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Introduction

Chemiluminescence as well as bioluminescence, [1] its luciferase-catalyzed version, are based on remarkable oxidation reactions of luciferins leading to products in an excited electronic state, which can then relax either by non-radiative processes or by a photon emission. [2] This phenomenon has found numerous applications, especially for detection purposes. In life sciences, a great variety of bioluminescent reporting systems have thus been constructed out of a luciferin and a luciferase. Amongst them, systems based on the marine luciferin coelenterazine (1) and the corresponding luciferases or photoproteins from a remarkably diverse number of sea dwelling species [1a, 3] are increasingly used. [4] The mechanism at the source of the photon emission by these systems is depicted in scheme 1. The first step is a reaction with dioxygen leading to the peroxide 2 which, unless stabilized, [5] undergoes a rearrangement into the endoperoxide 3 and then decomposes into carbon dioxide and coelenteramide (4). The latter product occurs in an excited electronic state which can relax back to its ground state via the emission of a photon at a "short" wavelength corresponding to a blue color (between 450 and 480 nm), the most visible undersea. Contrary to firefly luciferins, which require an ATP-based activation, this oxidation can also be achieved without a luciferase in the presence of oxygen under a variety of conditions and will lead, via the same mechanism, [6] to a usually far less efficient photon emission phenomenon which is called chemiluminescence. Some current avenue of research are focusing on the design of luciferin/luciferase reporting systems, still based on coelenterazine using enzymes, but emitting a photon at a higher wavelength which is more suitable for in vivo studies. [7] This is due to the fact that a red photon will be detectable through the living tissues of a small animal, contrary to a blue one. In the present report, we planned on the use of mutants of luciferases such as nanoKAZ/NanoLuc, which is already accepting a rather large array of imidazo [1,2b]pyridazin-3(5H)-ones as substrates, [7i, 8] and designed analogues featuring an altered heterocyclic core which we also "dressed" with the phenyl/bisbenzyls residues found in actual substrates of the nanoKAZ/NanoLuc luciferase. We thus sought accesses to unprecedented 2-a]pyridin-3-ol 7 which could theoretically undergo an electronic cascade leading to the occurrence of hydroperoxide intermediates as depicted for coelenterazine (1). The synthesis of a "deaza" coelenterazine analog featuring this last heterocyclic core has actually been reported previously. [9] We also prepared some imidazo[1,2-a]quinoxalin-1(5H)-ones 8 which have been the subject of an untranslated patent for their chemiluminescence properties although no mention of the wavelength of the emitted photon appears to be mentioned. [10] A single derivative featuring this ring system has also been claimed in a more recent patent. [11] The synthesis of analogues featuring a benzo [f]imidazo[1,2-a]quinoxalin-3(11H)-one skeleton 9 or imidazo [1',2':1,6]pyrazino [2,3-c]quinolin-3(11H)-one 10 were also explored as a similar heterocyclic system is found in the structure of v-coelenterazine (11), a luciferin analogue which is a substrate of the soft coral Renilla reniformis luciferase [12] and some of its mutants, [7b] as well as the photoprotein found in the Aequorea jellyfish. [13] Finally, we replaced the additional pyridine ring of compound 11 by a pyran ring and designed an access to an unprecedented 5,11dihydro-3H-chromeno[4,3-e]imidazo[1,2-a]pyrazin-3-one 12 derivative. 

derivatives of imidazo[1,2-b]pyridazin-3(5H)-one 5, imidazo[2,1-f][1,2,4]triazin-7(1H)-one 6 or imidazo[1,

Syntheses

We have previously reported improvements of the nanoKAZ/NanoLuc-based reporting system using an original synthetic pathway leading to enhanced luciferin analogues. [8c, 14] As depicted in scheme 2, these compounds were obtained from chloropyrazines 13 and amino esters 14 via a key N-arylation step to give the stable esters 15a. Upon treatment with sodium hydroxide under an inert atmosphere, these gave the corresponding sodium salts 15b and the addition of an excess of acetic anhydride led, via the imidazo[1,2-a]pyrazin-3(7H)-ones 16, to the far more stable Oacetylated luciferins 17. Then, when required, the proluciferins 17 can be hydrolyzed back into the luciferins 16 under mild conditions to give, after further dilution in appropriate buffer, readyto-use solution for bioluminescence-based studies.

