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The fundamental physical properties of 2-methyl and 2-phenylimidazo[1,2-a]pyrazin-3(7H)-one 1 and 2, and their
N- and O-alkylated derivatives 3—6 have been investigated by X-ray crystallography, UV /vis absorption spectroscopy,
NMR, and AM1-COSMO calculations. The crystal structures of 3 and 4 showed that the imidazo[1,2-a]pyrazin-
3(7H)-one (imidazopyrazinone) 7r-system has a planar ring structure and a weakened carbonyl character of the C3—
010 bond, suggesting that the imidazopyrazinone 77-system has the character of a zwitter-ionic resonance structure to
increase the aromaticity. The data concerning the bond length alternations and the NMR chemical shifts of 1-4 also sup-
port that their imidazopyrazinone rings have small portions of aromatic character. In addition, imidazopyrazinone deriv-
atives 1-4 showed solvatochromism originating by hydrogen-bonding interactions with hydrogen-bond donor solvent
molecules; derivatives 1 and 2 prefer to be the NH form isomers in their tautomeric equilibriums. These observations
were consistently evaluated by MO calculations. The physical properties of protonated species of 1-6 and anion species
of 1 and 2 were also established. The fundamental properties of the imidazopyrazinone 77-system explain the several
problems of the chemi- and bioluminescence reactivities of imidazopyrazinone derivatives and of the construction of a
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bioluminescent supramolecule.

The imidazo[1,2-a]pyrazin-3(7H)-one (imidazopyrazinone)
ring system is a core structure of the luminescent substrates iso-
lated from marine bioluminescent organisms, such as the jelly-
fish Aequorea,]’2 the crustacea Vargula (Cypridina)f_5 and the
luminous squid Symplectoteuthis.6 During a bioluminescence
reaction, an imidazopyrazinone substrate reacts with O, in an
enzymatic process, to give an excited amidopyrazine derivative
which emits light.7_9 To establish the mechanism of Aequorea
bioluminescence, we have systematically investigated the bio-
and chemiluminescent reactivities of imidazopyrazinone
derivatives. For instance, a substituent effect on the bio- and
chemiluminescent properties of imidazopyrazinone derivatives
has been studied to obtain information about a correlation be-
tween the reactivity and physical properties of imidazopyrazi-
none derivatives.'® These studies make us seek to systematical-
ly understand the fundamental physical properties of imidazo-
pyrazinone derivatives.'' Furthermore, imidazopyrazinone de-
rivatives are also interesting compounds as antioxidant reagents
from the viewpoint of medicinal chemistry.12 The antioxida-
tive properties of imidazopyrazinone derivatives would also
be related to their physical properties.

The physical properties of the imidazopyrazinone 77-system
were well investigated in a pioneering study by Goto et al.l?
They studied the UV /vis absorption, NMR, mass, and IR spec-
troscopic characteristics of imidazopyrazinone derivatives, and
reported on their fundamental physical characteristics accom-
panied by problems of protonation, deprotonation, and tauto-

meric isomerization. After studies by the Goto group, several
groups reported on the physical properties of imidazopyrazi-
none derivatives characterized by UV/vis absorption spec-
tra,"*'5 NMR,'* and X-ray crystallographic analysis.'** These
studies, however, showed no systematic comparison with the
data of Goto’s reports, and made some confusion about the fun-
damental physical properties of imidazopyrazinone derivatives.
Furthermore, there has been no characterization of the imidazo-
pyrazinone 7r-system from a molecular orbital consideration.
In the present work, we systematically reinvestigated the
fundamental physical properties of the imidazopyrazinone 7-
system by X-ray crystallography, UV /vis absorption spectros-
copy, and NMR. For this research, we adopted simple imida-
zopyrazinone derivatives, 1 and 2, and their N- and O-alkyl de-
rivatives 3—6. Alkyl derivatives 3—-6 are useful to confirm the
fundamental property of the 77-system, since the tautomeric iso-
merization of 3—6 is inhibited. The observed physical proper-
ties of imidazopyrazinone derivatives have been evaluated by
comparing with the reported data of the Goto group and
others. Furthermore, we tried to correlate the physical proper-
ties of the imidazopyrazinone 77-system to the results of molec-
ular-orbital calculations. Based on the fundamental properties
of the imidazopyrazinone 77-systems, we would like to report
here about the problems of aromaticity of the imidazopyrazi-
none ring system, tautomeric isomerization, protonation/de-
protonation, and chemi- and bioluminescence reactivities.
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Results and Discussion

1. Preparation of Imidazopyrazinone Derivatives. Imi-
dazopyrazinone derivatives 1 and 2 were prepared by a reported
procedure.lza’m’17 N-Methyl derivatives 3 and 4 were synthe-
sized by the methylation of 1 and 2 with dimethyl sulfate or
methyl iodide under basic conditions in a manner similar to
the reported method."*® Under these conditions, the formation
of the O-methyl product was negligible. On the other hand,
the ethylation of 1 and 2 with ethyl iodide under basic condi-

Properties of Imidazopyrazinone Derivatives

tions gave O-ethylated products 5 and 6 in 52 and 46% yields,
respectively, accompanied by N-ethyl products.

2. X-ray Crystal Structure. X-ray crystal structures of
protonated species of 1 and a neutral form of 2 with crystal wa-
ters were reported by Dellivers et al.'* To understand the
molecular structure of imidazopyrazinone derivatives system-
atically, we also analyzed the X-ray crystal structures of N-
methyl derivatives 3 and 4 and evaluated their structural char-
acteristics, accompanied by those of the protonated species of 1
and the neutral form of 2. Table 1 summarizes the crystallo-
graphic data for 3 and 4; their ORTEP drawings are shown in
Fig. 1. In crystals of 3, seven water molecules per two mole-
cules of 3 were included as crystal waters. These water mole-
cules made hydrogen-bonding interactions with 3. In the case
of 4, there are two crystallographically independent molecules,
4(A) and 4(B), in the asymmetric unit; A and B are described
later. It is a noteworthy feature observed by X-ray crystal ana-
lyses of 3 and 4 that the core imidazopyrazinone rings of 3,
4(A), and 4(B) are virtually planar. The selected bond angles
and the torsion angles for 3, 4(A), and 4(B) are summarized
in Tables 2 and 3, respectively. The observed torsion angles
for the imidazopyrazinone ring parts of 3, 4(A), and 4(B) are

Table 1. Crystal Date for 3 and 4

3 4

Empirical formula CgHoN30-3.5H,0 Ci3H1N50
FW 226.24 225.25
Temperature/K 110 295
Crystal system Monoclinic Triclinic
Space group C2/c Pl
a/A 19.035(4) 12.2400(14)
b/A 6.985(4) 12.9754(15)
c/A 17.178(4) 8.2154(10)
o/° 90 103.868(10)
B/° 94.525(18) 98.147(11)
v/° 90 116.258(8)
V/A3 2276.7(14) 1089.1(2)
z 8 4
6 range for cell const./° 12.5-17.2 12.7-17.3
No. of reflections for cell const. 25 25
Dy/Mgm™ 1.320 1.374
/mm~! 0.108 0.091
F(000) 968 472
Crystal size/mm?> 0.60 x 0.30 x 0.30 0.75 x 0.18 x 0.13
6 range/° 2.15-27.50 2.66-27.50
Index ranges —24<h<24,0<k<9, —15<h<15 —-16 <k <16,

—22<1<22 0</<10
Reflections collected 5513 5358
Independent reflections 2614 [R(int) = 0.0214] 5007 [R(int) = 0.0098]
Absorption correction W-scan None
Tmax, Tmin 1000, 0.967 —
Refinement method Full-matrix least-squares on F? Full-matrix least-squares on F>
No. of parameters 247 395
Goodness-of-fit on F? 0.945 1.028

Final R indices [/ > 20(])]
R indices (all data)
Weighting Scheme

AIomax? AIomin/e A73

R1 = 0.0294, wR2 = 0.0842
R1 = 0.0326, wR2 = 0.0877
1/[02(Fy?) + (0.061P)> 4 0.1528P]
where P = (F,> 4+ 2F.%)/3
0.304, —0.271

R1 = 0.0405, wR2 = 0.1077
R1 = 0.0525, wR2 = 0.1163
1/[02(Fo?) + (0.0585P)* + 0.9695P]
where P = (F,> 4 2F.?)/3
0.177, —0.236
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(a) side view

O N4A o

Fig. 1. ORTEP Drawings of 3 (a), 4(A) (b), and 4(B) (c).

close to 0° or 180°, and the deviation of the torsion angles from
0° or 180° are below 3.5°, indicating the planarity of the core
imidazopyrazinone ring. As a characteristic part of the imida-
zopyrazinone ring, we pay attention to the pyramidization of
N7. The sums of the bond angles C6-N7-C8, C6-N7-Cl11,
and C8-N7-Cl11 for 3, 4(A), and 4(B) are 360.00(14)°,
360.0(2)°, and 360.0(2)°, respectively, to show that the nitrogen
atoms, N7, lie on the same plane with the carbon atoms C6, C8,
and C11. In the case of 4(A) and 4(B), 2-phenyl groups were
almost co-planar with the imidazopyrazinone rings. The tor-
sion angles N1-C2-C12-C13 of 4(A) and 4(B) are 0.21(18)°
and 4.60(19)°, respectively, suggesting that a conjugated inter-
action between the imidazopyrazinone ring and the phenyl
group prefers to a steric repulsion between O10 and the ortho
phenyl protons.

The selected bond lengths of the imidazopyrazinone rings in
3, 4(A), and 4(B) are summarized in Table 4, accompanied by
the reported data of 1 and 2.'* The C3-010 bond lengths of
2, 3, 4(A), and 4(B) were observed as 1.259(3), 1.2642(11),
1.2464(14), and 1.2462(15) A, respectively. These bond
lengths are longer than the typical C=0 bond length of a car-
bonyl compound, such as acetone (1.22 A),'S and are shorter
than the C3—O10 bond length of the protonated molecule of 1
(1.313(4) A). These values are similar to the C=0 bond length
of tropone 7 (1.26 A), which has a zwitter-ionic nature in order
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Table 2. Selected Bond Angles for 3 and 4
0/°
3.3.5H,0 4 (A) 4 (B)
C(2)-N(1)-C(9) 106.16(7) 105.90(10) 106.02(10)
N(1)-C(2)-C(3) 112.02(8) 112.25(10) 111.91(11)
N(1)-C(2)-C(12) 122.86(8) 121.98(11) 121.99(11)
C(3)-C(2)-C(12) 125.12(8) 125.77(10) 126.08(12)
0(10)-C(3)-N(4) 124.91(8) 124.18(11) 124.52(12)
O(10)-C(3)-C(2) 131.83(8) 133.66(12) 132.92(13)
N(4)-C(3)-C(2) 103.25(7) 102.15(9) 102.56(10)
C(3)-N(4)-C(5) 131.91(7) 130.27(10) 131.09(11)
C(3)-N(4)-C©9) 108.35(7) 109.12(10) 108.78(10)
C(5)-N4)-C(9) 119.74(7) 120.60(10) 120.09(11)
C(6)-C(5)-N4) 118.67(8) 118.50(12) 118.37(12)
C(5)-C(6)-N(7) 121.45(8) 121.60(13) 122.21(13)
C(8)-N(7)-C(6) 120.42(8) 120.40(11) 119.78(12)
C(8)-N(7)-C(11) 120.40(8) 120.41(12) 120.82(12)
C(6)-N(7)-C(11) 119.18(8) 119.17(12) 119.39(12)
N(7)-C(8)-C(9) 120.11(8) 120.01(11) 120.32(12)
N(1)-C(9)-C(8) 130.18(8) 130.62(11) 130.07(12)
N(1)-C(9)-N(4) 110.22(8) 110.55(10) 110.70(11)
C(8)-C(9)-N4) 119.61(8) 118.82(11) 119.21(11)
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Scheme 1.

to have aromaticity.19 Thus, these comparisons indicate that
imidazopyrazinone derivatives have a weakened carbonyl char-
acter for the C3-010 bond; the reason of these characteristic
C3-010 bond lengths is explained by the concept of aromatic-
ity in a manner similar to tropone. An imidazopyrazinone ring
(I) contains an antiaromatic 1,4-dihydropyrazine ring, and has
11 m-electrons, except for a s-electron on O10, as shown in
Scheme 1. In order to increase the aromatic character, the zwit-
ter-ionic structure II, which has a 10 7r-electron ring and a sin-
gle-bond character for the C3—O10 bond, would contribute in
the resonance structures. Then, imidazopyrazinone derivatives
showed a weakened carbonyl character for the C3—O10 bond.

