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Heterocyclic Quinol-Type Fluorophores: Synthesis, X-ray Crystal Structures,
and Solid-State Photophysical Properties of Novel 5-Hydroxy-5-substituent-
benzo[ b]naphtho[1,2-d]furan-6-one and 3-Hydroxy-3-substituent-

benzo[kl]xanthen-2-one Derivatives**

Yousuke Ooyama, Tomohiro Okamoto, Takahiro Yamaguchi, Toshihisa Suzuki,
Akiko Hayashi, and Katsuhira Yoshida*!"!

Abstract: Novel heterocyclic quinol-
type fluorophores (4a—c) and (5a—c)
that contain substituents (R = Me, Bu,
Ph) with nonconjugated linkages to the
chromophore skeleton have been syn-
thesized and their photophysical prop-

5Sa—c exhibited almost the same absorp-
tion and fluorescence spectra in solu-
tion; however, their solid-state fluores-
cence excitation and emission spectra
in the crystalline state were quite dif-
ferent. We performed X-ray crystallo-

graphic analyses to elucidate the dra-
matic effect of the substituents of the
nonconjugated linkage on the solid-
state fluorescence excitation and emis-
sion spectra. The relationships between
the solid-state photophysical properties

erties have been investigated in solu-
tion and in the solid state. Considera-
ble differences in the absorption and
fluorescence spectra were observed be-
tween the two states. Quinols 4a—c and

Introduction

Organic fluorophores exhibiting strong solid-state emission
properties have attracted increasing interest because of their
many uses in the fundamental research field of solid-state
photochemistry!!! and in the applied field of optoelectronic
devices.”! Although there are many dyes exhibiting strong
fluorescence in solution, the number of fluorescent dyes ex-
hibiting intense fluorescence in the solid state is relatively
limited because most organic fluorophores undergo fluores-
cence quenching in the aggregation state. Much research has
focused on the development of new strong solid-emissive
fluorophores. For example, the introduction of bulky sub-
stituents onto the original fluorophores,'“*%+3 and the for-
mation of clathrates™® or salts!™™ with fluorophores are
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and the chemical and crystal structures
of 4a—c and Sa—c are discussed on the

heterocy- basis of the X-ray crystal structures.

known to be useful methods to solve the problem of fluores-
cence quenching by aggregation. The correlation between
the solid-state fluorescence properties and the molecular
packing structures on the basis of the X-ray crystal struc-
tures have also been investigated to elucidate the details of
fluorescence quenching.=#35# A strong intermolecular m—
7 interaction'*#3>7 or continuous intermolecular hydrogen
bonding®® between neighboring fluorophores have been
postulated as being main contributors to fluorescence
quenching. Ultimately, the key factor in the design of new,
strong, solid-state emissive fluorophores is to eliminate pa-
rameters that induce concentration quenching in molecular
aggregation states.

We have used a series of heterocyclic quinol-type fluoro-
phores to demonstrate that the intermolecular m—x interac-
tions of fluorophores have a decisive influence on the solid-
state fluorescence properties.*”) We also discovered that
quinol-type fluorophores exhibit significant changes of color
and a drastic fluorescence enhancement upon inclusion of
guest molecules in the crystalline state. The relationship be-
tween the solid-state fluorescence properties and the crystal
structures confirms that the destruction of m—m interactions
between the fluorophores by guest enclathration is the main
reason for the guest-dependent fluorescence enhancement
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behavior. Herein, we report on new heterocyclic quinol-type
fluorophores, 5-hydroxy-5-substituent-benzo[b]naphtho[1,2-
dJfuran-6-one (4) and 3-hydroxy-3-substituent-benzo[kl]-
xanthen-2-one (5) fluorophores, whose solid-state fluores-
cence can be dramatically changed by introduction of sub-
stituents on the nonconjugated linkage to the quinol skele-
ton. We carried out X-ray crystallographic analyses of 4a—c
and Sa—c to elucidate the relationship between the photo-
physical properties and the chemical and crystal structures.

Results and Discussion

Synthesis of 5-hydroxy-5-substituent-benzo[b]naphthol[1,2-
d]furan-6-one (4a—c) and 3-hydroxy-3-substituent-ben-
zo[ kl]xanthen-2-one (5a-c) fluorophores: We first prepared
the starting heterocyclic quinones 2 and 3. As shown in
Scheme 1 and Table 1, selective synthesis of 1 and 2 was
achieved by changing the solvent. When DMSO or DMF
was used, quinone 1 was preferentially obtained (Table 1,
runs 1, 2, 4, 5, 7, and 8). Whereas, when acetic acid was
used, quinone 2 was preferentially obtained (Table 1, runs 3,
6, and 9). The reaction was efficiently promoted by an addi-
tion of a metal salt, such as NiCl, or CuCl, (Table 1, runs 4-
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Table 1. Effects of metal salt and solvent on the reaction of sodium 1,2-
naphthoquinone-4-sulfonate with m-dibutylaminophenol.!

Run Metal salt Solvent Time [h] Product yield [%]
1 2
1 none DMF 10 22 1.8
2 none DMSO 10 10 2.1
3 none CH,;COOH 15 1.0 8.4
4 NiCl, DMF 5 37 1.1
5 NiCl, DMSO 5 15 2.4
6 NiCl, CH;COOH 8 1.5 38
7 CuCl, DMF 5 32 1.1
8 CuCl, DMSO 5 12 1.8
9 CuCl, CH,;COOH 7 1.2 42

[a] Sodium 1,2-naphthoquinone-4-sulfonate (3.84 mmol) was stirred with
m-dibutylaminophenol (5.76 mmol) in various solvents (25 mL) in the ab-
sence or presence of a metal chloride (3.84 mmol) at 50°C.

