
FULL PAPER

DOI: 10.1002/ejoc.200800219

Synthesis, X-ray Crystal Structures, and Solid-State Fluorescence Properties of
5,5-Dialkyl-9-dibutylamino-5H-benzo[b]naphtho[1,2-d]furan-6-one and

3,3-Dialkyl-9-dibutylamino-3H-benzo[kl]xanthen-2-one[‡]

Yousuke Ooyama,*[a] Akiko Hayashi,[a] Tomohiro Okamoto,[a] Haruka Egawa,[a]

Toshiki Mamura,[a] and Katsuhira Yoshida*[a]

Keywords: Crystal structure / Dyes/pigments / Fluorescence / Oxygen heterocycles / Substituent effects

Heterocyclic fluorophores 5,5-dibutyl-9-dibutylamino-5H-
benzo[b]naphtho[1,2-d]furan-6-one (4) and 3,3-dibutyl-9-
dibutylamino-3H-benzo[kl]xanthen-2-one (7) with dialkyl
substituents linked in a nonconjugated fashion to the chro-
mophore skeleton have been derived from quinol-type com-
pounds 1 and 2, and their photophysical properties were in-
vestigated in solution and in the solid state. Fluorophores 4
and 7 exhibit strong fluorescence intensity in the solid-state
relative to that of quinols 1 and 2; however, 1 and 4 or 2
and 7 exhibit similar fluorescence intensities in solution. To
elucidate the dramatic effect of the dialkyl substituent on the
solid-state fluorescence excitation and emission spectra, we

Introduction

In recent years, a great concern has been raised about
the enhancement of solid-state fluorescence of organic flu-
orophores, which is the essential subject for the optoelec-
tronic industry for the development of light-emitting di-
odes[1] and for photoelectric conversion.[2] Much research
has been conducted on the correlation between the solid-
state fluorescence properties and the molecular packing
structures of fluorophores on the basis of their X-ray crys-
tal structures. It has been clarified that strong face-to-face
intermolecular π–π interactions between parallel neigh-
boring fluorophores[3–6] or continuous intermolecular hy-
drogen bonding[4b,7] was a main factor contributing to fluo-
rescence quenching in the solid state. Consequently, the key
point in the design of new, strong, solid-state-emissive flu-
orophores is to remove the intermolecular interactions be-
tween fluorophores that cause fluorescence quenching in
molecular aggregation states. Yamaguchi et al. recently re-
ported that donor–acceptor–donor-type, solid state strongly
fluorescent dyes having bulky boryl groups in the side posi-
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performed semiempirical molecular orbital calculations
(AM1 and INDO/S) and X-ray crystallographic analysis. On
the basis of the results of the calculations and the X-ray crys-
tal structures, the relation between the solid-state photophys-
ical properties and the chemical and crystal structures of 4
and 7 were discussed. It was confirmed that introduction of
bulky dialkyl substituents to the fluorophore skeleton can ef-
ficiently prevent the short π–π contact between the fluoro-
phores in molecular aggregation states and cause a dramatic
solid-state fluorescence enhancement.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

tion of fluorophore skeleton inhibit close packing of the
molecules that causes fluorescence quenching.[8] In other
cases, Langhals et al. and Moorthy et al. showed that the
introduction of bulky groups to perylene and pyrene skel-
etons can efficiently inhibit the close packing of their fluo-
rescent molecules.[9,10] On the other hand, Ma et al. demon-
strated that strong supramolecular interaction inducing
tight packing and rigid molecules without parallel stacking
in crystals of cyano substituent oligo(para-phenylene vinyl-
ene) are the key factor for the high luminescence efficiency
of its crystals.[11] Consequently, it was confirmed that flu-
orophores 4 and 7 with bulky 5,5- and 3,3-dibutyl substitu-
ents have a nonconjugated linkage to the fluorophore skel-
eton.

In a previous paper, we reported the synthesis of hetero-
cyclic quinols, 5-hydroxy-5-substituent-benzo[b]naphtho-
[1,2-d]furan-6-one (1a–c), and 3-hydroxy-3-substituent-
benzo[kl]xanthen-2-one (2a–c) fluorophores with substitu-
ents (R = Me, Bu, and Ph) having a nonconjugated linkage
to the chromophores and their absorption and fluorescence
properties in solution and in the solid state (Scheme 1).[4c]

