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ABSTRACT: 1,4-Diaryl-1-thio-1,3-butadiene derivatives having a π-
donor dimethylamino group and several π-acceptor substituents at both
terminals of the conjugated system were synthesized by intramolecular
[4 + 2] cycloaddition of 1-thio-enynes and subsequent chemical
transformations. They displayed largely red-shifted absorption and
emission spectra in solution, the powder state, and in polymer films.
The derivatives with a 2,2-dicyanoethenyl group as the π-acceptor
exhibited inverted solvatochromism in both optical absorption and
fluorescence spectroscopies.

Compounds that emit red and near-infrared (NIR) light
have been attracting considerable attention from the

viewpoint of applications of fluorescence imaging in biological
study1,2 and of functional materials for optoelectronic
devices.3−5 To improve red and NIR emissions, an effective
method is the introduction of π-donor and π-acceptor
substituents into a π-conjugated system (D-π-A conjugated
system), which leads to an intramolecular charge transfer upon
photoexcitation. Up to now, large bathochromic shifts of
fluorescence have been observed.4 However, there still remain
problems in improving photostability and the fluorescence
quantum yield in the solid state.1e,2e There are only a few
examples in the solid state of emission maxima of over 700 nm
with efficient quantum yields.4

Swager and co-workers have studied for decades the
photophysical features of iptycenes represented by triptycene.6

Yang and co-workers recently discussed the effects of iptycene
scaffolds on the photoluminescent properties of D-π-A-type 4-
aminobenzonitriles from the viewpoint of the steric effects on
solvation and the twist angles of the amino groups, as well as
the hyperconjugation between the peripheral phenylene groups
with the core π-system.7 Recently, we have developed highly
fluorescent compounds 1 that contain 1-thio- and 1-seleno-1,3-
butadiene conjugated systems as fluorophores secured in a rigid
dibenzobarrelene skeleton (Figure 1).8 We have also reported
4-aza9 and thiophene-fused10 derivatives and phosphorescent
chalcogenaplatinacycles fused with dibenzobarrelene or tripty-
cene,11 indicating that rigid and bulky iptycene skeletons can
play important roles regarding their photoluminescent proper-
ties.6,7,12 In this study, we demonstrate the development of red
and NIR light emitters with efficient quantum yields in solution
and in solid states by constructing D-π-A conjugated systems
based on 1,4-diphenyl-1-thio derivative 2. Some compounds are

found to exhibit NIR emissions in polymer films with high
efficiency.
We employed the NMe2 group as the π-donor and NO2 (a),

CN (b), CHO (c), and CHC(CN)2 (d) groups as the π-
acceptors for the D-π-A conjugated systems (3 and 4, Figure
1). The target compounds 3 and 4 were synthesized as depicted
in Scheme 1. The reaction of AntS− (Ant = 9-anthryl),
prepared in situ by the reduction of (AntS)2 with NaBH4, with
diyne 5a or 5b, produced two regioisomers 3a and 4a or 3b and
4b, respectively, through intramolecular [4 + 2] cycloadditions
of intermediates 6.6 In the syntheses, 3a and 3b were the major
products, and in the case of the nitro derivatives, only a trace
amount of compound assignable as 4a was detected in the 1H
NMR spectrum of the reaction mixture. Formyl derivatives 3c
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Figure 1. Structures of 1-thio- or 1-seleno-1,3-butadiene derivatives
1−4.
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and 4c were synthesized by the reduction of a mixture of cyano
derivatives 3b and 4b with DIBAL-H, followed by hydrolysis
under acidic conditions. 2,2-Dicyanoethenyl derivatives 3d and
4d were synthesized by treatment of a mixture of 3c and 4c
with dicyanomethane in the presence of Al2O3.

13 The
regioisomers were separated by silica-gel column chromatog-
raphy. Their structures were determined by spectroscopic
means and X-ray crystallography. Figure 2 exhibits an ORTEP
drawing of 4d (see the Supporting Information for others,
Figures S1−S6). The two terminal aryl groups in 4d possess
high planarity to the 1-thio-1,3-butadiene conjugated system,
forming a pseudoplane. As shown in Figure 2 (right), due to
the π−π-stacking of the pseudoplanes in a head-to-tail manner,
4d forms a somewhat slipped column structure with alternate
mean-plane distances of 3.318 and 3.452 Å. This type of π−π
stacking in a head−tail manner is unique for 4d in 3a−d and
4b−d. The torsion angles of C6H4NMe2 and C6H4CH
C(CN)2 groups are 6.9(5)° and 4.5(5)°, respectively, the latter
of which is remarkably small compared with those of the others
(30.2(3)−45.1(3)°) (see the Supporting Information, Tables
S1−S7).