9). The formation of a metal chelate complex between the
o-quinone carbonyl groups and the metal ion probably facil-
itates the nucleophilic desulfoarylation at the 4-position.”]
We also found that not only quinone 2 but also quinone 3
are selectively obtained by heating quinone 1 in various sol-
vents in the presence of a metal salt (Scheme 1, Table 2).
The intramolecular cyclization reaction barely proceeded in
DMSO or DMF in the absence of a metal salt (Table 2,

NBu,
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Scheme 1. Synthesis of o-quinones 1, 2, and 3. a) Metal salt (NiCl, or CuCl,), solvent (DMSO, DMF, or CH;COOH), 50°C, 5-10 h; b) metal salt ([Ni-
(OCOCH,),] or [Cu(OCOCH;),]), solvent (DMSO, DMF, CH;COOH, 1,4-dioxane, or N-methyl-2-pyrrolydone), 100°C, 3-72 h.
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Table 2. Effects of metal salt and solvent on the intramolecular cycliza-
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tion of the quinone 1.1

Run  Metal salt Solvent Time [h] Product yield[% ]
2 3
1 none DMF 72 0.9 1.0
2 none DMSO 72 1.2 0.8
3 none CH;COOH 72 17 14
4 [Ni(OCOCH;),] DMF 16 37 23
5 [Ni(OCOCH;),] DMSO 12 21 58
6 [Ni(OCOCH;),] CH;COOH 13 19 15
7 [Cu(OCOCH,;),] 14-dioxane 15 41 26
8 [Cu(OCOCH;),] NMPM 5 35 39
9 [Cu(OCOCH;),] DMF 7 41 26
10 [Cu(OCOCH;),] DMSO 7 15 66
11 [Cu(OCOCH3;),] CH;NO, 3 80 0
12 [Cu(OCOCH;),] CH;COOH 7 19 18

R_OH
- (Téfo
S
i O
—/

[a] Quinone 1 (3.84 mmol) was stirred in various solvents (25 mL) in the
absence or presence of metal acetate (3.84 mmol) at 100°C. [b] N-
methyl-2-pyrrolidone.

runs 1 and 2). However, the reaction proceeded slowly in
acetic acid to give 2 and 3 in 17% and 14 % yields, respec-
tively (Table 2, run 3). Apparently, the reaction was effi-
ciently promoted by the addition of [Ni(OCOCH;),] or [Cu-
(OCOCHs3;),] in various solvents to give quinones 2 and 3 in
moderate yields (Table 2, runs 4-12). The activity of the
metal acetates was in the order Cu">Ni"; the oxidative
Cu" ion would work more effectively for the completion of
the intramolecular cyclization. We also discovered that the
product ratio (2 vs. 3) of the intramolecular cyclization reac-
tion was greatly dependent on the nature of the solvent
used (Table 2, runs 7-12). The reaction in DMSO preferen-
tially afforded quinone 3 (Table 2, run 10), whereas the pref-
erential product from the reaction in nitromethane was qui-
none 2 (Table 2, run 11). A possible reaction pathway for
the formation of 2 and 3 is shown in Scheme 2. The solvent
effects on the regioselectivity of the intramolecular cycliza-
tion may be rationalized by the difference in the stabiliza-
tion of the transition states (II and III; see Scheme 1) by sol-
vation. The initial intramolecular cyclization of 1 to give hy-
droquinones 2 and 3, and the subsequent oxidation to 2
and 3 were efficiently promoted by adding [Cu(OCOCH;),].

As shown in Scheme 2, quinols 4a-¢ and Sa-c were ob-
tained by reacting quinones 2 and 3 with organolithium re-
agents (RLi: MeLi, BuLi, and PhLi) at —108°C, respective-
ly. It is known that the addition of organometallic reagents
to quinones affords not only quinols, but also hydroquinone
as a by-product: both the 1,2-addition and the reduction of
the quinoid skeleton by organometallic reagents proceed
competitively.'"! In our case, the corresponding hydroqui-
none produced in situ was easily reoxidized by atmospheric
oxygen during workup of the reaction mixture, resulting in
recovery of the starting quinone. For quinone 2, the organo-
lithium reagents preferentially attack the 5-carbonyl carbon
rather than the 6-carbonyl carbon, in spite of the similar
steric reactivity of the two carbonyl groups (Table 3). The
conjugated linkage of the dibutylamino group to the 6-car-
bonyl group would make the 6-carbonyl carbon atom more
weakly electrophilic than the 5-carbonyl carbon atom, so

Chem. Eur. J. 2006, 12, 7827 —-7838
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Scheme 2. Synthesis of quinols 4 and 5. a) THF, —108°C to RT, 30 min.

Table 3. Synthesis of the quinol by reaction of quinone with organolithi-
um (RLi) reagents at —108°C.

Run RLi Product Recovered quinone [%]
Quinol Yield[%]
1 MeLi 4a 67 2 17
2 BuLi 4b 47 2 24
3 PhLi 4c 30 2 45
4 MelLi S5a 49 3 30
5 BuLi 5b 37 3 32
6 PhLi 5¢ 17 3 48

that the counteranions (R™) preferentially attack the elec-
trophilic 5-carbonyl carbon atom. The yield of the quinols
was in the order 4a>4b>4c, while the yield of recovered
starting quinone 2 was in the reverse order. The reaction of
quinone 3 with organolithium reagents can be explained
similarly.

Spectroscopic properties of 4a—c and Sa—c in solution: The
visible absorption and fluorescence spectral data of 4a—c
and Sa—c in solution are summarized in Table 4. The fluores-
cence spectra of the quinols were recorded by excitation at
the wavelengths of the absorption maximum with the lon-
gest wavelength. Owing to the nonconjugated linkage of the
substituents (R = Me, Bu, and Ph) to the chromophore
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Table 4. Absorption and fluorescence spectral data of 4a—c and Sa—c in solution.

