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Solid-emissive fluorophores constructed by a non-planar heteropolycyclic
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Novel solid-emissive indeno[1,2-b]benzo[4,5-¢]pyran-11-one-type fluorophores 3a-3c¢ having
non-planar structures with sterically hindered substituents (R = butyl, phenyl, and thienyl) have been
designed and conveniently synthesized. The fluorescence quantum yields of 3a-3c¢ in 1,4-dioxane were
3a (@ =0.053) > 3b (@ =0.013) > 3¢ (@ = 0.003). On the other hand, the solid-state fluorescence
quantum yields of the fluorophores were 3a (@ = 0.39) > 3b (@ = 0.15) > 3¢ (@ = 0.06). To elucidate
the large differences in the quantum yields in solution and in the solid state and among the
fluorophores 3a-3c¢, we performed time-resolved fluorescence spectroscopic measurements,
semi-empirical molecular orbital calculations (AM1 and INDO/S), and X-ray crystallographic
analyses of 3a—3c. The comparison of the values of the radiative and non-radiative rate constants
determined by the time-resolved spectroscopic measurements in solution and in the crystalline state
supported that non-radiative decay is reduced by restriction of the rotation of the phenyl and thienyl
rings in the solid state. In addition, the X-ray crystal structures demonstrated that, in 3a and 3b, the
non-planar structure with sterically hindered substituents prevents the fluorophores from forming short
n—71 contacts and produces strong solid-state fluorescence. On the other hand, in the crystal of 3¢, the
formation of continuous intermolecular CH - - - S bonding between neighboring fluorophores was
found to increase short m—m contacts and reduce the fluorescence intensity.

Introduction

Solid-state fluorescence of organic fluorophores has recently
attracted increasing interest because of their many uses both
in the fundamental research field of solid-state photochemistry!
and in the applied field of optoelectronic devices.> However,
organic fluorophores with strong solid-emissive properties are
rare, because most organic fluorophores undergo fluorescence
quenching in molecular aggregation states. Many efforts have
been carried out to avoid the concentration quenching. For
example, Chen et al. have recently reported the strong solid-
state fluorescence of diphenylfumaronitrile derivatives having non-
planar structures which inhibit the close packing of the molecules
that causes fluorescence quenching.'* On the other hand, Tohnai
et al.™ proposed the possibility of a tunable solid-state fluorescence
system consisting of an organic salt with a primary amine. In the
system, the fluorescence intensity can be controlled by changing
the alkyl chain length of the amine. In contrast, Yoshida et al.?
reported that quinol-type fluorophores exhibit significant changes
of color and a drastic fluorescence enhancement upon inclusion of
guest molecules in the crystalline state. From the relation between
the solid-state fluorescence properties and the crystal structures,
it was confirmed that the destruction of n—n interactions between
the fluorophores by guest enclathration is the main reason for
the guest-dependent fluorescence enhancement behavior. Strong
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intermolecular m—n interactions'#** or continuous intermole-
cular hydrogen bonding®*® between neighboring fluorophores
have been suggested as main factors of fluorescence quenching.
Ultimately, the key point in the design of strong solid-emissive
fluorophores is to eliminate the factors that induce concentration
quenching in molecular aggregation states.

In this paper, we report a molecular design and the convenient
synthesis of novel solid-emissive indeno[1,2-b]benzo[4,5-¢]pyran-
11-one-type fluorophores (3a—3¢)’ constructed with a non-planar
structure with sterically hindered substituents. To elucidate the
differences between the photophysical properties in solution and
in the solid state, we have performed time-resolved fluorescence
spectroscopic measurements, semi-empirical molecular orbital
calculations (AM1 and INDO/S), and X-ray crystallographic
analyses of 3a-3c. The relations between the observed photo-
physical properties and the chemical and crystal structures of the
fluorophores are discussed.

Results and discussion

Synthesis of indeno[1,2-b]benzo|4,5-¢|pyran-11-one-type
fluorophores by a photochemical rearrangement reaction

The synthetic pathway is shown in Scheme 1. We used
3-(dibutylamino)-6-hydroxy-6-phenyl-naphtho[2,3-b]benzofuran-
11(6H)-one 1% as a starting material. The reaction of 1 with
organolithium reagents gave 2a-2¢ in 60-70% yields. The
structures of 2a—2¢ were confirmed by X-ray diffraction analysis
(see ESIt). The proposed reaction mechanism is depicted in
Scheme 2: the 1,2-addition of organolithium reagents (RLi) to 1
forms diol derivative I and subsequently the rearrangement of the
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Scheme 1 Outline of the synthetic pathway.
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Scheme 2 Proposed mechanism for the reaction of 1 with RLi.