In the partial pyrazine rings of 2, 3, 4(A), and 4(B), the N4—
C5 and C6-N7 bonds were in the range of 1.37-1.39 A, and the
C5-C6 bonds were in the range of 1.33-1.35 A. These bond
lengths were evaluated by comparing with reference com-
pounds, pyrazine (8), which has “aromatic” character, and a
1,4-dihydropyrazine derivative (9a), which has “anti-aromat-
ic” character.”*?! Pyrazine 8 possesses C—N and C—-C bonds
of 1.34 and 1.40 A lengths, respectively,22 and 9a possesses
C-N and C—C bonds of 1.42 and 1.32 A lengths in a planar ring,
respectively.” The C-N and C—C bonds of the partial pyrazine
rings of 2—4 are of intermediate lengths between those of 8 and
9a, suggesting that the imidazopyrazinone rings of 2—4 possess
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Table 3. Selected Torsion Angles for 3 and 4

0/°
3.3.5H,0 4 (A) 4 (B)
C(9)-N(1)-C(2)-C(3) —0.12(10) 0.62(13) —0.24(15)
C(9)-N(1)-C(2)-C(12) —179.95(8) —178.84(11) —178.68(11)
N(1)-C(2)-C(3)-0(10) —178.9909) 178.32(13) 179.30(14)
C(12)-C(2)-C(3)-0(10) 0.84(15) —22(2) —2.3(2)
N(1)-C(2)-C(3)-N(4) 0.25(9) —1.23(13) —0.90(14)
C(12)-C(2)-C(3)-N4) —179.92(8) 178.20(11) 177.46(11)
0O(10)-C(3)-N(4)-C(5) —1.81(14) 2.6(2) —1.0(2)
C(2)-C(3)-N(4)-C(5) 178.88(8) —177.82(12) 179.22(13)
0O(10)-C(3)-N(4)-C(9) 179.03(8) —178.29(11) —178.54(12)
C(2)-C(3)-N(4)-C(9) —0.27(9) 1.32(12) 1.64(13)
C(3)-N(4)-C(5)-C(6) —179.64(8) —178.50(12) —~176.38(13)
C(9)-N#)-C(5)-C(6) —0.56(12) 2.45(18) 1.0(2)
N(4)-C(5)-C(6)-N(7) 0.03(12) —0.4(2) 0.42)
C(5)-C(6)-N(7)-C(8) 0.33(13) —1.6(2) —1.4(2)
C(5)-C(6)-N(7)-C(11) —179.39(8) 177.00(14) 177.03(14)
C(6)-N(7)-C(8)-C(9) —0.14(13) 1.38(19) 1.02)
C(11)-N(7)-C(8)-C(9) 179.58(8) —177.15(13) —177.47(14)
C(2)-N(1)-C(9)-C(8) —179.84(9) —178.87(13) —176.92(14)
C(2)-N(1)-C(9)-N(4) —0.06(10) 0.26(13) 1.31(14)
N(7)-C(8)-C(9)-N(1) 179.36(8) 179.71(12) 178.51(14)
N(7)-C(8)-C(9)-N(4) —0.40(13) 0.65(18) 0.4(2)
C(3)-N(4)-C(9)-N(1) 0.22(10) ~1.07(13) —~1.96(15)
C(5)-N#)-C(9)-N(1) —179.05(7) 178.16(11) —179.85(12)
C(3)-N#)-C(9)-C(8) —179.97(7) 178.17(11) 176.49(12)
C(5)-N(4)-C(9)-C(8) 0.76(12) —2.60(17) —~1.41(19)
N(1)-C(2)-C(12)-C(13) — 0.21(18) 4.60(19)
Table 4. Selected Bond Lengths for 1-4
1/A
1+ HCI 2.2H,0 3.3.5H,0 4 (A) 4 (B)
(Ref. 12a) (Ref. 12a) (This work) (This work)
N(1)-C(2) 1.342(4) 1.344(3) 1.3396(12) 1.3485(14) 1.3499(16)
N(1)-C(9) 1.342(4) 1.345(5) 1.3485(12) 1.3410(16) 1.3378(16)
C(2)-C(3) 1.407(4) 1.444(4) 1.4432(12) 1.4542(17)  1.4535(17)
C(2)-C(12) 1.488(4) 1.461(3) 1.4902(13) 1.4622(17) 1.4593(19)
C(3)-0(10)  1.313(4) 1.259(3) 1.2642(11) 1.2464(14)  1.2462(15)
C(3)-N4) 1.340(4) 1.366(3) 1.3737(11) 1.3778(16) 1.3755(17)
N4)-C(5) 1.388(4) 1.392(3) 1.3922(11) 1.3810(17)  1.3855(17)
N(#)-C(9) 1.397(4) 1.402(3) 1.4093(11) 1.4050(14) 1.4069(15)
C(5)-C(6) 1.328(5) 1.333(4) 1.3457(13) 1.335(2) 1.331(2)
C(6)-N(7) 1.369(4) 1.374(3) 1.3921(12) 1.3885(17)  1.3901(18)
N(7)-C(8) 1.336(4) 1.345(3) 1.3459(12) 1.3458(17) 1.3443(17)
N(7)-C(11)  1.365(5) 1.352(3) 1.4716(11) 1.4654(17)  1.4660(19)
C(8)-C(9) — — 1.3681(13) 1.3710(17)  1.3644(19)
small portlons of aromatlc charact.er bZ a r.esonanc.e Effect, as o Si(CHa),R
shown in Scheme 1, with a decreasing “anti-aromatic” proper- I
ty of the partial 1,4-dihydropyrazine parts. As another charac- N\ N
teristics, the C2—C3 bonds in the partial imidazolone rings were [ /j [ ]
the longest (1.44—1.45 A) in the imidazopyrazinone ring sys- N llxj
tems. Si(CH3)2R
3. Intermolecular Interactions in Crystals. In single 7 8 9a:R = CH,

crystals of 3 and 4, molecules are oriented in a characteristic
pattern. In the case of 3, single crystals contain crystal water
molecules, and the arrangement of 3 makes a column structure Chart 2.

9b:R = SI(CH3)3
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(b)

Fig. 2. (a) Column arrangement of 3. (b) Two parallel pairs in the column arrangement. Symmetry code: (i) x, y, z; (ii) 1/2 — x,

—1/2—y, 1—z (i) 1/2—x,1/2—y, 1 -2z

with a 77—7r stacking interaction, as shown in Fig. 2. A side-
view of the column arrangement shows that molecules of 3
have two types of face-to-face interactions and are aligned in
parallel to each other. The face-to-face distances (interplane
distances) are 3.234(4) A between molecules (i) and (ii), and
3.270(3) A between molecules (i) and (iii), where (i) to (iii)
are symmetry codes defined in Fig. 2; these face-to-face distanc-
es are close to a typical van der Waals contact. The top-view
in Fig. 2 indicates that molecule (i) overlaps with the neighbor-
ing molecules (ii) and (iii) in a column arrangement. The ar-
rangement pattern is a head-to-tail alternation, and a neighbor-
ing molecule in the column arrangement turns 180° from the
other. The 7—7 stacking column structures may be stabilized
by dipole—dipole interactions between neighboring molecules,

Table 5. Hydrogen Bonds for 3 and 4

since 3 has a polarized character originated by the zwitter-ionic
resonance structure II. The intermolecular hydrogen bonds in 3
and 4 are summarized in Table 5. The arrangement of 3 and
water molecules is displayed in Fig. 3, which shows that four
column structures are connected by water molecules. Between
the columns, molecules of 3 make hydrogen-bonding interac-
tions with water molecules at N1 and O10. It is noteworthy that
in the hydrogen-bonding interactions, molecules of 3 act as a
hydrogen-bond acceptor, and water molecules act as a hydro-
gen-bond donor. This behavior of 3 to make a hydrogen-bond-
ing network in a crystal is similar to that of 2 reported by
Dellivers et al.'* Thus, an imidazopyrazinone derivative has
an ability to make hydrogen-bonds at N1 and O10 as a hydro-
gen-bond acceptor with a hydrogen-bond donor molecule, such

D-H--A duray /A dp.ay/A L(DHA)/°
3

0(2)-H(21)--N(1) 1.970(16) 2.8212(12) 163.4(14)
0(2)-H(22)--0(5) 1.85(4) 2.7526(12) 172(3)
0(2)-H(23)--0(3)" 1.94(3) 2.7636(14) 166(3)
0(3)-H(31)--0(10) 1.879(17) 2.7696(11) 173.3(15)
0(3)-H(32)--0(2)" 1.96(3) 2.7636(14) 168(3)
0(3)-H(33)--0(4)V 1.93(3) 2.7386(14) 174(3)
0(4)-H(41)--0(10) 1.892(17) 2.7490(11) 171.9(13)
O(4)-H(42)--0(5)iiD 1.99(3) 2.7419(11) 172(3)
0(4)-H(43)--0(3)V 1.87(3) 2.7386(14) 171(3)
0(5)-H(51)--0(2) 1.90(3) 2.7526(12) 176(3)
0O(5)-H(52)--0(4)") 1.92(3) 2.7419(11) 168(3)

4

C(8A)-H(8A)--O(10B) 2.331(15) 3.2348(16) 154.0(12)
C(11A)-H(1A)--O(10B) 2.45(2) 3.339(2) 149.9(17)
C(5A)-H(5A)--N(1B)" 2.461(16) 3.3560(17) 155.8(12)
C(5B)-H(5B)--O(10A)") 2.403(16) 3.1726(16) 135.5(12)
C(11B)-H(1B)--N(1A)"» 2.54(2) 3.483(2) 153.2(15)
C(8B)-H(8B)--N(1A)"" 2.567(16) 3.4254(17) 145.2(12)

Symmetry codes: i) —x + 1/2, —y — 1/2, —z + 1;ii) —x, —y, —z + L;iii)) x — 1/2,y — 1/2,
ziv) —x+1/2, y+1/2, —z+1/2; v) x— 1, y, z; vi) —x, —y+ 1, —z+ 1; vii) —x+ 1,

—v+1, —z+ 1.
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Fig. 3. Crystal structure of 3 viewed along the b axis. Dotted lines indicate intermolecular hydrogen bonds.

c,_C.O:Q.—_.—fc_“c,f)—cfo—o—®—’:—93<,
(i)

o}gw-c—@;-—o—f‘“oO—C'&-'O;’C-"&—O
(1)

Fig. 4.

Symmetry code: (i) x, y, z; (i) —x, 1 —y, —z; (iil) —x, 1 —y, 1

as a water molecule. Major water molecules connect the col-
umn structures of 3, and water molecules placed in the center
of four column structures interact with only water molecules
by hydrogen-bonding interactions. These water molecules also
make a column structure, and are interesting as an example of a
water-cluster in the crystalline state.*

In crystals of 4, there are two 77— stacking column struc-
tures, A and B, as shown in Fig. 4. Side-views of the column
structures of A and B show that molecules have a 77— stacking
interaction and are aligned parallel to each other. In the column
structure A, the arrangements of the molecules are a head-to-
tail alternation pattern. The interplane distances are 3.544(3)
A for molecules (i) and (ii) and 3.380(3) A for (i) and (iii),
where (i) to (iii) are symmetry codes defined in Fig. 4. One pair
of molecules, (i) and (iv), in the column structure B has a head-
to-head arrangement with an interplane distance of 3.543(3) A,
while another pair, (i) and (v), has a head-to-tail arrangement
with a distance of 3.301(3) A. The degree of overlap of the
molecules in column A is larger than that in column B. Thus,

o Ol O =
(iv)

},o—o—@—o—eoo—&w":fé“?o)—o
(@)

d
(a), (b) Side view of column arrangement of 4(A) and 4(B), respectively. (c), (d) Top view for 4(A) and 4(B), respectively.

-z, l+zv)1—x,1—y, 1 —2z

the 7t—7 stacking interaction stabilizes the column structure
in the crystals by dipole—dipole interactions in a manner similar
to that of 3. The relative arrangements of the two column struc-
tures are illustrated in Fig. 5. Column structures A and B are
aligned perpendicular to each other, causing the pyrazine parts
of the molecules in each column to be closely placed. Two col-
umns are linked by the intermolecular CH--O and CH--N hy-
drogen bonds summarized in Table 5.

4. UV/Vis Absorption Spectra. (a) Solvatochromic
Property of Imidazopyrazinone Derivatives 1-4: Imidazo-
pyrazinone derivatives 1-4 were colored compounds. 2-Meth-
yl derivatives 1 and 3 showed a yellowish color, and the bright-
ness of their solutions was changed depending upon the sol-
vent; in the case of 2-phenyl derivatives 2 and 4, the color of
solutions varied from orange to red depending upon the solvent
(Fig. 6). The color change of solutions of 1 was found by the
Cormier group14 and the origin of this color change was sug-
gested to be a hydrogen-bonding interaction. To establish the
solvatochromic character of imidazopyrazinone derivatives,
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Fig. 5. Crystal structure of 4 viewed along the a axis.
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Fig. 6. Illustration of solvatochromism of 1-4. Dilute solu-
tions of 1-4 in various solvents; (a) water, (b) methanol, (c)
2-propanol, (d) acetonitrile, and (e) DMSO.
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Fig. 7. UV /vis absorption spectra of 1-4 in various solvents; (a) water, (b) methanol, (c) 2-propanol, (d) acetonitrile, and (¢) DMSO.

we systematically investigated the UV /vis absorption spectra
of 1-4 in various solvents. Because of a low solubility of 1-
4 in nonpolar solvents, such as hexane and chloroform, we mea-
sured the UV/vis absorption spectra of 1-4 in polar solvents:
DMSO, acetonitrile, 2-propanol, methanol, and water. The
UV /vis absorption spectra of 1-4 (Fig. 7) showed a character-
istic spectral change dependent upon the solvent changes. The
absorption maxima and molar absorption coefficients of 1-4 are
summarized in Table 6 accompanied by those of 5 and 6. For
1-4, the lowest energy band of each compound showed the
shortest wavelength in water and the longest wavelength in

DMSO. To clarify the origin of this solvatochromic property,
the wavenumbers (E, (cm™")) of the lowest energy bands were
correlated to various solvent parameters,” and it was found that
the E, values were linearly correlated to the Kamlet-Taft’s sol-
vatochromic parameter (&) Values,26 as shown in Fig. 8. On the
other hand, the Kamlet-Taft’s 8 and 7% values?® did not show
any correlation with E,. This result indicates that a hydrogen-
bonding interaction of an imidazopyrazinone derivative with
solvent molecules specifically works for the solvatochromism.
In the hydrogen-bonding interaction, a hydrogen-bond donor
part of solvent molecules interacts with a hydrogen-bond ac-



