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A series of cruciform aryl-substituted quinoxalinophenanthro-
phenazine derivatives (QPPs) was synthesized through Suzuki-
Miyaura cross-coupling of a 2,7-diborylated pyrene tetraketal
building block. The QPPs were analyzed for their optoelectronic
properties by absorption and emission spectroscopy, cyclic

voltammetry and quantum-chemical calculations. The solid-
state packing was investigated as well and evaluated for its
charge transport properties by calculated charge transfer
integrals.

Introduction

Due to their optoelectronic properties and extended π con-
jugated nature, quinoxalinophenanthrophenazines (QPPs) are a
promising class of compounds for applications such as use as
semiconductors in organic electronics, e.g., in organic field-
effect transistors (OFETs),[1–4] in organic light-emitting diodes
(OLEDs)[5–10] or in photovoltaic cells (OPVs).[11–12] In QPPs the
cross-conjugation across the pyrene rings can best be described
with additional Clar sextets,[13–14] by which an exceptionally high
stability can be explained. In recent years, a great variety of QPP
derivatives has been synthesized in order to modify optoelec-
tronic properties, solid state packing and solubility.[15–46] To
adjust optoelectronic properties of QPPs, various electron-
donating or -withdrawing substituents were introduced to the
QPP backbone, but to the best of our knowledge exclusively on
the peripheral rings fused with the pyrazine units, rather than
at remaining positions of the pyrene core.[18–19,22,28� 29,47� 49]

Although e.g. HOMO- and LUMO levels can be adjusted by
these derivations, in almost all cases either both HOMO and
LUMO levels are destabilized or stabilized for each QPP, because
orbital nodes are found for both frontier molecular orbitals on

the same atoms of the QPP backbone typically along the
longitudinal axis.[22,41–42,49]

Cruciforms are X-shaped conjugated compounds where
HOMOs and LUMOs are located on different arms of the
molecule and orbital nodes of both are overlapping only at the
crossing of these two arms.[50–54] Therefore, by placing substitu-
ents on the different arms, HOMO or LUMO levels can be
adjusted more or less independently, allowing a broader variety
in FMO level and optical gap adjustment.[52]

We envisioned to synthesize QPP-based cruciforms and to
the best of our knowledge the only QPP with substituents at
the pyrene core are based on the 2,7-diiodo pyrene tetraketal 1,
that has previously been introduced by Mateo-Alonso and
coworkers as a versatile building block for the synthesis of TIPS-
ethynyl substituted QPPs and other pyrene fused azaacenes
(Scheme 1).[17,19,22] However the TIPS-ethinyl substituents acted
more as solubilizing units, rather than contributing to the
electronic levels of the frontier molecular orbitals. Electron
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Scheme 1. Synthesis of TIPS-ethynyl substituted QPPs (Mateo-Alonso)[17,19,22]

and aryl substituted QPPs.

Full Papers
doi.org/10.1002/ejoc.202100701

4816Eur. J. Org. Chem. 2021, 4816–4823 © 2021 The Authors. European Journal of Organic Chemistry
published by Wiley-VCH GmbH

Wiley VCH Mittwoch, 08.09.2021

2134 / 218299 [S. 4816/4823] 1

https://doi.org/10.1002/ejoc.202100701
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fejoc.202100701&domain=pdf&date_stamp=2021-09-08


donating amino groups in shorter pyrazine derivatives were
introduced by the group of Marder.[55]

Here we report on QPP-based cruciforms based on dibory-
lated tetraketal 2[55] as a versatile building block for Suzuki-
Miyaura cross-coupling reactions to synthesize QPPs with
aromatic substituents. Very recently, tetraketal 2 was used by
the group of Dumele to synthesize Cyclo-2,7-pyrenylenes with
confined space.[56]

Results and Discussion

Synthesis and Characterization

Starting from pyrene tetraone 3 diborylated tetraketal 2 and
dibrominated tetraketal 7 were synthesized according to
literature known procedures.,[55][7] Subsequently, both com-
pounds were tested for their suitability in Suzuki-Miyaura cross
coupling reactions (Scheme 2a) by reacting either 2 with 4-tert-
butylphenyl bromide (Route A) or 7 with the corresponding
boronic acid 8 (Route B) under Fu conditions.[57] While we found
only poor conversion and a yield of about 10% of tetraketal 5a

