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Absfract: Electron ionization (Et) and liquid secondary ionization mass spectra (LSIMS) of 30coelentemzhte 
analogues were examined by use of linked scanning at constant WEand the fragmentation rules upon El and LSIMS 
have been established. On the basis of these results the structures of intermediates in the chemiluminescence of these 
compounds have been deduced as monooxygenated compounds and the possible mechanisms of chemiluinescence of 
these compounds are diissed. 

INTRODUCTION 

The luminescent protein aequorin isolated from the jellyfishdeqaoreu victoriu by Shimomura and Johnson in 

1962 consists of apoaequorin (apoprotein), coelenterazine (chromophore), and molecular oxygen.’ The binding 

of calcium ion to the protein triggers the reaction of the originally dioxygenated protein to yield carbon dioxide, 

coelenteramide, and light. On the other hand, Goto and his co-workers elucidated the structure of Vargul 

luciferin isolated from sea fire fly, which bioluminesces in the presence of Vhrguhz luciferase.2 Coelenterazine 

and Vhrgula luciferin have the common structure of a 3,7dihydroimidazo[l,Za]pyrazin-3-one ring system and 

chemiluminesce in an aprotic solvent under oxygen.3 In order to clarify the mechanism of the chemiluminescence 

of those compounds we have characterized a series of reactions of coelenterazine analogues which lead to the 

excited state amide products.4 

In this paper, we report here the establishment of the fragmentation pathways of colenterazine analogues under 

electron ionization (EI) and under Xe ion bombardment. Applying mass spectrometric measurements to the 

analysis of intermediates in the chemiluminescence reactions of these compounds, we could identify the 

oxgenated products. From this result, the possible structures of the intermediates in the chemiluminescence are 

deduced. 

RESULTS AND DISCUSSION 

EI Mass Spectra Under in-beam EI conditions,5 each of the coelenterazine analogues 1-25 gave the ions 

M+‘(a), [M-H]+@ ‘), [M-CO]+‘(b), [M-H-CO]+(b ‘), [M-CO-RiCN]+‘(c), [M-H-CO-&CN]+(c ’ and c “), [M- 

CO-RJCN-HCN]+‘(d), and [M-H-CO-RiCN-K&N]+(e). As typical spectra, the EIMS of 2-methyl(l) and 2- 

phenyl(2) derivatives are shown in Fig. l(A) and 2(A), respectively. Table 1 summarizes the abundances of the 
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Compound NMa Rl R2 % 

1 149 cH3 H H 

2 221 Ph 3 225 CH2Ph :: L 
4 241 C6H4*H3 H H 
6 279 CgH4CP3 H H 
6 225 CH3 Ph H 

; 267 301 Ph CH2Ph F:: : 
9 315 (CH2)2Ph Ph H 

10 329 (CH2)3Ph Ph H 
11 355 CgH4CE3 ;H,OH H 
12 241 CH3 H 
13 303 Ph QH40H H 
14 317 CH2Ph C6H40H H 

16 331 (CH2)2Ph H 16 345 (CH2)3Ph z$:: H 
17 331 CH3 C8H4OH CH2Ph 
16 393 Ph 
19 407 CH2Ph 

$$I$:: CH2Ph 
CH2Ph 

20 421 (CH2)2Ph CH2Ph 
21 435 (CH2)3Ph 

~~:~ 
CH2Ph 

22 423 CH2C6H40H QH40H CH2Ph 
23 255 CH3 C8H4OCH3 H 
24 317 Ph 
25 331 CH2Ph 

a NM: Nominal mass 

Compound Nhv Rl R2 @ 

26 163 CH3 H CH3 
27 166 CH3 H CD3 

26 225 Ph H 29 226 Ph H :g 
30 301 Ph Ph CH3 

Scheme 1. Structures of Coelenterazine analoguea. 

major ions in EIMS of l-2 5. The elemental compositions of these fragment ions a-e of 7 were confirmed by 

high resolution mass measurements as shown in Table 3, indicating that the losses of hydrogen, carbon 

monoxide, benzonitrile, and hydrogen cyanide were dominant processes under EI conditions. In order to 

elucidate the fragmentation processes, the metastable ion spectra in the linked scans at constant B/E and B2/E of 

several compounds were examined The collision induced dissociation (CID)-MS/MS spectra of the major ions of 

7 (nominal mass 287) were also obtained for this purpose. Under CID conditions the molecular ion M+’ (a, m/z 

