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ABSTRACT: A novel class of metal-free organic dyes based
on benzo[a]carbazole have been designed, synthesized, and
used in dye-sensitized solar cells for the first time. These types
of dyes consisted of a cyanoacrylic acid moiety as the electron
acceptor/anchoring group and different electron-rich spacers
such as thiophene (JY21), furan (JY22), and oligothiophene
(JY23) as the π-linkers. The photophysical, electrochemical,
and photovoltaic properties, as well as theoretical calculations
of these dyes were investigated. The photovoltaic performances
of these dyes were found to be highly relevant to the π-
conjugated linkers. In particular, dye JY23 exhibited a broad
IPCE response with a photocurrent signal up to about 740 nm
covering the most region of the UV−visible light. A DSSC based on JY23 showed the best photovoltaic performance with a Jsc of
14.8 mA cm−2, a Voc of 744 mV, and a FF of 0.68, achieving a power conversion efficiency of 7.54% under standard AM 1.5 G
irradiation.
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■ INTRODUCTION

Solar energy is very attractive because of its unlimited supply
compared to other renewable energy resources. As an effective
device for sunlight-to-electricity conversion, dye-sensitized solar
cells (DSSCs) have been extensively investigated owing to their
high theoretical power conversion efficiency (PCE), facile
preparation processes, and potential low cost.1,2 So far,
ruthenium(II) polypyridyl complexes still stand out as highly
efficient and stable sensitizers with a PCE of over 11%.3

However, the high cost and toxicity of these Ru(II) sensitizers
may limit their widespread applications in DSSCs. Recently,
DSSC devices employing zinc-porphyrin sensitizers have
achieved efficiency records exceeding 12% by using the CoII/
CoIII electrolyte under standard conditions.4−6 From the
viewpoint of practical application, the tedious synthetic
procedures and low yield of porphyrin sensitizers will restrict
their further use in DSSCs. On the other hand, metal-free
organic dyes have, therefore, attracted considerable attention
for the practical advantages, such as facilely structural
modification, easy preparation, and low cost.7

Carbazole derivatives have been widely employed as active
ingredients in organic light-emitting diodes (OLEDs),8,9

organic photovoltaic cells (OPVs),10 and DSSCs11−14 due to
their unique electronic and optical properties, and pronounced
thermal stability. The existence of the many modification sites

of carbazole makes it an attractive building block for functional
group incorporation, and carbazole has been used in DSSCs
both as a peripheral donor and a π-linker.15 When carbazole is
fused with a benzene ring to form benzo[a]carbazole, as a π-
extended carbazole derivative, benzo[a]carbazole may have
strong electron delocalization and significant potential for
intramolecular charge transfer (ICT). To the best of our
knowledge, the photovoltaic application of benzo[a]carbazole
derivatives has not been reported yet. Herein, we have designed
and synthesized a series of metal-free organic dyes containing
benzo[a]carbazole acting as the electron donor and cyanoa-
crylic acid acting as the electron acceptor/anchoring group. In
general, organic dyes configured with donor−π−acceptor
(D−π−A) structures are strongly desirable for enabling
efficient photoinduced charge separation.16−20 An electron-
rich π-conjugated linker is preferable to induce efficient ICT
and extend spectral response to low energy solar photons for its
better electron delocalization over the whole molecule, which
facilitates donor−acceptor interactions.21 So, we chose
electron-rich spacers thiophene (JY21), furan (JY22), and

Received: November 29, 2014
Accepted: April 15, 2015
Published: April 15, 2015

Research Article

www.acsami.org

© 2015 American Chemical Society 9015 DOI: 10.1021/am508400a
ACS Appl. Mater. Interfaces 2015, 7, 9015−9022

www.acsami.org
http://dx.doi.org/10.1021/am508400a


oligothiophene (JY23) to act as the π-linkers. The chemical
structures of the three dyes are displayed in Figure 1.

