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a b s t r a c t

Novel symmetric polycyclicphenazine-type fluorescent dyes have been synthesized and characterized in
solution and in polymer films. The dyes exhibited two strong absorption bands at around 365e428 nm
and 519e567 nm and an intense fluorescence band at around 560e600 nm (V ¼ 0.70e0.87) in 1,4-
dioxane. The dye-doped polymer films showed excellent wavelength conversion function that effi-
ciently convert ultraviolet and yellow lights into red light (V ¼ 0.61e0.92). Moreover, the photostability
of the dye-doped PS, PMMA, and PLA films has been investigated.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Photosynthesis and photomorphogenesis in plant growth are
significantly controlled by light quality. In general various type
wavelength conversion films such as UV, visible and near-infrared
light absorbing films have been used for a regulation of plant
growth [1e5]. It is known that red light efficiently promotes plant
growth in many kinds of plants [6e8]. However, there are few
reports on fluorescent dye-doped films evaluated as wavelength
conversion films [9,10]. It is known that blue light also promotes
the plant growth as well as red light. Therefore, we planned the
creation of wavelength conversion films that can transmit the
blue light and can convert the ranges of ultraviolet and yellow
lights into the range of red light by using fluorescent dyes. To
develop the fluorescent dyes which satisfy the conditions of the
superscription, we have performed the semi-empirical molecular
orbital calculations (PM 3 and INDO/S) and estimated approxi-
mately the absorption wavelengths of the dye molecules. In this
study, we have designed and synthesized novel symmetric
: þ81 88 844 8359.
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polycyclicphenazine-type fluorescent dyes (2, 6, 9). The photo-
physical properties of the dyes and the dye-doped polymer thin
films have also been investigated. Moreover, the photostability
has also been investigated to use the doped films as a substitute
for plant growth regulators for PLB proliferation [11,12]
(scheme1).
2. Result and discussion

2.1. Semi-empirical MO calculations (PM3, INDO/S)

We have carried out semi-empirical molecular orbital (MO)
calculations for the designed fluorophores 2, 6 and 9 to elucidate
the difference of photophysical properties. The structures of these
compounds were optimized by MOPAC/PM3 [13] and then the
electron transition spectra were calculated by the INDO/S [14e16].
The calculated first and second absorption wavelengths and the
transition character of the bands are collected in Table 1. The
changes of electron density accompanying the first electronic
excitation (HOMO / LUMO) are shown in Fig. 1, which reveal the
migration of intramolecular charge transfer from the dibutylamino
groups as donor to the central pyrazine ring as acceptor. The
calculated first and second absorption wavelengths of 2, 6 and 9
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Table 1
Calculated absorption spectra for the symmetric phenazine-type fluorescent dyes 2,
6 and 9.

Compound m[D]a Absorption
(calc.)

CI componentc Dm[D]d

lmax/nm Fb

2a 0.00 438
371

0.88
0.31

HOMO / LUMO (85%)
HOMO / LUMOþ1 (54%)
HOMO-2 / LUMO (27%)

0.00

2b 0.43 426
347

0.75
1.17

HOMO / LUMO (85%)
HOMO-1 / LUMOþ1 (67%)
HOMO / LUMOþ2 (8%)
HOMO-3 / LUMO (5%)
HOMO / LUMO (4%)

3.92

6a 0.00 440
363

1.14
0.53

HOMO / LUMO (87%)
HOMO / LUMOþ1 (63%)
HOMO-2 / LUMO (17%)
HOMO-1 / LUMOþ2 (4%)

0.00

6b 2.31 432
334

1.03
1.27

HOMO / LUMO (87%)
HOMO-1 / LUMOþ1 (59%)
HOMO / LUMOþ2 (14%)
HOMO-5 / LUMO (3%)
HOMO-2 / LUMO (3%)
HOMO / LUMO (2%)

0.32

9a 1.57 439
367

1.00
0.39

HOMO / LUMO (86%)
HOMO / LUMOþ1 (57%)
HOMO-2 / LUMO (20%)
HOMO / LUMO (4%)

0.68

9b 1.25 430
341

0.88
1.25

HOMO / LUMO (86%)
HOMO-1 / LUMOþ1 (64%)
HOMO / LUMOþ2 (11%)
HOMO-4 / LUMO (3%)
HOMO / LUMO (3%)

2.77

a The values of the dipole moment in the ground state.
b Oscillator strength.
c The transition is shown by an arrow from one orbital to another, followed by its

percentage CI (configuration interaction) component.
d The difference in dipole moment between the excited and the ground states.

