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ABSTRACT: Acetetracenylene-1,2-dione reacted with 3-ethylrhodanine in the presence of piperidine and Hantzsch ester via
a Knoevenagel condensation-reduction sequence to give a tetracene-rhodanine adduct. This reduced Knoevenagel product
exhibited magenta luminescence with fluorescence quantum yield of ¢ = 0.34 and fluorescence lifetime of 7 = 13.2 ns in tolu-
ene. Electrochemical studies and charge carrier transport measurements revealed ambipolar properties with hole and elec-
tron mobilities of 5.1 x 10-7 and 1.6 x 10-* cm?/(V s), respectively.

Tetracene is a polycyclic aromatic hydrocarbon com-
posed of four linearly fused benzene rings, falling between
the size of anthracene (three rings) and pentacene (five
rings). Functionalization of tetracene is an intriguing sub-
ject because it has greater stability during handling than
pentacene and is less well explored than anthracene in
terms of derivatization. Modification of tetracene has been
investigated for m-system expansion to nano-graphenes!
and fused m-systems,? construction of fused donor-acceptor
systems for light harvesting3 and other purposes* Ex-
pected applications of tetracene derivatives include charge
carrier transport materials,® organic solar cells,® and singlet
fission’. The luminescence of tetracene derivatives has not
been extensively studied,327> 8 because the fluorescence
quantum yield of tetracene itself is not high (¢ = 0.118 in
dichloromethane; ¢ = 0.17 in benzene). 3272

Rhodanine has been widely used in dye chemistry to con-
struct push-pull chromophores.? It has recently been used
as an electron-withdrawing endcap to construct low-

bandgap small-molecule donors?? and non-fullerene accep-
tors.!! Rhodanine also offers easy functionalization because
of its active methylene at the 5-position, which acts as a nu-
cleophile and attacks C=0 double bonds for constructing -
conjugated structures.

To explore the modification of tetracene, here we aimed
to synthesize a linked molecule of tetracene and rhodanine.
During this research, an unexpected Knoevenagel conden-
sation-reduction occurred between acetetracenylene-1,2-
dione!? and rhodanine to produce a luminescent tetracene-
rhodanine adduct. We also use other nucleophiles to syn-
thesize additional luminescent tetracene derivatives to in-
vestigate the scope of the reaction and the functional prop-
erties of the derivatives. This study provides useful infor-
mation on the modification of tetracene for constructing
acene-based luminescent functional materials.

Starting from a tetracene diketone, acetetracenylene-1,2-

dione (1), we first attempted the Knoevenagel condensation
with 3-ethylrhodanine (2) in the presence of piperidine
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with the aim of obtaining a conjugated donor (tetracene)-
acceptor (rhodanine) adduct (Scheme 1, top). To our sur-
prise, we obtained a reduced product (3) instead of the ex-
pected Knoevenagel condensation product. Reduced
Knoevenagel condensation products have been reported
previously,’3 and form via reduction of the Knoevenagel
condensation product. Hantzsch ester is often used as an in-
expensive commercially available reducing reagent for this
reduction reaction. Thus, we used Hantzsch ester to im-
prove the reproducibility of the synthesis. The product
could be purified by silica gel column chromatography to
separate it from the reaction mixture containing unreacted
starting material 1. Compound 3 was obtained as an air-sta-
ble deep-red powder in 42% isolated yield. We consider
that the Knoevenagel condensation occurs first, followed by
reduction of the intermediate to give the product. The prod-
uct 3 was much more soluble than pristine tetracene and
tetracene diketone 1 in various solvents. This was due to the
soluble rhodanine addend and the low crystallinity of the
product, which was mixture of two diastereomers with re-
spect to two racemic stereocenters. This improved solubil-
ity is beneficial for solution processing to make thin films
for use in organic electronics. By using 4 (indane-1,3-dione)
and 5 (2-thioxo-dihydro-pyrimidine-4,6-dione) as alterna-
tive nucleophiles under the same reaction conditions, we
synthesized reduced Knoevenagel condensation products 6
in fair yield and 7 in good yield, respectively. With the ad-
vantage of having two carbonyl groups on these addends, 6
and 7 were easier than 3 to separate by silica gel column
chromatography, owing to their favorable polarity.

piperidine (20 mol %)

—————————————>
DMSO

90°C, 4h

piperidine Hantzsch ester

( EtOOC COOEt
j

N
H
. »—N (20 mol %) (1. 5 equiv) .
COCD o et e

2 (1.2 equiv)

(1.2 equiv)

piperidine (20 mol %)
Hantzsch ester (1.5 equiv)
DMSO, 60 °C, 8 h

Hantzsch ester
(1.0 equiv)
y, 63%

4 (1.2 equiv)

piperidine (20 mol %)
DMSO, 60 °C,8h

Scheme 1. Reduced Knoevenagel reaction by using piperidine
and Hantzsch ester to obtain tetracene derivatives with elec-
tron-withdrawing groups.

Product 3 was characterized by H and 13C NMR spectros-
copy, 2D NMR, and high-resolution ESI-TOF mass spectrom-
etry. The 'H NMR spectrum displayed a signal pattern of a
diastereomeric mixture with a major/minor ratio of 4:1
(Figure S2). The spectrum contained 10 proton signals as-
signed to the asymmetric tetracene moiety and a pair of
doublet signals assigned to the methine protons of the re-
duced part at 5.40 and 5.26 ppm with a coupling constant J
= 3.2 Hz in chloroform-d. The 13C NMR signals for the re-
duced part appeared at 51.02 and 53.21 ppm, correspond-
ing to sp3 methine carbons and confirming the formation of
the reduced Knoevenagel product. Thermal stability was
confirmed by thermogravimetric analysis, which showed
that 3 was stable up to around 250 °C (Figure S14).