Scheme 2. a) Synthesis of pyrene tetraketal 5a via two different routes A and B. Conditions: i) ethylene glycol, p-toluenesulfonic acid, toluene, 130 °C, 100 min.
Dean-Stark trap, 82%. ii) B2Pin2, 5 mol-% [Ir(OMe)(COD)]2, THF (abs.), Ar, 85 °C, 89%. iii) 5 mol-% Pd2(dba)3, 20 mol-% HPtBu3BF4, THF, 1 M K2CO3 (aq.), 85 °C,
17 h, Ar (5a (82% via route A, 10% via route B), b (63%), d (45%)). For 5c: 5 mol-% Pd(PPh)4, 1,4-dioxane, 1 M K2CO3 (aq.), 85 °C, 17 h, Ar, 20%. iv) NBS, H2SO4

(conc.), 55 °C, 4.5 h, 56%. v) Ethylene glycol, p-toluenesulfonic acid, toluene, 135 °C, 3.5 h, molecular sieve, 83%. b) Synthesis of QPP derivatives. Conditions: vi)
TFA/H2O (9 :1), 5–24 h, rt (100 °C for 9d), 76–89%. vii) CHCl3/AcOH, 70 °C, 17 h, Ar.
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for Route B, under the same conditions much better yields
(82%) could be isolated via Route A. The improved performance
makes tetraketal 2 a versatile precursor for the synthesis of 2,7-
diaryl-substituted pyrene tetraone derivatives via Suzuki-
Miyaura cross-coupling.

Three other tetraketal derivatives with 3,5-di-tert-butylphen-
yl (5b), 2,6-di-iso-propylphenyl (5c) and 2-hexylthiophenyl (5d)
substituents were synthesized as well via Route A. While 5b
and 5d could be isolated in 63% and 45%, respectively, no
reaction to 5c was observed, probably due to steric hindrance
of the iso-propyl substituents. After changing reaction con-
ditions (Pd(PPh3)4, 1,4-dioxane) 5c was obtained in 20% yield.
The tetraketals were subsequently transformed under acidic
conditions to tetraones 9a–d in 76–89% yield (Scheme 2b).
Thiophene-based tetraketal 9d was more stable against acidic
conditions compared to the other tetraketals, so that an
increased reaction time and temperature (24 h, 100 °C) was
required for complete conversion. Unlike the other products,
9d was hardly soluble in common organic solvents (CHCl3,
CH2Cl2, TCE, THF, and DMSO) and could only be analyzed by
NMR spectroscopy at elevated temperature (50 °C) in CDCl3. In
contrast to the other tetraones, 8d did not show the typical
orange-red color, but was deep blue instead. This suggests an
intramolecular charge transfer between the electron-rich thio-
phenyl groups and the electron-withdrawing keto groups. All
tetraketals and tetraones were characterized by 1H and 13C NMR
spectroscopy, mass spectrometry, FT-IR spectroscopy, and
elemental analysis (see the Supporting Information).

Subsequently, a series of five QPP derivatives with aromatic
substituents (4-tert-butylphenyl (� PhtBu), 3,5-di-tert-butylphenyl
(� PhtBu2), 2, 6-di-iso-propylphenyl (� PhiPr2), and 2-hexylthio-
phenyl (� Th)) at the pyrene moiety, were synthesized by acid-
catalyzed condensation of tetraones 9a–d with phenylenedi-
amines 10a and 10b (Scheme 2b). In addition, a QPP
tetracarbonitrile derivative bearing four cyano substituents (12-
PhtBu2) was synthesized by condensation with 9b as well. The
QPPs were obtained as yellow solids after washing with
methanol in yields between 57–80%. With the exception of 11-
PhtBu2, which was sufficiently soluble in common organic
solvents for NMR spectroscopic studies (see the Supporting
Information), all QPPs were poorly soluble in CHCl3, CH2Cl2,
tetrachloroethane, toluene, o-DCB, mesitylene, THF, CS2, and
pyridine. Benzonitrile turned out to be a comparatively good
solvent for all QPPs and was thus used for crystallization
experiments (see discussion below). Due to low solubility 11-
PhtBu, 11-PhiPr2, 11-Th and 12-PhtBu2 could only be charac-
terized by mass spectrometry, IR spectroscopy and elemental
analysis. 11-PhtBu is the only derivative with a decent solubility
and could therefore also be analyzed by 1H and 13C NMR
spectroscopy (see the Supporting Information).

