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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 z-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." 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
molecules and photo- and electroluminescent molecules.>*
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Recently, considerable interest in aza-substituted acenes
has emerged because of their possible application in devel-
oping useful n-type (electron-transporter) semiconductor
material.” Compared to hydrocarbon analogues, hetero-
acenes containing imine nitrogen atoms (—N=) generally
have less negative reductive potential and higher electron
affinity.>® 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
affinity’ and gain a better chance to form a z-stack in a
face-to-face structure via a hydrogen-bond-assisted
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Scheme 1. Synthesis of A (7a—c)
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intermolecular 7— stacking interaction.® Theoretically, a
cofacial z-stacking structure is expected to provide more
efficient orbital overlap and thereby facilitate charge car-
rier transport.” Search for stable, amendable azaacenes
with high electron affinity as building blocks for construct-
ing conjugated polymer semiconductors has also been
actively demonstrated.'”

In this context, we developed a strategy for expedient
synthesis of quinoxaline-embedded polyacenoquinone es-
ters with the generic structure A (Scheme 1) via the process
demonstrated by the preparation of pentacenoquinone
esters 7a,¢ 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 (—CO,Me,
—ClI), 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 r— stacking interaction. We herein report the results
of synthetic exploration, the electrochemical and optical
properties, and the crystal structures.
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The synthesis started from the Diels—Alder adduct 3'!2
of 1,2,3 4-tetrachloro-5,5-dimethoxycyclopentadiene (1)'?
and naphthalene-1,4-dione (2), followed basically by three
key operations as shown in Scheme 1: (1) the ruthenium-
promoted NalO, oxidation,'>'* (2) the condensation re-
action of an o-diketone with an arene-1,2-diamine,'> and
(3) the transformation involving enolization, oxidation,
and the Grob-type fragmentation that occurred consecu-
tively in one pot.'®!” Accordingly, when adduct 3 was
subjected to the NalO, oxidation, the reaction yielded a
product showing a rather complex "H NMR spectrum and
an IR spectrum containing absorption bands due to the
hydroxyl and carbonyl groups. This product was proved to
be the desired a-diketone 4 in its monohydrate form 4'.'*
Condensation of a-diketone 4 or 4’ (or both together) with
benzene-1,2-diamine (5a), naphthalene-2,3-diamine (5b),
or 4-methoxybenzene-1,2-diamine (5¢) in AcOH at 45 °C
under N, atmosphere afforded the corresponding quinox-
alino-fused derivatives 6a, 6b, or 6¢."”

As expected, stirring a solution of 6a or 6b in CH,Cl,
with triethylamine in the presence of air (O,), successive
enolization, oxidation, and fragmentation occurred to fur-
nish the colored pentacenoquinone ester 7a (bright yellow,
52%) and hexacenoquinone ester 7b (dark brown, 48%)."
In principle, the fragmentation of 6¢ was expected to yield
two isomeric fragmentation products, in which the methoxy

(12) The simpler Diels—Alder adduct derived from 1,4-benzoqui-
none and 1 was not applicable. The ruthenium-promoted NalO,4 oxida-
tion occurred exclusively at the endione C=C bond.

(13) Khan, F. A.; Prabhudas, B.; Dash, J. J. Prakt. Chem. 2000, 342,
512-517.

(14) (a) Khan, F. A.; Dash, J. J. Am. Chem. Soc. 2002, 124, 2424—
2425. (b) Khan, F. A.; Prabhudas, B.; Dash, J.; Sahu, N. J. Am. Chem.
Soc. 2000, 122, 9558-9559.

(15) (a) Chou, T.-C.; Liao, K.-C.; Lin, J.-J. Org. Lett. 2005, 7, 4843~
4846. (b) Chou, T.-C.; Lin, K.-C.; Wu, C.-A. Tetrahedron 2009, 65,
10243-10257. (c) Chou, T.-C.; Liao, K.-C. Tetrahedron 2011, 67, 236—
249.

(16) Chou, T.-C.; Hsu, C.-J.; Chen, J.-Y. J. Chin. Chem. Soc. 2004,
51, 167-174.