substituent (R) occurs to give the cyclohexadienone-type products
2. It is known that 1,4-disubstituented cyclohexa-2,5-diene-1,4-
diol derivatives undergo acid-promoted dehydration which
is followed by rearrangement to produce cyclohexadienone-
type compounds.*® Next, the conversion of 2a-2¢ to novel
heteropolycyclic fluorophores 3a-3¢ was performed in 90-100%
yields by a photochemical rearrangement reaction, which is a
new photoreaction we have found in this research. A possible
mechanism for the formation of 3a-3c from 2 is shown in
Scheme 3, which is similar to a photoinduced oxa-di-t-methane
rearrangement:'™'" first, the 1,2-diradical would be derived to
form a 1.4-diradical intermediate II with a cyclopropane ring.
Rearrangement of the intermediate II would form a 1,3-diradical
intermediate which would then undergo cyclization to give the
stable product, indeno[l,2-b]benzo[4,5-¢]pyran-11-one 3. As a
typical example, Fig. 1 shows (a) the absorption and (b) the
fluorescence spectral changes obtained by irradiation of 2b in
1,4-dioxane at 365 nm with a black light. Upon irradiation, a new
intense absorption band appeared at around 455 nm together
with isosbestic points 325 and 363 nm, and the corresponding
fluorescence band appeared at 520 nm. The appearance of the
strong absorption and fluorescence bands in the visible region
is ascribed to extension of m-conjugation by the photochemical
rearrangement.
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Scheme 3 Proposed mechanism for the photoarrangement of 2 to 3.

0.8

o
>

Absorbance
(=]
-
Fluorescence Intensity

L
500 600 450 500 550 600

|
300 400
Wavelength/nm

Wavelength/nm

Fig. 1 (a) Absorption and (b) fluorescence spectral changes upon
photoirradiation of 2b in benzene. [2b] = 2.5 x 107> M.

Spectroscopic properties of indeno[1,2-b]benzo[4,5-¢]pyran-11-
one-type fluorophores in solution and in the solid state

The fluorescence spectra of 3a-3c in 1,4-dioxane and in the
crystalline state were recorded by excitation at the wavelength
of the longest absorption maximum. Fig. 2 and Table 1 show the
spectroscopic properties of 3a—3c in 1,4-dioxane. The absorption
maxima at around 447-460 nm and the fluorescence maxima at
around 497-532 nm are both red-shifted by conjugation with the
substituent (R) in the order of 3a < 3b < 3¢ (Fig. 2). On the other
hand, the fluorescence intensity decreases dramatically in the order
of 3a (&; = 0.053) > 3b (&; = 0.013) > 3¢ (®; = 0.003). The
time-resolved fluorescence spectroscopy of 3a—3c indicated that
the relatively high fluorescence quantum yield of 3a is mainly due
to a large radiative rate constant (k, = 8.28 x 107 s7!) compared to
those of the other compounds 3b (k, = 1.29 x 107 s7') and 3¢ (k, =
0.05 x 107 s7"). The ratio of non-radiative constant to radiative
constant (k,/k,) increases in the order of 3a (17.8) < 3b (75.7) < 3¢
(364), which is compatible with the order of fluorescence quantum
yield of 3a-3c. These results suggest that non-radiative decay is
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Table 1 Spectroscopic properties of 3a—3c in 1,4-dioxane

D /1M (£, /dm* mol~' cm™") Jmax/IM® D /ns k.c/107 s7! ko /107 87!
3a 447(32300) 497 0.053 0.64 8.28 148
3b 455(30500) 519 0.013 1.01 1.29 97.7
3c 460(28600) 532 0.003 5.47 0.05 18.2

“1.25 x 107° M. ? 1.25 x 107°® M. © @, values were determined using 9,10-bisphenylethynylanthracene (@, = 0.84, 1., = 440 nm) in benzene as a standard.
4 Fluorescence lifetime. ¢ Radiative rate constant (k, = @,/1;)./ Non-radiative rate constant (k,, = (1 — @)/7).

0.5
()
041 3a
B 3b
3 3c
E 03}
S 0zl
& 02
< L
0.1 |
0 1 Il
300 400 500 600
Wavelength/nm
2l (b) 3a
72}
c
g
R=
> F
=
S |
?
8 L
_S I 3b
= 3¢
400 500 600 700
Wavelength/nm

Fig. 2 (a) Absorption and (b) fluorescence spectra of compounds 3a-3c
in 1,4-dioxane.

accelerated by free rotation of the phenyl ring and thienyl ring in
solution.

