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Abstract

Based on spectroscopic measurements and DFT calculations, fluorescence properties of
thiazolo[4,5-b]pyrazine (TPy) derivatives having the phenyl group at the C2 position were
studied. TPys were readily prepared from the corresponding amidopyrazines, which have a
similar fluorescent core to a bioluminescence light emitter, Cypridina oxyluciferin. It was
found that introduction of electron-donating (methoxy and dimethylamino) groups onto the 2-
phenyl moiety of the TPy derivatives as well as the phenyl and 4-(dimethylamino)phenyl
groups at C2 and C6, respectively, is operative for increasing the fluorescence yield and
appearance of solvatochromic character. The mechanism of increasing the fluorescence yield
depending on the substituents is discussed. These findings provide useful information on

designing new TPy fluorophores.
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Introduction

Bioluminescent molecular systems show light emission with performance of color variation,
high efficiencies, and reactivity controlled for making a desired luminescence pattern.' The
bioluminescence-related compounds are, therefore, attractive prototypes for designing
photon-producing compounds. Cypridina oxyluciferin (Scheme 1), which is the key
compound emitting bioluminescence in the ostracod Cypridina,” is one of the prototypes for
ﬂuorophores.3 It has the amidopyrazine structure as the fluorescent core together with three
appendages including the electron-donating 3-indolyl group at C5. One of our goals is to
design a new fluorophore using Cypridina oxyluciferin for assisting developments in
fluorophore applications such as biological imaging with fluorescent sensors and light-
emitting device technology with light-emitting components. We, therefore, have been
investigating the fluorescent properties of Cypridina oxyluciferin analogues l1a and 1b
(Scheme 1),> and also developed a novel fluorophore prepared by chemical modification of
the amidopyrazine structure such as difluoro[amidopyrazinato-O,N]boron derivatives
prepared by a similar method for the synthesis of boron dipyrromethene (BODIPY).®
Thiazolo[4,5-b]pyrazine (TPy) derivatives are readily prepared from amidopyrazines by the
method with Lawesson’s reagent reported by Fruit et al. (Scheme 2).” While TPys have been
subjected mainly to their pharmaceutical applications,”® we have paid much attention to their
potentials as fluorophores. As benzo-fused TPy derivatives have fluorescence character,” we
expect that TPy derivatives may be the key compounds for designing useful fluorophores. In
the present work, we introduced the phenyl group at C2 of the TPy ring, which is subjected to
investigate substituent effects on the spectroscopic properties for searching for fluorescence
appearance (Scheme 2). In addition to the 2-phenyl derivatives 3, the derivative 4 derived
from the Cypridina oxyluciferin analogue 1b were also investigated. We report herein
relationship between the molecular structure and the fluorescent properties of the substituted
TPy derivatives for obtaining information on designing new fluorophores having the TPy

structure.
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Scheme 1. Cypridina oxyluciferin and its analogues 1a and b.
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Scheme 2. Synthesis and molecular structures of the TPy derivatives 2, 3a-e and 4.

Experimental

General

Melting points were determined with a Yamato MP-21 apparatus. IR spectra were measured
with a Horiba FT-720 spectrometer. High-resolution electro-spray ionization (ESI) mass
spectra were recorded on a JEOL JMS-T100LC mass spectrometer. 'H NMR spectra were
recorded on a JEOL ECA-500 instrument (500 MHz). UV/visible absorption spectra were
measured with a Varian Cary 50 spectrophotometer (scan speed, 600 nm/min; data interval, 1

