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ABSTRACT: A new synthetic approach to core-function-
alized tetraazaperopyrenes (TAPP) is reported. In-situ reaction
of 4-fold lithiated TAPP with electrophiles results in the
formation of various unprecedented TAPP derivatives, which
are highly emissive fluorophores, show promising photo-
physical and electrochemical properties and act as valuable
starting materials. Thus, lithiation of the TAPP core opens up
a facile way for developing new organic materials.

Over the past one and a half decades the field of organic
materials has experienced a remarkably dynamic develop-

ment. Much of the attention has been devoted to polycyclic
aromatic hydrocarbons (PAH),1−3 and among these particularly
to perylene-3,4,9,10-tetracarboxydiimides (PDIs)4−6 and naph-
thalenediimides (NDIs)7 due to their manifold applications as
functional fluorescence dyes or as organic semiconductors in
transistors or light emitting diodes (LED).8,9 Modification at the
core positions has proven to be most effective in altering the
photo- and redoxchemical properties of PAHs.4,10−13 For
example, the current strategy to obtain air stable n-type
semiconductors with appropriately low LUMO energies is the
introduction of suitably placed electron withdrawing groups to
the polycyclic aromatic core resulting in lowering of LUMO
energies.14−19

Several years ago we developed an efficient synthesis for
1,3,8,10-tetraazaperopyrenes (TAPP) which possess photo-
physical and electrochemical properties found to be related to
the intensely studied PDIs.20,21 TAPP derivatives have given
promising results as biological fluorescence markers as well as
organic semiconductors.22−24

Key intermediates in the synthesis of the latter have been 4-
fold core chlorinated as well as brominated TAPP derivatives22,23

which have proven to be excellent starting materials for a range of
transformations such as nucleophilic substitutions, cross-
coupling reactions and Buchwald Hartwig aminations.12

However, in the functionalization of TAPPs, these synthetic
modifications remained primarily restricted to the introduction
of aryl and alkyne substituents. The introduction of other,
especially of electron-withdrawing substituents, such as fluoro or
trifluoromethyl groups by transition metal catalyzed reactions,
remained unsuccessful. Therefore, a fundamentally different
approach for further derivatization of the TAPP core was
required.
We herein report a convenient method for the synthesis of a

wide range of functionalized TAPP derivatives which is
complementary to the previously established synthetic strategies.
This is based on the lithiation of the TAPP core in the 4,7,11,14-

positions and the subsequent reaction with electrophilic reagents
(Scheme 1). Furthermore, some of the products obtained via this
route serve as starting materials for the synthesis of other
previously inaccessible TAPPs.

Lithiation was achieved by treatment of the previously
reported 4-fold brominated TAPP with an excess of tert-
butyllithium in ether at −78 °C and the 4-fold lithiated TAPP
was then reacted in situ with a range of electrophiles. All attempts
to isolate the tetralithiated species in the presence of coligands/
donor solvents have been unsuccessful.25,26 The reported
reaction conditions are the result of an extensive screening and
optimization process.
Whereas reaction with diphenylphosphine chloride resulted in

the formation of 1 as an air and moisture sensitive red solid,
addition of an excess of trimethylsilyl chloride as well as the
reaction with trimethyl- and tri(n-butyl)tin chloride, resulted in
the formation of compounds 2-4, respectively which were
isolated as yellow powders after column chromatography
(Scheme 2). Single crystals of the tri(n-butyl)stannylated
derivative 4 suitable for X-ray diffraction where grown from a
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Scheme 1. Synthetic Strategy to Core-Functionalized TAPP
Derivatives
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concentrated solution of the compound in acetone. Two views of
its molecular structure are displayed in Figure 1. The

tetraazaperopyrene core is almost planar with the two
perfluoropropyl groups pointing in opposite directions above
and below the tetraazaperopyrene plane. The intermolecular
packing pattern is characterized by a slip-stacked face-to-face
arrangement as found for other TAPP derivatives. The
interplanar distance of 7.03 Å, however, is much greater than
observed for other core substituted TAPPs12,22,23 which is
probably due to the steric demand of the butyl groups preventing
efficient π-stacking.
Iodination of the TAPP core to give compound 5was achieved

by reacting lithiated TAPP with sources of electrophilic iodine,
such as 1,2-diiodoethane or I2. On the other hand, the analogous
synthesis of fluorinated and trifluoromethylated derivatives using
“F+” and “CF3