Dramatic substituent effects on the solid-state photophysi-
cal properties were observed, which were elucidated by me-
ans of X-ray crystallographic analysis. It was confirmed
that the introduction of 5- and 3-substituents having a non-
conjugated linkage to the chromophore skeletons of 1 and
2 can efficiently prevent the short π–π contact between the
fluorophores in molecular aggregation states and thus cause
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a dramatic solid-state fluorescence enhancement. On the
basis of the results, the introduction of bulky 5,5-disubstit-
uents and 3,3-disubstituents to the chromophore skeletons
of 1 and 2, respectively, would be expected to be more effec-
tive for the improvement of the solid-state fluorescence of
these fluorophores. In this paper, we report the photophysi-
cal properties in solution and in the crystalline state of
heterocyclic fluorophores 5,5-dibutyl-9-dibutylamino-5H-
benzo[b]naphtho[1,2-d]furan-6-one (4) and 3,3-dibutyl-9-di-
butylamino-3H-benzo[kl]xanthen-2-one (7) with bulky 5,5-
and 3,3-dibutylsubstituents having a nonconjugated linkage
to the fluorophore skeleton, respectively. To elucidate the
dramatic effect of the dialkyl substituents on the solid-state
fluorescence excitation and emission spectra, we performed
X-ray crystallographic analysis.

Scheme 1. Heterocyclic quinol-type fluorophores 1a–c and 2a–c.

Results and Discussion

Synthesis of 5,5-Dibutyl-9-dibutylamino-5H-benzo[b]-
naphtho[1,2-d]furan-6-one (4) and 3,3-Dibutyl-9-dibutyl-
amino-3H-benzo[kl]xanthen-2-one (7) Fluorophores

As shown in Scheme 2, we used 5-hydroxy-5-substituent-
benzo[b]naphtho[1,2-d]furan-6-one (1b) and 3-hydroxy-3-
substituent-benzo[kl]xanthen-2-one (2b) as starting materi-
als.[4c] The reduction of 1b and 2b by using Zn in acetic acid
was found to give 3 and 6, respectively. Next, heterocyclic
fluorophores 4 and 7 were easily obtained by reaction of 3

Scheme 2. Synthesis of 4 and 7. Reagents and conditions: (a) Zn,
CH3COOH, reflux, 2–6 h; (b) tBuOLi, nBuI, 130 °C, 20 h, 57% for
4, 25% for 7.
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and 6 with iodobutane by using tert-butoxylithium, respec-
tively.

Spectroscopic Properties of 1a–c, 2a–c, 4 and 7 in Solution

The visible absorption and fluorescence spectroscopic
data of 4 and 7 in solution are summarized in Table 1, along
with those of 1a–c and 2a–c. The fluorescence spectra of
the compounds were recorded by excitation at the wave-
lengths of the longest absorption maximum. Fluorophore 4
exhibits an intense absorption band at around 410 nm and
an intense fluorescence band at around 451 nm in 1,4-diox-
ane, which are blueshifted by 10 and 25 nm, respectively,
relative to the absorption band and fluorescence band of 1b
in 1,4-dioxane. The fluorescence quantum yield (Φ) of 4 (Φ
= 0.74) is similar to those of quinols 1a–c. The absorption
spectrum of 4 is little affected by increasing the solvent po-
larity from 1,4-dioxane to acetonitrile, whereas the fluores-
cence spectrum shows a large bathochromic shift and a re-
duction in fluorescence intensity, which was similar to the
photophysical properties of quinols 1a–c. On the other
hand, fluorophore 7 exhibits intense absorption bands at
around 407 and 427 nm and a weak fluorescence band at
around 449 nm (Φ = 0.02) in 1,4-dioxane, which are blue-
shifted by 10, 7, and 16 nm, respectively, relative to the ab-
sorption band and fluorescence band of 2b in 1,4-dioxane.
In acetonitrile, fluorophore 7 exhibits intense absorption
bands at around 412 and 430 nm and an intense fluores-
cence band at around 478 nm (Φ = 0.46). The longest ab-
sorption maximum of 7 shows a small bathochromic shift
of 3 nm from 1,4-dioxane to acetonitrile, whereas the fluo-
rescence maximum shows a large bathochromic shift of
29 nm. Significant dependence of the fluorescence quantum
yield (Φ) on the solvent polarity was also observed: the Φ
value of 7 is increased 23-fold by changing the solvent from
1,4-dioxane to acetonitrile. Similar fluorescence characteris-
tics were previously reported in some aromatic carbonyl
compounds such as pyrene-3-carboxaldehyde,[12] 7-alkoxy-
coumarins,[13] and o-aminoacetophenone.[14]