Compounds 6 and 7 were also characterized by spectro-
scopic methods. Both 6 and 7 were easily identified by sim-
ple tH NMR spectroscopy, because these compounds were a
racemic mixture of two enantiomers, not a diastereomeric
mixture. This merit comes from the use of symmetric active
methylene compounds 4 and 5. Note that, in the tH NMR
spectrum of 7, the two ethyl groups appeared at different
chemical shifts due to restricted rotation around the single
bond axis, and two proton signals of the two hydrogen at-
oms on the a-carbon of the ethyl groups were found to be
non-equivalent because of their diastereotopic relationship
with the acetetracenylene’s methine carbon.

After considerable experimentation, we found that
Knoevenagel condensation product 6’ could be isolated as
an intermediate in the formation of 6 in the absence of
Hantzsch ester. The conjugated product 6’ gradually de-
graded in solution in air, whereas compound 6 was more
stable. We identified 6’ by NMR and high-resolution ESI-
TOF MS spectroscopy (Supporting Information). In tH NMR
and ESI mass spectrometry, we observed that 6" was ob-
tained as a complex with indane-1,3-dione 4 through strong
hydrogen bonding between the two acidic (6+) protons and
the two carbonyl groups (Figure S12). We surmise that this
intermolecular interaction is vital for the stability of 6'. By
reacting the isolated complex of 6" and 4 with Hantzsch es-
ter (1.0 equiv) and piperidine (10 mol %) in DMSO for 1 h
at 60 °C, we confirmed that 6" was converted to 6 in 63%
yield (Scheme S1).

The UV-vis spectrum of 3 in dichloromethane exhibited a
broad absorption spectrum extending up to 600 nm, with
absorption maxima at 390, 411, 510, and 540 nm (Figure
1a). This spectral pattern of 3 resembled that of the starting
material 1, indicating the tetracene m-conjugated system
was retained during the reaction. Compound 3 exhibited
magenta luminescence. Its fluorescence spectrum was
broad, ranging from 520 to 800 nm with a maximum at
about 580 nm and shoulders at about 625 and 690 nm in
dichloromethane (Figure 1b). The absolute fluorescence
quantum yield and fluorescence lifetime were ¢ = 0.23 and
T = 10.4 ns, respectively, in dichloromethane, and ¢ = 0.34
and t = 13.2 ns, respectively, in toluene (Table S1). This
compound displayed solvato-fluorochromism?!¢ in which
the color changed according to the polarity of the solvent
(Figure 1c¢d). This phenomenon indicates that
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intramolecular charge transfer (ICT) contributed to the flu-
orescence;!s specifically, the charge-transfer state was sta-
bilized in more polar solvents, thus lowering the energy
level of the excited singlet state and causing red-shifted
emissions. We consider that this ICT occurs from the te-
tracene donor to the addend acceptor. Note that the starting
material 1 was almost non-luminescent. We surmise that in-
stallation of the rhodanine group significantly affected the
excited state by changing the charge-transfer properties.
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Figure 1. UV-vis and fluorescent spectra of 3, 6, 6", and 7 (blue,
red, black, green lines, respectively) in dichloromethane in

room temperature with concentration of 1 x 10-5 M. (a) UV-vis
absorption spectrum. Absorption maxima in the spectrum for
3 are 380,411, 510, 540 nm. A gray dashed line denotes an ab-
sorption spectrum of 1 in the same condition. (b) Normalized
fluorescence spectra (10-5 M) at room temperature excited at
510 nm. (c) Solvato-fluorochromism of 3. From left to right, n-
hexane, toluene, THF, dichloromethane, and acetonitrile.
(d)Normalized fluorescence spectra of 3 in various solvents.

Compounds 6, 6, and 7 showed similar UV-vis absorp-
tion and fluorescence spectra (Figure 1a), but 6" had slightly
red-shifted absorption and emission. This red shift was 20-
30 nm and was caused by the central double bond in 6’ ex-
tending the m-conjugation. The fluorescence quantum
yields and fluorescence lifetimes of 6, 6, and 7 were similar
to those of 3: @ = 0.25, 0.19, and 0.24 and 7 = 11.0, 8.7, and
10.5 ns for 6, 6/, and 7, respectively, under the same condi-
tions (Table S1).