Scheme 2. Previously reported [8c, 14b] synthesis of O-acetyl imidazo[1,2-a]pyrazin-3(7H)-one luciferins.

Preparation of an imidazo [1,2-b]pyridazin-3(5H)-one derivative. As depicted in scheme 3, the O-acetylated compound 26 featuring an imidazo[1,2-b]pyridazine ring system was synthesized in 5 steps from phenylpyridazine 18, readily available from 3-chloro-6-methoxypyridazine and phenylboronic acid using a Suzuki-Miyaura coupling reaction. [15] From this compound, a regioselective deprotonation using lithium diisopropylamide (LDA) followed by the addition of benzaldehyde led to alcohol 19. The reduction of the hydroxyl function to produce compound 21 turned out to be fraught with difficulties as an over-hydrogenation was often observed. An acceptable yield was eventually found via a palladium-catalyzed hydrogenation of the brominebearing 3-hydroxypyridazine 20 readily prepared by treatment of alcohol 19 with hydrogen bromide in acetic acid. From the reduced compound 21, the 3-chloropyridazine 22 was then obtained upon its treatment with hot phenylphosphonic dichloride. Then, we tried to prepare the N-arylated derivative of phenylalanine ethyl ester (23) using our previously published method. [8c, 14b] Unexpectedly, under these conditions the corresponding ester 24 directly underwent a cyclization into the corresponding imidazo [1,2-b]pyridazin-3(5H)-one 25. However, due its Preparation of an imidazo [2,1-f][1,2,4]triazin-7(1H)-one derivative. As depicted in scheme 4, to reach an imidazo [2,1-f][1,2,4]triazine analogue the corresponding 6-hydroxytriazine 30 was made in 3 steps from hippuric acid ( 27) using a previously described method. [START_REF] Wermuth | Adir et compagnie[END_REF] Unexpectedly, transformation of the 6-hydroxytriazine 30 into the corresponding 6-chlorotriazine 31 turned out to be difficult as low yield and/or decomposition were observed when trying various chlorination agents: thionyl chloride, phosphorus oxychloride, or phenylphosphonic dichloride. The use of mild conditions (phosphorus oxychloride diluted in acetonitrile in the presence of solid potassium carbonate at reflux) led to a rather modest 19-22% yield of the target compound 31. The ensuing N-arylation of phenyl alanine ethyl ester ( 23) also turned out to be problematic as an extensive decomposition was observed. Out of the many side products occurring, a minute amount (4%) of the pyrrolotriazine 32, resulting from a condensation of acetonitrile, was isolated. Switching to toluene at 90 °C actually led to the isolation of the expected amino ester 33 but in a very poor 11% yield. Moreover, the target compound 33 turned out to be unstable in open air under various conditions, such as when left in solution in CDCl3, as seen by LC/MS analysis (m/z = 453 and 455). An alternative was eventually designed as we found that the slow uncatalyzed N-arylation of phenylalanine ethyl ester ( 23) by compound 31 was also possible. Indeed, upon heating at 120 °C these compounds in N-methylpyrrolidine (NMP) using triethylamine as a base for 14 days led directly to a solution containing the unstable luciferin 34. Its in situ treatment with an excess of acetic anhydride and additional triethylamine allowed the isolation of the target proluciferin 35 in an 8% overall yield from compound 31.
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Preparation of an imidazo[1,2-a]pyridin-3-ol derivative.

The original preparation of compound 42 depicted in scheme 5 started with the readily available 2-methoxypyridine derivative 36. [START_REF] Spinner | [END_REF] It turned out that a regiospecific Negishi reaction was possible even when using 1.5 equivalents of benzylzincbromide, and the C-3 benzylated derivative 37 was isolated in a 47% yield. 

Preparation of an imidazo[1,2-a]quinoxalin-1(5H)-one derivative.

