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ABSTRACT: A 3-methoxythiophene-based indophenine reaction with N-(2-hexyldecyl)isatin in the presence of concentrated
sulfuric acid produces an indophenine cis−trans isomeric dynamic equilibrium system, which is dominated by the (Z,E,Z)
configuration with a trace of the (Z,Z,Z) configuration.

■ INTRODUCTION
The indophenine reaction, which is the reaction of isatin and
thiophene promoted by concentrated sulfuric acid, has long
been used to detect the presence of trace amounts of
thiophene because the reaction results in a dramatic color
change from red to blue.1 Although the indophenine reaction
was discovered as early as 1879,2 the chemical structure of
indophenine was not clarified until 1993.3 As a class of indole
derivative,4−6 indophenine-based materials are being widely
employed as organic semiconductors7−12 or textile dyes13−15

because of their unique characteristics and advantages,
including simple synthesis, easy structural modification, a
planar and rigid backbone, narrow energy-level band gap, and a
high molar extinction coefficient.

However, further advances in the applications of indophe-
nine are seriously hindered by the quinoidal cis−trans
isomerism. Indophenine contains six isomers, and it is difficult
to separate the isomers by conventional purification methods.3

The formation of cis−trans isomers is related to the free
rotation of the single bonds between each thiophene unit and
isatin moiety during quinoidization. Introduction of appro-
priate steric substituents into the two thiophene units is known
as an efficient strategy to eliminate isomerism. Li et al. reported
an all-trans thiophene-S,S-dioxidized indophenine (IDTO) by
oxidation post-modification and heating treatment on
indophenine.16 However, the intrinsic features of indophenine
have been essentially changed in terms of the optophysical and
electrochemical properties. Zhu et al. prepared an all-trans
thieno[3,4-b]thiophene-based indophenine derivative (DTIP)
via a complicated synthetic route instead of the indophenine
reaction.9 A much more ideal strategy to obtain indophenine

derivatives without isomerism still is the indophenine reaction
directly using thiophene derivatives containing steric sub-
stituents. In particular, all the indophenine reactions based on
3,4-propenedioxythiophene,17 3,4-ethylenedioxythiophene,18

or even 3,4-dimethoxythiophene19 have been recently
demonstrated to produce indophenine derivatives with a
specific (Z,E,Z) configuration along the quinoidal π-
conjugation system (Figure 1).

Considering the role of alkoxy groups in controlling the
indophenine backbone configuration, we are curious about
how small a steric hindrance can effectively inhibit isomer-
ization. For answering this question, we conducted a 3-
methoxythiophene (3MeT)-based indophenine reaction to
examine the effect of a single-alkoxy-group-substituted
thiophene on isomerism. To our delight, the unsymmetric
structure of 3MeT did not yield more indophenine isomers
despite the six bonding modes available for the formation of
the quinoidal bithiophene unit and the possible cis−trans
isomerism between thiophene and isatin (Figure 2). In
contrast, a (Z,E,Z) configuration-dominated indophenine
(Z,E,Z)−(Z,Z,Z) isomeric dynamic equilibrium system was
obtained as the reaction product (Scheme 1).
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■ RESULTS AND DISCUSSION
Scheme 1 outlines the indophenine reaction based on 3MeT
and N-(2-hexyldecyl)isatin in toluene in the presence of
concentrated sulfuric acid. The 2-hexyldecyl group was used to
increase the solubility of the final product, thus facilitating
isolation. The thin layer chromatography (TLC) of the
resultant mixture revealed a thick blue spot at the top position
(1a) and a very light blue spot at the bottom position (1b). In
particular, the main component 1a was easily separated via
column chromatography, although a trace amount of 1b always
accompanied. The 1H nuclear magnetic resonance (NMR)

spectrum of 1a was well defined with only one singlet peak,
two doublet peaks, and two triplet peaks in the aromatic region
(Figure 3), clearly indicating the inhibition of isomers. The
appearance of the singlet peaks at 6.83 ppm (Hm) and 4.07
ppm (Hn) was attributed to the protons on 3MeT, indicating a
symmetric quinoidal bithiophene configuration. Compared
with the Ha (7.60 ppm) of the isatin molecule, the Hf (8.16
ppm) of the indophenine molecule shifted downfield by 0.56
ppm owing to a partially negatively charged oxygen on the
adjacent methoxy group.20 This result implied that the two
methoxy groups may be on the outside of the quinoidal
bithiophene moiety18 and that the structure may be in
agreement with the (Z,E,Z) or (Z,Z,Z) configuration.