Of particular interest are the solid-state photophysical prop-
erties. Fig. 3 and Table 2 show the spectroscopic properties of
3a-3c in the crystalline state. The fluorescence quantum yields of
3a-3c are in the order of 3a (&; = 0.39) > 3b (&; = 0.15) >
3¢ (@; = 0.06) in the crystalline state. The fluorophors 3a-3c¢
exhibited much stronger fluorescence in the solid state than in
solution. Since the rotation of the substituents is restricted in
the solid state, the fluorescence quantum yields are higher in
the solid state than in solution. The longest wavelengths of the
absorption and fluorescence maxima of 3a-3c¢ are red-shifted in
the order of 3a ~ 3b < 3¢ in comparison with those of 3a—3c in
1,4-dioxane. The time-resolved fluorescence spectroscopy of 3a—3c
indicates that the fluorescence quantum yield depends on the ratio
of radiative rate constant to non-radiative rate constant: (k./k,.) =
3a (0.64) > 3b (0.18) > 3¢ (0.06). From the lower quantum yields
of 3¢ both in solution and in the solid state, it was considered that
strong electron-donating effect of the thienyl group caused not

Table 2 Spectroscopic properties of 3a—3c in the crystalline state

Jm/nm A /nm @ P/ns k</108 st k47108 57!
3a 485 522 0.39 1.08 3.61 5.65
3b 495 531 0.15 0.93 1.61 9.14
3¢ 537 567 0.06 0.59 1.02 15.9

“The solid fluorescence quantum yields (@;) were determined by using a
calibrated integrating sphere system (4., = 325 nm). * Fluorescence lifetime.
¢ Radiative rate constant (k, = @/t;). “ Nonradiative rate constant (k,, =
(I = Dy)/7).
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Fig.3 Solid-state excitation (dotted line) and emission (solid line) spectra
of the crystals of 3a—3c.

only the red-shift of the absorption and fluorescence maxima but
also significant fluorescence quenching.

Semi-empirical MO calculations (AM1, INDO/S)

The absorption spectra of 3a-3c were analyzed by using semi-
empirical molecular orbital (MO) calculations. The molecular
structures were optimized by using the MOPAC/AMI1 method,"
and then the INDO/S method” was used for spectroscopic
calculations. The calculated absorption wavelengths and the
transition character of the first absorption bands are collected
with those of the observed spectra (Table 3). As shown in Fig. 4,
the optimized geometries of 3a—3¢ show that the heteropolycyclic
skeleton is non-planar because of the existence of the central sp’
carbon where the phenyl group is attached. Moreover, it was found
that the phenyl and thienyl substituents of 3b and 3c are able
to rotate freely compared to the butyl substituent of 3a, which
is compatible with the observed fluorescence properties in 1,4-
dioxane. The values of the dipole moments in the ground states are
6.18 for 3a, 6.13 for 3b, and 4.81 for 3¢ and the differences between
the dipole moments (Au) of the first excited and the ground states
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Fig.4 The optimized geometries of 3a-3c¢ by using the MOPAC/AM1 method: (a) side view, and (b) top view with the dipole moments in the ground
states (gray) and the difference dipole moments between the excited and the ground states (black).

Table 3 Calculated absorption spectra for the compounds 3a-3c¢

Absorption (calc.)
Quinol w/D* Ay /nm  f? CI component* Au/D?
3a 6.18 353 0.68 HOMO — LUMO (85%) 8.53
3b 6.13 362 0.61 HOMO — LUMO (87%) 8.42
3c 481 372 0.50  HOMO — LUMO (74%) 5.80

“The values of the dipole moment in the ground state. ® Oscillator strength.
¢ The transition is shown by an arrow from one orbital to another, followed
by its percentage CI (configuration interaction) component. ¢ The values
of the difference in the dipole moment between the excited and the ground
states.

are 8.53 for 3a, 8.42 for 3b, and 5.80 for 3c. The values of the dipole
moments of 3¢ are small compared to those of 3a and 3b. As shown
also in Fig. 4(b), although the directions of the dipole moment of
3a-3c in the ground state are similar, the direction of the dipole
moment of 3¢ in the excited state is different from those of 3a
and 3b. These results suggested that the thienyl group as electron
donor contributes significantly to the m-conjugated system of the
fluorophore, which affects the photophysical properties of 3c.
The calculated absorption wavelengths and the oscillator
strength values are compatible with the observed spectra in 1,4-
dioxane, although the calculated absorption spectra are blue

3a 3b

shifted. This deviation of the INDO/S calculations, giving high
transition energies compared with the experimental values, has
been generally observed.™ The calculations show that the longest
excitation bands for 3a—3c¢ are mainly assigned to the transition
from the HOMO to the LUMO, where the HOMO is mostly
localized on the dibutylaminobenzopyran moiety, and the LUMO
is mostly localized on the indenone moiety. However, the HOMO
of 3¢ is also localized on the thienyl ring. The changes in
the calculated electron density accompanying the first electron
excitation are shown in Fig. 5, which shows a strong migration of
intramolecular charge-transfer character of 3a-3c. Itis noteworthy
that the thienyl group of 3¢ as electron donor is taking part
in the intramolecular charge transfer, but the butyl group of 3a
and the phenyl group of 3b are not. These results indicates that
electron-donating effects of the n-conjugated thienyl group on the
intramolecular charge transfer cause red shifts of the absorption
and fluorescence maxima and significant fluorescence quenching
both in solution and in the solid state.