■ RESULTS AND DISCUSSION
Dye Synthesis. Dyes JY21−23 were synthesized by a

concise synthetic procedure presented in Scheme 1. Benzo[a]-

carbazole derivatives 1 and 2, as well as oligothiophene 3, were
prepared according to literature procedures.22−24 Coupling
compound 2 with bis(pinacolato)diboron gave intermediate 4
containing borate group. Suzuki cross-coupling reaction was
subsequently used to produce the π-extended benzo[a]-
carbazole-based aldehydes 5−7 with intermediates 2 or 4 and
indicated aromatic aldehydes. Finally, the precursors 5, 6, and 7
reacted with cyanoacetic acid via Knoevenagel condensation to
afford JY21, JY22, and JY23, respectively.
UV−Visible Absorptions and Electrochemical Meas-

urements. UV−vis absorption spectra were measured to
investigate the photophysical properties of JY21, JY22, and
JY23. Figure 2 depicts the UV−vis spectra of the dyes JY21−23

in dichloromethane solutions and on TiO2 surfaces. Table 1
summarizes the data of the UV−vis absorptions and electro-
chemical measurements of the three dyes. As shown in Figure
2a, the three dyes present two major absorption regions in
dichloromethane solutions. The high-energy region at 280−400
nm can be attributed to π−π* or n−π* electron transitions of
the molecular backbone, while the low-energy region at 400−
600 nm with stronger intensity can be ascribed to the ICT
transitions.25 The maximum absorptions (λmax) of JY21−23
appear at 458, 462, and 477 nm, respectively. Obviously, the
longest conjugated length in JY23 (ε = 32 400 M−1 cm−1)
significantly red-shifts its ICT absorption band and enhances its
molar extinction coefficient in comparison to JY21 (ε = 20 200
M−1 cm−1) and JY22 (ε = 21 500 M−1 cm−1). The results reveal
that the expansion of electron-rich conjugated π-linkers can not
only facilitate the interactions between donor and acceptor in
dipolar molecules but also decrease the energy gap of the
organic dyes. With regard to the spectra on TiO2 films, the
absorption peaks of the dyes are more blue-shifted than that in
dichloromethane (Figure 2b). The blue-shifted absorption
might result from the deprotonation of the carboxylic acid unit
when the dyes were adsorbed on the TiO2 surface.26 It is
interesting to compare the absorption features of benzo[a]-
carbazole-based dyes with carbazole-based dyes with similar
constructing method. As compared to the reported carbazole-
based dyes JK-24,27 JK-28,27 9a,15 and 9b15 with one
thiophene linker (Figure 3), the maximum absorption peak
(either in solution or on TiO2 film) of the present dye JY21 is
obviously red-shifted. Similarly, the absorption red-shifts of
dyes JY22 and JY23 were found in comparison to the
analogous dyes K228 and CCT3A,29 respectively. This should
come from the fused benzene ring, benzo[a]carbazole, as a π-
extended carbazole derivative, expands its electron delocaliza-
tion and has a more significant potential for ICT.
Cyclic voltammetry measurements of the three dyes were

performed in dichloromethane solutions with a scan rate of 100
mV s−1 (calibrated by ferrocene, 0.63 V vs normal hydrogen
electrode (NHE)).30 Cyclic voltammograms of the three dyes
are depicted in Figure 4, and the corresponding energy levels

Figure 1. Chemical structures of JY21, JY22, and JY23.

Scheme 1. Synthetic Route for JY21, JY22, and JY23

Figure 2. UV−vis absorptions of JY21−23 (a) in dichloromethane
and (b) on TiO2 films.
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are provided in Figure 5. As shown in Figure 4, JY21 and JY22
both exhibited one reversible oxidation couple, while two
reversible oxidation couples were observed for JY23. The first
oxidation potentials (Eox) of JY21−23 corresponding to their
highest occupied molecular orbital (HOMO) levels are
evaluated to be 1.22, 1.15, and 0.99 V (vs NHE), respectively.