yield (@) on the solvent polari-

Quinol Solvent Absorption Fluorescence sstl ty was also observed: the @
Aumax [nm]3 L Ama @ Adnw value of 5a is increased by a
(Emax [dm”mol™ em™]) [om] [rm]  factor of 8 on changing the sol-
4a benzene 427 (22500) 470 0.76 43 vent from 174_dioxane to etha-
1,4-dioxane 421 (21300) 476 0.74 55 .
; nol. Similar fluorescence char-
THF 419 (20900) 494 0.60 75 o i
DMF 426 (20200) 504 0.35 08 acterlstlf:s were prev10u§ly re-
DMSO 430 (20400) 528 0.31 98 ported 1n some aromatic car-
acetonitrile 428 (20500) 524 0.30 96 bonyl compounds such as
ethar}ol 432 (20400) 538 0.16 106 pyrene-3-carboxaldehyde,[“] 7.
4b 1,4-dioxane 420 (21700) 476 0.74 56 alkoxveoumarins.? and o-ami.
acetonitrile 430 (22600) 525 031 95 Xy ! - o
4c 1,4-dioxane 430 (21 600) 484 0.74 55 noacetophenone.
acetonitrile 441 (22400) 536 0.30 95
5a cyclohexane 430(30200), 408(32500) 441 0.03 11 Spectroscopic  properties  of
diethyl ether 430(28400), 411(31300) 457 0.04 27 4 . .
a—¢ and Sa-c in the solid
1,4-dioxane 433(29400), 416(28200) 464 0.04 31 . .
THF 433(29700), 419(31 100) 479 014 46 state: Interesting results have
DMF 438(29200) 503 0.27 65 been obtained from the photo-
DMSO 441(28700) 506 0.27 65 physical properties of crystal-
acetonitrile 438(32600) 501 0.46 63 line 4a—¢ and Sa-c. Figure 1
ethanol 442(33200) 508 0.33 66 h that th tical
5b 1.4-dioxane 434(29000), 417(28000) 465 0.04 31 shows that the oplical proper-
acetonitrile 440(32400) 501 043 61 ties of quinols 4a-c and Sa-c
5c 1,4-dioxane 442(31200), 426(30700) 472 0.03 30 are quite different between the
acetonitrile 450(35300) 507 043 57 solution and the solid state.

[a] Stokes shift value.

skeleton, the absorption and fluorescence spectra of fluoro-
phores 4a—c or Sa—c are very similar in each category.

Quinols 4a—c exhibit an intense absorption band at about
420-430 nm and an intense fluorescence band at about 475-
485nm (@ = 0.74-0.77) in 1,4-dioxane. The solvent effect
was investigated with quinol 4a, which showed that the fluo-
rescence properties are significantly dependent on the sol-
vent polarity. The absorption maximum of 4a shows a small
bathochromic shift of 5 nm from benzene to ethanol, while
the fluorescence maximum shows a large bathochromic shift
of 63 nm, so that the Stokes shift value in polar solvents be-
comes larger than that in nonpolar solvents. The fluores-
cence quantum yield (@) of 4a is reduced to about 22% by
changing the solvent from benzene to ethanol. Similar spec-
tral changes were generally observed for most fluorescent
dyes whose dipole moments in the excited state are larger
than those in the ground state.

On the other hand, solvent effects on the absorption and
fluorescence spectra of Sa—c are quite different from those
of 4a—c. Quinol Sa exhibits an intense absorption band at
about 410-440 nm and a weak fluorescence band at about
440-480 nm (@ = 0.03-0.14) in nonpolar solvents. However,
in polar solvents, Sa exhibits an intense absorption band at
about 438-442nm and an intense fluorescence band at
about 501-508 nm (@ = 0.27-0.46). The absorption maxi-
mum with the longest wavelength of Sa shows a small bath-
ochromic shift of 9 nm from 1,4-dioxane to ethanol, while
the fluorescence maximum shows a large bathochromic shift
of 44 nm, so that the Stokes shift value in polar solvents be-
comes larger than that in nonpolar solvents. As shown
above, significant dependence of the fluorescence quantum
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Crystals of 4c¢ exhibit strong
greenish-yellow  fluorescence

5a 5b
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Figure 1. Fluorescence properties of 4a—¢ and Sa—c: a) in solution (1,4-di-
oxane for 4a—c and DMSO for 5a—c), and b) in the solid state.

emission, but the crystals of 4a and 4b exhibit yellowish-
orange and green fluorescence emission, respectively. On
the other hand, 5b exhibits a strong green emission, whereas
S5a and Sc exhibit relatively weak yellowish-orange and red
emissions, respectively. In order to investigate the difference
in the solid-state photophysical properties among 4a—c or
Sa-c¢, we measured the fluorescence excitation and emission
spectra of the crystals. As shown in Figure 2, quinol 4¢ ex-
hibits a stronger fluorescence band than the other quinols in
the crystalline state: the fluorescence intensities of 4¢ and
4b are about 2.0-fold and 1.2-fold larger than that of 4a, re-
spectively. The wavelengths of the emission maximum of 4a
(Aem = 560 nm), 4b (4., = 530 nm), and 4¢ (1., = 555 nm)

Chem. Eur. J. 2006, 12, 7827 —-7838
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Figure 2. Solid-state excitation (-----) and emission (—) spectra of the
crystals of 4a—c: 4a: 1., = 510 nm, 1., = 560 nm; 4b: 1., = 503 nm, 2.,
= 530 nm; 4¢: A, = 519 nm, 1., = 555 nm.

are red-shifted by 84, 54, and 70 nm, respectively, compared
to that in 1,4-dioxane.

On the other hand, quinol 5b exhibits a much stronger
fluorescence intensity than quinols Sa and Sc in the crystal-
line state (Figure 3). The fluorescence intensity of 5b is
about 8-fold and 32-fold larger than those of 5a and Sc in
the solid state, respectively. The longest wavelengths of the
excitation and the emission maxima of 5b (1, = 497 nm,
Aem = 529 nm) in the crystalline state are red-shifted by 63
and 64 nm, respectively, compared with those of the absorp-
tion and the emission maxima of 5b in 1,4-dioxane. In con-
trast, the longest wavelengths of the excitation and the emis-
sion maxima of 5¢ (4, = 550 nm, A, = 608 nm) in the
crystalline state have large red shifts of 108 and 136 nm, re-
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Figure 3. Solid-state excitation (-----) and emission (—) spectra of the

crystals of S5a—¢: 5a: A, = 514 nm, 4., = 564 nm; 5b: 1., = 497 nm, 4.,
= 529 nm; 5¢: 1, = 550 nm, 4., = 608 nm.

spectively, with respect to those of the absorption and the
emission maxima of 5c¢ in 1,4-dioxane.