nm). Fluorescence spectra and fluorescence quantum yields were obtained with a Hamamatsu
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Photonics Quantaurus-QY absolute PL. quantum yields measurement system. Fluorescence
lifetimes (7r) were measured with a Hamamatsu Photonics TAU time-correlated single-photon
counting fluorimeter system. Phosphorescence spectra at 77 K were recorded on a Hitachi
Fluorescence Spectrometer F-7000 equipped with a 40 Hz mechanical chopper. Spectroscopic
measurements were performed in a quartz cuvette (1 cm path length) at 25 + 1 °C. Spectral-
grade solvents were used for the measurements of UV/visible absorption and fluorescence.
Third harmonics (355 nm) from a Nd:YAG laser system (20 mJ / pulse, Lotis-TII, LT-2137)
and a 400 nm laser pulse (10 mJ / pulse) from a Ti:Sapphire laser system (Lotis-TII, LT-
2211) pumped with second harmonics (532 nm) from the Nd:YAG laser system were used as
the excitation laser light sources. The details of the detection system for the time profiles of
the transient absorption have been reported elsewhere.'’ The temporal data of absorbance
changes were analyzed by using the least-squares best-fitting method. Density functional
theory (DFT) calculations were performed using the Gaussian 09 program.'' DFT includes
Beck’s three-parameter function combined with Lee, Yang and Parr’s correlation function
(B3LYP) along with the 6-31G(d) basis set.'” Molecular graphics were generated using

GaussView, Version 5.'

Preparation of the TPy derivatives 3a-e and 4

By using the synthesis method for 7-butyl derivative 2,” the derivatives 3a-e having the phenyl
group at C2 were prepared by thiocarbonylation and the following thiazole ring formation of
the corresponding amidopyrazines with Lawesson’s reagent [2,4-bis(4-methoxyphenyl)-1,3-
dithia-2,4-diphosphetane 2,4-disulfide] in one pot in 24—58% yields (Scheme 2). Similarly,
the TPy derivative 4 was prepared from the Cypridina oxyluciferin analogue 1b° in 20%

yield.

4-(Dimethylamino)benzamidopyrazine. To a solution of aminopyrazine (200 mg, 2.1
mmol) in pyridine (0.7 mL), 4-(dimethylamino)benzoyl chloride (463mg, 2.5 mol) was added
under Ar, and the reaction mixture was heated under reflux for 48 h. The reaction was

quenched by adding water (60 mL), and the product was extracted with chloroform (60 mL x
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5). The organic layer was washed with brine, dried over Na,SO4, and concentrated in vacuo.
The residue was purified by silica gel column chromatography [CHCls/methanol (12:1)] and
silica gel thin layer chromatography [CHCls/ethyl acetate (1:1)], to give 4-
(dimethylamino)benzamidopyrazine (176 mg, 35%) as brown crystals: mp 138—139 °C. Ju
(CDCl3) 3.07 (6 H, s), 6.72 (2H, d,J9 Hz), 7.83 (2 H, d, J 9 Hz), 8.24 (1 H, m), 8.32 (1 H, d,
J 2.9 Hz), 8.34 (1 H, br s) and 9.71 (1 H, d, J 1.2 Hz). v (KBr)/cm ' 2900, 1668, 1606, 1533,
1413 and 1295. m/z (ESI) 243 ([M+H]").

3,4,5-Trimethoxybenzamidopyrazine: 62% yield. Colorless crystals, mp 138—139 °C. dy
(CDCl3) 3.92 3 H,s),3.94 (6 H, s), 7.14 (2 H, s), 8.29 (1 H, m), 8.40 (1 H, d, J 2.9 Hz) and
9.70 (1 H, d, J 1.2 Hz). v (KBr)/em ' 1674, 1540, 1413, 1338 and 1300. m/z (ESI) 195
(IM+H]").

