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We have reacted diaminomaleonitrile with pyruvic aldehyde or pyruvic acid to produce 2,3-dicyano-5-
methylpyrazine and 2,3-dicyano-6-hydroxy-5-methylpyrazine. Although these compounds showed no
fluorescence, condensation with arylaldehyde yielded red to viclet coloured styryl-type dyes with
strong orange to red fluorescence. We have investigated the tautomerism and fluorescent properties
of these new pyrazine dyes by means of computer simulation, and have also investigated their
spectral properties using molecular orbital and molecular mechanics calculation techniques. These
studies revealed the dyes to have strong intramolecular charge-transfer chromophoric systems and

high solvatochromism both in absorption and flucrescence spectra.

INTRODUCTION

In the pyrazine ring, nitrogen atoms replace the carbon
atoms at the 1- and 4-positions of the benzene ring, giving
it stronger electron-acceptor properties. Dicyanopyrazine
derivatives can be easily synthesised by the reaction of
diaminomaleonitrile (DAMN) with 1,2-diketones such as
oxalic chloride and pyruvic acid. These dicyanopyrazines
are highly reactive due to the strong electron-accepting
ability of the dicyanopyrazine moiety: 2,3-dicyano-S-
methylpyrazine reacts with arylaldehyde to give styryl-
type fluorescent dyes [1], while 2,3-dicyano-5,6-dichloro-
pyrazine reacts with nucleophiles such as amines and
enamines to give many types of fluorescent dyes [2,3].

We have synthesised several new types of pyrazine
dyes for use as colouring matters and functional dye
materials [4,5]. Dicyanopyrazine-oriented dyes have
strong intramolecular charge-transfer chromophoric
systems, as well as the large dipole moments and large
transition moments which are very important for
nonlinear optical materials [6].

The dyes may also be of use in electroluminescence
(EL) technology [7]. Their high fluorescence quantum
yield at the molecular level, variation of fluorescence
wavelength from blue to red, high durability and strong
fluorescence make them candidates as emitters for EL
devices. Molecular and material studies of these new
fluorescent dyes were conducted by using pyrazine
chromophores and computational chemistry.

EXPERIMENTAL

Melting points were determined using the Yamato MP-21
apparatus without correction. The proton NMR spectra
were taken on Jeol JNM-GX (270 MHz) and Jeol Alpha-500
(500 MHz) spectrometers using deutero chleroform,
deutero dimethyl sulphoxide (d;-DMSO) and perdeutero
toluene as solvents and tetramethylsilane as internal
reference. The mass spectra were recorded on a Shimadzu
GCMS-QP5000 spectrometer. The visible spectra were
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measured on a Hitachi 220A spectrophotometer.
Microanalyses were carried out with a Yanaco CHN
Corder MT-3. PPP MO and MOPAC-PM3 calculations
were conducted using commercial software run on a
personal computer and work station (IBM R6000).

DAMN and 2,3-dicyano-5,6-dichloropyrazine were
supplied by Nippon Soda. Wako gel C300 (silica gel) was
used for column chromatography.

2,3-Dicyano-5-methylpyrazines

DAMN and pyruvic aldehyde were reacted in ethanol in
the presence of diluted aqueous hydrochloric acid for 6 h,
and the precipitate was filtered and dried to give 2,3-
dicyano-5-methylpyrazine (1a in Scheme 1) in 73 % yield.
2,3-Dicyano-6-hydroxy-5-methylpyrazine (1b) was syn-
thesised similarly by reacting DAMN with pyruvic acid
(94 % yield).

2,3-Dicyano-5-(2-julolidinylvinyl)pyrazines
Julolidinylaldehyde and compound 1a were reacted in
acetic anhydride under reflux for 10 h. The mixture was
then quenched into cold water, stirred for 3 h at room
temperature and neutralised with aqueous sodium
carbonate solution. The resulting precipitate was filtered
and washed with diluted aqueous hydrochloric acid and
then with water to give 2,3-dicyano-5-(2-julolidinyl-
vinyl)pyrazine (2), a dark violet powder, in 46% yield.
Repeating the process with compound 1b produced 2,3-
dicyano-6-hydroxy-5-(2-julolidinylvinyl)pyrazine (3) in
34% yield.

The two dyes were purified by column chroma-
tography on silica gel using chloroform and ethyl acetate
(1:1 by vol.) as eluent.