To further determine the position of the two methoxy
groups, two-dimensional (2D) 1H−1H correlated spectroscopy
(COSY) and nuclear Overhauser effect spectroscopy
(NOESY) NMR spectra of 1a were first recorded (Figure
4). The results showed no correlation between the protons on
the thiophene and benzene rings. In addition, further oxidation
of 1a by mCPBA followed by heating produced one single
product 2a that was identified as an all-trans configuration, as
previously reported.16 An oxidized thiophene-based indophe-
nine 2a′ without any methoxy group was also prepared for
comparison.21 It was observed that the Ho′ peak (doublet, 8.69
ppm) for 2a′ disappeared in the NMR spectrum for 2a and the

Figure 1. Structures of pure indophenine derivatives.

Figure 2. Bonding modes A−F for quinoidal bithiophene.

Scheme 1. Synthesis of 3MeT Indophenines 1a and 1b (Left) and the TLC (Right) Result for the Reaction Mixture
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Hm′ peak (singlet, 6.96 ppm) in 2a was located in the relatively
high-field region�similar to the Hm′ peak (doublet 7.58 ppm)
for 2a′ (Figure 5). The chemical shift difference of the Hm′
peak in 2a and 2a′ was due to the shielding effect of the
electron-donating methoxy group. Besides, the 2D 1H−1H
COSY or NOESY NMR spectra of 2a also did not show any
correlation between the protons on thiophene and the benzene
ring (Figure S3). Therefore, the two methoxy groups were

speculated to lie on the two external positions of the quinoidal
bithiophene.

The previously reported results indicated that the existence
of alkoxy groups close to the isatin moiety forces the formation
of a cis configuration between thiophene and isatin.17−19 The
same situation was observed in the case of 3MeT indophenine
and was confirmed by monitoring the oxidation of 1a.
Although oxidation of 1a to generate 2a was observed to be

Figure 3. Partial 1H NMR spectra for comparing the proton positions of N-(2-hexyldecyl)isatin and 1a (9.0−3.0 ppm).

Figure 4. Partial 2D 1H−1H COSY (left) and NOESY (right) NMR spectra of 1a (8.5−6.5 ppm).

Figure 5. Partial 1H NMR of indophenine derivatives 2a and 2a′ (9.0−3.0 ppm).
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relatively easy and fast because of the electron-donating
property of the methoxy groups, the structural transformation
was captured via the TLC (Figure S4). The primary oxidation
product 2c was gradually converted to a low-polarity substance
2b and finally to 2a over time.16 After reaction for 60 min at
room temperature (25 ± 5 °C), only 2a existed; this situation
did not change even after further heating at 110 °C for 30 min.
Therefore, 2a−2c were suggested to be (E,E,E), (Z,E,E), and
(Z,E,Z) configurations, respectively. Thus, the structure of 2c
suggests the cis configuration between thiophene and isatin for
1a (Figure 6).

Then, to verify the preference of 3MeT indophenine
between the (Z,E,Z) and (Z,Z,Z) configurations, the energy
information of the two configurations was calculated using the
density functional theory (DFT) method22 (Figure 7). The

(Z,E,Z) configuration had relatively lower energy than the
(Z,Z,Z) configuration, with an energy difference of 16.04 kJ/
mol. Moreover, the very low dipole moment of the (Z,E,Z)
configuration was in accordance with the low polarity of 1a.
This result indicates that 1a should exhibit the (Z,E,Z)
configuration.

