Semi-empirical PM3 calculations predict the fluorescence quantum
yields (@) of 4-monosubstituted benzofurazan compounds
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We have elucidated the relationship between the fluorescence quantum yield (&) of 4-monosubstituted benzo-
furazan (2,1,3-benzoxadiazole) compounds and the substituent group at the 4-position using a group of eleven

such compounds. The absorption and fluorescence spectra of these compounds were measured in fifteen different
solvents. Semi-empirical PM3 calculations were carried out to obtain the optimized geometry, energies, charges

and dipole moments of this group in the ground and excited states. The S,—T, energy gaps obtained from the PM3-
CAS/CI calculations, which reflected the probability of S;—T, intersystem crossing, related well to the fluorescence
quantum yield (@) of the 4-monosubstituted benzofurazan compounds in nonpolar solvents. It also appeared that
the decrease in the S,—T, energy gaps was related to the change in the fluorescence quantum yield (@) due to solvent
effects. In highly polar solvents, non-radiative S,—T, intersystem crossing occurs, in addition to non-radiative S,—T,
intersystem crossing, in 4-monosubstituted benzofurazan compounds, as they have a larger dipole moment in the S,
state than in the T, state. These studies have enabled us to predict the fluorescence quantum yield (@) for a series of

4-monosubstituted benzofurazan compounds.

Introduction

Elucidation of a general relationship between fluorescence
characteristics (the maximum excitation/emission wavelengths
and fluorescence quantum yield (@)) and chemical structure has
been of great interest to scientists in the fields of analytical and
biological chemistry. In particular, the relationship between
substituent groups and @ of the fluorophore (for example,
coumarin, fluorescein, pyrene, naphthalene and bodipy) is
quite important for developing fluorescent derivatization
reagents,’ fluorescent probes and fluorescent ion sensors.? There
have been many reports on the effects of substituent groups on
the fluorescence characteristics of molecules with coumarin,?
naphthalene,* thioxanthone,® coelenteramine analogues (2-
acetamido-3-benzyl-5-pyrazine),® carbostyril (quinolin-2(1H)-
ones)’ or imidazo[1,2-a]pyridine® skeletons. In spite of this, we
do not have any practical rules which precisely predict the
fluorescence quantum yield (@) of a series of compounds based
on their chemical structure.

The benzofurazan (2,1,3-benzoxadiazole, 1) skeleton is one
of the most popular fluorophores. Uniquely, the fluorescence
characteristics of this fluorophore are dramatically changed by
substituent groups at the 4- and/or 7-positions.” Many “fluoro-
genic reagents”, which are non-fluorescent themselves and react
with analytes to form fluorescent derivatives, such as 4-fluoro-
7-nitro-2,1,3-benzoxadiazole (NBD-F),"* 4-(N,N-dimethyl-
aminosulfonyl)-7-fluoro-2,1,3-benzoxadiazole (DBD-F),!! 4-
aminosulfonyl-7-fluoro-2,1,3-benzoxadiazole (ABD-F)'* and
7-fluoro-2,1,3-benzoxadiazole-4-sulfonate  (SBD-F)!*  have
been developed. In a previous report,” we synthesized seventy
4,7-disubstituted benzofurazan compounds and investigated
the effects of the substituent groups at the 4- and 7-positions on
their fluorescence characteristics in methanol. As a result, we
found a relationship between the fluorescence characteristics
and the Hammett substituent constants (g,) "*'* of the substit-
uent groups at the 4- and 7-positions. Similarly, the relationship
between the fluorescence characteristics, the electronic density
and the dipole moment directed from the 4- to the 7-position
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were obtained by semi-empirical PM3'%!7 calculations.'® These

relationships enabled us to approximately predict the fluor-
escence characteristics of 4,7-disubstituted benzofurazan com-
pounds, and we have developed new fluorogenic reagents based
on these relationships.’®?' We also showed with PM3-CAS/CI
calculations that the probability of non-radiative S;—T, inter-
system crossing influenced @ of six fluorescent 4,7-disubsti-
tuted benzofurazan compounds.?> However, in a previous
report, the probabilities of other non-radiative transitions were
ignored because of the complexity of the 4,7-disubstituted
benzofurazan compounds. Furthermore, there were no argu-
ments about the solvent effects on @. To solve these issues, first
of all, a theoretical study on @ of more simplified benzofurazan
compounds was necessary.

In this article, we have selected a series of eleven 4-mono-
substituted benzofurazan compounds 1-11 and tried to theor-
etically elucidate the relationship between @ of these com-
pounds and the substituent groups at the 4-position. First, the
absorption and fluorescence spectra of the compounds were
obtained in fifteen solvents. In addition, semi-empirical PM3
calculations were performed on the compounds to obtain
optimized geometry, energies, charge distributions and dipole
moments in their ground and excited states. Comparing the
experimental results with computational results, we have dis-
cussed the effects of the 4-substituent on @ of the benzo-
furazan compounds in non-polar and polar solvents.

Results and discussion

Fluorescence characteristics and PM3-CAS/CI calculations of
non-/mono-substituted benzofurazan compounds

Eleven 4-monosubstituted benzofurazan compounds (1-11)
were synthesized, to study the effects of the 4-substituent
on fluorescence characteristics. The maximum absorption
and emission wavelengths and the fluorescence quantum
yields (@) of 1-11 in various solvents are summarized in
Table 1. These results showed that the fluorescence character-
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Table 1 Fluorescence characteristics of mono-substituted benzofurazan compounds; maximum absorption wavenumber (v,,), maximum emission

wavenumber (v,,,), Stokes shift (Av) and fluorescence quantum yield (@)

