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ABSTRACT: A number of anti- and syn- isomers of
heterocyclic hexacene diimides containing NH and O/S are
synthesized. Two stable quinonoid diimides displaying low
LUMO levels at less than —4.1 eV are obtained via oxidation
of the anti- isomers. Reducing the isolated quinoidal molecules
back to dihydro- forms offer pure anti- isomers.
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aphthalene tetracarboxylic diimide and derivatives

(NDIs) have recently attracted great attention for their
desirable electronic properties."”” Particularly, with 2,6-
dibromo- and 2,3,6,7-tetrabromo-1,4,5,8-naphthalene diimides
(2Br-NDI° and 4Br-NDI4) as efficient synthons, various
extended acenes and heteroacenes with dicarboximide
functionality® are readily prepared as novel functional z-
systems. For instance, dithiophene-,® diindole-,” and dithiozole-
annulated® NDIs exhibited ambipolar or n-type semiconductive
properties, and tetraacene diimides manifested near-infrared
(NIR) optical activities.” N-Heteroacene diimides demonstra-
ted distinctive self-assembly abilities and formed unique
supramolecular nanostructures.'”"!

Previously, we reported a series of N-heterocyclic hexa- and
heptacene dicarboximide molecules, which displayed appealing
optical properties and self-assembling behaviors.© Among
them, a dihydrotetraaza derivative 2H-TAHDI (Figure 1)
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Figure 1. Structures of heterohexacene diimides.

uniquely underwent tautomerization between benzenoid and
quinonoid forms.'*® Polycyclic z-systems with quinoidal
structures are of particular interest for possessing distinct
optical and electronic features from their benzenoid counter-
parts."® Appropriate quinoidal polycyclic molecules were shown
to possess open-shell ground state characteristics and exhibited
special nonlinear optical and magnetic properties. 13b=e
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Quinoidal heteropentacenes with low LUMO levels were
demonstrated with notable electron-transporting capabilities.'*
A unique feature of our previously investigated azaacene
diimide was that its quinoidal form was of impressive stability,
comparable to that of the benzenoid tautomer. However, the
existence of this tautomerization equilibrium was inconvenient
for utilization of the quinonoid structure. To circumvent this
problem, we speculated replacing the two NH moieties with O
or S atoms, which would offer fixed quinonoid molecules.

Accordingly, we designed a series of heterocyclic hexacene
diimides containing N, S, and/or O atoms, which were all
isoelectronic 7z-systems of 2H-TAHDI (Figure 1). Using our
previously developed methodology, these new molecules ought
to be attainable by oxidizing respective dihydro- precursors,
which could be synthesized from 4Br-NDI upon condensation
with 2-aminothiophenol or 2-aminophenol. A potential
problem with this synthetic route was that two different
regioisomers (anti- and syn-) were possibly formed but only the
anti- isomers could be oxidized into the quinonoid products
(Scheme 1).

We first conducted the condensation between 4Br-NDI and
2-aminothiophenol. When the reaction was carried out at
elevated temperature in THF, some green solid was generated.
High-resolution mass spectroscopy (HRMS) and elemental
analysis (EA) both validated its chemical formula consistent
with 1. Although only one spot was detected on thin layer
chromatography (TLC), 'H NMR revealed evidence for a
regioisomer mixture. Two different resonances with an integral
ratio of ~1:9 were observed between 12.4 and 12.8 ppm,
assignable to the NH protons in different regioisomers.
Furthermore, when this reaction product was treated with
PbO, at 40 °C, most of it was converted into a blue compound
showing a larger R( value than that of the reactant on TLC,
while a small amount of the original green material remained
unchanged. 'H/"*C NMR, HRMS, and EA all confirmed that
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Scheme 1. Synthetic Routes
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the blue product was quinoidal Q-1. Based on these results, the
major component of the green mixture was identified to be
anti-1, and the minor product was syn-1 (Scheme 1). The
relative ratio of these two isomers was sensitively influenced by
the condensation conditions. When the reaction was performed
in DMF at 45 °C, syn-1 became the dominant product,
coexisting with ~3% anti-1. Oxidation of this mixture mostly
containing syn-1 with PbO, resulted in recovering most of the
starting material after heating at an even higher temperature
than 40 °C.

The selectivity for syn-/anti- was lowered at increased
reaction temperature. When the reaction was conducted at 90
°C in DMF, the ratio of syn-1/anti-1 dropped to ~1.5:1.
Switching to other solvents also led to lowered selectivity (syn-
l:anti-1 = ~1:2.3 in CHCI; at 60 °C and ~1:1.8 in toluene at
110 °C). We deemed the reason for such varied regioselectivity
in different solvents was complicated and involved a number of
factors such as N vs S nucleophilicity changes with solvent,
solvent polarity Variance, hydrogen bonding, etc.