Crystals suitable for X-ray structural analysis were obtained
of three tetraketal derivatives (2, 5a and 7) and two tetraone
derivatives (9a and 9b). For tetraone 9a two modifications
were obtained. Two different modifications of tetraketal 2 have
previously been reported by the groups of Marder and
Dumele.[55–56]

In the structures of tetraketals 2 and 7 (Figure S47a-d)
adjacent molecules stack in an edge-to-face arrangement with
van der Waals contacts between the CH2-protons of the ketal
units and the pyrene plane (dCH

…
π=2.66–2.96 Å). In the case of

7, additional interactions between the bromine atoms and the
aromatic protons with dCH

…
Br =2.75 Å are found (Figure S47d).

Noteworthy, no π contacts between adjacent pyrene units are
found in all tetraketal structures, suggesting that the tetraketal
units efficiently suppress π-stacking.

Crystals of tetraone 9a were grown by slow evaporation of
a CHCl3 solution. Two modifications were obtained. In poly-
morph α, the compound crystallized in the monoclinic space
group C2/c with four molecules in the unit cell and half a
molecule in the asymmetric unit. Adjacent molecules are
stacked crosswise (dπ=3.43 Å) over the phenylene substituents
and the pyrene unit at an angle of 60°, forming a two-
dimensional zigzag brick wall stacking motif along the crystallo-
graphic b-axis (Figure S47e,f). The structure is stabilized by
hydrogen bonding between the carbonyl oxygens and the
aromatic protons of the phenylene units (dA =2.60–2.72 Å).
Short contacts between adjacent oxygen atoms also exist (dB =

3.12 Å). Adjacent layers interact via dispersion interactions.
Polymorph β crystallized in the triclinic space group P-1

with three molecules in the asymmetric unit and six molecules
in the unit cell. The packing strongly resembles the α-
modification and only a slightly different orientation of adjacent
molecules are found. The two-dimensional π-stacking motif is
potentially capable of efficient two-dimensional charge trans-
port. A charge transfer integral for electron transport along the
π-stacking direction of 43 meV was calculated via the DFTB
method[58–64] (see the Supporting Information for computational
details) making tetraone 9a a promising candidate for semi-
conducting electron transport. Table 1 gives an overview of
crystallographic parameters.

Optoelectronic Properties of the QPPs

The frontier molecular orbitals were quantum-chemically calcu-
lated by DFT methods (B3LYP/6 311+ +G**) and are depicted
in Figure 1. For all QPPs the LUMO orbitals are delocalized over
the entire QPP backbone and are not affected by the aromatic
substituents (ELUMO = � 2.7 to � 2.8 eV). As expected, the cyano
groups in 11-PhtBu2 stabilize the LUMO (ELUMO = � 3.8 eV). The
HOMO orbitals are delocalized crosswise to the LUMOs across
the pyrene unit and the aromatic substituents for all QPPs
except 11-PhiPr2, because due to the attached isopropyl
groups, the π-plane of the benzene ring is found orthogonal to
that of the pyrene unit and thus does not allow any orbital
overlap. 11-PhtBu, 11-PhtBu2, and 11-Th have almost identical
HOMO energies ranging from EHOMO = � 5.9 to � 5.8 eV. In 11-
PhiPr2 and 12-PhtBu2, the HOMOs are stabilized to EHOMO = � 6.3
and � 6.6 eV, respectively. The electronic band gaps range from
Eg =2.8 eV for 12-PhtBu2, Eg =3.0 eV for 11-Th, Eg =3.2 eV for
11-PhtBu and 11-PhtBu2, and Eg =3.6 eV for 11-PhiPr. The
calculated frontier orbital energies are in the same range as the
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energies of tert-butyl substituted and unsubstituted
derivatives.[37,41–42]

The optical properties were investigated by absorption and
emission spectroscopy in CHCl3 (Figure 2). In the UV/Vis spectra,
11-PhtBu2 and 11-PhiPr2 show similar absorption maxima at
λabs =417, 393, 373, 338, 315 and 280 nm and at λabs =414, 390,

370, 328, 313, and 263 nm, respectively. In contrast, 12-PhtBu2

shows significant red shifted p-bands at λabs =438 and 414 nm
and a β-band at λabs =393 nm, respectively. The spectra of 11-
PhtBu and 11-Th are less resolved. 11-PhtBu shows only weak
absorptions at λabs =417 and 395 nm, and an elongated
shoulder at ~575 nm. In the spectrum of 11-Th, the bands at

Table 1. Crystallographic parameters of the crystal structures of tetraketals 2, 7, 5a, and tetraones 9a and 9b.