1 2 3
1073 1073 1073 1073 1073 1073 1073
No. Solvent vplem™t @ vplem™ v /em™ Aviem™' @ vplem™t v /em™ Aviem™! @
1 n-Hexane — — 24.8 19.5 5.3 0.15 26.6 20.0 6.6 0.047
2 Cyclohexane — — 24.8 19.4 5.4 0.17 26.8 19.8 7.0 0.053
3 Carbon — — 243 19.1 5.2 0.13 26.3 19.4 6.9 0.040
tetrachloride
4 Diethyl ether 33.7 — 24.2 19.1 5.1 0.13 253 19.1 6.2 0.043
5 Benzene 32.6 — 23.8 18.7 5.1 0.10 25.8 19.3 6.5 0.038
6 1,4-Dioxane 329 — 23.8 18.3 5.5 0.076 25.1 18.8 6.3 0.023
7 Dichloromethane 33.1 — 23.6 17.7 59 0.030 25.7 18.9 6.8 0.015
8 Ethyl acetate 333 — 23.7 18.3 5.4 0.062 25.2 18.8 6.4 0.019
9 Tetrahydrofuran 33.2 — 23.8 18.4 5.4 0.063 24.8 18.8 6.0 0.027
10 Acetone — — 23.6 17.7 5.9 0.030 24.8 18.2 6.6 0.010
11 Acetonitrile 33.1 — 23.6 17.3 6.3 0.010 25.1 17.9 7.2 0.0052
12 Propan-2-ol 333 — 24.0 17.3 6.7 0.0013 24.9 17.4 7.5 0.00038
13 Ethanol 333 — 24.0 17.1 6.9 0.00074 24.8 17.2 7.6 0.00016
14 Methanol 333 — 23.8 16.8 7.0 0.000039 24.9 17.2 7.7 0.00015
15 Water 32.9 — 243 — — — 26.0 — — —
4 5 6
1073 1073 1073 1073 1073 1073 1073 1073 1073
No. vp/em™ vy, /em™ Aviem™ @ vplem™ v /em™ Aviem™' @ vplem™t v /em™ Aviem™! @
1 27.6 23.1 4.5 0.47 27.6 21.9 5.7 0.0023 30.2 24.3 5.9 0.0022
2 27.5 22.9 4.6 0.53 27.4 21.7 5.7 0.0024 30.0 24.1 5.9 0.0026
3 27.2 224 4.8 0.80 27.2 21.1 6.1 0.0018 29.6 23.7 5.9 0.0059
4 27.3 22.1 5.2 0.68 27.3 20.5 6.8 0.00057 29.7 23.1 6.6 0.0059
5 26.8 21.5 5.3 0.64 27.0 19.9 7.1 0.00062 29.2 22.9 6.3 0.0092
6 27.0 21.3 5.7 0.68 27.1 19.8 7.3 0.00042 29.3 22.6 6.7 0.012
7 26.8 21.2 5.6 0.62 27.0 19.3 7.7 0.00024 29.2 22.3 6.9 0.012
8 27.0 21.4 5.6 0.49 27.2 19.7 7.5 0.00031 29.3 227 6.6 0.010
9 26.9 21.3 5.6 0.54 27.0 19.6 7.4 0.00028 29.2 22.6 6.6 0.010
10 26.9 20.6 6.3 0.48 27.1 19.2 7.9 0.00013 29.3 222 7.1 0.011
11 27.0 20.3 6.7 0.42 27.0 18.9 8.1 0.00012 29.2 21.9 73 0.012
12 27.1 19.9 7.2 0.36 27.2 20.1 7.1 0.00030 29.4 21.7 7.7 0.012
13 27.0 19.7 7.3 0.27 27.2 19.7 7.5 0.00020 29.4 21.4 8.0 0.011
14 27.0 19.5 7.5 0.20 27.1 18.9 8.2 0.00012 29.2 21.2 8.0 0.012
15 26.7 18.7 8.0 0.015 27.0 — — — 28.9 19.6 9.3 0.0065
7 8 9 10 11
1073 1073 1073 1073 1073 1073 1073
No. vy/em™ vg/em™ Avem™ @ vplem™t @ vplem™t @ vplem™t @ vplem™t @
1 28.7 22.8 59 0.084 33.0 — 33.6 — 32.8 — 31.9 —
2 28.6 22.8 5.8 0.074 33.0 — 333 — 32.6 — 32.1 —
3 28.5 224 6.1 0.081 324 — 332 — 32.5 — 314 —
4 28.2 22.3 5.9 0.087 32.2 — 33.2 — 32.6 — 314 —
5 28.2 22.1 6.1 0.10 315 — 34.5 — 323 — 31.0 —
6 28.0 21.8 6.2 0.081 31.8 — 33.1 — 324 — 31.2 —
7 28.3 21.7 6.6 0.067 32.1 — 33.0 — 324 — 31.1 —
8 28.2 21.8 6.4 0.10 31.9 — 329 — 32.5 — 31.3 —
9 27.9 21.8 6.1 0.077 31.6 — 33.1 — 323 — 31.1 —
10 28.1 21.4 6.7 0.076 — — — — — — — —
11 28.2 21.3 6.9 0.070 31.9 — 33.1 — 32.6 — 31.1 —
12 28.7 20.5 8.2 0.058 324 — 33.1 — 32.5 — 31.3 —
13 28.6 20.4 8.2 0.044 32.2 — 329 — 324 — 31.3 —
14 28.7 20.0 8.7 0.033 32.1 — 33.1 — 32.5 — 31.3 —
15 29.4 19.2 10.2 0.0026  31.6 — 33.0 — 323 — 30.7 —

istics of these compounds were affected by variation in the
4-substituent.