2368 Bull. Chem. Soc. Jpn., 76, No. 12 (2003)

Properties of Imidazopyrazinone Derivatives

Table 6. UV/Vis Absorption Data of 1-6 in Various Solvents

Solvents Amay/nm (€/10* dm* mol~! cm™)
(c-value®) 1 2 4 5 6
DMSO 442 (0.82) 497 (1.70) 452 (0.89) 505 (1.67) 328 (0.49) 345 (1.05)
(0.00) 344 (0.47) 297 (2.00) 351 (0.57) 299 (1.97) 290 (0.34) 306 (0.56)
329 (0.48) 336 (0.58) 282 (0.36) 291 (0.44)
283 (0.41)
Acetonitrile 434 (0.84) 488 (1.57) 448 (0.92) 499 (1.68) 325 (0.48) 343 (1.02)
(0.19) 341 (0.45) 293 (1.91) 350 (0.60) 295 (1.88) 288 (0.31) 304 (0.52)
326 (0.48) 236 (1.37) 335 (0.61) 238 (1.41) 281 (0.32) 289 (0.40)
250 (1.33) 232 (1.40) 253 (1.38) 233 (1.41) 240 (1.49) 281 (0.37)
244 (3.26)
2-Propanol 426 (0.86) 472 (1.57) 438 (1.03) 483 (1.71) 327 (0.54) 344 (1.11)
(0.76) 319 (0.40) 290 (1.71) 328 (0.49) 292 (1.61) 289 (0.34) 242 (3.06)
259 (1.41) 231 (1.80) 258 (1.39) 238 (1.73) 282 (0.34)
239 (1.51)
Methanol 422 (0.91) 454 (1.49) 434 (1.07) 476 (1.76) 328 (0.56) 343 (1.12)
(0.93) 317 (0.38) 285 (1.73) 325 (0.46) 290 (1.55) 289 (0.35) 241 (3.01)
257 (1.42) 229 (2.07) 259 (1.38) 282 (0.35)
239 (1.52)
Water 414 (0.94) 442 (1.35) 426 (1.15) 467 (1.88) 325 (0.58) 341 (1.13)
(1.17) 311 (0.37) 279 (1.56) 320 (0.40) 287 (1.43) 289 (0.38) 240 (2.81)
257 (1.37) 226 (2.09) 262 (1.41) 229 (2.02) 282 (0.36)
237 (1.39)
a) Ref. 26.
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Fig. 8. Plots of wavenumbers E, (cm~') of the lowest ener-
gy bands for 1-4 against the Kamlet-Taft’s « values.

ceptor part of an imidazopyrazinone derivative for changing the
energy levels of frontier orbitals of the imidazopyrazinone 77-
system. Figure 8 also shows that the slopes of the linear lines
of 1-4 are similar to each other, indicating that solvent mole-
cules interact with molecules of 1-4 by hydrogen bonding with
a similar tendency. These similarities of the UV /vis absorption
property among 1-4 indicates that 1-4 possess a common 7T-
electronic character. The difference in the absorption maxima
among 1-4 in a particular solvent is evaluated as a perturbative
substituent effect on the electronic property of the imidazopyr-
azinone 77-system. A replacement of the methyl group at C2 in
1 or 3 by a phenyl group, which gives 2 or 4, results in a bath-
ochromic shift of the lowest energy band by more than 30 nm.

acetonitrile (b).

N-Methylation of 1 or 2, which gives 3 or 4, results in a shift of
the lowest energy band to ca. 10 nm longer wavelength. These
spectral shifts, caused by phenyl substitution at C2 and methyl-
ation at N7, are well correlated to changes of the calculated
HOMO-LUMO energy gaps, described later, indicating that
these substituent effects on the spectral characteristics can be
systematically explained by a small change in the 7r-electronic
property.

(b) O-Alkylated Derivatives: O-Ethyl derivatives 5 and 6
showed absorption maxima at around 325 and 340 nm in vari-
ous solvents, respectively (Fig. 9), and § and 6 showed only
small spectral changes dependent upon the solvent change
(Table 6). These spectroscopic characteristics of 5 and 6 are
different from those of 1-4, indicating that the 77-systems of
5 and 6 have quite different properties from those of 1-4. N-
H derivatives 1 and 2 have a possibility to make several tauto-
meric structures, as suggested by Goto."** Based on these pre-
vious reports, we focus on a tautomeric equilibrium between
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the NH form (Ill) and the OH form (IV) in a solution (Scheme 2).
The evidence that the absorption spectral behavior of 1 and 2
was similar to that of N-methyl derivatives 3 and 4, and was dif-
ferent from that of 5§ and 6, clearly indicates that 1 and 2 are
preferable to be the Il form in tautomeric equilibrium in solu-
tions, and that a contribution of the IV form is negligible. This
conclusion matches the conclusion of Goto’s reports, in which
the spectral properties of 1 were compared to those of 3 and 3-
aminoimidazo[1,2-a]pyrazine derivatives. 13d

(c) Effects of the Addition of an Acid: It has been well
studied that the UV /vis absorption spectra of imidazopyrazi-
none derivatives were changed by the addition of an acid to
their solutions."**'*!> These spectral changes are caused by
the generation of a protonated species. Since there is no quan-
titative research on the formation of a protonated species, we
systematically reinvestigated the UV/vis absorption spectra
of 1-6 in the presence of an acid. In this study, we used meth-
anesulfonic acid (MSA) as an acid. In the presence of MSA in
DMSO and methanol at 25 °C, protonated species of 1-6
showed the characteristic UV /vis absorption spectra. By add-
ing MSA to a solution of 1 in DMSO, the peaks at 442, 344, and
329 nm decreased along with an increase of the peak at 382 nm,
and the isosbestic points were observed at 407, 346, and 304
nm, as shown in Fig. 10. In addition to the major peaks, a weak
shoulder absorption band was observed at around 470 nm, sug-
gesting the generation of a minor protonated species. Similar
spectral changes were also observed for the protonation of 2
in DMSO in the presence of MSA (Fig. 10). In the case of 2,
two clear peaks at 517 and 405 nm increased upon the addition
of MSA, suggesting the generation of two protonated species.
The existence of two protonated species of 2 was supported
by a measurement of the fluorescence spectra, in which excita-
tion at 405 and 517 nm resulted in fluorescence emissions with
the maxima at 563 and 583 nm, respectively.

These spectral changes, caused by the formation of protonat-
ed species, were evaluated using the Eq. 1, where an imidazo-
pyrazinone derivative (IP) and MSA (A-H) make an equilibri-
um with protonated species (IP + H)") and a methanesulfo-
nate anion (A7).

R
R

IP+A-H = (IP + H)" + A~ (1)

Since the spectral changes in Fig. 10 showed clear isosbestic
points, the formation of two protonated species would occur
at the same time as competitive processes. Thus, the formation
constants (K) of the protonated species for 1 and 2 were esti-
mated as a summation of the formation constants (K) for two
protonated species. To estimate the K values, the spectral
changes in Fig. 10 were analyzed by Eq. 2.2" The value Ay is
the absorbance of an imidazopyrazinone derivative (IP) at a
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Fig. 10. UV/vis absorption spectra of 1 (2.6 x 107°
molL~!) and 2 (2.5 x 10> molL~!) in DMSO con-
taining various concentrations of methanesulfonic acid at
25+1°C.

chosen wavelength in the absence of MSA. After the addition
of MSA, the absorbance at the chosen wavelength is observed
as Agps- The difference between Aqps and Ay is given by

Aobs —Ap = 0.5AE([IP]; 4+ [MSA], + 1/K — {([IP];
+ [MSA], + 1/K)* — 4[IP],[MSA],}'/?),

where [IP]; and [MSA]; are the initial concentrations of IP and
MSA, respectively, and A€ is the difference in the molar ab-
sorptivity between IP and its protonated species, (IP + H)™,
at a chosen wavelength. The (Aos — Ag) values were plotted
against the [MSA]; values, as shown in Fig. 11. The data were
analyzed by a nonlinear least-squares curve fitting for Eq. 2,
and the K values for protonation of 1 and 2 in DMSO were ob-
tained as 383 & 5 and 15.3 + 0.7, respectively. The A€ values
at 442 nm for 1 and at 497 nm for 2 were also estimated as

—7620 &30 and —13400 % 200, respectively. It is one of
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Fig. 11. Plot of (Agps — Ap) at 442 nm vs [MSA] for proton-
ation of 1 (a) and plot of (Aops — Ap) at 497 nm vs [MSA]
for protonation of 2 (b) in DMSO at 25 £+ 1 °C. The solid
lines correspond to the fitted curve to Eq. 2.
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Fig. 12. UV/vis absorption spectra of 1 (2.4 x 107> molL~") and 2 (2.4 x 107> molL™") in methanol containing various concen-

trations of methanesulfonic acid at 25 £ 1 °C.

the characteristics that the K value for the protonation of 1 is
larger than that for the protonation of 2.

In the presence of MSA in methanol, the UV /vis absorption
spectra of 1 and 2 showed the stepwise changes shown in
Fig. 12. In the case of 1, a small spectral shift was observed
in the presence of MSA at 5.0 x 107> mol L~!. After the addi-
tion of MSA, more than 5.0 x 10~ mol L™}, the growth of the
clear peaks at 380 and 283 nm was observed as the second spec-
tral change with the isosbestic points in a manner similar to
those in DMSO. In the case of 2, the addition of MSA less than
2.5 x 107> mol L™! increased the absorption band at 467 nm
with the isosbestic points at 446, 292, and 239 nm. After the
addition of MSA, by more than 2.5 x 107> mol L™!, two peaks
at 495 and 401 nm increased with a decrease of the peak at 467
nm. The second spectral change also showed clear isosbestic
points at 424, 328, and 254 nm in a manner similar to those
in DMSO. These observations of the first-step spectral changes
by adding a low concentration of MSA are particular to the
spectral changes of 1 and 2 in methanol. No first-step spectral
change of 1 and 2 was observed in DMSO in the presence of
MSA, and alkylated derivatives 3—6 also showed only one spec-
tral change in DMSO and methanol in the presence of MSA, as
described below. Thus, the N-H moiety of 1 and 2 may have an
interaction with methanol molecules, and this interaction is lost
by the addition of a low concentration of MSA, resulting in a
first-step spectral change. The nature of this interaction may
have a hydrogen-bonding interaction. The second-step spectral
changes of 1 and 2 in methanol are similar to the spectral
change observed in DMSO (Fig. 10). Two protonated species
of 1 showed absorption maxima at 380 and ca. 460 nm, respec-
tively, and those of 2 showed clear absorption maxima at 495
and 401 nm, respectively. The proportions of two absorption

bands for the two protonated species of 1 or 2 in DMSO and
methanol were close to each other. It is noteworthy that the
red-shifted lowest energy band showed a characteristic sol-
vent-dependent spectral shift, although the blue-shifted lowest
energy band showed a negligible solvent-dependent spectral
shift. Especially, the absorption maxima of a protonated spe-
cies of 2 shifted from 517 nm in DMSO to 495 nm in
methanol. This spectral change, in which the absorption max-
imum was shifted to higher energy region in a protic solvent, is
similar to the solvatochromic character of neutral molecules of
1-4. This result suggests that protonated species possessing the
red-shifted lowest energy band has a 7-electronic system sim-
ilar to those of neutral molecules of 1-4. The second-step spec-
tral changes of 1 and 2 observed by adding MSA in methanol
were evaluated as the protonation process of Eq. 1. Data ana-
lyses using Eq. 2 gave the K values for the protonation of 1 and
2 as 3140 4 160 and 519 =+ 8, respectively. The AE values at
422 nm for 1 and at 497 nm for 2 were also estimated as
—7790 £ 80 and —14700 % 70, respectively.

Spectral changes caused by the formation of protonated spe-
cies of alkylated derivatives 3—6 in DMSO and methanol con-
taining MSA are illustrated in Figs. 13 and 14. All derivatives
gave spectral changes with clear isosbestic points; these spec-
tral changes were analyzed as the protonation processes of
Eq. 1 quantitatively. The formation constants (K) for the pro-
tonations were estimated by a nonlinear least-squares curve fit-
ting with Eq. 2. Table 7 summarizes the K values and the ab-
sorption maxima of the protonated species. N-Methyl deriva-
tives 3 and 4 showed similar spectral changes to those of 1
and 2 (Fig. 13). In the case of the protonation of 3, the major
protonated species had absorption maxima at 388 and 386 nm
in DMSO and methanol, respectively, and the minor protonated
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species showed a shoulder absorption band at around 460—470
nm. In the case of two protonated species of 4, one showed ab-
sorption maxima at 411 and 407 nm in DMSO and methanol,
respectively, and another showed absorption maxima at 520
and 505 nm in DMSO and methanol, respectively. As an effect
of methylation at N7, the absorption maxima of two protonated
species of 3 or 4 were shifted to a lower energy region from

those of the corresponding protonated species of the N-H de-
rivatives, 1 or 2. The K values for the protonation of 3 and 4
in DMSO and methanol were smaller than those for the proton-
ation of 1 and 2 in DMSO and methanol, respectively (Table 7).
Protonated species of 5 and 6 showed a red-shifted lowest
energy band compared to the neutral species in DMSO and
methanol in the presence of MSA (Fig. 14). The absorption
maxima of the protonated species of 5§ were observed at 362
and 363 nm in DMSO and methanol, respectively, and the ab-
sorption maxima of protonated species of 6 were observed at
379 nm in DMSO and methanol. It is obvious that the protonat-
ed species of 5 and 6 have no solvatochromic property. The K
values for the protonation of 5§ in DMSO and methanol were
larger than those for the protonation of 1 and 3 (Table 7). Sim-
ilarly, the K values for the protonation of 6 in DMSO and meth-
anol were larger than those for the protonation of 2 and 4.
Based on reports of the Goto group,13 4 the spectroscopic data
were assigned to specific protonated structures (Scheme 3). It
was reported that the protonated species of 1 and 3 in methanol
containing HCI showed blue-shifted absorption maxima at 380
and 387 nm, respectively. Our data reproduced their observa-
tion. The structures of the protonated species of 1 and 3 in
methanol have been assigned to the O-protonated structure V.
In aqueous HCI solutions, 1 and 3 gave protonated species with
red-shifted absorption maxima at 440 and 445 nm, respectively.
The structures of this protonated species were assigned to the
N-protonated structure VI. Thus, the major protonated species
of 1 and 3, which have blue-shifted lowest energy bands in
DMSO and methanol, are assigned to structure V and the minor
protonated species, which have red-shifted lowest energy
bands, are assigned to structure VI. The participation of the ma-
jor protonated species V for 1 is also supported by an X-ray
crystallographic analysis of the HCI salt of 1."* Similarly,
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Table 7. Absorption Maxima A ,,x and Formation Constants K for Protonated Species of 1-6 in DMSO and
Methanol Containing Methanesulfonic Acid at 25 £ 1 °C

In DMSO In methanol
Compound
Amax AP + H)*/nm K/mol~!'L Amax AP + H)T/nm K/mol 'L
1 470 (sh)® 383+5 460 (sh)® 3140 £+ 160
382 380
2 517 153+0.7 495 51948
405 401
3 470 (sh)® 247+2 460 (sh)® 2380 4+ 100
388 386
4 520 9.11 £0.48 505 364+9
411 407
5 362 735+ 10 363 20600 =+ 4500
6 379 118 +4 379 7540 £ 910
a) Shoulder peak.
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two protonated species of 2 and 4 are assigned to V and VI. The
lowest energy band of the protonated species of 5 and 6 is lo-
cated in a similar region to those of the protonated species V
of 1-4. Since the protonated species VI of 5 and 6 has a com-
mon 7T-electronic system to the protonated species V of 1-4,
it is reasonable to assign the protonated species of § and 6 to
structure VI (Scheme 3).