O

N
N

O

Bu2N

NBu2

N
N

O

O

NBu2

NBu22a 2b

N
N

O

O

NBu2

NBu2

N
N

O

NBu2

O NBu2

6a 6b

N
N

O

NBu2

O

Bu2N

N
N

O

NBu2

O

NBu2

9a 9b

Scheme 1. Chemical structure of fluorescent dyes 2, 6 and 9.
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were 428e442 nm and 334e370 nm, respectively. Moreover, the
first absorption wavelengths and its oscillator strengths were
increased in the order of 2b (426 nm, f ¼ 0.75) < 9b (430 nm,
f ¼ 0.88) < 6b (432 nm, f ¼ 1.03), and 2a (438 nm, f ¼ 0.88) < 9a
(439 nm, f ¼ 1.00) < 6a (440 nm, f ¼ 1.14), respectively. It was
anticipated that the fluorophores which contain the benzopyran
ring exhibited the first absorption band of higher intensity at longer
wavelength region than the fluorophores which contain the
benzofuran ring. It is known that the absorption wavelengths of
INDO/S calculations are blue-shifted by ca. 50e120 nm than the
experimental values [17,18]. Therefore, we expected that the fluo-
rophores 2, 6 and 9 could convert the ranges of greeneyellow lights
into the range of red light.

2.2. Synthesis of symmetric polycyclicphenazine-type fluorescent
dyes 2, 6 and 9

The synthesis of symmetric phenazine-type fluorophores
2a,2b, 6a,6b and 9a,9b, which are structural isomers, is shown in
Schemes 2 and 3, respectively. We used polycyclic o-quinone
derivatives 1 and 3 as a starting material [19]. As shown in
Scheme 2, the fluorophores 2a and 2b were synthesized by
dimerization reaction of the o-quinone 1 in the presence of
ammonium acetate. The isomers 2a and 2b were obtained in 18%
and 20% yields, respectively. Pyrazine skeletons were generally
constructed by the condensation reaction of o-quinones with
diamine compounds [20,21], however, this reaction can directly
construct the pyrazine skeleton. Although the synthesis of the
fluorophores 6 and 9 was also tried by the same reaction
conditions, these reactions did not proceed smoothly. Therefore,
we examined the different synthetic method as shown in
Schemes 3 and 4. The o-quinones 1 and 3 were allowed to react
with hydroxylamine to give the dioximes 4 and 7 which were
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Scheme 2. Synthesis of the symmetric phenazine-type fluorescent dyes 2a and 2b.

Fig. 1. Calculated changes in electron density accompanying the first electronic excitation of the symmetric phenazine-type fluorescent dyes 2, 6 and 9. The black and white lobes
signify degreases and increase in electron density accompanying the electronic transition, respectively. Their areas indicate the magnitude of the electron density change.
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then reduced with tin chloride to give the corresponding amine
hydrochloride salts 5 and 8, respectively. The salt 5 was followed
to react with the quinone 3 to produce the isomers 6a and 6b in
46% and 5% yields, respectively. On the other hand, from the
reaction of the salt 8 with the o-quinone 3, the isomers 9a and 9b
were synthesized in 38% and trace yields, respectively. These
compounds were completely characterized by 1H-NMR, IR, and
elemental analysis. The identification of their chemical structures
was carried out by comparison of the observed and calculated
UVeVIS spectra for the compounds 2, 6 and 9 and the X-ray
Fig. 2. Molecular structure and crystal paking of 2b: (a) a molecular structure
crystal analysis of the compound 2b described in the next
section.