2,3-Dicyano-6-chloro-5-[(1,3,3-trimethyl-3H-
indolylidene)methyljpyrazine

Extension of the n-conjugation of the blue fluorescent 2,3-
dicyano-5,6-dichloropyrazine (4 in Scheme 2) by reaction
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with Fischer’s base produced the new fluorescent
chromophore 2,3-dicyano-6-chloro-5-[(1,3,3-trimethyl-3H-
indolylidene)methyl]pyrazine (5). The reaction was
carried out in tetrahydrofuran with stirring for 3 h at room
temperature. The solvent was then evaporated in vacuo
and the mixture quenched into cold water, After stirring
for 1 h, the precipitant was filtered and dried. The
properties and composition of the resulting dye are
shown in Table 1.

Hydrolysis of dye 5

Alkaline hydrolysis of dye 5 was conducted in ethanol at
50 °C for 2 days. The mixture was acidified by
hydrochloric acid at pH 3, the solvent evaporated in vacuo
and the mixture quenched into cold water. The precipitate
was filtered, dried and purified by column chroma-
tography onsilica gel using chloroform as eluent to give
dyes 6-8. Properties, composition and identifications of
these dyes are given in Table 1.

RESULTS AND DISCUSSION

Absorption spectra of styryl-type pyrazine dyes 2 and 3

The absorption and fluorescence spectra of dyes 2 and 3
are shown in Table 2. The hydroxyl group at the 6-position
of dye 3 may donate an electron to the pyrazine moiety to
produce a bathochromic shift of 4 ,,, compared with that
of dye 2. At the same time, the PPP MO calculation
indicates that the substitution of the hydroxyl group at 6-
position of dye 2 produces a hypsochromic shift from dye

2 (500 nm) to dye 3 (490 nm, Figure 1). Computer simul-
ations were conducted to provide further information
about this difference, which could be due to the hydroxy-
pyrazine-pyrazinone tautomerism of dye 3 or to con-
formational isomerism.

The n-electron density changes accompanying the first
excitations of dyes 2 and 3, together with the tautomers,
hydroxypyrazine (3b) and pyrazinone (3c), are shown in
Figure 1. Negative values indicate an decrease in electron
density and positive values indicate an increase. It was
found that the julolidine moiety acts as a strong donor and
the dicyanopyrazine or pyrazinone moiety acts as strong
acceptor in these dyes. The cyano group at the 2-position
acts as a strong acceptor, while that at the 3-position has
less effect. These results demonstrate that these dyes have
the strong intramolecular charge-transfer chromophoric
system. The calculated 1_,, of 3b was 490 nm and that of
3¢ was 540 nm, so the pyrazinone tautomer (3c) absorbed
at much longer wavelength than 3b. The observed A4,,,,
value of dye 3 in chloroform was 564 nm, suggesting that
3¢ was the predominant tautomer under these conditions.

Figure 2 presents the results of conformational analysis
of dye 3 conducted using the MOPAC-PM3 method. The
trans configuration of the ethylene unit was fixed but
another two conformers 3a and 3b were considered. The
optimised structure indicated that both have a planar struc-
ture in the n-conjugation linkage but 3b was 1.8 kcal/mol
more stable than 3a in terms of heat of formation. These
conformational differences had less effect on their PPP MO-
calculated A, values of 493 nm (3a) and 490 nm (3b).

From these results, it was concluded that the 3b
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Table 1 Properties and compositions of dyes 5-8

Ammax (PM) in AcOEt

Composition (%)

Dye Mp(°C) (ein V{mol cm)) mfz (M) C H N
5 238239 467 (e 31 200) - Actual 65.12 424 20.98
(decomp.) C,gH14NsCl 64.38 420 20.86

6 247-248 495 (¢34 100), 317 Actual 68.09 521 21.71
472 (¢ 30 700) CigH1sN50 68.14 473 2208

7 255256 493 (£ 41 400), 364 Actual 6544 584 1474
471 (£33 900) CaoH2oN,O;5 65.03 549 1538

8 144—145 454 (£ 33 800) 392 Actual 68.44 667 1278
CooHpsN,O;5 6735 612 14.29

b3
_‘_40.190
~0.004 1
-0.083 4
" 0015

0.131 0.132

3b Pyrazine form
Amax 490 NM {f = 1.359)

NC N
X
X
NC N
H

3c  Pyrazinone form
hmax D40 nm (f= 1.593)

-0.016

G 0.022
0107

Figure 1 n-Electron density changes accompanying the first excitation of dyes 2, 3b and 3¢ by using PPP MO

Table 2 Absorption spectra of styrylpyrazine dyes 2

and 3
lmaxa Fmaxa Ssb
X (nm) (nm} (nm)
2 H 541 615 74
3 OH 564 610 46

a Measured in CHCI,
b Stokes’ shift

conformer predominated, and MO calculations were
conducted using the structure of 3b.