X-Ray crystal structures of indeno[1,2-b]benzo[4,5-¢]pyran-11-
one-type fluorophores

In order to investigate the effect of the crystal structure on
the solid-state photophysical properties, we have performed
X-ray crystallographic analyses of 3a—3c. The crystal systems

3c

Fig. 5 Calculated electron density changes accompanying the first electronic excitation of 3a—3c. The white and black lobes signify decreases and
increases in electron density accompanying the electronic transition. Their areas indicate the magnitude of the electron density change.
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were monoclinic with space group P2,/c¢ with Z = 4 for 3a,
orthorhombic with space group Pbca with Z = 8 for 3b, and
triclinic with space group P1 with Z = 2 for 3c. The packing
structures demonstrate that the molecules are arranged in a
“herring-bone” fashion in the crystal of 3a, and in a “bricks
in a wall” fashion in the crystals of 3b and 3c. As shown in
Fig. 6-8, the three crystals are built up by a centrosymmetric
pair unit of two enantiomers. Fig. 9 shows the schematic structure
of one of the enantiomers. The heteropolycyclic skeleton is non-
planar because of the existence of the central sp® carbon where
the phenyl group is attached. Good correlations were observed
between the bond lengths and bond angles of 3a—3c¢ from semi-
empirical MO calculations and those experimentally obtained
from X-ray crystal structures. We expected that such non-planar
structures with sterically hindered substituents (the phenyl, R, and
7-dibutylamino groups) prevent the fluorophores from forming
short n—7 contacts causing fluorescence quenching in the solid
state. In fact, the torsion angles between the indenone skeleton
and the benzopyran skeleton of 3a-3¢ are near 150.2°, 150.1°,
and 153.1°, respectively. The compounds 3a and 3b which exhibit
strong solid-state fluorescence have only one or two interatomic
contacts of less than 3.60 A between the neighboring fluorophores
in the crystal structure (Fig. 6 and 7). On the other hand, com-
pound 3¢ which exhibits unexpected weak solid-state fluorescence
has 15 interatomic contacts of less than 3.60 A between the
neighboring fluorophores (Fig. 8(d)). As shown in Fig. 8(b), the
fluorophores are linked continuously by intermolecular CH--- S
bonds between the adjoining benzene ring and thienyl ring of
neighboring fluorophores. Thus, the formation of continuous
molecular linking by CH - - - S bonds enables fluorophore 3¢ to
form such a massed molecular packing structure.
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Conclusions

Novel heteropolycyclic fluorophores (3a—3c¢) have been designed
and conveniently synthesized by a new photochemical rearrange-
ment reaction that we have found. The X-ray crystal structure
analysis demonstrated that, in the crystals of 3a and 3b, the
non-planar structure with sterically hindered substituents prevents
the fluorophores from forming short intermolecular contacts and
produces intense solid-state fluorescence emission. However, in
the crystal of 3c, the formation of continuous intermolecular
CH - - - S bonding between the adjoining benzene ring and thienyl
ring of neighboring fluorophores increases short n—n contacts and
reduce the fluorescence intensity. Thus, new useful information
concerning the solid-state fluorescence has been obtained.

Experimental

Melting points were measured with a Yanaco micro melting
point apparatus MP-500D. IR spectra were recorded on a
JASCO FT/IR-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 on a Rigaku AFC7S diffractometer.
Photoirradiation was carried out by using a UVP Model UVGL-
25 as the light source. Fluorescence lifetimes were determined with
a time-resolved spectrophotometer. The samples were exited by a
laser diode (4., = 375 nm). The fluorescence quantum yields (@)
were determined using 9,10-bisphenylethynylanthracene (@ =
0.84, A, = 440 nm)"”® in benzene as the standard. The solid-
fluorescence quantum yields (@) were determined by using a

C(3)-C(3)" 3.536(9) A

Crystal packing of 3a: (a) ORTEP diagram, (b) view of the molecular packing structure, (c) side view, and (d) top view of the pairs of fluorophores.
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(b) Pl (d

C(3)-0(1)" 3.433(10) A

Fig.7 Crystal packing of 3b: (a) ORTEP diagram, (b) view of the molecular packing structure, (c) side view, and (d) top view of the pairs of fluorophores.

calibrated integrating sphere system (A, = 325 nm). Elemental
analyses were recorded on a Perkin Elmer 2400 II CHN analyzer.
"H NMR spectra were recorded on a INM-LA-400 (400 MHz) FT
NMR spectrometer with tetramethylsilane (TMS) as an internal
standard. Column chromatography was performed on silica gel
(60N, spherical, neutral).