As another protonated species of 1-4, the generation of VI
was predicted by the Goto group.13d In the case of 1 and 2,
the generation of IX (R” = H) is also possible by isomerizations
of the protonated species V and VL. Similarly, the generation of
IX would be postulated for the protonation of § and 6. O-Ethyl
derivative 5 and 6 cannot generate protonated species like VL.
On the other hand, we confirmed the spectroscopic similarity
between the protonated species V of 1-4 and the protonated
species Wl of 5 and 6. Thus, it is possible to exclude the gener-
ation of VIl for the protonation of 1-4. The evidence that the

[+ j [N jN—H

Chart 3.

UV /vis absorption spectra of the protonated species of 1 and
2 were similar to those of the protonated species of the corre-
sponding N-methyl derivatives 3 and 4, respectively, excludes
a possibility to generate IX, since N-methyl derivatives 3 and 4
cannot generate protonated species like IX. Therefore, we con-
firm the structures of the protonated species of 1-6, as summa-
rized in Scheme 3.

The data for the formation constants (Ks) for the protona-
tions of 1-6 (Table 7) gave information about the thermody-
namic parameters. Since methanesulfonic acid (A-H) was
used for all protonation reactions of 1-6, a difference in the
K values originated from a free-energy difference (AG) be-
tween a neutral molecule (IP) and the corresponding protonat-
ed species (IP + H)' in Eq. 1. In the equilibrium of Eq. 1, an
entropy change would be nearly constant for all protonation re-
actions of 1-6 in a specific solvent. Therefore, the K value re-
flects a difference of enthalpy (AAH;) between IP and
(IP +H)". In the protonated species of 1-6, the protonated
species V of N-methyl derivatives 3 and 4 have a common 77-
electronic system to the protonated species VI of the corre-
sponding O-ethyl derivatives, 5 and 6. Thus, the heat of forma-
tions (AH ) of V for 3 and VIl for 5 would be nearly the same as
each other, and the heat of formations (AH ) of V for 4 and VI
for 6 are nearly the same as each other. Based on these evalu-
ations, the energy diagrams for 3 and 5 and those for 4 and 6 are
illustrated in Figs. 15 and 16, respectively. The AG values of
O-ethyl derivatives 5 and 6 are much larger than those of the N-
methyl derivatives, 3 and 4, respectively. The enthalpy differ-
ences (AAH) between 3 and 5 were 5.6 and 8.2 kJ mol~! in
DMSO and methanol, respectively, and the AAH s values be-
tween 4 and 6 were 9.1 and 10.3 kJ mol~' in DMSO and meth-
anol, respectively. Thus, 3 and 4 are stabilized by a specific
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Fig. 15. Energy diagram for protonations of 3 and 5 in
DMSO and methanol at 25 °C.

solvation interaction in DMSO and methanol more than 5 and
6. One reason for this result is that a polarized character of 3
and 4 originated by the twitter ionic resonance structure II
(Scheme 1) induces a strong interaction with solvent
molecules. Especially, the AAH; value in methanol is larger
than that in DMSO, indicating that the hydrogen bonding inter-
action with methanol molecules stabilizes 3 and 4 more than 5
and 6. Furthermore, the AAH values for the 4/6 system are
larger than those for the 3/5 system, suggesting that the en-
larged 7-conjugated system containing the 2-phenyl group of
4 increases the stabilization effect by solvation, compared with
2-methyl derivative 3. These results also match the conclusion
that N—H derivatives 1 and 2 prefer to be the NH form isomer
(W) in the tautomeric equilibrium (Scheme 2). The I form iso-
mers of 1 and 2 may have a solvation interaction in a manner
similar to those of 3 and 4, and are stabilized more than the cor-
responding OH form isomers (IV).

(d) Effects of the Addition of a Base: In the presence of a
base, an N-H imidazopyrazinone derivative, such as 1 and 2,
gives an anion species (deprotonated species), resulting in an
UV /vis absorption spectral change.mc’14 In this study, we rein-
vestigated the generation of anion species of 1 and 2 quantita-
tively by using 1,1,3,3-tetramethylguanidine (TMG) as a base.
In the presence of TMG in DMSO and methanol, 1 and 2
showed spectral changes (Fig. 17), although alkylated deriva-
tives 3—-6 showed no spectral change. Since anion species of
1 and 2 were air-sensitive in an aprotic solvent owing to the
chemiluminescent reactivity under air, their absorption spectra
in DMSO were measured under N,. In methanol, anion species
of 1 and 2 had a moderate stability under air. Anion species of
1 showed absorption maxima at 450 and 405 nm in DMSO and
methanol, respectively, and the anion species of 2 showed ab-
sorption maxima at 484 and 438 nm in DMSO and methanol,
respectively. The data of anion species of 1 in methanol repro-
duced the reported values (400-405 nm) by Goto'* and
Cormier.'* The formation of anion species of 1 and 2 in meth-

Bull. Chem. Soc. Jpn., 76, No. 12 (2003) 2373
in DMSO in CH;OH
for4 for6 for4 for6
_____ IP + A-H
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Fig. 16. Energy diagram for protonations of 4 and 6 in
DMSO and methanol at 25 °C.

anol were followed by Eq. 3, where a neutral molecule (IP) and
TMG give an anion species (IP — H)™ and protonated TMG
(TMG + H)™),

IP + TMG é (IP —H) + (TMG + H)™. 3)

The spectral changes of 1 and 2 were quantitatively analyzed
using Eq. 42" The value Ao is the absorbance of 1 or 2 at a
chosen wavelength in the absence of TMG. After the addition
of TMG, an absorbance at the chosen wavelength is observed as
Aops- The difference between Ay, and Ag is given by

Aobs — Ap = 0.5AE([IP]; 4+ [TMG], + 1/K — {([TP];
+ [TMG], + 1/K)* — 4[IP][TMG]}'/%),

where [IP]; and [TMG], are the initial concentrations of 1 or 2
and TMG, respectively, and A€ is the difference in the molar
absorptivity between 1 or 2 and its anion species (IP — H)™
at a chosen wavelength. The (Aqps — Ag) values were plotted
against the [TMG]; values, as shown in Fig. 18, and the data
were analyzed by a nonlinear least-squares curve fitting for
Eq. 4. The K values for the deprotonation of 1 and 2 in meth-
anol were obtained as 14800 £ 1300 and 100000 =+ 21000,
respectively. The A€ values at 422 nm for 1 and at 490 nm
for 2 were estimated to be —2850 =+ 90 and —7590 =+ 250, re-
spectively.

It is noteworthy that the anion species of 1 and 2 had a sol-
vatochromic character. In addition to the data in DMSO and
methanol, the lowest energy bands of the anion species of 1
were observed at 441, 416, and 395 nm in acetonitrile, 2-prop-
anol, and water, respectively, and those of the anion species of
2 were observed at 475, 448, and 431 nm in acetonitrile, 2-
propanol, methanol, and water, respectively. The wavenum-
bers (E, (cm™")) of the lowest energy bands of the anion spe-
cies of 1 and 2 were correlated to the Kamlet-Taft’s solvato-
chromic parameter o values,”® accompanied by the data of
the neutral form of 1 and 2 (Fig. 19). This spectroscopic obser-
vation indicates that anion species of 1 and 2 have an identical
sr-electronic character to the corresponding neutral molecules.
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Fig. 17. UV/vis absorption spectra of 1 and 2 in DMSO and methanol containing various concentrations of 1,1,3,3-tetramethyl-

guanidine (TMG) at 25 + 1 °C.
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Fig. 18. Plot of (Aops — Ap) at 422 nm vs [TMG] for depro-
tonation of 1 (a) and plot of (Aops —Ap) at 490 nm vs
[TMG] for deprotonation of 2 (b) in methanol at 25 4 1
°C. The solid lines correspond to the fitted curve to Eq. 4.

These solvatochromic behaviors are caused by a hydrogen-
bonding interaction where a hydrogen-bond donor part of sol-
vent molecules interacts with a hydrogen-bond acceptor part
of the anion species, and the energy levels of the frontier orbi-
tals of the anion 77-electronic systems are affected by hydrogen-
bonding interactions.

When the solvatochromic property originated from a hydro-
gen-bonding interaction is used as a criterion for categorizing
the imidazopyrazine 7-electron system, the imidazopyrazinone
derivatives 1-6 and their protonated species and anion species
are classified into two categories, as shown in Scheme 4. Imi-
dazopyrazinone derivatives 1-4, the protonated species VI of 1-
4, and anion species (IP — H)™ of 1 and 2 are assigned into a
‘solvatochromic group’. O-Ethyl derivatives 5 and 6, the proto-
nated species V of 1-4, and the protonated species Wl of 5 and 6
are assigned into a ‘non-solvatochromic group’. It is obvious
that two categories each have a common 7-electronic
structure. The compounds in the solvatochromic group have

1 v 1 v 1 v 1
o5  1-IP-H)T @]
A ® i

1 o
~_ 24 (neutral) ® .
£ | (o] i

G Y (0] 2
q'o 2 3 ~ O = =
< '8 ® R <
§ 2.2F 2-(IP-H) < -
21F é 4 i
-~ O =—2 (neutral) 1
2.01° -

1 N 1 N 1 N 1
0.0 0.4 0.8 1.2

o value

Fig. 19. Plots of wavenumbers E, (cm™1) of the lowest en-
ergy bands for 1, 2, and the anion species (IP — H)™ of 1
and 2 against the Kamlet-Taft’s « values.

an imidazopyrazinone 77-system which contains the conjugated
p orbital of the oxygen atom O10. On the other hand, the com-
pounds in the non-solvatochromic group have an imidazopyra-
zine 7T-system, which has only a conjugated interaction with the
lone-pair electrons of the oxygen atom O10. Thus, the partic-
ipation of the p orbital of the oxygen atom O10 into the imida-
zopyrazine JT-system is important to determine the fundamental
physical properties of the imidazopyrazinone derivatives.

5. NMR Spectra. (a) 'HNMR: In the pioneering work of
the Goto group, 'HNMR data of imidazopyrazinone deriva-
tives 1-3 were well characterized.'>¢ After their work, several
groups reported different 'HNMR data from those of the Goto
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group, as summarized in Table 8, without any discussion. ad.

For instance, the Goto group reported the '"HNMR data of two
samples of 1 in DMSO-dg; one was a neutral molecule of 1, and
the other was the HCI salt of 1. The other groups showed
"HNMR data of 1 similar to that of the HCI salt without any
comments. To clarify the NMR spectroscopic characteristics
of imidazopyrazinone derivatives, we systematically reinvesti-
gated the '"HNMR spectra of 1-6 as well as their *C NMR
spectra.
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'HNMR data of 1-6 in DMSO-dg and CD;OD are summa-
rized in Table 9. Assignments of the protons were based on
analyses of the results of *CNMR and 2DNMR (HMQC
and HMBC) measurements. The 'HNMR chemical shifts of
1-3 in DMSO-d; almost reproduced the reported data of the
Goto group.nc’d The similarities of the 'H shifts between 1
and 3 and the similarities of the 'H shifts between 2 and 4 sup-
port that N-H derivatives 1 and 3 have preference of the NH
form (Ill) over the OH form (IV) in tautomeric equilibrium in so-
lutions, as concluded by using the results of UV /vis absorption
measurements (Scheme 2). The ring protons, H, ., of O-ethyl
derivatives 5 and 6 were more deshielded than those of 1-4.
This difference of the 'H shifts was evaluated by comparing
with reference compounds, pyrazine (8)28 and a 1,4-dihydro-
pyrazine derivative 92’ The ring protons of 8 and 9a were
reported to be 8.59 and 4.64 ppm (CDCl3), respectively. The
'H shifts of the ring protons of 1-4 are intermediate values be-
tween those of 8 and those of 9a, suggesting that the imidazo-
pyrazinone rings of 1-4 have small portions of aromatic (dia-
tropic) character by a 7-electronic resonance (Scheme 1).
On the other hand, the 'H shifts of the ring protons of 5 and
6 are close to those of 8, suggesting that the 77-electron ring sys-
tems of 5 and 6 have a moderate aromatic (diatropic) character.