# Cmpd. Method Space group
(crystal system)

Nasym
[c] Z[d] solvent[e]

1 2 CHCl3/EtOH[a] Pca21 (orthorhomb.) 1 4 2×CHCl3
2 7 CHCl3

[b] C2/c (monoclinic) 1 8 –
3 5a CHCl3

[b]
P1
�

(triclinic) 1 2 2×CHCl3
4
5

9a CHCl3
[b] (α)

CHCl3
[b] (β)

C2/c (monoclinic)
P1
�

(triclinic)

0.5
2+2×0.5

4
6

–
–

6 9b CHCl3
[b]

P1
�

(triclinic) 0.5 1 1×CHCl3

[a] Vapor diffusion of the antisolvent (EtOH). [b] Slow evaporation at rt. [c] Number of molecules in the asymmetric unit, solvent molecules not counted. [d]
Total number of molecules in the unit cell including resolved solvent molecules. [e] Number of resolved solvent molecules in the asymmetric unit.

Figure 1. HOMO-LUMO diagram of pyrene-substituted QPPs calculated by DFT-B3LYP/ 6 311+ +G**. tert-butyl and hexyl groups were replaced by methyl
groups to reduce the calculation time.
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λabs =418 and 396 nm are partially overlapping with the
strongly broadened β-band at λabs =349 nm. The optical band
gaps of the five QPP derivatives lie between Eg,opt =2.7 and
2.9 eV.

In the emission spectra, the fluorescence maxima shift
bathochromically from 11-PhiPr2 (λem =424 nm), over 11-PhtBu
(λem =470 nm), 11-PhtBu2 (λem =492 nm), 11-Th (λem =552 nm)
towards 12-PhtBu2 (λem =556 nm). Additional fine splitting of
the emission is found in the spectra of QPP-PhtBu (λem =

494 nm), 11-PhtBu2 (λem =524 nm) and 11-PhiPr2 (λem =

442 nm). The Stokes shifts increase from EStokes =570 cm� 1 for
11-PhiPr2, 2704 cm� 1 for 11-PhtBu, 3656 cm� 1 for 11-PhtBu2 and
4845 cm� 1 for 12-PhtBu2 towards 5807 cm� 1 for 11-Th, indicat-
ing an increase in the reorganization energy from the transition
from the first excited state to the ground state in that order.

The electrochemical properties were investigated by cyclic
voltammetry in o-DCB (Figure 2c). 11-PhtBu shows a single

reduction potential at Ered = � 1.8 V. For 11-PhtBu2 two poten-
tials could be measured at Ered = � 1.9 and � 2.1 V. The
voltammograms of the other three QPPs show weaker signals
due to lower solubility and are less resolved. For 11-PhiPr2 and
11-Th a reduction potential at Ered = � 2.0 and � 1.9 V, respec-
tively, could be observed. 12-PhtBu2 shows very weak signals at
Ered = � 1.4 and � 1.6 V and another potential at Ered = � 1.9 V.
From the first reduction potentials, the electron affinities were
estimated via the commonly used expression EA = (Ered,1 +4.8)
eV and all lie in a similar range of EA = � 2.8 eV for 11-PhiPr2,
2.9 eV for 11-PhtBu2 and 11-Th and � 3.0 eV for 11-PhtBu and
are in good correlation to the DFT-calculated LUMO levels. For
12-PhtBu2, a lower affinity of EA= � 3.4 eV was determined as
expected due to the cyano groups. Table 2 gives an overview of
the optoelectronic properties of the pyrene-substituted QPPs.