2-(4-Dimethylaminophenyl)thiazolo[4,5-b]pyrazine (3a). To a solution of 4-
(dimethylamino)benzamidopyrazine (120 mg, 0.50 mmol) in chlorobenzene (1.0 mL),
Lawesson’s reagent (120 mg, 0.30 mmol) was added and the reaction mixture was heated
under reflux overnight. For completing the reaction, Lawesson’s reagent (120 mg, 0.30 mmol)
was added again, and the solution was heated under reflux for 3 h. The reaction mixture was
directly purified by silica gel thin layer chromatography [CHCls/ethyl acetate (5:1)], to give
3a (70 mg, 54%) as yellow crystals: mp 198—199 °C. dy (CDCl3) 3.10 (6 H, s), 6.75 (2 H, d, J
8.6 Hz), 8.06 (2 H, d, J 9.2 Hz), 836 (1 H, d, J 2.9 Hz) and 8.59 (1 H, d, J 2.3 Hz). v
(KBr)/em ™' 2958, 1600, 1427, 1340 and 1174. m/z (ESI) Found: 279.0642 ([M+Na]").
C3H12N4NaS requires 279.0680.

2-(4-Methoxyphenyl)thiazolo[4,5-b]pyrazine (3b): 57% yield. Yellow crystals, mp
178—179 °C. ou (CDCl3) 3.91 3 H, s5), 7.04 (2 H, d, J 8.6 Hz), 8.16 (2 H, d, J 8.6 Hz), 8.45 (1
H, d, J 2.9 Hz) and 8.64 (1 H, d, J 2.3 Hz). v (KBr)/cm ' 1606, 1511, 1457, 1344, 1265 and
1174. m/z (EST) Found: 266.0347 ((M+Na]"). C1,HyN3NaOS requires 266.0364.

2-(3,4,5-Trimethoxyphenyl)thiazolo[4,5-b]pyrazine (3c): 58% vyield. Yellow crystals,
mp 175-176 °C. oy (CDCl3) 3.95 3 H, s), 3.99 (6 H, 5), 7.45 (2 H, ), 8.50 (1 H, d, J 2.9 Hz)
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and 8.68 (1 H, d, J 2.9 Hz). v (KBr)/em ™' 2958, 1587, 1463, 1342, 1248, 1191 and 1122. m/z
(ESI) Found: 326.0544 ([M+Na]"). C14H,3N3NaO;S requires 326.0575.

2-Phenylthiazolo[4,5-b]pyrazine (3d): 28% yield. Yellow crystals, mp 122—123 °C. dy
(CDCls) 7.55 (2 H, m), 7.59 (1 H, m), 8.21 (2 H, m), 8.51 (1 H, d, J 2.8 Hz) and 8.69 (1 H, d,
J 2.3 Hz). v (KBr)/em' 1533, 1469, 1342, 1232 and 1184. m/z (ESI) Found: 236.0295
([M+Na]"). C;;H7N3NasS requires 236.0258.

2-(4-Cyanophenyl)thiazolo[4,5-b]pyrazine (3e): 24% yield. Yellow crystals, mp
237-238 °C. ou (CDCl3) 7.85 (2 H, d, J 8.6 Hz), 8.32 (2 H, d, J 8.6 Hz), 8.59 (1 H, d, J 2.9
Hz) and 8.76 (1 H, d, J 2.8 Hz). v (KBr)/cm ' 2231, 1533, 1455, 1340 and 1190. m/z (ESI)
Found: 239.0379 ([M+H]"). C1,H;N,S requires 239.0391.

6-(4-Dimethylaminophenyl)-2-phenylthiazolo[4,5-b]pyrazine (4): 20% yield. Orange
crystals, mp 231-233 °C. oy (CDCL) 3.07 (6 H, s), 6.82 (2 H, d, J 8.6 Hz), 7.52-7.56 (3 H,
m), 8.03 (2 H, d, J 8.6 Hz), 8.19 (2 H, m) and 9.05 (1 H, s). v (KBr)/cm ' 1604, 1535, 1465,
1328 and 1193. m/z (ESI) Found: 355.0961 ([M+Na]"). C19H;¢N4NaS requires 355.0993.