The "HNMR chemical shifts of 1-4 showed a characteristic
dependency on a solvent, although those of 5 and 6 showed on-
ly a small solvent dependency. In the case of 2-methyl deriv-
atives 1 and 3, for instance, the ring protons H, . were 0.15-
0.30 ppm deshielded in CD3;0OD more than the corresponding
protons in DMSO-ds. Especially, the 'H shifts of H, of 1
and 3 showed a significant down-field shift (A§ 0.30 and
0.27 ppm). 2-Methyl protons of 1 and 3 also showed deshield-
ed 'H shifts by a solvent change from DMSO-d (2.28 and 2.27
ppm) to CD30OD (2.43 and 2.42 ppm). In the case of 2-phenyl
derivatives 2 and 4, the 'H shifts of H, and Hy, showed deshield-

Table 8. Reported '"HNMR Data of Imidazopyrazinone Derivatives 1-3

[0}

e

R

Ha N_ N

X

Hy” N7
&

3/ppm

Compound Solvent Ref
H, Hp N(7)H H. Others
1 DMSO-dg 7.21 6.80 b 7.73 2.31 (2-Me) 13d
DMSO-dg 8.23 7.67 — 8.87 2.5 (2-Me) 13d
+ HCIY
DMSO-dg 8.20 7.65 — 8.88 2.46 (2-Me) 12a
+ HCI¥
MeOH-d, 8.31 7.81 — 8.92 2.56 (2-Me) 12a
+ HCI¥
2 DMSO-dg 7.3-7.6 6.89 3.30 8.04 7.3-7.6 (Ph, p- and m-), 13c
8.41-8.64 (Ph, 0-)
DMSO-ds 6.81 7.28 b 7.88 n.r.? 15
DMSO-dg 7.63 7.04 D 8.25 7.33 (Ph, p-), 7.44 (Ph, m-), 12a
8.43 (Ph, o-)
MeOH-d, 8.29 7.70 D 8.86 n.r.? 12d
3 DMSO-dg 7.22 6.70 — 7.71 2.28 (2-Me), 3.53 (7-Me) 13d

a) HCl salts of 1 were used for NMR measurements as the samples. b) Data was not reported.
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Table 9. '"HNMR Data of 1-6 in DMSO-d and Methanol-d, at 25°C

0

R

W

CoHs0 R

N

Ha_N.__N Ha NN
) G ¢
Hy ™ N7 He Hy” N” H
R 14 56
Compound  Solvent d/ppm J/Hz
a Hy N(7)H H. Others
1 DMSO-ds  7.16  6.77  10.6 7.70  2.28 (2-Me) br®
MeOH-dy 746 699 n.d. 7.85 243 (2-Me) 1.0 (Joe), 5.6 (Jap)
2 DMSO-ds 7.4 690 113 8.06  7.34 (Ph, 4-), 7.45 (Ph, 3-),  br¥
8.49 (Ph, 2-)
MeOH-d,  7.61 7.03 n.d. 7.98  7.38 (Ph, 4-), 7.46 (Ph, 3-),  br¥
8.43 (Ph, 2-)
3 DMSO-d¢ 721 6770 — 7.71 227 (2-Me), 3.52 (7-Me) 1.6 (Joe), 5.9 (Jap)
MeOH-d, 748 693 — 7.86 242 (2-Me), 3.72 (7-Me) 1.3 (Jpe), 5.9 (Jap)
4 DMSO-d¢ 750 685 — 8.08  3.64 (7-Me), 7.33 (Ph, 4-), 1.3 (Joe), 5.6 (Jap)
7.45 (Ph, 3-), 8.47 (Ph, 2-)
MeOH-dy, 7.62 696 — 7.98  3.78 (7-Me), 7.37 (Ph, 4-), 1.3 (Joe), 5.6 (Jap)
7.46 (Ph, 3-), 8.43 (Ph, 2-)
5 DMSO-ds 823 7.80 — 8.81  1.35 (OEv), 2.37 (2-Me), 1.3 (Jac), 4.6
4.23 (OEv) (Jap), 7.1 (OEt)
MeOH-d, 818 7.82 — 8.75  1.44 (OEv), 2.46 (2-Me), 1.6 (Juc), 4.6
4.30 (OEY) (Jab), 7.1 (OEY)
6 DMSO-ds 839 789 — 8.99  1.42 (OEt), 4.24 (OEy), 1.3 (Jac), 4.6
7.38 (Ph, 4-), 7.52 (Ph, 3-),  (Jap), 6.9 (OEY)
8.09 (Ph, 2-)
MeOH-d, 829 787 — 8.88  1.44 (OEt), 4.24 (OEy), 1.3 (Juc), 4.6

7.39 (Ph, 4-), 7.50 (Ph, 3-),
8.05 (Ph, 2-)

(Jap), 7.1 (OEt)

a) Broad peaks were observed.

ed values in CD3;0D compared with those in DMSO-dg, al-
though the 'H shifts of H. showed slightly shielded values in
CD;OD relative to those in DMSO-dgs. These results suggest
that a diatoropic character of the imidazopyrazinone rings of
1-4 is slightly increased in a protic solvent, such as CD;0D,
more than in an aprotic solvent, such as DMSO-ds. The 'H
shifts of 2-methyl groups of 1 and 3 may also be affected by
an increased diamagnetic ring current in CD3;OD. The ring pro-
tons, H,_¢, of 2-phenyl derivatives 2 and 4 were shifted to a
downfield region relative to those of the corresponding 2-meth-
yl derivatives, 1 and 3. This result would be caused by a dia-
magnetic ring current of their phenyl groups and/or by a con-
jugation effect. A similar downfield shift by phenyl-substitu-
tion was also observed in O-ethyl derivatives 6 relative to 5.
In the phenyl protons of 2, 4, and 6, the ortho protons showed
characteristic chemical shifts. The ortho protons of 2 and 4
(8.43-8.49 ppm) were more deshielded than those of 6 (8.05—
8.09 ppm). One of the explanations for this difference is that
the ortho protons of 2 and 4 are deshielded by a diamagnetic
anisotropy effect from the carbonyl C3-010 bonds, while there
is no such effect for 6.

A characteristic difference between 1-4 and 5-6 also ap-
peared in the coupling constants (/). The J,; values of 1-4
(5.6-5.9 Hz) were larger than those of 5 and 6 (4.6 Hz). In
the case of 14, small J;, . values were observed (1.0-1.6 Hz).
On the other hand, 5 and 6 showed small J, . values (1.3-1.6

Hz), while the J, . values were nearly 0 Hz. The J values of
1-3 reproduce the values reported by the Goto glroup.m’d The
J>3 values of pyrazine derivatives™ and 1,4-dihydropyrazine
derivatives® were 2.5-3 Hz and 6.4-6.5 Hz, respectively.
Thus, the pyrazine parts of 1-4 have a similar structural char-
acteristic to the 1,4-dihydropyrazine derivatives compared with
the pyrazine parts of § and 6.

(b) PCNMR: CNMR data of 1-6 in DMSO-ds and
CD;0D are listed in Table 10. These data are slightly different
from the reported values.'** The chemical shifts of the ring car-
bons for 1-6 were slightly deshielded in CD;OD compared
with those in DMSO-ds (AS 0.0-3.7 ppm). In the case of 1—
4, C3 showed the most deshielded chemical shifts in the car-
bons of the imidazopyrazinone rings. The '*C shifts of C3
for 1-4 (152-154 ppm) were far upfield compared with those
of the carbonyl carbons of unsaturated cyclic ketones, such as
tropone 7 (187.7 ppm) and p-benzoquinone (187.0 ppm).31
This evaluation strongly supports that the imidazopyrazinone
rings of 1-4 have a character of the zwitter-ionic resonance
structure II and possess the weakened carbonyl character of
C3-010 bonds (Scheme 1). In the case of 5 and 6, the chem-
icals shifts of C8 had the most deshielded values (142-144
ppm) in the imidazopyrazinone ring carbons. In the partial pyr-
azine ring, the '3C shifts of the C5-C6 and C8—C9 parts of 14
were observed at 109-121 and 121-131 ppm, respectively, and
the 13C shifts of the C5-C6 and C8-C9 parts of 5 and 6 were
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Table 10. '3C NMR Data of 1-6 in DMSO-d, and Methanol-d, at 25 °C

Compound  Solvent 8/ppm
C2 Cc3 C5 C6 Cs8 C9 Others
1 DMSO-dg  147.3% 15249  109.1» 1151 120.7% 128.99  13.68 (2-Me)
MeOH-d, 147.59 1534% 111.64 117.4%Y 124.4% 130.3%  13.65 (2-Me)
2 DMSO-ds 1405  151.6Y 111.52 114.80 12429  129.09  133.76 (Ph, 1-), 125.99
(Ph, 2-), 128.33 (Ph, 3-),
(128.13 (Ph, 4-)
MeOH-d;, 143.0° 153.03 113.12 117.04 126.18 130.83 134.40 (Ph, 1-), 128.07
(Ph, 2-), 129.61 (Ph, 3-),
130.15 (Ph, 4-)
3 DMSO-ds  147.02  152.37 109.42 11930 12425 128.85 13.73 (2-Me), 41.96
(7-Me)
MeOH-d, 147.64 153.59 111.86 121.46 127.84 13049 13.68 (2-Me), 43.79
(7-Me)
4 DMSO-dg  140.17 151,70 111.87 11895 127.56 129.05 42.73 (7-Me), 133.78
(Ph, 1-), 125.92 (Ph, 2-),
128.31 (Ph, 3-), 128.08
(Ph, 4-)
MeOH-d, 14327 153.18 113.36 121.06 12945 131.07 44.19 (7-Me), 134.52
(Ph, 1-), 128.05 (Ph, 2-),
129.60 (Ph, 3-), 130.12
(Ph, 4-)
5 DMSO-d¢ 129.99 13575 115.05 12840 141.79 132.86 12.38 (2-Me), 15.20
(OE), 70.53 (OEt)
MeOH-d, 13197 13826 116.64 129.67 14253 134.68 12.49 (2-Me), 15.86
(OEt), 72.35 (OEY)
6 DMSO-ds  130.57 13572 115.68 128.77 14293 133.52 15.18 (OEt), 70.52
(OEt), 132.40 (Ph, 1-),
126.02 (Ph, 2-), 128.77
(Ph, 3-), 127.96 (Ph, 4-)
MeOH-d, 133.50 13796 117.06 12995 14359 13544 15.77 (OEt), 72.19

(OEv), 133.45 (Ph, 1-),
128.05 (Ph, 2-), 129.97
(Ph, 3-), 129.69 (Ph, 4-)

a) Broad peaks were observed.

observed at 115-130 and 133-144 ppm, respectively. The ring
carbons of 1-4 were shielded compared with those of 5 and 6,
supporting the idea that the aromatic (diatropic) character of the
imidazopyrazinone rings of 1-4 is smaller than that of 5 and 6.
It is one of the characteristics of the fused ring structure for 1-6
that the carbons of the C8-C9 parts were deshielded more than
those of the C5-C6 parts. As another characteristic, the le
shifts of the carbons of the pyrazine parts of 1-6 were almost
observed within the range between the '3C shifts of the ring car-
bons of 1,4-dihydropyrazine derivative 9b (116 ppm)32 and
pyrazine 8 (145 ppm).31

(c) Protonated Species and Anion Species: In the pres-
ence of methanesulfonic acid (MSA) in DMSO-dg and CD;OD,
"HNMR spectra of 1-6 showed the characteristic 'H shifts of
the protonated species (Table 11). For 1, the "HNMR spectra
of the protonated species didn’t match the reported data of the
HCl salts of 1,'*"3¢ suggesting that the data for the HCI salts of
1 reflected a tendency of a protonation equilibrium. Protonated
species of 1-4 showed H,, Hy, and H, at 8.3-8.5, 7.7-7.9, and
9.0-9.3 ppm, respectively, and protonated species of 5 and 6
showed H,, Hy, and H. at 8.6-8.9, 8.1-8.2, and 9.2-9.6 ppm,
respectively. Thus, the ring protons of the protonated species

of 5 and 6 were slightly deshielded compared with those of
the protonated species of 1-4. An origin of this difference
would be the difference in the contributed isomers of the proto-
nated species, as shown in Scheme 3. The data of the protonat-
ed species of 1-4 would contain the spectral characteristics of
structures V and VI, and those of the protonated species of 5
and 6 would contain the spectral characteristics of VI mainly.
The 2-methyl protons of the protonated species of 5 and the or-
tho protons on the 2-phenyl group of the protonated species of 6
were more deshielded than those of the corresponding neutral
molecules. This downfield shift would be caused by an electron
deficient property of the imidazopyrazine ring in the protonated
structure VI of 5 and 6. Similarly, the 2-methyl protons of the
protonated species of 1 and 3 were more deshielded than those
of the corresponding neutral molecules. On the other hand, the
ortho protons on the 2-phenyl groups of the protonated species
of 2 and 4 were more shielded than those of the neutral
molecules. One of the reasons for these upfield shifts of the or-
tho protons is that a diamagnetic anisotropy effect from the car-
bonyl C3-010 bonds of the neutral molecules of 2 and 4 is di-
minished by protonations on O10, which give protonated spe-
cies V.



