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Metal-ion complexation of 7-benzylimidazo[1,2-a]pyrazin-3(7H)-one derivative (2) with Liþ, Mg2þ, Ca2þ,
Ba2þ, Sc3þ, and La3þ in acetonitrile resulted in successive modulations of its UV/vis absorption and
fluorescence spectroscopic properties. This result indicates that 2 can be used as a colorimetric and
fluorometric sensor of the Lewis acidity of a metal ion in aprotic solutions. The hypothesis that the metal-
ion complex has a O10(imidazopyrazinone)–metal ion bond was supported by X-ray crystallographic
analysis and quantum chemical calculations for a Liþ complex of 7-methylimidazo[1,2-a]pyrazin-3(7H)-
one derivative (1).

� 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

In recent decades, colorimetric and fluorometric sensors have
been used in various scientific fields.1 In biology, for instance, such
sensors are useful reagents for living cell imaging. It is important to
design novel sensors because they have the potential to overcome
many technical limitations in experiments. Imidazo[1,2-a]pyrazin-
3(7H)-one (imidazopyrazinone, Chart 1) often is used as a bio-
luminescent substrate,2 and it is an attractive core structure for
useful sensors. We previously developed a series of imidazopyra-
zinone derivatives, including 7-methyl-2-phenylimidazo[1,2-
a]pyrazin-3(7H)-one (1b) and structurally related compounds. We
demonstrated that the solvent effect on absorption and fluorescent
properties of 1b is induced by a hydrogen-bonding interaction in
which a protic solvent molecule and 1b act like a Brönsted acid and
base, respectively.3 These findings lead us to further study of
complexation of imidazopyrazinone with a metal ion (Mnþ) re-
vealing that Mnþ and imidazopyrazinone act as a Lewis acid and
base, respectively.
x: þ81 42 486 1966; e-mail

All rights reserved.
In this study, we prepared a new series of imidazopyrazinones [7-
benzylimidazo[1,2-a]pyrazin-3(7H)-one derivatives (2, Chart 1)] and
studied their absorption and fluorescent properties in the presence
of various metal ions (Mnþ).4,5 We found that 2 and Mnþ form
a metal-ion complex, and the UV/vis absorption and fluorescence



Table 1
Absorption maxima (lab), fluorescence emission maxima (lfl), fluorescence quantum
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spectra of this complex vary depending on the Lewis acidity of Mnþ.
The structure of the metal-ion complex was analyzed using X-ray
crystallography and quantum chemical calculations for a Liþ com-
plex of 1. As a result, we were able to clarify the relationship between
the spectroscopic property and the structural characteristics of the
metal–ion complex of an imidazopyrazinone, and provide the basis
of the application of imidazopyrazinones as colorimetric and fluo-
rometric sensors of the Lewis acidity of a metal ion.

2. Results and discussion

2.1. Spectroscopic properties of the metal-ion complexes
of imidazopyrazinones 2

Benzylimidazopyrazinones 2 were prepared by benzylation of the
corresponding NH derivatives (4) together with benzyloxy-
imidazopyrazines 3, which are structurally related reference com-
pounds that have a different p electronic character.4 UV/vis
absorption and fluorescence spectra of complexes of 2 with a series of
metal ions (Liþ, Mg2þ, Ca2þ, Ba2þ, Sc3þ, and La3þ) were measured in
acetonitrile at 25 �C (Figs. 1 and 2). Perchlorate salts of Liþ, Mg2þ,
Ca2þ, and Ba2þ and trifluoromethanesulfonate salts of Sc3þ and La3þ

