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ABSTRACT: We designed and synthesized a novel di(benz[f ]-
indenone)-fused tetraazaanthracene derivative and isolated its two
isomers, 1a and 1s, having anti and syn configurations, respectively.
Their structure and that of the condensation reaction intermediates,
anti-2a and syn-2s, were fully characterized using one- and two-
dimensional nuclear magnetic resonance spectroscopy and single-
crystal X-ray diffraction. The optical and electronic properties of 1a
and 1s were investigated using ultraviolet−visible absorption and
fluorescence spectroscopies, cyclic voltammetry, and time-depend-
ent density functional theory calculations. The presence of the carbonyl and ethynyltris(isopropyl)silane groups endows the
di(benzoindenone)-fused azaacene derivatives with a strong electron accepting character. With an electron affinity of approximately
−3.7 eV, the two isomers represent attractive electron-deficient molecular systems for the generation of n-channel semiconducting
materials. Organic field effect transistors of 1a and 1s showed electron transport, and organic solar cells gave a proof of concept of
the potential of the two compounds as electron acceptor materials when they are paired with an electron donor polymer.

■ INTRODUCTION
Electron acceptor organic dyes are of great interest for
applications as redox photocatalysts1 and n-type organic
semiconductors for the fabrication of electronic and photo-
voltaic devices.2−5 In this framework, large polycyclic N-
heteroaromatics such as polyazaacenes occupy a privileged
spot because of the many possibilities they offer in terms of
chemical structures, functional properties, and applications,
which is revealed by the considerable amount of work devoted
to this broad class of compounds.6−8 Comparatively, bis-
indenone-fused analogues have been sparsely investigated. In
2010, Jenekhe and collaborators reported what is, to the best of
our knowledge, the first example of a bis-indenone-fused
anthrazoline derivative, the so-called DADK (Chart 1),9

providing thin film materials showing significant electron
mobility. Electron transport was also investigated by quantum
chemical calculations.10,11 Compared to the bare anthrazoline
core, introduction of the indenone moiety in DADK was
shown to increase the electron affinity and decrease the
fluorescence intensity presumably due to the intersystem
crossing population of the photoexcited triplet state.9 Unipolar
n-type and ambipolar organic semiconductors based on
indenone-fused azaacene molecules and polymers have also
been reported.12−14 As a further asset, indeno-fused pyrazine
derivatives provided precursors of quinoidal closed-shell
systems and ground-state conjugated diradicals.15 From a

more exploratory standpoint, indeno-fused acenes and
azaacenes are conjugated carbonyl compounds that might be
used as cathode materials in rechargeable batteries.16

We report herein a synthesis approach toward two
di(benz[f ]indenone)-fused 1,4,5,8-tetraazaanthracene deriva-
tives (Chart 1). The π-conjugated backbone of the two
compounds consists of nine fused rings. The meso positions of
the tetraazaanthracene core are equipped with triisopropylsilyl
(TIPS)-ethynyl groups to improve the solubility in organic
solvents. The two phenyl rings attached to each lateral
naphthalene moieties are also expected to contribute to the
enhanced solubility by limiting π-stacking interactions.
Interestingly, the synthetic route described here led to the
formation of the two configurational isomers, 1a and 1s, in
which the two carbonyl functions are positioned in anti and syn
relationships, respectively. We could isolate and characterize 1a
and 1s, which allowed us to evaluate the effect of molecular
symmetry on the electronic properties of those polycyclic
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heteroaromatic compounds. Indeed, a recent study of pyrene-
fused azaindacene isomers showed the crucial impact of the
molecular configuration on solid-state organic memory device
performance.17 In the work presented here, the spectroscopic
and electrochemical properties of 1a and 1s in solution are
described. We also provide a proof of concept of the potential
of 1a and 1s as electron acceptors in OSCs blended with an
electron donor polymer. Moreover, we have isolated two
bis(hemiaminal) intermediates, 2a and 2s, forming during the
course of the condensation step involving o-diamine and
benzo[f ]ninhydrin precursors. The structure of 1a and 2s
could be ascertained by one-dimensional (1D) and two-

dimensional (2D) NMR and single-crystal X-ray diffraction
analysis.

