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Abstract: Extended bis(benzothia)quinodimethanes and their
dications were synthesized as stable species. The neutral
compounds mainly have a quinoidal structure in the ground
state but show increased diradical character with extension of
the central quinodimethane unit. The dications exhibit similar
electronic absorption spectra, NMR spectra, NICS values, and
diatropic ring currents to their aromatic all-carbon acene
analogues and thus can be regarded as genuine isoelectronic
structures of pentacene, hexacene, and heptacene, respectively.
Our research gave some insights into the design and synthesis
of stable longer acene analogues.

Acenes and their analogues have attracted tremendous
interest owing to their unique physical properties and
potential applications in optoelectronics.[1] However, the
existence of only one aromatic sextet ring and extended
successive cis-1,3-butadienes bring along intrinsic instability
problems.[2] Common strategies to improve the stability of
acenes include introduction of bulky substituents to avoid
dimerization[3] or electron-withdrawing groups to lower the
HOMO energy levels.[4] Our group recently reported an
efficient method by peri-annulation of a p-conjugated cyclo-
penta-ring onto the zigzag edges of acenes.[5] At the same
time, we also developed a new strategy to disturb the diene-
like conjugation, by fusing two benzothia groups with a p-
quinodimethane (p-QDM) unit to form a quinoidal bis(ben-
zothia)quinodimethane structure (Figure 1).[6] The new qui-
noidal dithiapentacene analogue exhibited much better
chemical stability compared with pentacene. Extension of
the central p-QDM to 2,6-naphthoquinodimethane (p-
NQDM) and 2,6-anthraquinodimethane (p-AQDM) would
give longer hexacene and heptacene analogues. These quio-
noidal molecules can be regarded as pro-aromatic compounds

and have a tendency to be diradicals by recovering aroma-
ticity of the central quinodimethane units (Figure 1) and thus
their diradical characters and physical properties are of
interest.[7] On the other hand, these molecules have 4n p e-
lectrons with two more p electrons compared with their
respective aromatic acenes. Therefore, oxidation of these
neutral dithia compounds by losing two electrons would lead
to the corresponding isoelectronic structures of pentacene,
hexacene, and heptacene. These charged species are supposed
to be stable as demonstrated in many sulfur-containing
conjugated molecules.[8] It is worth noting that Bertinger
and Einholz have successfully prepared the acene dications
containing 4 n pelectrons, which are still stable because two
aromatic sextets can be drawn for the dication forms.[9]

Neckers and De reported sulfur-containing heptacene ana-
logues,[10] but fundamentally they contain a mix of -cene and
-phen type of structures. Our group recently reported two
dipolar p-QDM containing pentacene and nonacene ana-
logues but they contain more than one aromatic sextet rings
and thus exhibit intrinsically different properties from
pentacene and nonacene.[11] In our new design, the dicationic
molecules have the same number of p electrons to the
corresponding acenes and there is only one aromatic sextet
ring in the closed-shell resonance forms (Figure 1). Therefore,
they can be regarded as the genuine isoelectronic structures of
all-carbon acenes. To validate this hypothesis, in this work,
three bis(benzothia)-quinodimethane compounds BBB-Pen,
BNB-Hex, and BAB-Hep (Figure 1) and their dications were
synthesized and their physical properties were investigated
both experimentally and theoretically. Bulky mesityl (Mes)
groups are strategically introduced to the most reactive sites
with high spin density to obtain stable and soluble materials.

Figure 1. Structures of the bis(benzothia)quinodimethanes, their dicat-
ions, and their acene analogues. The aromatic sextet ring is shaded in
blue.
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The synthesis of these bis(benzothia)quinodimethanes
was based on an intramolecular Friedel–Crafts alkylation
followed by oxidative dehydrogenation approach and the key
intermediates are the thiophenol- and mesitylketone-substi-
tuted compounds 2, 8, and 15 (Scheme 1). The intermediate 2
was synthesized from compound 1 by direct nucleophilic
substitution with thiophenol in the presence of K2CO3.
Subsequent reduction by LiAlH4 gave diol 3, BF3·Et2O
mediated cyclization generated compound 4, and oxidation
by DDQ afforded the target compound BBB-Pen. For the
synthesis of BNB-Hex, direct lithiation of 2,6-dimethoxy-
naphthalene with n-BuLi and subsequent quenching with
mesitaldehyde gave diol 5, which was converted to diketone
via PCC oxidation. Then, the methoxy groups of 6 were
converted into triflic groups by demethylation followed by
esterification. The key intermediate 8 was synthesized by Pd
catalyzed C¢S bond formation reaction, and then BNB-Hex
was synthesized via similar steps to BBB-Pen. For the
synthesis of BAB-Hep, 9,10-dimesityl-2,6-dimethoxyanthra-
cene 11 was first prepared (see details in the Supporting
Information). Following a similar synthetic route to BNB-
Hex, the BAB-Hep was obtained.