were used in this experiment. We have also investigated the spec-
troscopic property of 2 in aqueous solutions containing the metal
ions. Unfortunately, however, we were unable to observe a spectral
change of 2 caused by metal-ion complex formation, indicating that
hydrogen bond formation of 2 with water molecules occurs in pref-
erence to metal-ion complex formation.3
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Figure 1. UV/vis absorption spectra of 2a (2.4�10�5 mol L�1) (A) and 2b
(1.4�10�5 mol L�1) (B) in CH3CN containing various metal ions at 25 �C: (a) free, (b) Liþ,
(c) Ba2þ, (d) Ca2þ, (e) Mg2þ, (f) La3þ, and (g) Sc3þ (A: [Liþ]¼[Ba2þ]¼[Ca2þ]¼
[Mg2þ]¼0.025 mol L�1 and [La3þ]¼[Sc3þ]¼2.5�10�4 mol L�1; B: [Liþ]¼[Ba2þ]¼[Ca2þ]¼
[Mg2þ]¼0.010 mol L�1 and [La3þ]¼[Sc3þ]¼1.0�10�4 mol L�1).4
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Figure 2. Fluorescence spectra of 2a (2.5�10�6 mol L�1) (A) and 2b (1.0�10�6 mol L�1)
(B) in CH3CN containing various metal ions at 25 �C: (a) free, (b) Liþ, (c) Ba2þ, (d) Ca2þ,
(e) Mg2þ, (f) La3þ, and (g) Sc3þ (A: [Liþ]¼[Ba2þ]¼[Ca2þ]¼[Mg2þ]¼0.025 mol L�1 and
[La3þ]¼[Sc3þ]¼2.5�10�4 mol L�1; B: [Liþ]¼[Ba2þ]¼[Ca2þ]¼[Mg2þ]¼0.010 mol L�1 and
[La3þ]¼[Sc3þ]¼2.0�10�4 mol L�1).

yields (Ffl), and formation constants (K)a for 2 and their metal-ion complexes in
CH3CN at 25 �Cb

Metal ion
(DE/eV)c

2a 2b

lab/nm lfl/nm Ffl K/mol�1 L lab/nm lfl/nm Ffl K/mol�1 L

Free 447 559 0.01 d 500 571 0.03 d

Ba2þ (0.49) 431 540 0.02 1.1�103 476 557 0.09 5.6�102

Liþ (0.53) 430 538 0.03 2.5�102 475 569 0.05 1.2�102

Ca2þ (0.58) 424 528 0.03 1.5�104 464 538 0.13 6.2�103

Mg2þ (0.65) 422 524 0.05 2.8�104 457 523 0.19 8.0�103

La3þ (0.82) 418 519 0.06 d 452 522 0.22 d

Sc3þ (1.00) 403 489 0.20 d 428 491 0.51 d

a The errors are within 8%.
b Ref. 4.
c The Fukuzumi parameter for the Lewis acidity from Ref. 6.
d Efficient complexation occurred in a stepwise manner.
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Figure 3. Eab (A) and Efl (B) values for the metal-ion complexes of 2 plotted as func-
tions of the Lewis acidity DE.
Table 1 summarizes absorption maxima (lab) of the lowest en-
ergy bands, the fluorescence emission maxima (lfl), and the fluo-
rescence quantum yields (Ffl) of 2 and their metal-ion complexes.
To evaluate the blue-shifted lab and lfl values of the metal-ion
complexes of 2, we attempted to correlate the energy values
(Eab and Efl) estimated from lab and lfl with the Fukuzumi param-
eters for the Lewis acidity (DE) of the metal ions (Fig. 3).6 The Eab-
versus-DE and Efl-versus-DE plots for 2 show linear correlations
[Eab¼0.37DEþ2.69 (r¼0.98) and Efl¼0.43DEþ2.08 (r¼0.96) for the
metal-ion complexes of 2a; Eab¼0.55DEþ2.33 (r¼0.97) and
Efl¼0.60DEþ1.93 (r¼0.94) for the metal-ion complexes of 2b]. This
result indicates that the strength of the Lewis acid–base bond be-
tween 2 and a metal ion with the DE value determines the degree of
the blue shifts of lab and lfl. The slope of the Eab�DE correlation for
the 2b complexes is larger than that for the 2a complexes, and the
intercept for the 2b complexes is smaller than that for the 2a
complexes. Thus, the metal-ion complexes of the 2-phenyl de-
rivative 2b have a wider color variation range and a higher sensi-
tivity to the Lewis acidity of the metal ions compared to those of the
2-methyl derivative 2a. The slope of the Efl�DE correlation for the
2b complexes also is larger than that for the complexes of 2a,
whereas the difference in the intercepts between the complexes of
2a and 2b are small. In particular, the lfl values for the Sc3þ com-
plexes of 2a and 2b are almost the same, whereas the lab values for
their Sc3þ complexes are different from each other. This result in-
dicates that the imidazopyrazinone moiety in the Sc3þ complex of
2b has no conjugation with the phenyl group at C2 in the excited
singlet (S1) state, but it has conjugation in the ground state. The Ffl