To elucidate this relationship PM3-CAS/CI calculations
were carried out. The probability of non-radiative transitions,
such as the internal conversion and the intersystem crossing,
can be estimated by this PM3-CAS/CI calculation because it
can provide us with not only the energies of the singlet
states, but also of the triplet states. The calculation results,
using the geometrically optimized 4-monosubstituted benzo-
furazan compounds, are shown in Table 2. As a first step, the

1200 J. Chem. Soc., Perkin Trans. 2, 2000, 1199-1207

correlation between the experimental liquid-phase absorption
maximum and calculated Sy—S; (mainly, HOMO—LUMO)
transition energies was made (Fig. 1). This correlation is not
strictly valid because we ignored vibration and solvent effects.
Nevertheless, a good correlation was obtained because of the
vibration and the solvent effects for all compounds in the set
are similar. This good correlation also indicated that the
absorption occurred with the HOMO—LUMO electronic
transition. As PM3-CAS/CI calculation seemed to reflect the
electronic properties of the 4-monosubstituted benzofurazan



Table 2 Calculated properties of 4-monosubstituted benzofurazan compounds

Energy relative to Sy/cm™

1

H;/kcal
Compound mol ™ T, S, T, Others wSy/D  wWTHD  wSY/D  wTH/D  a/10* cm*
1 102.88 18153 31415 27262 30607 ¥(n,n*) 31613 '(n,n*)  3.88 6.01 4.89 4.95 2.79
2 101.15 15115 24048 25493 — — 4.25 7.72 10.16 6.29 3.61
3 100.09 15051 24659 25495 — — 3.97 7.04 8.93 5.66 2.95
4 104.71 16870 27404 30774 17481 *(n,n*) 24827 (n,n*)  5.03 5.60 11.42 6.93 3.80
5 140.25 18078 26733 24729 — — 5.22 9.71 11.57 3.06 4.98
6 65.74 15698 27229 25902 — — 4.88 8.44 8.12 6.68 3.59
7 58.88 16429 27083 26487 — — 1.92 5.77 7.27 5.11 431
8 61.77 17714 30264 27230 30444 3(n,m*) 32585 Y(n,n*)  3.90 6.38 2.63 5.02 2.80
9 41.47 18398 31586 27488 — — 4.51 4.72 5.15 3.30 3.78
10 77.06 19341 32175 29322 29996 T, — 5.00 5.20 5.58 6.03 4.53
11 99.23 18242 31244 27635 31180 ¥(n,m*) 32958 (n,n*)  5.65 6.08 7.08 5.59 3.09
“ Onsager cavity.
34 Table 3 Calculated maximum vibrational energies of 4-mono-
(a) ® ’ substituted benzofurazan compounds
*®
e Energy/
30 ® Compound cm! Attribution
. 1 3076 C-H stretching in benzofurazan skeleton
Py ) 2 3135 C—H stretching in substituent group
., ’ 3 3536 N-H stretching in substituent group
264 4 3193 C-H stretching in substituent group
- ® 5 3079 C—H stretching in benzofurazan skeleton
’ 6 3143 C—H stretching in substituent group
- = 0.949 7 3370 N-H stretching in substituent group
E 9 . \ 8 3076 C—H stretching in benzofurazan skeleton
= 22 26 30 34 9 3216 C—H stretching in substituent group
< 34 — 10 3075 C—H stretching in benzofurazan skeleton
=7 () @ . 11 3070 C-H stretching in benzofurazan skeleton
’/,,
30 o @ R ® R
‘ N\ \
261 [ . -
Fig. 2 Structural changes of 4-monosubstituted benzofurazan com-
. pounds investigated in this study; (a) twisting of the substituent group,
4 (b) wagging of the benzofurazan skeleton.
= 0.946
22 r T
22 26 30 34 1 R=H
Cale. S-S, transition energy/10° cm™ 2 R =NMe,
R 3 R=NH,
Fig. 1 The relationships between the calculated S,-S,; transition 4 R=5Me
. . X 5 R=5Ph
energy and the experimental maximum absorption wavelengths of =N 6 R — OMec
4-monosubstituted benzofurazan compounds in (a) cyclohexane, - 7 R = NHCOMe
(b) water. S R=-F
9 R=S0,Mc
. 10 R = SO,Ph
compounds, we used the PM3-CAS/CI method in the follow- 11 R = NG,

ing study.

The effects of the substituent group at the 4-position on the
fluorescence quantum yields (@) of 4-monosubstituted benzo-
furazan compounds in non-polar solvents

We first tried to elucidate the relationship between @ of 1-11 in
non-polar solvents and their substituents. Cyclohexane was
selected as a representative non-polar solvent. The fluorescence
characteristics of these compounds in cyclohexane (Table 1)
indicated that the @ values are indeed determined by the vari-
ation in substituent group. We considered that these differences
in @ were based on the differences in the probability of non-
radiative transitions, because no photochemical reactions were
observed for any of the compounds (the fluorescence intensities
did not change during the measurement), therefore, the prob-
ability of internal conversion and intersystem crossing were
estimated.

For the occurrence of S;—S, internal conversion, proximity

of the S, state to the S, state in the excited state is necessary.?®
We first calculated the energies of the molecular vibrations,
such as stretching and bending, with the PM3 method. The
maximum vibrational energies obtained with PM3 calculations
are summarized in Table 3. These were small in comparison
with the calculated S;-S, energy gaps (Tables 1 and 2), indicat-
ing that the S, state is sufficiently separate from the S state that
the S;—S, internal conversion does not occur. Next we focused
on macro-structural changes. According to a previous report,?
twisting of the substituent group and distortion of the fluoro-
phore lead to an energetically low excited state. In particular, the
transition to the twisted intramolecular charge transfer (TICT)
state? with a twist of the substituent group has been reported
as an important non-radiative pathway, even in non-polar
solvents.?® The influence of these structural changes (Fig. 2) on
the energies of the S, and S; states was studied for compounds
1-11. The results obtained with the PM3-CAS/CI are shown in
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Table 4 Effect of molecular geometry on S, and S, energy levels*

1 2 3 4 5 6 7 8 9 10 11

Substitutional rotation

Sp (plane)/cm ™! — —2904 -3049 —-1500 —855 —2387 -3000 — —2097 —-2000 —2073
S, (plane)/cm™* — 21777 22003 25027 26414 26423 23479  — 19317 30713 29028
S-S, (plane)/cm ™! — 24681 25052 26527 27269 28810 26479 — 21414 32713 31101
Sp (twist)/cm™! — —2742 —2871 —2258 —823 —2758 —1831 — —2565 — 1887 —2879
S, (twist)/cm™! — 26777 26664 29423 (31036)° 27963 28286 — 29431 30560 29036
S,—S, (twist)/cm™! — 29519 29535 31681 (31859) 30721 30117 — 31996 32447 31915
Ring distortion