X-ray crystal structures of 4a—c and 5a—c: To understand
the dramatic substituent effect on the solid-state photophysi-
cal properties, the X-ray crystal structures of quinols 4a—c
and Sa—c were determined and are shown in Figures 4-9, re-
spectively. The crystal systems of 4a—¢ and Sa—c¢ are sum-
marized in Tables 5 and 6. The packing structures demon-
strate that the quinol molecules of 4a—c¢ are arranged in a
“bricks in a wall” fashion. The crystals of 4a—c are built up
of a centrosymmetric dimer unit that is composed of a pair
of quinol enantiomers. In the crystals of 4a and 4c, neigh-
boring enantiomers are connected by two intermolecular hy-

\ C(16)-C(16)* 3.438(6) A “p=0
( Y

N R

! 6(9)-~-C(14)* 3.527(4) A
N(1)-C(10)* 3.537(4) A

Figure 4. Crystal packing and hydrogen-bonding pattern of 4a: a) stereoview of the molecular packing structure, b) schematic structure, c) side view, and

d) top view of the pairs of fluorophores.

Chem. Eur. J. 2006, 12, 7827 —-7838
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Figure 5. Crystal packing and hydrogen-bonding pattern of 4b: a) stereoview of the molecular packing structure, b) schematic structure, c) side view, and
d) top view of the pairs of fluorophores.

b)

O(1)-0Q2)* 2.812(4) A

O(1)+0(2) 2.740(2) A

d)
0(3)C(6)* 3.388(4) A

C(6)C(16)* 3.584(5) A
\

o C(8)C(8)* 3.560(6) A

Figure 6. Crystal packing and hydrogen-bonding pattern of 4¢: a) stereoview of the molecular packing structure, b) schematic structure, c) side view, and
d) top view of the pairs of fluorophores.
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Figure 7. Crystal packing and hydrogen-bonding pattern of 5a: a) stereoview of the molecular packing structure, b) schematic structure, c) side view, and

d) top view of the overlapping of fluorophores.

Figure 8. Crystal packing and hydrogen-bonding pattern of 5b: a) stereoview of the molecular packing structure, b) schematic structure, c) side view, and

d) top view of the overlapping of fluorophores.

drogen bonds between the hydroxyl proton and the carbonyl
oxygen: (O(1)--O(2)* distances for 4a and 4¢ are 2.844(3)
and 2.812(4) A, respectively. On the other hand, in the crys-
tal of 4b, there are two crystallographically independent
molecules. Intermolecular hydrogen bonds are also observed
between the hydroxy proton and the carbonyl oxygen of
each crystallographically independent molecule (O(1)--O(5)
2.81(1) and O(2)--O(4) 2.77(4) A, respectively). Further-
more, the hydroxy proton has two proton acceptors and be-

Chem. Eur. J. 2006, 12, 7827 —-7838
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comes a bifurcated-donor hydrogen to form the three-cen-
tered hydrogen bonds with the inter- and intra-molecular
carbonyl oxygens. The O(1)-+-O(2) distances of the intramo-
lecular hydrogen bonds are 2.767(2), 2.80(4), and 2.740(2) A
for 4a, 4b, and 4c¢ , respectively, and O(4)--O(5) in 4b is
2.82(4) A.

Large differences in the m-stacking of a pair of quinol
enantiomers were observed among the three quinols . In the
crystal of 4a, a pair of quinol enantiomers overlap over the

www.chemeurj.org — 7833
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Figure 9. Crystal packing and hydrogen-bonding pattern of 5¢: a) stereoview of the molecular packing structure, b) schematic structure, c) side view, and
d) top view of the pairs of fluorophores.

Table 5. Crystal data and structure refinement parameters for quinols 4a—c.

Compound 4a 4b 4c

molecular formula C,sH,)NO; CssH;70N,O4 C;,H;,NO;
formula weight 391.51 867.18 453.58

crystal size [nm] 0.45x0.40%0.60 0.20x0.20x0.70 0.30x0.20x0.50
reflns!®! (26 range, [°]) 25 (28.4-29.8) 6 (22.0-24.0) 25 (23.0-26.1)
crystal system triclinic monoclinic triclinic

space group Pl Cc Pl

a[A] 9.569(2) 26.35(3) 11.081(3)

b [A] 12.386(2) 9.6(2) 12.511(3)

c[A] 9.418(3) 21.60(2) 10.267(2)

a [°] 93.92(2) 109.94(2)

B1°] 102.64(2) 112.54(9) 95.45(2)

v [°] 89.10(1) 108.37(2)

vV [AY 1086.7(5) 5063(80) 1236.6(6)

V4 2 8 2

Peatca [gEm™] 1.196 2.275 1.218

F(000) 420.00 3744.00 484.00

u(Moy,) [em™] 0.78 1.46 0.78

T[K] 296.2 296.2 296.2

scan mode w—20 w—20 w—20

scan rate [wmin~'] 8.0 8.0 4,0

scan width [°] 1.84 + 0.30tan6 1.479 + 0.30tané 1.42 4+ 0.30tané
260 max[°] 50.0 55.0 50.0

hkl range —11/11, —14/14, —11/0  0/34, —12/0, —28/25  —13/13, —13/14,—12/0

reflns measured
unique reflns

reflns observed with ;> 201,

R

no. of parameters
R

Rw

w

S

max. shift/error in final cycle
max. peak in final diff. map [e A %]
min. peak in final diff. map [e A~

4081
4081
2497
0.015
315
0.0679
0.1784
(UZFZ)—I
2.14
0.006
0.27
—0.23

6271
5913
1537
0.031
627
0.0595
0.1326
(O.ZFZ)—I
1.07
2.160
0.62
—0.50

4615
4348
2486
0.294
368
0.0757
0.1765
(O.ZFZ)—I
1.707
0.053
0.59
-0.46

[a] Number of reflections used for unit cell determination. [b] Up to five scans.
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whole molecule from the elec-
tron-donor part of benzofura-
no moiety containing the 9-di-
butylamino group to the elec-
tron-acceptor part of naphtho-
quinol moiety, which is closely
related to the solid-state pho-
tophysical properties. A large
red shift of the absorption and
fluorescence maxima and the
solid-state fluorescence
quenching by strong donor-ac-
ceptor-type m—m interactions of
fluorescent dyes have been re-
ported.'t*3 In the crystal of
4b, a donor-acceptor type of
n-stacking between a pair of
quinol enantiomers is ob-
served; however, the rung of
the m-stacking is less than that
of 4a. The distances between
the benzofuranonaphthoquinol
planes are approximately 3.40,
338, and 3.58 A for 4a, 4b,
and 4c, respectively. There are
seven, four, and five short in-
teratomic m—m contacts of less
than 3.6 A in a pair of enan-
tiomers for 4a, 4b, and 4c, re-
spectively.
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Table 6. Crystal data and structure refinement parameters for quinols Sa—c.