+” sources was unsuccessful. These transformations

were of particular interest since both fluorination and
introduction of perfluorinated alkyl groups were expected to
significantly stabilize the LUMO energy level in such aromatics,
thus rendering those TAPP derivatives potentially interesting
compounds for the application as n-type semiconductors.
Therefore, alternative reaction pathways were explored.
4-fold fluorination of the TAPP core was achieved by following

a Ag-catalyzed fluorination protocol reported by Ritter et al.27

using the stannylated derivative 4 as starting material (Scheme 3,

top). NMR spectroscopy revealed full conversion of 4, however
in addition to the 4-fold fluorinated compound 6 approximately
8% of partially protodestannylated byproduct was formed. The
pure target product was obtained by recrystallization from
chloroform. Trifluoromethylation of the 4,7,11,14-positions was
achieved via a synthetic protocol by Hartwig et al.28 using a
trifluoromethylcopper(I) complex as CF3-source and 5 as
starting material (Scheme 3, bottom). The tetrakis-
(trifluoromethyl)TAPP-derivative 7 was obtained in 63% yield
after aqueous work up. Notably, all attempts to synthesize 7 by
the same route but using the core brominated TAPP proved to be
unsuccessful.
Single crystals suitable for X-ray diffraction were grown from a

solution of 7 in toluene. The molecular structure of 7 is shown in
Figure 2. As in the crystal structure of compound 4, the two axial
perfluoralkyl groups are pointing in opposite directions above
and below the TAPP plane. The intermolecular packing pattern
of 7 also corresponds to a slip-stacked face-to-face arrangement
with a interplanar distance of 3.61 Å which is greater than the
corresponding value observed for the tetrachlorinated and
tetrabrominated derivatives (3.38 and 3.39 Å, respectively).
The UV/vis absorption spectra of compounds 1−7 were

recorded in THF (Figure 3). The absorption maxima are in the
range of 427−519 nm. Compounds 1−6 display bathochromic
shifts in comparison to the parent core unsubstituted C3F7−
TAPP (436 nm) with absorption maxima of 452, 453, 459, 468,
494, and 519 nm, respectively, while compound 7 displays a
hypsochromic shift with absorption maxima of 427 nm.
Compounds 2, 3, 5, and 6 were found to be fluorescent, and

the emission spectra recorded in THF are shown in Figure 3.
While compounds 2, 3, and 6 displayed strong emission bands at

Scheme 2. Functionalization of the TAPP Core

Figure 1.Molecular structure of 4. View orthogonal to the aromatic core
(top left) and along the principal axis side view (top right) and side view
of packing pattern (bottom). Thermal ellipsoids are drawn at a 55%
probability level; hydrogen atoms were omitted for clarity.

Scheme 3. Fluorination (Top) and Trifluoromethylation
(Bottom) of the TAPP Core (phen = Phenanthroline)
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465, 486, and 471 nm with quantum yields of 59%, 68%, and
70%, respectively, compound 5 is only weakly fluorescent (ϕ =
0.02). In contrast, compounds 1, 4, and 7 exhibit no fluorescence.
The nonfluorescent nature of compound 7, even at high dilution,
has been unexpected. We tentatively attribute this behavior to
nonradiative deactivation due to internal rotation of the CF3
groups. An overview of the optical properties is given in Table 1.
To elucidate the influence of the substituents on the energy

levels of the molecular frontier orbitals, the electrochemical
properties of compounds 2, 3, 5, 6, and 7 were investigated by

cyclic voltammetry (CV).29 The cyclic voltammograms of
compounds 2, 3, 5 ,and 6 display two reversible reduction
waves indicating the formation of stable mono- and dianions,
respectively (Figure 4). The data derived from CV measure-
ments are summarized in Table 2.