287) yields [M-H]+ (a ‘, m/z 286), [M-CO]+‘@, m/z 259), and [M-CO-PhCN]+’ (c, m/z 156), while the a ’ ion 

yields [M-H-CO]+ (b ‘, m/z 258), (M-H-CO-PhCN]+ ((c ’ and c “), m/z 155), and [M-H-CO-PhCN-HCN]+ (e, 

m/z 128). The fragmentations of b to c and b ‘, of c to (c ’ and c “) and [M-CO-PhCN-HCN]+ (d, m/z 129), of 

b ’ to (c ’ and c “) and e, of c ’ to e, and of e to C%Hs+ (m/z 77) were also confirmed by CID-MS/MS. These 

results reveal the fragmentation pathways of coelenterazine analogues as illustrated in Scheme 2. To establish 

these fragmentation processes, 7-methyl and 7-trideuteriomethyl derivatives of 1 (2 6 and 2 7)) 2 (2 8 and 2 9), 

and 7 (3 0) were also synthesized and their EIMS were examined (Table 2). The typical EIMS are shown in Fig. 

l(B and C) and 2(B and C). Each EIMS of 2 83 0 barely showed the [M-H]+ ion comparing with that of 7-H 

derivatives indicating that the hydrogen at position 7 of coelenterazine analogues l-25 is eliminated upon EI. The 

formation of the abundant ions c and d is common to 7-methyl (trideuteriomethyl) derivatives 2 8-3 0 and 7-H 

derivatives l-2 5 indicating that the structures of the c and d ions include the N7-R3 (&= CH3, Cl&, and H) 

bond of these coelenterazine analogues. The observation of the [M-&-CO-RiCN-HCN]+ ion (e) instead of [M- 
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Figure 1. In-beam El mass spsctra of 
1 (A),26(B),and27(C). 

Figure 2. in-beam El mass spectra of 
2 @),2g(B),and28(C). 

‘wR’ ‘+; [M-CO-R&N]+ - w-CO-R&N-HCN]+’ 

[M-CO]+’ 
A+ c L .,,,,,4, _ _ 

b C” 

[M-W+ + @-R3-CO-R,CN]+ 

a’ 

\ 
w-R&O]+ w [M-R&O-R&N-R&N]+ 

b’ e 

Scheme 2. Fragmentation pathways of coelenterazine analogues l-30 
under El conditiins. 
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Table 3. High-resolution mass measurement of 7. 

Observed Cbculated Formula Assignment 
mass mass 

287.1037 287.1059 Cl 8H13N30 M+’ (a) 
288.0989 288.0980 Cl 8Hl2N30 [M-H]+ (a ? 
259.1070 259.1109 Cj7Hl3N3 [M-CO]+’ @) 
258.1032 258.1031 Cl 7H12N3 (M-H-CO]+ @‘) 
i 58.0682 156.0887 Cl OH8N2 [M-CO-PhCN]+’ (c) 

155.0594 155.0809 Cl oH7N2 [M-H-CO-PhCNr (c ‘and c ‘) 

129.0531 129.0578 CgH7N [M-C0-PhCN-HCNJ+’ (d) 
128.0499 128.0500 CgHgN [hi-H-CO-PhCN-HCN]+ (e) 

77.0408 77.0391 CgH5 

H-CO-RrCN-HCN]+ in the spectra 

of 263 0 is the evidence that the 

formation of [M-H-CO-RrCN- 

R&N]+ (e) in 1*25and that of [M- 

R3-CO-RrCN-HCN]+ (e) in 2 63 0 

result from the dissociation of the 

N7-H bond and the N7-CH3(CD3) 

bond, respectively. Observed intense 

peaks of both [M-&-CO-RrCN]+ 

(c ‘) and [M-H-CO-RrCN]+ (c”) 

suggests that the formation of the 

[M-H-CO-RlCN]+ ion (c ’ and c “) 

from l-2 5 upon EI requires the cleavage of both the N7-H bond and a C-H bond of the pyrazine ring. From 

these results the fragmentation pathways of ccelenterazue analogues are revealed as shown in scheme 2 and it is 

concluded that the hydrogen at 7-position dissociates mainly to give the [M-H)+ ion and the losses of CO, 

alkylnitrile, and hydrogen cyanide are the main fragmentation processes. The dominant formation of the ions c, 

c ‘, and c ” is explained by the stabilities of these ions. Possible structures of c, c ‘, and d are illustrated as 3 1, 

3 2, and 3 3, respectively, which contain the stable 6n aromatic ring systems. 