Both of these dyes showed strong red fluorescence in
solution. The Stokes” shift of dye 2 in chloroform was 74 nm,
but that of dye 3 was only 46 nm. The difference in the
Stokes’ shifts between the two similar chromophoric sys-
tems can also be explained in terms of the tautomerism of
dye 3. Both dyes 2 and 3 are candidates for new fluorescent
chromophores as well as emitters for EL devices.
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Solvent effects on the absorption and fluorescence
spectra of dye 3

Solvent effects on the absorption maximum (4_,,) and
fluorescent maximum (F ...} of dye 3 are shown in Table 3.
The i,,,, of dye 3 was 544 nim in ethyl acetate and 570 nm
in DMSOQ, the difference of 26 nm being due to the polar-
ity of solvent. The F, of dye 3 also shifted from 586 nm in
benzene to 634 nm in DMSQO. As indicated above, dye 3
has strong intramolecular charge-transfer chromophoric
system and polar solvent produces a bathochromic shift of
Ay and F . values. The Stokes’ shift (F .. — A..,,) values
varied from around 45 nm in less polar solvents to 64 nm
in polar solvents which again caused to much polar
structure of dye 3 in the excited state compared with the
ground state.

'H-NMR spectra of dyes 2 and 3

The proton NMR spectra of dyes 2 and 3, and their
assignment are shown in Figure 3. The NMR spectra are
the most valuable and convenient experimental tool to
evaluate the tautomerism of dye chromophores. In dye 2,



Figure 2 Optimised two conformers of dye 3 by using MOPAC-PM3

Table 3 Absorption and fluorescence spectra

ofdye 3

Amax AL Frnax 882
Solvent (nm) (nm)  (nm) {nm)
AcOEt 544 605 61
CeHg 545 1 586 41
EtOH 553 9 605 47

CHCl, 584 20 610 46
DMSO 570 26 634 64

a Stokes’ shift

the methylene protons of the julolidine ring were
observed at 1.980, 2.764 and 3.298 ppm, respectively, and
the aromatic protons were at 7.096 ppm. The pyrazine ring
proton at the 6-position was observed at 8.560 ppm, quite
downfield due to the strong electron-withdrawing effect
of the dicyanopyrazine ring. The ethylene protons were
observed at 7.844 and 6.782 ppm as a frans-coupled
doublet (J = 15 Hz). These results were in accordance with
the chemical structure of dye 2.

In contrast, the spectra of dye 3 were quite different. In
dye 3, the methylene protons of the julolidine ring were
observed at 1.913, 2.653, 2.674, 3.144 and 3.257 ppm and
the two methylene protons downfield were clearly split.
The aromatic protons were observed at 6.824 ppm, and
the hydroxyl proton was observed as a broad peak at 6.634
ppm. The ethylene protons were observed at around 7.640
and 6.775 ppm, but did not show the typical trans-coupled
doublet. From these results, we conclude that two species
were present in the solution: the hydroxypyrazine (3b)

and the pyrazinone (3c). As already mentioned, dye 3 has
unexpectedly large A, .. value and small Stokes’ shift,
caused by tautomerism, and 3c is predominant in solution.

Absorption and fluorescence spectra of dyes 5-8

Dyes 5-8 have yellow to red fluorescence both in solution
and on solid state, and their spectral properties were
studied in detail. The 4, and F,,,, values in ethanol,
together with the F value on solid dyes 5-8 are shown
in Table 4. Dye 7 absorbed at 491 nm but dye 6 absorbed at
472 nm in ethanol despite the weaker electron-with-
drawing effect of the ethoxycarbonyl group in dye 7. Dye
8, which has an ethoxyl group at the 6-position, cannot
tautomerise and absorbed at 457 nm, indicating a
hypsochromic shift of 34 nm compared with dye 7. These
results indicate that dyes 6 and 7 can tautomerise to the
pyrazinone form but dyes 5 and 8 cannot.

Table 4 Absorption and fluorescence spectra of dyes 5-8 in
solution and on solid state

A’maxa A/lb Fmax Fmax SSC AFd
Dye  (nm) (nm) soln solid {(nm) (nm)  (nm}
5 470 513 701 43 188
6 472 2 535 618 63 83
7 491 21 529 620 38 91
8 457 -13 485 558 28 73

a Measured in EtOH

b Substituent effect on A,,,,,

¢ Stokes' shift (SS) = F,,(soln) — A, (soln)
d AF= F .. (solid) - F_ . (sol)
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Figure 4 PPP MO calculation of dye 6

The F_,,, values for all of these dyes apart from dye 8
were around 510-540 nm. The Stokes’ shift indicates the
energy loss in the excited state, and dye 6 has the largest
value of 63 nm while dye 8 has the smallest value of 28
nm. The AF values, obtained from the difference between
F_.,. values on solid state and in solution, are important in
evaluating the solid state intermolecular n—r interactions.
The AF values of dye chromophores are not yet known,
but it is important to evaluate the electroluminescence
ability of fluorescent dyes.