The small energy difference between (Z,E,Z) and (Z,Z,Z)
suggests the existence of (Z,Z,Z). In fact, when the
indophenine reaction product was examined by TLC, the
spot with a higher polarity (1b) was found to be highly related
to the (Z,Z,Z) configuration (Scheme 1). In one isolation
operation, 1b was carefully obtained with a yield of less than
1%. To our surprise, the most of the isolated 1b had already
converted to 1a, resulting in a 1a/1b mixture again, as
confirmed by TLC (Figure S5). Besides, the isolated 1a and 1b
also showed almost the same 1H NMR spectra, high-resolution
mass spectrometry (HRMS) result, elemental analysis result,
infrared spectra, and UV−vis spectra (Figures S6−S9, Table
S1). This meant that the cis configuration of the central double
bonds was relatively unstable, and its conversion to the trans
configuration was preferred (Figures S10 and S11). The
balance ratio of 1b to 1a was calculated to be less than 1/55.
Consequently, we could not characterize 1b well. Although the
newly isolated 1a was also converted to a mixture of 1a and 1b,
the trace amount of 1b could not be easily distinguished from
the NMR spectrum of 1a.

The condition of 3MeT-based indophenine reaction was
screened according to the yield of 1a (Table S2). One
equivalent of thiophene to isatin that dissolved in toluene,
which reacted under the promotion of 10 equiv of sulfuric acid
at 0 °C for 1 h, was regarded as the optimal condition for
synthesizing 1a with the best yield of 55%. In addition, the
ratio of 1a to 1b did not show any obvious change throughout
the condition-screening experiments.

Under the optimized reaction conditions, we explored the
applicability of such 3MeT-based indophenine reaction for
synthesizing indophenine derivatives (Scheme 2). Isatin
derivatives containing methyl, methoxy, fluorine, or bromine
were all capable of producing the corresponding 3MeT
indophenine derivatives. Specifically, the ease of introduction
of bromine atoms facilitated the rational design of 3MeT

Figure 6. Oxidation of 1a and the structural transformation of 2c to 2a.

Figure 7. Energy information of (Z,Z,Z) and (Z,E,Z) configurations.

Scheme 2. Synthetic Routes for Compounds 1 and 3−6
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indophenine-based materials.18,19 Moreover, 5-methoxy isatin-
based indophenine reaction had a relatively low reaction speed.
Isatin was not completely consumed until 1.5 h, indicating the
difficulty of protonation of 5-methoxy isatin because of the
strong electron-donating property of the methoxy group.
Similar to compound 1, reaction products 3−6 also presented
a (Z,E,Z)-configuration-dominated cis−trans isomerism equi-
librium system, as indicated by their NMR spectra and
calculation results (Table S3).

The thermogravimetric (TG) analyses of compounds 1 and
3−6 were recorded (Figure 8a). The results showed that the
temperature of 1 at 5% weight loss was 203 °C. The
introduction of the Br atom, F atom, methyl group, and
methoxy group caused a gradual increase in the decomposition
temperature to 207−325 °C. In particular, the introduction of
methoxy groups in isatin moieties caused a drastic increase in
the thermal decomposition temperature to 325 °C, which
might be ascribed to the intramolecular interaction between
methoxy groups (Figure S11). The high decomposition points
of the 3MeT indophenines indicate their good thermal
stability.

The optical properties were evaluated by recording the
ultraviolet (UV)−visible absorption spectra (Figure 8b, Table

1). The blue 3MeT indophenine derivatives in dichloro-
methane exhibited an intense band because of the π−π*
transition of the quinoidal thiophene system. Their maximum
absorption wavelengths (λmax) were in the range of 616−637
nm with molar extinction coefficients of 41 146−79 734 L·
mol−1·cm−1. Among them, the methoxy-group-substituted
3MeT indophenine derivative showed the most blue-shifted
λmax of 616 nm, the highest ε of 79 734 L·mol−1·cm−1, and the
widest Δv1/2 of 147 nm. Compared with the absorption in the
solution state, the absorption of the 3MeT indophenine as a
film exhibited much broader curves (Figure S12). Their
maximum absorption wavelengths blue-shifted with 33−64
nm, indicating their H-type aggregation in the solid state.23

The cyclic voltammetry (CV) curves of 1 and 3−6 in
dichloromethane (10−3 mol·L−1) showed that these com-
pounds exhibited a one-electron oxidation process and a two-
electron reduction process (Figure 8c). The highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) energy levels for compound 1 were −4.97
and −3.41 eV, respectively, with a band gap of 1.56 eV (Table
1). The introduction of methyl and methoxy groups slightly
increased the energy levels of the corresponding 3MeT
indophenines because of their electron-donating property.