2378 Bull. Chem. Soc. Jpn., 76, No. 12 (2003)

Properties of Imidazopyrazinone Derivatives

Table 11. "HNMR Data of 1-6 (0.030 mol L~") in DMSO-ds and Methanol-d, in the Presence of MSA® at 25 °C

Compound Solvent 8/ppm J/Hz
H, H, H. Others
1 DMSO-dg 8.38 7.92 9.17 2.53 (2-Me) 5.6 (Jup)
MeOH-d, 8.37 7.93 9.07 2.60 (2-Me) 1.0 (Jac), 5.3 (Jap)
2 DMSO-dg 8.47 7.85 9.22 7.49 (Ph, 4-), 7.59 (Ph, 3-), 5.6 (Jup)
8.28 (Ph, 2-)
MeOH-d, 8.43 7.85 9.07 7.51 (Ph, 4-), 7.57 (Ph, 3-), 1.0 (Jac), 0.7 (Joe),
8.25 (Ph, 2-) 5.6 (Jap)
3 DMSO-dg 8.39 7.84 9.23 2.53 (2-Me), 4.11 (7-Me) 1.3 (Joe), 5.6 (Jap)
MeOH-d, 8.34 7.81 9.09 2.59 (2-Me), 4.18 (7-Me) 1.3 (Jve)s 5.6 (Jap),
5.9 (Jap)
4 DMSO-dg 8.48 7.83 9.25 4.12 (7-Me), 7.48 (Ph, 4-),
7.57 (Ph, 3-), 8.27 (Ph, 2-)
MeOH-d, 8.39 7.76 9.06 4.18 (7-Me), 7.49 (Ph, 4-), 1.3 (Joe)s 5.9 (Jap)
7.55 (Ph, 3-), 8.24 (Ph, 2-)
5 DMSO-dg 8.72 8.20 9.24 1.43 (OEt), 2.58 (2-Me), 4.9 (Jup), 7.1 (OEY)
4.46 (OEt)
MeOH-d, 8.61 8.18 9.25 1.53 (OEt), 2.65 (2-Me), 1.0 (Jae), 4.9 (Jap),
4.53 (OEt) 6.9 (OEt)
6 DMSO-dg 8.93 8.17 9.62 1.46 (OEt), 4.40 (OEt), 1.0 (Jae), 5.3 (Jap),
7.55 (Ph, 4-), 7.63 (Ph, 3-), 7.1 (OEt)
8.16 (Ph, 2-)
MeOH-d, 8.78 8.11 9.36 1.51 (OEt), 4.42 (OEt), 1.0 (Jag), 0.7 (Joe),

7.53 (Ph, 4-), 7.59 (Ph, 3-),
8.14 (Ph, 2-)

5.3 (Jup), 6.9 (OEY)

a) Concentractions of MSA (methanesulfonic acid) were 2.0 and 0.2 mol L~! in DMSO and MeOH, respectively.

Table 12. '"HNMR Data of 1 and 2 in DMSO-ds and Methanol-d; in the Presence of TMG (0.10 mol L~ ") at

25°C
Compound Solvent 8/ppm J/Hz
H, H, H. Others
1 DMSO-dy  7.03 735 792  2.14 (2-Me) 1.0 (Jpe), 4.6 (Jup)
MeOH-d, 7.35 7.78 8.22 2.35 (2-Me) 1.3 (Jbe), 4.6 (Jap)
2 DMSO-de 7.09 751 8.14  6.94 (Ph, 4-), 7.23 (Ph, 3-), 1.3 (Jpe), 4.6 (Jap)
8.30 (Ph, 2-)
MeOH-d;, 738  7.87 837  7.15(Ph,4-),7.36 (Ph,3-), 1.3 (Ju), 4.9 (Jup)
8.29 (Ph, 2-)
In the presence of 1,1,3,3-tetramethylguanidine (TMG) in
DMSO-ds; and CD;0D, 1 and 2 showed 'HNMR spectral 0 R 00 .,
changes caused by the generation of anion species (IP — H)™ V /,'],::Q\W
(Table 12), although 3—6 showed no spectral change. The 2- N \N ‘ N '
methyl protons of the anion species of 1 and the ortho protons j - |
on the 2-phenyl group of the anion species of 2 showed shielded [ | E [ P> E
chemical shifts compared with those of the corresponding neu- N L _N_ 107 ¢
tral molecules. Thus, the imidazopyrazinone ring of (IP — H)™ i -

has an electron-donating property for both inductive and reso-
nance effects compared with that of the neutral molecule. As
another characteristic, protons Hy, and H, of the anion species
of 1 and 2 showed deshielded chemical shifts compared with
those of the corresponding neutral molecules, while their pro-
tons, H,, showed small upfield shifts. This downfield shift of
protons Hy, and H, of the anion species would have originated
from a diatropic character of the resonance structure. Anion
species (IP — H)™ may be contributed by the resonance struc-
tures X and XI (Scheme 5), and the NMR property of (IP — H)™
reflects a diatropic character of the resonance structure XI,

Scheme 5.

which has a 1077 electron ring system with a localized negative
charge on O10. In addition, the coupling constants J, (4.6 Hz)
of (IP — H)™ were similar to those of 5 and 6, which possess
the 1077 electron imidazopyrazine rings, to support a contribu-
tion of the resonance structure Xl into the 77-electronic system of
the anion species (IP — H) ™.

6. Molecular Orbital Considerations. (a) Structures of
Imidazopyrazinone Derivatives: To evaluate the structural
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Table 13. Calculated Properties of Imidazopyrazinone Derivatives 1-4 in Gas Phase and in DMSO with

the AM1-COSMO Method

In gas phase (€ = 1.0)

Compound AH  /kJ mol ™! Angle® ii;tohl/oAbond ON; th(t;) (I)I)nc charge ue/D
1 227.2 150.4° 1.235 —-0.32 3.7
2 368.5 153.0° 1.236 —0.33 3.8
3 246.6 155.8° 1.235 —-0.32 4.2
4 387.9 158.6° 1.236 —0.33 4.3
In DMSO (€ = 46.5)
Compound AH_,»’“) /kJ mol~! Angle® Ei;ﬁll/(j)&bond (l:f toa(ti)(;;l ic charge u®/D
1 133.0 177.2° 1.262 —0.57 13.2
2 267.5 176.9° 1.260 —0.55 15.3
3 164.6 176.6° 1.260 —0.56 12.5
4 300.2 176.3° 1.259 —0.54 14.6

2379

a) Heat of formation. b) Angle N(4)-N(7)-H(11) or angle N(4)-N(7)-C(11). c) Dipole moment.

characteristics of imidazopyrazinone derivatives observed by
X-ray crystallographic analyses, AM1 semi-empirical MO cal-
culations of imidazopyrazinone derivatives were carried out
(Table 13).*> The optimized geometries of 1-4 in the gas phase
(¢ = 1.0) had a bending imidazopyrazinone ring, in which the
hydrogen atoms or the methyl groups at N7 exist out of the
plane made by the imidazopyrazinone ring. The angles N4—
N7-H11 of 1 and 2 were ca. 150°, and the angles N4-N7-
C11 of 3 and 4 were ca. 160°. These bent structures are differ-
ent from the observed crystal structures of 2—4. Thus, we also
optimized the geometries of 1-4 using the AM1-COSMO sol-
vation model.>* AM1-COSMO calculations for a representa-
tive compound 1 were carried out with various dielectric con-
stant values (£ = 2.5, 5.0, 10.0, 20.0, 40.0, and 78.3) as shown
in Fig. 20. The optimized heat of formation (AH ;) rapidly de-
creased with an increase of the € value, and the angle N4-N7—
H11 reached 177° at &€ = 5.0. The planar structure of the imi-
dazopyrazinone ring is preferable under the conditions where
the € value is larger than 5.0. A rapid increase of the dipole
moment () with an increase of the € value also synchronized
with a rapid decrease of the AH ; value (Fig. 20c). The calcu-
lation results for 1-4 using the AMI1-COSMO method
(€ = 46.5) are summarized in Table 13. The optimized planar
imidazopyrazinone ring structures could reproduce the planar
structures of 2—4 observed by X-ray crystallography. The cal-
culated C3-010 bond lengths of 1-4 reproduced the character-
istic lengths (1.25-1.26 A) for 2—4 observed by X-ray crystal-
lography, and the net atomic charges on O10 were calculated as
ca. —0.6. This result supports that an imidazopyrazinone deriv-
ative is contributed by the zwitter-ionic resonance structure II,
and has a weakened carbonyl C3-O10 bond (Scheme 1).
The calculated dipole moments (i) for 1-4 were 12-15 D.
These values are larger than those of tropone 7 (4.3 D)35’36
and 4-nitrodimethylaniline 10 (7.1 D),”” and are comparable
to that of pyridinium cyclopentadienide 11 (13 D).25’38

(b) Tautomeric Isomerization: The results of spectral
measurements for 1-6 indicate that N-H derivatives 1 and 2
prefer to be the NH forms (Ill) over the OH forms (IV) in the tau-
tomeric equilibriums (Scheme 2). To support this conclusion,
the differences of the heats of formation (AH ;) between the Il
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Fig. 20. Plots of (a) heat of formation ((AH/), (b) angle
N(4)-N(7)-H(11), and (¢) dipole moment () of 1 calcu-
lated with the AM1-COSMO method against dielectric
constants E.

WOe OO

10 (7.1 D)
Chart 4.

11 (13 D)

form and the IV form for 1 and 2 were evaluated by using the
AMI1-COSMO method with various dielectric constant values
(€ =1.0,25,5.0, 10.0, 20.0, 40.0, and 78.3). The optimized
AH; values were plotted against the € value, as shown in
Fig. 21. In the gas phase (¢ = 1.0), the AH values of the IV
forms were smaller than those of the Ill forms. When the € val-
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Fig. 21. Heat of formation (AH y) of the Il and IV forms for 1
and 2 calculated with the AM1-COSMO method plotted
against dielectric constants €.

ue increases, the AH ; value of the Ill form decreased more rap-
idly than that of the IV form. The AAH, values in water
(& =78.3) for 1 and 2 were estimated to be 0.8 and —1.5
kJ mol~!, respectively. These calculation results are in conflict
with the conclusion about the tautomeric equilibrium of 1 and
2. The evaluation of the K values for the protonations of 1-6
confirms that imidazopyrazinone derivatives 1-4 are stabilized
by a specific solvation interaction in solutions more than 5 and
6. Thus, AM1-MO calculations could not reproduce the exper-
imental observations concerning the heats of formation, as
shown in Figs. 15 and 16, since the specific solvation effect
for imidazopyrazinone derivatives is not considered in this sol-
vation model.**

(c) Spectroscopic Character of 1-6: The evidence that the
spectroscopic properties of 1-4 were different from those of 5
and 6 was supported by the AM1-MO calculations. Before
evaluating the calculation results, the dependency of the MO
energy levels of 1 and 2 (the Il forms) upon the € values was
studied by the AMI-COSMO method (¢ = 1.0, 2.5, 5.0,
10.0, 20.0, 40.0, and 78.3), as shown in Fig. 22. The energy
levels of HOMO and LUMO showed characteristic changes de-
pendent upon the € values in a manner similar to the AH; val-
ues (Fig. 20). Since the energy levels of HOMO and LUMO
showed only small change in the range of the € values (19.9—
78.3) of the solvents employed for the spectroscopic measure-
ments in this research, the solvatochromic character of 1-4 can-
not be explained only by the effect of the dielectric character of
the medium in the MO calculations.

The MO characters of 1-6 were evaluated using the results of
the AM1-COSMO calculations (& = 46.5). Figure 23 illus-
trates the energy levels of HOMO, LUMO, HOMO+-1, and
LUMO+1 of 1-4 accompanied by those of 5’ and 6’. To eval-
uate the property of O-ethyl derivatives 5 and 6, AM1-COSMO
calculations of O-methyl derivatives 5’ and 6’ were carried out
as simpler structure models. The results that the HOMO-
LUMO energy gaps of 1-4 (6.6-7.0 eV) are much smaller than
those of 5’ and 6’ (8.2-8.5 eV) match the observation that the
lowest energy bands of 1-4 appeared in the low-energy region
compared with those of 5 and 6. The difference in the HOMO-
LUMO energy gaps between 1-4 and 5'-6" mainly results from
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Fig. 22. Energy levels of HOMO and LUMO of 1 and 2 cal-
culated with the AM1-COSMO method plotted against di-
electric constants €.

the difference in the energy levels of the HOMOs. The energy
levels of the HOMOs (> —8.0 eV) of 1-4 are ca. 1.5 eV higher
than those (< —9.0 eV) of 5’ and 6. The energy levels of
HOMOs and LUMOs of 5’ and 6 are similar to those of HOMO
(—=9.03 eV) and LUMO (—0.59 eV) of naphthalene, a typical
107 aromatic compound, calculated by the AM1-COMSO
(€ = 46.5). Thus, it is a notable characteristic of the imidazo-
pyrazinone yr-electronic structure that the energy levels of the
HOMOs of 1-4 are higher than those of 5" and 6'.

The calculation data for the HOMO-LUMO energy levels
(Fig. 23) also support the methyl- and phenyl-substituent ef-
fects on the spectroscopic property in 1-4. The HOMO-
LUMO energy gaps of N-methyl derivatives 3 and 4 are smaller
than those of the corresponding N-H derivatives 1 and 2,
respectively. This result matches the observation that the low-
est energy bands of 3 and 4 showed a red-shift comparable with
those of 1 and 2. The red-shifted lowest energy bands of 2-
phenyl derivatives 2 and 4 compared with those of 2-methyl de-
rivatives 1 and 3 are also supported by calculation results that
the HOMO-LUMO energy gaps for 2 and 4 are smaller than
those of 1 and 3.

(d) Solvatochromism: As another notable spectroscopic
character, 1-4 showed solvatochromism originating from hy-
drogen-bonding interactions with solvent molecules. As noted
above, the results of the AM1-COSMO calculations for 1-4
with various € values could not explain the solvatochromism.
To understand the origin of the solvatochromism, we need to
evaluate a specific effect of the hydrogen-bonding interaction
on the energy levels of the frontier orbitals of an imidazopyra-
zinone derivative. In hydrogen bonding interactions, a hydro-
gen-bond acceptor part of an imidazopyrazinone derivative in-
teracts with a hydrogen-bond donor part of solvent molecules.
The imidazopyrazinone 7T-system has a character of the zwit-
ter-ionic resonance structure I possessing a localized negative
charge on O10. The AM1-COSMO calculations of 1-4 also in-
dicated that the imidazopyrazinone structure has a large nega-
tive charge localized on O10 (Table 13), suggesting that the
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oxygen atom O10 works as the hydrogen-bond acceptor part.
Thus, we describe a hydrogen-bonded structure XII of an imida-
zopyrazinone derivative with a hydrogen-bond donor molecule
(D-H) by resonance structures XII and XIV, as shown in
Scheme 6. The resonance structure XIII contains an imida-
zopyrazinone part, whose electronic property is identical to that
of the free imidazopyrazinone molecule, and XIV contains an
imidazopyrazinone part whose electronic property is identical
to that of the protonated species V. By using a valence-bond
method, the wave function of XI (W(XI)) is represented by
Eq. 5, where W(XII) and W(XIV) denote the wave functions for
XII and XIV, respectively:

W) = aW(XID) + bU(XIV). 5)

In the case of 1, for instance, the neutral molecule and the pro-
tonated species V showed the lowest energy band at 442 and
382 nm in DMSO (o = 0). The neutral molecule of 1 in water
(o = 1.17) showed the lowest energy band at an intermediate
wavelength (414 nm). Thus, the hydrogen-bonded structure
XI for 1 in water has contributions of both W(XII) and W(XIV)
in a similar extent to each other (a = b). In a solvent whose
Kamlet-Taft’s o value is smaller than that of water (1.2 >
o > 0), the contribution of W(XI) increases over that of W(XIV)
) in the hydrogen-bonded structure Xl (¢ > b). Then, the ratio
a/b in this solvent becomes larger than that in water and the
lowest energy band is shifted to the red region compared with
that in water.