Sp (plane)/cm™* —2881 —2863 —3089 —1468 —855 —2387 —1565 —2766 —2210 —1823 —2742
S, (plane)/cm ™! 28939 21664 22019 26229 26431 26423 24592 27882 29915 30608 29028
S-S, (plane)/cm™ 26058 24527 25108 27697 27286 28810 26157 30648 32125 32431 31170
S, (twist)/cm™! —2399 —2250 —2468 —1887 —557 —-2597 —2299 —2428 —2097 —613 —2274
S, (twist)/cm™! 16615 16042 15107 18115 19833 15671 15929 16373 19317 27713 18647
S-S, (twist)/cm ™! 14276 18292 17575 20002 20390 18268 18228 18801 21414 28326 20921

“ For compounds 4, 5, 6, 7, 9 and 10, having two stable planar geometries, the energies at the geometry with the more stable S, were described.
However, this alternative makes no difference. * Under this state, there was another singlet state (25245 cm™') which was S, with planar geometry.

Table 5 Energy gaps between S, and T, (=1, 2)

1 2 3 4 5 6 7 8 9 10 11
Optimized for S,
S, Tyfem™! 4153 —1445 -836 3370 2004 1327 596 3034 4098 2853 3609
S;-T/em™! 13262 8933 9608 10534 8655 11531 10654 12550 13188 12834 13002
Optimized for S,
S,-T,fem ™! 2513 —5515 —5408 —4209  —1966 —3455 —3201 4266 -7 —21348  —1956
S-T/em™! 14573 6765 6547 11548 7201 8254 10187 15531 10311 14096 9813
30 Fig. 3 (a representative result) and Table 4. These results indi-
(a) ‘ cated that the twist of the substituent group is not favorable,
254 ° ® ® o because the energy of the S, state for the twisted form is not
90000 smaller than that of the planar form. The wag of the benzo-
207 furazan skeleton, however, is favorable, because the S, state is
154 stabilized by this structural change, although despite this, the
S-S, energy gap for the wagging form was still too large to
10 allow S;—S, internal conversion to occur. In summary, S;—S,
internal conversion is not the main factor which causes the
51 differences in @ for the compounds studied.
0. Next the probability of intersystem crossing was estimated.
B The calculated data (Table 2) showed that the T, state was very
= 54 L. . s . . ! close to the S, state, and therefore, we obtained the S;-T, and
'2';) 0 30 60 90 S.I_Tz energy gaps (Table 5, for optimized S, geometry). No
= ) — twisting significant relationships were found between the S,—T, energy
2 30 Twist angle/degree gaps and @ of compounds 1-11 in cyclohexane. In contrast, the
5 90009 °® (b) S,-T, energy gaps were clearly related to @ of these compounds
25 4 o P in cyclohexane. The order of the S,—T, energy gap was 4 (—3370
® cm!) <2 (—1445) <3 (—836) <7 (596) <6 (1327) <5
20 4 ° ® (2004) < 10 (2853) < 8(3034) < 11 (3609) < 9 (4098) < 1 (4153).
® This order was in good agreement with the order of @ in cyclo-
151 hexane (4 (@ =0.53) >2 (0.17) >7 (0.074) >3 (0.053) > 6
10 4 (0.0026) > 5 (0.0024) > 10, 8, 11, 9, 1 (not detected)). Consider-
ing that the S;-T, energy gap decreased for the S, geometry
54 (Table 5, for optimized S; geometry), we inferred that the prob-
ability of S;—>T, intersystem crossing was the maximum for the
04 Franck—Condon state. If the T, state lies above the S, state (for
" EEEEENEEERE e.g R=SMe (4)) for the optimized S, geometry, the S,—>T,
(') 3'0 6‘0 9'0 120 intersystem crossing is precluded and fluorescence occurs.
— wagging In contrast, if the T, state lies below the S, state (f.or.e.gA
Wag angle/degree R =SO,Ph (10), F (8), NO, (11), SO,Me (9)) for the optimized

Fig. 3 Effects of the structural changes on the S, (M) and S, (@)
energies of 4-(N,N-dimethylamino)-2,1,3-benzoxadiazole (2) obtained
with the PM3 calculation; (a) twisting of the NMe, group, (b) wagging
of benzofurazan skeleton.
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S, geometry, fluorescence does not occur by the competitive
S,—T, intersystem crossing. However, some of the excited mole-
cules have a larger energy than the calculated S, energy for the
optimized S, geometry because molecules vibrate and some
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Fig. 4 Dependence of the fluorescence quantum yields (@) of fluorescent 4-monosubstituted benzofurazan compounds on solvent polarity

function Af( = (¢ — /(2e + 1) — (1 — 1)/2n® + 1)).

molecules are excited at a wavelength shorter than the maxi-
mum absorption wavelength. Therefore, the S;—T, intersystem
crossing may occur even for R = SMe (4) or NMe, (2). In short,
these experimental and computational studies suggest that the
difference in @ in compounds 1-11 in non-polar solvents is
caused by the difference in the probability of the S,—T, inter-
system crossing, which corresponds to the S;-T, energy gap.
It has been reported that the fluorescence intensity of mono-
substituted anthracene compounds was also determined by the
S,-T, energy gaps.?’?

We propose a simple and useful method to predict the
fluorescence characteristics of 4-substituted benzofurazan
compounds in non-polar solvents. As the effects of the
4-substituent on @ of compounds 1-11 in non-polar solvents
were revealed by the S,—T, energy gaps at the optimized S,
geometry obtained with the PM3-CAS/CI calculations, there-
fore, in general for 4-monosubstituted benzofurazan com-
pounds, the PM3-CAS/CI calculations of the S,-T, energy gaps
must correspond to the effects of the substituent group on @.
Furthermore, there was a tendency for the benzofurazan com-
pound with the lower HOMO energy to have a larger @ value in
non-polar solvents. However, calculation of the S,—T, energy
gap with the PM3-CAS/CI method seems to be the best way to
precisely predict @ values of 4-monosubstituted benzofurazan
compounds in non-polar solvents.