The band gap energies (E0−0) of JY21−23, which can be
estimated from the onset wavelength of their absorption
spectra, are calculated to be 2.16, 2.07, and 1.98 eV,
respectively. The lowest unoccupied molecular orbital
(LUMO) levels of JY21−23 (calculated from Eox − E0−0) are
found to be −0.94, −0.92, and −0.99 V (vs NHE), respectively.
As a result, the LUMO levels of JY21−23 are more sufficiently
negative than the conduction band (CB) of TiO2 (−0.5 V vs
NHE), energetically allowing electron injection from the
excited dyes into the TiO2 semiconductor. While the HOMO
levels of JY21−23 are much more positive than the iodide/
triiodide redox couple (0.4 V vs NHE), which guarantees the
regeneration of the oxidized dyes.

Computational Analysis. To investigate the frontier
molecular orbitals of JY21−23, we performed theoretical
calculations based on density functional theory (DFT) with
Gaussian 03 package at the B3LYP/6-31G* level. The electron
distributions of the HOMOs and LUMOs of JY21−23 are
shown in Figure 6. With regard to the HOMO states of the
three dyes, the electron density is primarily distributed on the
benzo[a]carbazole skeleton and nearby π-linkers. At the same
time, the LUMOs of these dyes localize electron distributions
from the cyanoacrylic acid moiety to nearby linkers because the
ICT process happens along the π-linkers. This type electron
distribution of the HOMOs and LUMOs of JY21−23 indicates
that HOMO−LUMO excitation moves the electron from
benzo[a]carbazole donor to cyanoacrylic acid acceptor through
the π-linker groups, ensuring efficient charge separation, and
electron injection.

DSSC Performances. The photovoltaic performances of
the DSSCs based on JY21−23 under standard conditions (AM
1.5G, 100 mW cm−2) were measured using an iodine
electrolyte. The DSSCs data of JY21−23, N719 dye, and
analogous carbazole dyes are summarized in Table 2. The
photocurrent density−voltage (J−V) curves of JY21−23 are

Table 1. Photophysical and Electrochemical Data of JY21−23a

dye λmax (nm) ε (104 M−1 cm−1) λmax (TiO2) (nm) Eox (V) E0−0 (V) Ered (V)

JY21 458 2.02 428 1.22 2.16 −0.94
JY22 462 2.15 452 1.15 2.07 −0.92
JY23 477 3.24 461 0.99 1.98 −0.99

aFirst oxidation potentials (vs normal hydrogen electrode (NHE)) were measured in dichloromethane. E0−0 values were calculated from the onset
wavelength of the absorption spectra in dichloromethane. Ered = Eox − E0−0.

Figure 3. Chemical structures of the similar carbazole-based dyes.

Figure 4. Cyclic voltammograms of JY21−23.

Figure 5. Energy levels of the three dyes as determined by cyclic
voltammetry.
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plotted in Figure 7. A DSSC based on JY21 with a thiophene as
the π-linker gave a short-circuit photocurrent density (Jsc) of
12.4 mA cm−2, an open-circuit photovoltage (Voc) of 729 mV, a
fill factor (FF) of 0.66, and a PCE of 6.01%. When the π-bridge
of JY21 was replaced by furan, the resultant JY22-based cell
(Voc: 757 mV; Jsc: 13.8 mA cm−2) showed a significant
improvement of Voc and Jsc and finally gave a higher efficiency
of 6.93% with a FF of 0.66. Notably, because of much broader
and stronger ICT absorption, JY23 displayed a highest Jsc of
14.8 mA cm−2, a moderate Voc of 744 mV, and an increased
PCE of 7.54%. It should be pointed out that the increase of
conjugation skeleton will broaden the absorption spectrum of
the dyes and meantime lead to undesirable self-aggregation.
This self-aggregation can induce serious self-quenching of
excited dyes and finally give a low efficiency. Therefore, two
alkyl substituents of JY23 are very helpful to guarantee a high
efficiency. The highest PCE of JY23 reached about 94% of the
N719-based cell measured under the same conditions,
illuminating benzo[a]carbazole is a promising electron donor
to construct highly efficient solar cells.
The incident photon-to-current conversion efficiency (IPCE)