2.3. X-ray crystal structure of 2b

To confirm the steric configuration of the compound 2b, the
X-ray crystal structure analysis was performed. The experimental
details and the crystal data are described in the experimental
section. The crystal system was a monoclinic space group P21/a
with Z¼ 4. As shown in Fig. 2, the crystal was found to be a clathrate
, (b) a stereoview of the molecular packing structure, and (c) a side view.
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compound which consisted of 2b:CH2Cl2 (1:1) arranging in
a “bricks in a wall” fashion and the compound 2bwas confirmed to
be a b-isomer. Moreover, the X-ray crystal structure analysis
demonstrated that the molecule of 2b was twisted at the central
pyrazine part and the angle between the two p-planes of benzo-
furonaphthalene moieties was ca. 15.0�. For the other fluorophores,
we could not get good crystals suitable for the X-ray crystal
analysis.

2.4. Spectroscopic properties of symmetric polycyclicphenazine-
type fluorescent dyes 2, 6 and 9 in solution

Absorption and fluorescence spectral data are summarized in
Table 2. Figs. 3 and4 show theabsorptionandfluorescence spectra of
Table 2
Spectroscopic properties of the compounds 2, 6 and 9 in 1,4-dioxane.

Compound Absorption
lmax/nma ( 3max/dm3 mol�1 cm�1)

Fluorescence
lmax/nmb

(Fc)

SSd

Dlmax/
nm

2a 541 (36,100), 422 (55,500), 376 (34,000) 599 (0.86) 58
2b 519 (37,800), 395 (60,900), 345 (38,400) 573 (0.71) 54
6a 567 (42,200), 529e (22,200), 428

(35,600)
592 (0.86) 25

6b 545 (58,600), 508e (27,000), 394
(45,700)

562 (0.62) 17

9a 554 (53,800), 425 (62,300), 404 (39,900) 594 (0.87) 40
9b 531 (54,000), 394 (54,000), 331 (23,680) 562 (0.70) 31

a c ¼ 2.5 � 10�5M.
b c ¼ 2.5 � 10�6M.
c The F value was determined with a calibrated integrating sphere system.
d Stokes shift value.
e Shoulder absorption.
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Fig. 4. Fluorescence spectra of 2a, 2b,
the compounds 2, 6 and 9 in 1,4-dioxane. Thefluorophores 2, 6 and9
exhibited two major absorption bands at around 519 nme567 nm
( 3max ¼ 36,100e54,000) and 300e450 nm ( 3max ¼ 35,600e62,300)
and their absorption maxima were red-shifted in the order of
2b< 9b< 2a< 6b< 9a< 6a. From this result, it was found that the
absorption wavelength of the a-isomer was longer than that of the
corresponding b-isomer. Moreover, comparing among the chro-
mophores, the absorption wavelength was red-shifted in the order
of 2< 9< 6. These experimental results agreedwell with the results
of the MO calculation. On the other hand, the fluorescent dyes 2, 6
and 9 exhibited a single intense emission band at around
562 nme599 nm (F ¼ 0.62e0.86) and the quantum yields of the
isomers 2a, 6a, and 9a exhibited higher V values (V ¼ 0.86e0.87)
than those of the isomers 2b, 6b, and 9b (V¼ 0.62e0.70). Moreover,
their fluorescence maxima were red-shifted in the order of
6b ¼ 9b < 2b < 6a < 9a < 2a. The emission wavelength of the
a-isomer appeared in the long-wavelength side by 26e32 nm than
that of the corresponding b-isomer. In the comparison of the SS
value, it was found that the a-isomer exhibited larger SS value of
about 4e9 nm than the b-isomer, and that the fluorophores
including the benzofuran ring exhibited larger SS value of about
30e37 nm than thefluorophores including the benzopyran ring: the
order was 6 < 9 < 2. Though the dipole moments (m and Dm) of the
fluorophores seemed to be deeply related to these differences, we
could not find the clear correlation.