Figure 8. (a) TG curves, (b) ultraviolet (UV)−visible (vis) absorption spectra in DCM, and (c) CV curves for 3MeT indophenines.

Table 1. Optophysical and Electrochemical Data for 1 and 3−6

λmax/nm
a λmax/nm

b ε/L·mol−1·cm−1 Δv1/2/nm
a EHOMO/eV

c ELUMO/eV
c band gap/eVd

1 630 595 (850) 41 100 106 −4.97 −3.41 1.56
3 633 580 65 300 112 −4.97 −3.44 1.53
4 616 561 79 700 147 −4.91 −3.40 1.51
5 633 577 77 200 134 −5.12 −3.55 1.57
6 637 569 74 300 120 −5.09 −3.52 1.57

aMeasured in CH2Cl2.
bRecorded as film. cCalculated using the first oxidation/reduction potentials relative to ferrocene. dBand gap = ELUMO −

EHOMO.

Figure 9. Low-lying ground-state molecular geometries and electron cloud density distributions for 3MeT indophenines.
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The HOMO energy levels for compounds 3 and 4 were −4.97
and −4.91 eV, respectively, while the LUMO energy levels
were −3.44 and −3.40 eV, respectively. In contrast, when the F
or Br atom was introduced, the HOMO energy levels for
compounds 5 and 6 slightly decreased to −5.12 and −5.09 eV,
respectively, while the LUMO energy levels slightly reduced to
−3.55 and −3.52 eV, respectively. Nevertheless, their band
gaps remained almost unchanged regardless of the effect of
substituents.

To deeply understand the molecular geometries and
electronic structures of the 3MeT indophenine derivatives,
DFT calculations were performed at the B3LYP/6-311g++**
level.22 To simplify the calculations, the long alkyl chains were
replaced by methyl groups (Figure 9). All atoms on the
backbone of the 3MeT indophenine molecules were in the
same plane as those containing the methoxy groups. It was
thought that the high molecular planarity was beneficial to the
intermolecular charge transfer. The HOMO and LUMO
electron cloud densities were evenly distributed along the
indophenine quinoidal π-conjugation system. The oxygen
atoms on thiophene made a large contribution to both HOMO
and LUMO. Therefore, the 3MeT indophenine derivatives
exhibited relatively higher energy levels than the other reported
indophenines.16,17,21 The substituent effects on the HOMO/
LUMO energy levels and band gap were consistent with the
experimental results.

Based on the above experimental results and literature
reports, we speculated that the mechanism of the 3MeT-based
indophenine reaction was as follows (Figure 10). First, the 3-
carbonyl group of isatin (I) was protonated to generate cation
II under the promotion of a strong acid. Because of the high
electron cloud density, the hydrogen at the 2-position in 3MeT
was replaced by II to generate tertiary alcohol IV. Therefore,
the two methoxy groups in the final indophenine structure
were on the outside close to isatin. Alcohol IV reacted with the
acid and dehydrated to form the cation V, which in turn
attacked another IV to form VI. Finally, the dehydration of VI
generated a long quinoidal π-conjugation system to yield blue
indophenine compound VII, which mainly existed in the
energetically stable (Z,E,Z) configuration because of the steric
hindrance of methoxy groups.

■ CONCLUSIONS
In conclusion, 3MeT was demonstrated to effectively inhibit
the isomerism of the indophenine reaction. The dominant
(Z,E,Z) configuration of the 3MeT indophenines exhibited

pure NMR spectra, although a trace of the (Z,Z,Z)
configuration was always present. Interestingly, the (Z,Z,Z)
isomer could not be well characterized because it tended to
transform into the (Z,E,Z) isomer. Therefore, the production
of an isomeric dynamic equilibrium system via the 3MeT-
based indophenine reaction was demonstrated. The 3MeT
indophenine derivatives exhibited high molecular planarity,
low-energy electronic transitions, and amphoteric redox
behavior, suggesting their promising application as organic
optoelectronic materials.