It is very interesting that dye 5 is yellow in colour and
emits green fluorescence in solution but red fluorescence
in the solid state. Similar results were also observed in
cases of dyes 6-8. Dyes 6 and 7 showed green fluorescence
in solution and red fluorescence on solid state, but dye 81is
yellow in colour and emits orange fluorescence in solution
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3b 3¢
Pyrazinone form

and reddish-violet fluorescence in the solid state. Dye 5
showed the largest AF values of 188 nm, indicating strong
intermolecular n-r interactions in the solid state. Dis-
cussion of solid state fluorescence on the basis of quantum
theory connected with molecular stacking wiil become
very important in future consideration of dye chromo-
phores.

PPP MO calculations of dye 6

The PPP MO calculation was conducted to evaluate the
chromophoric system of dye 6. The n-electron density
changes accompanying the first excitations of dye 6,
shown in Figure 4, demonstrate that the dye has a strong
intramolecular charge-transfer chromophoric system, in
which the Fischer’s base moiety acts as a strong donor and
the dicyanopyrazine moiety acts as a strong acceptor. The
calculated 4,,,, of the dye was 465 nm, which is in accord-
ance with the observed value of 472 nm.

The hydrolysis of the cyano group at the 2- and 3-
positions of dye 6 to dye 7 was simulated by the expansion
coefficient of the LUMO of dye 6. As indicated in Figure 4,
the cyano group at the 2-position has a larger expansion
coefficient than that at the 3-position, and it is that 2-cyano
group that is hydrolysed to give dye 7.

Conformational analysis of dye 6 using MOPAC-PM3

The three optimised conformers 6a, 6b and 6c were
obtained using the MOPAC-PM3 method, and their three-
dimensional structures, heats of formation and dihedral
angles are shown in Figure 5. With a lower heat of
formation, 6b was more stable than 6a. However, the
optimised structure of 6a was approximately flat through
the n-conjugation, while 6b had a twist of 43° and 6c a
twist of 79°. This suggests some steric hindrances between
the dimethyl group at the 3’-position (6a) or N-methyl
group at the 1'-position {6b) and the lone pair electrons of
the nitrogen atom in pyrazine ring. Similar steric
hindrance could be expected in 6¢, between the hydroxyl
group at the 6-position and the corresponded methyl
group at the 1’-position. Conformer 6a has less hindrance
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Figure 5 Optimised conformers of dye 6 by using MOPAC-PM3
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Figure 6 Hydroxypyrazine~pyrazinone tautomerism and solvent effects of dye 6

while the severe steric hindrance in 6b and 6¢ results in
twisting to avoid steric repulsion. The large dihedral
angles for the conformers 6b and 6c seem unlikely, so 6a
will be the predominant conformer for dye 6.

Solvent effects and tautomerism of dye 6

Like dye 4, dyes 6 and 7 can tautomerise to the pyrazinone
form, and their tautomerism was studied from their
absorption spectra. From the results of the PPP MO
method, the calculated 1, ,,, value of hydroxypyrazine (6a)
was 465 nm, while that of pyrazinone (6d) was 494 nm.
The observed A.,,, value of dye 6 was 506 nm in chloro-
form, indicating that the pyrazinone tautomer was
predominant under these conditions.

The solvent effects of dye 6 are shown in Figure 6. In
protic and aprotic polar solvents such as ethanol and
DMSQ, the dye existed in the hydroxypyrazine form (6a),
which absorbed at around 470 nm, but in a nonpolar
solvent such as chloroform, the pyrazinone form (6d),
absorbing at around 505 nm, became predominant. In
DMSQ the dye showed tautomeric equilibrium between
6a and 6d.

As aresult of tautomerism between hydroxypyrazine
and pyrazinone and the possibility of many conformers
dyes 5-8 showed complicated absorption and fluor-
escence spectra in solution. However, their spectral
properties could be well characterised using visible and
NMR spectra, PPP MO and MOPAC simulation methods.
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CONCLUSION

A new series of pyrazinostyryl fluorescent dyes were
prepared, and their absorption and fluorescent properties
studied in solution and in the solid state. Some dyes have
strong fluorescence even in the solid state and could be
candidates for use as emitters for electroluminescence
devices.

Hydroxypyrazines showed hydroxypyrazine—pyra-
zinone tautomerism in solution and significant solvato-
chromism of both A, and F,,,, depending on solvent
polarities. Their chromophoric systems and substituent
effects were well characterised by the PPP MO method,
and conformational analyses were performed by the
MOPAC-PM3 method. These methods were very valu-
able, allowing us to simulatate the physical properties of
dye chromophores.
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