FULL PAPER

ence in the intermolecular in-

Compound S5a 5b 5¢ teractions between R and S
molecular formula CysHp,NO, CyH3sNO, CyH,NO, isomers of the neighboring -
formula weight 391.51 433.59 453.58 stacked columns was observed.
crystal size [nm| 0.20% 0.06 x 0.40 0.20x0.10x 0.60 0.20 x0.05 x 0.40 As shown in Figure 10a, in the
reflns (20 range, [°]) 24 (22.0-24.8) 9 (22.3-23.1) 19 (22.1-24.8) case of 5a. contacts between R
crystal system monoclinic monoclinic triclinic ’ .
space group e P2Un P and § enantiomers are ob-
a[A] 33.687(4) 22.057(7) 10.026(1) served for the donor benzene-
b [/Q\] 5.480(3) 5.578(2) 13.571(2) ring moiety that contains the
c[A] 27.233(2) 20.551(8) 9.760(2) 9-dibutylamino group and the
[ 97.90(1) carbonyl acceptor part of the
B° 120.100(6) 90.52(3) 99.66(1) yl acceptor px
7 [°] 107.82(1) naphthoquinol moiety: the
VA% 4308(2) 2528(1) 1220.9(3) shortest distance for overlap-
z . 8 4 2 ping nonbonded atoms was
Peatcalgem™] 1.207 1.234 1.234 3305(3) A, 1 .

. . In contrast, in the
F(000) 1680.00 936.00 484.00 ( ) ’
1(Moy,) [em™] 078 073 0.79 case of 5h, contacts between R
T[K] 296.2 296.2 296.2 and § enantiomers are ob-
scan mode w—20 w—20 w—20 served for the acceptor parts
scan rate [wmin~'] 8.0 8.0 8.0

scan width [°]

0.79 + 0.30tan6

1.47 + 0.30tan6@

0.73 + 0.30tan6®

of the naphthoquinol moieties
(Figure 10b). The shortest dis-

26 max[°] 50.0 55.0 50.0

hkl range 0/36, 0/6, —32/27 0/28, —7/0, —26/26 ~11/11, —15/16, ~11/0 ~ tance for overlapping non-
reflns measured 4129 6562 4558 bonded atoms is 3.568(7) A, so
unique reflns 3703 5805 4558 that the degree of such inter-
;;:ﬂns observed with 1,>20l, (1)10(;79 (1)118320 (1]705328 molecular interactions be-
n:)n.l of parameters 3;17 3.22 464 tween fluorophores of Sb is
R 0.0585 0.0788 0.0715 weak compared to that in Sa.
Rw 0.1216 0.1616 0.1558 From the stereostructures of
g" (10120F o (10125 o g";g o 4a-c and 5a-c, we noticed that
max. shift/error in final cycle 0.002 7557 0.036 the substitutents affect the
max. peak in final diff. map [e A~] 0.38 057 0.90 geometric arrangement in the
min. peak in final diff. map [e A~ —0.42 —0.48 —0.60 crystal structure (Figure 11 and

[a] Number of reflections used for unit cell determination. [b] Up to five scans.

Figure 12). In 4¢, 5a, and Sb,
the molecules are packed in
the structural form with a step-

In contrast, the packing structures in Sa—c¢ demonstrate
that the quinol molecules are arranged in a “herring-bone”
fashion in the crystals of 5a and 5b, and in a “bricks-in-a-
wall” fashion in the crystal of Sc. Intramolecular hydrogen
bonding was observed between the hydroxyl proton and the
carbonyl oxygen in each quinol molecule: O(1)--O(2) dis-
tances for 5a, 5b, and 5c¢ were 2.639(6), 2.609(6), and
2.633(5) A, respectively; however, no intermolecular hydro-
gen bonding was observed in all three quinols. The = stack-
ing between fluorophores is shown in Figures 7-9. The inter-
planar distances between the benzoxanthenone plates were
about 3.59 A for both 5a and Sb, and 3.46 A for 5c. The
crystal structure of 5c¢ is built of centrosymmetric dimer
units of enantiomers, and & stacking between a pair of enan-
tiomers was observed over the whole molecule from the
donor part of the 9-dibutylamino group to the acceptor part
of the carbonyl group, which suggests strong donor-accept-
or-type m—m interactions between the fluorophores. In con-
trast, the crystals of Sa and 5b show continuous m stacking
of the equal enantiomers of R and § isomers to form inde-
pendent columns in which there & overlapping between the
naphthoquinol moiety and the 9-dibutylaminobenzo moiety
of the adjacent equal enantiomers. However, a large differ-
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ped-shape because the substituent (phenyl group in 4ec,
methyl group in 5a, and butyl group in 5b) and the 9-dibu-
tylamino group are located on opposite sides of the molecu-
lar & plane. Therefore, the interplanar distance between the
fluorophores is longer (Figure 11b and Figure 12a) so that
the m—m interactions are weakened by the substituents thus
leading to stronger solid-state fluorescence emission. On the
other hand, in 4a, 4b, and 5c¢, the interplanar distance be-
tween the fluorophores is short because the substituent
(methyl group in 4a, butyl group in 4b, and phenyl group in
5¢) and the 9-dibutylamino group are located on the same
side of the m plane, and the molecules are packed in a struc-
tural form with a table shape (Figure 11a and Figure 12b).
The large red shift of the absorption and fluorescence
maxima and the solid-state fluorescence quenching in the
crystal of 5S¢ are considered to be induced by strong donor—
acceptor-type s interactions.'"*° As shown above, a good
correlation between the solid-state fluorescence intensity
and the molecular stacking structure was observed. It was
confirmed that the 5- and 3-substituents of nonconjugated
linkage of 4 and § have a significant effect on the crystal
structure. The introduction of bulky 5,5-disubstituents for
the quinol 4 and 3,3-disubstituents for the quinol 5 would be
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a)

b)

Sa

0(2) - C(15)* 3.325(8)A

LG
%‘E // !\%

/
y
0(2) - C(3)* 3.568(NA d/\y —,
5b

5b

Figure 10. a) Top view and b) side view of the stacking of molecules for 5a and 5b.

