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Abstract—The spectroscopic properties of metal-ion complexes of several imidazopyrazinone derivatives with Lit, Mg?*, Ca’",
Ba?*, Sc**, and La’" ions were studied. The spectral characteristics and the formation constants of the complexes changed con-
tinuously depending on the Lewis acidity of the metal ion, suggesting that the imidazopyrazinones can find application as indicators
of Lewis acidity. In the case of bis-imidazopyrazinone derivatives, the complexation abilities were enhanced by chelate effects.

© 2003 Elsevier Ltd. All rights reserved.

The imidazo[l,2-a]pyrazin-3(7H)-one (imidazopyrazi-
none) ring system is an important core structure for the
bioluminescent substrates isolated from marine lumi-
nescent organisms, such as the crustacea Vargula,' the
jellyfish Aequorea,” and the squid Symplectoteuthis.
These bioluminescent substrates construct supramole-
cules with luciferins or apophotoproteins, and then their
luminescent reactions proceed under air. Thus, imi-
dazopyrazinone derivatives have potential not only for
bio- and chemiluminescence* but also as building blocks
for supramolecules that involve large polypeptide mol-
ecules.’ In this connection, we have previously studied
the luminescent reactivity® as well as the fundamental
physical properties®’ of a systematic series of imidazo-
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pyrazinone derivatives. In addition to the characteristic
luminescent property, we found a remarkable feature:
the color of the imidazopyrazinone derivatives can be
varied by an external factor such as the hydrogen-
bonding interaction with solvent molecules.’ From the
viewpoint of developing colored probe molecules for
external factors,? it is intriguing to control the color of
an imidazopyrazinone derivative by means of a metal-
ion complexation. For this purpose, we studied the
spectroscopic properties of metal-ion complexation of
mono- (1 and 2) and bis- (3 and 4) imidazopyrazinone
derivatives. We now report a new complexation system,
which can be used as an indicator of the Lewis acidity of
a metal ion.
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Imidazopyrazinone derivatives 1-4 were prepared by
arylmethylation of the corresponding N-H imidazo-
pyrazinone derivatives with benzyl halides.>® During the
preparations of 1 and 2, benzyloxyimidazopyrazine
derivatives 5 and 6 were also isolated and used as ref-
erence compounds with a different © electronic charac-
ter.> The complexation of 1 and 2 with various metal
ions (Lit, Mg”*, Ca?t, Ba’*, Sc**, and La**) was con-
firmed by UV/visible absorption spectral measurements
in acetonitrile, as shown in Figure 1. Perchlorate salts of
Lit, Mg?*, Ca>", and Ba’>" and trifluoromethanesulfo-
nate salts of Sc** and La*" were used for the experi-
ments.'? In the order listed in Table 1, the solution color
of 1 changed from deep to pale yellow, while that of 2
turned from red to yellow. The spectral changes of 1 and
2 in the presence of Lit, Mg>", Ca’*, and Ba’" were
analyzed satisfactorily on the assumption of a 1:1
equilibrium (Scheme 1),'" as exemplified by the combi-
nation of 1 and Mg?* in Figure 2. To estimate the for-
mation constants (K) of the complexes, the spectral
changes were analyzed by nonlinear least squares curve
fitting for the 1:1 equilibrium,'? as shown in Figure 2B
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Figure 2. UV/visible absorption spectra of 1 (9.7x107°moldm™) in
CH;CN containing various amounts of Mg?* (1.0x 1073-2.5x
1072moldm™3) at 25°C (A) and plot of (4p — A4o) at 481 nm versus
log[Mg**] for complexation (B). The dotted line in B is the fitted curve
corresponding to 1:1 complexation.

for 1 and Mg?*. In contrast, however, the complexation
of 1 and 2 with Sc¢** and La’* showed a complicated
stoichiometry, although these complexes were formed
efficiently.

300 400 500 600
wavelength / nm

300 400 500 600
wavelength / nm

Figure 1. UV/visible absorption spectra of 1 (2.4x 107> moldm~3) (A) and 2 (1.4 x 10~ moldm~?) (B) in CH;CN containing various metal ions at
25°C; free (a), Li* (b), Ba®™ (c), Ca** (d), Mg*" (e¢), La** (f), and S (g) (A: [Li*]=[Ba*"]=[Ca’]=[Mg?*]=0.025moldm™,
[La*] =[Sc**] = 2.5% 10~ mol dm™3; B: [Li*] = [Ba®*] = [Ca®*] = [Mg2*] = 0.010 mol dm~, [La**] = [Sc**] = 1.0x 10~* mol dm~?).

Table 1. Absorption maxima (4y,x) and formation constants (K)* for 1 and 2 and their metal-ion complexes in acetonitrile at 25°C

Metal ion (AE/eV)P 1 2
Jmax/nm K/mol~!' dm? Jmax/NM K/mol~! dm?
Free 447 — 500 —
Ba?* (0.49) 431 1.1x10°3 476 5.6x 107
Li* (0.53) 430 2.5x10% 475 1.2x10?
Ca** (0.58) 424 1.5x10* 464 6.2x10°
Mg** (0.65) 422 2.8x10* 457 8.0x10°
La3* (0.82) 418 ¢ 452 ¢
Sc** (1.00) 403 ¢ 428 ¢
#The errors are within 8%.
®The Fukuzumi parameter for the Lewis acidity quoted from Ref. 13.
¢ Complexation occurred with a complicated stoichiometry.
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Figure 3. Plot of the energies £, of the metal-ion complexes of 1 and 2
versus the Fukuzumi parameter AE for the Lewis acidity.