All three compounds showed clear 1H NMR spectra in
C6D6 solutions at room temperature and the resonances were
assigned by 2D NOESY technique (see Supporting Informa-
tion). Variable-temperature 1H NMR spectra were recorded
in [D8]toluene (Figure S1–S3 in the Supporting Information).
No obvious NMR spectral broadening was observed for BBB-
Pen even at 95 88C, indicating its closed-shell nature in the
ground state and this is consistent with its very small
calculated diradical character (y0 = 0.004, at UCAM-B3LYP/

6-31G(d,p) level of theory; see Supporting Information for
details). However, spectral broadening was observed for both
BNB-Hex and BAB-Hep at elevated temperatures and the
longer BAB-Hep exhibits much more distinctive change.
Similar calculations predict that both BNB-Hex and BAB-
Hep have a singlet diradical ground state, with a diradical
character of 0.195 and 0.384, respectively. Like all other open-
shell singlet diradicaloids,[7] the broadened NMR signal can
be ascribed to a thermally populated triplet species. Consis-
tent with the NMR results, BBB-Pen was ESR silent while
BNB-Hex and BAB-Hep showed a broad ESR signal in
solution with ge = 2.0039 and 2.0032, respectively (Figure S4).
The spin concentration was estimated to be 0.04% for BNB-
Hex and 0.98 % for BAB-Hep in DCM solution at room
temperature by using 2,2-diphenyl-1-picrylhydrazyl (DPPH)
as standard (Figure S5),[12] indicating a relatively large
singlet–triplet energy gap (DES–T) for both. The temperature
dependent magnetic susceptibility measurements of the
BAB-Hep powder (5–380 K) by SQUID technique revealed
a singlet ground state and fitting of the data by Bleaney–
Bowers equation gave a DES–T value of ¢5.3 kcalmol¢1

(Figure S6), which is close to the theoretical value (DES–T =

¢5.5 kcal mol¢1). However, the signal for the powder of BNB-
Hex is too weak for reliable analysis presumably owing to the
larger singlet–triplet energy gap (DES-T =¢7.6 kcalmol¢1

based on similar calculation). The increase of the diradical
character and decrease of single-triplet energy gap with
extension of the central quinodimethane unit can be simply
explained by the increase of the aromatic resonance energy
from benzene to naphthalene and further to anthracene.

Scheme 1. Synthetic routes of BBB-Pen, BNB-Hex, and BAB-Hep: a) thiophenol, CuI, K2CO3, DMF; b) LiAlH4, THF; c) BF3·Et2O, DCM; d) DDQ,
toluene; e) i) n-BuLi, THF; ii) mesitaldehyde; f) PCC, DCM; g) i) BBr3, DCM; ii) Tf2O, pyridine, DCM; h) thiophenol, Pd2(dba)3, Xantphos, Cs2CO3.
Mes = mesityl ; DDQ =2,3-dichloro-5,6-dicyano-1,4-benzoquinone; PCC =pyridinium chlorochromate, DCM=CH2Cl2.
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X-ray crystallographic analysis of all three compounds
further elaborated their ground-state structures (Figure 2).[13]

Large bond-length alteration was observed for the central p-
QDM, p-NQDM, and p-AQDM units, indicating a major
contribution of the quinoidal resonance form to the ground-
state geometry in all cases. BBB-Pen and BNB-Hex both have
a nearly planar geometry and the latter has a larger C1¢C2
bond length, in agreement with its larger diradical character.
BAB-Hep in principle should have an even larger C1-C2 bond
length but it is actually similar to that of BNB-Hex,
presumably a result of its distorted nonplanar structure
(deviation from planarity up to 1388). Calculations also show
that the nucleus-independent chemical shift (NICS(1)zz)
values of the central quinodimethane units gradually change
from d = 1.65 ppm (ring C) in BBB-Pen to d =¢9.86 ppm
(ring C) in BNB-Hex and d =¢10.24 ppm (ring C)/ d =

¢15.85 ppm (ring D) in BAB-Hep, indicating an increase of
aromaticity and diradical character with extension of the
molecular length (as a reference, the NICS(1)zz value of
benzene ring is calculated to be d =¢29.68 ppm).