Results and discussion

Spectroscopic properties of TPy derivatives

Figure 1 shows absorption and fluorescence spectra of 3a-¢ and 4 in various solvents. The
data of UV/visible absorption and fluorescence are summarized along with the used E1(30)
index'* in Tables 1 and 2, respectively. Fluorescence was not seen from the #-butyl derivative
2, phenyl derivative 3d and 4-cyanophenyl derivative 3e while the derivatives 3a-c having the
electron-donating group(s) on the 2-phenyl ring showed fluorescence with appreciable
quantum yields (@¢ > 0.005) in the used solvents. Although the 2-pehenyl derivative 3d is
nonfluorescent, the 2-phenyl derivative 4 having the additional 6-phenyl ring substituted with
the electron-donating group fluoresces with relatively large quantum yields (@¢ > 0.1). The
absence and presence of fluorescence in cyclohexane solution indicate that the electronic
character in the lowest excited singlet (S;) states of 3a-c and 4 is of 7,n whereas that of 2, 3d
and 3e is of n,n. The fluorescence maximum wavelengths (in) and @y of 3a-¢ and 4 vary

depending on the solvent polarity. From the 0-0 origins of absorption and fluorescence spectra
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in cyclohexane, the S; state energies (Es) of 3a, 3b, 3¢ and 4 were, respectively, determined
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to be 71.2, 78.4, 76.8 and 65.2 kcal mol™' (Table 3). As an increase of the E1(30), the Ag

undergoes a red shift while we can recognize a decrease of the @rin 3a and 4 having the 4-
(dimethylamino)phenyl group and an increase of the @r in 3b and 3¢ having the methoxy-
substituted phenyl group. These results indicate that the introduction of the electron donating
phenyl group to the TPy ring is clue for inducing fluorescence character, probably, due to

charge-transfer (CT) interaction in the m-electronic molecular structure which causes

bathochromic shifts and changes in the 15 values.
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Figure 1. UV/visible absorption (Abs) and fluorescence (F1) spectra of 3a (A), 3b (B), 3¢ (C)

and 4 (D) in cyclohexane (a), benzene (b), chloroform (c), dichloromethane (d), acetonitrile

wavelength / nm

(e), 2-propanol (f) and methanol (g) at 298 K.

wavelength / nm

wavelength / nm

Table 1. Electronic absorption properties of 2—4 in various solvents at 298 K.

solvent g / N (& / 10* dm’ mol ™" cmﬁl) b

[Ex(30)"] 2 3a 3b 3¢ 3d 3e 4
cyclohexane 296 (1.10) 393 (5.13) 351(2.54) 342(2.81) 322(2.57) 322(2.78) 407 (4.09)
[30.9] 375 (4.68) 337 (3.28) 295 (2.03)
benzene 297 (1.07) 399 (4.72) 342(3.32) 347(2.89) 325(2.50) 331(2.71) 418(3.70)
[34.3] 304 (2.11)
chloroform -—- 404 (4.62) 344 (3.32) 347(2.86) --- - 422 (3.28)
[39.1] 306 (2.20)
dichloromethane — --- 403 (4.67) 342(3.33) 345(2.85) --- - 420 (3.47)
[40.7] 305 (2.28)
acetonitrile 296 (1.11) 398 (4.57) 339(3.17) 342(2.82) 322(2.50) 328(2.90) 417(3.53)
[45.6] 303 (2.29)
2-propanol -—- 404 (4.51) 344(3.25) 345(2.81) --- - 424 (3.16)
[48.4] 306 (2.21)
methanol -—- 406 (4.56) 343 (3.26) 344(2.78) --- - 424 (3.30)
[55.4] 307 (2.41)

a) E1(30) in kcal mol™". b) Absorption maximum () and extinction coefficient () in dm® mol ' cm ™' in parenthesis.
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Table 2. Fluorescence properties of 3a-c and 4 in

various solvents at 298 K.