Next, we investigated the electrochemical properties of 3,
6, 6', and 7. Cyclic voltammetry (CV) of the compounds in
dichloromethane clearly showed reversible oxidation pro-
cesses for these compound (Figure S22). However, these
compounds exhibited irreversible reduction waves. This is
likely because of tautomerization from the diketone form to
a diol form with a diene structure, from which a hydrogen
atom can be removed in the reduction process to form
alkoxide (-0-) (Figure S23). However, these reduction po-
tentials appeared as peaks in differential pulse voltammetry
(DPV; Figure 2). From these DPV data, we could estimate the
frontier orbital energy levels from the equations HOMO = -
(4.8 + E1/2°¢1) and LUMO = -(4.8 + E1/2d1) eV and the elec-
trochemical bandgap.1¢ The HOMO and LUMO energy levels
of these compounds were -5.51 to -5.56 eV and -3.26 to -
3.33 eV, respectively, suggesting these materials are ambi-
polar.6 The electrochemical bandgaps of 2.18 to 2.26 eV
were almost identical to those determined from the absorp-
tion onset, Eg = 1240/Aonset = 2.10 eV. These bandgaps are
smaller than the bandgap of pristine tetracene (2.50 eV).
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+0.72
1504 75
6,
+0.72
147 -1.79
7 A
+0.71
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Figure 2. Electrochemical data (DPV) in dichloromethane con-
taining 0.1 M TBAPFe.
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To visualize the distribution of frontier molecular orbit-
als, we performed computational calculations in the Gauss-
ian09 program using density functional theory (DFT) at the
B3LYP/6-31G(d) level. First, we optimized the two dia-
stereomeric structures of 3 (Figure 3a-d). Isomer A (acete-
tracenylene-S, rhodanine-S) was found to be slightly more
stable than isomer B (acetetracenylene-R, rhodanine-S),
with a small difference in Gibbs free energy of 3.4 kJ/mol.
We do not consider here which diastereomer is the major
isomer in the reaction. The tetracene plane and the sulfur
atom in the five-membered ring of rhodanine are in a stag-
gered conformation in the optimized structures of both A
and B. The calculated HOMO and LUMO distributions of the
isomer A are shown in Figure 3ef. Both the HOMO and
LUMO are located mainly on the tetracene moiety in conju-
gation with the carbonyl group. LUMO+1 appears predomi-
nantly on the rhodanine unit while LUMO+2 appears partly
on it (Figure 3gh). Thus, we consider ICT could occur from
the HOMO to LUMO+1, while the HOMO-LUMO transition is
also favorable because of its low transition energy and the
similarity of the HOMO and LUMO distributions. The calcu-
lated HOMO/LUMO energy levels of A and B were -5.32/-
2.79 and -5.34/-2.81 eV, respectively. Both A and B had a
calculated bandgap of 2.53 eV, which is larger than the val-
ues observed from electrochemical and spectroscopic stud-
ies. In computations such as this, calculated bandgaps tend
to be higher than experimental values.

(b)

Figure 3. Optimized structures for major and minor isomers of
3 (A and B) with HOMO and LUMO distribution (B3LYP with a
6-31G(d) basis set). (a) Top view of A. (b) Top view of B. (c)
Side view of A. (d) Side view of B. (e) Calculated HOMO distri-
bution of computationally more stable isomer A. (f) Calculated
LUMO distribution of A. (g) Calculated LUMO+1 distribution of
A. (h) Calculated LUMO+2 distribution of A.

Computational studies were also performed for 6, 6', and
7 to elucidate their luminescent properties (Figures S24-
27). Among the three compounds, only compound 6’ had
the LUMO distributed on both the addend and the tetracene
unit. The LUMO distribution of 6 and 7 was similar to that
of 3, where the LUMO was located on the tetracene donor
and LUMO+1 was located on the addend acceptor.

Space-charge limited current (SCLC)? mobility measure-
ments were performed to evaluate the charge carrier mo-
bility of 3. We fabricated hole-only and electron-only de-
vices with configurations of ITO/PEDOT:PSS/3/Mo03/Al
and Al/3/Al,'8 respectively (Figures S28 and S29). The high
solubility due to this compound being present as a diastere-
omeric mixture was beneficial for fabricating thin films.
Compound 3 was spin-coated from a 20 mg/mL solution in
dichloromethane. After annealing at 60 °C for 10 min, good
films without pin-holes were obtained (thickness: 60 nm),
and hole and electron mobilities were determined to be un
=5.1x10"7and pe = 1.6 x 10-* cm?2/(V s), respectively. These
data suggest that this compound could be useful as an elec-
tron transport material in various thin-film organic elec-
tronics. We attribute this property mainly to the electron-
withdrawing carbonyl moiety attached to the tetracene
moiety and to the electron-withdrawing nature of the
rhodanine group.

In summary, we demonstrated derivatization of te-
tracene diketone (acetetracenylene-1,2-dione) by a
Knoevenagel condensation-reduction sequence using the
nucleophiles 3-ethylrhodanine, indane-1,3-dione, and 2-
thioxo-dihydro-pyrimidine-4,6-dione. Product 3 exhibited
magenta luminescence with a broad fluorescence spectrum,
afluorescence quantum yield of ¢ = 0.34, and a fluorescence
lifetime of T = 13.2 ns (in toluene), and 6 and 7 gave similar
luminesce results. Solvato-fluorochromism was observed in
which the emission color changed according to solvent po-
larity, owing to ICT from the tetracene donor to the addend
acceptor. The acceptable solubility of these compounds was
beneficial for fabricating thin films of good quality. Electro-
chemical and SCLC measurements revealed ambipolar
properties, with hole and electron mobilities of un = 5.1 x
10-7 and pe = 1.6 x 10-* cm?/(V s), respectively, for 3. The
better electron mobility than hole mobility suggests that
this tetracene compound could be used as a fluorescent n-
type material in organic electronics devices. This work will
contribute to the design of acene-based functional materials
to obtain new organic semiconductors for photoelectronic
applications.

Experimental Section

General Information. Unless otherwise noted, all mate-
rials including dry solvents were obtained from commercial
suppliers and used without further purification. Unless oth-
erwise noted, all reactions were performed with dry
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solvents under an atmosphere of argon in flame-dried glass-
ware with standard vacuum-line techniques.