■ RESULTS AND DISCUSSION
The construction of the di(benz[f ]indenone)-fused tetraazaan-
thracene core is based on the condensation reaction between a
ninhydrin derivative 3 and tetraamine 4. The preparation of
the hitherto unknown 3, 2,2-dihydroxy-4,9-diphenyl-(1H)-
benz[f ]inden-1,3(2H)-dione, is depicted in Scheme 1a.18−20

The synthesis started with dione 8, which is already known.18

It was prepared in two steps according to the published
procedure,18 namely, the Diels−Alder cycloaddition of 4-
cyclopentene-1,3-dione 6 with 1,3-diphenylbenzofuran 5

Chart 1. Molecular Structures of (a) Literature Compound DADK and (b) 1a and 1s Isomers Investigated in This Study

Scheme 1. Synthesis of Molecules 3 and 4
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followed by a dehydration reaction of the 1,3-diphenylbenzo-
[c]furan-cyclopent-4-ene-1,3-dione cyclo-adduct 7 to afford 8
in 21% yield over two steps. Compound 8 gave analytical and
spectral data consistent with those reported in the literature.18

Following procedures adapted from previous reports,19,20

dione 8 was brominated with N-bromosuccinimide in a 1:1
(v/v) ethanol/chloroform solvent mixture at room temper-
ature to give 9. This compound was found to be unstable
presumably due to the sensitivity of the gem-dibromo function
and could not be purified using standard procedures.
Nevertheless, this product gave a satisfactory proton NMR
spectrum (Figure S1). Therefore, it was used as obtained in the
subsequent step being reacted with DMSO in refluxing
toluene, which afforded ninhydrin derivative 3 (Figures S2−
S5) in 98% overall yield from 8.
The already known TIPS-ethynylated tetraamino derivative

4 was synthesized in four steps following a procedure identical
to that described in the literature (Scheme 1b).21−24 The first
step is the dinitration of 4,7-dibromo-2,1,3-benzothiadiazole
10 using nitronium trifluoromethanesulfonate as a nitrating
agent (88%). The 4,7-dibromo-5,6-dinitrobenzothiadiazole 11
was then subjected to a Stille cross-coupling with 1-
trimethylstannyl-2-triisopropylsilylethyne and bis-triphenyl-
phosphine palladium chloride (10 mol %) in THF to give
12 in 81% yield. Compound 12 was finally reduced with zinc
in ethanol in the presence of acetic acid and HCl to yield
tetraamine 4 after treatment with aqueous NaHCO3 as a base.
Unstable tetraamine 422 was immediately condensed with
hydrated triketone 3.

The condensation reaction of 3 with 4 was performed in
refluxing ethanol (Scheme 2). The use of acetic acid as a
solvent was avoided to prevent the possible condensation of
tetraamine 4 with acetic acid followed by the oxidative
cyclization reaction, yielding an imidazole moiety as reported
elsewhere.25 Surprisingly, the expected 1:1 mixture of 1a and
1s isomers was obtained with a very low yield (5%), indicating
that this reaction is not effective. Actually, the two major
products (44% yield) could be isolated and were identified as a
1:1 mixture of isomers 2a and 2s (Scheme 2). Their
asymmetrical structure features one benzoindenone fragment
as expected from the condensation of 3 with one of the two o-
diamino functions of 4, and a bis(hemiaminal) moiety
involving the second o-diamino group. This implies that the
hemiaminal function in 2a and 2s could not undergo
dehydration/aromatization in ethanol. No attempt was made
to separate 2a and 2s, and spectroscopic characterizations were
obtained for the mixture. In particular, the bis(hemiaminal)
structure was fully confirmed using 1D and 2D NMR
experiments (Figures S6−S13), high-resolution mass spec-
trometry (HR-MS) (Figure S14), and Fourier transform
infrared spectroscopy (FT-IR) (Figure S15). The proton
NMR spectrum of the mixture of 2a and 2s shows two sets of
two sharp resonance peaks at 3.5−4.5 and 5.5−6 ppm in
CD2Cl2. The former set could be assigned to the hydroxyl
protons by D2O exchange (Figure S7). The HMBC 1H−13C
NMR spectrum (Figure S12) further indicated that only the
OH (NH) proton resonating at 4.25 ppm (6 ppm) long-range
couples with the CO carbon atom at 194.4 ppm, meaning

Scheme 2. Synthesis of Molecules 1a and 1s
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that the two isomers give rise to the same two sets of
resonances. Single crystals of compound 2s suitable for X-ray
analysis could be grown by slow diffusion of pentane vapor in a
dichloromethane (DCM) solution of the mixture of 2a and 2s
(Table S1). A projection of the molecular structure is given in
Figure 1. Because of the presence of the two asymmetric

hemiaminal carbon atoms, 2s exists as two enantiomers, (R,R)
and (S,S), that can be found in the crystal lattice. One of the
two acetylenic bonds is out of the plane of the central ring [tilt
angle equal to 165.7(4)°] probably because of the pronounced
steric stress induced by the two adjacent phenyl rings in the syn
isomer. One water molecule bridges two adjacent 2s molecules
(Figure S16) through its oxygen atom to the hydrogen of the
hemiaminal hydroxyl group of one molecule in the asymmetric
unit and through one of its hydrogen atoms to the oxygen
atom of the keto function of a symmetry-related molecule
(symmetry code: 1/2 − x, 1/2 + y, 3/2 − z). These interactions
build an infinite helicoidal chain along the b-axis. Figure 1
shows a cis configuration for the junction between the five- and
six-membered rings in 2s, which is in agreement with the
correlations between OH protons observed in the NOESY
1H−1H NMR spectrum of the isomeric mixture in solution
(Figure S13). This configuration is also well supported by DFT
calculations showing that the optimized cis geometry of 2s is