solvent g/ nm (Pp) *

[£1(30)] 3a 3b 3¢ 4
cyclohexane 410,423 ~380 386,405 449, 470
[30.9] (0.46) (0.005) (0.023) (0.89)
benzene 440 386 417 499
[34.3] 0.91) 0.011) (0.23) (0.78)
chloroform 457 392 430 526
[39.1] (0.91) (0.032) (0.63) (0.81)
dichloromethane 468 390 436 553
[40.7] (0.94) (0.031) (0.65) (0.78)
acetonitrile 498 392 455 610
[45.6] (0.86) (0.034) (0.74) (0.28)
2-propanol 520 404 472 601
[48.4] (0.25) 0.11) (0.54) (0.11)
methanol 542 418 501 634
[55.4] (0.012) (0.31) (0.042) (0.008)

a) Fluorescence maximum wavelengths (15) and quantum yields
(@y) in parenthesis.

In contrast to the Aq values of 3a-c and 4, the absorption maxima (4,) of the lowest energy
absorption bands were not apparently dependent on the solvent variation. The fluorescence
solvatochromism may be caused by the polarized character in the excited singlet (S;) states of
3a-c and 4 compared to that in the corresponding ground (So) states. The variation in the
fluorescence spectra of 3a-c and 4 was evaluated by correlating the fluorescent state energies
(Eq in keal mol™") with Er(30) (Figure 2). The plots of Eq as a function of E1(30) show linear
correlations with correlation coefficients (r) of the lines; Eq = —0.63E1(30) + 87 (r = —0.99)
for 3a, Eq = —0.26E1(30) + 83 (r = —0.95) for 3b, Eq = —0.56E1(30) + 88 (» = —1.00) for 3¢
and Eq = —0.67E1(30) + 80 (r = —0.96) for 4. The negative slopes of the plots are evident for
the enhanced dipolar character of the S, states of 3a-c and 4. The slopes of the linear
correlations for 3a and 4 are greater than those for 3b and 3¢, indicating that the strength in
dipolar character of the S; states is enhanced by introduction of the dimethylamino group
compared to that of the methoxy group(s). Thus, introducing the 4-(dimethylamino)phenyl
group to the TPy ring at the C2 and C6 positions is effective for appearance of the
fluorescence solvatochromism. 3a and 4 show wide variation ranges (410—542 and 449—-634
nm, respectively) in the Ag values depending on the solvent polarity. The @ values of 3a and
4 in aprotic solvents are substantially greater than those in protic solvents. The highly

polarized S; states of 3a and 4 in aprotic solvents seem to be deactivated by hydrogen
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Figure 2. Fyy values of 3a (4), 3b (m), 3¢ (¢) and 4 (0) plotted as a function of E1(30).

Fluorescent properties of TPy derivatives

To reveal what governs spectroscopic properties of TPy derivatives, fluorescence lifetimes
(tr) of 3a-c and 4 in cyclohexane were measured (Table 3). Based on the 7 values, the rate
constants (k¢) of the fluorescence emission process were estimated using the equation, k¢ = @¢
. The quantum yields (&, and rate constants (k) of the nonradiative decay processes
were estimated according to the equations, @y = 1-®¢ and ky = Py 77 |, respectively. As to
the derivatives 3a and 4 having the 4-(dimethylamino)phenyl group, the k& values are
comparative to the k, values, indicating that the fluorescence process is competitive with the
nonradiative ones. In contrast, although we are unable to determine the definite values of k¢
and k,, due to the short fluorescence lifetimes of the derivatives 3b and 3¢ with the methoxy-
substituted phenyl group with our instruments, it seems that the nonradiative process is
dominant in the deactivation process from the S; states. Therefore, the reason why the @¢
values of 3a and 4 are greater than those of 3b and 3c is that the electron donation from the 4-
(dimethylamino)phenyl group to the TPy core reduces the rate of the nonradiative process in
the S; state while the electron donation from the methoxy-substituted phenyl group is less

efficient for the reduction.
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Table 3. Photophysical properties of 3a-c and 4 in cyclohexane at 295 K.