Photophysical properties of 3 and 4 in CH2Cl2 are
summarized in Table 1 together with the corresponding data

of 2 for reference. The long-wavelength absorption maxima of 3
and 4 are largely red-shifted by 58−180 nm compared with that
of 2 (λabs = 378 nm) (Figure 3, left). The emission spectra also
exhibit large red shifts (Figure 3, right). In particular, the
emission maxima (λem) of 2,2-dicyanoethenyl derivatives 3d
and 4d reached the NIR region, 735 and 748 nm, respectively,
which is evidence of a red shift of ca. 250 nm from that of 2
(λem = 491 nm). These bathochromic shifts in the optical
absorption and emission spectra indicate that the conjugations
are effectively extended by π-donor and π-acceptor substituents
introduced at both terminals of 2. The fluorescence quantum
yields (ΦF) of 3b, 4b, 3c, and 4c are moderate to high (0.42−
0.76). 3d and 4d have low ΦF values down to 0.06 and 0.01,
respectively. ΦF of 3a decreased to 0.003. Similar fluorescence
quenching of nitro compounds has been reported.14

Solvent effects on the photophysical properties of 3b−d and
4b−d were investigated.15 In cases of compounds having CN
(b) or CHO (c) as the π-acceptor, whereas the solvent effects
on long-wavelength absorption were rather small, large
bathochromic shifts of emission (73 (3b), 108 (4b), 81 (3c),
and 138 (4c) nm) were observed with the increase of the
solvent polarity from hexane to MeCN (see the Supporting
Information, Figures S8−S11 and Tables S8−S11). This
positive solvatochromism of emission suggests that their
excited states are stabilized by solvation in polar solvents.

Scheme 1. Synthesis of 3 and 4

Figure 2. ORTEP drawing of 4d (left) and a part of the packing structure (right).

Table 1. Photophysical Properties of 3 and 4 in CH2Cl2
a

compound
λabs (ε)/nm
(/M−1 cm−1)

λem/
nm

Stokes shift/cm−1

(nm) ΦF
b

3a 484 (20000) 625 4600 (141) 0.003
3b 436 (29000) 599 6200 (163) 0.42
4b 451 (20000) 601 5500 (150) 0.76
3c 449 (27000) 616 6000 (167) 0.46
4c 464 (16000) 645 6000 (181) 0.54
3d 543 (12000) 735 4800 (192) 0.06
4d 558 (25000) 748 4600 (190) 0.01
2 378 (23000) 491 6100 (113) 1.0

a1 × 10−5 M in CH2Cl2 at room temperature. bAbsolute emission
quantum yields determined with a calibrated integrating sphere
system.
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The photoluminescent color of the formyl derivative 4c
changes dramatically from yellowish green in hexane (λem =
531 nm, ΦF = 1.0) and orange in toluene (λem = 584 nm, ΦF =
0.92) to red in MeCN (λem = 669 nm, ΦF = 0.36) (see the
Supporting Information, Figure S11). As a result, Stokes shifts
become larger with the increase of solvent polarity to lead to
good linear correlations in Lippert−Mataga plots for 3b, 4b, 3c,
and 4c (see the Supporting Information, Figure S14).16

Interestingly, in the cases of 3d and 4d, their long-wavelength
absorptions and emissions displayed inverted solvatochrom-
ism17 (see the Supporting Information, Tables S12 and S13 and
Figures S12 and S13 for optical absorption spectra). Long-
wavelength absorptions of 3d and 4d showed positive
solvatochromism from hexane to CHCl3 (30 and 25 nm,
respectively) and then negative solvatochromism from CHCl3
to MeCN (−36 and −35 nm, respectively). Inverted
solvatochromism has been discussed on several types of
betaine dyes18 and D-π-A-type compounds19 for decades, and
the origin has been presumed to be the change of the ground-
state electronic state.17 This seems to be the present case,
implying the increase of the contribution of charge-separated
resonance structures in their ground states in polar solvents.
The magnitude of the inverted solvatochromism of 3d and 4d
for optical absorption is rather smaller than those of the betaine
dyes18 and comparable to those of reported D-π-A-type
compounds.19