more stable than its trans counterpart by >40 kJ/mol (Figures
S17 and S18).
Eventually, we found that heating the mixture of 2a and 2s

in acetic acid as a more acidic solvent led to the mixture of 1a
and 1s in 55% yield. While a small amount of each of the pure
isomers 1a and 1s could be isolated via column chromatog-
raphy during the initial reaction workup, quantitative
separation of the larger amount of 1a and 1s obtained from
treatment of the mixture of 2a and 2s required the use of
preparative HPLC (Figure S19). In spite of the distinct
symmetry of isomers 1a and 1s, their proton NMR spectra
display a similar splitting pattern in the aromatic region (Figure
S20) and the structure of two compounds could not be
assigned straightforwardly on this basis. However, in addition
to the single-crystal structure (see below), 1H and 13C NMR
proved to be useful for distinguishing between the two isomers
as the resonance peaks of the aliphatic TIPS atoms in syn-1s
are split because of the noncentrosymmetric geometry of this
isomer (Tables S2 and S3 and Figures S20 and S21). The
structure of 1a and 1s was unambiguously confirmed through
1D and 2D NMR, HR-MS, and FT-IR (Figures S20−S37).
The ultraviolet−visible (UV−vis) absorption spectra of 1a

and 1s recorded in DCM are displayed in Figure 2a. They
show similar spectral features with an intense transition at a
high energy (for 1a, λmax = 394 nm; for 1s, λmax = 407 nm) and
a series of structured low-energy bands extending to the visible
region. The lowest-energy transition in 1a and 1s appears at a
similar wavelength (λonset = 630 nm), leading to an estimated
optical gap value of 1.97 eV for both compounds in DCM. The
molar absorption coefficient of the high-energy transition at
λmax is significantly larger for 1a (118400 M−1 cm−1) than for
1s (61750 M−1 cm−1). One notes, however, that the transition
band in 1s is broader and split compared to that of 1a. The
thin film UV−vis absorption spectra of 1a and 1s are very
similar in both peaks’ shape and position to their solution
counterparts (Figure S38). The high-energy transition exhibits
a moderate red-shift (<5 nm), while the maximum of the
lowest-energy band is unchanged, giving the same 1.97 eV
value for the optical gap of 1a and 1s in the solid state.
Both isomers were found to be weakly fluorescent in DCM

with a fluorescence quantum yield of 0.03. The shape of the
emission profile mirrors that of the lowest-energy transition
(Figure 2b), confirming the rigidity of the di(benz[f ]-
indenone)-fused tetraazaanthracene core. This statement also

Figure 1. ORTEP view of the crystallographic structure of 2s with
50% probability ellipsoids: red for oxygen, blue for nitrogen, and
green for silicon. Hydrogen atoms have been omitted for the sake of
clarity.

Figure 2. (a) UV−vis absorption and (b) fluorescence emission spectra of 1a (red) and 1s (blue) in DCM. The inset shows the lowest-energy
absorption band. λexc = 495 nm for 1a and 520 nm for 1s. Spectral intensities are normalized to unity at the absorption or emission maximum
wavelength.
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agrees with the rather small Stokes shifts (for 1a, Δν = 780
cm−1; for 1s, Δν = 990 cm−1). The emission spectra display a
vibronic structure with vibronic spacings of 1100 and 1300
cm−1 for 1s and 1a, respectively. No detectable phosphor-
escence emission could be recorded in frozen 2-methyl-
tetrahydrofuran at liquid nitrogen temperature.
Time-dependent density functional theory (TD-DFT)

calculations have been performed to gain further insights
into the nature of the electronic excited states of both 1a and
1s. First, we note that 1a and 1s are found in Ci and C2 point
group, respectively. As one can see in Tables S4 and S6, the
lowest excited states are located at 591 and 569 nm in 1a and
1s, respectively, and are weakly dipole allowed. This is in line
with the experimental weak absorptions at ∼600 nm (Figure
2). These lowest-energy transitions can be attributed to a
HOMO-to-LUMO excitation. The corresponding molecular
orbitals are displayed in Figure 3. The HOMOs are spread over
the molecular backbone, including the terminal naphthalene
moieties and the ethynyl bonds, whereas the LUMOs are