+ 

I 
R4 R4 

R3 R3 
31 32 33 

Positive aad’Negative LSIMS Spectra: Under the ionization of coelenterazine analogues by Xe ion 

bombardment in m-nitrobenzylalcohol (NBA) as the matrix, the protonated molecule MH+ along with the 

molecular ion M+’ and with the fragment ions similar to those of EIMS was observed in the positive mode, 

Results obtained from the FAB CID-MS/MS spectra of M+’ and of MH+ showed that the fragmentation involving 

the losses of CO and alkyhritrile occur not from MH+ but from M+’ in a way similar to that of EIMS. Figure 3 

shows the LSIMS spectrum of compound 7 as a typical example. The negative LSIMS spectra of all the 

analogues using NBA as the matrix exhibited only deprotonated molecules [M-Hr. 

‘Figure 3. Positive ion LSIMS spectrum of 7 using a NBA matrix. 
Matrix ions are indicated with asterisks. 
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Negative Ioa LSIMS Spectra under Cbemlluminescent Conditions: Concerning bio-luminescence 

of Vbgda luciferin, Goto and co-workers proposed the oxidation processes that lead to the excited state of 

oxyluciferir@ as shown in scheme 3. In accord with this mechanism Shimomura and Kishi proposed the 

bioluminescence mechanism of aequorin in which the coelenterazine binds to apoaquorin through the -O-O- 

bonding at the 2-poaition of the chromophore (structure 4 0) ? On the other hand, recently Teranishi and Isobe et 

al. proposed a new structure of aquorin in which the coelenterazine binds to apoaequorin through the -O-O- 

bond at the 5 position (structure 4 1) ! We have also investigated a series of reactions for the chemiluminescence 

of ccelenterazine analogues and pmposed the mechanism similar to that of Gotopb All the proposed mechanism 

have assumed the reaction to proceed via a dioxetanone intermediate (structure 3 82, although the intermediate has 

not been detected yet. 

Y 
/o 

H34 35 0 0 Y-Y CH&H40H 

r o-o - 

I 0. ,CH&H40H 

+ H+ 
* (39-H) - 33-H + hv HOC ii/+NA 8 ‘CH2Ph 

41 

Scheme 3 , Chemi- and bio-luminescence of Vargula luciferin 

To get some information on the structure of the oxygenated intermediates, we analyzed the chemiluminescence 

reaction mixtures obtained by H& oxidation of the several coelenterazine analogues using negative ion LSIMS 

in the NBA matrix. As the typical example, when a solution of 6 was mixed with a 35 wt% H&? aqueous 

solution, the solution emitted light for lo-12 hours. The negative ion LSIMS spectrum of this reaction mixture of 

6 (nominal mass 225) is shown in Figure 4a. The oxygenated ion [M+O-H]‘ at m/z 240 was clearly observed 

along with the ions at m/z 224 and m/z 212 which correspond to the deprotonated molecules of 6 and of the 

coelenteramide analogue 42, respectively. The structure of the ion at m/z 212 has been confirmed by direct 

comparison of the daughter ion spectrum obtained by the linked scanning at constant B/E of this ion with that of 

coelenteramide analogue 4 2 synthesized authentically.9 After the reaction was completed, only the peak at m/z 

212 was observed, which indicated that the coelenteramide analogue 4 2 is the stable product of the chemilumi- 
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k NBA-35wt% HZ@ in water (1:l L I 

NH +hv 

nescent reaction. A similar spectrum of 5 is also shown in Figure 5a. 

Concerning the structure of the oxygenated ion [MtO-H], the linked scanning at constant B/E of this ion was 

examined. Observed fragmentations of the [MtO-H] ions of several compounds are summarized in Table 4 and 

the LSIMS B/E linked scan spectra of the [IWO-H] ions of 5 and 6 are shown in Figure 5b and 4b, 

respectively. A dominant formation of the ion [M-H] due to loss of oxygen from each [MtO-HI- ion suggests 

that the structure of oxygenated ion maintains the imidazo[l,2-alpyraxin-3-one ring such as B and C. The 

fragmentation due to decarbonylation can be explained by the decomposition of ion B, and the elimination of Ca 

from the [MtO-H] ions of 2, 5, 6, and 11 may indicate that the carboxylate ion A is also contained in the 

reaction mixture. Formation of the ion [P-0-CO-RtCN]- or [P-Cti-RtCN]‘ for 6 may derive from ion A or B, 

but not from C. From these results, we propose that the observed [MtO-H] ion is a mixture of A, B, and 

probably C depending upon the structure of coelenteraxine analogue, from which we can deduce the structure of 

r 

Figure 4. Negative ion LSIMS spectrum of Figure 5. Negative ion LSIMS spectrum of 
the reaction mixture of 6 with H202 using the reaction mixture of 5 with H202 using 
NBA matrix (a) and the B/E linked scan NBA matrix (a) and the B/f linked scan 
spectrum of the [M+O-HI- ion (b). Matrix ions spectrum of the [M+O-H]- ion (b). Matrix ions 
are indicated with asterisks. are indicated with asterisks. 
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Table 4. M&stable ion spectra of the [M+O-HI- ions of coelenterazine 
analogues (m/z, relative peak intensities (%) in parentheses) 