Me or Bu

3.40 A for 4a
3.38 A for 4b

3.58 A

Me or Bu
4c
Figure 11. Schematic representation of the effects of the substituents on
the interplanar distances between a pair of quinol enantiomers for a) 4a
and 4b, and b) 4¢c.

a) b)
Me or Bu
Me or Bu 3.59 A 346 A
5a and 5b Sc

Figure 12. Schematic representation of the effects of the substituents on
interplanar distances between a pair of quinols for a) 5a and 5b, and
b) 5ec.
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more effective for the improvement of the solid-state fluo-
rescence of these fluorophores. Further studies to develop
strong solid-emissive derivatives is now in progress.

Conclusion

We have synthesized novel heterocyclic quinols, 5-hydroxy-
S-substituent-benzo[b]naphtho[1,2-d|furan-6-one (4) and 3-
hydroxy-3-substituent-benzo[k/|xanthen-2-one (5) fluoro-
phores with substituents having a nonconjugated linkage to
the chromophores. The absorption and fluorescence proper-
ties of these compounds were investigated in solution and in
the solid state. Dramatic substituent effects on the solid-
state photophysical properties were observed and have been
elucidated by means of X-ray crystallographic analyses. It
was confirmed that the introduction of 5- and 3-substituents
with nonconjugated linkages to the chromophores 4 and §
can efficiently prevent short m—m contacts between the fluo-
rophores in molecular aggregation states and thus cause a
dramatic enhancement in the solid-state fluorescence.

Experimental Section

General: 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 as KBr pellets. Absorption spectra
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were recorded with a JASCO U-best30 spectrophotometer, and fluores-
cence spectra were measured with a JASCO FP-777 spectrophotometer.
Single-crystal X-ray diffraction was performed on Rigaku AFC7S diffrac-
tometer. The solid-state fluorescence excitation and emission spectra of
the crystals was recorded with a JASCO FP-777 spectrometer equipped
with a JASCO FP-1060 attachment. The fluorescence quantum yields (@)
were determined by the use of 9,10-bis(phenylethynyl)anthracene (@ =
0.84, A, = 440 nm)"™ in benzene as the standard. Elemental analyses
were recorded on a Perkin Elmer 240011 CHN analyzer. "H 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) or alumina (WAKO, ~300 mesh).

General synthetic procedure for 4-[(4-dibutylamino-2-hydroxy)phenyl]-
[1,2]naphthoquinone (1): m-(Dibutylamino)phenol (1.28 g, 5.67 mmol)
was added to a solution of sodium 1,2-naphthoquinone-4-sulfonate
(1.00 g, 3.84 mmol) and NiCl,(0.50 g, 3.84 mmol) in DMF (25 mL) with
stirring at 50°C. After further stirring for 2 h, the reaction mixture was
poured into water. The resulting precipitate was filtered, washed with
water, and dried. The residue was chromatographed (silica gel, CH,Cl,/
ethyl acetate 20:1) to give 1 (0.54 g, yield 37%) as a blue powder. M.p.
142-144°C; '"HNMR (400 MHz, [Dg]acetone, TMS): 6 = 0.98 (t, 6H),
1.35-1.45 (m, 4H), 1.60-1.68 (m, 4H), 3.37 (t, 4H), 6.35 (s, 1H, -OH),
6.36 (d, / = 2.44Hz, 1H), 6.39 (dd, J = 2.44 and 8.56 Hz, 1H), 7.11 (d,
J = 856 Hz, 1H), 7.42 (dd, / = 1.48 and 7.56 Hz, 1H), 7.57 (td, J =
1.48 and 7.56 Hz, 1H), 7.65 (td, /] = 1.48 and 7.56 Hz, 1H), 8.04 (dd, J =
1.48 and 7.56 Hz, 1H), 8.34 ppm (s, 1H); IR (KBr): # = 3374, 1605 cm™';
UV/Vis  (1,4-dioxane): A, (¢) = 507 (4700), 394 nm
(3900 mol 'm*cm™); elemental analysis caled (%) for C,H,;NO;: C
76.36, H 7.21, N 12.72; found: C 76.06, H 7.01, N 12.54.

General synthetic procedure for 9-dibutylamino-benzo[b]naphtho[1,2-
d]furan-5,6-dione (2): m-(Bibutylamino)phenol (1.28 g, 5.67 mmol) was
added to a solution of sodium 1,2-naphthoquinone-4-sulfonate (1.00 g,
3.84 mmol) and NiCl, (0.50 g, 3.84 mmol) in acetic acid (25 mL) with stir-
ring at 50°C. After further stirring for 1h, the solvent was evaporated
and the residue was extracted with CH,Cl,. The organic extract was
washed with water. The CH,Cl, extract was evaporated, and the residue
was chromatographed (silica gel, CH,Cl,/ethyl acetate 10:1) to give 2
(0.55 g, yield 38%) as a green powder. M.p. 149-153°C; 'H NMR
(400 MHz, [Ds]chloroform, TMS): 6 = 1.00 (t, 6H), 1.37-1.50 (m, 4H),
1.62-1.74 (m, 4H), 3.34 (t, 4H), 6.44 (d, /] = 220 Hz, 1H), 6.74 (dd, J =
2.2 and 9.02 Hz, 1H), 7.36 (td, / = 1.24 and 7.56 Hz, 1H), 7.57 (td, J =
1.48 and 7.56 Hz, 1H), 7.71 (d, J = 9.02 Hz, 1H), 7.78 (dd, J = 1.48 and
7.56 Hz, 1H), 7.96 ppm (dd, J = 1.24 and 7.56 Hz, 1H); IR (KBr): ¥ =
1645cm™!; UV/Vis (1,4-dioxane): A, (¢) = 542 (11400), 406 nm
(9000 mol 'm*cm™); elemental analysis caled (%) for C,H,sNO;: C
76.77, H 6.71, N 3.73; found: C 76.91, H 6.83, N 3.76.