Figure 2. a,b) Absorption and emission spectra of pyrene-substituted QPPs measured in CH3Cl (1 μmolL� 1) at rt. c) Cyclic voltammograms (o-DCB, 0.1 molL� 1

nBu4NPF6) of pyrene substituted QPPs measured at rt with a Pt working electrode, an Ag/Ag+ pseudo-reference electrode and Fc/Fc+ as internal reference
(scan rate: 100 mVs� 1). The scale of the y-axis differs for 11-Ph tBu2 due to the strongly increased signal intensity.

Table 2. Optoelectronic properties of pyrene-substituted QPPs.

Cmpd. EHOMO
[a]

[eV]
ELUMO

[a]

[eV]
Eg

[a]

[eV]
λabs

[b,c]

[nm]
λonset

[c]

[nm]
Eg,opt

[d]

[eV]
λem

[c]

(λex) [nm]
EStokes

[cm� 1]
Ered

[e]

[V]
EA[f]

[eV]

11-PhtBu � 5.9 � 2.7 3.2 417 430 2.9 470
494
528sh

(400)

2704 � 1.8 � 3.0

11-PhtBu2 � 5.9 � 2.7 3.2 417 429 2.9 492
524
(397)

3656 � 1.9
� 2.1

� 2.9

11-PhiPr2 � 6.3 � 2.7 3.6 414 425 2.9 424
442
(407)

570 � 2.0 � 2.8

11-Th � 5.8 � 2.8 3.0 418 451 2.7 552
(397)

5807 � 1.9 � 2.9

12-PhtBu2 � 6.6 � 3.8 2.8 438 452 2.7 556
(400)

4845 � 1.4
� 1.6
� 1.9

� 3.4

[a] Determined by quantum-chemical calculations (DFT-B3LYP/6-311+ +G**). [b] Red-shifted absorption maximum. [c] Measured in CHCl3 at rt. [d] Optical
bandgap determined by the absorption onset, Eg,opt =1242/λonset. [e] CV measured in o-DCB with a Pt working electrode, Ag/Ag+ as pseudoreference
electrode, and nBu4NPF6 as electrolyte. Scanning speed: 100 mVs� 1, Fc/Fc+ was used as internal reference. [f] Electron affinity determined via EA = (Ered,1 +

4.8) eV. sh: shoulder.
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Crystallization Experiments and Calculated Charge Transfer
Integrals

The low solubility (with the exception of 11-PhtBu2) limited the
crystallization possibilities. Benzonitrile proved to be a relatively
good solvent for all compounds, and needle-shaped crystals of
11-PhtBu2, 11-Ph

iPr2, and 12-PhtBu2 were obtained by thermal
crystallization. However, they were also too small to be
measured directly. Instead, they were added as seed crystals to
saturated solutions of the respective compound in benzonitrile
to grow larger crystals. By vapor diffusion of EtOH sufficiently
large crystals for X-ray diffraction were obtained in the case of
11-PhtBu2 (modification α). Another modification could be

obtained by evaporation of solvent from a CHCl3 solution
(solvate β).

From benzonitrile, 11-PhtBu2 crystallized in the monoclinic
space group C2/c with half a molecule in the asymmetric unit
and four molecules in the unit cell (Figure 3a-c and Table 3).
Solvent molecules are not included in the crystal lattice. From
CHCl3, the monoclinic space group P2/c was obtained with half
a molecule in the asymmetric unit and two molecules in the
unit cell (Figure 3d-f). In both structures, 11-PhtBu2 forms one-
dimensional π-stacks along the crystallographic b axis with dπ=

3.34 Å (α) and dπ=3.31 Å (β), respectively, with similar arrange-
ment of π-stacked dimers. The two structures differ in the
relative arrangement of the π-stacked columns to each other. In
the α-modification, QPP planes of adjacent stacks interact with

Figure 3. Single crystal X-ray structures of 11-PhtBu2. a-c) Polymorph α, crystallized by vapor diffusion of EtOH into a saturated benzonitrile solution with seed
crystals (dπ=3.34 Å, dN

…
H =2.72 Å). d-f) Solvate β, crystallized by evaporation of a CHCl3 solution (dπ=3.31 Å). Solvent molecules and protons in b) and e) are

omitted for clarity.

Table 3. Crystallographic parameters and calculated charge transfer integrals of 11-PhtBu2 for hole (h) and electron (e) transport along the crystallographic
b and c directions, respectively (see Figure 3).