All NMR spectra were taken at 400 MHz (Bruker AVANCE
III 400 spectrometer). Unless otherwise specified, all the
NMR spectra were recorded in parts per million (ppm,
scale) with the proton of tetramethylsilane (TMS) (0.00
ppm) for *H NMR and carbon of CDCl3 (77.16 ppm) or car-
bon of DMSO-ds (39.52 ppm) for 13C NMR as internal refer-
ence, respectively. The data were presented as following or-
der: chemical shift, multiplicity (s = singlet, d = doublet, t =
triplet, m = multiplet, br = broad signal), coupling constant
in hertz (Hz), and signal area integration in natural num-
bers, assignment (italic). High-resolution mass spectra
(HRMS) were obtained by ESI using a time-of-flight mass
analyzer on a Bruker Ultra exTOF/TOF spectrometer. UV-
Vis and fluorescent spectra were recorded on a Hitachi U-
4100 and Hitachi F-7000 spectrophotometer, equipped
with 1 cm quartz cuvette from Starna Cells, Inc. at room
temperature. Absolute fluorescent quantum yields and flu-
orescence lifetimes at room temperature were determined
by Quantaurus-QY C11347 (Hamamatsu Photonics) and
Quantaurus-Tau C11367 (Hamamatsu Photonics).

Improved Synthetic Procedure for Preparation of the
Starting Material 1. To a cold (0 °C) stirred suspension of
tetracene (500 mg) in ortho-dichlorobenzene (200 mL) was
added oxalylchloride (615 mg, 2.2 equiv). To the suspension
was then added AlCl3 (anhydrous, powder, 1.17g, 4 equiv)
in ortho-dichlorobenzene (15 mL) dropwise. (Notice: the
AlCl; was added in three times in 18 h). The suspension was
warmed to 25 °C and stirred for another 18 h. The reaction
was stopped by addition of 20 mL of MeOH-aqueous HCI (1
M) solution (9:1, v:v). The mixture was concentrated by us-
ing an evaporator. The precipitate was added to 300 mL of
MeOH-aqueous HCl (1 M) solution (9:1, v:v) and filtered
and washed by MeOH to give the crude product (633 mg),
which was then sublimated under reduced pressure (0.01
MPa) at 220 °C for 15 h. Consequently, the title compound
was obtained as a black solid in 52% yield. The product was
confirmed with the spectral data in our previous paper.12

General Procedures for the Synthesis of Reduced
Knoevenagel products. A dried Schlenk tube with a mag-
netic stir bar was charged with compound 1 (0.2 mmol), nu-
cleophiles (0.24 mmol, 1.2 equiv), Hantzsch ester (0.3
mmol, 1.5 equiv). The system was evacuated thrice and
backfilled with Ar. Next, the solvent DMSO (3.0 mL) and pi-
peridine (20.0 mol %) were added via a syringe. Then, the
reaction mixture was stirred at 60 °C for 8 h in an oil bath.
After the reaction mixture was cooled to ambient tempera-
ture, the reaction was quenched with aqueous HCI (0.1 M)
solution (1 mL) and extracted with dichloromethane (10
mL x 3). The organic phase was dried with Na2SO4 and the
solvent was removed under reduce pressure. The crude
mixture was purified by silica gel flash chromatography to
give the pure product.

Compound 3. Following the general procedure, 3-ethyl-
rhodanine was used as a nucleophile. The reaction was car-
ried out at 90 °C for 4 h. The product 3 was isolated by flash
chromatography (petroleum ether/ethyl acetate =10/1) as
deep red solid in 42% yield (36 mg). Mp 266-270 °C. 'H
NMR (400 MHz, CDCls) 6 9.06 (d,]/=8.7 Hz, 1H), 8.91 (s, 1H),
8.67 (s, 1H), 8.16 (d, / = 8.6 Hz, 1H), 8.11 (d, / = 8.7 Hz, 1H),

8.04 (d,J=8.7 Hz, 1H), 7.75-7.67 (m, 1H), 7.58 (dd, / = 15.7,
9.2 Hz, 2H), 7.50-7.44 (m, 1H), 5.40 (d, / = 3.2 Hz, 1H), 5.26
(d,J=3.2 Hz, 1H), 4.23 (tt,J=7.2,3.6 Hz, 2H), 1.40 (t,J= 7.1
Hz, 3H). 3C{tH} NMR (101 MHz, CDCl3) 6 199.9, 199.6,
175.3,141.8,133.5,133.4,133.3,130.6, 123.0,129.4, 129.1,
128.9,127.7,126.9,126.6,126.4,125.9,125.9, 125.5,124.7,
122.8, 53.2, 51.0, 40.3, 11.8. HRMS (ESI-TOF) m/z: [M+H*]
calcd for C2sH1802NS2 428.0774, found 428.0772.

Compound 6. 1H-indane-1,3(2H)-dione (4) was used as
a nucleophile. The product 6 was isolated by flash chroma-
tography (petroleum ether/ethyl acetate = 10/1) as deep
red solid in 56% yield (46 mg). Mp >300 °C. 'H NMR (400
MHz, CDCl3) 6 9.07 (d, ] = 7.8 Hz, 1H), 8.94 (s, 1H), 8.64 (s,
1H), 8.18 (d, J = 8.5 Hz, 1H), 8.04 (dd, J = 6.2, 3.6 Hz, 1H),
7.94-7.84 (m, 3H), 7.84-7.74 (m, 2H), 7.72-7.63 (m, 1H),
7.61-7.51 (m, 1H), 7.35 (dd, ] = 6.4, 3.6 Hz, 2H), 5.19 (d, ] =
1.7 Hz, 1H), 4.38 (d, J = 2.4 Hz, 1H). 13C{H} NMR (101 MHz,
CDCls) 6 202.6, 199.0, 197.5, 142.6, 142.2, 141.9, 135.8,
135.5,133.5,133.3,133.2,131.7,130.4, 129.5, 129.4, 128.8,
128.4,126.8,126.7,126.4,126.2,125.2,125.0, 124.7, 123.6,
123.4,123.2,55.3, 50.0. HRMS (ESI-TOF) m/z: [M+H*] calcd
for C290H1703 413.1172, found 413.1167.