As for emissions of 3d and 4d, much larger inverted
solvatochromisms were observed. Figure 4 shows the emission
spectra of 3d and 4d; red shifts from hexane to CH2Cl2 (124
nm for 3d) or THF (116 nm for 4d) and then blue shifts from
CH2Cl2 to DMF (79 nm for 3d) and from THF to MeCN
(124 nm for 4d). Their emission maxima in THF were
observed in the NIR region (λem = 728 nm for 3d and 750 nm

for 4d) with more than 110 nm red shifts from those in hexane.
In particular, λem of 4d was 702 nm in toluene with a relatively
high quantum yield (ΦF = 0.23). It has been reported that the
emission of 2-(2,2-dicyanoethenyl)-7-(dimethylamino)-9,9-di-
ethylfluorene showed a positive solvatochromism shifting from
528 nm in cyclohexane to 711 nm in DMSO.13 The fluorene
derivative and 3d and 4d have the same π-donor and π-acceptor
substituents, and it seems that their different solvatochromic
behaviors are attributed to the longer conjugated systems of 3d
and 4d than that of the fluorene derivative. Reports on the
inverted solvatochromism of emission are limited; it was
reported that 1-[4-(N,N-dimethylamino)phenyl]-4-(3-hydroxy-
4-nitrophenyl)-3-(E)-buten-1-yne derivatives showed positive
solvatochromism from heptane (λem = 595 nm) to CHCl3 (λem
= 666 nm) and negative solvatochromism from CHCl3 to
MeCN (λem = 473 nm) with low quantum yields (ΦF = 0.082−
0.0014).20 As far as we know, the compounds that exhibit
inverted solvatochromism of both optical absorption and
emission are quite rare.
HOMO and LUMO diagrams of 3d and 4d are depicted in

Figure 5.21 The HOMO of 3d locates on the Me2NC6H4−
C(−S)CH−CHC moiety mainly, and the LUMO locates
on the C6H4CHC(CN)2 moiety and the 1,3-butadiene
conjugated system. This is also the case for 4d. These diagrams
of HOMO and LUMO indicate that the electronic excitation of
3d and 4d take place with intramolecular charge transfer. With
respect to their HOMOs, 4d has the linear conjugated system
(S−CCH−CHC−C6H4NMe2) that is longer than the
cross-conjugated system of 3d (Me2NC6H4−C(−S)CH−
CHC), which would suggest the higher HOMO energy of 4d
than that of 3d. In fact, the experimentally obtained HOMO
level of 4d (−4.94 eV) was higher by 0.09 eV than that of 3d
(−5.03 eV), and, on the other hand, the energy difference in

Figure 3. Absorption (left) and fluorescence (right) spectra of 3 and 4 in CH2Cl2.

Figure 4. Optical absorption and fluorescence spectra of 3d (left) and 4d (right) in several solvents. λem/nm values are given in parentheses.
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LUMO levels, estimated from HOMO levels and HOMO−
LUMO gaps, was rather small (−3.14 eV for 3d and −3.11 eV
for 4d).22 A similar tendency was observed for other pairs of 3b
and 4b and 3c and 4c.
Emission properties in the powder form and in polymer films