values of the metal-ion complexes of 2 increase with an increase in
the DE value of a metal ion. The Sc3þ complexes of 2 exhibited the
largest Ffl values among the metal-ion complexes of 2.
Formation constants (K) of the metal-ion complexes were de-
termined by analyzing the absorption spectral changes of 2 in the
presence of Liþ, Mg2þ, Ca2þ, and Ba2þ on the assumption that 2
forms a 1:1 complex (Mnþ$2) with Mnþ [Eq. 1].

Mnþ þ 2 %
K

Mnþ$2 (1)
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Figure 4 shows a typical example for complex formation of 2 in the
presence of Mg2þ at various concentrations. The spectra showed
isosbestic points and were nicely analyzed by nonlinear least
squares curve fitting for the 1:1 equilibrium.7 Estimated K values
are summarized in Table 1. The order of the K values for the com-
plexes of 2 (Mg2þ>Ca2þ>Ba2þ>Liþ) was determined mainly by the
strength of the Lewis acidity of the metal ions, although the order of
the K values of Liþ and Ba2þ was inverted.
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Figure 4. UV/vis absorption spectra of 2a (9.7�10�6 mol L�1) (A) and 2b
(1.1�10�5 mol L�1) (B) in CH3CN containing Mg2þ at various concentrations at 25 �C.
The plot of (Aobs�A0) at 481 nm versus log [Mg2þ] for complexation of 2a (C) and the
plot of (Aobs�A0) at 528 nm versus log [Mg2þ] for complexation of 2b (D)
([Mg2þ]¼1.0�10�5–0.025 mol L�1 for 2a and [Mg2þ]¼2.0�10�5–0.010 mol L�1 for 2b).
The dotted lines in C and D are the fitted curves corresponding to 1:1 complexation.
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Formation of the Sc3þ and La3þ complexes of 2 was more efficient

than that of their Liþ, Mg2þ, Ca2þ, and Ba2þcomplexes. The spectral
changes for the complex formation of 2 in the presence of Sc3þ and
La3þ at various concentrations indicate that several kinds of com-
plexes are formed in a stepwise manner. Figure 5 shows typical
spectra for Sc3þ complexation of 2. In Sc3þ complexation with 2a
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Figure 5. UV/vis absorption spectra of 2a (2.6�10�5 mol L�1) (A and B) and 2b
(1.1�10�5 mol L�1) (C and D) in CH3CN containing Sc3þ at various concentrations
at 25 �C (A: [Sc3þ]¼0–1.0�10�5 mol L�1; B: [Sc3þ]¼1.0–20�10�5 mol L�1; C:
[Sc3þ]¼0–5.0�10�6 mol L�1; D: [Sc3þ]¼5.0–100�10�6 mol L�1).
(2.4�10�5 mol L�1), the 2:1 complex of 2a and Sc3þ effectively
formed at [Sc3þ]¼0–1.0�10�5 mol L�1 with clear isosbestic points. A
further increase of [Sc3þ] (>1.0�10�5 mol L�1) resulted in a small
blue shift of the lowest energy band, indicating that the 2:1 com-
plexes of 2a and Sc3þ transformed to another such as a 1:1 complex.
A two-step spectral change of 2b (2.4�10�5 mol L�1) via Sc3þ com-
plexation also was observed (Fig. 5C and D). Similarly, effective for-
mation of the 2:1 complexes of 2 and La3þwas observed.