spectra of JY21−23 were performed to analyze the Jsc values
(Figure 7). The terminals of the IPCE spectra of JY21−23
were at 670, 710, and 740 nm, respectively, which were much
broader than that of their absorption spectra in dichloro-
methane solutions. Compared to those of the other two dyes,
the IPCE values of JY23 were higher and broader, and JY23
achieved over 60% IPCE values from 350 to 620 nm with a

highest IPCE value of 84% at 470 nm. The highest IPCE value
and broadest absorption range of JY23 ensured its highest Jsc
and PCE among the three dyes.
The furan-linked dye JY22 exhibited a significantly improved

efficiency (about 0.9%) compared to thiophene-linked dye
JY21. This is mainly due to the broader UV−vis absorption
spectrum and IPCE response of the dye JY22, as well as its
higher open-circuit photovoltage, which is similar to the results
reported previously.29,31 Compared to the analogous dyes
JK24, K2, and CCT3A (Figure 3), dyes JY21−23 presented
relatively higher IPCE values, which guaranteed higher Jsc and
PCEs (Table 2) and illustrated that benzo[a]carbazole is an
efficient donor group.

Electrochemical Impedance Spectroscopy. To eluci-
date the correlation of the photovoltage and the dyes, we then
performed electrochemical impedance spectroscopy (EIS).32−34

Figure 8 shows the Nyquist plots and Bode plots of JY21, JY22,
and JY23, which were measured in the darkness under forward
bias (−0.75 V) with a frequency region (0.1−100 K Hz). The
larger semicircle in Nyquist plots corresponds to the interfacial
charge transfer resistances (RK) on the TiO2/dyes/electrolyte
interface.35 A larger semicircle means a greater RK, indicating a
strongly reduced electron recombination, a smaller dark
current, and a higher Voc. We fitted the Nyquist plots using a

Figure 6. Electron distributions of the frontier orbitals of JY21−JY23.

Table 2. Photovoltaic Performance of JY21−23, N719,a and the Analogous Dyes

dye DL (nmol cm−2) Voc (mV) Jsc (mA cm−2) FF PCE (%)

JY21 216 729 12.4 0.66 6.01
JY22 161 757 13.8 0.66 6.93
JY23 162 744 14.8 0.68 7.54
N719 740 17.2 0.63 7.99
JK2427 740 9.83 0.70 5.02
K228 724 13.3 0.66 6.68
CCT3A29 710 11.3 0.71 5.69

aThe active area of solar cells was 0.196 cm2; DL was the amount of dye loading on the TiO2 electrode. Commercial N719 dye was applied for
comparison.

Figure 7. (a) The photocurrent density−voltage (J−V) curves and (b)
the IPCE spectra of JY21−23.
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diffusion−recombination model and an equivalent circuit
according to the previous literatures.36−38 The electrochemical
impedance data of DSSCs sensitized with JY21−23 are
summarized in Table 3. The fitted RK increased in the order

of JY21 (61.8 Ω) < JY23 (92.2 Ω) < JY22 (126 Ω). This
tendency is consistent with the order of Voc of JY21 (729 mV)
< JY23 (744 mV) < JY22 (757 mV).
Electron lifetime (τ) can be calculated from the peak

frequency ( f) at lower frequency region in Bode plots using τ =
1/(2πf).39 Generally, the relatively longer electron lifetime
indicates an increased resistance of charge recombination, a
reduced dark current, and an improved Voc. The values of f
decreased in the order of JY21 > JY23 > JY22, and the electron
lifetime was enhanced in reverse with the values of JY21 (40.0
ms) < JY23 (50.4 ms) < JY22 (63.4 ms). Thus, the relatively
highest Voc of JY22 could be further explained. The effective
electron diffusivity (Deff) was calculated by Deff = (RK/RW)(L

2/
τ), in which RW is the electron transport resistance in the
photoanode, and L is the thickness of the TiO2 film.40−43 The
Deff value increased from 0.011 (JY21) to 0.014 (JY22) to
0.018 cm2 s−1 (JY23), which is also in agreement with the order
of DSSC performances.