The effects of the substituent group at the 4-position on the
fluorescence quantum yields (@) of 4-monosubstituted benzo-
furazan compounds in polar solvents

As shown in Table 1, the maximum absorption wavelengths of
compounds 1-11 were virtually independent of the solvent
polarity. In contrast, the maximum emission wavelengths of the
six fluorescent compounds were dependent on the solvent
polarity. These bathochromic shifts of the maximum fluor-
escence wavelength were caused by the increase in the dipole
moment of the fluorescent 4-monosubstituted benzofurazan
compounds in the S, state compared to that in the S, state

(Table 2). The @ of these compounds were more complicated.
The five 4-monosubstituted benzofurazan compounds which
were non-fluorescent in non-polar solvents (R=H (1), F (8),
SO,Me (9), SO,Ph (10), NO, (11)) did not fluoresce even in
polar solvents. For the six fluorescent compounds in non-polar
solvents, there is a tendency for @ to decrease with an increase
in the solvent polarity (Fig. 4). However, the effects of the
4-substituent on @ of the fluorescent compounds are very dif-
ferent. For example, @ of compounds where R = NMe, (2) or
NH, (3) was strongly reduced in highly polar solvents, while
that of 6 (R=0OMe) was not. We tried to elucidate the
relationship between @ of compounds 1-11 in polar solvents
and the 4-substituent by studying the following points; (i)
S,—T, intersystem crossing, (ii) non-radiative relaxation due to
formation of hydrogen bonding, (iii) transition to the TICT
state, and (iv) S;—T, intersystem crossing.

First, the probability of the S;—T, intersystem crossing was
studied. As the S,—T, energy gaps for the optimized S, geometry
obtained with the PM3-CAS/CI calculation were in good
agreement with @ of compounds in non-polar solvents, we
considered that a similar relationship might hold in polar
solvents. Accordingly, the S,—T, energy gaps at the optimized S,
geometry in five kinds of solvents were obtained with the PM3-
CAS/CI calculation and Onsager’s formulations (Fig. 5).
Unexpectedly, the S;-T, energy gaps were not changed
significantly by the solvent polarity. Based on these results, the
probability of the S;—T, intersystem crossing was not changed
by the solvent polarity. This explains why these five compounds
(R=H (1), F (8), SO,Me (9), SO,Ph (10), NO, (11)) did not
fluoresce in any solvents. These results also suggest that another
non-radiative transition might occur, especially for R = NMe,
(2) or NH, (3), but not for R =0OMe (6), in polar solvents
besides the S;—T, intersystem crossing.

Hydrogen bonds can be formed between the benzofurazan
compounds and polar solvents, such as alcohol or water. If
hydrogen bonding formed between the excited compounds
and solvents promotes non-radiative transition, @ dramatically
decreases in such protic solvents. Recent papers have
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Table 6 Atomic charges calculated by PM3 calculation

2 3 4 5 6 7
N at 1-position —0.159 —0.193 0.083 0.083 —0.250 —0.073
O at 2-position —0.085 —0.086 —0.063 —0.066 —0.050 —0.075
N at 3-position 0.004 0.072 —0.195 —0.121 0.278 —0.028
Atom connected to the 0.337 0.411 0.294 0.435 —0.076 0.227
benzofurazan at 4-position
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obtained with the PM3-CAS/CI calculation, of 4-(N,N-dimethyl-
7 . i . i . amino)-2,1,3-benzoxadiazole (2) in 1,4-dioxane (@), tetrahydrofuran
THF methanol (A), acetonitrile (M), methanol (+) or water (X). Solvation energies
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Fig. 5 Solvent effects on the S,-T, energy gaps, obtained with the
PM3-CAS/CI calculation, of 4-monosubstituted benzofurazan com-
pounds; R =H (1, ©, dotted), NMe, (2, A, solid), NH, (3, #, solid),
SMe (4, B, solid), SPh (5, X, solid), OMe (6, +, solid), NHCOMe (7, @,
solid), F (8, O, dashed), SO,Me (9, X, dashed), SO,Ph (10, A, dashed),
NO, (11, [0, dashed). Solvation energies are calculated using eqn. (2).

argued that the formation of hydrogen bonding decreased @ of
Coumarin 1% or NBD-aminohexanoic acid.*® To examine
whether hydrogen bonding was indeed formed between the
4-substituted benzofurazan compounds and solvents, the
atomic charges of nitrogen and oxygen in six fluorescent benzo-
furazan skeletons were obtained with the PM3 calculation
using the optimized S, geometry (Table 6). The charge of
the atoms binding with the benzofurazan skeleton at the
4-position was also calculated. If the probability of non-
radiative relaxation is increased by formation of hydrogen
bonding in polar solvents, arrangement of the compounds in
order of their ability as hydrogen-bond acceptors should
agree with that in descending order of @ caused by the solvent
effects, ie, R=NMe, (2) >NH, (3) >SPh (5) >SMe
(4) = NHCOMe (7) > OMe (6). Comparing this order with the
magnitude of the atomic charges in Table 6, there are no
marked relationships. Therefore, we concluded that hydrogen
bonding was not the main factor which determined @ of
4-monosubstituted benzofurazan compounds in polar solvents.