By comparing the '"H NMR spectra, syn-1 and ant: 1 were
found to have nearly identical aromatic resonances,"> but the
NH chemical shifts were distinguishable (Figure 2). Additional
discrepancy was depicted by a-protons on N-alkyl chains
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Figure 2. '"H NMR spectra of isomer mixture of 1 obtained from THF
(a) and DMF (b) reaction solutions (triangles indicate the NH signal
of minor product),'® pure anti-1 (¢, from reduction of Q-1), and Q-1
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(NCH,)."® The two side groups on the imide nitrogen were
identical in anti-1, whereas those in syn-1 were chemically
nonequivalent. Such differences were discerned by the 'H
NMR, by showing the different resonance patterns of NCH,
(Figure 2). This evidence further substantiated our structural
assignments.17

Quinoidal Q-1 was adequately stable in the solid state, and
the 'H NMR spectrum of its CDCl; solution remained
unchanged after a week under ambient conditions. However,
this molecule was partially transformed back to anti-1 when
eluted from silica gel column chromatography. Apparently, the
diimide groups rendered Q-1 highly electron-deficient and
easily reduced to anti-1 with one more Clar sextet."
Employing p-phenylenediamine as the reducing reagent
allowed quantitative conversion of Q-1 to anti-1 at 40 °C in
CHCI, to be realized.

The condensation of 2-aminophenol with 4Br-NDI required
a much higher temperature (130 °C) in DMF than its thio-
analogue, likely due to the lower nucleophilicity of O than S.
The resultant blue product was found to be almost completely
syn-2, as evidenced by the NH and NCH, signals in the 'H
NMR spectrum (see the Supporting Information). Never-
theless, a low-intensity resonance assignable to anti-2 (~5%)
was detected near the main NH signal. Changing the reaction
solvent to N-methylpyrrolidone, THEF, or toluene did not help
increase the anti-2/syn-2 ratio. Finally, heating 4Br-NDI in
neat 2-aminophenol at 170 °C yielded a mixture comprising
syn-2/anti-2 at ~1.7:1. The higher syn- selectivity observed
with 2 in varied solvents was understandable. The stronger
electron-donating ability and higher nucleophilicity of N
compared to O favored the NH substitution of bromine syn-
to the first nitrogen substitution.'®

Oxidizing this 1.7:1 isomer mixture of 2 resulted in its partial
conversion to a new blue compound. For an unknown reason,
the unreacted residue retained a small amount of anti-2 (anti-/
syn- = ~1:10). The oxidation product Q-2 was isolated. NMR
and HRMS both verified its dehydro- identity. Q-2 was also
prone to reduction when exposed to silica gel, but it was fairly
stable in the solid state, as no decomposition was detected by
"H NMR after storing under ambient conditions for over four
months. Again, pure anti-2 could be obtained by reduction of
Q-2 with p-phenylenediamine in quantitative yield.

We also endeavored to synthesize the asymmetric quinoidal
Q-3 (Scheme 1). A reaction between 4Br-NDI and 2-
aminophenol at S0 °C in THF offered 1:1 condensation
product 4 in 92% yield. A further condensation of 4 with 2-
aminothiophenol offered a mixture of anti-3 and syn-3. After
screening different solvents, the highest anti-/syn- ratio at
~5.4:1 was achieved in toluene. Upon oxidizing this isomer
mixture with PbO,, the '"H NMR spectrum indicated that the
major component of the resultant material was the desired
product Q-3. However, Q-3 was much more sensitive to silica
gel than Q-1 and Q-2. It quickly decomposed into unknown
substances during column chromatography and could not be
isolated or purified.

Thus, pure anti-1, anti-2, Q-1, and Q-2 were obtained and
applied to the following characterizations. Because of the nearly
identical Ry values of regioisomer pairs on TLC, pure
compounds of syn-1, syn-2, and anti-3 were not attainable.
Samples contaminated with a small amount of regioisomers
were employed for characterizations (syn-1 with ~3% anti-1,
syn-2 with ~5% anti-2, and anti-3 with ~16% syn-3). The
absorption spectra were collected from CH,Cl, solutions
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(Figure 3). The absorption maxima of anti-2, anti-3, and anti-1
emerged at 662, 710, and 762 nm, respectively. In combination
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Figure 3. (a) Normalized absorption spectra recorded in CH,Cl, at
1.0 X 1075 M. (b) Cyclic voltammograms of syn-1 (with ~3% anti-1,
top, orange), anti-1 (top, purple), syn-2 (with ~5% anti-2, middle,
magenta), anti-2 (middle, green), anti-3 (with ~16% syn-3, bottom,
yellow), Q-1 (bottom, blue), and Q-2 (bottom, red).

electron-transporting molecules. The oxidation waves for Q-1
and Q-2 were not obtainable.

