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Abstract: Acenes are a traditional class of polycyclic aromatic
hydrocarbons (PAHs) which attracted considerable interest
during the last decade because of their outstanding p-channel
semiconductor properties. More recently, N-heteroacenes have
been prepared. These molecules have been shown to be more
stable and can exhibit n-channel semiconductor properties.
Inspired by these archetype PAHs, we synthesized a novel class
of highly persistent azahexacene analogues 3a-d. These
molecules are composed of a core of four fused five-membered
rings derived from their respective diketopyrrolopyrroles.
These new m-conjugated scaffolds show broad and intense
absorption in the visible region and possess low-lying HOMO
and LUMO levels, leading to much better stability compared to
that of acenes and most heteroacenes.

Conjugated polycyclic hydrocarbons have attracted consid-
erable attention in the past years as organic electronic
materials for various applications, for example, in field-
effect transistors, photovoltaics, and light-emitting diodes.!!
Among those polycyclic systems, acenes such as pentacene (I
in Scheme 1) and its derivatives (e.g. II) are prominent
examples of semiconducting materials for device applica-
tions.”) However, these systems are susceptible to oxidative
and photolytic degradation.”! According to Clar’s sextet rule,
as the length of the acene increases, the stability (as well as the
solubility) significantly decreases, which causes challenges
and difficulties in the synthesis of their higher homologues.
Hence our knowledge of acenes longer than pentacene is still
limited.”! The extended polyacene hexacene (IIT) was found
to be very unstable in solution, presumably because of its
higher reactivity towards dimerization and oxidation. Thus,
acene-like topologies such as indeno[1,2-b]fluorene skeleton
(IV in Scheme 1) which with a 6-5-6-5-6 fused ring system in
its fully conjugated state closely resembles pentacene, have
recently been introduced.”” An alternative strategy is the
incorporation of heteroatoms in the acene framework. In
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Scheme 1. Chemical structures of pentacene (1), bis(triisopropylsilyl-
ethynyl) pentacene (11),% hexacene (11l), indeno[1,2-b]fluorene (IV), bis-
(triisopropylsilylethynyl)tetraazapentacene (V),**# and our newly
designed 6-5-5-5-5-6 fused ring scaffold (VI, for substituents R see
Scheme 2). TIPS = triisopropylsilyl.

particular, nitrogen-annulated heteroacenes have been shown
to be promising electronic materials.”’! For example, triiso-
propylsilylethyne-functionalized tetraazapentacene (V) was
shown to be one of the most efficient electron-transport
materials in thin-film transistors.*” These developments have
inspired us to design and synthesize new azaacene-type
scaffolds with good stability and solubility as potential
electronic materials.

Herein we present a series of new, stable five-membered-
ring-fused, nitrogen-annulated, and fully conjugated azahex-
acene analogues 3a-d (Scheme 2), which were synthesized
starting from their respective 1,4-dioxopyrrolo[3,4-c]pyrrole
(DPP) derivatives.”) The X-ray crystal structure of one of the
azahexacene derivatives allowed unambiguous confirmation
of the 6-5-5-5-5-6 fused ring system, which in its fully
conjugated state resembles azahexacenes. The optoelectronic
profiles of these new materials have also been explored.

The synthetic route to the newly designed 6-5-5-5-5-6
fused ring systems is outlined in Scheme 2. We firstly
developed the synthesis of compound 3a as a model system
starting from DPP derivative 1a, which was prepared
according to a reported method.'”! In contrast to alkylation,
arylation of DPPs is rarely reported.'!! A highly electron-
deficient aryl electrophile, 2-fluoro-5-trifluoromethylnitro-
benzene, in the presence of potassium carbonate in DMF, was
used to N-arylate DPP 1a directly at the amide position. The
reaction afforded 3,6-diphenylbis(2-nitro-4-trifluoromethyl)-
1,4-dioxopyrrole[3,4-c]pyrrole 2a. Subsequent reduction with
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Scheme 2. Synthesis of azahexacene analogues 3 a—d. Reaction condi-
tions: a) 2-Fluoro-5-trifluoromethylnitrobenzene, K,CO;, DMF, 70°C.
Yields: 2a 53 %, 2b 50%, 2c 54 %, 2d 57 %. b) SnCl,-2H,0, ethyl
acetate, reflux. c) TiCl,, 1,4-diazabicyclo[2.2.2]octane, mesitylene, 120—
125°C. The overall yields from 2 to 3: 3a 15%, 3b 14%, 3¢ 20%,
3d17%.