Compound 6'. Hantzsch ester was absence in the synthe-
sis of 6. The product 6’ was isolated by flash chromatog-
raphy (petroleum ether/ethyl acetate = 5/1) as deep red
solid in 47% yield (51 mg) as 6'+4. Mp 262-263 °C. This
compound was obtained as a complex with 4, which was
elucidated by *H NMR and HRMS. tH NMR (400 MHz, CDCls)
§9.02 (d, ] =8.7 Hz, 1H), 8.91 (s, 1H), 8.63 (s, 1H), 8.15 (dd,
J=8.5 and 5.8 Hz, 2H), 7.96 (d, ] = 8.5 Hz, 1H), 7.75 (br, 4H,
C¢H4), 7.68 (br, 4H, CeHa), 7.64 (t, 1H), 7.54 (t, 1H), 7.34 (¢,
1H), 7.26 (t, 1H), 5.34 (s, 2H, CH: of indane-dione). 13C{*H}
NMR (101 MHz, CDCI3) & (101 MHz, CDCl5) 6 202.1, 197.2,
197.1,142.4,142.4,135.8,135.4,133.7,133.6, 133.2, 132.0,
130.9,129.8,129.5,129.0,127.9,127.5,126.7,126.5, 126 .4,
125.8, 125.0, 124.9, 124.2, 123.3, 123.2, 60.4. HRMS (ESI-
TOF) m/z: [M+H*] caled for Cz9H1503 411.1016, found
411.1017. HRMS (ESI-TOF) m/z: [M(6'+4)+H*] calcd for
C38H2105 557.1384, found 557.1390.

Compound 7. Following the general procedure, 1,3-di-
ethyl-2-thioxodihydropyrimidine-4,6(1H,5H)-dione (5)
was used as a nucleophile. The product 7 was isolated by
flash chromatography (ethyl acetate/MeOH = 20/1) as deep
red solid in 74% yield (71 mg). Mp >300 °C. 'H NMR (400
MHz, CDCl3) 6 9.17 (dd,J = 8.7, 0.9 Hz, 1H), 8.95 (s, 1H), 8.67
(s, 1H), 8.19 (d,J = 8.8 Hz, 1H), 8.07 (dd, = 5.7, 4.2 Hz, 1H),
7.77-7.69 (m, 2H), 7.63-7.56 (m, 1H), 7.46-7.38 (m, 2H),
5.34 (d,/=1.1 Hz, 1H), 4.86 (d,/ = 2.1 Hz, 1H), 4.53-4.43 (m,
1H), 4.39 (dd, J = 13.1, 7.0 Hz, 1H), 4.27-4.12 (m, 2H), 1.24
(t,J=7.0 Hz, 3H), 0.82 (t,/ = 6.9 Hz, 3H). 13C NMR (101 MHz,
CDCls) 6 201.7, 179.1, 165.9, 164.2, 141.8, 133.4, 133.2,
130.9,130.6,129.7,129.4,128.9,127.2,126.8, 126.6, 126 4,
126.4,125.2,124.6,123.1, 52.5,51.2, 43.9, 43.4, 12.1, 11.7.
HRMS (ESI-TOF) m/z: [M+H*] calcd for CzsH2303N2S
467.1424, found 467.1420.

Synthesis of compound 6 from the intermediate 6'. A
dried Schlenk tube with a magnetic stir bar was charged
with compound 6’ (0.02 mmol), Hantzsch ester (5 mg, 1.0
equiv). The system was evacuated thrice and backfilled with
Ar. Next, the solvent DMSO (1.0 mL) and piperidine (10 mol
%) were added via a syringe. Then, the reaction mixture
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was stirred at 60 °C for 1 h in an oil bath. After the reaction
mixture was cooled to ambient temperature, the reaction
was quenched with aqueous HCl (0.1 M) solution (1 mL)
and extracted with dichloromethane (10 mL x 3). The or-
ganic phase was dried with Na2S0O4 and the solvent was re-
moved under reduce pressure. The crude mixture was puri-
fied by silica gel flash chromatography to give the pure
product.

Electrochemical measurements. Cyclic voltammetry
and differential pulse voltammetry were performed using
CHI660E voltammetric analyzer. All measurements were
carried out in a one-compartment cell under argon gas,
equipped with a platinum working electrode, a platinum
wire counter electrode, and an Ag/Ag* reference electrode.
The supporting electrolyte was a 0.1 mol/L dichloro-
methane solution of tetrabutylammonium hexafluorophos-
phate (TBAPFs).

Computational calculation. All calculations were car-
ried out by using Gaussian09 package at the B3LYP. A 6-
31G(d) basis set was used for each level. The calculation lev-
els are described as "B3LYP/ 6-31G(d)".