centered on the central tetraazaacene core and indenone units.
TD-DFT calculations next indicate several relatively weakly
allowed transitions in the 530 to 420 nm domain, which is also
consistent with the experimental absorption. At 406 nm (1a)
and 425 nm (1s), transitions with very large oscillator
strengths are determined by TD-DFT, obviously correspond-
ing to the ∼400 nm intense peaks at Figure 2. As one can see
in Tables S5 and S7, these transitions are highly delocalized
π−π* excitations with strong overlap between the occupied
and virtual orbitals. Eventually, to allow for more direct
comparisons between experiment and theory, we simulated
vibronic contributions for all transitions with significant
oscillator strengths. The computed UV−vis spectra are
shown in Figures S39 and S40, and these calculations clearly
indicate that the bands in the experimental spectra of Figure 2
involved both several electronic states and significant vibra-
tional coupling.
A single crystal of 1a, grown by slow diffusion of pentane in

DCM, was analyzed by single-crystal X-ray diffraction. 1a

Figure 3. Shapes of frontier molecular orbitals for 1a and 1s. The tris(isopropyl) groups have been replaced by hydrogen atoms.

Figure 4. Single-crystal X-ray structure of 1a. (a) ORTEP view of the two independent conformers with ellipsoids drawn at the 50% probability
level. (b) View of the molecular packing of 1a and (c) projection down the b-axis showing the columnar arrangement. Phenyl rings and TIPS-
ethynyl substituents have been omitted in panels b and c for the sake of clarity.
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crystallizes in triclinic space group P1̅ with two independent
half-molecules in the asymmetric unit (Table S1). These
molecules are each located on a center of inversion and are
thus centrosymmetric. They correspond to two conformers
differing by the torsion angles of the peripheral phenyl rings
(varying from 60° to 78°) and the amplitude of distortion from
linearity observed for the TIPS segments. The crystal structure
reveals that the nine fused rings form a relatively planar
framework, with a largest out-of-plane distance of <0.21 Å
(Figure 4a). The molecular packing diagrams in panels b and c
of Figure 4 show that 1a forms parallel interpenetrated
columns along the a-axis, resulting in a kinked arrangement
intermediate between herringbone and brickwall patterns.
Molecules of two adjacent columns interact via their
naphthalene moieties, and although the shortest intermolecular
distance is typical of π-stacking (∼3.2 Å), the molecular planes
are not parallel, resulting in limited π−π overlap. This
observation is consistent with the high degree of similarity
between the thin film and solution UV−vis absorption spectra
of both 1a and 1s.
The electrochemical properties of 1a and 1s in DCM

containing 0.1 M tetrabutylammonium hexafluorophosphate
(nBu4NPF6) were probed by cyclic voltammetry (Figure 5).
The redox potential values are given versus the ferrocene/
ferrocenium couple. The two compounds display two
reversible one-electron reduction waves at −0.91 and −1.26
V for 1a and −0.89 and −1.28 V for 1s. Accordingly, the
LUMO energy was calculated26 and found to be close for the
two isomers (1a, −3.70 eV; 1s, −3.72 eV). Because no
oxidation wave could be observed under our experimental
conditions, the HOMO energy was estimated from that of the
LUMO level and using the optical gap value determined
previously, giving −5.67 and −5.69 eV for 1a and 1s,
respectively. At this stage, we note that the effect of the
attachment of two benzoindenone units to the TIPS-
ethynylated tetraazaanthracene is similar to that reported
recently for an azaacenodibenzosuberone derivative.27

1a and 1s have HOMO and LUMO energies close to those
of [6,6]phenyl-C61-butyric acid methyl ester (PC61BM), a
commonly used electron-accepting material in organic photo-
voltaic devices, and might therefore act as suitable acceptor
materials. To ascertain this hypothesis, we built a bulk
heterojunction (BHJ) OSC with an ITO/ZnO/PTB7-Th:
(1a or 1s)/MoO3/Ag inverted architecture.28 The active layer
is a blend [50:50 (w/w)] composed of the donor polymer
poly({4,8-bis[5-(2-ethylhexyl)-2-thienyl]benzo[1,2-b:4,5-b′]-
dithiophene-2,6-diyl}(2-{[(2-ethylhexyl)oxy]carbonyl}-3-
fluorothieno[3,4-b]thiophenediyl)) (PTB7-Th) and 1a or 1s
as the acceptor component. PTB7-Th was selected in this
study because its HOMO (−5.24 eV) and LUMO (−3.66 eV)

levels are compatible with photoinduced charge transfer to 1a
and 1s.29 The blends were spin-coated from chlorobenzene as
the solvent. The current density−voltage (J−V) characteristics
are shown in Figure 6 and Figure S41, and the data listed in