From the above results, owing to the nonconjugated link-
age of the substituents (R = Me, Bu, and Ph) to the chro-
mophore skeleton, the absorption and fluorescence spectra
of fluorophores 1a–c and 2a–c are very similar in each cat-
egory. However, hypsochromic shifts were observed in the
absorption and fluorescence spectra of fluorophores 4 and
7 in comparison to those of 1a–c and 2a–c, respectively.
The hypsochromic shift in the fluorescence spectra is larger
than that in the absorption spectra. These results indicate
that the differences in the fluorescence spectra between flu-
orophores 1a–c and 4 or 2a–c and 7 depend on the forma-
tion of intramolecular hydrogen bonds. The formation of
intramolecular hydrogen bonds is possible for fluorophores
1a–c and 2a–c, but is not for fluorophores 4 and 7. A large
bathochromic shift in the fluorescence spectra induced by
intramolecular hydrogen bonding was previously reported
in a fluorophore such as 4-(4-hydroxybenzylidene)-1,2-di-
methyl-1H-imidazole-5(4H)-one.[15] On the other hand, the
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Table 1. Absorption and fluorescence spectroscopic data of 1a–c, 2a–c, 4, and 7 in solution.

Solvent Absorption Fluorescence SS[a]

λmax [nm] (εmax [–1 cm–1]) λmax [nm] Φ ∆λmax [nm]

1a Benzene 427 (22500) 470 0.76 43
1,4-Dioxane 421 (21300) 476 0.74 55
THF 419 (20900) 494 0.60 75
DMF 426 (20200) 524 0.35 98
DMSO 430 (20400) 528 0.31 98
Acetonitrile 428 (20500) 524 0.30 96
Ethanol 432 (20400) 538 0.16 106

1b 1,4-Dioxane 420 (21700) 476 0.74 56
Acetonitrile 430 (22600) 525 0.31 95

1c 1,4-Dioxane 430 (21600) 484 0.74 55
Acetonitrile 441 (22400) 536 0.30 95

4 1,4-Dioxane 410 (25200) 451 0.73 41
THF 409 (24700) 464 0.56 55
Acetonitrile 415 (24100) 497 0.27 82

2a Cyclohexane 430(30200), 408(32500) 441 0.03 11
Diethyl ether 430(28400), 411(31300) 457 0.04 27
1,4-Dioxane 433(29400), 416(28200) 464 0.04 31
THF 433(29700), 419(31100) 479 0.14 46
DMF 438(29200) 503 0.27 65
DMSO 441(28700) 506 0.27 65
Acetonitrile 438(32600) 501 0.46 63
Ethanol 442(33200) 508 0.33 66

2b 1,4-Dioxane 434(29000), 417(28000) 465 0.04 31
Acetonitrile 440(32400) 501 0.43 61

2c 1,4-Dioxane 442(31200), 426(30700) 472 0.03 30
Acetonitrile 450(35300) 507 0.43 57

7 1,4-Dioxane 427(32100), 407(34600) 449 0.02 22
THF 427(30300), 408(32300) 455 0.08 28
Acetonitrile 430(32200), 412(32400) 478 0.46 48

[a] Stokes shift value.

methoxy derivative, 4-(4-methoxybenzylidene)-1,2-di-
methyl-1 H-imidazole-5(4H)-one, which cannot form intra-
molecular hydrogen bonds, emits in the hypsochromic re-
gion in comparison to the above hydroxy compound.

Semiempirical MO Calculations (AM1, INDO/S) of 1a–c,
2a–c, 4, and 7

The photophysical spectra of compounds 1a–c, 2a–c, 4,
and 7 were analyzed by using semiempirical molecular or-
bital (MO) calculations. The molecular structures were op-
timized by using the MOPAC/AM1 method,[16] and then
the INDO/S method[17] was used for spectroscopic calcula-
tions. The calculated absorption wavelengths and the transi-
tion character of the first absorption bands are collected
in Table 2. The calculated absorption wavelengths and the
oscillator strength values are relatively well matched to the
observed spectra in 1,4-dioxane, although the calculated ab-
sorption spectra are blueshifted. The deviation in the
INDO/S calculations, giving transition energies greater than
the experimental values, has been generally observed.[18]

The calculations explain well that the calculated absorption
spectra of quinols 1a–c or 2a–c resemble each other very
well, because of the nonconjugated linkage of the substitu-
ents (R = Me, Bu, and Ph) to the chromophore skeleton.
The calculated absorption wavelengths of 4 and 7 are blue-
shifted relative to those of 1a–c and 2a–c, respectively,
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which is compatible with the observed spectra in solution.
Furthermore, the calculated oscillator strengths (f) of com-
pounds 1a–c and 4 or 2a–c and 7 are almost identical in
each category, which is also compatible with the observed
spectra in solution.

Table 2. Calculated absorption spectra for compounds 1a–c, 2a–c,
4, and 7.

Quinol µ Absorption CI component (%)[c] ∆µ
(calcd.)