The spectroscopic properties of imidazopyrazines 3 and pro-
tonated species 2Hþ also were investigated in terms of their p
electronic character. The lowest energy bands of 3a and 3b were
observed at 324 (3 4500 cm�1 mol�1 L) and 342 nm (3 7500 cm�1

mol�1 L) in acetonitrile, respectively. Absorption spectra of 2aHþ

and 2bHþ generated in acetonitrile containing methanesulfonic acid
(2.5�10�3 mol L�1) showed the lowest energy bands at 381 and
403 nm, respectively. The different p electronic character of the ring
systems of 2, 2Hþ, and 3 explains these observations.3 The aromatic
character of the 10p-electron system of the imidazopyrazine rings of
3 is stronger than that of the imidazopyrazinone rings of 2, resulting
in a blue shift of the lab values of 3 compared to those of 2. The
aromatic character of the imidazopyrazium rings of 2Hþ is in-
termediate between those of the imidazopyrazinone rings of 2 and
the imidazopyrazine rings of 3, yielding lab values of 2Hþ that are
intermediate between those of 2 and 3.
We evaluated the p electronic character of the imidazopyr-
azinone moiety in the metal-ion complexes of 2 bycomparing to that
of the imidazopyrazinone ring of 2 and the imidazopyrazinium ring
of 2Hþ. Because an imidazopyrazinone ring has a zwitterionic
structure with localized negative charge at the O10 atom,3 a metal–
ion complex (Mnþ$2) will be formed by the coordination of the O10
atom of 2 to a metal ion (Mnþ) (Scheme 1). Thus, it seems reasonable
to describe the imidazopyrazinone moiety in Mnþ$2 with resonance
structures I and II (Scheme 1): I contains the parent imidazopyra-
zinone ring in the vicinity of Mnþ, and II contains the imidazopyra-
zinium moiety. Because II has a structure similar to that of 2Hþ, an
increase in the II character in Mnþ$2 leads to a blue shift of the
electronic absorption band of Mnþ$2 compared to that of 2. In fact,
the lab values of Mnþ$2 are intermediate between those of 2 and 2Hþ.
Therefore, the degree of the II character in Mnþ$2 will determine the
magnitude of the blue shift of the lowest energy absorption band.
Scheme 1.
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Imidazopyrazines 3a and 3b had the same lfl value at 420 nm in
acetonitrile, which indicates that the phenyl group of 3b does not
participate in the p-electronic conjugation with the imidazopyrazine
ring in the S1 state. A similar non-conjugation of the phenyl group
was observed in the Sc3þ complex of 2b in the S1 state. The Ffl values
of 3a and 3b were 0.28 and 0.13, respectively, which are larger than
those of the corresponding 2a and 2b, respectively. The difference in
the Ffl values between 2 and 3 originates from the difference in their
ring systems. The imidazopyrazine rings of 3 have the aromatic
character stronger than that of the imidazopyrazinone rings of 2.
Because the imidazopyrazinone ring of Mnþ$2 partially has the
aromatic character of the resonance structure II, an increase in the II
character in Mnþ$2 leads to an increased Ffl value.
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Figure 7. Selected bond distances (Å) of the imidazopyrazinone moieties in the crys-
tals of [Li(1b)2(H2O)(ROH)](ClO4)$H2O, free 1b, and 4b$2H2O.
2.2. X-ray crystallographic analysis of a LiD complex of 1b

To better understand the structural characteristics of a metal-
ion complex, we examined the crystal structure of a complex of
1b with LiClO4. The crystals, [Li(1b)2(H2O)(ROH)](ClO4)$H2O,
obtained by recrystallization from a solution of 1b and LiClO4

