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Dinoflagellate Bicluminescence:
Chemical Behavior of the Chromophore towards Oxidants
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Abstract: The chromophore model § of dinoflagellate luciferin was synthesized, and its behavior
towards oxidants was studied. Molecular oxygen at high substrate concentrations, superoxide
anion, and Fenton reagent effected oxidation of § at the C.132 position, On the basis of these
results, a possible mechanism for these oxidations and for bioluminescent air-oxidation of
dinoflagellate luciferin, is suggested.

The structure of dinoflagellate luciferin has recently been elucidated as 1.1 In the presence of
dinoflagellate luciferase, 1 is air-oxidized 1o 2 with light emission, whereas in the absence of enzyme, 1 is air-
oxidized to 3 without light emission. In the preceding paper,2 we oullined a synthesis of the chromophore
portion of dinoflagellate luciferin and its behavior towards molecular oxygen in the absence of the luciferase.
In this paper, we report oxidation of the chromophore model 5, yiclding products corresponding to 2. Based on
this observation, we propose a sequence of chemical steps which might be involved in the dinoflagellate
bioluminescence.
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A noticeable difference between the light emitting and dark processes is the site of air-oxidation:
dinoflagellate luciferin 1 is oxidized at C.132 in the former process, but at C.15 in the latter.3 The chromophore
model reported in the preceding paper appeared suitable for investigating the difference in enzymatic and non-
enzymatic air-oxidative pathways. However, because of the technical difficulties encountered,* we opted to
use the enamine 5 as the model compound for this study. Thus, the azido ketone 4 was synthesized in four
steps from 1-indanone.5 Reductive cyclization of 4 by triphenylphosphine,$ with rigorous exclusion of air,
generated cleanly a mixture of E-5, Z-5, and 6in the raiio of 5:1:2 in C¢Dg.? Exposure of this mixture to air
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produced hydroxy imine 7 quantitatively, demonstrating that this model adequately mimics the non-enzymatic
air-oxidation of dinoflagellate luciferin.2 It is worth noting that the C.132 protons are acidic; these protons
rapidly exchanged with deuterium in CD30D (IH-NMR). The rate of H-D exchange was sharply
concentration-dependent, which may suggest that 5 itself acts as a catalyst.
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Sc}(l)eme 1. Reagents and Reaction Conditions: a. PPhs, PhH or H; (1 atm), Pd (5%) on C, EtOH (degassed).
b. O,.

Encouraged by thes*: observations, we then studied oxidation of the model chromophore 8 with
superoxide anien and Fentdrn reagent (K3Fe(CN)g, H;02).8 The mixwre of E-§, Z-5 and 6 generated by
triphenylphosphine reduction was contaminated with the reducing agent and because of its extreme air-
sensitivity, the pure product was difficult to isolate. Therefore, we looked for alternative means of generating
the enamine § without contaminants which could interfere with our oxidation reactions. Catalytic
hydrogenation of 4 with rijorous exclusion of atmospheric oxygen was satisfactory, The 1H-NMR (CsDg)
spectrum indicated that the|purity of this mixture was slighdy less than that of the mixture obtained by
triphenylphosphine reduction.? However, upon cxposure to molecular oxygen in ethanol, this mixture yielded
only the hydroxy imine 7.1¢
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Scheme 2. Reagents and Reaction Conditions: a, 1, K3Fe(CN)s, H,02, NaOH, EtOH or KOy, 18-C-6,
DME. 2. NaHSOs. b. evaporation of toluene solution.

The crude product gbtained from catalytic hydrogenation was treated with Fenton reagent or superoxide
anion to give a complex mixtire. The major product was the hydroxy imine 7 (ca. 20-30% overall yield from
4). Importantly, the products, which were oxidized at C.132, were also identified. Dihydroxy imine 81! and
anhydride 9 were isolated by silica gel chromatography in low yields. In addition, on comparison of 1H-NMR
and TLC with independently synthesized samples,!? o-diketone 101113 and lactam 1114 were definitively
detected in the crude mixiure of products.

Catalytic hydrogenation of 4 in non-degassed ethanol at low concentrations (2 mg/mL), followed by
slow exposure to air, yieldéd cleanly hydroxy imine 7. Interestingly, at higher concentrations {> 20 mg/mL)}, it
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consistently gave a mixture of 7 and dihydroxy imine 8 (10-30% yield}. In order to exclude the possibility that
8 was formed via 7, a cross reaction was carricd out; when reduction of 4 was done in the presence of 13, 8 was
detected as the only dihydroxy imine formed. Furthermore, reduction of azido ketone 1217 in the presence of 7
yielded 14 as the only dihydroxy imine, eliminating the possibility that an electronic effect might have
controlled the cross reaction.
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Scheme 3. Reagents and Reaction Conditions: z. H3 (1 atm), Pd (5%) on C, EtOH (non-degassed, 2
mg/mL), then 02 b. Hz (1 aim), Pd (5%) on C, E\OH {non-degasscd, > 20 mg/mL), then O,.

We suggest a possible mechanism to explain these results (Scheme 4). The enamine 5§ might react with
molecular oxygen, yielding the radical cation and superoxide radical anion.1¢ The latter can deprotonate the
radical cation cither at the nitrogen or at C.132, Deprotonation at the nitrogen would yicld the hydroperoxide
imine 18, eventually giving hydroxy imine 7 (the upper half of Scheme 4). On the other hand, deprotonation at
C.132, and collapse of the resultant radical pair, would yield the peroxide 16, leading to dihydroxy imine 8 {the
lower half of Scheme 4). The dihydroxy imine 8 could also be formed via air-oxidation of the enolate formed
from 5 {or the corresponding enol). The concentration-dependent H-D exchange observed for the C.132
protons (vide ante) may provide an explanation for partition of the air-oxidation to either 7 or 8.
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It is tempting to suggest the same mechanism for the enzymatic, bioluminescent air-oxidation of 1.
This suggestion 1s appealing because the bioluminescence spectrum is very close 1o the fluorescence spectrum
of dinoflagellate luciferin 1.1 A radical recombination during the enzymatic air-oxidation of luciferin might
yicld an excited state intermediate, cf. 16 in the model system, that could be either the emitter itself or could

transfer energy to an unreacted dinoflagellate luciferin 1. An important role of the enzyme would be to
facilitate deprotonation of the C.132 proton(s).
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Thus, 15 was identifi¢ed based on (1) the 'H-NMR spectrum of the crude product and (2) its instantaneous
conversion to 7 upon treatment with PPhj.

The mass spectrum of 8 gave a peak cosresponding to m/e=M+-18. This inspired us to pyrolize 8 by
evaporating toluene in an open flask almost 0 dryness, (o yicld cleanly 10. Furthermore, the
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suggest the same steredchemistry to dinollagellate oxyluciferin 2. Apparently, the intramolecular
hydrogen bond stabilizes the E-isomer, cf. 10. ’
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