[D][a] λmax [nm] f [b] [D][d]

1a 7.35 362 0.48 HOMO�LUMO (89) 7.52
1b 6.17 367 0.42 HOMO�LUMO (89) 5.91
1c 6.98 355 0.46 HOMO�LUMO (89) 7.23
4 6.52 353 0.48 HOMO�LUMO (88) 6.10
2a 7.21 342 0.74 HOMO�LUMO (86) 6.47
2b 7.03 343 0.74 HOMO�LUMO (86) 6.32
2c 7.10 346 0.71 HOMO�LUMO (86) 5.93
7 6.34 335 0.74 HOMO�LUMO (86) 6.24

[a] The values of the dipole moment in the ground state. [b] Oscil-
lator strength. [c] The transition is shown by an arrow from one
orbital to the other, followed by its percentage CI (configuration
interaction) component. [d] The values of the difference in the di-
pole moment between the excited and the ground states.

For compounds 1a–c and 4, the calculations show that
the longest excitation bands for the four compounds are
mainly assigned to the transition from the HOMO to the
LUMO, where the HOMO were mostly localized on the p-
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Figure 1. Calculated electron density changes accompanying the first electronic excitation of 1b, 2b, 4, and 7. The black and white lobes
signify the decrease and increase in electron density accompanying the electronic transition. Their areas indicate the magnitude of the
electron density change.

dibutylaminobenzofurano moiety and the LUMO were
mostly localized on the naphthoquinol moiety. On the other
hand, for compounds 2a–c and 7, the calculations also
show that the longest excitation bands for the four com-
pounds are mainly assigned to the transition from the
HOMO to the LUMO, where the HOMO are mostly local-
ized on the p-dibutylaminobenzopyran moiety and the
LUMO were mostly localized on the naphthoquinol moiety.
The calculated electron density changes accompanying the
first electron excitation are shown in Figure 1, which shows
a strong migration of intramolecular charge-transfer char-
acter of 1a–c, 2a–c, 4, and 7.

The values of the dipole moments in the grand states are
7.35 for 1a, 6.17 for 1b, 6.98 for 1c, 6.52 for 4, 7.21 for 2a,
7.03 for 2b, 7.10 for 2c, and 6.34 for 7. The differences be-
tween the dipole moments (∆µ) of the first excited and the
ground states are 7.52 for 1a, 5.91 for 1b, 7.23 for 1c, and
6.10 for 4, 6.47 for 2a, 6.32 for 2b, 5.93 for 2c, and 6.24 for
7. These calculations indicate that compounds 1a–c and 4
or 2a–c and 7 have similar large dipole moments in the ex-
cited state, which well explains the experimental observa-
tions that these compounds show a large bathochromic
shift in their fluorescence maxima in polar solvents and that
the Stokes shift values for the these compounds in acetoni-
trile are much larger than those in 1,4-dioxane.

Spectroscopic Properties of 1a–c, 4, 2a–c, and 7 in the
Solid State

Interesting results were obtained by comparing the pho-
tophysical properties of the crystals of 4 and 7 with those
of the crystals of 1a–c and 2a–c. Figure 2 shows that the
optical properties of 1a–c and 4 or 2a–c and 7 are quite
different between the solution and the solid state. The crys-
tal of 4 exhibits strong blue fluorescence emission, but the
crystals of 1a, 1b, and 1c exhibit relatively weak yellowish-
orange, green, and greenish-yellow fluorescence emission,
respectively. On the other hand, the crystal of 7 exhibits
strong greenish-yellow emission, whereas the crystals of 2a,
2b, and 2c exhibit relatively weak yellowish-orange, green,
and red emissions, respectively. In order to investigate the
difference in the solid-state photophysical properties among
1a–c and 4 or 2a–c and 7, we measured the fluorescence
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excitation and emission spectra of the crystals. Figures 3
and 4 show the spectroscopic properties of 1a–c and 4 or
2a–c and 7 in the crystalline state. The fluorescence inten-
sity of 1a–c and 4 are in the order of 4 � 1c � 1b � 1a in
the crystalline state: the fluorescence intensity of 4 is ca.
fivefold larger than that of 1b. The wavelengths of the emis-
sion maximum of 1a (λem = 560 nm), 1b (λem = 530 nm), 1c
(λem = 555 nm), and 4 (λem = 480 nm) are redshifted by 84,
54, 70, and 29 nm, respectively, relative to that in 1,4-diox-
ane. It is noteworthy that the emission maximum of 4 in
the solid state is similar to that in 1,4-dioxane.

Figure 2. Fluorescence properties of 1a–c, 2a–c, 4, and 7 (a) in
solution (1,4-dioxane for 1a–c and 4; DMSO for 2a–c and 7) and
(b) in the solid state.