General synthetic procedure for 9-(dibutylamino)benzo[k/]xanthene-2,3-
dione (3): A solution of quinone 1 (1.45g, 3.84 mmol) and [Cu-
(OCOCHS),] (0.70 g, 3.84 mmol) in DMSO (25 mL) was stirred at 100°C
for 7h. After the reaction was complete, the mixture was poured into
water. The resulting precipitate was filtered, washed with water, and
dried. The residue was chromatographed (silica gel, CH,Cl,/ethyl acetate
10:1) to give 28! (0.22 g, yield 15%) as a green powder and 3 (0.95 g,
yield 66 %) as a purple powder.

Compound 3: M.p. 132-134°C; '"H NMR (400 MHz, [De]acetone, TMS):
0 = 1.00 (t, 6H), 1.40-1.50 (m, 4H), 1.65-1.73 (m, 4H), 3.52 (t, 4H),
6.50 (d, J = 2.68 Hz, 1H), 6.55 (s, 1H), 6.87 (m, 1H), 7.60 (m, 1H), 7.71
(m, 1H), 7.89-7.91 ppm (m, 2H); IR (KBr): # = 1594 cm™'; UV/Vis (1,4-
dioxane): A, (¢) = 530 (16000), 436 (10100), 346 nm
(7000 mol 'm*cm™); elemental analysis caled (%) for C,,H,sNO;: C
76.77, H 6.71, N 3.73; found: C 76.88, H 6.90, N 3.59.

General synthetic procedure for quinols 4a—c and 5a—c by the reaction of
quinone 2 or 3 with organolithium reagents: An ethereal solution of or-
ganolithium (RLi: MeLi, BuLi, and PhLi) at —108°C was added over
15 min to a solution of quinone 2 (or 3) in THF (200 mL) under an Ar
atmosphere. During the course of addition, the red solution turned to a
reddish brown solution. After the mixture had been stirred for 15 min at
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room temperature, the reaction was quenched with saturated NH,CI sol-
ution. The solvent was evaporated, and the residue was extracted with
CH,Cl,. The organic extract was washed with water. The CH,Cl, extract
was evaporated, and the residue was chromatographed (silica gel,
CH,Cl,/AcOEt 3:1) to give 2 (or 3) and 4 (or 5). The product yields of 4
and 5, and the recovered yields of 2 and 3 are shown in Table 2.
9-Dibutylamino-5-hydroxy-5-methyl-5 H-benzo[ b Inaphtho[1,2-d]furan-6-
one (4a): Yield: 67%; mp. 151-152°C; 'HNMR (400 MHz,
[D;]chloroform, TMS): 6 = 0.99 (t, 6H), 1.35-1.45 (m, 4H), 1.60-1.67
(m, 7H), 3.38 (t, 4H), 3.71 (s, 1H, -OH), 6.73 (d, /] = 1.96 Hz, 1H), 6.83
(dd, J = 1.96 and 9.04 Hz, 1H), 7.41-7.48 (m, 2H), 7.78-7.83 (m, 1H),
7.96 (d, J = 9.04 Hz, 1H), 8.01-8.06 ppm (m, 1H); IR (KBr): 7# = 3432,
1644 cm™'; elemental analysis calcd (%) for C,sH,NO;: C 76.70, H 7.47,
N 3.58; found: C 76.70, H 7.52, N 3.54.
9-Dibutylamino-5-hydroxy-5-butyl-5 H-benzo[ bInaphtho[1,2-d]furan-6-
one (4b): Yield: 47 %; m.p. 113-115°C; '"H NMR (400 MHz, [DgJacetone,
TMS): 6 = 0.73 (t, 3H), 0.99 (t, 6H), 1.10-1.99 (m, 14H), 3.50 (t, 4H),
4.68 (s, 1H), 6.82 (d, / = 220 Hz, 1H), 6.99 (dd, J = 2.20 and 9.03 Hz,
1H), 7.44-7.50 (m, 2H), 7.75-7.79 (m, 1H), 8.14-8.19 ppm (m, 2H); IR
(KBr): # = 3409, 1614cm'; elemental analysis caled (%) for
CyH3sNO;: C 77.56, H 8.14, N 3.23; found: C 77.36, H 8.32, N 3.22.
9-Dibutylamino-5-hydroxy-5-phenyl-5 H-benzo[ bInaphtho[1,2-d]furan-6-
one (4¢): Yield: 30%; m.p. 164-168°C; 'H NMR(400 MHz,
[Ds]chloroform, TMS): 6 = 0.98 (t, 6H), 1.25-1.67 (m, 8H), 3.38 (t, 4H),
4.53 (s, 1H, -OH), 6.69 (d, / = 2.2, 1H), 6.85 (dd, J = 2.2 and 9.28 Hz,
1H), 7.17-7.26 (m, 3H), 7.34-7.38 (m, 2H), 7.39-7.48 (m, 2H), 7.62 (dd,
J = 1.22 and 7.8 Hz, 1H), 8.01 (d, J] = 9.28 Hz, 1H), 8.09 ppm (d, J =
7.8 Hz, 1H); IR (KBr): # = 3449, 1652 cm™'; elemental analysis calcd
(%) for C3H;NO;: C 79.44, H 6.89, N 3.09; found: C 79.48, H, 6.96, N
2.96.