Table S8. The values of open circuit voltage VOC are in the
range of 0.74−0.78 eV, and the power conversion efficiencies
(PCEs) are modest with values of ∼1% for 1a and ∼1.2% for
1s. Although the fabrication of the devices has not been
optimized, the limited value of PCE reflects the relatively low
value of fill factor FF and short circuit current density JSC,
which might stem from an insufficient electron mobility.
Indeed, organic field effect transistors demonstrated unipolar
n-type characteristics (Figure S42), and electron mobility
values of (2.9 ± 1.1) × 10−5 and (0.84 ± 0.11) × 10−5 cm2 V−1

s−1 for 1a and 1s, respectively, were extracted from the
saturation regime of the transfer characteristics (Figure S43
and Table S9). Among the BHJ-SC devices prepared in this
study, the best performance was obtained for 1a with a JSC of
6.49 mA/cm2, a VOC of 0.76 V, and an FF of 0.35, giving a PCE
of 1.73%. These preliminary experiments clearly show that
compounds 1a and 1s serve as acceptor materials when paired
with PTB7-Th as a donor in a BHJ-SC.
In summary, the two isomers 1a and 1s of a TIPS-

ethynylated di(benz[f ]indenone)-fused tetraazaanthracene
derivative have been synthesized and characterized, which
involved the preparation of a new ninhydrin derivative 3. They
display similar spectral and electrochemical properties, leading
to similar values of HOMO/LUMO energy levels. A
theoretical investigation confirmed the trend observed in the
experimental UV−vis absorption spectra showing that the
effect of molecular symmetry on optical properties in solution
is finally rather moderate. The electrochemically measured
LUMO energies confirm the marked electron accepting
character of the TIPS-ethynylated di(benzoindenone)-fused

Figure 5. Cyclic voltammetry of 1a (left) and 1s (right) in DCM with n-Bu4NPF6 as a supporting electrolyte, a Pt working electrode, a platinum
wire counter electrode, and a Ag/AgCl reference electrode. The scan rate was 100 mV s−1.

Figure 6. J−V curve under 100 mW/cm2 illumination of a BHJ-OSC
made with PTB7-Th:1a [50:50 (w/w)] spin-coated from chlor-
obenzene.
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tetraazaanthracene core in both isomers 1a and 1s. With a
conjugated backbone composed of nine fused rings, these
compounds display a reasonable solubility in organic solvents
allowing spin coating for the fabrication of thin films. We
exploited this behavior for the fabrication of BHJ-OSC devices
incorporating 1a and 1s as acceptor material in the active layer.
Except for the best PCE value of 1.73% obtained with
centrosymmetrical anti isomer 1a, syn isomer 1s displays a
slightly higher average PCE value, which might reflect the role
of molecular symmetry on solid-state packing and thin film
morphology. At this stage, however, device fabrication was
unoptimized and the in-depth thin film characterization would
deserve further investigation. This study underlines the
potential of the di(benz[f ]indenone)-fused tetraazaanthracene
platform for the development of tailored electron acceptor
molecules and n-type semiconducting organic materials.

■ EXPERIMENTAL SECTION
General Methods. All solvents for synthesis were of analytical

grade. Electrochemical and spectroscopic measurements were carried
out using spectroscopy grade solvents. FT-IR spectra of neat powders
were recorded on an Agilent Cary 630 FT-IR instrument equipped
with attenuated total reflectance (ATR) sampling. NMR spectra were
recorded at room temperature on a JEOL JNM ECS 400 instrument
(400 and 100 MHz for 1H and 13C, respectively). Structural
assignments were made with additional information from gCOSY,
gHMQC, and gHMBC experiments. Data are listed in parts per
million and are reported relative to tetramethylsilane (1H); residual
solvent peaks of the deuterated solvents were used as an internal
standard. The multiplicity of signals is designated by the following
abbreviations: s, singlet; d, doublet; m, multiplet. Coupling constants J
are reported in hertz. High-resolution mass spectrometry (HR-MS)
was performed on a SYNAPT G2 HDMS instrument (Waters) using
electrospray ionization (ESI) in positive mode and time-of-flight
(TOF) mass analysis. Preparative HPLC separation was performed
using an Agilent 1260 Infinity unit (pump G1311C, autosampler
G1329B, DAD G1365D, and fraction collector G1364C), monitored
by an Agilent OpenLAB CDS Chemstation LC instrument. The
preparative column (250 mm × 10 mm, 5 μm) used is a (S,S)-Whelk-
O1. Elution was performed with a hexane/ethanol/dichloromethane
mixture [70:20:10 (v/v)] as the mobile phase at a flow rate of 1 mL/
min with UV detection (254 nm). Solution samples were filtered on a
0.45 μm PTFE filter prior to injection.
Synthesis of 9. A mixture of 4,9-diphenylbenz[f ]indan-1,3-dione