SCLC measurements. The mobility was determined by
fitting the dark current to a model of a single-carrier SCLC,
which is described by the equation: | = zeoeru ‘:—:, where ] is
the current density, u is the mobility, o is the permittivity
of free space, & is the relative permittivity of the material, L
is the thickness of the tetracene derivative layer, and Vis the
effective voltage. The thickness of the thin films was meas-
ured with a DEKTAK 6M stylus profilometer. A solution of
tetracene derivative was spin-coated onto the Al/glass to
form a thin film in electron-only devices, and onto the
PEDOT:PSS in hole-only devices. The LiF/Al electrodes (LiF
= 0.6 nm; Al = 100 nm) or MoOs/Al were evaporated onto
the tetracene derivative thin films in the electron-only de-
vices and hole-only devices, respectively. The experimental
dark current density ] was measured under an applied volt-
age swept from-5to 5 V.

ASSOCIATED CONTENT

Supporting Information

Improved procedures for synthesis of the starting material 1,
1H and 13C NMR spectra, and HRMS, thermal stability, fluores-
cence, computational calculation, SCLC measurements data.
This material is available free of charge via the Internet at
http://pubs.acs.org.

AUTHOR INFORMATION
Corresponding Author

* E-mail: matsuo@ustc.edu.cn; matsuo@photon.t.u-tokyo.ac.jp
Notes
The authors declare no competing financial interest.

ACKNOWLEDGMENT

This work was supported by the high-level human resource
funding in University of Science and Technology of China. Part
of work was financially supported by Grants-in-Aid for Scien-
tific Research (JSPS KAKENHI Grant Numbers JP15H05760,
JP16H04187, and JP17K19116), the Ministry of Education, Cul-
ture, Sports, Science and Technology (MEXT), Japan.

REFERENCES

(1) Chaolumen; Murata, M.; Sugano, Y.; Wakamiya, A.; Murata, Y.
Electron-Deficient Tetrabenzo-Fused Pyracylene and Conver-
sions into Curved and Planar p-Systems Having Distinct Emis-
sion Behaviors. Angew. Chem. Int. Ed. 2015, 54, 9308-9312.
(b) Wombacher, T.; Gassmann, A.; Foro, S. von Seggern, H.;
Schneider, J. J. Structural Polymorphism and Thin Film Tran-
sistor Behavior in the Fullerene Framework Molecule
5,6;11,12-di-o-Phenylenetetracene. Angew. Chem. Int. Ed.
2016, 55,6041 -6046. (c) Chaolumen; Murata, M.; Wakamiya,
A.; Murata, Y. Dithieno-Fused Polycyclic Aromatic Hydrocar-
bon with a Pyracylene Moiety: Strong Antiaromatic Contribu-
tion to the Electronic Structure. Org. Lett. 2017, 19, 826-829.
(d) Chaolumen; Murata, M.; Wakamiya, A.; Murata, Y. Unsym-
metric Twofold Scholl Cyclization of a 5,11-Dinaphthyl-te-
tracene: Selective Formation of Pentagonal and Hexagonal
Rings via Dicationic Intermediates. Angew. Chem. Int. Ed.
2017, 56, 5082-5086.

(2) (a)Clar, E.; Willicks, W. Erich Clar und Winfried Willicks: Aror-
natische Kohlenwasser-stoffe, LXIX. Mitteil.: 7.8;16.16-
Dibenzterrylen. Chem. Ber. 1955, 88, 1205-1207. (b) Avlase-
vich, Y.; Mullen, K. Dibenzopentarylenebis(dicarboximide)s:
Novel Near-infrared Absorbing Dyes. Chem. Commun. 2006,
4440-4442. (c) Katsuta, S,; Tanaka, K,; Maruya, Y.; Mori, S.;
Masuo, S.; Okujima, T.; Uno, H.; Nakayama, K.; Yamada, H. Syn-
thesis of Pentacene-, Tetracene- and Anthracene Bisimides
Using Double-cyclization Reaction Mediated by Bismuth (III)
Triflate. Chem. Commun. 2011,47,10112-10114. (d) Yue, W;
Gao, J; Li, Y.; Jiang, W.; Motta, S. D.; Negri, F.; Wang, Z. One-Pot
Synthesis of Stable NIR Tetracene Diimides via Double Cross-
Coupling. J. Am. Chem. Soc. 2011, 133, 18054-18057. (e) Cha-
olumen; Enno, H.; Murata, M.; Wakamiya, A; Murata, Y.
Dibenzo[a,f]perylene Bisimide: Effects of Introducing Two
Fused Rings. Chem. Asian J. 2014, 9, 3136-3140. (f) Ajaya-
kumar, M. R; Fu, Y,; Ma, ], Hennersdorf, F.; Komber, H,;
Weigand, J. J.; Alfonsov, A; Popov, A. A,; Berger, R; Liu, J;
Miullen, K,; Feng, X. Toward Full Zigzag-Edged Nanogra-
phenes: peri-Tetracene and Its Corresponding Circumanthra-
cene.J. Am. Chem. Soc. 2018, 140, 6240-6244. (g) Ni, Y.; Gopa-
lakrishna, T. Y.; Phan, H.; Herng, T. S.; Wu, S;; Han, Y.; Ding, J.;
Whu, J.-S. A Peri-tetracene Diradicaloid: Synthesis and Proper-
ties. Angew. Chem. Int. Ed. 2018, 57,9697-9701.