tin chloride dihydrate in ethyl acetate afforded the corre-
sponding diamino-DPP;"” however, the low solubility and
high polarity made the purification of this product difficult.
This intermediate was used without further purification in
a subsequent intramolecular condensation reaction™® in the
presence of titanium tetrachloride and 1,4-diazabicyclo-
[2.2.2]octane (DABCO) in mesitylene. This reaction afforded
the desired fully conjugated azahexacene analogue 3a. The
method developed for 3a was successfully extended to
synthesize derivatives 3b—d, which are disubstituted with
a variety of donor (hetero)aromatic moieties, starting from
the respective DPPs 1b—d (Scheme 2). The incorporation of
donor groups such as thiophene (3¢) and furan (3d) not only
have a strong influence on their optical and electronic
properties, but also provide scope for further derivatiza-
tion.l'*13]

Compound 3a with two phenyl groups is moderately
soluble, and compound 3b with two 4-tert-butylphenyl groups
has good solubility in common organic solvents (e.g. chloro-
form, THF, toluene). Thiophene- and furan-functionalized
compounds 3¢ and 3d are soluble in warm organic solvents.
Compounds 3a-d were characterized by high-resolution mass
spectrometry (HRMS), and room-temperature or high-tem-
perature "H NMR and "*C NMR spectroscopy. Compound 3a
was also characterized by single-crystal X-ray analysis. Note,
the "H NMR spectra of precursor compounds 2a—d (see the
Supporting Information) indicate the presence of two isomers
as a result of hindered rotation about the C—N bond at the
amide positions.

To further confirm the structures of these novel extended
n-scaffolds and study the arrangement in the solid state,
attention was focused on the growth of single crystals.
Crystals of 3a suitable for X-ray diffraction analysis were
obtained by slow evaporation of a dichloromethane/methanol
solution of this compound. The molecular structure and
crystal packing arrangements are depicted in Figure 1 (for
crystallographic data see the Supporting Information). The

www.angewandte.de

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 1. Molecular structure and packing of compound 3a in the
solid state according to single-crystal X-ray analysis. a) Molecular
structure; b) overlap between neighboring molecules along the b-axis;
c) slipped packing motif with interactions between neighboring mole-
cules. Hydrogen atoms are partially omitted for the clarity.

core skeleton of 3a is almost planar and the slight distortion
might be influenced by the molecular packing in the crystal.
As a result of the strong m—m interactions between the large
aromatic cores, the molecules are arranged in stacks along the
b-axis (Figure 1b). Strong m—n interactions and intermolec-
ular C—H--m interactions drive the arrangement of the
molecules into dimers, which are packed tightly in a herring-
bone fashion with a plane-to-plane distance of approximately
3.54 A. Additional short contacts C—H--N are evident
between the nitrogen atoms in the five-membered rings and
the hydrogen atoms on the phenyl ring of the adjacent
molecule; the shortest such contact measures 2.69 A.

The optical properties of new compounds 2a-d and 3a-d
were studied by UV/Vis absorption spectroscopy (see Fig-
ure S1 in the Supporting Information for the spectra of 2 a-d).
The spectra of 3a-d are shown in Figure 2 along with the
computed (B3-LYP/6-31 + G*) spectra of compounds 3a and
3¢ at optimized geometries. Compounds 2a-d and 3a-d
exhibit broad and intense absorption bands in the visible
region (Table 1). In contrast with 2a (4,,,, =464 nm) and 2b
(Amax =483 nm), the absorption maxima of 3a (4,,,, = 484 nm)
and 3b (4,,=494nm) are bathochromically shifted by
approximately 20 and 10 nm, respectively. This shift can be
attributed to the extended m-conjugation length within
molecules 3a and 3b. Variation of the aryl substituents at
the core position has a notable impact on the absorption
profiles of the compounds. The absorption maxima of
thiophene- and furan-substituted derivatives 3¢ and 3d are
further bathochromically shifted to A, =527 nm and A,,,, =
570 nm, respectively.

The DFT(B3-LYP/6-31 + G*)-computed absorption spec-
tra of 3a and 3¢ are in good agreement with the experimental
spectra and the absorption maxima in the visible region match
the experimental data (Figure 2). The HOMOs of compounds
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Figure 2. Bottom: UV/Vis absorption spectra of 3a (solid line), 3b
(dashed line), 3¢ (dotted line), and 3d (dash-dotted line) in chloro-
form at room temperature. Top: The corresponding DFT(B3-LYP/6-

31+ G¥*)-computed spectra of 3a (solid line) and 3¢ (dotted line; top)
for comparison.

3a and 3¢ are delocalized over the whole annulated mw-system,
whereas the LUMOs are localized on the four fused five-
membered-ring scaffold, including the phenyl and thiophene
substituents (Figure 3). It follows from the calculations that
the transition from the ground to the first excited states in
both compounds is mainly dominated by a HOMO-LUMO
transition (for details see Figure S4 and Tables S1 and S2 in
the Supporting Information).