containing aqueous methanol, have a tetra-coordinated tetrahedral
Liþ complex structure (Fig. 6). ROH is either methanol or H2O with
an occupancy ratio of 0.60:0.40, respectively. In the Liþ complex,
two molecules of 1b [1b(A) and 1b(B)] coordinate to Liþ with their
O10 atoms, and the remaining two sites are occupied by H2O and
ROH. Molecules 1b(A) and 1b(B) differ slightly in their structural
character, although their bond distances and bond angles agree
with each other within the 3s level. Although the molar ratio of Liþ/
1b (1:2) in the crystals of the [Li(1b)2(H2O)(ROH)] complex differs
from the 1:1 ratio for the Liþ complexes of 2 observed in acetoni-
trile, formation of the O10(imidazopyrazinone)–Liþ bond is com-
mon to the Liþ complexes in the crystals and the solutions. The
crystals also contain one molecule of water per Liþ complex as
a crystal solvent, which forms a hydrogen bond with the O10 atom
of 1b(A). The bond distances are 2.762(6) and 1.81(7) Å for O10/
O(H2O) and O10/H(H2O), respectively, and the angle of O10/H–
O(H2O) is 155(5)�.
Figure 6. ORTEP drawing of [Li(1b)2(H2O)(ROH)](ClO4)$H2O. Ellipsoids are drawn at the 50% probability level.
Figure 7 shows selected bond lengths of the Liþ$1b(A)$H2O and
Liþ$1b(B) parts of the Liþ complex of 1b and those of the imida-
zopyrazinone moieties in the crystals of free 1b and 4b$2H2O as
reference structures.3a,8,9 The imidazopyrazinone moiety 1b(A)
contains both the O10–Li and O10/H(H2O) bonds, whereas 1b(B)
has only the O10–Li bond. The imidazopyrazinone moiety in the
crystals of 4b$2H2O contains the O10/H(H2O) hydrogen bond,
whereas that in the crystals of free 1b has no bonding interaction at
the O10 atom. A bonding interaction at the O10 atom of the imi-
dazopyrazinone moiety affects the structural character of the ring
system, especially the C]O bond distance. The C]O bond of 1b(A)
[1.260(6) Å] is longer than that of 1b(B) [1.249(6) Å] and is slightly
longer than that of 4b$2H2O (1.259 Å). The C]O bond of 1b(B) is
slightly longer than that of free 1b (1.246 Å). These results indicate
that hydrogen bond formation at the O10 atom induces an elon-
gation of the C]O bond in the imidazopyrazinone moiety that is
greater than the elongation induced by coordinate bond formation
with Liþ. The finding that the O10–Li bond of Liþ$1b(A)$H2O
[1.927(10) Å] is longer than that of Liþ$1b(B) [1.851(9) Å] indicates
that an additional hydrogen bond with H2O at the common O10
atom induces an elongation of the O10–Li bond. These O10–Li
distances are within the range of the O–Li bond distances (1.8–
2.1 Å) reported for some Liþ complexes.10
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2.3. Quantum chemical evaluation of the p electronic
character of the metal-ion complexes of 1

To examine the structural and p electronic character of the
metal-ion complexes of 2, we performed density functional theory
(DFT) calculations11,12 on Liþ complexes of imidazopyrazinones at
the B3LYP/6-31G(d) level. We used N-methyl derivatives 1 for
calculations instead of N-benzyl derivatives 2 because the former
are structurally simple compounds. We optimized the geometries
of free molecules of 1, the tetra-coordinated tetrahedral Liþ

complexes {[Li$1(CH3CN)3]þ}, protonated species 1Hþ, and 3-
methoxyimidazopyrazines 30 (Chart 2). Table 2 summarizes the
calculation data: heats of formation (DHf), HOMO–LUMO energy
gaps (DEH–L), summations of the Mulliken charge densities (SqA)
of the imidazopyrazine part A, and C3–O10 and O10–Li bond
distances.
N

N N

O R

CH3
N

N N

CH3O R

N

N N

O R

CH3

Li+

NN

N

C
CH3C

CH3

CH3C

N

N N

O R

CH3

H

1H+

A A A A

[Li·1(CH3CN)3]+

10 10
10 10

1 3'

a: R = CH3
b: R = Ph

rCO rCO rCO
rCO

3 3 3
3

Chart 2.

