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Azapentacenes, or better their N,N-dihydrocompounds, have
been known since the end of the 19th century and they were
first synthesized by FischerV and by Hinsberg.”! Hinsberg’s
synthetic approach, that is, condensation of an aromatic
diamine with a suitable catechol or an activated ortho-
dihaloarene (1,2-dichloroquinoxaline or 1,2-dichloropyra-
zine) is still used today. The starting materials are reacted in
the melt at 130-160°C to give the desired dihydrodiazaacenes,
such as 3, in surprisingly good yields (Scheme 1). This method
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Scheme 1. Synthesis of azaacenes according to Hinsberg and Appleton
etal"*4

is however unsuitable for the pair 7 plus 2, as substituents
ortho to the amino groups apparently severely curtail
reactivity. The condensation of 4 with Sa,b gives the desired
dihydrodiazapentacenes, however in relatively low yields (10—
23%). Oxidation with MnO, quantitatively transforms these
products into the diazaacenes 6a,b (Scheme 1).74

At temperatures above 250 °C, reaction mixtures of 7 with
2a, with or without [(Ph;P),PdCl,] present, give rise to
undefined, tarry decomposition products. Upon reaction of
the mixture of 7 with 2a—c in Hiinig base in the presence of
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Pd(OAc), or [Pd(dba),] (dba=dibenzylideneacetone) and
the ligands L1-L5 at 120°C for 16 h, we obtained the desired
coupling products 8a—c¢ (Scheme 2). All ligand/palladium-
source combinations worked, but the yields of coupling
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Scheme 2. Palladium-catalyzed synthesis of 9a—c and the structure of
the ligands L1-L5.P! TIPS =triisopropylsilyl, dba=dibenzylidene-
acetone.

product 8 are heavily dependent upon L and the palladium
source used. Best yields result when [Pd(dba),] is combined
with L1; 8a is isolated in 82% yield, while 8b and 8¢ were
best produced with [Pd(dba),] in the presence of L3 in yields
of 80 and 90 %, respectively (7 plus 2b or 2¢); [Pd(dba),] is
superior to Pd(OAc),. It is however not clear what the cause is
for the significant differences in coupling yields.

Compounds 8b-8¢ are easily accessible functional deriv-
atives, which, as was the case with 8 a, are oxidized by MnO, in
yields ranging from 61-67% into 9a—c. Oxidation of the
nitroarene 8c is incomplete and furnishes 1:1 mixtures of 8c
and 9¢, which however are easily separated by chromatog-
raphy. If the ring closure is attempted using 7 and 2,3-
dichloropyrazine (Scheme 3), neither the expected product 10
nor the oxidized tetraazaacene congener is isolated. Com-
pound 10 forms in traces, but it can only be detected by mass
spectrometry. This observation may appear surprising, as the
functionality of 2,3-dichloropyrazine is identical to that of 2.
The synthesis of 10 fails, perhaps as it might be a strongly

SWILEY g

ONLINE LIBRARY

3557


http://dx.doi.org/10.1002/anie.201007654

Communications

TIPS
Pd(OAc), H
Cl N\ L1-L3 X N N\
r 1 e I
cl N Hunig = N“ N
base H
120°C | |
TIPS
10

Scheme 3. Attempted synthesis of 10.

hydrogenating species, which could lead to a reductive
poisoning of the palladium catalyst. Dihydrodiazatetracenes
of similar structure spontaneously oxidize in air.”’! The
intermediary Pd*" species that is formed as part of the
catalytic cycle would then be reduced to Pd” and therefore be
unavailable for further catalytic steps. Compounds such as 8
on the other hand are essentially non-reducing and can be
stored in air for extended periods of time without oxidation
and therefore can be formed by this coupling reaction
efficiently.

Figure 1 shows the UV/Vis spectra of compounds 9a—c
and for comparison the spectrum of the tetraazapentacene
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Figure 1. UV/Vis spectra of 9a—c in hexane and the UV/Vis spectrum
(dashed line) of 11 for comparison.