Compounds Aabs / NM Aq/nm %rel);n /kceﬁsnblol*l D, ¢ & 1/ 18 /lg ‘ds—l / 1]({)?{2—1 Jkeal L;Ol—l
3a 393,375 410, 423 365 71.2 0.54 0.46 0.97 4.7 5.6 51.9
3b 351,337 ~390 365 78.4 099 0.006 <03 >0.2 >30 57.6
3¢ 342 405,486 340 76.8 098 0.023 <03 >0.8 >30 55.2
4 407 449,470 405 65.2 0.11 0.89 2.3 3.9 0.48 -

a) Excitation wavelengths. b) The S, state energies determined from the 0-0 origins of absorption and fluorescence spectra.
¢) Determined by @, = 1-®;. d) Determined by k; = & il e) Determined by k&, = @, 77 . ) The T, state energies
determined from the phosphorescence spectra in ethanol at 77 K.

Phosphorescence and transient absorption measurements

To understand the nonradiative processes from the S; states of 3a-c and 4, we investigated the
triplet state formation by phosphorescence and transient absorption measurements.
Phosphorescence from 3a-c¢ in ethanol at 77 K was observed as shown in Figure 3 whereas
phosphorescence was absent from 4 in the wavelength region, 450—750 nm. The
phosphorescence spectrum of 3b shows steep vibrational structures which are characteristic of
n,n . Conversely, 3a and 3¢ give broad phosphorescence spectra due to m,n character. From
the 0-0 origins of the phosphorescence spectra, the triplet energies (Et) of 3a, 3b and 3¢ are,
respectively, determined to be 51.9, 57.6 and 552 kcal mol'. Observation of
phosphorescence indicates that intersystem crossing from the S; to the lowest triplet (T,) state

efficiently proceeds in 3a-c.
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Figure 3. Phosphorescence spectra of 3a (a), 3b (b) and 3¢ (¢) in ethanol at 77 K.
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Transient absorption spectra were obtained upon laser photolysis of 3a-c and 4 in
deaerated cyclohexane at 295 K (Figures 4a-d). The intensities of the transient signals
decreased with lifetimes in the microsecond time domain (3a; 760 ns, 3b; 7.4 us, 3¢; 420 ns
and 4; 1.4 ps). The decay lifetimes were shortened on exposing the solution to the air. In
acetonitrile solution of 3b and 3¢, transient absorption spectra similar to those in cyclohexane
were obtained (the spectra are deposited in the Electronic Supplementary Information)
although we observed weak transient absorption for 3a and 4 in acetonitrile (Figures 3e and
3f). The features of the transient absorption spectra in acetonitrile were different from those
obtained in cyclohexane whereas they resemble each other. The transient signals for 3a and 4
in acetonitrile decreased with lifetimes of 1.0 and 1.3 ps, respectively, and they were
quenched by the dissolved oxygen. Based on these observations, the transient absorption
spectra obtained in cyclohexane and acetonitrile are ascribable to the corresponding T; states
(triplet-triplet (T-T) absorption), indicating that nonradiative deactivation of the S; state in 3a-
¢ and 4 is mainly governed by intersystem crossing (ISC) to the triplet state. We can, thus, say
that the ISC yields of 3a-c and 4 are equivalent to the estimated @, values. Actually, the
intensities of the T-T absorption of 3b and 3¢ in cyclohexane (®,, > 0.98) are relatively larger
than those of 3a and 4 (&,, = 0.1~0.5). It seems that absorption spectrum shapes of triplet 2-
phenylTPys sensitively depend on the difference in the number and the positions of the
substituent group. The T-T absorption spectra of 3a and 4 also depend on the solvent polarity.
These findings indicate that CT character appears in the T, states of 3a and 4 in fluid polar

media.
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Figure 4. Transient absorption spectra at 500 ns upon 355 nm laser pulsing in cyclohexane
solutions of 3b (a) and 3c (b), at 300 ns upon 400 nm laser pulsing in cyclohexane solutions
of 3a (c) and 4 (d) and at 900 ns upon 400 nm laser pulsing in Ar-purged acetonitrile solutions
of 3a (e) and 4 (f) obtained at 295 K. Insets; time profiles at 430 nm (a), 530 nm (b), 590 nm
(c), 730 nm (d), 670 nm (e) and 700 nm ().