■ CONCLUSIONS
Three novel benzo[a]carbazole-based organic dyes containing
different π-linkers such as thiophene (JY21), furan (JY22), and
oligothiophene (JY23), have been designed and synthesized for
DSSCs. These dyes all exhibited the ability of highly efficient
solar-to-electricity conversion, and their photophysical, electro-

chemical, and photovoltaic properties were found to be
sensitive to the π-linkers. Notably, the dye JY23 showed a
broad IPCE response with a photocurrent signal up to about
740 nm, and a DSSC based on JY23 gave the best photovoltaic
performance with a Jsc of 14.8 mA cm−2, a Voc of 744 mV, a FF
of 0.68, and an overall power conversion efficiency of 7.54%
under AM 1.5 G irradiation. This result reveals that
benzo[a]carbazole is a promising electron donor to construct
effective organic dyes for DSSCs.

■ EXPERIMENTAL SECTION
Materials and Characterization Techniques. All solvents were

purified using standard techniques. 1H and 13C NMR spectra, UV−
visible absorption spectra, HR-MS spectra, cyclic voltammogram, and
electrochemical impedance spectroscopy were measured according to
previous methods.44

Fabrications and Measurements of Solar Cells. The
preparation of the TiO2 photoanodes and counter electrodes, as well
as the fabrication and measurement of solar cells, was performed
according to previous work.45 The TiO2 photoanodes were immersed
in 0.3 mM N719 (Solaronix SA, Switzerland) dye solution in ethanol
for 12 h. The adsorption of the benzo[a]carbazole-based dyes on TiO2
was carried out in 0.3 mM dye solution in THF for 12 h. The amounts
of dye loading were determined by dye desorption into a basic solution
(0.1 M NaOH in THF/H2O = 1:1) followed by spectroscopic
measurement. The liquid iodine electrolyte consisted of 0.3 M DMPII,
0.1 M LiI, 0.05 M I2, and 0.5 M 4-tert-butylpyridine in CH3CN.

Synthesis of Compound 4. A mixture of compound 2 (1.38 g,
3.15 mmol), bis(pinacolato)diboron (1.12 g, 4.73 mmol), potassium
acetate (1.81 g, 18.5 mmol), and Pd(dppf)Cl2·CH2Cl2 (0.18 g, 0.22
mmol) in 1,4-dioxane (25 mL) was stirred and heated at 85 °C for 4 h
under a nitrogen atmosphere. After the solvent was removed, the
mixture was redissolved in CH2Cl2 and washed thrice with water. After
being dried by anhydrous Na2SO4, the solvent was removed, and the
crude product was isolated by silica-gel column chromatography using
CH2Cl2 as the eluent to give compound 4 as a colorless liquid (yield:
81.5%). 1H NMR (400 MHz, CDCl3) δ 9.24 (d, J = 8.0 Hz, 1H), 8.95
(s, 1H), 8.57 (d, J = 8.3 Hz, 1H), 7.80 (s, 1H), 7.71 (t, J = 7.3 Hz,
1H), 7.66 (t, J = 7.3 Hz, 1H), 7.43 (d, J = 8.9 Hz, 1H), 7.20 (d, J = 8.8
Hz, 1H), 4.68−4.42 (m, 2H), 4.07 (s, 3H), 2.39−2.20 (m, 1H), 1.44−
1.22 (m, 8H), 1.01−0.85 (m, 6H). 13C NMR (101 MHz, CDCl3) δ
154.32, 137.43, 137.18, 136.44, 130.29, 130.07, 125.03, 124.59, 123.34,
122.74, 122.45, 118.76, 114.59, 110.86, 101.56, 83.56, 55.97, 53.55,
50.10, 39.64, 30.66, 28.61, 25.12, 23.99, 23.13, 14.14, 10.93. HR-MS
(MALDI): m/z [M]+ calcd for C31H40BNO3, 485.3101; found,
485.3098.

