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ABSTRACT

The development of an expedient synthesis toward quinoxaline ring-embedded polyacenoquinone esters with the generic structure A is
demonstrated by the synthesis of penta- and hexacenoquinone esters. They are potential n-type small molecules, capable of undergoing
successive reductions and self-assembling in face-to-face π-stacks.

Quinoxalines and their derivatives are important mem-
bers of heterocyclic compounds that have been widely

applied in many fields. They display diverse bio-

logical activity and have been used for the design of

pharmaceuticals.1 The spectroscopic properties of qui-

noxaline-embedded chromophores are particularly attrac-

tive because of the easy modification of the basic skeleton

for the design of functional materials, such as sensing

molecules2 andphoto- and electroluminescentmolecules.3,4

Recently, considerable interest in aza-substituted acenes

has emerged because of their possible application in devel-

oping useful n-type (electron-transporter) semiconductor

material.5 Compared to hydrocarbon analogues, hetero-

acenes containing imine nitrogen atoms (�Nd) generally

have less negative reductive potential and higher electron

affinity.5,6 When integrating the 1,4-quinone ring or at-

taching electron-withdrawing groups, such as the halogen

or the cyano moiety, azaacenes could boost their electron

affinity7 and gain a better chance to form a π-stack in a

face-to-face structure via a hydrogen-bond-assisted
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intermolecular π�π stacking interaction.8 Theoretically, a

cofacial π-stacking structure is expected to provide more

efficient orbital overlap and thereby facilitate charge car-

rier transport.9 Search for stable, amendable azaacenes

with high electron affinity as building blocks for construct-

ing conjugated polymer semiconductors has also been

actively demonstrated.10

In this context, we developed a strategy for expedient
synthesis of quinoxaline-embedded polyacenoquinone es-
ters with the generic structureA (Scheme 1) via the process
demonstrated by the preparation of pentacenoquinone
esters 7a,c and hexacenoquinone ester 7b. Molecules of A
are composed of three basic aromatic ring systems of
electron-accepting nature, namely 1,4-benzoquinone, ben-
zene with electron-withdrawing substituents (�CO2Me,
�Cl), and quinoxaline. Accordingly, molecules of A are
expected to have an electronic structure exhibiting high
electron affinity, planar geometry, and a tendency to self-
assemble in the solid state by cofacial packing arrangement
via π�π stacking interaction. We herein report the results
of synthetic exploration, the electrochemical and optical
properties, and the crystal structures.

The synthesis started from theDiels�Alder adduct 311,12

of 1,2,3,4-tetrachloro-5,5-dimethoxycyclopentadiene (1)13

and naphthalene-1,4-dione (2), followed basically by three
key operations as shown in Scheme 1: (1) the ruthenium-
promoted NaIO4 oxidation,

12,14 (2) the condensation re-
action of an R-diketone with an arene-1,2-diamine,15 and
(3) the transformation involving enolization, oxidation,
and the Grob-type fragmentation that occurred consecu-
tively in one pot.16,17 Accordingly, when adduct 3 was
subjected to the NaIO4 oxidation, the reaction yielded a
product showing a rather complex 1HNMR spectrum and
an IR spectrum containing absorption bands due to the
hydroxyl and carbonyl groups. This productwas proved to
be the desired R-diketone 4 in its monohydrate form 40.18

Condensation ofR-diketone 4 or 40 (or both together) with
benzene-1,2-diamine (5a), naphthalene-2,3-diamine (5b),
or 4-methoxybenzene-1,2-diamine (5c) in AcOH at 45 �C
under N2 atmosphere afforded the corresponding quinox-
alino-fused derivatives 6a, 6b, or 6c.19

As expected, stirring a solution of 6a or 6b in CH2Cl2
with triethylamine in the presence of air (O2), successive
enolization, oxidation, and fragmentation occurred to fur-
nish the colored pentacenoquinone ester 7a (bright yellow,
52%) and hexacenoquinone ester 7b (dark brown, 48%).19

In principle, the fragmentation of 6c was expected to yield
two isomeric fragmentation products, inwhich themethoxy