(e) Protonated Species and Anion Species: Basis on the

assignment by the Goto group,13d the protonated species of
1-4 were assigned to V and VI, and the protonated species of
5 and 6 were assigned to VI (Scheme 3). To understand the
properties of these ptotonated species, AM1-COSMO calcula-
tions (€ = 46.5) of the protonated species V and VI of 1-4 were
carried out (Table 14). Table 15 summarizes the calculated
properties of the protonated species Wl of 5’ and 6’ accompanied
by those of neutral molecules 5’ and 6’. Experimentally, the
protonated species V of 1-4 have blue-shifted lowest energy
bands compared with those of the corresponding neutral mole-
cules, and the protonated species VI have red-shifted lowest en-
ergy bands. The calculated HOMO-LUMO energy gaps are
consistent with the observed spectroscopic character of V and
VI for 1-4. The HOMO-LUMO energy gap of V for 1 (8.04
eV), for instance, is larger than that of the neutral molecule
(7.01 eV) and the HOMO-LUMO energy gap of VI for 1
(6.79 eV) is smaller than that of the neutral molecule.

The protonated species VI of 5 and 6 showed the red-shifted
lowest energy bands compared with the corresponding neutral
molecules. While the protonated species VIl of 5 and 6 have
common 7-electronic systems to the protonated species V of
1-4, the observed lowest energy bands of VIl for 5 and 6 showed
blue shifts compared with those of the corresponding protonat-
ed species V for 1 (or 3) and 2 (or 4), respectively. MO calcu-
lations showed that the HOMO-LUMO energy gaps of VI for 5
and 6’ were smaller than those of the corresponding neutral
molecules, and were larger than those of the corresponding pro-
tonated species V for 1 (or 3) and 2 (or 4), respectively. Thus,
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Table 14. Properties of the Protonated Species V and VI of 1-4 Calculated with the AM1-COSMO Method

(& =46.5)
V) VI(1) V(@) VI(2) V@3) VI(3) V4 Vi(4)
AHf‘"‘)/kJ mol~! 569.0 563.9 706.1 700.8 606.4 599.7 743.6 737.7
HOMO (eV) —9.48 —8.4l1 —-9.27 —-830 —-947 -840 925 —-8.31
LUMO (eV) —-144 -162 —-149 -—-181 —-160 —-175 —1.64 —1.95
AE(HOMO-LUMO)® /eV 8.04 6.79 7.78 6.49 7.87 6.66 7.61 6.36
Net atomic charge on O(10) —-0.27 -0.55 -0.27 -0.52 —-0.27 -0.54 -026 —0.51

a) Heat of formation. b) HOMO-LUMO energy gap.

Table 15. Properties of 5, 6’, and Their Protonated Species VI Calculated with the AM1-COSMO Method

(€ =46.5)
cHo, s cHgo, [fHe cHo, SN cHo, SN
N /N1 N /N N /N| N /N
J J J J
N N N N
h h
5 VI(5") o Vi(6')
AHf"‘)/kJ mol~! 160.3 599.1 297.1 737.1
HOMO (eV) -9.19 —9.53 —9.08 —9.31
LUMO (eV) —0.70 —1.47 —-0.91 —1.52
AE(HOMO-LUMO)® /eV 8.49 8.06 8.17 7.79
Net atomic charge on O(10) —0.22 —-0.22 —0.22 —0.22

a) Heat of formation. b) HOMO-LUMO energy gap.

Table 16. Properties of the Anion Species (IP —H)™ of 1
and 2 Calculated with the AMI1-COSMO Method
(€ =46.5)

IP—-H) of1 (IP—-H) of2

AHf"‘)/kJ mol~! —272.6 —145.4
HOMO (eV) —7.70 —7.65
LUMO (eV) —0.29 —0.51

AE(HOMO-LUMO)® /eV 741 7.14
Net atomic charge on O(10) —0.64 —-0.59

a) Heat of formation. b) HOMO-LUMO energy gap.

the calculation results support the spectroscopic observations of
the protonated species VIl of 5 and 6.

In the presence of TMG, a spectroscopic character of anion
species (IP — H)™ of 1 and 2 was observed. As spectroscopic
data, the lowest energy band of (IP —H)™ of 1 in DMSO
showed a red-shift (8§ nm) compared with that of the neutral
species, while the lowest energy band of (IP — H)™ of 2 in
DMSO showed a blue-shift (13 nm). To understand this prop-
erty, AM1-COSMO calculations (& = 46.5) of IP — H)™ of 1
and 2 were carried out (Table 16), and gave the results that the
HOMO-LUMO energy gaps of (IP — H)™ of 1 and 2 are 0.40
eV larger than those of the corresponding neutral molecules.
This result cannot explain the spectroscopic observation. Thus,
to predict the spectroscopic property of anion species (IP —
H)™ correctly, the effect of a molecular environment must be
considered further.

Based on spectroscopic observations, the 77-electronic prop-
erties of the neutral molecules of 1-6, the protonated species of
1-6, and the anion species of 1 and 2 were categorized into a
‘solvatochromic group’ and a ‘non-solvatochromic group’

(Scheme 4). The difference of the two groups is caused by
the different 77-electronic structures. A ‘solvatochromic group’
molecule has an imidazopyrazinone 7-system containing the
conjugated p orbital of O10, while a ‘non-solvatochromic
group’ molecule has an imidazopyrazine 77-system conjugating
with the lone-pair electrons of O10. Since 1-4 and 5-6 are rep-
resentative molecules of the ‘solvatochromic group’ and the
‘non-solvatochromic group’, respectively, the different MO
characters between 1-4 and 5’-6" obtained by AM1-COSMO
calculations reflect the different 77-electronic properties of the
two groups, as follows. At first, the energy levels of the
HOMOs of 14 (—7.91 to —7.96 eV) are higher than those of
5 and 6’ (—9.08 to —9.19 eV). Secondly, the net atomic charg-
es on 010 of 1-4 (—0.54 to —0.57) are smaller than those of 5
and 6’ (—0.22). These different MO characters are applicable
to distinguish the properties of the protonated species and the
anion species. The protonated species VI of 1-4 and the anion
species (IP — H)™ of 1 and 2 in the ‘solvatochromic group’ had
calculated HOMO levels higher than —8.5 eV, and their net
atomic charges on O10 were smaller than —0.5 (Table 14
and 16), while the protonated species V of 1-4 and the protonat-
ed species Wl of 5" and 6’ in the ‘non-solvatochromic group’ had
HOMO levels lower than —9.0 eV and had a large net atomic
charges on O10 (—0.22 to —0.27) (Table 14 and 15). The lo-
calized negative charges on O10 of the ‘solvatochromic group’
molecules would work for a hydrogen-bonding interaction with
solvent molecules possessing a hydrogen-bond donor property.
These evaluations indicate that for a classification of the 7-
electronic characters of the neutral molecules, the protonated
species, and the anion species of imidazopyrazine derivatives
it is useful to use the solvatochromic property as a criterion.
(f) Chemiluminescence Process: A chemiluminescence
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reaction of an imidazopyrazinone derivative proceeds via an
anion species, as shown in Scheme 7578 After deprotonation
of an imidazopyrazinone derivative (IP), an anion species
(IP — H)™ reacts with molecular oxygen, since (IP — H)™ is
more reactive with O, than the neutral molecule.”>*" The re-
action of (IP — H)™ and O, gives a peroxide intermediate P1,*
followed by the generation of a dioxetanone intermediate P2.
Dioxetanone P2 decomposes to give a singlet excited state of
amidopyrazine anion (E — H)™*, which emits light. In the re-
action sequence, the formation of P1 is supported by the results
of a structure elucidation of aequorin43 and a low-temperature
oxygenation of imidazopyrazinone derivatives.***  Thus, it
is important to understand the reactivity of (IP — H)™ with
O, to give peroxide P1 for clarifying the mechanism of bio-
and chemiluminescence reactions. In the reaction of (IP —
H)~ with O,, the HOMO of (IP — H)™ interacts with the
LUMO of molecular oxygen. In the case of the anion species
(IP — H)™ of 1, the C2 position has the largest coefficient of
HOMO to support the regioselective generation of XV (P1
from 1). As another oxygenated intermediates, a peroxide iso-
mer XVI was postulated, which was a product oxygenated at
C5.,% while the coefficient of HOMO at C5 for (IP — H)~ of
1 is not so significant. Furthermore, the optimized heat of for-
mation of XV (—293.4 kImol™!) with the AM1-COSMO
(€ = 46.5) is smaller than that of XVI (—276.5 kImol~"). This
result supports that the regioselective generation of P1 is
preferable in the bio- and chemiluminescence reactions and
oxygenation of (IP — H)™ at C5 would be improbable.

(g) Chemiluminescence Experimental Condition: To in-
vestigate a chemiluminescence reactivity of an imidazopyrazi-
none derivative experimentally, a general procedure has been
employed without any explanation. In this general procedure,
a stock solution of an imidazopyrazinone derivative in an alco-
hol, such as methanol, is prepared, and a small portion of the
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stock solution is mixed with a large volume of an aprotic sol-
vent under Oy, resulting in an initiation of a chemiluminescence
reaction.**® As aprotic solvents, DMSO, DMF, and ethylene-
glycol dimethyl ether, have been used.>®* Our results of this
report can explain a reason to use this general procedure. In a
stock solution in alcohol, an imidazopyrazinone derivative and
its anion species (IP — H)™ are stabilized by solvent molecules
with hydrogen-bonding interactions. Then, an imidazopyrazi-
none derivative becomes inert in alcohol, and it is easy to
handle the stock solution. When the stock solution is mixed
with an aprotic solvent, the stabilization effect by hydrogen-
bonding interactions in alcohol is diluted, resulting in the gen-
eration of a reactive naked imidazopyrazinone molecule and its
anion species (IP — H)™. Then, the naked anion species (IP —
H)™ efficiently reacts with a molecular oxygen to undergo a
chemiluminescence reaction.

(h) Molecular Recognition in Bioluminescence Reactions:
As bioluminescent imidazopyrazinone derivatives, coelentera-
zine 12'? and Cypridina luciferin 13’7 have been well
studied. Coelenterazine 12 works as a luminescent substrate
in aequorin bioluminescence, and 13 works as a luciferin in
Cypridina bioluminescence. From the viewpoint of molecular
recognition, the structures of the appendages to the imidazopyr-
azinone rings of 127°%°! and 13*° are important for regulating
the bioluminescent activity. This means that the apoaequorin
(apoprotein) and Cypridina luciferase precisely recognize the
appendage structures of 12 and 13, respectively, and promote
their luminescent reaction with O, as the enzymatic
processes. In addition to the molecular recognitions of the ap-
pendage structures of 12 and 13, we would like to propose that
the imidazopyrazinone rings, themselves, in 12 and 13 work as
one of the important factors for molecular recognitions in bio-
luminescence reactions. To predict the properties of 12 and 13,
AMI1-COSMO calculations (€ = 46.5) of simple model com-
pounds 12’ and 13’ were carried out (Table 17). The optimized
HOMO levels of 12" and 13" were higher than —8.0 eV, and the
net atomic charges on O10 of 12" and 13’ were optimized as
—0.55 and —0.56, respectively. These calculated properties
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Table 17. Properties of Model Compounds 12" and 13’ Calculated with the AM1-

COSMO Method (& = 46.5)

0, CHs 0, CHs

~ LK jS ¢

N™ “CHs A N™ “CH,

HO H N H

H

12 13

AH ¥ /kImol ™! 15.1 326.3

HOMO (eV) —7.98 —7.90

LUMO (eV) —1.08 —1.08

AE(HOMO-LUMO)® /eV 6.89 6.83

Charge on O(10)® —0.55 —0.56

a) Heat of formation. b) HOMO-LUMO energy gap. c) Net atomic charge on

0O(10).

are similar to those of simple imidazopyrazinone derivatives 1—
4, indicating that 12 and 13 keep the typical characteristics of
the imidazopyrazinone 77-system. Thus, 12 and 13 have a char-
acter of the zwitter-ionic resonance structures, like II, and an
ability to make hydrogen-bonding interactions with a hydro-
gen-bond donor molecule at O10. For the molecular recogni-
tions of 12 and 13 by apoaequorin and Cypridina luciferase, re-
spectively, dipole—dipole interactions and hydrogen-bonding
interactions may work as important bonding interactions.