Synthesis of Compound 5. Under a nitrogen atmosphere, a
mixture of compound 4 (700 mg, 1.60 mmol), 5-formylfuran-2-
boronic acid (274 mg, 1.76 mmol), Pd(dppf)Cl2·CH2Cl2 (105 mg,
0.13 mmol), K2CO3 (730 mg, 2.30 mmol) in toluene (25 mL), and
methanol (5 mL) was stirred and heated at reflux for 5 h before it was
poured into water. The organic phase was separated and dried by
anhydrous Na2SO4. After the solvent was removed under vacuum, the
residue was isolated by silica-gel column chromatography using
CH2Cl2 as the eluent to give compound 5 as an orange liquid (yield:
77.2%). 1H NMR (400 MHz, CDCl3) δ 10.01 (s, 1H), 8.55 (d, J = 8.4
Hz, 1H), 8.37 (d, J = 7.6 Hz, 1H), 8.26 (s, 1H), 7.89 (d, J = 3.8 Hz,
1H), 7.64 (t, J = 7.6 Hz, 1H), 7.60−7.53 (m, 2H), 7.46−7.42 (m, 1H),
7.41 (d, J = 3.8 Hz, 1H), 7.16 (dd, J = 8.9, 2.4 Hz, 1H), 4.62−4.48 (m,
2H), 3.98 (s, 3H), 2.38−2.14 (m, 1H), 1.41−1.21 (m, 8H), 0.92−0.84
(m, 6H). 13C NMR (101 MHz, CDCl3) δ 182.90, 154.45, 154.33,
142.87, 136.85, 136.56, 135.56, 131.18, 128.59, 126.82, 125.42, 125.26,
122.90, 122.77, 122.63, 122.55, 122.24, 118.44, 115.04, 111.01, 101.26,
55.91, 50.14, 39.66, 30.58, 28.53, 23.90, 23.06, 14.04, 10.86. HR-MS
(MALDI): m/z [M]+ calcd for C30H31NO2S, 469.2075; found,
469.2086.

Synthesis of Compound 6. The synthetic procedure was similar
to that of compound 5, and the residue was isolated by silica-gel

Figure 8. (a) Nyquist plots and (b) Bode plots for DSSCs based on
JY21−23 under −0.75 V bias.

Table 3. Electrochemical Impedance Data of DSSCs
Sensitized with JY21−23.a

dye RK (Ω) RW (Ω) f (Hz) Keff (s
−1) τ (ms) Deff (cm

2 s−1)

JY21 61.8 0.140 3.98 25.0 40.0 0.011
JY22 126 0.145 2.51 15.8 63.4 0.014
JY23 92.2 0.102 3.16 19.8 50.4 0.018

aKeff is the effective rate constant of recombination, Keff = 2πf.
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column chromatography using CH2Cl2 as the eluent to give
compound 6 as an orange liquid (yield: 74.3%). 1H NMR (400
MHz, CDCl3) δ 9.74 (s, 1H), 8.56−8.46 (m, 1H), 8.44−8.35 (m, 2H),
7.61−7.50 (m, 3H), 7.45 (d, J = 3.6 Hz, 1H), 7.32 (d, J = 9.0 Hz, 1H),
7.12 (dd, J = 8.9, 2.3 Hz, 1H), 6.89 (d, J = 3.6 Hz, 1H), 4.40−4.16 (m,
2H), 3.98 (s, 3H), 2.18−2.02 (m, 1H), 1.35−1.19 (m, 8H), 0.88−0.80
(m, 6H). 13C NMR (101 MHz, CDCl3) δ 177.04, 160.78, 154.37,
151.85, 136.46, 135.75, 130.17, 126.19, 125.46, 125.17, 124.03, 122.97,
122.73, 122.57, 121.74, 118.47, 118.20, 115.05, 111.20, 110.96, 101.23,
55.88, 49.90, 39.51, 30.56, 28.49, 23.91, 23.02, 14.03, 10.83. HR-MS
(MALDI): m/z [M]+ calcd for C30H31NO3, 453.2304; found,
453.2310.
Synthesis of Compound 7. A mixture of compound 3 (239 mg,