2.5. Spectroscopic properties of symmetric polycyclicphenazine-
type fluorescent dyes 2, 6 and 9 in polymer films

Polylactic acid (PLA), polymethylmethacrylate (PMMA) and
polystyrene (PS) were used as polymer medium. The dye-doped
polymer films were prepared by casting a polymer solution
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containing a fluorescent dye on a cover glass. The polymer solution
was prepared by dissolving the fluorescent dye and polymer resin
pellets in dichloromethane. The concentration of the fluorescent
dyewas 0.05 wt% and the thickness of the films was ca.100 mm. The
absorption and fluorescence spectra of various fluorescence poly-
mer films were measured. The spectroscopic data are summarized
in Table 3 and the absorption and fluorescent spectra of 2a and 2b
as examples are shown in Figs. 5 and 6, respectively. The isomers 2a
Table 3
Absorption and fluorescence spectral data of the symmetric phenazine-type fluorescent

Compound Medium Absorption
lmax/nm ( 3m

2a PLA 561, 427,
PMMA 559, 430,
PS 553, 427,

2b PLA 530, 399,
PMMA 527, 398,
PS 530, 401,

6a PLA 575, 432,
PMMA 576, 433,
PS 575, 432,

6b PLA e

PMMA (698), 553,
PS 553, 514,

9a PS 563, 430,
9b PS 541, 504,
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Fig. 5. Absorption spectra of 2a
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Fig. 6. Fluorescence spectra of 2
and 2b showed the absorption band at around 560 nm and 530 nm
and the fluorescence band at around 583e613 nm (V ¼ 0.83e0.92)
and 558e574 nm (V ¼ 0.63e0.72), respectively. On the other hand,
the isomers 6a and 6b showed the absorption band at around
575 nm and 553 nm and the fluorescence band at around
590e600 nm (V ¼ 0.61e0.74) and 560e566 nm (V ¼ 0.17e0.39),
respectively. However, the isomer 6b was easily decomposed in
PLA. In the case of the isomers 9a and 9b, only the PS film was
dyes 2, 6 and 9 in polymer films.

ax)
Fluorescence
lmax/nm (F)

SS
Dlmax/nm

379 613 (e) 52
346 602 (0.83) 43
381 583 (0.92) 30
351 574 (e) 44
350 573 (0.63) 46
351 558 (0.72) 28
409 595 (e) 20
410 602 (0.61) 27
408 590 (0.74) 15

e e

397 566 (0.17) 13
444 560 (0.39) 7
407 590 (0.82) 27
400 560 (0.61) 19
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investigated, because the photophysical behaviors of 9were almost
similar to those of 2 and 6. In the case of the isomers 9a and 9b, the
dye-doped PS films showed the absorption band at around 563 nm
and 541 nm and the fluorescence band at around 590 nm
(V ¼ 0.82) and 560 nm (V ¼ 0.61), respectively. Above data show
that the absorptionwavelengths are not so affected by the substrate
of polymer, but the emission wavelengths are considerably
Table 4
Dielectric constant of polymers and emission peak maxima of mixture of 2a and 2b.

Polymer Dielectric constant (1 MHz)
30

Emission peak maxima/nm
2

PS 2.42 586
PLA 2.56 600
EVA 2.60 596
PMMA 2.76 601
PC 2.82 593
APET 2.98 610
PVC 3.59 638
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Fig. 7. Plots of the emission peak maxima of mixture

Fig. 8. Absorption and fluorescence spectral changes
changed. It was suggested that the polarity of polymers influence
the stability of the excited state of the fluorescent dyes as similar in
solution. Hence, we have investigated the relation between the
emission wavelengths of 2 and the dielectric constant of various
polymers. The results are summarized in Table 4 and Fig. 7 shows
the relation between the emission peak maximum and the
dielectric constant of polymer films. It was found that the emission
peak tends to be red-shifted with increase in the dielectric constant
of polymers. Moreover, the dye-doped PS films exhibited higher
quantum yield than the other films, PMMA and PLA.
2.6. Photostabilities of the symmetric polycyclicphenazine-type
fluorescent dyes 2, 6 and 9 in polymer film

Photostability of the dye-doped polymer filmswere investigated
byuse of a xenone acceleratedweathering tester (Q-SunXe-1). As an
example, the absorption and fluorescence spectral changes of the
2a-doped PS film upon photoirradiation are shown in Fig. 8. The
2.8 3 3.2 3.4 3.6

ric Constant

of 2a and 2b vs dielectric constant of polymers.

of the 2a-doped PS film upon photoirradiation.
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0

10

20

30

40

50

60

70

80

90

100

2 2.2 2.4 2.6 2.8 3 3.2 3.4 3.6

Dielectric Constant

R
et

en
ti

on
 R

at
io

 (
Ft

/F
0)

 %

Fig. 10. Plot of emission retention ratio of the compound 2a vs dielectric constant of
polymers.