Synthesis of 11a-butyl-3-dibutylamino-6-phenyl-11aH-
benzo|b|naphtho|2,3-d|furan-11-one (2a)

To a THF solution (200 ml) of benzofuranoquinol 1 (1.0 g,
2.20 mmol) in Ar atmosphere was added an ethereal solution
of 1.6 M butyllithium (5.5 ml, 8.8 mmol) at —108 °C over
30 min. After stirring for 30 min at room temperature, the reaction
was quenched with saturated NH,Cl solution. The solvent was
evaporated and the residue was extracted with CH,Cl,. The
organic extract was washed with water. The organic extract was
evaporated and the residue was chromatographed on silica gel
(CH,C1, as eluent) to give 2a (0.75 g, yield 69%): mp 141-143 °C;
FTIR (KBr)/cm™ 1692; "H NMR (400 MHz, acetone-dq) 0 =
0.77 (3H, t), 0.93 (6H, t), 1.15-1.20 (2H, m), 1.33-1.44 (6H, m),
1.53-1.60 (4H, m), 1.83-1.90 (2H, m), 3.32 (4H, m), 6.29 (1H, d,
J=244Hz),6.44(1H,dd, J =2.44and 8.54 Hz), 7.08 (1H, d, J =
7.81 Hz), 7.33-7.37 (1H, m), 7.42-7.44 (5H, m), 7.49-7.57 (2H,
m), 7.90 (1H, dd, J = 1.46 and 7.56 Hz); *C NMR (400 MHz,
acetone-dg) 0 = 14.1, 14.2, 20.8, 23.0, 27.3, 42.8, 51.5, 61.0, 94.3,
107.11,111.6,112.7,126.7,126.8, 127.2,127.8, 128.5, 128.8, 129 .4,
131.3, 134.9, 135.3, 140.8, 150.5, 160.6, 162.0, 200.2. Found: C,
83.02; H, 8.26; N, 2.89. C;,H;NO, requires C, 82.72; H, 7.96; N,
2.84%.

Synthesis of 3-dibutylamino-6,11a-diphenyl-11aH -
benzo|b|naphtho|2,3-d|furan-11-one (2b)

To a THF solution (100 ml) of benzofuranoquinol 1 (1.0 g,
2.20 mmol) in Ar atmosphere was added an ethereal solution
of 1.8 M phenyllithium (4.9 ml, 8.8 mmol) at —108 °C over
30 min. After stirring for 30 min at room temperature, the reaction
was quenched with saturated NH,Cl solution. The solvent was
evaporated and the residue was extracted with CH,Cl,. The
organic extract was washed with water. The organic extract was
evaporated and the residue was chromatographed on silica gel
(CH,Cl, as eluent) to give 2b (0.84 g, yield 68%): mp 159-160 °C;
FTIR (KBr)/cm™ 1693; '"H NMR (400 MHz, acetone-dy) 0 =
0.91 (6H, t), 1.28-1.38 (4H, m), 1.48-1.56 (4H, m), 3.22-3.34 (4H,
m), 6.25(1H, d, J =2.44 Hz), 6.41 (1H, dd, J = 2.44 and 8.54 Hz),
7.05 (1H, d, J = 7.56 Hz), 7.19-7.33 (4H, m), 7.45-7.51 (2H, m),
7.55-7.59 (4H, m), 7.67-7.71 (3H, m), 7.76 (1H, dd, J = 1.46
and 7.56 Hz); ®C NMR (400 MHz, acetone-d) 6 = 14.2, 20.8,
51.5, 64.4, 94.4, 107.3, 114.5, 114.6, 126.1, 127.0, 127.6, 128.1,
128.8, 129.5, 129.6, 130.0, 131.3, 134.9, 135.1, 140.5, 140.9, 150.5,
158.8, 160.1, 198.3. Found: C, 84.34; H, 6.92; N, 2.60. C;;H;sNO,
requires: C, 84.18; H, 6.87; N, 2.73%.

Synthesis of 3-dibutylamino-6-phenyl-11a-thiophen-2-yl-11aH-
benzo|b|naphtho|2,3-d|furan-11-one (2c)

To a THF solution (100 ml) of benzofuranoquinol 1 (1.0 g,
2.20 mmol) in Ar atmosphere was added an ethereal solution
of 1.0 M 2-thienyllithium (8.8 ml, 8.8 mmol) at —108 °C over
30 min. After stirring for 30 min at room temperature, the reaction

This journal is © The Royal Society of Chemistry 2007
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Fig.8 Crystal packing of 3¢: (a) ORTEP diagram, (b) view of the molecular packing structure, (c) side view, and (d) top views of the pairs of fluorophores.