0.41 mmol), compound 4 (300 mg, 0.62 mmol), aqueous 1 M K2CO3
(5 mL), and Pd(PPh3)4 (35 mg, 0.03 mmol) in THF (15 mL) was
stirred and heated at reflux overnight under a nitrogen atmosphere.
After the solvent was removed, the residue was redissolved in CH2Cl2
and washed thrice with water. After being dried by anhydrous Na2SO4,
the solvent was removed under vacuum, and the crude product was
isolated by silica-gel column chromatography using CH2Cl2 as the
eluent to give compound 7 as a red liquid (yield: 88.2%). 1H NMR
(400 MHz, CDCl3) δ 9.86 (s, 1H), 8.61 (d, J = 8.4 Hz, 1H), 8.52 (d, J
= 7.3 Hz, 1H), 8.29 (s, 1H), 7.68−7.56 (m, 4H), 7.48 (d, J = 9.0 Hz,
1H), 7.31 (d, J = 3.8 Hz, 1H), 7.22 (d, J = 3.8 Hz, 1H), 7.20−7.11 (m,
2H), 4.76−4.60 (m, 2H), 3.99 (s, 3H), 2.96−2.83 (m, 4H), 2.34−2.24
(m, 1H), 1.83−1.70 (m, 4H), 1.55−1.31 (m, 28H), 0.93−0.84 (m,
12H). 13C NMR (101 MHz, CDCl3) δ 182.47, 154.20, 142.23, 141.26,
140.52, 140.18, 140.10, 139.08, 138.71, 136.60, 135.12, 134.24, 131.87,
130.67, 129.56, 127.86, 127.40, 125.95, 125.18, 124.92, 123.40, 123.02,
122.88, 122.52, 121.76, 118.60, 114.77, 110.91, 101.38, 55.90, 50.13,
39.72, 31.99, 31.96, 30.81, 30.64, 30.35, 29.83, 29.79, 29.62, 29.59,
29.57, 29.51, 29.43, 29.36, 28.59, 23.95, 23.11, 22.78, 22.77, 14.21,
14.08, 10.90. HR-MS (MALDI): m/z [M]+ calcd for C54H67NO2S3,
857.4334; found, 857.4330.
Synthesis of Compound JY21. A mixture of compound 5 (420

mg, 0.89 mmol), cyanoacetic acid (170 mg, 2.1 mmol), ammonium
acetate (280 mg, 3.6 mmol), and acetic acid (15 mL) was heated at
reflux for 3 h under a nitrogen atmosphere. After being cooled to
ambient temperature, it was precipitated by pouring into water. The
resulting solid was collected by filtration and washed thoroughly with
water. Then, the crude product was purified by silica-gel column
chromatography using CH2Cl2/CH3OH (15:1) as the eluent to give
JY21 as a deep red solid (yield: 86.7%). 1H NMR (400 MHz, acetone-
d6) δ 8.76 (d, J = 8.5 Hz, 1H), 8.57 (s, 1H), 8.51 (s, 1H), 8.40 (d, J =
8.4 Hz, 1H), 8.13 (d, J = 3.8 Hz, 1H), 7.91 (d, J = 2.2 Hz, 1H), 7.80−
7.68 (m, 2H), 7.68−7.61 (m, 1H), 7.57 (d, J = 3.8 Hz, 1H), 7.16 (dd, J
= 9.0, 2.5 Hz, 1H), 4.84 (d, J = 7.4 Hz, 2H), 3.95 (s, 3H), 2.33−2.22
(m, 1H), 1.46−1.34 (m, 4H), 1.32−1.11 (m, 4H), 0.90 (t, J = 7.4 Hz,
3H), 0.81 (t, J = 7.2 Hz, 3H). 13C NMR (101 MHz, acetone-d6) δ
163.37, 154.74, 153.44, 146.28, 139.21, 136.72, 135.64, 135.43, 133.33,
131.09, 129.00, 126.56, 125.66, 125.49, 123.06, 122.96, 122.89, 122.46,
122.36, 118.74, 116.34, 115.22, 111.41, 101.46, 55.16, 49.81, 39.68,
30.25, 28.32, 23.62, 22.76, 13.28, 10.25. HR-MS (MALDI): m/z [M]+