Figure 3. Solid-state excitation (···) and emission (––) spectra of the
crystals of 1a–c and 4; 1a: λex = 510 nm, λem = 560 nm; 1b: λex =
503 nm, λem = 530 nm; 1c: λex = 519 nm, λem = 555 nm; 4: λex =
454 nm, λem = 480 nm.
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Figure 4. Solid-state excitation (···) and emission (�) spectra of the
crystals of 2a–c and 7; 2a: λex = 514 nm, λem = 564 nm; 2b: λex =
497 nm, λem = 529 nm; 2c: λex = 550 nm, λem = 608 nm; 7: λex =
470 nm, λem = 500 nm.

On the other hand, the fluorescence intensity of 2a–c and
7 are in the order of 7 � 2b � 2a � 2c in the crystalline
state. The longest wavelengths of the excitation and the
emission maxima of 7 (λex = 470 nm, λem = 500 nm) in the
crystalline state are redshifted by 43 and 51 nm, respec-

Figure 5. Crystal packing pattern of 1a–c: (a) a side view and (b) a top view of the pairs of fluorophores.
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tively, relative to those of 7 in 1,4-dioxane. In contrast, the
longest wavelengths of the excitation and the emission max-
ima of 2b (λex = 497 nm, λem = 529 nm) in the crystalline
state are largely redshifted by 63 and 64 nm, respectively,
relative to those of 2b in 1,4-dioxane. These results demon-
strated that the solid-state photophysical properties of 4
and 7 having dialkyl substituent approach their photophysi-
cal properties in solution.

X-ray Crystal Structures of 1a–c, 4, 2a–c, and 7

In a previous paper, we demonstrated that the substitu-
ents (R = Me, Bu, Ph) of quinols 1a–c and 2a–c greatly
affect the geometric arrangement in the crystal structure.[4c]

In 1a, 1b, and 2c, the interplanar distance between the flu-
orophores is short because the substituent (methyl group in
1a, butyl group in 1b, and phenyl group in 2c) and the 9-
dibutylamino group are located on the same side of the π
plane, and the molecules are packed in the structural form
with a table shape (Figure 9). The large redshift in the ab-
sorption and fluorescence maxima and the solid-state fluo-
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Figure 6. Crystal packing pattern of 2a–c: (a) a side view and (b) a top view of the pairs of fluorophores.

rescence quenching in the crystals of 1a and 2c are consid-
ered to be induced by strong donor–acceptor-type π–π in-
teractions.[3f,4,5] On the other hand, in 1c, 2a, and 2b, the
molecules are packed in the structural form with a stepped-
shape, because the substituent (phenyl group in 1c, methyl
group in 2a, and butyl group in 2b) and the 9-dibutylamino
group are located on opposite sides of the molecular π
plane (Figures 5 and 6). Therefore, the interplanar distance
between the fluorophores is longer (Figure 9) so that the π–
π interactions are weakened by the substituents, which thus
leads to a stronger solid-state fluorescence emission.

From these results, the introduction of bulky 5,5-disub-
stituents and 3,3-disubstituents to the chromophore skel-
etons of 1 and 2, respectively, should more efficiently pre-
vent the short π–π contact between the fluorophores in the
molecular aggregation states. To elucidate the dramatic sub-
stituent effect on the solid-state photophysical properties,
the X-ray crystal structures of 4 and 7 were determined and
they are shown in Figures 7 and 8, respectively. The crystal
systems of these compounds are summarized in Table 3.
The packing structures demonstrate that the molecules are
arranged in a “herring-bone” fashion in the crystals of both
4 and 7. In the case of the two dialkyl derivatives, there are
no intermolecular hydrogen bonds between the enantio-
mers. As we expected, the crystal structure of 4 has
only one edge-to-edge interatomic contact [O(1)···C(77)
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3.207(4) Å] of less than 3.60 Å between the neighboring flu-
orophores in the crystal structure (Figure 7). In the crystal
of 7, on the other hand, a π stacking of the fluorophores
was formed in one cluster unit, in which partial π overlap-
pings were observed between the chromene moiety and the
9-dibutylaminobenzo moiety of the adjacent fluorophores.
The inclination between the benzoxanthenone planes in the
pair of equal enantiomers is 17° [Figure 8(c)]. Furthermore,
continuous π stacking of the equal enantiomers formed in
the crystal structures of 2a and 2b and strong donor–ac-
ceptor π stacking formed in the crystal structures of 2c were
not observed in the crystal structure of 7. As evident by
comparing the crystal structure of 7 with those of 2a–c, the
range of π stacking in 7 is much less than that in 2a–c.
These results demonstrate that the introduction of dialkyl
substituents to fluorophores effectively prevents intermo-
lecular π–π interactions and intermolecular hydrogen bond-
ing between fluorophores, which causes a large redshift in
the absorption and fluorescence maxima and fluorescence
quenching in the solid state.