The absorption maxima (4n.) of the lowest energy
bands and K values of the complexes of 1 and 2 are
summarized in Table 1. To gain insight into the spec-
troscopic properties of the metal-ion complexes, we
examined the relationships between the energies [E,
(eV)] of the lowest absorption energy bands and the
Fukuzumi parameters [AE (eV)] for the Lewis acidity of
the metal ions.'> The resulting plot (Fig. 3) shows that
the E, values for the complexes of 1 and 2 are nicely
correlated with the AE parameters. The linear relation-
ships for the complexes of 1 and 2 are represented as
E, =037AE +2.69 (r=0.98) and E, = 0.54AE + 2.33
(r = 0.97), respectively. With increasing Lewis acidity of
the metal ion, the /.., values exhibited a blue shift.
Based on these results, it is clear that 1 and 2 act as
Lewis bases toward metal ions, and that an enhance-
ment of the Lewis acid/base interaction causes changes
in the n-electronic character of 1 and 2 in their respective
metal-ion complexes, resulting in the blue shift of the
lowest energy bands. The enhancement of the Lewis
acid/base interaction also reflects on an increase of the K
values, although the order of the K values between Li*
and Ba*" was inverted.

Since the imidazopyrazinone derivative has a zwitter-
ionic structure, in which the largest negative partial
charge is localized on the oxygen atom (O-10) at the 10
position,>!* the O-10 must be the actual center of the
Lewis base. According to previous studies,>'® it is
known that the O-10 acts as a Bronsted base site, and
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Scheme 2.

the protonation of O-10 gives rise to the blue shift of the
lowest energy band. Thus, the O-10 atoms of 1 and 2 are
proposed to coordinate to the metal ion (M"*). The =
electronic character of the resulting metal-ion complex is
described by resonance structures I and II (Scheme 1).
In the structure II, the 7-imidazopyrazinium portion
possesses the character originating in the imidazopyr-
azine ring system analogous to 5 and 6. The lowest
energy bands of 5 and 6 were observed at 324
(¢ 4500 cm™' mol~! dm?) and 342nm (¢ 7500 cm™' mol™!
dm?®) in acetonitrile, respectively, suggesting that an
increase in the II character resulted in the blue shift of
the lowest energy band. To confirm this explanation, we
performed semi-empirical MO calculations (AMI-
COSMO, dielectric constant = 35.9 for acetonitrile)' for
the Mg>" complex of 1/, a structurally related model
compound (Scheme 2). The calculated HOMO-LUMO
energy gap for the 1'-Mg>* complex (7.39¢eV) is larger
than that for the free 1’ (7.05eV), supporting the blue
shift induced by complexation.

Metal-ion complexations of 3 and 4 were also observed
by UV/visible absorption spectral measurements in
acetonitrile in the presence of Li*, Mg>", Ca®*, and Ba®*
(Fig. 4). While 3 and 4 themselves showed absorption
spectra similar to that of the mono-derivative 2,
absorption spectra of their metal-ion complexes were
different from those of the corresponding complexes of
2. In particular, the metal-ion complexes of 3 showed
the lowest energy bands with some structures, suggesting
that two imidazopyrazinone rings are brought close
together, giving rise to a m—7 interaction of two rings.
These results indicate that 3 and 4 formed complexes
with the metal ion: both of the imidazopyrazinone
moieties of 3, as well as both of those of 4, coordinate to
the same metal ion in a bidentate fashion. The absorp-
tion spectral changes for 3 and 4 were examined in the
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Figure 4. UV/visible absorption spectra of 3 (5.3x 107 moldm=3) (A) and 4 (7.1 x 10~* mol dm~3) (B) in CH;CN containing various metal ions at
25°C; free (a), Li* (b), Ba** (c), Ca** (d), and Mg?* (e) (A and B: [Li*]=0.10moldm™3, [Ba®*]=[Ca*t]=[Mg**]=0.010mol dm~3).
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Figure 5. UV/visible absorption spectra of 3 (9.7 x 107° moldm™) in
CH;CN  containing various amounts of Li* (1.0x107°—
1.0x 1072 moldm™?) at 25°C (A) and plot of (Aops — 4¢) at 529 nm
versus log[Li*] for complexation (B). The dotted line in B is the fitted
curve corresponding to 1:1 complexation.

presence of various concentrations of Lit and Mg>* as
representative metal ions. These spectral changes, which
had clear isosbestic points, were analyzed satisfactorily
under the assumption that there was an equilibrium
forming a 1:1 complex (Fig. 5). The K values estimated
for the Li" complexes of 3 and 4 are 610 and
1600 mol~! dm?, respectively, and those for the Mg>*—
complexes of 3 and 4 are over 10° mol~' dm3. These K
values for 3 and 4 are remarkably larger than those for
the corresponding Li* and Mg?* complexes of 2, indi-
cating that efficient chelate effects operate in the bis-
imidazopyrazinone systems.

In conclusion, we found a new complexation system, the
mono- and bis-imidazopyrazinone derivatives (1-4), the
former being potentially applicable as indicators of
the Lewis acidity of metal ions. In the complex structure,
the O-10 of the imidazopyrazinone derivative probably
coordinates to the metal ion. The continuous blue shift
of the lowest energy band and the increase in K value
were caused by an enhancement of the Lewis acid/base
interaction between 1 (or 2) and the metal ion. The
design of the bisimidazopyrazinone derivatives 3 and 4
demonstrated that complexation with the metal ion is
enhanced by chelate effects. Further studies to reveal the
molecular and electronic structures of the metal-ion
complexes are now in progress.
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