8 (651 mg, 1.87 mmol) and N-bromosuccinimide (665 mg, 3.74
mmol) in ethanol (8 mL) and chloroform (8 mL) was stirred for 1 h
at room temperature under Ar. The reaction was then quenched with
45 mL of water, and the mixture was extracted with dichloromethane
(3 × 40 mL). The collected organic layers were washed with brine
(50 mL), dried over MgSO4, and concentrated in vacuo to give 9 as a
yellow solid, which was directly used without further purification
(1.01 g, crude yield of 99%): mp 93−98 °C dec; 1H NMR (400 MHz,
298 K, CDCl3) δ 7.92 (dd, 2H, J = 6.5, 3.3 Hz), 7.67 (dd, 2H, J = 6.5,
3.3 H), 7.64−7.56 (m, 6H), 7.46−7.38 (m, 4H).
Synthesis of 3. To a solution of 9 (939 mg, 1.86 mmol) in

toluene (10.5 mL) was added 10 mL of DMSO at room temperature
under Ar. The reaction mixture was stirred for 3.5 h at 90 °C using a
heating mantle. After the mixture was cooled to room temperature,
the reaction was quenched with water (80 mL) and the mixture
extracted with EtOAc (3 × 50 mL). The collected organic layers were
dried over MgSO4 and concentrated in vacuo. The crude product was
purified via silica gel column chromatography eluting with a
petroleum ether/EtOAc mixture [1:1 (v/v)] to afford 3 as a yellow
solid (700 mg, 99% from crude 9): mp 128 °C; FT-IR 3421, 3057,
2923, 2866, 1720, 1443, 1372, 1204, 1179, 1147, 1041, 1009, 773,
736, 697 cm−1; 1H NMR (400 MHz, 298 K, CDCl3) δ 7.90 (dd, 2H, J
= 6.5, 3.3 Hz), 7.65 (dd, 2H, J = 6.5, 3.3 Hz), 7.59−7.56 (m, 6H),
7.43−7.38 (m, 4H), 4.04 (broad s, 2H); 13C{1H} NMR (100 MHz,

298 K, CDCl3) δ 194.4, 141.9, 136.9, 135.2, 130.0, 129.7, 129.2,
128.8, 128.7, 128.5, 86.6; HR-MS (ESI-TOF) m/z [M + Na]+ calcd
for C25H16O4Na+ 403.0941, found 403.0939.

Synthesis of 1a and 1s. A mixture of 3 (677 mg, 1.78 mmol) and
4 (429 mg, 0.86 mmol) in ethanol (9 mL) was refluxed using a
heating mantle for 4.5 h under Ar. After the mixture had been cooled
to room temperature, the reaction was quenched with water (12 mL)
and the mixture extracted with dichloromethane (3 × 40 mL) and
EtOAc (20 mL). The collected organic layers were dried over MgSO4
and concentrated in vacuo. The crude product was purified with silica
gel column chromatography eluting with a petroleum ether/
dichloromethane mixture [5:5 to 2:8 (v/v)] to give two main
fractions. The first contained a mixture of 1a and 1s (1:1 molar ratio)
as a brown solid (50 mg, 5%). The second fraction was a mixture of
2a and 2s (1:1 molar ratio) as an orange solid (455 mg, 44%).

A mixture of 2a and 2s (216 mg, 0.18 mmol) in acetic acid (20
mL) was then refluxed using a heating mantle for 3.5 h under Ar. The
reaction mixture was neutralized with aqueous NaHCO3 and then
extracted with dichloromethane (2 × 40 mL) and EtOAc (20 mL).
The combined organic layers were dried over MgSO4 and
concentrated in vacuo. The crude product was purified with silica
gel column chromatography eluting with a petroleum ether/
dichloromethane mixture [1:1 (v/v)] to afford 1a and 1s (116 mg,
55%).

Small quantities of 1a and 1s isomers can be separated under those
conditions, and the remaining mixture can be separated by preparative
HPLC. This mixture (56 mg) was dissolved in a dichloromethane/
hexane mixture [1:1 (v/v)], and the solution was subjected to HPLC
affording pure isomers 1a and 1s. Aliquots (80 × 200 μL) were
injected every 6.6 min.