■ EXPERIMENTAL SECTION
Materials and Methods. Isatin, thiophene, toluene,

sulfuric acid (98% wt), and other chemicals were purchased
from Adamas Reagent Co., Ltd. 1H NMR, 13C NMR spectra,
2D 1H−1H COSY, and NOESY NMR were recorded using an
AVANCE AV400 MHz spectrometer. The absorption spectra
were measured using a UV-756s UV spectrophotometer. The
electro-chemical performance was investigated using a
CHI1660 electrochemical workstation. The three-electrode
CV system consists of glassy carbon (working electrode),
platinum wire (auxiliary electrode), and saturated calomel
(reference electrode). HRMS data were obtained by HRMS
using a SYNAPT-G2-S HDMS spectrometer. Theoretical
calculations were performed using Gaussian software.
General Procedure for the Synthesis of 3MeT

Indophenine. Concentrated sulfuric acid (0.14 mL) was
added to the toluene solution (1.25 mL) of the isatin derivative
(0.25 mmol) and the 3-MeT (0.25 mmol) at 0 °C. The sulfuric
acid phase immediately became blue-green and then blue. The
mixture was stirred at 0 °C for 1 h until isatin was consumed as
monitored by TLC. Then, ice water (100 mL) was added to
quench the reaction. The reaction mixture was extracted with
ethyl acetate (30 mL × 3), and the organic phase was
combined and dried over anhydrous sodium sulfate. After
removal of the organic solvent by evaporation under reduced
pressure, the obtained crude product was further purified by
silica gel chromatography (eluent for 1a: Vpetroleum ether/
Vethyl acetate = 10/1; for 1b: Vpetroleum ether/Vethyl acetate = 10/3)
to give the target blue 3MeT indophenines [a mixture of
(Z,E,Z) and (Z,Z,Z) configurations].

1a, dark-blue solid, 64 mg, yield: 55%. mp: 95−97 °C. 1H
NMR (CDCl3, 400 MHz): δ 8.16 (d, J = 7.2 Hz, 2H), 7.16
(dd, J1 = J2 = 6.8 Hz, 2H), 6.97 (dd, J1 = 8.0 Hz, J2 = 7.6 Hz,
2H), 6.83 (s, 2H), 6.78 (d, J = 7.6 Hz, 2H), 4.07 (s, 6H), 3.68
(d, J = 7.6 Hz, 4H), 1.91 (m, 2H), 1.30−1.22 (m, 48H), 0.87−

Figure 10. Proposed mechanism for the 3MeT-based indophenine reaction.
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0.84 (m, 12H). 13C NMR (CDCl3, 100 MHz): δ 168.48,
162.60, 142.24, 142.05, 135.13, 127.61, 125.71, 122.02, 121.39,
113.95, 109.93, 108.25, 58.54, 44.86, 36.63, 31.97, 31.93,
31.86, 31.79, 30.03, 29.74, 29.57, 29.41, 29.33, 26.61, 22.71,
22.69, 14.16, 14.13. HRMS (ESI, m/z): calcd for
C58H83N2O4S2, 935.5794; found, 935.5756 [M + H]+. 1b,
dark-blue solid, <1.0 mg, yield: <0.9%, this isolated substance
quickly converted to the 1a/1b equilibrium system.

3a, dark-blue solid, 65 mg, yield 53%. mp: 97−99 °C. 1H
NMR (CDCl3, 400 MHz): δ 8.00 (s, 2H), 6.99 (d, J = 8.0 Hz,
2H), 6.84 (s, 2H), 6.69 (d, J = 8.0 Hz, 2H), 4.07 (s, 6H), 3.67
(d, J = 7.2 Hz, 4H), 2.36 (s, 6H), 1.91 (m, 2H), 1.29−1.22 (m,
48H), 0.87−0.84 (m, 12H). 13C NMR (CDCl3, 100 MHz): δ
168.50, 162.48, 141.91, 139.98, 135.01, 130.29, 128.09, 126.49,
122.03, 114.08, 109.82, 107.90, 58.35, 44.87, 36.60, 31.93,
31.86, 31.83, 31.77, 30.02, 29.74, 29.56, 29.33, 26.60, 22.70,
21.70, 14.15, 14.12, two aliphatic peaks are not shown due to
the superimposition. HRMS (APCI, m/z): calcd for
C60H87N2O4S2, 963.6107; found, 963.6079 [M + H]+. 3b,
dark-blue solid, <1.0 mg, yield: <0.8%, this isolated substance
quickly converted to the 3a/3b equilibrium system.