Cyclic voltammetry data for compounds 2a-d and 3a-d
(see Figures S2 and S3) are compiled in Table 1 (the half-wave
potential (Ey),) for reversible waves or the peak potential (E,)
for irreversible waves are shown). In solution, compounds 2 a—
d exhibit one irreversible reduction wave and one or two (see
Figure S2) reversible oxidation waves. Molecules 3a-d with
extended m-scaffolds exhibit reversible reduction behavior,
accepting one electron with an E,, value around —13V
versus Fc/Fct (Fc =[(n-CsHs),Fe]). Compounds 3a-d exhibit

Table 1: Optical and electronic properties of compounds 2 and 3.
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Figure 3. Energies and shapes of DFT(B3-LYP/6-31 + G*)-calculated
frontier orbitals (HOMOs and LUMOs) of 3a (left) and 3¢ (right).

one irreversible oxidation wave. Substitution with increas-
ingly electron-donating groups induces a shift of the oxidation
potentials to less positive values of +0.99, +0.96, 4+0.84, and
+40.72 V for 3a-d, respectively (Table 1). On the basis of the
experimental values, the HOMO energy levels of 3a-3d are
estimated as —5.79, —5.76, —5.64, and —5.52 eV, respectively.
Thus, the electron-donating character of the 2-furyl and 2-
thienyl groups in 3¢ and 3d leads to an increase in the HOMO
energy value compared to that of the phenyl-substituted
derivative 3a, while the LUMO energy is barely affected. The
resulting smaller HOMO-LUMO gap explains the bath-
ochromic shift in the absorption spectra of compounds 3¢ and
3d. The electrochemical HOMO-LUMO gaps are also in
good agreement with the energy gaps calculated from the
absorption spectra (Table 1), which are in agreement with the
DFT calculations.

The relative stability of molecule 3a was examined by
UV/Vis spectroscopy under similar conditions as those
reported by Miller and co-workers.’® No degradation of the
compound was observed after four days under ambient air
and light conditions (Figure S5). Furthermore, these new
molecules are stable upon heating (at 70°C) for prolonged

periods, as required for their
BCNMR spectroscopic measure-
ments, without noticeable decom-

E, [V]? LUMO[eV]¥ HOMO[eV]® E,[eV] E,[eV]®

position. In contrast, the degrada-

Comp. A[nm[® &M 'em™] E,[V]"

2a 464 23800 —1.43% 1.04 -3.37
2b 483 29600 —1.53% 0.94 -3.27
2c 537 33000 ~1.37% 0.76 —3.43
2d 530 46700 —-1.39% 0.75 —3.41
3a 484 15700 -1.31  099%  —3.49
3b 494 24900 -139  096%  —3.42
3c 527 25500 -1.27 0.84* 353
3d 570 28500 -127 072%  -3.53

—5.84
—5.74
—5.56
—5.55
-5.79
—5.76
—5.64
—5.52

tion of pentacene derivatives has

;:; i;; been reported after 12h even at
213 222 room temperature.Da]

2.14 227 In summary, we have demon-
2.30 2.23 strated a facile synthetic approach
2.34 2.20 to a new family of fully conjugated
2.11 2.06 nitrogen-annulated 6-5-5-5-5-6
1.99 2.08

fused ring systems. These new com-

[a] UV/Vis absorption maximum in the visible region in chloroform. [b] Irreversible first reduction wave
or the reversible half-wave reduction potential (in V vs. Fc/Fc') measured in CH,Cl, with a scan rate of
0.1 Vs~ [c] The irreversible first oxidation wave or the reversible half-wave oxidation potential.

[d] Estimated from the irreversible first reduction wave or the reversible half-potential reduction waves
using the equation, LUMO=—4.80 +E,. [e] HOMO levels were estimated from the irreversible first
oxidation wave or the reversible half-potential oxidation waves using the equation,

HOMO = —4.80 + E;,. [f] E,=LUMO-HOMO. [g] E, values were estimated from the onset of the
corresponding absorption spectra (E,=1240/,,s.). *Irreversible first reduction or oxidation wave.
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pounds have broad and intense
absorption in the visible region,
exhibit electron-accepting ability,
and have relatively low-lying
HOMO and LUMO energy levels.
By X-ray crystallographic analysis,
3a was shown to pack tightly in
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slipped m-stacks in the solid state. In combination, our results
indicate that these materials are potential organic semi-
conductors. They also have several advantages compared with
pentacene: they can be easily derivatized, they are environ-
mentally stable, and they have good solubility. Further studies
on these novel compounds will investigate their device
properties and explore potential additional derivatization.
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