calcd for C33H32N2O3S, 536.2134; found, 536.2130.
Synthesis of Compound JY22. The synthetic procedure was

similar to that of JY21, and the residue was isolated by silica-gel
column chromatography using CH2Cl2/CH3OH (15:1) as the eluent
to give JY22 as a dark red solid (yield: 70.2%). 1H NMR (400 MHz,
DMSO-d6) δ 8.84 (s, 1H), 8.68 (t, J = 7.2 Hz, 2H), 7.98 (s, 1H), 7.81
(d, J = 2.3 Hz, 1H), 7.73 (dd, J = 13.2, 8.3 Hz, 2H), 7.69−7.64 (m,
1H), 7.47 (d, J = 3.5 Hz, 1H), 7.29 (d, J = 3.6 Hz, 1H), 7.14 (dd, J =
9.0, 2.4 Hz, 1H), 4.78 (d, J = 7.1 Hz, 2H), 3.90 (s, 3H), 2.13−1.98 (m,
1H), 1.34−1.06 (m, 8H), 0.79 (t, J = 7.3 Hz, 3H), 0.73 (t, J = 7.0 Hz,
3H). 13C NMR (101 MHz, DMSO-d6) δ 164.46, 157.99, 154.53,
148.62, 136.91, 135.42, 134.89, 129.71, 126.86, 126.36, 126.06, 123.33,
123.03, 122.69, 121.96, 121.93, 119.32, 119.28, 118.88, 118.67, 115.37,
112.29, 112.22, 102.06, 55.94, 49.88, 39.48, 30.14, 28.26, 23.66, 22.83,
14.18, 11.09. HR-MS (MALDI): m/z [M]+ calcd for C33H32N2O4,
520.2362; found, 520.2360.

Synthesis of Compound JY23. The synthetic procedure was
similar to that of JY21, and the residue was isolated by silica-gel
column chromatography using CH2Cl2/CH3OH (15:1) as the eluent
to give JY23 as a purple solid (yield: 81.8%). 1H NMR (400 MHz,
acetone-d6) δ 8.74 (d, J = 8.4 Hz, 1H), 8.48 (d, J = 8.2 Hz, 1H), 8.39
(s, 2H), 7.87 (d, J = 8.2 Hz, 2H), 7.71 (t, J = 8.1 Hz, 2H), 7.61 (t, J =
7.5 Hz, 1H), 7.48 (d, J = 3.5 Hz, 1H), 7.36 (d, J = 3.6 Hz, 1H), 7.27 (s,
1H), 7.15 (d, J = 8.9 Hz, 1H), 4.84 (d, J = 7.1 Hz, 2H), 3.96 (s, 3H),
3.04−2.95 (m, 2H), 2.96−2.88 (m, 2H), 2.27 (s, 1H), 1.91−1.66 (m,
4H), 1.58−1.17 (m, 28H), 0.96−0.75 (m, 12H). 13C NMR (101 MHz,
acetone-d6) δ 154.58, 145.91, 142.13, 140.86, 140.74, 140.41, 140.40,
138.50, 136.71, 134.95, 133.84, 133.27, 132.51, 131.64, 130.97, 130.94,
129.27, 128.46, 126.98, 126.40, 125.38, 125.07, 123.11, 123.05, 122.93,
122.78, 121.80, 118.74, 115.97, 114.95, 111.29, 101.43, 55.17, 49.81,
39.71, 31.75, 31.73, 30.50, 30.27, 30.00, 29.57, 29.43, 29.41, 29.37,
29.29, 29.22, 29.20, 29.18, 29.09, 28.98, 28.82, 28.79, 23.63, 22.77,
22.46, 13.49, 13.29, 10.26. HR-MS (MALDI): m/z [M]+ calcd for
C57H68N2O3S3, 924.4392; found, 924.4390.
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