(3) (@) Yin,]; Zhang, K;; Jiao, C.; Li, J.; Chi, C.; Wu, ].-S. Synthesis of
Functionalized Tetracene Dicarboxylic Imides. Tetrahedron
Lett. 2010, 51, 6313-6315. (b) Nakagawa, T.; Suzuki, T.; K6-
nig, M.; Guldi, D. M.; Matsuo, Y. Synthesis, Photophysical Prop-
erties, and Excited State Dynamics of a Platinum Complex of
Tetracene Imide Disulfide. Chem. Commun. 2013, 49, 10394-
10396. (c) Suzuki, T.; Nakagawa, T.; Ohkubo, K.; Fukuzumi, S.;
Matsuo, Y. Electronic Infrared Light Absorption of a tri-Palla-
dium Complex Containing Two p-Expanded Tetracene Lig-
ands. Chem. Sci. 2014, 5, 4888-4894.

(4) (@) Reichwagen, J.; Hopf, H.; Guerzo, A. D.; Belin, C.; Desvergne,
J. P.; Bouas-Laurent, H. Synthesis of 2,3-Substituted Te-
tracenes and Evaluation of Their Self-Assembling Properties
in Organic Solvents. Org. Lett. 2005, 7, 971-974. (b) Papagni,
A.; Trombini, C.; Lombardo, M.; Bergantin, S.; Chams, A.; Chi-
arucci, M.; Miozzo, L.; Parravicini, M. Cross-Coupling of 5,11-
Dibromotetracene Catalyzed by a Triethylammonium Ion
Tagged Diphenylphosphine Palladium Complex in Ionic Lig-
uids. Organometallics 2011, 30, 4325-4329. (c) Huang, Z;
Simpson, D. E; Mahboub, M.; Li, X,; Tang, M.-L. Ligand En-
hanced Upconversion of Near-infrared Photons with Nano-
crystal Light Absorbers. Chem. Sci. 2016, 7, 4101-4104. (d)
Wombacher, T.; Goddard, R.; Lehmann, C. W.; Schneider, ]J. J.
Organometallic Rubidium and Cesium Compounds of The
5,6;11,12-di-o-phenylene-tetracene Dianion. Chem. Commun.
2017, 53, 7030-7033. (e) Li, X.; Fast, A,; Huang, Z.; Fishman,
D. A,; Tang, M.-L. PbS/CdS Core-Shell Quantum Dots Suppress

ACS Paragon Plus Environment

Page 6 of 7



Page 7 of 7

oNOYTULT D WN =

(5)

(6)

(7

(8)

The Journal of Organic Chemistry

Charge Transfer and Enhance Triplet Transfer. Angew. Chem.
Int. Ed. 2017, 56, 5598-5602.

(a) Moon, H.; Zeis, R.; Borkent, E. ]. Besnard, C.; Lovinger, A. ].;
Siegrist, Kloc, T. C. Bao, Z.-N. Synthesis, Crystal Structure, and
Transistor Performance of Tetracene Derivatives. J. Am. Chem.
Soc. 2004, 126, 15322-15323. (b) Kojima, S.; Okamoto, T.;
Miwa, K.; Sato, H.; Takeya, ].; Matsuo, Y. Benzopyrazine-fused
Tetracene Derivatives: Thin-film Formation at the Crystalline
Mesophase for Solution-processed Hole Transporting De-
vices. Org. Electron. 2013, 14, 437-444. (c) Suzuki, T.; Oka-
moto, T.; Saeki, A.; Seki, S.; Sato, H.; Matsuo, Y. Formation of
Photoconductive Nanowires of Tetracene Derivative in Com-
posite Thin Film. ACS Appl. Mater. Interfaces 2013, 5, 1937~
1942. (d) Xu, W.; He, Y,; Murtaza, I; Zhang, D.; Li, A;; Hu, Z,;
Zeng, X.; Guo, Y.; Zhu, Y.; Liu, M.; Meng, H. Phenyl Substitution
in Tetracene: a Promising Strategy to Boost Charge Mobility
in Thin Film Transistors. J. Mater. Chem. C 2017, 5, 2852-
2858. (e) Purvis, L.].; Gu, X;; Ghosh, S.; Zhang, Z.; Cramer, C. J.;
Douglas, C. J. Synthesis and Characterization of Electron-
Deficient Asymmetrically Substituted Diarylin-
denotetracenes. J. Org. Chem. 2018, 83, 1828-1841.
Okamoto, T.; Suzuki, T.; Tanaka, H.; Hashizume, D.; Matsuo, Y.
Tetracene Dicarboxylic Imide and Its Disulfide: Synthesis of
Ambipolar Organic Semiconductors for Organic Photovoltaic
Cells. Chem. Asian J. 2012, 7, 105-111.

