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Abstract—The chemiluminescence of 6-aryl-2-methylimidazo[1,2-aJpyrazin-3(7H)-ones (Cypridina luciferin analogues) in DMSO/
1,1,3,3-tetramethylguanidine and in diglyme/acetate buffer was investigated. The results indicate that the reaction mechanism that
produces a high chemiluminescence quantum yield involves a chemiexcitation process from a neutral dioxetanone intermediate pos-
sessing an electron-donating aryl group (o, <—0.6) to the singlet-excited state of neutral acetamidopyrazine. This result may be
applied to the reaction mechanism for Cypridina (Vargula) bioluminescence.

© 2006 Elsevier Ltd. All rights reserved.

The luminous ostracod Cypridina hilgendorfii (presently
Vargula hilgendorfii) produces blue light by a luciferin—
luciferase reaction with a high bioluminescence quantum
yield (@ = 0.3).172 In the luciferin-luciferase reaction,
Cypridina luciferin is oxidized by triplet molecular oxy-
gen (O,) to give the singlet-excited state of the neutral
amide form of Cypridina oxyluciferin (Scheme 1).!5-2
In Cypridina luciferin, the core structure for the biolumi-
nescence reaction is an imidazo[1,2-aJpyrazin-3(7H)-one
(imidazopyrazinone) ring.* To establish the reaction
mechanism of Cypridina bioluminescence, we> and other
groups®® have studied the chemiluminescence reactions
of imidazopyrazinones. These studies employed an apro-
tic solvent containing a base as the solution in which to
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run the chemiluminescence reactions. The initial study
using DMSO containing NaHCO; or KOH for Cypri-
dina luciferin produced low chemiluminescence quantum
yields (®¢r).'° Goto et al. subsequently obtained a high
@1 (ca. 10% of the observed @yg; ) with diglyme contain-
ing an acetate buffer.?®” This finding led them to predict
that the chemiluminescence reaction in diglyme/acetate
buffer proceeds via the same pathway as that of the bio-
luminescence reaction. However, the mechanism that
produces this high @; has not been clarified.

To clarify the reason for the high @y in Cypridina bio-
luminescence, we compared the chemiluminescent prop-
erties of a series of substituted imidazopyrazinones in
DMSO/base and in diglyme/acetate buffer, paying close
attention to substituent effects. Specifically, we used 6-
aryl-2-methylimidazopyrazinones 1H as Cypridina luci-
ferin analogues [1Ha, Ar = p-(CH3),NCgH,4; 1Hb,
Ar = p-CH;0CgHy; 1He, Ar=CgHs, 1Hd, Ar=p-
CIC¢H4; 1He, Ar = p-NCC¢Hy; 1Hf, Ar = 3-indolyl;
1Hg, Ar = 3-(N-methyl)indolyl; 1Hh, Ar = 3-benzo-
furanyl; and 1Hi, Ar = 3-benzothienyl (Scheme 1)]. In
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Scheme 1. Top: the Cypridina bioluminescence reaction. Bottom: Cypridina luciferin analogues 1H and 4H.

particular, the 3-indolyl derivative 1Hf was chosen as a
prototype for Cypridina luciferin.!!"!> Here report the
chemiluminescent properties of the series 1H in these
two solvents. They indicate two chemiexcitation pro-
cesses in the chemiluminescence reactions of 1H, one
of which generates the singlet-excited state of neutral
acetamidopyrazine (an oxyluciferin analogue) in a high
quantum yield when Ar is an electron-donating group.

We first examined the chemiluminescence reactions of
1H in acrated DMSO containing 1,1,3,3-tetramethyl-
guanidine (TMG) at 25+ 1°C."3 TMG, a moderate
base, generated anion 1~ (Scheme 2).>° The reactions
of 1H were traced by monitoring the intensity (/) of the
total emitted light, and the observed kinetics indicated
a pseudo-first-order reaction similar to that observed
for the reactions of 1H in acetonitrile.>*!* The rate con-
stants (kopsq) Oof the pseudo-first-order kinetics for 1H are
summarized in Table 1, along with the corresponding
emission wavelengths (Aey) and values for @¢;.!3 It can
be seen in Figure 1 that the log[kopsa(1H)/kopsa(1He)]
values for 1Ha—e are linearly correlated to the Hammett
constant o, of the para-substituent,'” indicating that the
reaction rate is determined by the single electron transfer
(SET) from 1~ to O, in the overall reaction process
(Scheme 2).>¢ The linear relationship log[kopsa(1H)/

