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Abstract: Electron ionization (EI) and ]lqllld secondary ionization mass spectra (LSIMS) of 30 coelenterazine
analogues were examined by use of linked scanning at constant B/E and the fragmentation rules upon EI and LSIMS
have been established. On the basis of these results the siructures of intermediates in the chemiluminescence of these
compounds have been deduced as monooxygenated compounds and the possible mechanisms of chemiluinescence of
these compounds are discussed.

INTRODUCTION

The luminescent protein aequorin isolated from the jellyfish Aequorea victoria 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 Vargula
luciferin isolated from sea fire fly, which bioluminesces in the presence of Vargula luciferase.2 Coelenterazine
and Vargula luciferin have the common structure of a 3,7-dihydroimidazo[1,2-a]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 coclenterazine analogues which lead to the
excited state amide products.*

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,’ each of the coelenterazine analogues 1-2 5§ gave the ions
M*(a), [M-H]*(a"), [M-CO]*"(b), [M-H-COJ*(b"), [M-CO-R1CN]**(c), [M-H-CO-RiCN]*(c ' and ¢ "), [M-
CO-R1CN-HCNJ*(d), and [M-H-CO-R1CN-R4CNJ*(e). As typical spectra, the EIMS of 2-methyl (1) and 2-
phenyl (2) derivatives are shown in Fig. 1{A) and 2(A), respectively. Table 1 summarizes the abundances of the

Dedicated to Professor Carl Djerassi on the occasion of his seventieth birthday.
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Compound NM2 Ry Ro R4
o R
1 149 CHg H H H ! OHR1
2 221  Ph H H . ! [
3 225 CHgPh H H LN N._N
4 241 CgH4OCHs H H ° ]:\ /E ]’
5 279 CgH4CF3 H “H a R N
6 225 CH3 Ph H Rz ) 4+ Ry
§ 301 Cien  h H H Ra
8 301 > h :
9 315  (CHg)oPh Ph H 125 26-30
10 329 (CHp)sPh Ph H
11 355 CgH4CF3 Ph H
12 241 CHs CgH4OH H
13 303 Ph CgH4OH H
14 317 CHgPh CeH4OH H
15 331  (CHg)2Ph CeH4OH H
16 345  (CHg)3Ph CeH4OH H
17 331 CHa CgH4OH  CHgPh
18 393 Ph CgH4OH  CHzPh
19 407 CHgPh CgH4QH CHoPh Compound NM2 Ry Rz R3
20 421 (CHz2)2Ph CgH40H CHaPh
21 435 (CHp)aPh CgH4OH  CHoPh 26 163 CHg H CHg
22 423 CHoCgH4OH CgH4OH  CHoPh 27 166 CHa H CD3
23 255 CHs CgH40CH3 H 28 225 Ph H CHg
24 317 Ph CgH40CH3 H 29 228 Ph H CD3
25 331  CHoPh CgH4OCH3 H 30 301 Ph Ph CH3

2 NM: Nominal mass

Scheme 1. Structures of Coelenterazine analogues.

major ions in EIMS of 1-2 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 BZ/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-HJ* (@', m/z 286), [M-CO]** (b, m/z 259), and [M-CO-PhCN]** (¢, m/z 156), while the a’ ion
yields [M-H-COT* (b', m/z 258), [M-H-CO-PhCNJ* ((c ' and ¢"), m/z 155), and [M-H-CO-PhCN-HCN]"* (e,
m/z 128). The fragmentations of bto c and b', of ¢ to (¢ ' and ¢") 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 CéHs* (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 (26 and 27), 2 (28 and 29),
and 7 (3 0) were also synthesized and their EIMS were examined (Table 2). The typical EIMS are shown in Fig.
1(Band C) and 2(B and C). Each EIMS of 2 8-3 0 barely showed the [M-H]* ion comparing with that of 7-H
derivatives indicating that the hydrogen at position 7 of coelenterazine analogues 1-285 is eliminated upon EI. The
formation of the abundant ions ¢ and d is common to 7-methy! (trideuteriomethyl) derivatives 28-30 and 7-H
derivatives 1-2 5 indicating that the structures of the ¢ and d ions include the N7-R3 (R3= CH3, CD3, and H)
bond of these coelenterazine analogues. The observation of the [M-R3-CO-R1CN-HCNT' ion (e) instead of [M-
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Figure 1. In-beam El mass spectra of Figure 2. in-beam E! mass spectra of
1 (A),26(B), and 27 (C). 2 (A),28(B), and 29 (C).
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Scheme 2. Fragmentation pathways of coelenterazine analogues 1-30
under El conditions.
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H-CO-R1CN-HCNJ* in the spectra