(a) Muller, A. M. Avlasevich, Y. S.; Schoeller, W. W.; Ullen, K. M;
Bardeen, C. ]. Exciton Fission and Fusion in Bis(tetracene)
Molecules with Different Covalent Linker Structures. . Am.
Chem. Soc. 2007, 129,14240-14250. (b) Burdett, ].].; Bardeen,
C. The Dynamics of Singlet Fission in Crystalline Tetracene
and Covalent Analogs. ]. Acc. Chem. Res. 2013, 46, 1312-1320.
(c) Stern, H. L.; Musser, A. ].; Gelinas, S.; Parkinson, P.; Herz, L.
M.; Bruzek, M. J.; Anthony, J.; Friend, R. H.; Walker, B. J. Identi-
fication of a Triplet-pair Intermediate in Singlet Exciton Fis-
sion in Solution. Proc. Natl. Acad. Sci. U. S. A. 2015, 112, 7656-
7661. (d) Korovina, N. V.; Das, S.; Nett, Z,; Feng, X,; Joy, ],
Haiges, R.; Krylov, A. L; Bradforth, S. E.; Thompson, M. Singlet
Fission in a Covalently Linked Cofacial Alkynyltetracene Di-
mer. J. Am. Chem. Soc. 2016, 138, 617-627. (e) Stern, H. L.;
Cheminal, A,; Yost, S. R; Broch, K; Bayliss, S. L.; Chen, K;
Tabachnyk, M.; Thorley, K.; Greenham, N.; Hodgkiss, J. M.; An-
thony, J.; Gordon, M. H.; Musser, A. J.; Rao, A,; Friend, R. H. Vi-
bronically Coherent Ultrafast Triplet-pair Formation and Sub-
sequent Thermally Activated Dissociation Control Efficient
Endothermic Singlet Fission. Nat. Chem. 2017, 9,1205-1212.
(a) Liu, H.; Nichols, V. M. Shen, L.; Jahansouz, S.; Chen, Y.; Han-
son, K. M.; C. Bardeen, J.; Li, X.-Y. Synthesis and Photophysical
Properties of a “Face-to-face” Stacked Tetracene Dimer. Phys.
Chem. Chem. Phys., 2015, 17, 6523-6531. (b) Liu, H.,; Wang, X;
Pan, L.; Shen, Li; Wang, X.; Chen Q.; Li, X.-Y. Synthesis and Pho-
tophysical Properties of a Bistetracene Compound with

Slipped Stacked Structure. J. Photochem. Photobiol. 2017, 340,
21-28.

(9) Shandura, M. P.; Poronik, Y. M.; Kovtun, Y. P.; Ishchenko, A. A.
Substituted Xanthylocyanines, Part IV: Trinuclear Dyes with a
Pyronine Nucleus. Dyes and Pigments 2008, 77, 369-373.

(10) Li, Z,; He, G.; Wan, X;; Liu, Y.; Zhou, J.; Long, G.; Zuo, Y.; Zhang,
M.; Chen, Y.-S. Solution Processable Rhodanine-Based Small
Molecule Organic Photovoltaic Cells with a Power Conversion
Efficiency of 6.1% Adv. Energy Mater. 2012, 2, 74-77.

(11) (a) Kim, Y.; Song, C. E,; Moon, S. ]J; Lim, E. Rhodanine Dye-
based Small Molecule Acceptors for Organic Photovoltaic
Cells. Chem. Commun. 2014, 50, 8235-8238. (b) Holliday, S.;
Ashraf, R. S.; Nielsen, C. B.; Kirkus, M.; Rohr, |J. A,; Tan, C.-H,;
Collado-Fregoso, E.; Knall, A. C; Durrant, J. R; Nelson, J;
McCulloch, I. A Rhodanine Flanked Nonfullerene Acceptor for
Solution-Processed Organic Photovoltaics. /. Am. Chem. Soc.
2015, 137,898-904.

(12) Okamoto, T.; Suzuki, T.; Kojima, S.; Matsuo, Y. Synthesis, Phys-
ical Properties, and Crystal Structure of Acetetracenylene-1,2-
dione. Chem. Lett. 2011, 40, 739-741.

(13) Ramachary, D. B.; Kishor, M.; Reddy, Y. V. Development of
Pharmaceutical Drugs, Drug Intermediates and Ingredients
by Using Direct Organo-Click Reactions. Eur. J. Org. Chem.
2008,975-993.

(14) (a) Kosower, E. M. Intramolecular Donor-Acceptor Systems. 9.
Photophysics of (Phenylamino)naphthalenesulfonates: A Par-
adigm for Excited-State Intramolecular Charge Transfer. Acc.
Chem. Res. 1982, 15, 259-266. (b) Grabowski, Z. R.; Rotkie-
wicz, K,; Rettig, W. Structural Changes Accompanying Intra-
molecular Electron Transfer: Focus on Twisted Intramolecu-
lar Charge-Transfer States and Structures. Chem. Rev. 2003,
103,3899-4031.

(15) ’ichev, Y. V.; Kiihnle, W.; Zachariasse, K. A. Intramolecular
Charge Transfer in Dual Fluorescent 4-(Dialkylamino) bezoni-
triles. Reaction Efficiency Enhancement by Increasing the Size
of the Amino and Benzonitrile Subunits by Alkyl Substituents.
J. Phys. Chem. A 1998, 102, 5670-5680.

(16) Matsuo, Y.; Iwashita, A.; Abe, Y.; Li, C.-Z.; Matsuo, K.; Hashigu-
chi, M.; Nakamura, E. Regioselective Synthesis of 1,4-Di(or-
gano)[60]fullerenes through DMF-assisted Monoaddition of
Silylmethyl Grignard Reagents and Subsequent Alkylation Re-
action. J. Am. Chem. Soc. 2008, 130, 15429-15436.

(17) Blom, P. W. M,; de Jong, M. J. M.; Vleggaar, ]. J. M. Electron and
Hole Transport in Poly(p-phenylene vinylene) Devices. Appl.
Phys. Lett. 1996, 68, 3308.

(18) Kumar, C. V.; Cabau, L.; Koukaras, E. N.; Sharma, A.; Sharma, G.
D.; Palomares, E. A-p-D-p-A Based Porphyrin for Solution
Processed Small Molecule Bulk Heterojunction Solar Cells. J.
Mater. Chem. A 2015, 3,16287-16301.

ACS Paragon Plus Environment