Modification Solvent Space group
(crystal system)

Nasym
[a] Z[b] Transfer integral b-axis (π stacking direction) c-axis

α Benzonitrile C2/c (monoclinic) 0.5 4 th 15 7
te 136 8

β CHCl3 P2/c (monoclinic) 0.5 2 th 27 0
te 73 0

[a] Number of molecules in the asymmetric unit, solvent molecules not counted. [b] Total number of molecules in the unit cell including resolved solvent
molecules.
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each other via contacts between the phenazine nitrogen atom
and the peripheral phenylene proton with dN

…
H =2.72 Å,

forming a layered structure within the crystallographic ac plane
(Figure 3c). In contrast, adjacent stacks in the β modification
interact via dispersion forces between the tert-butyl groups and
the QPP unit (Figure 3f). The resulting cavities are filled with
disordered solvent molecules.

The direct contact of the QPP planes in the α-modification
is potentially advantageous, as it provides the possibility of
two-dimensional charge transport. Transfer integrals for hole
and electron transport have been calculated using the fragment
orbital approach,[58] which has been implemented for the semi-
empirical density functional tight-binding method (DFTB).[58–62]

This method (for more details, see Supporting Information) has
been benchmarked in detail in comparison to high-level ab-
initio methods. Along the π stacking axis (b-axis), moderate
hole transfer integrals of th =15 meV (α) and th =27 meV (β)
were obtained for both crystal structures, respectively. In
contrast, high couplings of te =136 meV (α) and te =73 meV (β)
were calculated for electron transport. These values are in the
same range as prominent benchmark organic semiconductors,
such as rubrene (83 meV)[63] or pentacene (75 meV).[64] 11-PhtBu2

thus represents a potential n-type semiconductor for OFETs.
Along the c-axis, i. e. between molecules of neighboring π-
stacks (Figure 3c,f), the transfer integrals for hole and electron
transport are negligible in the β-modification, which is to be
expected due to the lack of contact of the QPP planes. For the
α-polymorph, the values along the c-axis are only slightly
higher (7–8 meV). Accordingly, the charge transport should be
strongly anisotropic in both modifications.

Conclusion

In summary, we have prepared a series of four aryl substituted
pyrene substituted tetraones of a 2,7-diborylated pyrene
tetraketal 2, showing that 2 is a versatile building block for
Suzuki-Miyaura cross-coupling reactions. X-ray crystallographic
analysis of three tetraketal derivatives indicated that the
tetraketal units efficiently prevent π stacking by sterically
blocking the pyrene unit. Subsequently, five aryl substituted
cruciform QPP derivatives were prepared by condensation of
the tetraones with phenylene diamine or 4,5-diaminophthaloni-
trile. Except of di-tert-butylphenyl substituted QPP (11-PhtBu2),
which showed good solubility in common organic solvents, the
other derivatives were only poorly soluble. The optoelectronic
properties were investigated by absorption and emission
spectroscopy, cyclic voltammetry and quantum-chemical calcu-
lations, showing that the LUMO energy levels are almost
unaffected by the aryl substituents, but the HOMO level energy
levels can be fine-tuned by the cruciform arrangements of these
two FMOs. This enables the possibility to further fine tune
optoelectronic properties more precisely for this interesting
class of fused polycyclic aromatic compounds.

Two different crystal structures of 11-PhtBu2 were obtained
with similar, one-dimensional π stacked columns were ob-
tained. Calculated charge transfer integrals (73–136 meV)

indicated that 11-PhtBu2 is a promising material for n-type
semiconducting charge transport. The presented synthetic
route represents a versatile method towards aryl substituted
QPPs and thus broadens the scope of easily accessible organic
semiconductors. We are currently further investigating the
scope of this method to synthesize new materials with efficient
charge transport properties for OFET devices.

Experimental Section
For experimental details see the Supporting Information.

Deposition Numbers 2089480 (2), 2089481 (7), 2089482 (5a),
2089483 (9a-α), 2089484 (9a-β), 2089485 (9b), 2089486 (QPP-
PhtBu2-α), and 2089487 (11-PhtBu2-β) contain the supplementary
crystallographic data for this paper. These data are provided free of
charge by the joint Cambridge Crystallographic Data Centre and
Fachinformationszentrum Karlsruhe Access Structures service
www.ccdc.cam.ac.uk/structures.
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