulting mixture gave the dimerized compound 18 in 3%
yield. Such a dimerization reaction actually has also been
observed for other AMYs."Y Preheating solutions of precur-
sor 11 at 190°C prior to the addition of the high-boiling base
tributylamine led to 18 in 51 % yield. All intermediates and
precursor compounds were analyzed by 'H and “C NMR
spectroscopy as well as HRESI mass spectroscopy. The
"H NMR spectra of in situ prepared solutions of 6 showed
complete conversion of the precursor 12, as evident, for
example, by the disappearance of the characteristic iminium
proton at 0 =10.3 ppm. A resolved spectrum could not be
obtained even if the sample was prepared and measured at
—60°C. Nevertheless, the observed signals in the 'H NMR
spectrum strongly suggests the zwitterionic structure of 6 (see
Figure S6 in the Supporting Information). The majority of
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Figure 2. a) Crystal structure of cycloaddition product 17 showing
selective 1,3-addition to the nitrogen side; b) proposed transient state
of [243] cycloaddition reaction between DBAPhen 5 and DMAD; c)—
e) UV/Vis absorption of precursors (dashed lines) 11, 12, and 16, as
well as in situ generated solutions of DBAPhens 5, 6, and 7 in CH,Cl,
immediately after addition of base.
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Scheme 2. Quinoid resonance stabilization between two adjacent
repeating units represented in B1 and B2 compared to Al and A2,
which possess a higher number of Clar sextets. In contrast to the
closed-shell structure of A1, B2 is a diradical, which indicates

a stabilized open-shell state.

(378 nm). In contrast to the absorption band of 5, that of 6 is
narrower and hypsochromically shifted, which supports
a localization of the negative charge on the phenyl-substituted
carbon atom. The formation of 18 by dimerization of 5 results
in an absorption shoulder at 4 =420 nm. A similar observa-
tion is not found for the phenyl derivative 6. In the case of
dimer 7, an absorption maximum at A =751 nm is observed
(for comparison: A(heptacene) =728 nm).["”) This large bath-
ochromic shift of the absorption of 7 compared to those of §
and 6 stems not only from the extended conjugation in the two
mesomeric structures Al and A2 (Scheme 2), but also by an
additional quinoid resonance stabilization of the two nitrogen
centers in B1 and B2.

We have used density functional theory (DFT) with the
hybrid functional HSEH1PBE and the 6-31G(d) basis set to
investigate the evolution of the geometric and electronic
structures upon oligomerization of monomer (5) to tetramer
(ttm) in the singlet (triplet) state (Figure 3a). The lowest
singlet electronic excited states and the linear optical
absorption spectra of the oligomers were also computed at
the TD-DFT and AM1/CIS levels. An HSEHI1PBE ESP
charge analysis yields large positive charges of about 0.35| ¢ |
on the nitrogen atoms and negative charges of about —0.23 |
e| on the neighboring CH units (see Figure S8 in the
Supporting Information), which is consistent with a sizeable
ionic contribution in the ground state. In addition, the
nitrogen—carbon bond lengths of about 1.36 A indicate
a close to double-bond character, in line with the zwitterionic
Al form in Scheme 2. The equilibrium geometry suggests
a predominant Clar formula with aromatic sextets delocalized
in a zigzag orientation with respect to the longitudinal axis of
the molecules, as exemplified for tm in Figure 3b. This is
borne out by the bonding-antibonding pattern in the HOMO
(Figure 3¢, left). Notice in particular the clear aromatic
character of the benzene rings connecting the nitrogen-doped
units and the presence of localized contributions to the
HOMO wave functions on the carbon sites adjacent to the
nitrogen atoms. There is a one-to-one correspondence
between the electronic density in the HOMO and the radical
form A2 (Scheme 2). Likewise, the excess spin density in the
triplet state shows dominant contributions from the carbon
atoms bonded to the nitrogen atoms at the ribbon edges, as
shown for tm (Figure 3d).