kobsa(1He)] = —0.375, — 0.03 (r = 0.994) is used to esti-
mate the electron-donating ability (o 4,) of the Ar groups.
We define o4, = 0, for 1Ha—e with phenyl and p-substi-
tuted phenyl groups. The g4, values for 3-indolyl, 3-(N-
methyl)indolyl, 3-benzofuranyl, and 3-benzothienyl
groups in 1Hf-i were estimated as —0.92, —0.67, +0.45,
and +0.29, respectively, by substituting their k,psq values
into the above equation. These values indicate that 3-
indolyl and 3-(N-methyl)indolyl groups have electron-
donating abilities similar to that of the p-(dimethyl-
amino)phenyl group, while 3-benzofuranyl and 3-benzo-
thienyl groups have electron-donating abilities that fall
between those of the p-cyanophenyl and p-chlorophenyl
groups.

Based on previous studies,>®?¢7-11.18 the observed Aem
values (467-474 nm) for 1H in DMSO/TMG indicate
that light emission occurs from the smglet excited state
of the acetamldopyrazme anion '37* (Scheme 2). This
indicates that '37* is generated by the thermal decompo-
sition of the anionic dioxetanone 2.1 The small change
observed in & (0.2x 107°-1.2x 107°) on varying the
Ar group 1ndlcates that the chemiexcitation process
from 2~ to !37* is not greatly affected by a change in
the electronic properties of 2. This conclusion is consis-
tent with findings in our previous report.>®
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Scheme 2. Chemiluminescence reaction mechanism of 1H involving th
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Table 1. Hammett constants (o;,) and chemiluminescence data (Kobsd, Aem» and @cyr) for 1H in aerated DMSO/TMG and in aerated diglyme/acetate

buffer at 25 °C

Substrate [Ar] 0 OF (Oar) DMSO/TMG* Diglyme/acetate buffer®
Kobsa® (mol ™' L's™) Jem (nm) b (107 Jem (nm) b (107)
1Ha [p-(CHs),NCgH,] ~0.83 0.156 474 1.2 491 15
1Hb [p-CH30C¢Hy] -0.27 0.099 471 1.1 394 3.1
1Hc [C¢Hs] +0.00 0.085 467 0.74 390 sh, 445 0.75
1Hd [p-CIC¢H,] +0.23 0.067 467 0.34 390 sh, 453 0.55
1He [p-NCC¢H,4] +0.66 0.042 474 0.31 453 0.86
1Hf [3-indolyl] (—0.92) 0.174 474 0.48 432 9.0
1Hg [3-(N-methyl)indolyl] (—0.67) 0.140 473 0.43 437 7.2
1Hh [3-benzofuranyl] (++0.45) 0.054 470 0.50 389, 450 sh 1.1
1Hi [3-benzothienyl] (+0.29) 0.062 467 0.24 401, 450 sh 0.55

2The concentration of TMG in DMSO was 0.10 mol L™,
0.10 mol L™
¢ Pseudo-first-order rate constants.

9 Emission maxima of the chemiluminescence spectra.
¢ Chemiluminescence quantum yields.
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Figure 1. Hammett plot of the log[kopsa(1H)/kopsa(1He)] values for
1Ha-e against the o, constant.

Next, we examined the chemiluminescence reactions of
1H in aerated diglyme containing acetate buffer
(0.10mol L™! acetic acid-sodium acetate buffer,
pH 5.6, 0.66% v/v) at 25 + 1 °C. A plotting of the time
course of I produced the growth and decay curve, shown
in Figure 2, suggesting that reactions proceed via a step-
wise process. The observed A, and ®@cp values are sum-
marized in Table 1. One particularly interesting result is
that the &y, values of 1Ha, 1Hf, and 1Hg, whose Ar
groups have electron-donating abilities (o, <—0.6),
are over 0.007, while the @y values of the other deriv-
atives (except 1Hb) are in a range similar to those ob-
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Figure 2. Time course of / for the chemiluminescence reaction of 1Hf
(1.0x 10~® mol L™ in aerated diglyme/acetate buffer at 25 + 1 °C.

of acetate buffer (pH 5.6, 0.66% v/v) was mixed in diglyme.

served in DMSO/TMG. The ®&c; value of the p-
methoxyphenyl derivative 1Hb falls between those of
1Ha and 1Hc. The &, value of the indolyl derivative
1Hf is similar to that of Cypridina luciferin
(Pcr = 1072), as reported by Goto,?7 indicating that
the electron-donating indolyl group in Cypridina lucif-
erin is an important contributor to the high @y value.