H.E. Ooyama et al. / Dyes and Pigments 94 (2012) 103e112110
maximum absorbance at 561 nm and themaximum fluorescence at
613 nm were gradually decreased. Fig. 9 shows the plot of the
absorption and fluorescence retention ratios vs. time in the photo-
fading process of the dyes 2a and 2b in polymer films. The retention
ratios were calculated by the following equation;

At or Ft
A0 or F0

� 100 ¼ Retention ratioð%Þ

where, A0, F0 ¼ Initial maximum absorbance or fluorescence
intensity at 0 h, At, Ft ¼ Maximum absorbance or fluorescence
intensity after t h irradiation.

The data of photostability are summarized in Table 5. It was
found that the photofading ratewas greatly depend on the polymer
substrates; the absorption and fluorescence retention ratios of the
dye-doped PS films were higher than those of the dye-doped
PMMA and PLA films. Furthermore, the structural a-isomers
always exhibited higher stability than the b-isomers. We have
investigated the correlation between the photostability and the
dielectric constant of polymers. As shown in Fig. 10, the photo-
stability of dye-doped polymer films seemed to be affected by the
dielectric constant. Thus, the dye-doped polymer films of low
dielectric constant tend to exhibit higher photostability. Thus, the
photostability of the dye-doped polymer films are considerably
changed depending on not only the natures of polymer substrate
but also the fluorophore’s skeleton.
Table 5
Absorption and fluorescence retention ratio of the symmetric phenazine-type
fluorescent dyes 2, 6 and 9 in polymer films.

Compound Medium Retention ratio (%)
After 10 h

Abs. Flu.

2a PLA 24 9
PMMA 80 79
PS 83 91

2b PLA 5 1
PMMA 5 3
PS 45 44

6a PLA 21 16
PMMA 21 28
PS 84 96

6b PLA e e

PMMA 0 0
PS 45 77

9a PS 79 92
9b PS 45 64
3. Conclusion

We have designed and synthesized novel polycyclicphenazine-
type fluorescent dyes 2a, 2b, 6a, 6b and 9a, 9b, which are struc-
tural isomers. These dyes exhibited two strong absorption bands
at around 360e430 nm and 520e570 nm and an intense fluo-
rescence band (V ¼ 062e0.87) at around 560e600 nm in 1,4-
dioxane. The 2a, 6a, 9a-doped PS films showed excellent wave-
length conversion function that efficiently convert ultraviolet and
greeneyellow lights into red light (V ¼ 061e0.92) and exhibited
good photostability.
4. Experimental

4.1. General

Melting points were determined on Rigaku Thermo Plus 2
system TG8120. IR spectra were recorded on a JASCO FT/IR-5300
spectrometer for sample in KBr pellet form. Absorption spectra
were observed with a JASCO UV-670 spectrophotometer and fluo-
rescence spectra were measured with a JASCO FP-6600 spectro-
photometer. The fluorescence quantum yields (F) of solutions and
the crystals were determined by a Hamamatsu C9920-12, which
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have absolute quantum yield measurement systems, by using
a calibrated integrating sphere. Elemental analyses were recorded
on a Perkin Elmer 2400 II CHN analyzer. 1H-NMR spectra were
recorded on a JNM-LA-400 (400 MHz) FT NMR spectrometer with
tetramethylsilane (TMS) as an internal standard. Column chroma-
tography was performed on silica gel (KANTO CHEMICAL, 60N,
spherical, neutral).