was quenched with saturated NH,Cl solution. The solvent was
evaporated and the residue was extracted with CH,Cl,. The
organic extract was washed with water. The organic extract was
evaporated and the residue was chromatographed on silica gel
(CH,C1, as eluent) to give 2¢ (0.77 g, yield 68%): mp 132-134 °C;
FTIR (KBr)/cm™ 1699; "H NMR (400 MHz, acetone-dq) 0 =
0.92 (6H, t), 1.30-1.39 (4H, m), 1.51-1.58 (4H, m), 3.31 (4H, 1),
6.27 (1H, d, J = 2.44 Hz), 6.46 (1H, dd, J = 2.44 and 8.54 Hz),
6.86-6.87 (1H, m), 7.06-7.08 (1H, m), 7.13-7.14 (1H, m), 7.25—
7.27 (1H, m), 7.29-7.33 (1H, m), 7.46-7.58 (6H, m), 7.71 (1H,
d, J = 8.54 Hz), 7.82 (1H, dd, J = 0.98 and 7.56 Hz); “C NMR
(400 MHz, acetone-ds) 0 = 14.2,20.8, 51.5,60.9,94.3,107.4, 113.8,
113.8,125.8, 126.1, 127.0, 127.1, 127.8, 127.9, 128.5, 128.9, 129.0,
129.5,121.2,134.9, 135.2, 140.6, 144.9, 150.8, 159.3, 160.2, 196.6.
Found: C, 78.61; H, 6.39; N, 2.81. C3,H3;NO,S requires: C, 78.58;
H, 6.40; N, 2.70%.

Synthesis of 10-butyl-7-dibutylamino-9b-phenyl-9b H-indenol[1,
2-b]benzo|4,5-¢]pyran-11-one (3a)

A dichloromethane solution (80 ml) of 2a (0.1 g) was irradiated
with 365 nm light. The solvent was evaporated and the residue was
purified by silica gel column chromatography (CH,Cl, as eluent)

and by recrystallization from a mixture of dichloromethane—n-
hexane (1 : 1) to give 0.099 g of 3a in 99% yield as orange crystals:
mp 120-122 °C; FTIR (KBr)/cm™' 1679; '"H NMR (400 MHz,
acetone-d¢) 0 = 0.95-1.00 (9H, m), 1.35-1.51 (6H, m), 1.58-1.65
(4H, m), 2.04-2.09 (2H, m), 3.19-3.23 (2H, m), 3.39-3.43 (4H, m),
6.37 (1H, dd, J = 2.44 and 8.78 Hz), 6.53 (1H, d, J = 2.44 Hz),
7.11-7.15 (1H, m), 7.21-7.25 (2H, m), 7.34 (1H, d, J = 8.78 Hz),
7.48-7.56 (3H, m), 7.60-7.63 (1H, m), 7.71-7.77 (2H, m); “C
NMR (400 MHz, acetone-d¢) o = 14.2, 14.3, 20.8, 23.5,27.3, 33.3,
51.2, 82.5, 100.4, 107.3, 113.1, 123.7, 125.4, 126.2, 126.7, 128.2,
129.0, 129.2, 130.1, 134.8, 140.2, 144.8, 146.6, 152.3, 152.4, 158.8,
189.2. Found: C, 82.43; H, 8.25; N, 2.68. C;,H3NO, requires C,
82.72; H, 7.96; N, 2.84%.

Synthesis of 7-dibutylamino-9b,10-diphenyl-9bH-indeno|1,
2-b]benzo[4,5-¢]pyran-11-one (3b)

A dichloromethane solution (80 ml) of 2b (0.1 g) was irradiated
with 365 nm light. The solvent was evaporated and the residue was
purified by silica gel column chromatography (CH,Cl, as eluent)
and by recrystallization from a mixture of dichloromethane-n-
hexane (1 : 1) to give 0.098 g of 3b in 98% yield as orange crystals:
mp 157-159 °C; FTIR (KBr)/cm™' 1686; '"H NMR (400 MHz,
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acetone-dg) 6 = 0.96 (6H, t), 1.36-1.45 (4H, m), 1.59-1.66 (4H,
m), 3.40-3.44 (4H, m), 6.30 (1H, dd, J = 2.44 and 8.78 Hz), 6.61
(1H,d,J =2.44Hz),6.72(1H,d, J =8.78 Hz), 7.16-7.20 (1H, m),
7.28-7.31 (2H, m), 7.47-7.50 (SH, m), 7.62-7.68 (3H, m), 7.73—
7.78 (3H, m); *C NMR (400 MHz, acetone-d¢) 6 = 14.2, 20.8,
51.2, 83.1, 100.3, 107.2, 113.6, 113.7, 123.6, 125.5, 126.4, 128.2,
128.4,129.2,129.9, 130.2, 131.9, 134.9, 140.3, 144.3, 144.6, 152.2,
152.5,159.3, 187.1. Found: C, 84.34; H, 6.92; N, 2.60. C;,H;sNO,
requires C, 84.18; H, 6.87; N, 2.73%.