BBB-PEN and BNB-Hex in DCM display an intense
absorption band at lmax = 555 and 620 nm, respectively, which
is similar to the p band of many closed-shell polycyclic
aromatic hydrocarbons (PAHs), such as acenes and rylenes
(Figure 3).[14] BAB-Hep also exhibits an intense absorption at
lmax = 662 nm, but a shoulder peak at 716 nm was observed.
This weak absorption band can be regarded as a signature of

open-shell singlet diradicaloids[7c] and it is proposed to be due
to the presence of a low-lying double exciton state.[15] BBB-
Pen and BNB-Hex exhibit maximum emission at 617 and
689 nm (Figure S8), with a fluorescence quantum yield of 0.13
and 0.10, respectively. No obvious fluorescence was detected
for BAB-Hep owing to its larger diradical character. Note
that all three compounds exhibit excellent photostability with
a half-life time of more than 1 month in DCM under ambient
light and air conditions.

Electrochemical measurements revealed that all three
compounds exhibited two reversible oxidation, with half-
wave potential at 0.07, 0.63 V for BBB-Pen, ¢0.04, 0.44 V for
BNB-Hex, and ¢0.11, 0.31 V for BAB-Hep (vs. Fc+/Fc
couple; Fc = [(h-C5H5)2Fe]) (Figure S9 and Table S1), indi-
cating that they can be easily oxidized into stable species.
Chemical oxidation by one and two equivalent of NOSbF6

Figure 2. X-ray crystallographic structures, selected bond lengths from
single-crystal structures, and calculated NICS(1)zz values (red) of
a) BBB-Pen, b) BNB-Hex, c) BAB-Hep, and d) BBB-Pen2+. Hydrogen
atoms are omitted for clarity.

Figure 3. UV/Vis-NIR absorption spectra of the neutral (N), cationic
radical (R), and dicationic (D) states of a) BBB-Pen, b) BNB-Hex, and
c) BAB-Hep in DCM. Inset: are photos of the solutions.
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gave their corresponding radical cations and dications, which
can be reversibly reduced back to neutral compounds via
addition of triethylamine. The radical cations show long-
wavelength absorption with maximum at 1092 nm for BBB-
PenC+, 1381 nm for BNB-HexC+ and 1620 nm for BAB-HepC+

(Figure 3), and intense one-line ESR spectra with ge = 2.0042,
2.0036, and 2.0033, respectively (Figure S10). The dications
are all ESR silent and display blue-shifted absorption
compared to the respective radical cations, with lmax at
780 nm for BBB-Pen2+, 945 nm for BNB-Hex2+ and 1246 nm
for BAB-Hep2+ in long wavelength absorption band
(Figure 3). Interestingly, the band structures of the absorption
spectra of the dications are very similar to their corresponding
trialkylsilylethynyl-substituted pentacene (lmax = 642 nm),
hexacene (lmax = 738 nm), and heptacene (lmax = 852 nm),
indicating that they have similar electronic structures.[3a,b,14b]

1H NMR spectra of the three dications were recorded in
[D2]dichloromethane solution via in situ oxidation by two-
fold NOSbF6 (Figure 4 and Figure S11). Largely downfield

shifted resonances were observed for all three dications,
indicating the formation of aromatic compounds. NICS(1)zz
value calculations also support this conclusion, as large
negative values were calculated for all the dithiapentacene
framework (Figure 2d). In addition, anisotropy of the
induced current-density (AICD) plots of the dications clearly
show clockwise ring currents delocalized along the periphery
(Figure 4), which is similar to the corresponding acenes
(Figure S14–16). However, for the neutral quinoidal com-
pounds, the clockwise ring currents are mainly localized on
the lateral benzene rings.

Single crystals of the dication BBB-Pen2+ suitable for X-
ray crystallographic analysis were successfully obtained (Fig-
ure 2d),[16] while the longer dications degraded during the
growing process. A clear decrease of the bond length of the
two C¢S bonds (1.700, 1.714 è) was observed compared with
the neutral BBB-Pen (1.746, 1.747 è), indicating their partial
double-bond character. In addition, the bond-length alterna-

tion of the original p-QDM unit now becomes much smaller.
This result again indicates that the dication indeed has an
acene-like structure. Calculations also show that all the
dications have negligible diradical characters (Table S2).

In summary, we have successfully synthesized three stable
bis(benzothia)-fused quinodimethanes and demonstrated
their chain-length dependent diradical character and physical
properties. More importantly, their dications can be regarded
as the genuine isoelectronic structures of acenes up to
heptacene, which was well elaborated by experimental
evidence (NMR, electronic absorption spectrum, X-ray
crystallographic analysis) and theoretical calculations (NICS
value and AICD plot). Our study provides a new way to
design and synthesize stable longer acene analogues with
similar electronic structures to the traditional all-carbon
acenes.
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