The transition from the S, state to the TICT state in highly
polar solvents is also important for the solvent effects on @.
There are many reports that the transition to the TICT state in
highly polar solvents decreased @ of fluorescent molecules.®'-3
Based on previous reports we estimated the probability of the
transition to the TICT states using the molecular orbital calcu-
lations, % j e, the S, energies for the planar form and the
twist form in various solvents of the six fluorescent 4-substi-
tuted benzofurazan compounds were obtained with the PM3-
CAS/CI calculation (Table 7). As shown in Table 7, the twisting
of the substituent group was not favorable, except for R =
NMe, (2), because the S; energy for the twisted form is higher
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are calculated using eqn. (1).

than that for the planar form. For R = NMe, (2), we obtained
the relationship between the S, state energy and the twist angle
with the detailed PM3-CAS/CI calculations (Fig. 6). Although
the perpendicular twisting of the NMe, group stabilized the S,
energy in polar solvents, there were large barriers (about 6000—
7000 cm ™) in the twisting of the NMe, group in the S, state.
The @ of 2 in glycerol was also measured, since this viscous
solvent interferes with the transition to the TICT state,*® and
was found to be very low (& =0.00077, ab. 430 nm, em. 586
nm). The transition to the TICT state, therefore, does not seem
to occur in the S; state of 2 in highly polar solvents. In sum-
mary, the transition to the TICT state with the twist of
the substituent group does not happen in the six fluorescent
4-monosubstituted benzofurazan compounds and is not the
factor which determines @ of the 4-monosubstituted benzo-
furazan compounds in polar solvents.

The probabilities of S;—T, intersystem crossing in polar
solvents were finally estimated. Since the dipole moments in the
S, state are larger than that in the T, state of the fluorescent
4-monosubstituted benzofurazan compounds (except for
R = OMe (6)) as shown in Table 2, we considered that the S,
state was close to the T, state in these compounds in polar
solvents. (The S, state was more stabilized than the T, state
according to eqn. (1) or eqn. (2) of Onsager’s formulations.)
The S,~T; energy gaps in five solvents at the optimized S,
geometry were obtained with the PM3-CAS/CI calculations
(Fig. 7). Except for R=0Me (6), the S-T, energy gaps
decreased with solvent polarity. We can relate the change in the
S,—T, energy gaps of these compounds with the change in @
value in the polar solvents. The S,—T, intersystem crossing
is unfavorable for the fluorescent compounds in non-polar
solvents because the S,—T, energy gaps are too large. However,
in polar solvents, the S,—T; energy gaps decrease in the com-
pounds which have a large dipole moment in the S, state relative
to that in the T, state. As a result, the probability of the S,—T,
intersystem crossing increases and @ of these compounds
decreases. As shown in Fig. 7, the S,-T, energy gaps of



Table 7 Effect of substitutional twisting and solvents on S, energy levels

2 3 4 5 6 7
1,4-Dioxane
S, (plane)/cm ™! 21039 20954 24223 26040 25941 23256
AE S, (to twist)/cm™! +4475 +4730 +5022 +4918 +1805 +4897
Tetrahydrofuran
S, (plane)/cm™* 14544 11725 17146 22750 21701 21290
AE S, (to twist)/cm™! —153 +5331 +10537 +7523 +4136 +5686
Acetonitrile
S, (plane)/cm ™! 13479 10210 15985 22210 21005 20968
AE S, (to twist)/cm™! —914 +5430 +11442 +7951 +4518 +5815
Methanol
S, (plane)/cm™* 12067 8204 14446 21495 20083 20540
AE S, (to twist)/cm™! —-1920 +5560 +12642 +8517 +5025 +5987
Water
S, (plane)/cm ™! 11604 7547 13942 21261 19781 20400
AE S, (to twist)/cm™! —2248 +5603 +13034 +8703 +5191 +6043
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Fig. 7 Solvent effects on the S,—T, energy gaps, obtained with the
PM3-CAS/CI calculation, of fluorescent 4-monosubstituted benzo-
furazan compounds; R = NMe, (2, A), NH, (3, ), SMe (4, B), SPh (5,
x), OMe (6, +) NHCOMe (7, @). Solvation energies are calculated
using eqn. (1).

compounds with R =NMe, (2), NH, (3), SMe (4), SPh (5),
NHCOMe (7) were smaller in polar solvents than in non-
polar solvents. Among these five 4-monosubstituted benzo-
furazan compounds, the S,;-T; energy gaps of compounds
with R = NMe, (2) and NH, (3) in the polar solvents seemed
to be small enough for the S,—T, intersystem crossing to
occur. Therefore, @ of compounds with R =NMe, (2) and
NH, (3) was dramatically reduced in highly polar solvents
compared to non-polar solvents. Although the S,—T, energy
gaps of 4, 5 and 7 decreased in polar solvents, the S,~T, energy
gaps were larger than those of 2 or 3. Therefore, @ of 4, 5 and 7
was not reduced as much as those of 2 or 3 in the polar solvents.
The S,-T, energy gap of 6 was not changed by the solvent
polarity. Therefore @ of 6 was not changed even in polar
solvents.

We propose a method to predict the fluorescence character-
istics of 4-substituted benzofurazan compounds in polar sol-
vents. The effects of the 4-substituent on @ of compounds 1-11

in polar solvents consist of two factors. The first is similar to that
in non-polar solvents, the effect on the probability of S;—T,
intersystem crossing, which is independent of solvent polarity.
The second is the effect on the probability of S;—T,; inter-
system crossing, which is dependent on solvent polarity. These
two factors can be estimated by the PM3-CAS/CI calculations
and Onsager’s formulations, and therefore, the calculations
of the S;-T, and S;-T, energy gaps using the PM3-CAS/CI
method and Onsager’s formulations must correspond to the
effects of the substituent group on @ of 4-monosubstituted
benzofurazan compounds in general.

Conclusion

In this study, the relationships between the fluorescence quan-
tum yields (@) of 4-monosubstituted benzofurazan compounds
and the substituent groups at the 4-position were obtained. It
was indicated that the S,-T, energy gaps obtained with the
PM3-CAS/CI calculations related well to @ of the 4-mono-
substituted benzofurazan compounds in non-polar solvents. In
contrast, in highly polar solvents, the S,—T, and S,—T, energy
gaps obtained with the PM3-CAS/CI calculations and
Onsager’s formulations were in good agreement with @ of the
4-monosubstituted benzofurazan compounds. These results
showed that @ of 4-monosubstituted benzofurazan compounds
can be predicted by using PM3-CAS/CI calculations and
Onsager’s formulations. In the future, we will try to prove the
obtained relationships by further spectroscopic experiments
and elucidate the theoretical relationship between @ of 4,7-
disubstituted benzofurazan compounds and the substituent
groups at the 4- and 7-positions.