Synthesis of 10-(2-thienyl)-7-dibutylamino-9b-phenyl-9bH-
indeno[1,2-b]benzo[4,5-¢]pyran-11-one (3c)

A dichloromethane solution (80 ml) of 2¢ (0.1 g) was irradiated
with 365 nm light. The solvent was evaporated and the residue was
purified by silica gel column chromatography (CH,Cl, as eluent)
and by recrystallization from a mixture of dichloromethane—n-
hexane (1 : 1) to give 0.099 g of 3¢ in 99% yield as orange crystals:
mp 129-131 °C; FTIR (KBr)/cm™' 1680; '"H NMR (400 MHz,
acetone-dq) 0 = 0.98 (6H, t), 1.36-1.46 (4H, m), 1.60-1.67 (4H,
m), 3.43 (4H, t), 6.35 (1H, d, J = 2.68 and 8.78 Hz), 6.60 (1H,
d, J =2.68 Hz), 7.11 (1H, d, J = 9.21 Hz), 7.16-7.19 (1H, m),
7.24-7.30 (3H, m), 7.48-7.52 (1H, m), 7.62-7.72 (6H, m), 7.75-
7.77 (1H, m); C NMR (400 MHz, acetone-d¢) 6 = 14.2, 20.8,
51.2, 83.4, 100.3, 107.2, 113.4, 113.5, 123.7, 125.5, 126.4, 127.5,
128.5,129.2,129.7, 130.3, 132.0, 133.6, 134.9, 135.1, 136.7, 130.3,
144.2,151.9,152.7,159.2, 186.6. Found: C, 78.56; H, 6.49; N, 2.82.
C3,Hi;NO,S requires C, 78.58; H, 6.40; N, 2.70%.

X-Ray crystallographic studies’

The data sets were collected at 23 + 1 °C on a Rigaku AFC7S
four-circle diffractometer by the 260—w scan technique, and using
graphite-monochromated Mo-Ka (4 = 0.71069 A) radiation at
50 kV and 30 mA. In all case, the data were corrected for Lorentz
and polarization effects. A correction for secondary extinction
was applied. Crystal data, data collection and refinement pa-
rameters are summarized in ESIf Table S1. A correction for
secondary extinction was supplied. The reflection intensities were
monitored by three standard reflections for every 150 reflections.
An empirical absorption correction based on azimuthal scans of
several reflections was applied. All calculations were performed
using the teXsan'® crystallographic software package of Molecular
Structure Corporation.

Crystal structure determination of compound 2a

Crystals of 2a were recrystallized from a mixture of
dichloromethane and n-hexane as air stable yellow prisms. The
one selected had approximate dimensions 0.40 x 0.40 x 0.50 mm.
The transmission factors ranged from 0.86 to 0.99. The crystal
structure was solved by direct methods using SIR 92.'7 The
structures were expanded using Fourier techniques.”® The non-
hydrogen atoms were refined anisotropically. Some hydrogen
atoms were refined isotropically, the rest were fixed geometrically
and not refined.

Crystal data. C;,H;,NO,, M = 493.69, monoclinic, a =
14.321(2), b = 11.583(3), ¢ = 17.877(2) A, f = 104.490(8)°, U =
2871.3(9) A%, T = 296.2 K, space group P2,/n (no. 14), Z = 4,

1#(Mo-K,) = 0.70 cm™', 5552 reflections measured, 5047 unique
(Ry = 0.042) which were used in all calculations. The final R
indices were R1 = 0.074, wR (F?) = 0.183 (all data).

Crystal structure determination of compound 2b

Crystals of guest-free 2b were recrystallized from a mixture
of dichloromethane and n-hexane as air stable yellow prisms.
The one selected had approximate dimensions 0.70 x 0.10 x
0.40 mm. The transmission factors ranged from 0.96 to 1.00. The
crystal structure was solved by direct methods using SIR 92."7
The structures were expanded using Fourier techniques.'® The
non-hydrogen atoms were refined anisotropically. Some hydrogen
atoms were refined isotropically, the rest were fixed geometrically
and not refined.

Crystal data. C;,H;;sNO,, M = 513.68, monoclinic, ¢ =
9.081(2), b = 20.626(4), ¢ = 15.6003) A, p = 98.69(2)°, U =
2888(1) A%, T = 296.2 K, space group P2,/c (no. 14), Z = 4,
u(Mo-K,) = 0.72 cm™', 5427 reflections measured, 5087 unique
(R = 0.059) which were used in all calculations. The final R
indices were R1 = 0.055, wR (F?) = 0.174 (all data).

