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Abstract : The labile peroxy acid compound has been synthesized and is one of the postulated
intermediates in chemiluminescent reactions of coelenterate luciferin, Cypridina luciferin, and their
analogues. The peroxy acid generated amide was accompanied by light in several solvent systems. In
the non-polar sovlvent, the peroxy acid showed luminescence with one peak at 395 nm emitted from a
neutral amide, whereas in polar solvents the peroxy acid generated light with 456-470 nm emitted
from an anionic amide. The variations in luminescence are caused by the acidity of the peroxy acid
group. © 1997 Elsevier Science Ltd.

The mechanistic chemistry of bioluminescence and chemiluminescence on imidazo[1,2-a)pyrazin-3(7H)-
ones (1), as shown in Scheme 1, has been intensively studied since they were first found nearly 30 years
ago.! The chemiluminescent reaction of Cypridina luciferin without enzyme in dimethyl sulfoxide (DMSO)
and in the presence of oxygen was first reported in 1966 by Johnson and coworkers.? Dicthylene glycol
dimethyl ether (DGM), containing a trace amount of acetate buffer (pH 5.6), was later reported as an efficient
solvent by Goto et al.3> Synthesized analogues of Cypridina luciferin generate light by oxidation with triplet
oxygen in buffer solutions and with superoxide anion in aqueous solvents.*> The chemiluminescence of
coelenterate luciferin and its analogues has been observed in N, N-dimethylformamide (DMF) and
hexamethylphosphoramide in the presence of oxygen.® In spite of the attention paid to these chemiluminescent
reactions, the details of the reactions remain subject to debate, because of the extreme lability of the
intermediates. While the mechanism of the oxidative chemiluminescence with molecular oxygen is still not
clear, it is probable that the light emitters in the reactions are singlet excited amides 3, as in Scheme 1. It has
been suggested that the intermediate(s) in the chemiluminescent reaction is(are) 2-, 3-, or(and) 5-peroxy
imidazopyrazinone compounds.” In order to establish the mechanism of the chemiluminescent reactions, we
have investigated intermediates in the chemiluminescent reaction of the coelenterate luciferin analogue, 2-tert-
butyl-6-(p-methoxyphenyl)-8-benzylimidazo[1,2-a]pyrazin-3(7H)-one. Recently it was established that 2-
hydroperoxide generates quantitatively an amide compound accompanied by light® and that 5-hydroperoxide is
not an important intermediate!. Our aim of the present study was to investigate the chemiluminescent ability and
properties of peroxy acid 2 as shown in Scheme 1. Herein we report synthesis and chemiluminescent
properties of the peroxy acid of coelenterate luciferin.

8-Benzyl-2-tert-butyl-2-methoxycarbonyloxy-6-(p-methoxyphenyl)-2,3-dihydroimidazo( 1,2-a]pyrazin-
3-one (5), which was too labile to be isolated, was exclusively prepared in treatment of previously reported
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compound 4! with #-BuaNF in deuteriotetrahydrofuran followed by cyclization with methyl chloroformate as
shown in Scheme 2.9 Direct variable-temperature 'H NMR analysis of the reaction of the reaction mixture
including exclusively compound 5§ with anhydrous hydrogen peroxide (2.5 cquiv.)!V showed that 5-
hydroperoxide 6 and peroxy acid 7 were produced and that the decomposition of 7 occurred above 0 °C at the
same time to give amide compound 8 quantitatively. The compound 6 was identified by comparison with
reported 'H NMR spectral data! and the structure of 8 was confirmed by !H NMR spectral data. 6 and 8 were
given with 45 and 43% yields, respectively, as determined by high performance liquid chromatography
(HPLC) analysis. The structure of peroxy acid 71! was unequivocally characterized by comparison with 'H
NMR spectral data of methyl ester 10'2, which was prepared from 2-amino-3-benzyl-5-(p-
methoxyphenyl)pyrazine!? and 3,3-dimethyl-ct-ketobutyric acid methyl ester in the presence of 10-
camphorsulfonic acid (CSA) with a 5% yield. In the case of using methyl alcohol instead of anhydrous
hydrogen peroxide, S-methoxy compound 9'* and methyl ester 10 were generated similar to that with
treatment with hydrogen peroxide, supporting the generation and structure of the peroxy acid 7 in the reaction
described above. TH NMR spectroscopy and HPLC analysis of the reactions established that compound § was
treated with an excessive amount of anhydrous hydrogen peroxide or methyl alcohol (above 100 equiv.) to give
mainly 7 or methyl ester 10, respectively, with a slight amount of 6 or 9, whereas it had been reported that
using a restricted amount of anhydrous hydrogen peroxide (1.5 equiv.) affords mainly 6.1
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The results of the direct chemiluminescence of compound § (10 uM) with anhydrous hydrogen peroxide
in several solvent systems are shown in Table 1. Amide compound 8 was given with 54-68% yields, passing
through 7. The chemiluminescent reactions showed three spectral variations. Amony the variations, in the non-
polar solvent dichloromethane (CH2Clz), luminescence was shown with only one peak at 395 nm. In
acetonitrile (CH3CN) luminescence with peaks at 390 nm and 460 nm was emitted at 4 1.6 : 1.0 ratio. In the
polar solvent systems, tetrahydrofuran (THF), DMF, and DGM containing 0.70 volume % of 0.10 M acctate
buffer at pH 5.6 (DGM-buffer), luminescence with only one peak at 456-470 nm was produced. The
luminescent peaks at 456-470 nm in CH3CN, THF, DMF, and DGM-buffer nearly coincided with the
ftuorescent spectra of the amide 8 in the same solvents with -BuOK (Table 1), whereas the peaks at 390-395
nm in CH2Cl> and CH3CN coincided with that of 8 in the same solvents without r-BuOK. Our previous study
showed that chemiluminescence of imidazo{1,2-a|pyrazin-3(7H)-one 15 in DMF and DGM-buffer is generated
from anionic excited amide labeled 13, shown in Scheme 3, with one peak at 465-470 nm (Table 1).! In an
investigation of a model compound of coclenterazine, McCapra reported that the neutral excited amide emits a
380-400 nm peak.!5 Thus, it is reasonable to consider that the 456-470 nm peaks in CH3CN, THF, DMF, and
DGM-buffer are emitted from the anionic excited amide 13 and the 390-395 nm peaks are emitted from the
neutral excited amide 11.
Our previous study showed that in the chemiluminescence of the 2-hydroperoxide 16 the neutral excited