Mixture of 2a and 2s. Mp 285 °C; FT-IR 3483, 3367, 3058,
2940, 2863, 1719, 1466, 1369, 1191, 1116, 1072, 989, 957, 881, 767,
737, 697, 669 cm−1; 1H NMR (400 MHz, 298 K, CD2Cl2) δ 7.74 (d,
1H, J = 8.3 Hz), 7.69−7.36 (m, 25H), 7.29 (d, 1H, J = 7.1 Hz), 7.16
(d, 1H, J = 7.5 Hz), 5.98 (s, 1H, NH), 5.71 (s, 1H, NH), 4.27 (s, 1H,
OH), 3.87 (s, 1H, OH), 1.25−0.92 (m, 42H); 13C{1H} NMR (100
MHz, 298 K, CD2Cl2) δ 194.4, 189.4, 156.4, 146.5, 143.2, 141.5,
141.3, 140.9, 138.9, 138.4, 137.9, 137.64, 137.55, 137.1, 136.84,
136.80, 136.5, 136.2, 135.6, 135.2, 133.8, 132.7, 130.99, 130.95, 130.8,
130.6, 130.4, 130.11, 130.05, 129.9, 129.8, 129.6, 129.50, 129.48,
129.46, 129.0, 128.9, 128.81, 128.76, 128.7, 128.6, 128.54, 128.45,
128.3, 128.0, 127.9, 127.3, 125.8, 106.5, 105.5, 104.8, 102.8, 100.5,
99.5, 84.3, 82.8, 19.5, 19.3, 19.13, 19.11, 11.9, 11.8; HR-MS (ESI-
TOF) m/z [M + H]+ calcd for C78H75N4O4Si2+ 1187.5321, found
1187.5310.

1a: HPLC [(S,S)-Whelk-O1, 70:20:10 n-heptane/ethanol/di-
chloromethane, flow rate of 1.0 mL/min, λ = 254 nm] tR = 4.70
min; mp >300 °C dec; FT-IR 3059, 2941, 2863, 1729, 1610, 1581,
1444, 1376, 1184, 1150, 1115, 1087, 1013, 883, 777, 740, 699, 664
cm−1; 1H NMR (400 MHz, 298 K, CDCl3) δ 7.76 (d, 2H, J = 8.1
Hz), 7.69 (d, 2H, J = 8.1 Hz), 7.64−7.43 (m, 24H), 1.40−1.28
(septuplet, 6H, J = 7.2 Hz), 1.19 (d, 36H, J = 7.2 Hz); 13C{1H} NMR
(100 MHz, 298 K, CDCl3) δ 187.0, 156.8, 152.1, 145.1, 142.3, 141.3,
139.4, 137.6, 136.0, 135.6, 135.3, 131.4, 130.7, 130.2, 129.9, 129.6,
129.4, 128.7, 128.61, 128.58, 128.53, 128.51, 128.4, 125.3, 113.2,
101.0, 19.2, 12.0; HR-MS (ESI-TOF) m/z [M + H]+ calcd for
C78H71N4O2Si2

+ 1151.5110, found 1151.5114.
1s: HPLC [(S,S)-Whelk-O1, 70:20:10 n-heptane/ethanol/di-

chloromethane, flow rate of 1.0 mL/min, λ = 254 nm] tR = 7.28
min; mp >300 °C dec; FT-IR 3055, 2937, 2918, 2860, 1725, 1725,
1613, 1582, 1505, 1443, 1373, 1172, 1150, 1113, 1012, 958, 882, 772,
738, 697, 674 cm−1; 1H NMR (400 MHz, 298 K, CD2Cl2) δ 7.78 (d,
2H, J = 8.3 Hz), 7.75 (d, 2H, J = 8.1 Hz), 7.68−7.46 (m, 24H), 1.25−
1.14 (m, 24H), 1.03 (d, 18H, J = 7.2 Hz); 13C{1H} NMR (100 MHz,
298 K, CD2Cl2) δ 187.9, 157.7, 152.1, 145.3, 142.9, 141.9, 140.0,
137.9, 136.34, 136.29, 135.9, 132.0, 131.3, 131.2, 130.2, 129.8, 129.2,
129.0, 128.94, 128.92, 128.85, 128.84, 126.7, 123.7, 114.1, 112.6,
102.6, 100.8, 19.4, 19.1, 12.0, 11.8; HR-MS (ESI-TOF) m/z [M +
H]+ calcd for C78H71N4O2Si2+ 1151.5110, found 1151.5110.

The Journal of Organic Chemistry pubs.acs.org/joc Article

https://doi.org/10.1021/acs.joc.1c02942
J. Org. Chem. 2022, 87, 3276−3285

3282



Electrochemistry and Optical Spectroscopies. Cyclic voltam-
metry was performed using a BAS 100 Potentiostat (Bioanalytical
Systems), and the data were analyzed with BAS100W version 2.3. A
Pt working electrode (diameter of 1.6 mm), a Pt counter electrode,
and a leak-free Ag/AgCl reference electrode with a 5 mm diameter
were used. Cyclic voltammograms were recorded at a scan rate of 100
mV s−1 for solutions of the compounds (concentration of ∼5 × 10−4