Crystal structure determination of compound 2¢

Crystals of 2¢ were recrystallized from a mixture of
dichloromethane and n-hexane as air stable yellow prisms. The
one selected had approximate dimensions 0.60 x 0.50 x 0.10 mm.
The transmission factors ranged from 0.87 to 1.00. The crystal
structure was solved by direct methods using SIR 92.'7 The
structures were expanded using Fourier techniques.”® The non-
hydrogen atoms were refined anisotropically. Some hydrogen
atoms were refined isotropically, the rest were fixed geometrically
and not refined.

Crystal data. C;H;NO,S, M = 519.70, triclinic, a =
10.088(8), b = 16.317(6), ¢ = 9.031(6) A, a = 91.18(4)°, § =
97.28(6)°, y = 72.73(4)°, U = 1407(1) A3, T = 296.2 K, space
group P1 (no. 2), Z =2, u(Mo-K,) = 1.46 cm™', 6872 reflections
measured, 6463 unique (R, = 0.084) which were used in all
calculations. The final R indices were Rl = 0.094, wR (F?) =
0.194 (all data).

Crystal structure determination of compound 3a

Crystals of 3a were recrystallized from a mixture of
dichloromethane and n-hexane as air stable orange prisms. The
one selected had approximate dimensions 0.20 x 0.20 x 0.40 mm.
The transmission factors ranged from 0.97 to 1.00. The crystal
structure was solved by direct methods using SIR 92.7 The
structures were expanded using Fourier techniques.”® The non-
hydrogen atoms were refined anisotropically. Some hydrogen
atoms were refined isotropically, the rest were fixed geometrically
and not refined.

Crystal data. C;,H,NO,, M = 493.69, monoclinic, a =
9.471(5), b = 30.489(6), ¢ = 10.734(5) A, p = 114.03(3)°, U =
2830(2) A}, T = 296.2 K, space group P2,/a (no. 14), Z = 4,
u(Mo-K,) = 0.71 cm™', 5417 reflections measured, 4981 unique
(R, = 0.050) which were used in all calculations. The final R
indices were R1 = 0.053, wR (F?) = 0.117 (all data).
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Crystal structure determination of compound 3b

Crystals of 3b were recrystallized from a mixture of
dichloromethane and n-hexane as air stable orange prisms. The
one selected had approximate dimensions 0.20 x 0.10 x 0.45 mm.
The transmission factors ranged from 0.95 to 1.00. The crystal
structure was solved by direct methods using SAPI9L.” The
structures were expanded using Fourier techniques.” The non-
hydrogen atoms were refined anisotropically. Some hydrogen
atoms were refined isotropically, the rest were fixed geometrically
and not refined.

Crystal data. C;,H;;NO,, M = 513.68, orthorhombic, a =
20.947(7), b = 31.759(7), ¢ = 8.758(7) A, U = 5826(4) A3, T =
296.2 K, space group Pbca (no. 61), Z =8,u(Mo-K,)=0.71 cm™',
5385 reflections measured, 4786 unique (R;,, = 0.000) which were
used in all calculations. The final R indices were R1 = 0.055, wR
(F?) = 0.108 (all data).

Crystal structure determination of compound 3¢

Crystals of 3¢ were recrystallized from a mixture of
dichloromethane and n-hexane as air stable orange prisms. The
one selected had approximate dimensions 0.50 x 0.40 x 0.40 mm.
The transmission factors ranged from 0.87 to 1.00. The crystal
structure was solved by direct methods using SIR 92." The
structures were expanded using Fourier techniques.”® The non-
hydrogen atoms were refined anisotropically. Some hydrogen
atoms were refined isotropically, the rest were fixed geometrically
and not refined.

Crystal data. C;H;NO,S, M = 519.70, triclinic, a =
11.0092), b = 13.949(5), ¢ = 9.752(2) A, a = 97.99(2)°, § =
101.46(2)°, y = 72.82(2)°, U = 1397.1(6) A®, T = 296.2 K, space
group P1 (no. 2), Z =2, u(Mo-K,) = 1.47 cm™*, 6801 reflections
measured, 6426 unique (R, = 0.040) which were used in all
calculations. The final R indices were R1 = 0.0793, wR (F?) =
0.184 (all data).

SLC

NBu;

Fig. 9 Schematic representation of the molecular structures of 3a—3c.

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
calculations in the ground state were carried out using the AM1
method.” All geometries were completely optimized (keyword
PRECISE) by the eigenvector following routine (keyword EF).
Experimental absorption spectra of the seven quinol deriva-
tives were studied with the semi-empirical method INDO/S
(intermediate neglect of differential overlap/spectroscopic).” All

INDOY/S calculations were performed using single excitation full
SCF/CI (self-consistent field/configuration interaction), which
includes the configuration with one electron excited from any
occupied orbital to any unoccupied orbital, 225 configurations
were considered for the configuration interaction [keyword
CI (15 19)].
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