4.2. Synthesis of compounds 2a and 2b

A solution of o-quinone 1 (5.00 g, 13.2 mmol) and ammonium
acetate (16.42 g, 21.3 mmol) in acetic acid was stirred at 100 �C for
3 h. The reaction mixture was poured into cold water and then the
causing precipitate was filtered. The resulting residue was dis-
solved with CH2Cl2 and washed with water. The organic layer was
evaporated and the residue was chromatographed on silica gel
(xylene as eluent) to give 2a (0.84 g, yield 18%) as red powder and
2b (0.96 g, yield 20%) as orange power, respectively.

Compound 2a: d.p. 313 �C; IR(KBr)/cm�1: 2955, 2927, 2869, 2361,
1626,1524,1502; 1H-NMR (CDCl3,TMS) d¼ 1.04 (t, J¼ 7.56 Hz,12H),
1.46 (tq, J ¼ 7.56, 7.32 Hz, 8H), 1.72 (tt, J ¼ 7.80, 7.32 Hz, 8H), 3.44
(t, J ¼ 7.80 Hz, 8H), 6.89 (dd, J ¼ 8.76, 2.20 Hz, 2H), 7.13 (d,
J¼ 1.96 Hz, 2H), 7.83 (dd, J¼ 8.04 Hz, 2H), 7.92 (dd, J¼ 8.04 Hz, 2H),
8.19 (d, J¼ 8.76 Hz, 2H), 8.61 (d, J¼ 7.56 Hz, 2H), 9.74 (d, J¼ 8.04 Hz,
2H); elemental analysis calcd (%) for C48H50N4O2: C 80.64, H 7.05, N
7.84; found: C 80.55, H 7.11, N 7.93.

Compound 2b: d.p. 277 �C; IR(KBr)/cm�1: 2953, 2928, 2869,
1627, 1512; 1H-NMR (CDCl3,TMS) d ¼ 1.05 (t, J ¼ 7.20 Hz, 12H), 1.46
(qt, J¼ 7.20 Hz, 8H),1.70 (tt, J¼ 7.20 Hz, 8H), 3.41 (t, J¼ 7.20 Hz, 8H),
6.84 (dd, J ¼ 8.80, 2.00 Hz, 2H), 7.08 (d, J ¼ 2.00 Hz, 2H), 7.75e7.85
(m, 4H), 8.13 (d, J ¼ 9.20 Hz, 2H), 8.52 (d, J ¼ 7.20 Hz, 2H), 9.62
(dd, J¼ 8.00, 1.20, 2H); elemental analysis calcd (%) for C48H50N4O2:
C 80.64, H 7.05, N 7.84; found; C 80.35, H 7.23, N 7.86.

4.3. Synthesis of compound 4

A solution of o-quinone 3 (0.50 g, 1.33 mmol) and hydroxyl-
amine hydrochloride (6.66 g, 95.9 mmol) in pyridine was stirred
under reflux for 3 h. The reaction mixture was poured into cold
water. The precipitate was filtered and the residue was washed
with diluted hydrochloric acid and water. The residue was chro-
matographed on silica gel (CH2Cl2:ethyl acetate ¼ 20:1 as eluent).

4.4. Synthesis of compound 5

A solution of 4 (0.40 g, 0.98 mmol), tin(II) chloride (1.86 g,
9.81 mmol) and hydrochloric acid (5 ml) in ethanol was stirred at
78 �C for 2 h. After the reaction, the reaction mixture was poured
into water and the precipitate was filtered. Further purificationwas
not performed because the product was unstable in air.

4.5. Synthesis of compounds 6a and 6b

A solution of o-quinone 1 (0.37 g, 0.98mmol) and the compound
5 in ethanol was stirred at reflux for 10 h. After the reaction, the
solvent was evaporated and the residue was extracted with CH2Cl2
and washed with water. The combined organic layer was evapo-
rated. The resulting residue was chromatographed on silica (CH2Cl2
as eluent) to give 6a (0.32 g, 46% yield) as red powder and 6b
(0.04 g, 5% yield) as orange powder, respectively.