Table 3. High-resolution mass measurement of 7. of 2630 is the evidence that the

- Observed Caluculated Formula Assignment formation of [M-H-CO-RiCN-
mase mass R4CNJ* (e) in 1-25 and that of [M-
287.1037 287.1059 CigH13N3O0 M** " (@) R3-CO-R1CN-HCNT* (e) in 26-30
286.0989 286.0980. CqgH12N30 [M-HI* @) result from the dissociation of the
259.1070 = 259.1109 Cy7Hi3N3 [M-CO** ©) i i
2581032 258.1031 Cq7Hi2N3  [M-H-COJ* ®") N7-H bond f“d the N7 C}I?(Cm)
156.0662 156.0687 CqoHgN2 [M-CO-PhCNJ** ©) bond, respectively. Observed intense
155.0594 155.0609 CqgHyN2 [M-H-CO-PhCNJ* (c'andc®) peaks of both [M-R3-CO-RiCNJ*
129.0531 129.0578 CgHzN [M-CO-PhCN-HCNJ**  (d) (c) and [M-H-CO-R{ICN]* (")
128.0499 128.0500 CgHgN [M-H-CO-PhCN-HCNJ* (e) ]
77.0408 77.0391 CgHs suggests that the formation of the

[M-H-CO-RiCNJ* ion (¢ 'and ¢ ")
from 1-2 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 coclenterazne analogues are revealed as shown in scheme 2 and it is
concluded that the hydrogen at 7-position dissociates mainly to give the [M-HJ* ion and the losses of CO,
alkylnitrile, and hydrogeni cyanide are the main fragmentation processes. The dominant formation of the ions ¢,
¢, and ¢ " is explained by the stabilities of these ions. Possible structures of ¢, ¢ ', and d are illustrated as 31,
32, and 3 3, respectively, which contain the stable 67 aromatic ring systems.

+
NS, N N
/E\ + ]\ /[ j\ L\ + ]I
Ry ';l R4 Ry N R, R N
R; ’ Rs
31 32 33

Positive and 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 alkylnitrile 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-H}.

0 100 200 300

. ‘Flgure 3. Positive ion LSJMS spectrum of 7 using a NBA matrix.
Matrix ions are indicated with asterisks.
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Negative Ion LSIMS Spectra under Chemiluminescent Conditions: Concerning bio-luminescence
of Vargula luciferin, Goto and co-workers propdéed the oxidation processes that lead to the excited state of
oxyluciferin® as shown in scheme 3. In accord with this mechanism Shimomura and Kishi proposed the
bioluminescence mechanism of acquorin in which the coelenterazine binds to apoacquorin through the -0-O-
bonding at the 2-position of the chromophore (structure 4 0) .7 On the other hand, recently Teranishi and Isobe et
al. proposed a new structure of acquorin in which the coelenterazine binds to apoaequorin through the -0-O-
bond at the 5 position (structure 4 1) 8 We have also investigated a series of reactions for the chemiluminescence
of coclenterazine analogues and proposed the mechanism similar to that of Goto.* All the proposed mechanism
have assumed the reaction to proceed via a dioxetanone intermediate (structure 3 8), although: the intermediate has
not been detected yet.

e) Ry o; Ry
NN N.-N : .
/[ I /[ I * H+ \
R2™ N° "R R” N R, ° o~ °
H 34 35 \ \,~CH2CgH4OH
0-0 0—0

OH— Oh‘—m HOCgH /[:IN
AL, A ol

N>R,
37
- *
0—-0 . oﬁ’ Ry .
11-co - ]
2 Nge N / CHoCgH4OH

1 1 ALa omo Y
e £

—_— (39.H). ———» 39-H + hv HOCgHy
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 H202 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% Hz202 aqueous
solution, the solution emitted light for 10-12 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 4 2, 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 42 synthesized authentically? After the reaction was completed, only the peak at m/z
212 was observed, which indicated that the coelenteramide analogue 42 is the stable product of the chemilumi-
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Q °H3 Oy ,CHs
N NBA-35wt% H20; in water (1: 1L N