M) in dichloromethane containing n-Bu4NPF6 (0.1 M) as the
supporting electrolyte. Ferrocene was used as an internal standard
[E°(Fc/Fc+) = 0.46 V/SCE]. UV−vis absorption spectra were
recorded on Varian Cary 50 and a dual-beam JASCO V670
spectrophotometer. Fluorescence and phosphorescence emission
spectra were recorded on a FluoroLog-3 instrument (Jobin Yvon
HORIBA iHR 320) equipped with a xenon lamp ensuring excitation
wavelengths between 280 and 850 nm. Low-temperature spectra were
recorded with the same apparatus using a quartz Dewar flask filled
with liquid nitrogen.
Single-Crystal X-ray Diffraction. The intensity data for the

single-crystal X-ray-diffraction analysis were collected on a Rigaku
Oxford Diffraction SuperNova diffractometer at 120 K for 2s and at
room temperature for 1a by using Cu Kα radiation (λ = 1.54184 Å).
Data collection reduction and multiscan ABSPACK correction were
performed with CrysAlisPro (Rigaku Oxford Diffraction). Using
Olex2,30 the structures were determined by intrinsic phasing methods
with SHELXT,31 and SHELXL32 was used for full-matrix least-squares
refinement. A small mask of solvent was applied during the refinement
of 1a (void volume of 268.45 Å3). All H atoms were found
experimentally and refined as riding atoms with their Uiso parameters
constrained to 1.2Ueq (parent atom) for the aromatic atoms and to
1.5Ueq (parent atom) for the methyl groups and water molecules.
CCDC 2121172 for 1a and 2121173 for 2s contain supplementary
crystallographic data and can be obtained free of charge from the
Cambridge Crystallographic Data Centre.
Thin Film Preparation. Glass substrates were consecutively

cleaned by sonication in deionized water, in acetone, and in
isopropanol, followed by a 15 min UV−ozone plasma treatment.
Then, substrates were transferred into a N2-filled glovebox. 1a an 1s
solutions were prepared in chloroform at a concentration of 10 mg/
mL and stirred overnight at 50 °C. The organic solutions were spin-
coated with a spin-coater machine from SET Co. (model TP 6000)
onto the substrates at 1500 rpm. Active layers with a thickness of
100−500 nm were obtained (measured by a stylus profilometer
Bruker DEKTAK XT with a 1 mg force on the probing tip).
Device Fabrication. Donor/acceptor inks were prepared in a

total concentration of 20 mg/mL (1:1 weight ratio) in chlorobenzene
and stirred at 60 °C overnight. ITO-coated glass substrates (sheet
resistance 10−15 Ω) purchased from LUMTEC were sequentially
cleaned with deionized water, acetone, and isopropanol under
sonication for 15 min each, dried with argon, and then treated in a
UV−ozone oven for 15 min at 80 °C. All of the devices were
fabricated in an ITO/ZnO/active layer/MoO3/Ag inverted struc-
ture.28 A ZnO layer was spin-coated in air from a 1% (v/v) solution in
isopropanol at 5000 rpm followed by thermal annealing at 120 °C for
10 min. The substrates were then transferred to a N2-filled glovebox
where a blend film with a 50−100 nm thickness was spin-coated on
top of ZnO films. Finally, 5 nm MoO3 and 100 nm Ag were deposited
by thermal evaporation through a mask to define an active area of 0.27
cm2. The current density−voltage characterization of the devices
under an AM1.5G light solar simulator (Newport Sol3A Class AAA)
was performed with a Keithley 238 source meter unit inside the
glovebox. The illumination intensity of the light source was calibrated
to be 100 mW/cm2 using a standard silicon solar cell (Newport
Company, Oriel no. 94043A) calibrated by the National Renewable
Energy Laboratory (NREL). Organic field effect transistors specially
optimized for the investigation of charge transport in simple
processed unipolar bottom gate bottom contact structures based on
n-type materials were fabricated following a published procedure.33

Computational Details. The theoretical calculations were
performed with Gaussian16.A03 using default algorithms, procedures,
and convergence thresholds.34 Both 1a and 1s were modeled by

replacing the Si(iPr) capping groups with hydrogen atoms for obvious
computational reasons. The ground-state geometries were optimized
at the PCM(DCM)-M0635/6-311G(d) level, and we checked that the
minimal structures were true minima (absence of an imaginary
frequency) at the very same level of theory. We then simulated the
vertical absorption spectra using TD-DFT36 and more precisely the
PCM(DCM)-M06/6-311+G(2d,p) level, using the LR-PCM ap-
proach in its non-equilibrium limit to couple the solvent model to
TD-DFT. This level of theory was also used to plot the electron
density difference (EDD) using the total excited-state density
obtained for the relevant states. Finally, in an effort to model vibronic
effects, we again used the PCM(DCM)-M06/6-311+G(2d,p)
approach to compute forces at the FC point, which allowed us to
estimate vibrational couplings in the so-called vertical gradient (VG)
approximation.37 We used a broadening function with a HWHM of
300 cm−1. The ground-state geometries of 2s were calculated at the
B3LYP/6-31g(d) level.
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