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Abstract

dl-Cypridina luciferin and its analogues were synthesized from 2-aminopyrazine by an eight-step method that
included two regio-selective Pd-mediated cross couplings, and their chemi- and bioluminescent activities were
compared. Analogues having a 3-benzofuranyl or a 3-benzothienyl group in the place of a 3-indolyl group showed
luciferase affinities similar to Cypridina luciferase but with a lower luminescent efficiency, suggesting that the NH
group is unimportant for molecular recognition whereas the indolyl group is crucial for efficient luminescence.
© 2000 Elsevier Science Ltd. All rights reserved.
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Cypridina luciferin (1a) is an imidazopyrazinone and involved in the bioluminescence of the crusta-
cean Cypridina (Vargula) hilgendorfii and deep-sea fishes. Cypridina luciferin shows a typical lucife-
rin–luciferase reaction to emit a blue light of 465 nm from an oxyluciferin–luciferase complex.1 Bio-
luminescent imidazopyrazinones were synthesized from properly substituted 2-aminopyrazines, which
are synthesized by the pyrazine ring construction of a coupling pair of a glyoxal, an�-aminoamidine
or an�-aminonitrile and an�-ketooxime (Fig. 1). The first total synthesis of Cypridina luciferin was
achieved by Kishi et al. in 19662 by using a former coupling pair and the synthesis of ethioluciferamine
was reported in 1971 by White and Karpetsky3 by a TiCl4-mediated coupling of an�-aminonitrile and
an�-ketooxime. Several analogues were prepared based on Kishi’s method and the structure–activity
relationship and mechanistic aspects of bio- and chemiluminescence were investigated extensively by
Goto.4

In the course of our studies on bio- and chemiluminescent imidazopyrazinones, we have developed
a new synthetic approach to imidazopyrazinones by a Pd-mediated cross coupling, and achieved the
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Fig. 1.

synthesis of coelenterazine and its analogues.5 We have extensively applied the new method to Cypridina
luciferin as well as its analogues having different substituents at the 6-position. Here we would like to
report novel short-step syntheses of Cypridina luciferin and its analogues having 3-benzofuranyl or 3-
benzothienyl chromophores together with their bioluminescent activities.

The synthesis was started with 2-amino-3,5-dibromopyrazine prepared from commercially available
2-aminopyrazine by bromination with Br2.6 Regio-selective introduction of a C3 unit was achieved with
N-Boc-propargylamine under Sonogashira coupling7 conditions to yield an alkynyl compound (5) which
was hydrogenated with PtO2 to form bromopyrazine6 (Fig. 2). A coupling reaction of bromopyrazine
6 with an indole was achieved by Suzuki coupling8a,b with N-tosylindolyl-3-boronic acid [7, X=NTs,
Y=B(OH)2]9 to afford indolylaminopyrazine8a in 80% yield after hydrolysis with a 1:1 mixture of 5 M
NaOH aq. and 1,4-dioxane. Deprotection reaction with TFA afforded ethioluciferamine hydrochloride
in 87% yield. Total yield of ethioluciferamine in six steps was 30% from commercially available 2-
aminopyrazine.

Fig. 2.

Ethioluciferamine was converted to ethioluciferin by using a modified method10 in 96% yield.
Cyclization of ethioluciferin with a keto-acetal affordeddl-Cypridina luciferin11,12 in 24% yield.

Cypridina luciferin analogues (1b and1c) with an oxygen or a sulfur atom instead of the NH group
were synthesized by a similar manner. Coupling reactions were achieved smoothly with tributylstannanes
under Stille coupling conditions.5a Compounds8 (X=O and X=S) were obtained in a yield of 47 and
72%, respectively. A three-step transformation of8b and8c was carried out under the same conditions
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to afford dl-Cypridina luciferin analogues (1b: X=O and 1c: X=S) at moderate yields of 16 and
29%, respectively.11,12 The luminescence properties ofdl-Cypridina luciferin and the analogues with
luciferase (bioluminescence) or without luciferase (chemiluminescence) are summarized in Table 1. The
analogues were bioluminescent but with lower efficiencies. However, the kinetic parameters, as well as
the enhancement of luminescence by luciferase (BL/CL), were similar each other, suggesting that the
NH group of the indolyl group in luciferin is not essential for binding luciferase13 but important for
high luminescent efficiency. The reason for low chemiluminescent efficiency of the analogues is not
completely clear. Detailed study of the structure–activity relationship is in progress in our laboratory.

Table 1
Luminescence properties of synthesizeddl-Cypridina luciferin (1a) and analogues (1b and1c) and

naturalS-Cypridina luciferin at 23°C

Bioluminescence14 is a highly sensitive and non-destructive detection method applicable to monitor
various transient biological events such as a calcium wave during fertilization.15 Recently, genes of
bioluminescent proteins including apoaequorin, firefly luciferase,Renilla luciferase, and Cypridina
luciferase have been cloned and used as a reporter gene studying critical biological events. Cypridina
luciferase was shown to be useful for monitoring gene expression in measuring a secreted enzyme.16 Our
synthetic method may be applicable in future for the preparation of various types of Cypridina luciferin
in sufficiently large quantities for use in the area of life sciences.
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