(17) (a) Mehta, G.; Padma, S.; Venkatesan, K.; Be gum, N. S.;
Moorthy, J. N. Indian J. Chem. 1992, 31B, 473-482. (b) Marchand,
A. P.; Alihodzic, S.; Shukla, R. Synth. Commun. 1998, 28, 541-546.

(1 8) Dehydl’dtlol’l of 4 under azeotropic reflux with benzene gave the
hygroscopic a-diketone 4, indicated by its symmetry-reﬂect H NMR
spectrum and the absence of OH absorption in the IR spectrum.

4589



group is trans (7¢) or cis (7¢’) to the methoxycarbonyl group
(Scheme 1). However, only one regioisomer was found.
Discriminating between two regioisomers could only be
made by X-ray crystallography (vide infra), which indicated
that trans-isomer 7¢ was the fragmentation product.
Plausible mechanism of the formation of 7 from 6 keyed
upon the Grob-type fragmentation is outlined in Scheme 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 CH5Cl to yield ester 7.'®'” 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 C=O0 groups relayed by the enone C=C
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 6¢ to 7c¢ is possibly
attributable to the electron-donating substituent (e.g.,
OMe) at the quinoxaline ring, which weakens 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 intermediate C (R, = OMe) as shown in Scheme 2,
leading to the formation of observed trans-isomer 7c.

Scheme 2. Plausible Mechanism for the Fragmentation of Qui-
noxaline-Embedded Naphthoquinone B
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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,° and the
resultant redox potentials, together with the values of

(19) Under this condition (AcOH as solvent), a small amount of the
corresponding tautomers of 6a—c was inevitably formed. However,
these tautomers underwent oxidation—fragmentation to form the
corresponding acenoquinone esters at higher temperature or during
isolation, suggesting that the condensation reaction could be combined
with Grob-type fragmentation to give the final product in a one-pot
operation.

(20) The CVs of 7a—c were also recorded in THF at lower concen-
trations (0.3—0.5 mM). The E' and E* reduction waves are reversible
and similar to those recorded in CH,Cl,, but the E* peak was found to be
irreversible and the E* peak was not observed (see Figure S2b and Table
S2b, Supporting Information). Since the differences between cathodic/
anodic peak potentials (Ep./Ey,,) in THF are often larger than the those
in CH,Cl,, the third and fourth peaks were probably overlapped.
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LUMO energy obtained from computation (Figure S1
and Table S1 in the Supporting Information)*' and experi-
ments are summarized in Table 1. The CVs of 7aand 7b are
very similar, displaying three reversible and one irreversi-
ble redox waves (E4pc), while that of 7¢ shows only two
reversible (E' and E) and one irreversible redox waves (E°)
without the fourth redox wave. The reversible redox waves
indicate that 7a and 7b could undergo a three-clectron
redox process and therefore be potential candidates for
inclusion in an electron-transporting layer of an OLED.
However, the irreversible redox wave at high voltage (E4pc)
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 = 7aor7bor
7¢). From the halfwave reduction potential vs ferroce-
nium/ferrocene,’®** the energy levels for LUMO of 7a
7b, and 7c¢ are estimated to be —3.77, —3.96, and —3.67 ¢V,
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 z-conjugation and the
effect of electron-donating substituent (OMe). As com-
pared with other nitrogen heterocycles, such as quinoxa-

-2 -0 -5 - a5 L
EV vs. FolFe’]

Figure 1. Cyclic voltammograms of 7a, 7b, and 7¢ in CH,Cl,.

line, acridine, and phenazine,®®* 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 7¢ are
greatly localized on the diazaacene moiety, and the benzo-
quinone ring blocks the z-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.
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Table 1. Redox Potentials (V vs Fc/Fc™), Optical Properties (Amax, Aem), and the MO Energies (eV) for 7a, 7b, and 7¢