are shown in Table 2. In the powder form, 3a−c and 4b,c

showed the emissions in the range of 574−653 nm with lower-
to-moderate quantum yields. 3d exhibited a more red-shifted
emission at 746 nm, being red-shifted by more than 263 nm
from that of 2. 4d, possessing strong π−π stacks in the
crystalline state, was found to be nonemissive. When dispersed
in poly(styrene) (PS) film, 3a−c and 4b,c displayed emissions
in the range from 565 to 644 nm, and 3d and 4d did in the NIR
region (704 and 722 nm, respectively). These blue shifts
(appearance of photoluminescence for 4d), in contrast to those
in the powder states, indicate that intermolecular interactions
such as π−π stacking in the powder form, which contribute to
lengthening of emission wavelengths and quenching of
luminescence, are replaced by weaker intermolecular inter-
actions with PS. The quantum yield of 3d (ΦF = 0.22) is
comparable to the highest value ever reported.4 In more polar
poly(methyl methacrylate) (PMMA) films, 3a−d and 4b−d
showed emissions at 564−721 nm with low-to-moderate
quantum yields (ΦF = 0.02−0.49). The stronger intermolecular
interactions with PMMA led to red-shifted emissions for 4b, 4c,
and 3d, almost no changes for 2, 3a, 3b, and 3c, or a substantial
blue shift for 4d. The exceptional blue shift of 4d seems to be a
behavior similar to that observed in its negative solvatochrom-

ism in polar solvents. Photographs of 3d in PMMA and PS
films under irradiation at 365 nm are shown in Figure 6d.
In summary, we have presented that the dibenzobarrelene-

based, D-π-A-type compounds 3 and 4 are materials that
photoluminesce with red and NIR lights in a solution, the solid
state, and in polymer films with good efficiencies. Compounds
3d and 4d with a 2,2-dicyanoethenyl group as the π-accepting
group displayed the inverted solvatochromism on both optical
absorption and emission in the range from nonpolar hexane to
polar MeCN and DMF. The efficiency of the NIR emission of
3d in the PS film is as high as those so far reported compounds
that emit NIR light in the solid state. The red shifts of
photoluminescence can be controlled by π-acceptors, and the
CHC(CN)2 group is the most effective in this regard among
those examined. Comparing regioisomers 3 and 4, it was
clarified experimentally and theoretically that isomer 4 has a
smaller HOMO−LUMO gap than 3 does.

■ EXPERIMENTAL SECTION
General Procedures. All melting points were determined on a

capillary tube apparatus and were uncorrected. 1H and 13C NMR
spectra were recorded on a 400 MHz spectrometer (400 MHz for 1H
and 100.6 MHz for 13C) using CDCl3 as the solvent at room
temperature. Absolute photoluminescence quantum yields were
measured by a calibrated integrating sphere system. Solvents were
dried by standard methods and freshly distilled prior to use. Column
chromatography was performed with silica gel (70−230 mesh), and
the eluent is shown in parentheses.

1-[p-(Dimethylamino)phenyl]-4-(p-nitrophenyl)-1,3-butadiyne
(5a). A solution of 1-(bromoethynyl)-4-nitrobenzene (576.1 mg, 2.59
mmol) in MeOH (25 mL) was added to a mixture of 1-
(dimethylamino)-4-ethynylbenzene (393.8 mg, 2.71 mmol), CuCl2
(8.0 mg, 0.06 mmol), and NH2OH·HCl (191.3 mg, 2.75 mmol) in
BuNH2 (6.2 mL) and MeOH (15 mL) at 0 °C under an argon
atmosphere. After stirring for 6 h at 0 °C, the mixture was stirred at
room temperature for 18 h, and then the precipitates were collected by
filtration. The residue was washed with cold MeOH and then purified
by column chromatography (hexane/CH2Cl2 = 1/1) to give 5a (412.5
mg, 56%).

5a: Orange-red powder, mp 210−211 °C decomp (hexane/
CH2Cl2).

1H NMR (400 MHz, CDCl3) δ 3.01 (s, 6H), 6.63 (d, J =
7 Hz, 2H), 7.42 (d, J = 9 Hz, 2H), 7.62 (d, J = 9 Hz, 2H), 8.19 (d, J =
9 Hz, 2H); 13C{1H} NMR (101 MHz, CDCl3) δ 40.0 (CH3), 71.8
(C), 78.7 (C), 80.3 (C), 86.9 (C), 106.9 (C), 111.6 (CH), 123.6
(CH), 129.6 (C), 132.9 (CH), 134.1 (CH), 147.1 (C), 151.0 (C).
Anal. Calcd for C18H14N2O2: C, 74.47; H, 4.86; N, 9.65. Found: C,
74.41; H, 4.82; N, 9.63.