DFT modeling of the electronic properties was carried out to
gain additional information about the electron affinity of the
compounds. The LUMO energies as well as the electron affinity
serve as useful parameters to assess the potential suitability of an
organic molecule as an n-type semiconductor.
As observed previously, the nature of the core substituents

significantly influences the LUMO energy levels of the
functionalized TAPPs. Comparing the LUMO energies of
compounds 5−7 (Table 2) to that of the parent unsubstituted
C3F7−TAPP derivative (3.72 eV) illustrates the degree to which
the introduction of electron-withdrawing groups results in
reduced LUMO energies. This effect is especially pronounced
for the trifluoromethyl-substituted TAPP 7 with a LUMO level
as low as −4.32 eV, the lowest determined for a TAPP derivative
so far and approaching the values found for fullerenes (for
example, C60: −4.5 eV). The electrochemical properties suggest

Figure 2.Crystal structure of 7. Side view (top left), top view (top right),
and side view of packing pattern (bottom).

Figure 3.Normalized UV/vis spectra of compounds 1−7 in THF (top)
and fluorescence spectra of 2, 3, 5, and 6 (bottom).

Table 1. Photophysical Properties of 1−7 Recorded in THF

λmax (abs) (nm) (log ε) λmax (em) (nm) (Stokes shift) ϕEm

1 519 (4.44)
2 452 (4.94) 465 (619 cm−1) 0.68
3 459 (4.93) 486 (1210 cm−1) 0.59
4 468 (4.93)
5 494 (4.93) 518 (938 cm−1) 0.02
6 453 (4.82) 471 (844 cm−1) 0.70
7 427 (4.54)

Figure 4. Cyclic voltammogram of 5 recorded in THF (sweep rate 50
mVs−1; supporting electrolyte Bu4NPF6, reference SCE).

Table 2. Electronic Properties of TAPPs

Ered1
a (V) Ered2

a (V) ELUMO
b (eV) ELUMO

c (eV) EAc (eV)

2 −0.64 −1.12 −3.70 −3.45 2.49
3 −0.66 −1.11 −3.67 −3.41 2.49
5 −0.26 −0.61 −4.02 −4.00 3.28
6 −0.37 −0.81 −3.92 −3.93 3.03
7 −0.35 −0.53 −4.32 −4.44 3.40

aMeasured against SCE in THF. bDetermined according to literature
methods using Fc/Fc+ as an internal standard (EHOMO(Fc) = −4.8
EV).29 cCalculated at the B3LYP/def2-SVP level of theory.
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that compounds 5, 6, and 7 could be very promising materials for
the application as n-type semiconductors.
In summary, the synthetic approach via a 4-fold lithiated TAPP

as key intermediate provides a route to previously inaccessible
core-substituted derivatives. These display promising photo-
physical and electrochemical properties and, as shown for the
conversions of the stannylated and iodinated TAPPs, may serve
as versatile starting materials for the synthesis of other novel
TAPPs. Moreover, compounds 6 and 7 provide rare examples30

in which multiple fluorinations and trifluoromethylations have
been selectively achieved using the recently established novel
synthetic protocols by Ritter27 andHartwig.28 Future work in our
laboratory will focus on the properties of some of these systems
as n-type semiconductors.
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Oh, J. H.; Könemann, M.; Höffken, H. W.; Krause, A.-M.; Bao, Z.;
Würthner, F. Angew. Chem., Int. Ed. 2010, 49, 740. (j) Görl, D.; Zhang,
X.; Würthner, F. Angew. Chem., Int. Ed. 2012, 51, 6328.
(10) Bhosale, S. V.; Jani, C. H.; Langford, S. J. Chem. Soc. Rev. 2008, 37,
331.
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