E';5(0/—1) E?15(~1/-2) E3,(—2/-3) Jonax/DI0L
(B E'pa)® (B E%p0)" (B E®p0)" Bt (=3/-4)7  (loge)’  Jeggd/Nm  Aem/mm®S  LUMO  HOMO
7a  —1.03 ~1.62 -1.80 328 (4.4) 380 523 -3.77%  -7.03"
(—1.08; —0.98) (—1.66; —1.58)  (—1.88; —1.73) —~2.09 3824 -3.61 —6.86
7 —0.84 ~1.42 -1.82 367 (4.6) 480 624 -3.96%  —6.54"
(—0.88; —0.80)  (—1.46;-1.38) (—1.85;—1.76) -2.07 543 ¢ -3.79°  —6.26'
7c ~1.13 -1.63 338 (4.6) 390 508 -3.67  —6.85"
(-1.17; -1.09)  (-1.67;-1.60)  (—1.93; —1.73°) f 4314 —3.43 —6.65'

“Conditions: sample (1 mmol/dm?) in 0.1 mol/dm3 n-BuyNPF¢/CH,Cl, solution; temperature, 300 K; working electrode, glassy carbon; reference
electrode, Ag/AgNO; (0.01 mol/dm? in 0.1 mol/dm? n-Buy;NPF/CH;CN solution); counter electrode, Pt; scan rate, 100 mV/s for 7a and 7b, 50 mV/s for
7¢.” Measured at the concentration of 1 x 10~> M in CHCl5. ¢ Excitation wavelength (Aey): 7a, 338 nm; 7b, 365 nm; 7¢, 338 nm. 4 Charge transfer band: 7a,
375—450 nm; 7b, 490—600 nm; 7¢, 400—490 nm. ¢ Estimated value due to the shoulder peak.f Not observed in the electrochemical window for CH,Cl,.
¢ Estimated with reference to ferrocenium/ferrocene (4.80 eV). " Estimated according to the equation Eyomo = (ELumo + Ejedge) €V, Where Er pymo is
the CV experimental value. ' Calculated by the DFT [(B3LYP/6-311+G(d,p)//B3LYP/6-31G(d)] calculations.

The absorption and photoluminescence (PL) spectra of
7a—c (Figure S3 in Supporting 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 7z,77* transition,'*** and
weak bands of lower energy (350—500 nm) attributable to
the charge-transfer (CT) character (Figure S3a, Support-
ing Information). The peak wavelengths (4,,.4) and inten-
sity reflect the substituent effect and the extent of
m-conjugation. The HOMO energy levels for 7a, 7b, and
7c¢ were determined to be —7.03, —6.54, and —6.85¢€V, 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 7¢ 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 7¢ to 523 nm for 7a and then to
624 nm for 7b.

The ORTEP drawings of 7a and 7¢ are shown in Figure
S4in the Supporting Information. The molecular 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 7¢ adopt the
cofacial slipped s-stacking structure as shown in Figure 2,
which also reveals the notable role played by the polarized
methoxy groups (OCH3) in the molecular packing.'*™*
Molecules of 7a align in a head-to-head style with
an interplanar distances of 3.39 A (centroid-to-centriod
distance 5.13 A) and linked by the intermolecular
C—H- - -Ohydrogen bonds (2.63 A), Figure 2a. Conversely,
molecules of 7¢ assemble in a head-to-tail manner, and the
analogous C—H- - -O hydrogen bonds (2.66 A) interlock
two molecules to form a stacked dimeric structure, in which
the interplanar distance is 3.34 A (centroid-to-centriod
distance 4.41 A) As shown in Figure 2b, the neighboring
dimeric units are further stacked with an interplanar dis-
tance of 3.54 A (centroid-to-centriod distance 4.47 A) and

(24) (a) Waluk, J.; Grabowska, A.; Pakulstroka, B. J. Lumin. 1980,
21, 277-291. (b) Imes, K. K.; Ross, I. G.; Moomaw, W. R. J. Mol.
Spectrosc. 1988, 132, 492-544.
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further secured by C—H-- -7 interactions between the
polarized OCHj; and phenyl ring (dy..., = 3.26 A).

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

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 m—m 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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