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) Chemical structures of the trimer (tm) and tetramer (ttm).
b) Equilibrium geometry of tm. N—C bond lengths (dahed lines, d.
n=1.36 A) indicate a close to double-bond character in line with the
A1 form (Scheme 2). c) Molecular orbitals of tm. Left: HOMO; right:
LUMO. d) Spin density plot of the triplet state of tm.

Altogether, we can conclude that the ground-state struc-
ture of the representative oligomers 7 to ttm can be accounted
for by the superimposition of the ionic and radical aromatic
Clar formulas A1 and A2 (Scheme 2). Note also that: 1) the
shape of the LUMO orbital of ttm (Figure 3¢, right), with
a quinoidic pattern on the connecting benzene rings, is more
consistent with Clar’s formulas B1 and B2; and that 2) the
ground state of all the representative molecules investigated
is singlet, although the singlet-triplet energy spacing reduces
from about 1 eV in the monomer 5 to about 0.2 eV in the
tetramer (ttm). This is in agreement with the EPR spectro-
scopic analysis of 6 at a concentration of 10~*molL ™" not
showing any signal.

The UV/Vis spectra of 5,7, and tm have been computed at
the TD-DFT and AM1/CIS levels (see Figures S19-S21 in the
Supporting Information). For the monomer 5, both methods
indicate two main absorption bands in the low-energy spectral
domain, with the lowest electronic transition carrying much
smaller oscillator strength. On the basis of their relative
intensity and energetic position, we assign these two bands to
the features measured at A~ 380 and 540 nm (Figure 2c¢). As
the molecular backbone gets longer (in tm), the lowest optical
transition acquires a dominant HOMO-LUMO character,
which translates into a large bathochromic and hyperchromic
shift (see Figure S21 in the Supporting Information). Both
theoretical methods predict a large reduction in the optical
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Figure 4. a) Chemical structure and b) equilibrium geometry of infinite
ribbon N-ZGNR. The bond lengths (red lines, d=1.37 A) are in line
with the quinoid structures B1 and B2 (Scheme 2). c,d) Molecular
orbitals of N-ZGNR at the end of the valence and conduction band
(k=2m/a). Left: HOCO; right: LUCO. e) Band structure of N-ZGNR.
Frontier bands are shown: HOCO-1 (dotted red), HOCO (red), LUCO
(blue), and LUCO+1 (dotted blue).

gap as the ribbons get longer, in line with the experimental
results.

Based on these findings, it is useful to extrapolate the data
obtained for the oligomers 7-ttm to the corresponding infinite
ribbon N-ZGNR (Figure 4a). A linear fit to the HOMO-
LUMO gap as a function of inverse length yields a bandgap of
about 0.23 eV. This is in good agreement with spin-polarized
DFT calculations on the electronic band structure, which
provide a bandgap of about 0.26 eV (Figure 4 ¢). The frontier
HOCO (highest occupied crystalline orbital) and LUCO
(lowest unoccupied crystalline orbital) show a large disper-
sion, at odds with the typical flat bands associated with edge
states in zigzag ribbons. The comparison with pristine ZGNR
is shown in the Supporting Information (see Figures S15-
S18).

In summary, a bottom-up approach towards nitrogen-
doped zigzag GNRs was introduced based on the synthesis of
the unprecedented DBAPhen 5. The key step is the depro-
tonation of a stable, soluble precursor 10, which allows
formation of the sensitive zigzag edge in § under mild and
inert conditions. The possibility of lateral extension towards
nitrogen-doped zigzag GNRs was demonstrated by the
synthesis of its dimer 7. The repetition of the structural
motif leads to a strong bathochromic and hyperchromic shift.
DFT calculations predict the evolution of the geometric and
electronic properties upon oligomerization into an infinite
nitrogen-doped zigzag ribbon N-ZGNR. Extension towards
precursor polymers through the same synthetic procedure is
straightforward, and further stabilization of the nitrogen-
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doped zigzag periphery is currently being pursued to obtain
stable nitrogen-doped zigzag GNRs by a solution approach.
Importantly, the high chemical reactivity of the 9a-azaphe-
nalene results in it having the potential to be a powerful
building block for the synthesis of larger nitrogen-containing
polycyclic aromatic hydrocarbons.
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