Compound [M+o-H]- [P-O]- [P-CO]- [P-CQ]- [P-C-CO-R1 CN]- 
Parent ion (P) or [P-C02-RI CNr 

2 226 210(100) 198 (50) 182 (40) -- 
5 294 z: II:; 266 (40) 250 (50) -- 
6 240 212 (50) 196 (30) 155 (70) 

:: 370 344 354 328 (100) (100) 342 --- (30) 326 --- (80) 1: 

A ;R=- B ;R=- c ;R=- 
A’;R=H B’ ; R= H C’;R=H 
A” ; R= OH B” ; R= OH C” ; R= OH 

the oxygenated prbducts as A ‘, B ‘, and C ‘. However, since organic peroxides give the ions due to loss of a 

oxygen under negative ion FAB which is a soft ionization technique similar to LSIMS,1o the peroxide structures 

A”, B “, and C” are also conceivable for the oxidation products. The oxidation reactions of Varguiu luciferin 

have been investigated by Goto in detail’l and it has been established that the addition of a hydroxy radical to 

coelenterate luciferin analogues takes place mainly at the 2 position on treatment with the Fenton reagent to give 

B ‘. Our conclusion is in accord with this Goto’s results and with the proposed structures of intermediates 

(Scheme 3,3 6 and 3 7) of bioluminescence reaction of Varguh luciferin Although the accurate assignment of 

the structure of oxygenated intermediate is now in progress, our mass spectrometric approach may give the 

significant information of the mechanism on chemiluminescence of those coelentrerazine analogues 

Conclusion: The fragmentation pathways of toe-lenteraxine analogues upon EI or Xe ion bombardment have 

been established by CID-MS/MS, linked scans at constant B/E and B2/E and deuterium labelling experiments. 

The negative ion LSIMS spectra of the reaction mixture of a selected analogue with H202 under the chemi- 

luminescence conditions exhibit the ion of deprotonated molecule [M-H], the corresponding coelenteramide 

analogue and the oxygenated ion [M+O-HI-. The oxygenated ion [MtO-HI- was presumed as the ion related to 

the intermediates of the chemiluminescence reactions and its structure was deduced based on the linked scan at 

constant B/E. Three possible structures depending on the substituent at the 2 position were deduced in accord 

with the previous proposals.d8 Thus, the mass spectrometric investigation has proved to be a potent tool for 

elucidation of the structures of unstable intermediates in a series of reactions under chemiluminescence 

conditions. 

EXPERIMENTAL 

Materials. The preparation of compounds 1, 2, 6, 18, 19, coelenteraxine 2 2, and 2 6 are reported in the 

literature,12-15 and the synthesis of 2 0 and 2 1 was reported previously. 4a other celenterate luciferiu analogues 

were also prepared by the procedure reported by Goto and Xishi. 12J3 



Coelenterate luciferin analogues 9275 

Mass spectrometry. In-beam EI mass spectra and positive and negatlveion ISIMS spectra as well asB/E and 

82/E constant linked scan spectra were obtained with a Hitachi M-80B mass spectrometer with a Hitachi M-0101 

mass data system. In-beam EIMS was carried out at 70 eV of the ionizing electron energy and the ion accelating 

voltage was 3 kV. For LSIMS measurment, m-nitrobenzyl alcohol (NBA) was used asa matrix and the SIMS 

gun (xenon ions) was operated at 8 kV. High resolution measurement of 7 under EI was carried out on the JEOL 

JMSD300 with a JMA-2000 mass data system. EIMS and FAB collision induced dissociation (CID)-MS/MS 

was performed on a Finn&an MAT TSQ-700 and argon was used as the collision gas. 

Negative Ion LSIMS Spectra under Chemilumitrescent Conditions. Coelenterazine analogue 6 (ca. 1 mg) was 

dissolved in the 1:l mixture of m-nitrobenzyl alcohol (NBA) and 35wt% Hz@ aqueous solution. After 47 min 

LSIMS spectrum of this reaction mixture was obtained under the conditions noted above and was illustrated in 

Figure 4. The light intensity of the reaction mixture was recorded with a Labo Science Model TD-8000 

Lumiphotometer and the chemiluminescence was observed over lo-12 hours. By the same procedure, the 

negative ion LSIMS spectrum of the reaction mixture of 5 with I-I& was obtained after 20min and was shown 

in Figure 5. 
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