Table 2
Heats of formation (DHf), HOMO–LUMO energy gaps (DEH–L), summations of the
Mulliken charge densities of the imidazopyrazine part A (SqA), and C3–O10 and O–Li
bond distances for 1, [Li$1(CH3CN)3]þ, 1Hþ, and 30 in the gas phase, obtained using
DFT at the B3LYP/6-31G(d) level

Compounds DHf/hartree DEH–L/eV SqA
a C3–O10b/Å O10–Lic/Å

1a �549.7 3.20 þ0.489 1.230 d

[Li$1a(CH3CN)3]þ �955.5 3.41 þ0.781 1.256 1.845
1aHþ �550.1 3.90 þ1.123 1.333 d

3a0 �549.7 4.68 þ0.227 1.355 d

1b �741.5 2.85 þ0.498 1.232 d

[Li$1b(CH3CN)3]þ �1147.2 3.10 þ0.781 1.256 1.855
1bHþ �741.8 3.35 þ1.136 1.332 d

3b0 �741.4 4.38 þ0.223 1.355 d

a Mulliken charge densities of the imidazopyrazine part A in Chart 2.
b Bond distances of C3–O10.
c Bond distances of O10–Li.
The O10–Li bond distance (1.855 Å) of [Li$1b(CH3CN)3]þ is
similar to that (1.851 Å) of the Liþ$1b(B) part in the crystal of
[Li(1b)2(H2O)(ROH)](ClO4)$H2O. The order of the DEH–L values is
1<[Li$1(CH3CN)3]þ<1Hþ<30, which reproduces the order of the
energies (Eab) estimated from lab for the lowest energy absorp-
tion bands of 2, Liþ$2, 2Hþ, and 3. The DEH–L values, the SqA

values, and the C3–O10 bond distances also show the order
1<[Li$1(CH3CN)3]þ<1Hþ. An increase in the SqA value and an
elongation of the C3–O10 bond correspond to an increase in the
contribution of the character of the resonance structure II in
Scheme 1 more than that of I, because II contains the positive
imidazopyrazinium moiety with the C3–O10 single bond. There-
fore, these DFT calculations support the p electronic character-
istics of the imidazopyrazinone ring of Mnþ$2 explained using the
resonance structures I and II.
3. Conclusions

In conclusion, formation of complexes of benzylimidazopyr-
azinones 2 with metal ions (Liþ, Mg2þ, Ca2þ, Ba2þ, Sc3þ, and La3þ)
produced successive modulations of the spectroscopic properties in
acetonitrile. The metal-ion complexes of 2 exhibited a blue shift of
the absorption and fluorescence emission maxima and an increase
of the fluorescence intensity compared with free molecules of 2.
Energies of the maxima of the UV/vis absorption and fluorescence
emissions for the metal-ion complexes of 2 varied depending on
the Lewis acidity of the metal ion. This finding indicates that an
imidazopyrazinone can be used as a colorimetric and fluorometric
indicator to sense the Lewis acidity of a metal ion in aprotic solu-
tions. The fluorescence intensity change induced by the metal-ion
complexation of 2 is also useful for fluorometric sensing. A strong
Lewis acid–base bond also causes an increase in the formation
constant (K) of a metal-ion complex. The crystal structure of a Liþ

complex of 1b {[Li(1b)2(H2O)(ROH)](ClO4)$H2O} supports the
premise that the coordinate bond is formed at the O10 atom of an
imidazopyrazinone in the metal-ion complex. The observed elec-
tronic and structural properties of the imidazopyrazinone moieties
in the metal-ion complexes are consistent with the results of DFT
calculations of the metal-ion complexes and their structurally re-
lated compounds. On the other hand, 2 did not show any spectral
change caused by metal-ion complex formation in aqueous solu-
tions, although it is necessary to have sensor characteristics in
water for biological applications. To overcome the problem, we
need to construct a sensor supramolecule having an imidazopyra-
zinone moiety included in an aprotic interior of a host structure
such as a cyclodextrin and a dendrimer. Further study based on this
idea is now in progress.
4. Experimental section