9-Dibutylamino-3-hydroxy-3-methyl-3 H-benzo[ kl]xanthen-2-one  (5a):
Yield: 49 %; m.p. 113-115°C; '"H NMR (400 MHz, [Dg]acetone, TMS): &
= 0.99 (t, 6H), 1.39-1.47 (m, 7H), 1.63-1.71 (m, 4H), 3.49 (t, 4H), 4.48
(s, 1H), 6.24 (s, 1H), 6.51 (d, J = 2.44 Hz, 1H), 6.82 (dd, / = 2.44 and
9.28 Hz, 1H), 7.23 (dd, J = 1.20 and 7.56 Hz, 1H), 7.49 (dd, J = 1.20
and 7.56 Hz, 1H), 7.57 (d, / = 7.56 Hz, 1H), 7.87 ppm (d, /] = 9.28 Hz,
1H); IR (KBr): # = 3433, 1643 cm™'; elemental analysis calcd (%) for
C,sHyNO;: C 76.70, H 7.47, N 3.58; found: C 76.55, H 7.62, N 3.59.
9-Dibutylamino-3-hydroxy-3-butyl-3 H-benzo[ k/]xanthen-2-one (5b):
Yield: 37 %; m.p. 130-132°C; '"H NMR (400 MHz, [DgJacetone, TMS): &
= 0.77 (t, 3H), 0.99 (t, 6H), 1.09-1.80 (m, 14H), 3.50 (t, 4H), 4.44 (s,
1H), 6.24 (d, J = 2.44, 1H), 6.51 (dd, J = 2.44 and 9.28 Hz, 1H), 6.83
(dd, J = 2.44 and 9.27 Hz, 1H), 723 (dd, / = 1.20 and 8.04 Hz, 1H),
7.51 (dd, J = 1.20 and 7.56 Hz, 1H), 7.57-7.59 (m, 1H), 7.87 ppm (d, J =
9.28 Hz, 1H); IR (KBr): # = 3445, 1601 cm™!; elemental analysis calcd
(%) for CxH;3sNOs: C 77.56, H 8.14, N 3.23; found: C 77.35, H 8.39, N
3.38.

9-Dibutylamino-3-hydroxy-3-phenyl-3 H-benzo[ k/]xanthen-2-one (5¢):
Yield: 17%; m.p. 174-176°C; '"H NMR (400 MHz, [Dg]acetone, TMS): &
= 0.99 (t, 6H), 1.40-1.73 (m, 8H), 3.52 (t, 3H), 5.53 (s, 1H), 6.24 (s, 1H),
6.55 (d, J = 2.44, 1H), 6.85 (dd, J = 2.44 and 9.28 Hz, 1H), 7.15-7.43
(m, 7H), 7.57 (m, 1H), 7.89 ppm (d, J = 9.28 Hz, 1H); IR (KBr): 7# =
3440, 1639 cm™'; elemental analysis calcd (%) for CyHyNO;: C 79.44, H
6.89, N 3.09; found: C 79.26, H 6.99, N 3.11.

X-ray crystallographic studies: The reflection data were collected at 23+
1°C on a Rigaku AFC7S four-circle diffractometer by a 26-w scan tech-
nique with graphite-monochromated Moy, (1 = 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.
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 with the teXsan!™! crystallographic software package of Mo-
lecular Structure Corporation. CCDC-294660 (4a), CCDC-294661 (4b),
CCDC-294662 (4¢) CCDC-294192 (5a), CCDC-294193 (5b), and CCDC-
294194 (5¢) contain the supplementary crystallographic data (see
Tables 5) for this paper. These data can be obtained free of charge via
www.ccde.cam.ac.uk/data_request/cif.
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Compound 4 a: Crystals of 4a were obtained as air-stable, orange prisms
by recrystallization from dichloromethane/n-hexane. The transmission
factors ranged from 0.98 to 1.00. The crystal structure was solved by
direct methods with SIR 88.') The structures were expanded with Fourier
techniques.'”” The non-hydrogen atoms were refined anisotropically.
Some hydrogen atoms were refined isotropically, the rest were fixed geo-
metrically and not refined.

Compound 4 b: Crystals of 4b were obtained as air-stable, green prisms
by recrystallization from dichloromethane/n-hexane. The transmission
factors ranged from 0.82 to 1.00. The crystal structure was solved by
direct methods with SIR 92.1' The structures were expanded with Fourier
techniques.'”” The non-hydrogen atoms were refined anisotropically.
Some hydrogen atoms were refined isotropically, the rest were fixed geo-
metrically and not refined.

Compound 4 c: Crystals of 4¢ were obtained as air-stable, yellow-orange
prisms by recrystallization from dichloromethane/n-hexane. The transmis-
sion factors ranged from 0.96 to 1.00. The crystal structure was solved by
direct methods with SIR 88.1"! The structures were expanded with Fourier
techniques.””’ The non-hydrogen atoms were refined anisotropically.
Some hydrogen atoms were refined isotropically, the rest were fixed geo-
metrically and not refined.

Compound 5a: Crystals of 5a were obtained as air-stable orange prisms
by recrystallization from dichloromethane/n-hexane. The transmission
factors ranged from 0.94 to 1.00. The crystal structure was solved by
direct methods using SIR 92.% The structures were expanded using Four-
ier techniques.”” The non-hydrogen atoms were refined anisotropically.
Some hydrogen atoms were refined isotropically, the rest were fixed geo-
metrically and not refined.

Compound 5b: Crystals of Sb were obtained as air-stable orange prisms
by recrystallization from acetonitrile. The transmission factors ranged
from 0.54 to 1.00. The crystal structure was solved by direct methods
with SAPI91.1”) The structures were expanded using Fourier techni-
ques.' The non-hydrogen atoms were refined anisotropically. Some hy-
drogen atoms were refined isotropically, the rest were fixed geometrically
and not refined.

Compound 5c¢: Crystals of 5S¢ were obtained as air-stable orange prisms
by recrystallization from dichloromethane/n-hexane. The transmission
factors ranged from 0.95 to 1.00. The crystal structure was solved by
direct methods with SIR 92."! The structures were expanded using Fouri-
er techniques."”’ The non-hydrogen atoms were refined anisotropically.
Some hydrogen atoms were refined isotropically, the rest were fixed geo-
metrically and not refined.
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