111 Particularly noticeable is the significant red shift of the
absorption maximum in the series 11-9a—9b—9¢, which is
caused by an increased stabilization of the LUMO compared
to that of the HOMO, and is induced by the electronegative
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substituents. Similar effects were recently observed for
halogenated diazapentacenes.”! To clarify this issue, we
performed quantum chemical calculations (B3LYP 6-
31G**//6-31G**) on the nonsilylated model compounds
9a’—¢’ and 11'.7 Compared to 11’, 9a’—¢’ have both stabilized
HOMOs and LUMOs, but the HOMOs experience less
stabilization than the LUMOs. This effect is particularly
striking in 9¢/, where the LUMO is stabilized by 0.6 eV
compared to that of 11’, while the HOMO energy of 9¢' is
lowered by only 0.37 eV. The reason for the lesser stabiliza-
tion of the HOMO is its smaller orbital coefficients at the ring
with the electronegative substituents (Figure 2).

LUMO ¥-3.47 eV -3.59 eV
HOMO§ -5.41 eV -5.48 eV
Gapgg 194 eV (11') 1.89 eV (9a')
Gap gp, 1.79 eV 1.67 eV

‘: : :
LUMO ° -3.85 eV -4.07 eV
HOMO§ -5.65 eV

-5.78 eV
Gapgq. 1.80 eV (9b') 1.71 eV (9c¢')
Gap gp,  1.58 eV 1.50 eV

Figure 2. Molecular orbitals (HOMO and LUMO) of 11" and 9a'-9¢’.

Heteroacene 9a shows a reversible first reduction at
E"~=-0.52V in cyclic voltammetry (acetonitrile, ferrocene
as standard) and a second reduction at E7?~ = —1.0 V, while
the nitro-substituted compound 9 ¢ shows reversible reduction
waves at E¥~=—-0.27 Vand E* =—-0.80 V (vs. ferrocene).
Compound 9b is too insoluble in acetonitrile under these
conditions to allow cyclic voltammetry to be carried out. A
comparison of the reduction potentials of 9a,c with those of
11 and 6a,b is instructive: 11, 6 a, and 6b are reduced at E”~ =
—0.79V, —1.05V, and —0.79 V. Both tetraazapentacenes are
more easily reduced than either 11 of 6b, and the radical
anions of 9a,c should be stable in the presence of oxygen
(reduction potential —1.3 V vs. ferrocene). This point is
important for the application of 9 as an electron-transport
material, for example in thin-film transistors.

A critical aspect for the potential usefulness of 9 in
organic electronics”® is their structure in the solid state.” It
was possible to obtain single crystalline specimen of 9a and
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9b (Figures 3-5). The molecular structures of 9a and 9b are
inconspicuous. Molecules of 9a assume parallel packed stacks
that are oriented in a brickwork motif (Figure 4), similar to
the solid state structure of 11. In contrast, the “isosteric”

Figure 3. Single-crystal structure of 9a (left) und 9b (right). The
picture was created in Pymol.

Figure 5. Packing of 9b in the single crystal. Bricklayer motif with
lateral offset. Top: view from the top along the b axis; middle: top view
on the brick-wall motif in the b, ¢ plane; bottom: side view of the
stacks along the ¢ axis; the lateral offset of the double rows is clearly
visible.

materials, they might be potentially useful in the fabrication
of thin-film transistors. This issue is not clear but is currently
under investigation. The facile reducibility of the hetero-
acenes 9 is clearly advantageous, as their radical anions should
be environmentally stable.

To test synthetic extensions of this concept, we coupled 7
to 3-bromo-2-iodoquinoline (13) under palladium catalysis
(Scheme 4). The intermediate was immediately oxidized by
MnO, to give the triazapentacene 14 in 42 % yield, which is a
good indication that the title coupling reaction is generally
applicable. We expect to generate other heteroacenes apply-
ing this exciting methodology.

Figure 4. Packing of 9a in the crystalline state. The offset stacking
leads to a brickwork motif parallel to the crystallographic b, c plane.

Top left: view perpendicular to the b, ¢ plane; top right: view along the TIPS

b axis; bottom: view of two parallel stacks from the top along the

¢ axis. [Pd(dba),] I
Hunig base

crystal. Compound 9b also forms offset stacks in the single 46%

crystal (Figure 5). Again, a brickwork motif runs parallel to 13

the b,c plane with laterally offset double rows. If the packing TIPS
motifs in 9a or 9b make them suitable as electron transport  Scheme 4. Synthesis of 14.
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The palladium-catalyzed amination described herein
forms substituted dihydrotetraazapentacenes easily and in
good to excellent yields. Oxidation with MnO, furnishes the
respective novel tetraazapentacenes, which we foresee to
have exciting applications in organic electronics.
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