Experimental
Materials

Propan-2-ol was obtained from Tokyo Kasei (Tokyo, Japan).
Acetone, acetonitrile, benzene, carbon tetrachloride, cyclo-
hexane, dichloromethane, diethyl ether, 1,4-dioxane, ethanol,
methanol and tetrahydrofuran were purchased from Kanto
Chemicals (Tokyo, Japan). Ethyl acetate and m-chloro-
perbenzoic acid (MCPBA) were obtained from Wako Pure
Chemicals (Osaka, Japan). Water was purified using a Milli-Q
reagent system (Millipore, Bedford, MA, USA). All chemicals
were of HPLC or guaranteed reagent grade and were used
without further purification.
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Apparatus

Melting points were measured using a Yanagimoto Micro
Melting Point Apparatus (Tokyo, Japan) and are uncorrected.
Proton nuclear magnetic resonance (‘H-NMR) spectra were
obtained on a JEOL GSX-400 spectrometer (Tokyo, Japan)
with tetramethylsilane as the internal standard in CDCl,
(abbreviations used: s = singlet, d = doublet and m = multiplet),
J values are given in Hz. Mass spectra were measured using a
Hitachi M-1200 H mass spectrometer (atmospheric pressure
chemical ionization (APCI) system) (Tokyo, Japan). UV-VIS
absorption spectra were measured using a JASCO (Japan
Spectroscopic Co., Ltd.) Ubest-50 spectrometer (Tokyo, Japan)
in various solvents (30 pmol 17!) at room temperature. Fluor-
escence spectra were measured using a Hitachi F-4010 fluor-
escence spectrometer (Tokyo, Japan) in fifteen solvents (4, 6
pumol 17'; others, 30 pmol 17') at room temperature. Each
emission spectrum was obtained by excitation at the maximum
absorption wavelength. The fluorescence quantum yields (@)
were determined using quinine sulfate in 0.1 mol 17! sulfuric
acid (@ =0.55, excitation wavelength: 355 nm, room temper-
ature) as the standard.

Synthesis

2,1,3-Benzoxadiazole (1), 4-fluoro-2,1,3-benzoxadiazole (8),%®
4-nitro-2,1,3-benzoxadiazole (11)*7 and 4-methoxy-2,1,3-benz-
oxadiazole (6)* were synthesized and purified as previously
reported.

4-Amino-2,1,3-benzoxadiazole = (3).  4-Nitro-2,1,3-benz-
oxadiazole (930 mg, 5.6 mmol) was dissolved in a mixture of
dichloromethane (200 ml), conc. hydrochloric acid (12 ml)
and methanol (90 ml). After the addition of iron powder
(2.13 g), the mixture was vigorously stirred for 25 min at
room temperature. The reaction mixture was poured into
water (100 ml) and extracted with dichloromethane (150 ml, 3
times). The organic layer was dried over anhydrous sodium
sulfate and concentrated in vacuo. The residue was chromato-
graphed on silica gel with dichloromethane to afford 3 (618
mg, 81%) as orange needles. Mp: 109-110 °C. Jy (CDCl;) 7.21
(1H, dd, J 9.0, 7.0), 7.13 (1H, d, J 9.0), 6.35 (1H, d, J 7.0),
4.56 (2H, br). Found: C, 53.49; H, 3.86; N, 31.21. Calc. for
CeHsN,O: C, 53.33; H, 3.73; N, 31.10%; APCI-MS: m/z 134
(M —=H)").

4-Acetylamino-2,1,3-benzoxadiazole (7). 4-Amino-2,1,3-
benzoxadiazole (41 mg, 0.3 mmol) was dissolved in a mixture
of pyridine (2 ml) and acetic anhydride (1.5 ml). The mixture
was stirred for 1 h at 80 °C. The reaction mixture was poured
into hydrochloric acid (1 mol 17!, 100 ml) and extracted with
dichloromethane (100 ml, 3 times). The organic layer was
dried over anhydrous sodium sulfate and concentrated in vacuo.
The residue was chromatographed on silica gel with dichloro-
methane to afford 7 (44.4 mg, 84%) as a yellow powder. Mp:
162-163 °C. 4 (CDCl,) 8.26 (1H, d, J 7.0), 8.01 (1H, br), 7.50
(1H,d, J9.1), 7.41 (1H, dd, J 7.0, 9.1), 2.32 (3H, s). Found: C,
54.25; H, 4.08; N, 23.52. Calc. for C4gH,N;0,: C, 54.24; H, 3.98;
N, 23.52%; APCI-MS: m/z 176 (M — H)").

4-(N,N-Dimethylamino)-2,1,3-benzoxadiazole (2). 4-Fluoro-
2,1,3-benzoxadiazole (200 mg, 1.4 mmol) was dissolved in 5 ml
of acetonitrile. After the addition of dimethylamine solution
(40% in water, 1 ml), the mixture was stirred for 2 h at 50 °C.
The reaction mixture was evaporated to dryness under reduced
pressure and the residue was chromatographed on silica gel
with dichloromethane-n-hexane (1:1) to afford 2 (230 mg,
98%) as an orange powder. Mp: 33-34 °C. Jy (CDCl;) 7.24 (1H,
dd, J 8.8, 6.8), 7.05 (1H, d, J 8.8), 6.06 (1H, d, J 6.8), 3.32 (6H,
s). Found: C, 59.02; H, 5.56; N, 25.90. Calc. for CgH,N;O: C,
58.89; H, 5.56; N, 25.75%; APCI-MS: m/z 164 (M + H)").
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4-Phenylthio-2,1,3-benzoxadiazole (5). 4-Fluoro-2,1,3-benz-
oxadiazole (118 mg, 0.85 mmol) was dissolved in a mixture of
acetonitrile (2 ml), thiophenol (1 ml) and triethylamine (0.4 ml).
The mixture was stirred and refluxed for 1 h. The reaction mix-
ture was evaporated to dryness under reduced pressure and the
residue was chromatographed on silica gel with n-hexane to
afford SPh 5 (132 mg, 68%) as a yellow powder. Mp: 82 °C.
oy (CDCly) 7.45-7.62 (6H, m), 7.21 (1H, dd, J 8.8, 6.8), 6.80
(1H, d, 6.8). Found: C, 63.24; H, 3.71; N, 12.13. Calc. for
C,HN,0S: C, 63.14; H, 3.53; N, 12.27%; APCI-MS: m/z 229
(M + H)").