amide 11 emits a 390-400 nm luminescent peak in several neutral solvents, such as CH2Cla, CH3CN, THF,
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Table 1. Chemiluminescent properties of compounds 7 and 15, and fluorescent properties of amide 8
Yield (%) CL yax (nm) CL yax (nm) FLax (nm) of FLpax (nm) of

Solvent

of 8° of 7° of 15¢ 8¢ 8 with +-BuOK /
CH,Cl, 54 395 - 397 455
CH;CN 62 390 and 460 ¢ . 395 468
THF 65 470 - 384 460
DMF 58 468 470 390 465
DGM-buffer & 68 456 465 390 453 4

4 Compound § (10 uM) was treated with anhydrous H,0, (0.10 M) from 0 °C to 20 °C in each solvent. Yields were
evaluated by HPLC analysis. ® The wavelength maxima of chemiluminescent spectra of compound 7 from 0 °C to 20 °C.
¢ The ratio of the luminescent intensity of 390 nm 10 that al 460 nm was 1.6. ¢ Compound 15 was treated with 0, in
cach solvent. The concentration of compound 15 was 10 uM. In CH,Cly, CH,CN, and THF, 15 could not emit. € The
wavelength maxima of fluorescent spectra of 20 mil of 10 uM solution of amide 8 in the presence of 1.1 mlof 1.8 M
anhydrous H,0, / E1,0 at 20 °C. / The wavelength maxima of fluorescent spectra of 20 mi of 10 wM solution of amide 8
in the presence of 0.1 ml of 1.0 M ¢-BuOK / THF at 20 °C. € DGM containing 0.70 vol% of 0.10 M acetate buffer (pH
5.6)." In this case, acetate buffer was not contained in the solvent.
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and DMF, indicating that there is no influence from solvents.!® In comparison with the chemiluminescence of
16, the chemiluminescence of 7 was markedly influenced by solvents, i.e. non-polar and polar solvents as
described above. This phenomenon was explained by the fact that the acidity of the peroxy acid group is
stronger than that of the 2-hydroperoxy group. In the non-polar solvent, CH2Clz, deprotonation of the peroxy
acid group did not occur, giving the neutral excited amide 11 as the result of formation of certain neutral
intermediate(s), as 1,2-dioxetanone!”, whereas in polar solvents, THF, DMF, and DGM-buffer, possessing a
high ability to generate hydrogen bonds, the deprotonation of the peroxy acid group can take place easily,
affording anionic peroxide 12 followed by generation of an anionic intermediate, then the anionic excited amide
13. In CH3CN, possessing an intermediate ability to generate a hydrogen bond, 7 showed luminescence from
the neutral and anionic excited amides 11 and 13. In the case of 16, which has the weaker acidity of the 2-
hydroperoxy group than that of the peroxy acid group, the deprotonation of the 2-hydroperoxy group cannot
occur even in THF or DMF, giving the neutral 1,2-dioxetanone and the subsequent neutral excited amide. Goto
et al. reported that chemiluminescence of 2-methyl-6-phenylimidazo[1,2-a]pyrazin-3(7H)-one in DGM-buffer
showed the possibility of protonation to an anionic excited amide.*® However, as regarding luminescence of
the peroxy acid 7 in CH2Clz, the generation of anionic excited amide 13 followed by the protonation to this
amide cannot occur. If the anionic excited amid from 7 was produced in CH2Cl2, 2-hydroperoxide 16,
possessing lower acidity than 7, should generate some luminescence from anionic excited amide in THF and in
DMEF.

In conclusion, this study showed synthesis of the peroxy acid 7 and its chemiluminescent properties. The
results showed that the variation of the excited amide species can be caused by the acidity of the peroxy acid

group.
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