Scheme 1. Synthesis of A (7a�c)
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group is trans (7c) or cis (7c0) to themethoxycarbonyl group
(Scheme 1). However, only one regioisomer was found.
Discriminating between two regioisomers could only be
made byX-ray crystallography (vide infra), which indicated
that trans-isomer 7c was the fragmentation product.
Plausible mechanism of the formation of 7 from 6 keyed

upon theGrob-type fragmentation is outlined inScheme 2.
The methano-bridged naphthoquinone B, derived from 6

via successive enolization and oxidation, would fragment
to generate intermediate C by pathway i, followed by the
elimination of CH3Cl to yield ester 7.16,17 The fragmenta-
tion is driven by the relief of ring strain and aromatization
and assisted by the push�pull setup for electrons to flow
from MeO to CdO groups relayed by the enone CdC
bond. Because of the incorporation of the imine groups
that are properly located to apply extra electron-pull force,
B is expected to undergo fragmentation more efficiently
with additional pathway ii (Scheme 2). The high regios-
electivity displayed by conversion of 6c to 7c is possibly
attributable to the electron-donating substituent (e.g.,
OMe) at the quinoxaline ring, whichweakens the electron-
pull force of its para-located imine group and destabilizes
the negative charge developed therein. Consequently, the
cleavage of bridging C�C bond occurs preferentially to
give the intermediateC (R2=OMe) as shown inScheme2,
leading to the formation of observed trans-isomer 7c.

The electronic structures and the electron-accept-
ing characteristics of 7a�c were examined using both
experimental and computational methods. Their cyclic
voltammograms (CVs) are shown in Figure 1,20 and the
resultant redox potentials, together with the values of

LUMO energy obtained from computation (Figure S1
and Table S1 in the Supporting Information)21 and experi-
ments are summarized inTable 1. TheCVsof 7aand 7b are
very similar, displaying three reversible and one irreversi-
ble redox waves (E4

pc), while that of 7c shows only two
reversible (E1 andE2) andone irreversible redoxwaves (E3)
without the fourth redoxwave. The reversible redox waves
indicate that 7a and 7b could undergo a three-electron
redox process and therefore be potential candidates for
inclusion in an electron-transporting layer of an OLED.
However, the irreversible redoxwave at high voltage (E4

pc)
is possibly caused by the presence of methoxycarbonyl,
which forms irreversible electron traps on the electrode
surface during the reduction process.
The first reduction peak is attributed to the uptake of

one electron to form a radical-anion [A]•� (A= 7a or 7b or
7c). From the halfwave reduction potential vs ferroce-
nium/ferrocene,7d,22 the energy levels for LUMO of 7a

7b, and 7c are estimated to be�3.77,�3.96, and�3.67 eV,
respectively, in agreement with the calculated energy levels
(Table 1). The elevating of the LUMO levels in the order of
7b< 7a< 7c reflects the extent of π-conjugation and the
effect of electron-donating substituent (OMe). As com-
pared with other nitrogen heterocycles, such as quinoxa-

line, acridine, and phenazine,6b,23 7a�c have greater
electron uptake ability. In addition, the ground-state
molecular orbitals (Figure S1b, Supporting Information)
show that the HOMO and LUMO of 7a, 7b, and 7c are
greatly localized on the diazaacene moiety, and the benzo-
quinone ring blocks the π-conjugation. This may imply
that the diazaacene nucleus in 7a�c plays a more signifi-
cant role of electron uptake in the initial reduction process
and the electron delocalization within molecules is ineffec-
tual, reflecting on the observed well-defined redox waves.

Scheme 2. Plausible Mechanism for the Fragmentation of Qui-
noxaline-Embedded Naphthoquinone B

Figure 1. Cyclic voltammograms of 7a, 7b, and 7c in CH2Cl2.
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The absorption and photoluminescence (PL) spectra of
7a�c (FigureS3 inSupporting Information)were recorded
in chloroform, and the data are listed in Table 1. All
compounds exhibit a prominent absorption band appear-
ing at 300�400 nm ascribed to the π,π* transition,10,24 and
weak bands of lower energy (350�500 nm) attributable to
the charge-transfer (CT) character (Figure S3a, Support-
ing Information). The peak wavelengths (λmax) and inten-
sity reflect the substituent effect and the extent of
π-conjugation. The HOMO energy levels for 7a, 7b, and
7cwere determined to be�7.03,�6.54, and�6.85 eV, res-
pectively, in agreement with the calculated energies for
their HOMOs (Table 1 and Table S1, Supporting In-
formation). The PL spectra of 7a and 7c are very weak re-
lative to that of 7b (Figure S3b, Supporting Information).
As indicated by the normalized PL spectra (Figure S3c,
Supporting Information), the emission maximum is red-
shifted from 508 nm for 7c to 523 nm for 7a and then to
624 nm for 7b.
The ORTEP drawings of 7a and 7c are shown in Figure