IT ,L:T

N
|

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

Concerning the structure of the oxygenated ion [M+O-HT, the linked scanning at constant B/E of this ion was
examined. Observed fragmentations of the [M+O-H] ions of several compounds are summarized in Table 4 and
the LSIMS B/E linked scan spectra of the [M+0O-H] ions of 5 and 6 are shown in Figure 5b and 4b,
respectively. A dominant formation of the ion [M-HJ due to loss of oxygen from each [M+O-H] ion suggests
that the structure of oxygenated ion maintains the imidazo{1,2-a]pyrazin-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 CO2
from the {M+O-HJ 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-O-CO-RiCN] or [P-CO2-R1CNT for 6 may derive from ion A or B,
but not from C. From these results, we propose that the observed [M+0-H] ion is a mixture of A, B, and
probably C depending upon the structure of coelenterazine analogue, from which we can deduce the structure of

100
8 £

{ool
ol ¥ ]
b i 1
] J o

0 100 200 30( 100 200 300
m/z m/z

100

100
) i El
g £
; 504 8
gso- g 8
n. Liad . 0
0 100 200 ) 100 200 e 300

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/Elinked scan
spectrum of the [M+O-HJ ion (b). Matrix ions spectrum of the [M+O-Hj" ion (b). Matrix ions
are indicated with asterisks. are indicated with asterisks.
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Table 4. Metastable ion spectra of the [M+O-H]" ions of coelenterazine
analogues (m/z, relative peak intensities (%) in parentheses)

Compound [M+O-HJ [P-O) [P-COr [P-COg2]" [P-O-CO-R{CNJ
Parent ion (P) or [P-CO2-R1CNI
2 226 210 (100) 198 (50) 182 (40) --
5 294 278(100) 266(40) 250 (50) -
6 240 224 (100) 212 (50) 196 (30) 155 (70)
10 344 328 (100) - -— --
11 370 354 (100) 342(30) 326 (80) -

RO OR
Ry O, Ry 0 A
o™ RO |
N _N NN N
LI XX 1K
. N
Rs”™ N~ R, R:™ "N R, R~ N

Ry
A ;R=- B ;R=- C ;R=-
A';R=H B';R=H C':;R=H
A" ; R=OH B"; R=OH C"; R=0OH

the oxygenated products as A ', B ', and C . However, since organic peroxides give the ions ducto loss of a
oxygen under negative ion FAB which is a soft ionization technique similar to LSIMS, !0 the peroxide structures
A", B", and C" are also conceivable for the oxidation products. The oxidation reactions of Vargula luciferin
have been investigated by Goto in detail!! 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 37) of bioluminescence reaction of Vargula 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 coelenterazine analogues upon EI or Xe ion bombardment have
been established by CID-MS/MS, linked scans at constant B/E and B%/E and deuterium labelling experiments.
The negative ion LSIMS spectra of the reaction mixture of a sclected analogue with H202 under the chemi-
luminescence conditions exhibit the ion of deprotonated molecule {M-HT, the corresponding coelenteramide
analogue and the oxygenated ion [M+O-H]". The oxygenated ion [M+O-H]™ 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.®8 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, coelenterazine 2 2, and 26 are reported in the
literature,12-15 and the synthesis of 20 and 2 1 was reported previously.#2 Other celenterate luciferin analogues
were also prepared by the procedure reported by Goto and Kishi. 12:13
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Mass spectrometry. In-beam EI mass spectra and positive- and negative-ion LSIMS spectra as well as B/E and
B2/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 ¢V of the ionizing electron energy and the jon accelating
voltage was 3 kV. For LSIMS measurment, m-nitrobenzyl alcohol (NBA) was used as a 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
JMS-D300 with a JMA-2000 mass data system. EIMS and FAB collision induced dissociation (CID)-MS/MS

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

Negative Ion LSIMS Spectra under Chemiluminescent Conditions. Coelenterazine analogue 6 (ca. 1 mg) was
dissolved in the 1:1 mixture of m-nitrobenzyl alcohol (NBA) and 35wt% H202 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 witha Labo Science Model TD-8000
Lumiphotometer and the chemiluminescence was observed over 10-12 hours. By the same procedure, the
negative ion LSIMS spectrum of the reaction mixture of § with H202 was obtained after 20min and was shown

in Figure 5.
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