4.1. General

Melting points were measured using a Yamato MP-21 apparatus.
IR spectra were measured with a Horiba FT-720 spectrometer.
Electron impact (EI) and fast atom bombardment (FAB) mass
spectrometry (MS) were performed using JEOL JMS-600 and
Thermo Fisher Scientific TSQ 700 mass spectrometers, respectively.
High-resolution (HR) EIMS data were recorded using a Bruker-
Daltonics APEX III mass spectrometer. Elemental analysis was
performed at the Research Centre for Giant Molecules, Graduate
School of Science, Tohoku University. 1H NMR spectra were recor-
ded on a JEOL GX-270 instrument (270 MHz). UV/vis absorption
spectra were measured with a Varian Cary 50 spectrophotometer.
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Fluorescence spectra were recorded on a JASCO FP-6500 fluores-
cence spectrophotometer (excitation and emission band passes,
3 nm; scan speed, 500 nm/min). Fluorescence quantum yields were
determined by comparing the corrected fluorescence spectra with
that of quinine sulfate in 0.10 M H2SO4 (Ffl¼0.55, lex 355 nm) as the
standard.13 Spectroscopic measurements were made in a quartz
cuvette (1 cm path length) at 25�1 �C. Spectral-grade acetonitrile
was used for measurements of UV/vis absorption and fluorescence.
Quantum chemical calculations were performed using the Gaussian
03 program11 on the computer system of the Information Tech-
nology Center of UEC. We used DFT with Beck’s three-parameter
functional combined with Lee, Yang, and Parr’s correlation func-
tional (B3LYP) along with a 6-31G(d) basis set.12

4.2. Preparation of imidazopyrazinone derivatives

4.2.1. 7-Benzyl-2-methylimidazo[1,2-a]pyrazin-3(7H)-one (2a) and
3-benzyloxy-2-methylimidazo[1,2-a]pyrazine (3a). K2CO3 (822 mg,
6.12 mmol) and benzyl chloride (0.35 mL, 3.1 mmol) were added to
a solution of 2-methylimidazo[1,2-a]pyrazin-3(7H)-one hydro-
chloride (306 mg, 1.65 mmol) in DMF (2 mL) at room temperature
under Ar. After stirring overnight, water was added to the reaction
mixture, and the products were extracted with ethyl acetate. The
organic layer was dried over anhydrous Na2SO4 and concentrated in
vacuo. The yellow residue was purified by silica-gel column chromato
graphy (chloroform/methanol¼20:1), yielding 2a (106 mg, 27%) as
a yellow powder and 3a (51 mg, 13%) as colorless cubes. Compound
2a: mp 198 �C (dec); 1H NMR (270 MHz, CD3OD) d 7.99 (s, 1H), 7.3–
7.5 (m, 6H), 6.98 (dd, J¼1.3, 5.9 Hz, 1H), 5.11 (s, 2H), 2.42 (s, 3H); IR
(KBr) 3093, 3076, 2925, 2360, 1684, 1599, 1558, 1498 cm�1; MS (EI)
m/z 239 (Mþ, 78), 120 (26), 91 (100); HRMS (EI) calcd for
C14H13N3O: 239.1059, found: 239.1053. Anal. Calcd for
C14H13N3O$1/5H2O: C, 69.23; H, 5.56; N, 17.30. Found: C, 69.49; H,
5.65; N, 16.99. Compound 3a: mp 76–77 �C; 1H NMR (270 MHz,
CDCl3) d 8.82 (d, J¼1.6 Hz, 1H), 7.68 (d, J¼4.3 Hz, 1H), 7.56 (dd, J¼1.3,
4.6 Hz, 1H), 7.3–7.4 (m, 5H), 5.13 (s, 2H), 2.38 (s, 3H); IR (KBr) 3035,
2941, 2360, 1616, 1552, 1496 cm�1; MS (EI) m/z 239 (Mþ, 70), 120
(40), 91 (100); HRMS (EI) calcd for C14H13N3O: 239.1059, found:
239.1052.