1-(p-Cyanophenyl)-4-[p-(dimethylamino)phenyl]-1,3-butadiyne
(5b). A solution of 1-(bromoethynyl)-4-cyanobenzene (328.2 mg, 1.45
mmol) in MeOH (16 mL) was added to a mixture of 1-
(dimethylamino)-4-ethynylbenzene (189.4 mg, 1.30 mmol), CuCl2
(3.9 mg, 0.03 mmol), and NH2OH·HCl (102.6 mg, 1.48 mmol) in
BuNH2 (3.1 mL) and MeOH (8 mL) at 0 °C under an argon
atmosphere. After stirring for 6 h at 0 °C, the mixture was stirred at
room temperature for 13 h, and then the precipitates were collected by
filtration. The residue was washed with cold MeOH and then purified
by column chromatography (hexane/CH2Cl2 = 1/1) to give 5b (241.5
mg, 61%).

5b: Yellow powder, mp 190−191 °C (sublimation) (hexane/
CH2Cl2).

1H NMR (400 MHz, CDCl3) δ 3.01 (s, 6H), 6.62 (d, J = 9
Hz, 2H), 7.41 (d, J = 9 Hz, 2H), 7.54 (d, J = 9 Hz, 2H), 7.60 (d, J = 9
Hz, 2H); 13C{1H} NMR (101 MHz, CDCl3) δ 40.0 (CH3), 71.7 (C),
78.9 (C), 79.3 (C), 86.3 (C), 107.0 (C), 111.6 (CH), 111.7 (C), 118.4
(C), 127.6 (C), 132.0 (CH), 132.7 (CH), 134.0 (CH), 150.9 (C).
Anal. Calcd for C19H14N2: C, 84.42; H, 5.22; N, 10.36. Found: C,
83.93; H, 5.17; N, 10.29.

2-[p-(Dimethylamino)phenyl]-4-(p-nitrophenyl)-5H-5,9b[1′,2′]-
benzenonaphtho[1,2-b]thiophene (3a). A solution of di(9-anthryl)

Figure 5. HOMO and LUMO diagrams of 3d and 4d obtained by
DFT calculations at the B3LYP/6-31G(d) level.

Table 2. Emission Properties in the Powder Form and in
Polymer Films

λem [nm] (ΦF)
a

compound powder PMMAb PSc

3a 653 (0.09) 641 (0.19) 644 (0.22)
3b 574 (0.44) 564 (0.26) 569 (0.37)
4b 619 (0.17) 579 (0.49) 565 (0.55)
3c 624 (0.13) 591 (0.15) 594 (0.21)
4c 640 (0.14) 609 (0.42) 598 (0.49)
3d 746 (0.02) 721 (0.12) 704 (0.22)
4d n.e. (0.00) 688 (0.02) 722 (0.03)
2 483 (0.47) 484 (0.52) 483 (0.71)

aAbsolute emission quantum yields determined with a calibrated
integrating sphere system. bPoly(methyl methacrylate). cPoly-
(styrene).
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disulfide (78.3 mg, 0.19 mmol) in DMF (10 mL) was added slowly to
a solution of NaBH4 (20.3 mg, 0.34 mmol) in BuOH (25 mL) at 0 °C
under an argon atmosphere. After stirring for 30 min at 0 °C, a
solution of 5a (100.0 mg, 0.34 mmol) in DMF (10 mL) was added to
the mixture at 0 °C. The mixture was heated under reflux for 17 h, and
then the reaction was quenched by addition of saturated aqueous
NH4Cl. The mixture was extracted with CH2Cl2, and the extract was
washed with water, dried over anhydrous Na2SO4, and evaporated to
dryness. The residue was subjected to column chromatography
(hexane/CH2Cl2 = 1/1) to give 3a (106.7 mg, 63%).
3a: Dark red crystals, mp 255−256 °C decomp (hexane/CH2Cl2).