DFT calculations

DFT and TD-DFT calculations for the electronic characteristics of 2—4 were carried out using
the B3LYP/6-31G(d) method. The results summarized in Table 4 show that 1) the Sy — S,
transitions in the non-fluorescent derivatives 2, 3d and 3e together with the weakly
fluorescent derivative 3b are of n,x, 2) the Sy — S transitions in 3a, 3¢ and 4 are of nm, and
3) the Sy — S, and Sy — S; transitions in 3a, 3¢ and 4 are of n,n . The oscillator strengths (/)
value for the Sg — S, (n > 1) transition is related to the extinction coefficient (¢) of the
electronic absorption."” Obviously, the / values smaller than 0.002 are responsible for the n,m
forbidden transitions while the ¢ values of the observed lowest energy absorption bands being
in the magnitude of 10* dm® mol™" cm™" are due to the allowed m,1 transitions. The relative
variation in the 1., and ¢ values of 2—4 from the absorption measurements is correlated with

that in the f'values and the wavelengths () estimated from the calculated transition energies.

Table 4 Calculation data of 2—4 with DFT and TD-DFT using B3LYP/6-31G(d)

Compound ESMO ;;I\J/MO ?X)Erfblt/aeIV) transitions 2o/ nm () configuration “¢
2 —684  —1.75 _ H(0.00) So— S, (me*) 323 (0.002)  H— L (0.70)
So— Sy (mm¥) 264 (0.15) H-1— L (0.61)
H-1— L+1 (~0.10)
H-2 — L (-0.27)
H-2 — L+1 (-0.16)
3a 536 —173  H-1(1.19)  Sy— S, (ma¥) 364 (0.82) H — L (0.70)
So— S, (nw¥)  332(0.001)  H-1— L (0.69)
H-1— L+1 (-0.12)
3b 601  —-197  H-1(0.74)  Sy— S, (na¥)  335(0.001)  H-1— L (0.69)
H-1 — L+1 (=0.12)
So — S, (m,n*) 328(0.77) H— L (0.70)
3¢ ~587 =206  H-2(0.95)  Sy— S, (ma¥)  350(0.53) H — L (0.68)
H-1— L (0.14)
So— S (n¥)  337(0.001)  H-2—L(0.69)

H-2 — L+1 (-0.12)
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3d 650  —2.17  H-1(038)  Sy— S, (nm*) 340 (0.001) H-1— L (0.69)
H-1— L+1 (-0.12)
So— S, (ma*) 308 (0.63) H— L (0.69)
3e 692 278  H-1(029) Sy— S, (na*)  356(0.001) H-1— L (0.69)
H-1—L+1(0.14)
Sp— S, (ma*)  321(0.81) H — L (0.69)
4 512 -194 H-2(142)  So— S, (ma¥)  426(0.77) H — L (0.70)

So— S, (n*) 346 (0.001) H-2 — L (0.69)
H-2 — L+1 (0.11)

a) H, H-n (n =1 and 2), L, L+1 denote the HOMO, HOMO—n (n =1 and 2) LUMO, and LUMO+1, respectively.
b) Energy difference between HOMO and n-orbital. ¢) The m,n" and n,n" transitions to the excited singlet states
with the lowest excitation energies. Character of the transitions is in the parentheses. d) Wavelength estimated from
transition energies. e) Configuration of excitation. Coefficients are in the parentheses.