In the crystals of 4 and 7, the molecules are packed in
the structural form with a chair shape. Therefore, the in-
terplanar distance between the fluorophores is longer (Fig-
ure 9), so that the π–π interactions are weakened by the
substituents, which leads to stronger solid-state fluorescence
emission. From these results, we propose a favorable stereo-
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Figure 7. Crystal packing of 4: (a) a stereoview of the molecular packing structure, (b) a schematic structure, (c) a side view, and (d) a
top view of the pairs of fluorophores.

Figure 8. Crystal packing of 7: (a) a stereoview of the molecular packing structure, (b) a schematic structure, (c) a side view, and (d) a
top view of the pairs of fluorophores.
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Table 3. Crystal data and structure refinement parameters for compounds 4 and 7.

Compound 4 7

Molecular formula C32H43NO2 C32H43NO2

Formula weight 473.70 473.70
Number of reflections for unit cell 23 (25.0–33.0) 16 (22.2–24.2)
Cell determination (2θ range [°])
Crystal system triclinic monoclinic
Space group P1̄ P21/n
a [Å] 11.689(2) 37.767(8)
b [Å] 17.905(7) 11.080(4)
c [Å] 28.309(5) 14.074(4)
α/° 79.75(2)
β [°] 93.56(2) 98.74(2)
γ [°] 95.65(3)
V [Å3] 5795(2) 5820(3)
Z 8 8
Dcalcd. [g cm–3] 1.086 1.081
F(000) 2064.00 2064.00
M (Mo-Kα) [cm–1] 0.66 0.66
Crystal dimensions [nm] 0.80�0.66�0.43 0.55�0.35�0.50
Scan mode ω-2θ ω–2θ
Scan rate in ω[°min–1] 8.0–16.0 (up to 5 scans) 8.0–16.0 (up to 7 scans)
Scan wide [°] 1.47 + 0.30tanθ 1.21 + 0.30tanθ
2θ max [°] 55.0 50.0
Range of induces h; k; l 0, 15; –23, 23; –36, 36 0, 44; –13, 0; –16, 16
Reflection collected (unique) 26601 10238
Reflection observed with I0�2σI0 6697 3491
Number of parameters 1262 632
R 0.063 0.060
Rw 0.144 0.179
W (σ2F2)–1 (σ2F2)–1

S 1.26 1.25
Max. Shift/Error in final cycle 0.029 0.015
Max. Peak in final diff. map [eÅ–3] 0.54 0.27
Min. Peak in final diff. map [eÅ–3] –0.55 –0.23

Figure 9. Schematic representation of the effects of the substituents
on interplanar distances between a pair of fluorophores for 1a–c,
2a–c, 4, and 7.
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structure for the solid-state fluorescence. For example, the
H-shaped fluorophores with four bulky substituents located
on both sides of the π plane, which leads to inhibition of
the π–π interactions between the fluorophores, would exhi-
bit strong fluorescence in the solid state, but it would also
exhibit almost the same fluorescence properties in solution
as it would in the solid state.

Conclusions

We synthesized the heterocyclic fluorophores 5,5-dibutyl-
9-dibutylamino-5H-benzo[b]naphtho[1,2-d]furan-6-one (4)
and 3,3-dibutyl-9-dibutylamino-3H-benzo[kl]xanthen-2-one
(7) having bulky dialkyl substituents linked in a nonconju-
gated fashion to the chromophore skeleton have been de-
rived from the quinol-type compounds 1 and 2, and their
photophysical properties were investigated in solution and
in the solid state. Dramatic dialkyl substituent effects on
the solid-state photophysical properties were observed, and
these effects were elucidated by means of X-ray crystallo-
graphic analysis. It was confirmed that fluorophores 4 and
7 with bulky 5,5- and 3,3-dibutylsubstituents having a non-
conjugated linkage to the fluorophore skeleton can ef-
ficiently prevent the short π–π contact between the fluoro-
phores causing fluorescence quenching in the solid state.
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Experimental Section
General: Melting points were measured with a Yanaco micromelt-
ing point apparatus MP-500D. IR spectra were recorded with a
JASCO FTIR-5300 spectrophotometer for samples in KBr pellet
form. Absorption spectra were observed with a JASCO U-best30
spectrophotometer and fluorescence spectra were measured with a
JASCO FP-777 spectrophotometer. Single-crystal X-ray diffraction
was performed with a Rigaku AFC7S diffractometer. For the mea-
surement of the solid-state fluorescence excitation and emission
spectra of the crystals, a JASCO FP-777 spectrometer equipped
with a JASCO FP-1060 attachment was used. The fluorescence
quantum yields (Φ) for 1a–c and 2a–c were determined by using
9,10-bis(phenylethynyl)anthracene (Φ = 0.84, λex = 440 nm)[19] in
benzene as the standard. The fluorescence quantum yields (Φ) for
4 and 7 were determined by using 9,10-diphenylanthracene (Φ =
0.67, λex = 357 nm)[19] in benzene as the standard. Elemental analy-
ses were recorded with a Perkin–Elmer 2400 II CHN analyzer. 1H
NMR spectra were recorded with a JNM-LA-400 (400 MHz) FT
NMR spectrometer with tetramethylsilane (TMS) as an internal
standard. Column chromatography was performed on silica gel
(KANTO CHEMICAL, 60N, spherical, neutral).