Compound 6a: d.p.306 �C; IR(KBr)/cm�1: 2955, 2929, 2869,
2360, 2342, 1600, 1523; 1H-NMR (CDCl3) d ¼ 1.01 (t, J ¼ 7.56 Hz,
12H), 1.42 (qt, J ¼ 7.56 Hz, 8H), 1.62e1.69 (m, 8H), 3.36 (t,
J¼ 7.56 Hz, 8H), 6.39 (d, J¼ 2.68 Hz, 2H), 6.59 (dd, J¼ 9.04, 2.44 Hz,
2H), 7.34 (d, J ¼ 7.08 Hz, 2H), 7.70 (dd, J ¼ 8.04 Hz, 2H) 7.89 (s, 2H),
7.92 (d, J¼ 9.04 Hz, 2H), 8.91 (d, J¼ 8.04 Hz, 2H); elemental analysis
calcd (%) for C48H50N4O2: C 80.64, H 7.05, N 7.84; found; C 80.30, H
7.12, N 7.89.

Compound 6b: d.p.321 �C; IR(KBr)/cm�1: 2936, 2859, 2360, 2342,
1596, 1523; 1H-NMR (CDCl3) d ¼ 1.01 (t, J ¼ 7.32 Hz, 12H), 1.42 (qt,
J ¼ 7.32 Hz, 8H), 1.62e1.70 (m, 8H), 3.36 (t, J ¼ 7.32 Hz, 8H), 6.37 (d,
J ¼ 2.20 Hz, 2H), 6.58 (dd, J ¼ 8.80, 2.20 Hz, 2H), 7.30 (d, J ¼ 7.60 Hz,
2H), 7.70 (dd, J ¼ 7.56 Hz, 2H) 7.76 (s, 2H), 7.87 (d, J ¼ 9.00 Hz, 2H),
8.99 (d, J¼7.84Hz, 2H); elemental analysis calcd (%) for C48H50N4O2:
C, 80.64; H, 7.05; N, 7.84; found; C, 80.26; H, 7.25; N, 7.91.

4.6. Synthesis of compound 7

A solution of o-quinone 1 (2.00 g, 5.33 mmol) and hydroxyl-
amine hydrochloride (26.65 g, 384 mmol) in pyridine was stirred at
reflux for 7 h. After the reaction, the reaction mixture was poured
into water. The resulting precipitate was washed with diluted
hydrochloric acid and water. The residue was chromatographed on
silica (CH2Cl2 as eluent).

4.7. Synthesis of compound 8

A solution of 7 (0.44 g, 1.08 mmol), tin(II) chloride (2.05 g,
10.08 mmol) and hydrochloric acid (5 ml) in ethanol was stirred at
78 �C for 4 h. After the reaction, the reaction mixture was poured
into water and the precipitate was filtered. Further purificationwas
not performed because the product was unstable in air.

4.8. Synthesis of compounds 9a and 9b

A solution of o-quinone 3 (0.41 g, 1.08 mmol) and the
compound 8 (0.41 g, 1.08 mmol) in ethanol was stirred at reflux
for 10 h. After the reaction, the solvent was evaporated and the
resulting residue was dissolved with CH2Cl2 and washed with
water. The combined organic layer was evaporated and the residue
was chromatographed on silica (xylene as eluent) to give 9a
(0.29 g, 38% yield) as red powder and 9b (trace) as orange powder.

Compound 9a: d.p.255 �C; IR (KBr)/cm�1: 2955, 2930, 2870,
2359, 2342,1627,1600; 1H-NMR (CDCl3) d¼ 1.02 (t, J¼ 7.32 Hz, 6H),
1.03 (t, J ¼ 7.32 Hz, 6H), 1.38e1.50 (m, 8H), 1.60e1.75 (m, 8H), 3.35
(t, J ¼ 7.32 Hz, 4H), 3.43 (t, J ¼ 7.56 Hz, 4H), 6.37 (d, J ¼ 1.95 Hz, 1H),
6.58 (dd, J ¼ 8.56, 2.32 Hz, 1H), 6.86 (dd, J ¼ 8.78, 1.95 Hz, 1H), 7.10
(d, J ¼ 1.72 Hz, 1H) 7.36 (d, J ¼ 7.81 Hz, 1H), 7.71e7.78 (m, 2H), 7.87
(dd, 8.08 Hz, 1H), 7.92 (dd, J ¼ 4.64 Hz, 2H), 8.15 (d, J ¼ 8.78 Hz, 1H),
8.52 (d, J¼ 7.81 Hz,1H), 9.12 (d, J¼ 8.05 Hz,1H), 9.48 (d, J¼ 8.05 Hz,
1H); elemental analysis calcd (%) for C48H50N4O2: C 80.64, H 7.05, N
7.84; found; C 80.39, H 6.96, N 7.67.