DEFT calculations helped further assess the frontier orbitals of
the molecules. As depicted in Figure 4, anti-1 and syn-1 had
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Figure 4. DFT calculated frontier orbitals of syn-1, anti-1, and Q-1.

with the absorption of previously studied 4H-TAHDI (A4, =
778 nm), a clear trend was illustrated. Namely, as the electron-
donating ability of contained heteroatoms increased in the
order of O < S < N(H), increasingly red-shifted absorptions
were manifested. Moreover, the anti- isomers exhibited longer
absorption wavelengths than their respective syn- isomers (4,
= 738 nm for syn-1 and 651 nm for syn-2), and quinoidal
molecules displayed blue-shifted absorptions relative to their
dihydro- analogues (4, = 684 nm for Q-1 and 647 nm for Q-
2). The emission maxima of these compounds occurred in a

very similar order with their absorption maxima (Figure S1 and
Table 1).

Table 1. Optical and Electronic Properties®

i An? LUMO° HOMO E

[am] & [Lmolcm™] [nm] [eV] V]  [eV]
syn-1 738 6.0 x 10* 761 -361  —497° 136
anti-1 762 3.8 x 10 792 -367  —498° 13V
syn2 651 5.1 % 10* 675  —341  =517° 176"
anti-2 662 3.6 x 10* 691 -342 =512 1700
anti-3 710 40 x 10* 740  —348  -503° 155
Q-1 684 6.6 x 10* 731 —414  -584° 170"
Q-2 647 5.8 x 10* 688  —426  —6.02% 176"

“Samples of syn-1, syn-2, and anti-3 contained small amounts of their
regioisomers (syn-1 with ~3% anti-1, syn-2 with ~5% anti-2, and anti-
3 with ~16% syn-3). Absorptlon maxima in CH,Cl,. “Molar
extinction coefficient at A, “Emission maxima in CH,Cl,. “From
the onset of the first reduction or oxidation waves in CV.”Band gap
from (E ymo — Enowmo)- Estimated from the LUMO level and optical
band gap E,. "Band gap from the absorption onset.

The electrochemical properties were also examined. Mole-
cules syn-1, anti-1, syn-2, anti-2, and anti-3 all manifested two
reversible oxidation and two reversible reduction waves (Figure
3b), with LUMO levels varied from —3.41 to —3.67 €V and
HOMO levels from —4.97 to —5.17 eV (Table 1). Oxygen-
containing isomers of 2 exhibited a higher LUMO and a lower
HOMO than their S-containing counterparts of 1, consistent
with their much larger band gaps. Quinoidal compounds Q-1
and Q-2 displayed three reversible reduction waves, with the
first one shown at —0.31 and —0.19 V (vs Ag/AgCl)
respectively, which echoed their facile chemical reductions.
Such low LUMO levels suggested their potential application as
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similar frontier orbital characteristics with previously studied
4H-TAHDI. With HOMOs distributed over the heterocylic
hexacene framework, LUMOs were nonetheless mainly
contributed by the NDI moiety and four heteroatoms. On
the other hand, the quinonoid compound Q-1 displayed a more
effectively delocalized HOMO and LUMO over the entire
polycyclic scaffold, which is in principle favorable for
intermolecular charge transport.'® Similar frontier orbital
geometries were demonstrated by syn-2, anti-2, and Q-2
(Figure S6) with their respective analogues. Calculated
HOMOs and LUMO:s also showed that the orbital coefficients
on the heteroatoms shrank evidently from S, N to O, revealing
their decreasing contributions in that order."?

In conclusion, a number of new heterocyclic hexacene
diimides containing N, O, and S heteroatoms were synthesized.
Particularly, a couple of stable quinoidal heterocycle molecules
with low LUMOs were acquired. Specifically, while anti- and
syn- isomers were obtained as mixtures from synthetic
reactions, only the anti- precursors could be dehydrogenated
to afford the quinoidal structures. Moreover, this further
transformation of anti- isomers allowed isolation of the syn-
isomers, whereas pure anti- isomers were attained by reducing
the quinoidal oxidation products. The identities of the
heteroatoms sensitively influenced the frontier orbital energy
levels and the optical properties of the molecules. The highly
delocalized, low LUMO levels of the quinoidal structures show
promise for potential n-type semiconductor applications.
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