1H NMR (400 MHz, CDCl3) δ 3.03 (s, 6H), 5.57 (s, 1H), 6.70 (s,
1H), 6.71 (d, J = 9 Hz, 2H), 7.06−7.11 (m, 4H), 7.41−7.43 (m, 2H),
7.53 (d, J = 9 Hz, 2H), 7.58 (d, J = 9 Hz, 2H), 7.58−7.62 (m, 2H),
8.21 (d, J = 9 Hz, 2H); 13C{1H} NMR (101 MHz, CDCl3) δ 40.2
(CH3), 55.7 (CH), 72.8 (C), 109.2 (CH), 111.8 (CH), 121.6 (C),
122.9 (CH), 123.9 (CH), 124.1 (CH), 125.6 (CH), 126.4 (CH),
126.7 (CH), 128.0 (CH), 133.0 (C), 142.7 (C), 145.54 (C), 145.57
(C), 145.63 (C), 151.3 (C), 154.0 (C), 158.6 (C). Anal. Calcd for
C32H24N2O2S: C, 76.78; H, 4.83; N, 5.60. Found: C, 76.38; H, 4.73;
N, 5.50.
2-[p-(Dimethylamino)phenyl]-4-(p-cyanophenyl)-5H-5,9b[1′,2′]-

benzenonaphtho[1,2-b]thiophene (3b) and 2-(p-Cyanophenyl)-4-
[p-(dimethylamino)phenyl]-5H-5,9b[1′,2′]-benzenonaphtho[1,2-b]-
thiophene (4b). A solution of di(9-anthryl) disulfide (253.3 mg, 0.55
mmol) in DMF (36 mL) was added slowly to a solution of NaBH4
(50.0 mg, 1.32 mmol) in BuOH (40 mL) at 0 °C under an argon
atmosphere. After stirring for 30 min at 0 °C, a solution of 5b (297.4
mg, 1.10 mmol) in DMF (36 mL) was added to the mixture at 0 °C.
The mixture was heated under reflux for 16 h, and then the reaction
was quenched by addition of saturated aqueous NH4Cl. The mixture
was extracted with CH2Cl2, and the extract was washed with water,
dried over anhydrous Na2SO4, and evaporated to dryness. The residue
was subjected to column chromatography (hexane/CH2Cl2 = 1/1) to
give 3b (292.1 mg, 55%) and 4b (78.6 mg, 15%).
3b: Yellow crystals, mp 245−246 °C decomp (hexane/CH2Cl2).

1H
NMR (400 MHz, CDCl3) δ 3.03 (s, 6H), 5.53 (s, 1H), 6.66 (s, 1H),
6.71 (d, J = 9 Hz, 2H), 7.06−7.10 (m, 4H), 7.39−7.42 (m, 2H), 7.49

(d, J = 9 Hz, 2H), 7.57 (d, J = 9 Hz, 2H), 7.58−7.61 (m, 2H), 7.62 (d,
J = 9 Hz, 2H); 13C{1H} NMR (101 MHz, CDCl3) δ 40.2 (CH3), 55.6
(CH), 72.6 (C), 109.2 (CH), 111.7 (CH), 119.2 (C), 121.7(C), 122.9
(CH), 123.8 (CH), 125.5 (CH), 126.3 (CH), 126.8 (CH), 127.9
(CH), 132.3 (CH), 133.3 (C), 142.8 (C), 143.4 (C), 145.7 (C), 151.2
(C), 153.0 (C), 157.8 (C) (one quaternary carbon was not observed
due to overlapping or broadening). Anal. Calcd for C33H24N2S: C,
82.47; H, 5.03; N, 5.83. Found: C, 82.07; H, 4.97; N, 5.78.

4b: Orange crystals, mp 245−246 °C decomp (hexane/CH2Cl2).
1H NMR (400 MHz, CDCl3) δ 2.99 (s, 6H), 5.56 (s, 1H), 6.74 (d, J =
9 Hz, 2H), 6.97 (s, 1H), 7.03−7.11 (m, 4H), 7.32 (d, J = 9 Hz, 2H),
7.41 (dd, J = 7, 2 Hz, 2H), 7.54 (dd, J = 7, 2 Hz, 2H), 7.65 (d, J = 9
Hz, 2H), 7.71 (d, J = 9 Hz, 2H); 13C{1H} NMR (101 MHz, CDCl3) δ
40.4 (CH3), 56.7 (CH), 72.3 (C), 111.2 (C), 112.3 (CH), 118.0
(CH), 118.8 (C), 123.2 (CH), 123.3 (CH), 125.4 (CH), 125.7 (C),
126.1 (CH), 126.6 (CH), 127.7 (CH), 132.3 (CH), 138.8 (C), 142.0
(C), 142.6 (C), 143.5 (C), 146.2 (C), 150.0 (C), 150.5 (C). Anal.
Calcd for C33H24N2S: C, 82.47; H, 5.03; N, 5.83. Found: C, 82.10; H,
4.96; N, 5.76.