4-Phenylsulfonyl-2,1,3-benzoxadiazole (10). 4-Phenylthio-
2,1,3-benzoxadiazole (39 mg, 0.17 mmol) was dissolved in 4 ml
of dichloromethane. After the addition of MCPBA (141 mg),
the mixture was stirred for 1 h at room temperature. The reac-
tion mixture was evaporated to dryness under reduced pressure
and the residue was chromatographed on silica gel with ethyl
acetate-n-hexane (1:3) to afford 10 (34 mg, 76%) as white
needles. Mp: 178 °C. d (CDCl;) 8.28 (1H, d, J 5.6), 8.23 (2H, d,
J17.6), 8.10 (1H, d, J 8.8), 7.47-7.65 (4H, m). Found: C, 55.51;
H, 3.28; N, 10.71. Calc. for C,,HgN,O,S: C, 55.38; H, 3.10; N,
10.76%; APCI-MS: m/z 261 (M + H)").

4-Methylthio-2,1,3-benzoxadiazole (4). 4-Fluoro-2,1,3-benz-
oxadiazole (100 mg, 0.72 mmol) was dissolved in 5 ml of
acetonitrile. After the addition of methylsulfanide sodium
salt solution (15% in water, 1 ml), the mixture was stirred for 8 h
at room temperature. The reaction mixture was evaporated to
dryness under reduced pressure and the residue was chromato-
graphed on silica gel with dichloromethane-n-hexane (1:1)
to afford 4 (85 mg, 71%) as a yellow powder. Mp: 74 °C.
oy (CDCly) 7.57 (1H, d, J 9.2), 7.33 (1H, dd, J 9.2, 7.0), 7.03
(1H, d, J 7.0), 2.66 (3H, s). Found: C, 50.51; H, 3.73; N, 16.71.
Calc. for C;HgN,OS: C, 50.59; H, 3.64; N, 16.86%; APCI-MS:
mlz 167 (M + H)™).

4-Methylsulfonyl-2,1,3-benzoxadiazole (9). 4-Methylthio-
2,1,3-benzoxadiazole (52 mg, 0.31 mmol) was dissolved in 5 ml
of dichloromethane. After the addition of MCPBA (257 mg),
the mixture was stirred for 1 h at room temperature. The reac-
tion mixture was evaporated to dryness under reduced pressure
and the residue was chromatographed on silica gel with ethyl
acetate-n-hexane (2:1) to afford 9 (22 mg, 35%) as yellow
needles. Mp: 117 °C. 6y (CDCl;) 8.20 (2H, m), 7.65 (1H, t), 3.42
(BH, s). Found: C, 42.43; H, 3.13; N, 13.98. Calc. for
C,HgN,0,S: C, 42.42; H, 3.05; N, 14.13%; APCI-MS: m/z 199
(M + H)").

Computational methods

We employed PM3 (MNDO-Parametric Method 3) for our
calculations because this method gave good results for the
calculation of the total electron densities on the benzo-
furazan skeleton and the dipole moment compared with the
AM1 (Austin Model 1) method in our previous report.?* All the
PM3 semi-empirical molecular orbital calculations were carried
out using the program MOPAC97 in WinMOPAC ver. 2.0
package (Fujitsu, Japan) with a DELL Dimension XPS R450/
512K. The geometries of the 4-monosubstituted benzofurazan
compounds in the ground state were first completely optimized
(keyword PRECISE) by the eigenvector following routine
(keyword EF). For several benzofurazan compounds, there was
more than one stable conformation. We continued the opti-
mization of these compounds until the lowest energy conform-
ation was found. Similarly, the geometries in the excited state
were optimized with the keyword EXCITED in addition to the
above keywords. The CAS (Compete Active Space) calculations
were then performed on the obtained geometries for calcu-
lations of electronic energy, charge distribution and dipole



moment using the configuration interaction with 100 micro-
states (keywords C.I.=5 and 1SCF). We also calculated the
geometry dependence on the ground and excited state energies.
The rotation of the substituent groups about its bond in the
benzofurazan ring system and the wagging of the benzofurazan
skeleton were considered. The electronic energies and dipole
moments for these geometries while fixing the angle of the
rotation and wagging were likewise obtained with the PM3 and
CAS methods fixing the angle. For all calculations of 7, the
keyword MMOK was also used to correct the increase in the
barrier to rotation of the amide linkage.

Solvation energies

The solvent effects on the energy states of the solute were
estimated using Onsager’s formulations.*® The solvation energy
of the fully relaxed state was calculated using the relation
shown in eqn. (1), where y; represents the dipole moment when

_ 2u? 6 —1)
AE= @ Qe —1) M

the solvent is fully equilibrated, a is the Onsager cavity radius
and ¢ is the relative permittivity of the solvent.

When the dipole moment of the solute changes from g; to x,
very rapidly, the solvent molecules do not have sufficient time to
reorient themselves, and one needs to calculate the energy of
the partially solvated state. The solvation energy of the partially
solvated state was calculated using eqn. (2).

2 e—1 n*—1 2ul (n* — 1)
N R ] S )2 el
S T T 1) T e -

(@)

The energies of the 4-monosubstituted benzofurazan com-
pounds in the ground and excited states in various solvents were
calculated using eqn. (3).

E (in solvent) = E (in gas phase) +
(AE (in solvent) — AE (in cyclohexane)) (3)
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