5,5-Dibutyl-9-dibutylamino-5H-benzo[b]naphtho[1,2-d]furan-6-one
(4): A solution of 1b (0.70 g, 1.61 mmol) and Zn powder (1.29 g,
24.2 mmol) in acetic acid (70 mL) was heated at reflux for 6 h. The
reaction mixture was filtered, and the filtrate was evaporated. The
residue was extracted with CH2Cl2. The organic extract was washed
with water. Evaporation of the solvent afforded 3 as a white solid,
which is unstable in air. A mixture of 3, iodobutane (2.97 g,
16.1 mmol), and tert-butoxylithium (1.42 g, 17.8 mmol) was stirred
at 130 °C for 20 h. The reaction mixture was extracted with
CH2Cl2. The organic extract was washed with water and neutral-
ized with NH4Cl aqueous solution. The organic extract was evapo-
rated, and the residue was chromatographed on silica gel (CH2Cl2)
to give 4 (0.44 g, yield 57%) as a yellow powder. Data for crude 3:
1H NMR (400 MHz, [D6]acetone, TMS): δ = 0.94–1.72 (m, 21 H),
3.25 (t, J = 7.8 Hz, 2 H), 3.48 (t, J = 7.6 Hz, 4 H), 6.84–6.86 (m,
2 H), 6.74–6.76 (m, 2 H), 8.02–8.16 (m, 2 H), 8.44–8.47 (m, 1 H)
ppm. Data for 4: M.p. 149–150 °C. 1H NMR (400 MHz, [D3]chlo-
roform, TMS): δ = 0.60–1.16 (m, 24 H), 1.34–1.43 (m, 4 H), 1.57–
1.67 (m, 4 H), 1.82–2.38 (m, 4 H), 3.47 (t, J = 7.32 Hz, 4 H), 6.76
(d, J = 2.2 Hz, 1 H), 6.82 (dd, J = 9.0, 2.2 Hz, 1 H), 7.40–7.50 (m,
4 H), 8.01 (d, J = 9.0 Hz, 1 H) 8.10 (dd, 1 H, J = 6.6, 2.44 Hz) ppm.
IR (KBr): ν̃ = 1617 cm–1. C32H43NO2 (473.69): calcd. C 81.14, H
9.15, N 2.96; found C 81.33, H 9.16, N 2.92.

3,3-Dibutyl-9-dibutylamino-3H-benzo[kl]xanthen-2-one (7): A solu-
tion of 2b (1.59 g, 3.67 mmol) and Zn powder (3.62 g, 55.0 mmol)
in acetic acid (150 mL) was heated at refluxed for 2 h. The reaction
mixture was filtered, and the filtrate was evaporated. The residue
was extracted with CH2Cl2. The organic extract was washed with
water. Evaporation of the solvent afforded 6 as a white solid, which
is unstable in air. A mixture of 6, iodobutane (6.75 g, 36.7 mmol),
and tert-butoxylithium (4.40 g, 55.0 mmol) was stirred at 130 °C
for 20 h. The reaction mixture was extracted with CH2Cl2. The
organic extract was washed with water and neutralized with NH4Cl
aqueous solution. The organic extract was evaporated and the resi-
due was chromatographed on silica gel (CH2Cl2) to give 7 (0.44 g,
yield 25%) as a yellow powder. Data for crude 6: 1H NMR
(400 MHz, [D3]chloroform, TMS): δ = 0.95–1.68 (m, 21 H), 2.86
(t, J = 7.8 Hz, 2 H), 3.36 (t, J = 7.8 Hz, 4 H), 6.40–6.61 (m, 2 H),
6.67–6.77 (m, 1 H), 6.98–7.06 (m, 1 H), 7.27–7.43 (m, 3 H) ppm.
Data for 7: M.p. 111–112 °C. 1H NMR (400 MHz, [D6]acetone,
TMS): δ = 0.68–1.17 (m, 16 H), 1.38–1.70 (m, 12 H), 1.82–2.12 (m,
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4 H), 3.50 (t, J = 7.6 Hz, 4 H), 6.33 (s, 1 H), 6.47 (d, J = 2.44 Hz,
1 H), 6.79 (dd, J = 2.44, 9.04 Hz, 1 H), 7.16 (d, J = 8.0 Hz, 1 H),
7.36 (d, J = 8.0 Hz, 1 H), 7.57 (t, J = 8.0 Hz, 1 H),7.84 (d, J =
9.04 Hz, 2 H) ppm. IR (KBr): ν̃ = 1597 cm–1. C32H43NO2 (473.69):
calcd. C 81.14, H 9.15, N 2.96; found C 81.42, H 9.39, N 2.93.