2-[p-(Dimethylamino)phenyl]-4-(p-formylphenyl)-5H-5,9b[1′,2′]-
benzenonaphtho[1,2-b]thiophene (3c) and 2-(p-Formylphenyl)-4-
[p-(dimethylamino)phenyl]-5H-5,9b[1′,2′]-benzenonaphtho[1,2-b]-
thiophene (4c). A solution of DIBAL-H (1.02 M in hexane, 0.70 mL,
0.69 mmol) was added slowly to a mixture of 3b and 4b (220.1 mg,
0.46 mmol, 3b:4b = 1:0.1) in toluene (4 mL) at 0 °C under an argon
atmosphere. After stirring for 13 h at room temperature, CHCl3 (20
mL) and 2 M HCl (5 mL) were added to the mixture. The mixture
was stirred for 1 h at room temperature, and then the reaction was
quenched by addition of saturated aqueous NaHCO3. The mixture was
extracted with CH2Cl2, and the extract was washed with water, dried
over anhydrous Na2SO4, and evaporated to dryness. The residue was
subjected to column chromatography (hexane/CH2Cl2 = 1/1) to give
3c (153.2 mg, 76%) and 4c (14.3 mg, 72%).

3c: Orange crystals, mp 220 °C decomp (hexane/CH2Cl2).
1H

NMR (400 MHz, CDCl3) δ 3.03 (s, 6H), 5.59 (s, 1H), 6.71 (d, J = 9
Hz, 2H), 6.72 (s, 1H), 7.05−7.11 (m, 4H), 7.40−7.45 (m, 2H), 7.56−
7.61 (m, 6H), 7.86 (d, J = 9 Hz, 2H), 9.96 (s, 1H); 13C{1H} NMR
(101 MHz, CDCl3) δ 40.2 (CH3), 55.7 (CH), 72.6 (C), 109.6 (CH),

Figure 6. Fluorescence spectra of 3 and 4 in the powder form (a), in the PS film (b), and in the PMMA film (c). Photographs of 3d dispersed in
poly(styrene) (PS) and poly(methyl methacrylate) (PMMA) films under irradiation at 365 nm (d).
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111.7 (CH), 121.8 (C), 122.9 (CH), 123.8 (CH), 125.4 (CH), 126.3
(CH), 126.7 (CH), 127.9 (CH), 130.1 (CH), 134.0 (C), 134.1 (C),
142.9 (C), 145.1 (C), 145.8 (C), 151.1 (C), 152.6 (C), 157.6 (C),
191.5 (CH). Anal. Calcd for C33H25NOS: C, 81.96; H, 5.21; N, 2.90.
Found: C, 81.55; H, 5.15; N, 2.79.
4c: Red-orange crystals, mp 220 °C decomp (hexane/CH2Cl2).

1H
NMR (400 MHz, CDCl3) δ 2.99 (s, 6H), 5.57 (s, 1H), 6.74 (d, J = 8
Hz, 2H), 7.02 (s, 1H), 7.03−7.11 (m, 4H), 7.34 (d, J = 9 Hz, 2H),
7.41 (dd, J = 6, 1 Hz, 2H), 7.56 (dd, J = 6, 1 Hz, 2H), 7.78 (d, J = 8
Hz, 2H), 7.88 (d, J = 8 Hz, 2H), 10.00 (s, 1H); 13C{1H} NMR (101
MHz, CDCl3) δ 40.4 (CH3), 56.7 (CH), 72.2 (C), 112.3 (CH), 117.9
(CH), 123.2 (CH), 123.3 (CH), 125.4 (CH), 125.8 (C), 126.1 (CH),
126.6 (CH), 127.7 (CH), 130.0 (CH), 135.6 (C), 140.2 (C), 141.7
(C), 142.7 (C), 144.3 (C), 146.3 (C), 149.9 (C), 150.7 (C), 191.4
(CH). Anal. Calcd for C33H25NOS: C, 81.96; H, 5.21; N, 2.90. Found:
C, 81.45; H, 5.13; N, 2.79.
2-[p-(Dimethylamino)phenyl]-4-[p-(2,2-dicyanoethenyl)phenyl]-