The electronic configuration () of the S, states for 3a-c and 4 concluded by the
fluorescence observations are in agreement with the results of the TD-DFT calculations
except for 3b. We have assigned the T states of 3a and 4 being of n,m and triplet 3b being of
n, in nature from the phosphorescence spectral features. According to the El-Sayed’s
selection rule,'® the evaluated k, values, which are equivalent to those of ISC, for 3a-c and 4
are rationalized. That is, the &, values of 3b and 3¢ (> 10° sfl) evaluated in cyclohexane at
295 K are for the allowed transition from 1(n,n*) to 3(n,n*) whereas those for 3a and 4 (<10*
s ') are for the forbidden transition from 1(n,n*) to * (n,n*). As for the ISC process from the S,
(n,n*) to the Tl(n,n*) in 3¢, we suppose that the Tz(n,n*) state close to the T in energy may act
as the intermediate, that is, a fast ISC from the Sl(n,n*) state to the Tz(n,n*) state, followed by
internal conversion to the Tl(n,n*).

Assignment and the energy levels of the n-orbitals in the TPy derivatives 2—4 have been
revealed by computations (Table 4). We propose that energy differences (AE,) between
HOMO and n-orbital (HOMO, HOMO-1 and HOMO-2) may be useful for designing
intensively fluorescent TPy derivatives where electronic configuration in the S; state being of
s necessary. The AE), values of the non- and weakly fluorescent 2 and 3b-e are less than
1.0 eV while those of the fluorescent 3a and 4 are greater than 1.1 eV. There may be a
threshold value being at 1.1 eV in AE, for predicting fluorescent TPys. The term, AE, could

be a measure on designing a new TPy fluorophore.

Conclusion

The TPy derivatives 3a and 4 having the electron-donating 4-(dimethylamino)phenyl group

13
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provide intensive fluorescence with @¢ values depending on the solvent polarities, and 3b and
3c are weakly fluorescent whereas 2, 3d and 3e do not emit. These spectroscopic features
indicate that the electronic character in the S states of 3a-c¢ and 4 is of n,n* whereas that of 2,
3d and 3e is of n,n". The variation in the substituent on the phenyl group at C2 effectively
modulates the Ag and @¢ values. Increasing the electron-donating property of the substituted
phenyl group leads to the bathochromic shift in the Ay value and an increase of the @ value.
In addition, the derivatives 3a-¢ show solvatochromism in the fluorescence originated from
polarized character of the S; states. Consequently, the electron donating from the 4-
(dimethylamino)phenyl groups at C2 and C6 of 3a and 4 to the TPy core is a clue for
increasing fluorescent character. Fluorescence efficiencies of 3a-c and 4 are mainly controlled
by the electronic configurations of the triplets via ISC. Transient absorption and
phosphorescence measurements for 3a-c and 4 indicate that their main nonradiative process is
ISC. The T states of 3a, 3¢ and 4 are of n,n* with CT character while that of 3b is of n,n*.
Therefore, the variation in the ISC rates of 3a-c and 4 is reasonably explained by El-Sayed’s
selection rule. The spectroscopic properties of 2—4 were also correlated to the DFT
calculation data. The obtained results and mechanistic explanations on the processes from the
S| states of 2—4 will be useful on designing new fluorescent TPy derivatives for applications

as fluorophores.
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Graphical Abstract

Substituent effects on fluorescence properties of thiazolo[4,5-b]pyrazine

derivatives

Tatsuki Nakagawa, Minoru Yamaiji, Shojiro Maki, Haruki Niwa and Takashi Hirano*

Fluorescence properties of thiazolo[4,5-b]pyrazine derivatives having the phenyl group at C2
prepared from amidopyrazines were studied, to show that introduction of electron-donating
groups onto the 2-phenyl moiety is operative for increasing the fluorescence yield and

appearance of solvatochromic character.
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