Emission spectra for the chemiluminescence of the high-
@1 derivatives 1Ha, 1Hb, 1Hf, and 1Hg indicate that
light emission occurs from the singlet-excited state of
neutral acetamidopyrazine ('3H* )** (Scheme 2); for
1Hc, 1Hd, th and 1H1 light emission is seen to arise
from both '37* and '3H; finally, the spectrum of 1He
shows light emission occurrmg only from '37*. These
results indicate that an increase in the electron- donating
ability of the Ar group favors the pathway that gives
rise to the neutral species '3H* as the light emitting
source.?! In prev1ous reports (including ours),>®!!2 the
generation of 3H has been explained primarily by pro-
tonation of '37*, produced in the thermal decomposi-
tion of 2 via a chemiexcitation process. However, the
difference in sensitivity to the Ar group (as observed
in the different ®cp values) depending upon whether
the reaction is run in DMSO/TMG or diglyme/acetate
buffer can most reasonably be explained by part1c1pa-
tion of a chemiexcitation process from 2H to '3H",
addition to that from 2~ to '37*22 as chemlex01tat1ons
from 2H to '3H* and from 2~ to '37* would be expected
to give different quantum yields for singlet-excited mole-
cules (®g).?> The chemiluminescence reactions of 1Ha,
1Hb, 1Hf, and 1Hg in diglyme/acetate buffer give the
corresponding 2H by protonation of 27, which have
high basicities induced by an electron- donatmg Ar
group, and chemiexcitations from 2H to '3H* occur
with a high @g. Therefore, two factors are important
in obtaining a high & : the chemiexcitation process
from 2H to '3H* and the electron-donating ability of
the Ar group in 2H (o4, <—0.6).

Nakamura et al.'? reported substituent effects of the Ar
group on the bioluminescent properties of Cypridina
luciferin using racemic luciferin 4Hj and its analogues
4Hk and 4HI with 3-benzofuranyl and 3-benzothienyl
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Scheme 3. Reaction mechanism for Cypridina bioluminescence via the neutral dioxetanone intermediate. R = 3-(1-guanidino)propyl.

groups, respectively. The ®pp ratio observed for 4Hj,
4Hk, and 4HI (100:6:11) is similar to their @y ratio
(100:5:7) in diethyleneglycol monomethyl ether contain-
ing acetate buffer, a mixed solvent similar to diglyme/
acetate buffer. In their study, Nakamura et al. concluded
that these @ and @y ratios were determined by the
same factor. The @ ratio observed for 1Hf, 1Hh,
and 1Hi in diglyme/acetate buffer (100:12:6) is also sim-
ilar to the ®@p; and @y ratios observed for 4Hj, 4HKk,
and 4HI, indicating that Nakamura et al.’s findings are
attributable to the electronic effects of the Ar group on
the bioluminescent properties of Cypridina luciferin.
Therefore, the factors that contribute to a high ®¢p
for the chemiluminescence of 1H are applicable to the
Cypridina bioluminescence mechanism. The singlet-
excited state of neutral oxyluciferin is generated with a
high @4 by the thermal decomposition of the neutral
dioxetanone intermediate, as shown in Scheme 3, with
the indolyl group acting as an electron-donating group.
The 5-(3-indolyl)pyrazinamine moiety in the dioxeta-
none encourages the decomposition to go through an
intramolecular charge transfer (ICT) transition state in
the manner predicted by Yamaguchi et al.>® in the
charge transfer-induced luminescence (CTIL) mecha-
nism for high ®s.

In conclusion, we have demonstrated that the differences
in chemiluminescent properties observed in the series of
1H are caused by a switch in the chemiexcitation process
depending on the nature of the Ar group. In particular,
when Ar is an electron-donating group the chemiexcita-
tion process from 2H to '3H* becomes dominant in dig-
lyme/acetate buffer, and the Ar group in 2H facilitates
generation of a high @g via the CTIL mechanism. This
conclusion allows us to propose a reaction mechanism
for Cypridina bioluminescence that includes chemiexci-
tation from a neutral dioxetanone intermediate to the
singlet-excited state of neutral oxyluciferin. Further
study to elucidate on the complete reaction mechanism
for the bio- and chemiluminescence of imidazopyrazi-
nones is now in progress.
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