Conclusions

The fundamental physical properties of 1-6 have been sys-
tematically investigated by X-ray crystallography, UV /vis ab-
sorption spectroscopy, NMR, and AM1-COSMO calculations,
and have been evaluated by comparing to the reported data of
Goto and others. As a structural characteristic observed by
X-ray crystal structures 3 and 4, their core imidazopyrazinone
rings were virtually planar. These planar ring structures were
reproduced by structure optimizations with AM1-COSMO
calculations. The observed C3-O10 bond lengths and the
13C chemical shifts of C3 for imidazopyrazinone derivatives in-
dicate that the imidazopyrazinone structure has a weakened
carbonyl character of the C3—-O10 bonds. The reason for this
structural characteristic is that the imidazopyrazinone 77-system
has a contribution of the zwitter-ionic resonance structure II
possessing an aromatic 10 7r-electron ring (Scheme 1). The
"HNMR data of 1-4 support that the imidazopyrazinone rings
have small portions of aromatic (diatropic) character. On the
other hand, the NMR data of 5§ and 6 indicate that their 77-elec-
tron ring systems have a moderate aromatic (diatropic)
character. UV /vis absorption measurements of 1-6 also indi-
cated different 7r-electronic characters between 1-4 and 5-6.
Imidazopyrazinone derivatives 1-4 had the lowest energy
bands in the visible wavelength region and solvatochromic
character originated by a hydrogen-bonding interaction, while
5 and 6 had the lowest energy bands in the UV region and no
solvatochromic character. The different ;r-electronic charac-
ters between 1-4 and 5-6 clarify that an N-H derivative, such
as 1 and 2, is preferable to be the NH form () over the OH
form (IV) in the tautomeric equilibrium (Scheme 2). This con-
clusion is also supported by a quantitative evaluation of the pro-
tonation of 3—-6 experimentally (Fig. 15 and 16). The observed

different spectroscopic characters between 1-4 and 5-6 were
supported by AM1-COSMO calculations. For explaining the
solvatochromism of 1-4, we have described a hydrogen-bond-
ed structure Xl of an imidazopyrazinone derivative with a hy-
drogen-bond donor molecule (D-H) by using resonance struc-
tures XII and XIV (Scheme 6). In structure XI, the oxygen atom
010 acts as a hydrogen-bond acceptor part, and interacts with
solvent molecules with a hydrogen-bond donor property. The
spectral shift dependent upon the Kamlet-Taft’s o value of a
solvent would be caused by a change in the contributions of
Xl and XIV (Eq. 5).

Protonated species of 1-6 generated in the presence of meth-
anesulfonic acid (MSA) were studied by UV /vis absorption
and NMR measurements. The UV/vis absorption spectral
changes gave the formation constants K for these protonations.
Based on the assignment by the Goto group,l3d the protonated
species of 1-4 were assigned to structures V and VI, and the pro-
tonated species of 5 and 6 were assigned to structure VI
(Scheme 3). As spectroscopic characteristics of the protonated
species, V had the blue-shifted lowest energy bands compared
with the corresponding neutral molecules, and VI had the red-
shifted lowest energy bands. The protonated species VI of 5§
and 6 showed the red-shifted lowest energy bands compared
with the neutral molecules. These spectral changes are consis-
tent with the calculated HOMO-LUMO energy gaps. In addi-
tion, protonated species VI showed solvatochromism originated
by hydrogen-bonding interactions, while V and VI showed no
solvatochromism. Anion species (IP — H)™ of 1 and 2 gener-
ated in the presence of 1,1,3,3-tetramethylguanidine (TMG)
were characterized by UV /vis absorption and NMR mea-
surements. As a spectroscopic characteristic, (IP — H)™ had
the solvatochromic character originated by hydrogen-bonding
interactions. The solvatochromic property originated by hydro-
gen-bonding interactions is useful as a criterion for categoriz-
ing the imidazopyrazine 7r-electron systems into two groups,
solvatochromic and non-solvatochromic groups (Scheme 4).
The participation of the p orbital of O10 into the imidazopyra-
zine 7T-system is important to regulate the 77-electronic charac-
ters, inducing the solvatochromic behavior. The different 7z-
electronic characters of these two groups were consistent with
the different calculated MO characters.

The observed fundamental physical properties of imidazo-
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pyrazinone derivatives and the MO calculation results explain
the problems of the chemiluminescence reaction sequence,
the experimental procedure for chemiluminescence reactions,
supramolecule constructions in bioluminescence processes,
and the reactivity of a bioluminescent substrate.

Experimental

General. Melting points were obtained with a Yamato MP-21
apparatus, and were used uncorrected. IR spectra were measured
with a Horiba FT-720 spectrometer. Electron impact (EI) mass
spectra were recorded with a JEOL JMS-600 mass spectrometer.
High-resolution EI mass spectra were recorded with a JEOL HX-
110 mass spectrometer. Elemental analysis was performed by
the Instrumental Analyses Center for Chemistry, Graduate School
of Science, Tohoku University. 'H and '*C NMR spectra were re-
corded on a JEOL GX-270 instrument (270 and 67.8 MHz,
respectively). UV-visible absorption spectra were measured with
a Varian Cary 50 spectrophotometer. Spectroscopic measurements
were made in a quartz cuvette (1 cm path-length) at 25 £ 1 °C.
Spectral-grade solvents were used to measure the UV /vis absorp-
tion spectra. Semi-empirical MO calculations were carried out
with the AMI Hamiltonian® in the MOPAC package
(MOPAC2000 ver. 1.0, Fujitsu Ltd, Tokyo, Japan, 1999). The
geometric structures were fully optimized by AMI calculations.

2-Methylimidazo[1,2-a]pyrazin-3(7H)-one (1). An HCI salt
of 1 was prepared according to the reported procedure.lza‘”’ An
HCl salt of 1 (200 mg, 1.08 mmol) in water (2 mL) was treated with
K,CO; (76 mg, 0.6 mmol) under Ar, and the product was purified
by silica-gel column chromatography (chloroform/methanol =
5:1), yielding 1 (131 mg, 81%) as an orange powder; mp > 250
°C (dec.); IR (KBr) 3340, 3102, 3051, 2929, 1674, 1610, 1570,
1506, 1294, 1130 cm™!; MS (EI, 70 eV) m/z (%) 149 (M™,
100), 120 (25), 80 (58); Anal. Found: C, 55.36; H, 4.85; N,
27.60%. Caled for C;H7N30-1/6H,0: C, 55.26; H, 4.86; N,
27.62%. The NMR data are shown in the text.

2-Phenylimidazo[1,2-a]pyrazin-3(7H)-one (2). This com-
pound was prepared according to the reported procedure.]7 The
product was purified by silica-gel column chromatography (chloro-
form/methanol = 10:1), to give 2 as red powder; mp > 250 °C
(dec.); IR (KBr) 3342, 3226, 3143, 3103, 3018, 1664, 1612,
1564, 1236, 1128 cm™!; MS (EL 70 eV) m/z (%) 211 (M*, 99),
182 (100), 103 (48), 80 (78); Anal. Found: C, 65.49; H, 4.52; N,
18.91%. Calcd for C;2H9N30-1/2H,0: C, 65.45; H, 4.58; N,
19.08%. The NMR data are shown in the text.

2,7-Dimethylimidazo[1,2-a]pyrazin-3(7H)-one (3). This
compound was prepared according to the modified procedure
reported in Ref. 13c. To a solution of 1-HCI salt (251 mg, 1.35
mmol) and potassium carbonate (565 mg, 4.1 mmol) in water (2
mL), dimethyl sulfate (0.18 mL, 1.9 mmol) was added under Ar;
the reaction mixture was stirred for 2 h at room temperature.
The reaction was quenched by adding methanol (2 mL), and the
solvent was removed in vacuo. The obtained yellow combined or-
ganic layers were dried over anhydrous Na, SO, and concentrated
in vacuo. The yellow residue was purified by silica-gel column
chromatography (chloroform/methanol = 8:1), yielding 3 (149
mg, 68%) as yellow powder; mp 169.5-170.5 °C (lit.130 182 °C
(dec.)); IR (KBr) 3448, 3257, 3062, 2947, 2920, 1684, 1591,
1576, 1130 cm™!; MS (EI, 70 eV) m/z (%) 163 (M*, 97), 94
(100); Anal. found: C, 52.72; H, 6.08; N, 22.94%. Calcd for
CsHoN30-H,0: C, 53.03; H, 6.12; N, 23.19%. The NMR data
are shown in the text.
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7-Methyl-2-phenylimidazo[1,2-a]pyrazin-3(7H)-one (4). To
a solution of 2 (502 mg, 2.38 mmol) and methyl iodide (0.44 mL,
7.1 mmol) in DMF (3 mL), potassium carbonate (0.98 g, 7.1 mmol)
was added under Ar. The reaction mixture was stirred for 20 min at
room temperature, and the reaction mixture was diluted with
AcOEt. The organic layer was washed with water and brine,
and was dried over anhydrous Na,SO4. After removing the solvent
in vacuo, the dark-red residue was purified by silica-gel column
chromatography (chloroform/methanol = 10:1), yielding 4 (371
mg, 69%) as red needles; mp > 250 °C (dec.); IR (KBr) 3087,
3053, 3028, 3005, 2933, 1670, 1599, 1240, 1124 cm~'; MS (EI,
70 eV) m/z (%) 225 (M*, 81), 94 (100); Anal. Found: C, 69.55;
H, 5.00; N, 18.72%. Calcd for Ci3H;1N;0: C, 69.32; H, 4.92;
N, 18.66%. The NMR data are shown in the text.

3-Ethoxy-2-methylimidazo[1,2-a]pyrazine (5). To a solution
of 1.HCI salt (501 mg, 2.70 mmol) and ethyl iodide (1.0 mL, 1.9
mmol) in a mixture of DMF (3 mL) and water (0.5 mL), potassium
carbonate (1.34 g, 9.7 mmol) was added under Ar, and the reaction
mixture was stirred for 1 h at room temperature. The solvent was
removed in vacuo, and the residue suspended in a mixture of
EtOH-ACcOEt was filtered through filter paper. The filtrate was
concentrated in vacuo and purified by silica-gel column chroma-
tography (chloroform/methanol = 30:1 to 10:1), yielding 5 (250
mg, 52%) as pale-yellow needles accompanied by 7-ethyl-2-meth-
ylimidazo[1,2-a]pyrazin-3(7H)-one (135 mg, 28%) as an orange
powder. Compound 5; mp 70.0-71.0 °C; IR (KBr) 3016, 2981,
2911, 1618, 1558, 1354, 1230 cm™'; MS (EI, 70 eV) m/z (%)
177 (M™*, 85), 148 (48), 120 (100), 79 (60); Anal. Found: C,
60.90; H, 6.23; N, 23.59%. Calcd for CoH;N3O: C, 61.00; H,
6.26; N, 23.71%. The NMR data are shown in the text.

7-Ethyl-2-methylimidazo[ 1,2-a]pyrazin-3(7H)-one: mp 92.0-
94.0°C; IR (KBr) 3437, 3242, 3062, 2993, 2943, 2920, 1684,
1593, and 1126 cm~'; 'THNMR (DMSO-dg) § 1.29 (3H, t, J =
7.3 Hz), 2.27 (3H, s), 3.79 (2H, q, J/ = 7.3 Hz), 6.79 (1H, dd,
J=13,59 Hz), 721 (1H, d, J = 5.9 Hz), and 7.79 (1H, brs);
MS (EL 70 eV) m/z (%) 177 (M*, 81), 108 (100).

3-Ethoxy-2-phenylimidazo[1,2-a]pyrazine (6). This com-
pound was prepared according to a procedure analogous to that
of 5 in 46% yield, accompanied by 7-ethyl-2-phenylimidazo|1,2-
alpyrazin-3(7H)-one (29%). Compound 6; pale-brown needles;
mp 94.0-95.0 °C; IR (KBr) 3051, 3024, 2983, 2939, 2897, 1604,
1576, 1549, 1489, 1360, 1200, 1020 cm™'; MS (EI, 70 eV) m/z
(%) 239 (M™, 52), 210 (28), 182 (100), 79 (33); Anal. Found: C,
70.57; H, 5.56; N, 17.64%. Calcd for C;4H;3N3;0: C, 70.28; H,
5.48; N, 17.56%. The NMR data are shown in the text.

7-Ethyl-2-phenylimidazo[1,2-a]pyrazin-3(7H)-one: red pow-
der; mp 199.0-202.0 °C; IR (KBr) 3055, 3026, 2983, 2933,
1670, 1620, 1589, 1242, and 1124 cm™'; "THNMR (DMSO-d) 8
1.36 3H, t, J = 7.3 Hz), 3.92 (2H, q, / = 7.3 Hz), 6.95 (1H, dd,
J=13,59 Hz), 7.34 (1H, m), 7.45 (2H, m), 7.51 (1H, d, J =
5.9 Hz), 8.16 (1H, d, J/ = 1.0 Hz), and 8.47 (2H, m); MS (EI, 70
eV) m/z (%) 239 (M*, 70), 108 (100).

X-ray Crystallography. Crystals of 3 were obtained by slow
evaporation from a solution in a mixture of acetone, water, and di-
ethyleneglycol dimethyl ether as yellow prisms; Anal. Found: C,
42.75; H, 7.02; N, 18.69%. Calcd for CsHoN3O-7/2H,0: C,
42.47; H, 7.13; N, 18.57%. Crystals of 4 were grown from the so-
lution in a mixture of 1-propanol, water, and hexane as red prisms.
Crystal data and details of the refinements are summarized in
Table 1. The intensity data were measured using a Rigaku diffrac-
tometer (AFC-7R) with a graphite monochromator. Because crys-
tals of 3 were fairly unstable in the air at room temperature, they
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were sealed in an epoxy resin and an intensity measurement was
carried out at 110 K with an Nj-extraction gas-flow device. Ab-
sorption corrections were applied by the W-scan method®® for 3.
The structures were solved by a direct method using the program
MITHRIL90.>® In crystal 3, four water molecules were found in
the successive Fourier map. One water molecule lies on the crys-
tallographic 2-fold axis, so that the hydrogen atoms of this water
molecule are statically disordered. Other water molecules also
show a static disorder as one hydrogen atom of each water mole-
cule distributes on two positions. The positions of all the H atoms
were obtained from D-maps. The structures were refined by full-
matrix least-squares with anisotropic temperature factors for non-
H atoms and isotropic ones for H atoms. The final R values are
0.0294 and 0.0405 for 2369 and 4019 observed reflections with / >
20(1) for 3 and 4, respectively.5 4 Atomic-scattering factors were
taken from International Tables for X-Ray Crystallography‘5 3
Computations were performed using the programs teXsan, 6
SHELXL-97,”” WINGX,”® and ORTEP3 for Windows.*’
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