4a, dark-blue solid, 62 mg, yield 50%. mp: 100−102 °C 1H
NMR (CDCl3, 400 MHz): δ 7.85 (s, 2H), 6.84 (s, 2H), 6.74
(d, J = 8.0 Hz, 2H), 6.66 (d, J = 8.0 Hz, 2H), 4.09 (s, 6H),
3.83 (s, 6H), 3.66 (d, J = 8.0 Hz, 4H), 1.90 (m, 2H), 1.29−
1.22 (m, 48H), 0.84−0.85 (m, 12H). 13C NMR (CDCl3, 100
MHz): δ 168.26, 162.34, 154.54, 142.22, 136.30, 135.28,
122.56, 114.17, 113.13, 111.80, 109.90, 108.12, 58.62, 55.57,
44.86, 36.64, 32.01, 30.12, 29.82, 29.65, 29.42, 26.71, 22.78,
14.22. HRMS (APCI, m/z): calcd for C60H87N2O6S2,
995.5963; found, 995.6000 [M + H]+. 4b, dark-blue solid,
<1.0 mg, yield: <0.8%, this isolated substance would quickly
convert to 4a/4b equilibrium system.

5a, dark-blue solid, 57 mg, yield 47%. mp: 96−98 °C. 1H
NMR (CDCl3, 400 MHz): δ 7.72 (dd, J1 = 10.4 Hz, J2 = 2.4
Hz, 2H), 6.77 (s, 2H), 6.74−6.71 (m, 2H), 6.55 (dd, J1 = 8.4
Hz, J2 = 4.8 Hz, 2H), 4.07 (s, 6H), 3.65 (d, J = 7.6 Hz, 4H),
1.85 (m, 2H), 1.28−1.22 (m, 48H), 0.87−0.84 (m, 12H). 13C
NMR (CDCl3, 100 MHz): δ 168.22, 162.45, 157.00, 143.04,
138.06, 135.69, 122.49 (d, J = 9.9 Hz), 113.63, 113.38, 112.53,
110.07, 107.97 (d, J = 8.9 Hz), 58.61, 44.93, 36.56, 31.92,
31.84, 31.80, 30.02, 29.72, 29.55, 29.32, 26.60, 22.69, 22.67,
14.13, 14.11, two aliphatic peaks are not shown due to the
superimposition. 19F NMR (CDCl3, 400 MHz): δ 122.37.
HRMS (APCI, m/z): calcd for C58H81F2N2O4S2, 971.5606;
found, 971.5561 [M + H]+. 5b, dark-blue solid, <1.0 mg, yield:
<0.8%, this isolated substance quickly converted to the 5a/5b
equilibrium system.

6a, blue solid, 65 mg, yield 48%. mp: 97−99 °C. 1H NMR
(CDCl3, 400 MHz): δ 7.82 (d, J = 8.0 Hz, 2H), 6.96 (d, J = 8.0
Hz, 2H), 6.72 (s, 2H), 6.69 (s, 2H), 4.05 (s, 6H), 3.56 (d, J =
7.2 Hz, 4H), 1.80 (m, 2H), 1.33−1.23 (m, 48H), 0.87−0.84
(m, 12H). 13C NMR (CDCl3, 100 MHz): δ 58.76, 44.87,
36.52, 32.04, 31.97, 31.86, 31.81, 30.13, 29.83, 29.69, 29.45,
26.64, 22.82, 14.26 (no peak was observed in the aromatic
region). HRMS (APCI, m/z): calcd for C58H81Br2N2O4S2,
1093.3948; found, 1093.3979 [M + H]+. 6b, dark-blue solid,
<1.0 mg, yield: <0.7%, this isolated substance quickly
converted to the 6a/6b equilibrium system.
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