S4 in the Supporting Information. Themolecular structure
of 7a is planar, and that of 7c is slightly twisted (ca. 12�).
The plane of carboxyl group stretches out almost perpen-
dicular to the plane of aryl ring. Both 7a and 7c adopt the
cofacial slipped π-stacking structure as shown in Figure 2,
which also reveals the notable role played by the polarized
methoxy groups (OCH3) in the molecular packing.15b,c

Molecules of 7a align in a head-to-head style with
an interplanar distances of 3.39 Å (centroid-to-centriod
distance 5.13 Å) and linked by the intermolecular
C�H 3 3 3Ohydrogenbonds (2.63 Å),Figure2a.Conversely,
molecules of 7c assemble in a head-to-tail manner, and the
analogous C�H 3 3 3O hydrogen bonds (2.66 Å) interlock
twomolecules to form a stacked dimeric structure, in which
the interplanar distance is 3.34 Å (centroid-to-centriod
distance 4.41 Å). As shown in Figure 2b, the neighboring
dimeric units are further stacked with an interplanar dis-
tance of 3.54 Å (centroid-to-centriod distance 4.47 Å) and

further secured by C�H 3 3 3π interactions between the
polarized OCH3 and phenyl ring (dH 3 3 3π = 3.26 Å).

In conclusion, we have successfully developed a versatile
synthetic route toward the quinoxaline-embedded polya-
cenoquinone esters 7a�c. Compounds 7a�c display well-
defined, reversible redox waves in the initial reduction
process, indicative of the n-type (electron-transporter)
doping nature. The X-ray diffraction data of 7a and 7c

reveal cofacial π�π stacking between two neighboring
molecules, helpful to charge carrier transport. In a syn-
thetic application perspective, the inherited substituents in
this new family of polyacenoquinone esters are exploitable
to make them valuable synthetic precursors of quinoxa-
line-embedded polyacenyl derivatives.
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Table 1. Redox Potentials (V vs Fc/Fcþ), Optical Properties (λmax, λem), and the MO Energies (eV) for 7a, 7b, and 7c

E1
1/2(0/�1)

(E1
pc; E

1
pa)

a

E2
1/2(�1/�2)

(E2
pc; E

2
pa)

a

E3
1/2 (�2/�3)

(E3
pc; E

3
pa)

a E4
pc (�3/�4)a

λmax/nm

(log ε)b λedge/nm λem/nm
b,c LUMO HOMO

7a �1.03 �1.62 �1.80 328 (4.4) 380 523 �3.77g �7.03h

(�1.08; �0.98) (�1.66; �1.58) (�1.88; �1.73) �2.09 382d �3.61i �6.86i

7b �0.84 �1.42 �1.82 367 (4.6) 480 624 �3.96g �6.54h

(�0.88; �0.80) (�1.46; �1.38) (�1.85; �1.76) �2.07 543 d �3.79i �6.26i

7c �1.13 �1.63 338 (4.6) 390 508 �3.67g �6.85h

(�1.17; �1.09) (�1.67; �1.60) (�1.93; �1.73e) f 431d �3.43i �6.65i

aConditions: sample (1 mmol/dm3) in 0.1 mol/dm3 n-Bu4NPF6/CH2Cl2 solution; temperature, 300 K; working electrode, glassy carbon; reference
electrode, Ag/AgNO3 (0.01mol/dm3 in 0.1mol/dm3 n-Bu4NPF6/CH3CN solution); counter electrode, Pt; scan rate, 100mV/s for 7a and 7b, 50mV/s for
7c. bMeasured at the concentration of 1� 10�5M inCHCl3.

cExcitationwavelength (λex): 7a, 338 nm; 7b, 365nm; 7c, 338 nm. dCharge transfer band: 7a,
375�450 nm; 7b, 490�600 nm; 7c, 400�490 nm. eEstimated value due to the shoulder peak. fNot observed in the electrochemical window for CH2Cl2.
gEstimated with reference to ferrocenium/ferrocene (4.80 eV). hEstimated according to the equation EHOMO = (ELUMO þ Eλedge) eV, where ELUMO is
the CV experimental value. iCalculated by the DFT [(B3LYP/6-311þG(d,p)//B3LYP/6-31G(d)] calculations.

Figure 2. Cofacial π-stacking structures: (a) 7a, (b) 7c.
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