X-ray Crystallographic Studies: The reflection data were collected
at 23�1 °C with a Rigaku AFC7S four-circle diffractometer by
2θ-ω scan technique and by using graphite-monochromated Mo-
Kα (λ = 0.71069 Å) radiation at 50 kV and 30 mA. In all case, the
data were corrected for Lorentz and polarization effects. A correc-
tion for secondary extinction was applied. The reflection intensities
were monitored by three standard reflections for every 150 reflec-
tions. An empirical absorption correction based on azimuthal scans
of several reflections was applied. All calculations were performed
using the teXsan[20] crystallographic software package of Molecular
Structure Corporation. CCDC-294660 (for 1a), -294661 (for 1b),
-294662 (for 1c) -294192 (for 2a), -294193 (for 2b), -294194 (for
2c), -652309 (for 4), and -652310 (for 7) contain 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.ac.uk/data_request/cif.

Compound 4: Crystals of 4 were recrystallized from n-hexane and
obtained as air-stable, yellow prisms. The one selected had approxi-
mate dimensions of 0.80�0.66�0.43 mm. The transmission fac-
tors ranged from 0.93 to 1.00. The crystal structure was solved by
direct methods by using SIR 92.[21] The structures were expanded
by using Fourier techniques.[22] The non-hydrogen atoms were re-
fined anisotropically. Some hydrogen atoms were refined iso-
tropically, the rest were fixed geometrically and not refined. Crystal
data: C32H43NO2, M = 473.70, triclinic, a = 11.689(2) Å, b =
17.905(7) Å, c = 28.309(5) Å, α = 79.75(2)°, β = 93.56(2)°, γ =
95.65(2)°, U = 5795(2) Å3, T = 296.2 K, space group P1̄ (no. 2), Z
= 8, µ(Mo-Kα) = 0.66 cm–1, 27900 reflections measured, 26601
unique (Rint = 0.024), which were used in all calculations. The final
R indices [I�2σ(I)], R1 = 0.063, wR(F2) = 0.144.

7: Crystals of 7 were recrystallized from n-hexane and obtained as
air-stable, yellow prisms. The one selected had approximate dimen-
sions of 0.55�0.35�0.50 mm. The transmission factors ranged
from 0.93 to 1.00. The crystal structure was solved by direct meth-
ods by using SIR 92.[21] The structures were expanded by using
Fourier techniques.[22] The non-hydrogen atoms were refined aniso-
tropically. Some hydrogen atoms were refined isotropically, the rest
were fixed geometrically and not refined. Crystal data: C32H43NO2,
M = 473.70, monoclinic, a = 37.767(8) Å, b = 11.080(2) Å, c =
14.074(4) Å, β = 98.74(2)°, U = 5820(3) Å3, T = 296.2 K, space
group P21/n (no. 14), Z = 8, µ(Mo-Kα) = 0.66 cm–1, 10990 reflec-
tions measured, 10238 unique (Rint = 0.059), which were used in
all calculations. The final R indices [I�2σ(I)], R1 = 0.060, wR(F2)
= 0.179.

Computational Methods: All calculations were performed with a
FUJITSU FMV-ME4/657. The semiempirical calculations were
carried out with the WinMOPAC Ver. 3 package (Fujitsu, Chiba,
Japan). Geometry calculations in the ground state were carried out
by using the AM1 method.[16] All geometries were completely opti-
mized (keyword PRECISE) by the eigenvector following routine
(keyword EF). Experimental absorption spectra of the compounds
were studied with the semiempirical method INDO/S (intermediate
neglect of differential overlap/spectroscopic).[17] All INDO/S calcu-
lations were performed by using single excitation full SCF/CI (self-
consistent field/configuration interaction), which includes the con-
figuration with one electron excited from any occupied orbital to
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any unoccupied orbital, 225 configurations were considered for the
configuration interaction [keyword CI (15 15)].
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