4.2.2. 7-Benzyl-2-phenylimidazo[1,2-a]pyrazin-3(7H)-one (2b) and
3-benzyloxy-2-phenylimidazo[1,2-a]pyrazine (3b). Compounds 2b
and 3b were prepared from 2-phenylimidazo[1,2-a]pyrazin-3(7H)-
one by a procedure analogous to that used for 2a and 3a. Compound
2b (yield 31%): red powder, mp 192 �C (dec); 1H NMR (270 MHz,
CD3OD) d 8.44 (m, 2H), 8.12 (d, J¼1.3 Hz, 1H), 7.58 (d, J¼5.9 Hz, 1H),
7.3–7.5 (m, 8H), 7.01 (dd, J¼1.6, 5.9 Hz, 1H), 5.17 (s, 2H); IR (KBr)
3093, 3060, 2920, 1668, 1591, 1496 cm�1; MS (EI) m/z 301 (Mþ, 100),
182 (87), 91 (92); HRMS (EI) calcd for C19H15N3O: 301.1215, found:
301.1209. Anal. Calcd for C19H15N3O$1/3H2O: C, 74.25; H, 5.14; N,
13.67. Found: C, 74.45; H, 5.11; N, 13.46. Compound 3b (yield 19%):
colorless powder, mp 105–106 �C; 1H NMR (270 MHz, CDCl3) d 8.94
(d, J¼1.6 Hz, 1H), 8.15 (m, 2H), 7.67 (d, J¼4.6 Hz, 1H), 7.2–7.5 (m, 9H),
5.11 (s, 2H); IR (KBr) 3030, 2360, 1549, 1489 cm�1; MS (EI) m/z 301
(Mþ, 70), 210 (25), 182 (100), 91 (39); HRMS (EI) calcd for
C19H15N3O: 301.1215, found: 301.1211.

4.3. Formation constants K for the 1:1 metal–ion
complexes of 2

Formation constants [K in Eq. 1] for the 1:1 complexation of 2
with Liþ, Mg2þ, Ca2þ, and Ba2þ were estimated by analyses of UV/
vis absorption spectra of 2 in acetonitrile in the absence and the
presence of these metal ions at various concentrations at 25 �C
(Fig. 4). The observed spectral changes were analyzed by Eq. 2.7 The
value A0 is the absorbance of 2 at a chosen wavelength in the
absence of a metal ion (Mnþ). Aobs is the absorbance at the chosen
wavelength after addition of Mnþ. The difference between Aobs and
A0 is given by:

Aobs � A0 ¼ 0:5D3

�
½2� þ

h
Mnþ

i
þ 1=K �

n�
½2� þ

h
Mnþ

i

þ 1=K
�2
�4½2�½Mnþ�

o1=2�
; (2)

where [2] and [Mnþ] are the initial concentrations of 2 and Mnþ,
respectively, and D3 is the difference in the molar absorptivity be-
tween 2 and the complex (Mnþ$2) at the chosen wavelength. The
(Aobs�A0) values were plotted against [Mnþ], as shown in Figure 4C
and D. The data were analyzed using a nonlinear least squares curve
fitting Eq. 2, which provided the K values summarized in Table 1.

4.4. X-ray crystallographic analysis of a LiD complex of 1b

Single crystals of [Li(1b)2(H2O)(ROH)](ClO4)$H2O (R¼H and
CH3) were obtained as red cubes by slow evaporation from a solu-
tion of 1b and LiClO4 in a mixture of aqueous methanol, dieth-
yleneglycol dimethyl ether, and chloroform. Diffraction data were
collected with a Rigaku RAXIS-CS Imaging Plate diffractometer
using graphite monochromated Mo Ka radiation (l¼0.71073 Å) at
100 K. The structure was solved by direct methods using the pro-
gram SIR-97.14 Refinements were performed by a least squares
method on F2 using the program SHELXL-97.15

Crystal data are as follows: C13.3H14.6Cl0.5Li0.5N3O4.5, M¼309.71,
triclinic, space group P-1, a¼7.5848(4), b¼11.9476(6), c¼16.2294(9) Å,
a¼87.698(2)�, b¼80.491(2)�, g¼84.428(1)�, V¼1443.2(1) Å3, Z¼4,
Dx¼1.425 Mg m�3, m¼0.196 mm�1, 6545 unique data, final R(F)¼
0.1068, wR(F2)¼0.2204 for 432 observed data [I>2s(I)]. The crystal-
lographic data have been deposited at the CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (CCDC 761060).
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