5H-5,9b[1′,2′]-benzenonaphtho[1,2-b]thiophene (3d) and 2-[p-
(2,2-Dicyanoethenyl)phenyl]-4-[p-(dimethylamino)phenyl]-5H-
5,9b[1′,2′]-benzenonaphtho[1,2-b]thiophene (4d). A suspension of
3c and 4c (200.6 mg, 0.41 mmol, 3c:4c = 1:0.7), malononitrile (56.4
mg, 0.85 mmol), and alumina (195.7 mg) in toluene (3 mL) was
stirred for 17 h at 70 °C under an argon atmosphere, and then the
reaction was quenched by addition of saturated aqueous sodium
chloride. The mixture was extracted with CH2Cl2, and the extract was
washed with water, dried over anhydrous Na2SO4, and evaporated to
dryness. The residue was subjected to column chromatography
(hexane/CH2Cl2 = 1/1 to 1/2) to give 3d (108.9 mg, 83%) and 4d
(78.7 mg, 87%).
3d: Dark purple crystals, mp 180−181 °C decomp (hexane/

CH2Cl2).
1H NMR (400 MHz, CDCl3) δ 3.05 (s, 6H), 5.60 (s, 1H),

6.72 (d, J = 9 Hz, 2H), 6.77 (s, 1H), 7.06−7.12 (m, 4H), 7.40−7.44
(m, 2H), 7.56−7.62 (m, 6H), 7.66 (s, 1H), 7.90 (d, J = 9 Hz, 2H);
13C{1H} NMR (101 MHz, CDCl3) δ 40.2 (CH3), 55.2 (CH), 72.9
(C), 80.0 (C), 109.6 (CH), 111.7 (CH), 113.3 (C), 114.4 (C), 121.6
(C), 122.9 (CH), 123.8 (CH), 125.6 (CH), 126.5 (CH), 126.9 (CH),
128.1 (CH), 128.5 (C), 131.3 (CH), 133.3 (C), 142.6 (C), 145.38
(C), 145.45 (C), 151.3 (C), 154.6 (C), 158.5 (CH), 159.2 (C). Anal.
Calcd for C36H25N3S·(H2O)0.28: C, 80.56; H, 4.80; N, 7.83. Found: C,
80.65; H, 4.67; N, 7.69 (The analytical sample was dried at 150 °C in
vacuo for 3 days, but the amount (0.28) of H2O still remained. The
amount of H2O was determined based on the 1H NMR integral ratio
of water against Me4Si by comparing with that for the deuteriochloro-
form in the same bottle).
4d: Dark purple crystals, mp 242−243 °C decomp (hexane/

CH2Cl2).
1H NMR (400 MHz, CDCl3) δ 3.00 (s, 6H), 5.58 (s, 1H),

6.74 (d, J = 9 Hz, 2H), 7.06 (s, 1H), 7.04−7.12 (m, 4H), 7.34 (d, J = 9
Hz, 2H), 7.42 (dd, J = 6, 2 Hz, 2H), 7.55 (dd, J = 6, 2 Hz, 2H), 7.66 (s,
1H), 7.75 (d, J = 8 Hz, 2H), 7.90 (d, J = 8 Hz, 2H); 13C{1H} NMR
(101 MHz, CDCl3) δ 40.3 (CH3), 56.7 (CH), 72.2 (C), 81.5 (C),
112.3 (CH), 112.9 (C), 114.0 (C), 119.1 (CH), 123.2 (CH), 123.3
(CH), 125.5 (CH), 125.6 (C), 126.1 (CH), 126.9 (CH), 127.8 (CH),
130.2 (C), 131.1 (CH), 140.4 (C), 142.4 (C), 142.9 (C), 143.7 (C),
146.2 (C), 150.1 (C), 150.5 (C), 158.3 (CH). Anal. Calcd for
C36H25N3S·(H2O)0.24: C, 80.67; H, 4.79; N, 7.84. Found: C, 80.71; H,
4.69; N, 7.73 (The analytical sample was dried at 160 °C in vacuo for 3
days, but the amount (0.24) of H2O still remained. The amount of
H2O was determined as similarly as the case of 3d).
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