Compound 9b: d.p.202 �C; IR(KBr)/cm�1: 2955, 2932, 2858,
2360, 2342, 1630, 1600, 1522; 1H-NMR (CDCl3) d ¼ 1.00e1.05 (m,
12H), 1.38e1.49 (m, 8H), 1.58e1.74 (m, 8H), 3.34 (t, J ¼ 7.56 Hz, 8H),
3.41 (t, J ¼ 7.56 Hz, 2H), 6.34 (d, J ¼ 2.16 Hz, 2H), 6.58 (dd, J ¼ 9.04,
2.20 Hz, 1H), 6.85 (dd, J¼ 8.80 Hz, 1H), 7.08 (d, J¼ 1.96 Hz, 1H), 7.31
(d, J ¼ 7.80 Hz, 1H), 7.69e7.85 (m, 4H), 8.01 (s, 1H), 8.13 (d,
J ¼ 8.80 Hz, 1H), 8.51 (d, J ¼ 7.80 Hz, 1H), 9.05 (d, J ¼ 8.04 Hz, 1H),
9.54 (d, J ¼ 8.08 Hz, 1H); elemental analysis calcd (%) for
C48H50N4O2: C 80.64, H 7.05, N 7.84; found; C 80.62, H 7.38, N 7.80.

4.9. Computational methods

All calculations were performed on a FUJITSU FMV-ME4/657.
The semi-empirical calculations were carried out with the Win-
MOPAC Ver. 3 package (Fujitsu, Chiba, Japan). Geometry calcula-
tions in the ground state were carried out using the PM3 method.
All geometries were completely optimized (keyword PRECISE) by
the eigenvector following routine (keyword EF). Experimental
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absorption spectra of the symmetric phenazine derivatives were
studied with the semi-empirical method INDO/S (intermediate
neglect of differential overlap/spectroscopic). All INDO/S calcula-
tions were performed using single excitation full SCF/CI (self-
consistent field/configuration interaction), which includes the
configurations with one electron excited from any occupied orbital
to any unoccupied orbital, 225 configurations were considered for
the configuration interaction [keyword CI (15 15)].

4.10. X-ray crystal structure determinations

The reflection data were collected at 23 � 1 �C on a Rigaku
AFC7S four-circle diffractometer by 2qeu scan technique, and using
graphite-monochromatedMo-Ka (l¼ 0.71069 Å) radiation at 50 kV
and 40 mA. The data were corrected for Lorentz and polarization
effects. All calculations were performed using the CrystalStructure
[22,23] crystallographic software package. CCDC-827536 (2b)
contains the supplementary crystallographic data for this paper.
These data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.au.uk/data_
request/cif.

Compound 2b: Crystal of 2b was recrystallized from CH2Cl2 as
red plate, air stable. The one selected had approximate dimensions
0.80� 0.60� 0.10 mm. The transmission factors ranged from 0.882
to 0.980. The crystal structure was solved by direct methods using
SIR2004 [24]. The structures were expanded using Fourier tech-
niques [25]. The non-hydrogen atoms were refined anisotropically.
Some hydrogen atoms were refined isotropically, the rests were
fixed geometrically and not refined.

Crystal data. C48H50N4O2$CH2Cl2, M ¼ 799.88, monoclinic,
a ¼ 17.133(4), b ¼ 27.221(7), c ¼ 9.277(5) Å, ß ¼ 100.89(3)�,
V ¼ 4248.4(25) Å3, space group P21/a (#14), Z ¼ 4, 8093 reflections
measured, 7948 unique (Rint ¼ 0.697) which were used in all
calculations. The final R indices were R1 ¼ 0.0765, wR (F2) ¼ 0.3578
(all data).
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