As depicted in scheme 6, an original preparation of luciferin analogues featuring an imidazoquinoxaline ring system was developed. For this, we used the quinoxalinol 45a made from the condensation between ophenylenediamine (43a) and phenylpyruvic acid (44) in the presence of hydrochloric acid and 2mercaptoethanol [18] which led to 79% of 45a. Of interest is the fact that a control experiment without 2-mercaptoethanol still provided 62% of compound 45a. From this quinoxalinol, the corresponding 2-chloroquinoxaline 46a was then obtained in a 90% yield and this was followed by its N-arylation with phenylalanine ethyl ester (23) to give 71% of compound 47a. The ensuing ester hydrolysis using sodium hydroxide followed by a cyclisation using an excess of acetic This article is protected by copyright. All rights reserved.

anhydride finally gave 69% of the target O-acetylated imidazo[1,2-a]quinoxaline 48a. Although a more extensive purification procedure was required to obtain 46% of compound 46b from the difluorinated o-phenylenediamine 43b, the same synthetic pathway led to the analogue 48b in a 12% overall yield. Of note was the far slower N-arylation of phenylalanine ethyl ester (23) with the fluorine-bearing 2-chloroquinoxaline 46b as only an 11% yield of the N-arylester 47b was obtained in 12 hours of heating whereas a 38% yield was achieved when heating for 27 hours.

Scheme 6. i: EtOH, HSCH2CH2OH, 2N H3O + Cl -, reflux. ii: PhPOCl2, 100 °C. iii: Pd(OAc)2, BINAP, Cs2CO3, toluene, 90 °C. iv: 1) NaOH, THF, 20 °C, 2) Ac2O, 20 °C.

Preparation of benzo [f]imidazo [1,2-a]quinoxalin-3(11H)-one derivatives. As depicted in scheme 7, an original [13,19] synthesis of such analogues was designed via the use of three distinct 
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quantitative amidification of these esters, using methanolic ammonia in a pressure vessel at 100 °C, which gave the amides 52a and 52b. From these, an intramolecular Buchwald-Hartwig reaction was envisaged using Xantphos as the palladium ligand. [20] However, from the bisbrominated derivative 52a, trials pointed out an extensive decomposition and very little occurrence of compounds 53a or 54a, probably due to an un-selective palladium insertion in the carbon-bromine bounds. On the other hand, from the 2-bromo-4-fluoro amide 52b, the same reaction led to a chromatographic fraction containing mixture of compound 53b, resulting from the planned cyclization, and compound 54b resulting from the aromatization of some 53b. This aromatization was then completed using peracetic acid as the oxidant and compound 54b was isolated in 54% yield from 52b. The ensuing chlorination with hot phenylphosphonic dichloride gave 67% of compound 55 which was subjected to the last Buchwald-Hartwig reaction to yield 71% of the N-arylated phenylalanine ethyl esters 56. The last two steps, hydrolysis of the ester function followed in situ by a cyclization with an excess of acetic anhydride, gave 65% of the target O-acetylated luciferins analogue 57. Preparation of an imidazo [1',2':1,6]pyrazino [2,3-c]quinolin-3(11H)-one derivative. The synthetic pathway described above was used again to prepare the nitrogen-bearing analogue, starting with 4-bromoquinoline (58) as depicted in scheme 8. If the first four steps, including the first two Buchwald-Hartwig reactions, proceeded without any difficulties, the aromatization step of compound 62 required sulfur in boiling decaline and gave 67% of the target compound 63. In the next step, chlorination in hot phenylphosphonic dichloride to obtain compound 65 turned out to be very slow, even at 100 °C. Raising the temperature to 150 °C led to 2.6% of the unexpected 10.1002/chem.202004311
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compound 64 resulting from an oxidative dimerization process along with 17% of the target compound 65. It is only by running the reaction as thoroughly as possible under an argon atmosphere and adding potassium carbonate (presumably to quench any evolving hydrochloric acid) that compound 65 could be obtained in a 38% yield although 19% of the dimer 64 and some unreacted material (less than 8%) were also isolated. This unexpected methylene reactivity, somehow reminiscent of what we previously observed with the chlorotriazine 31 depicted in scheme 4, probably had also some effect on the last Buchwald-Hartwig N-arylation as we could isolate the resulting α-amino ester 66 in only 43% yield. Moreover, a rather high incidence of decomposition was observed in the course of the last synthetic steps and the target O-acetylated luciferin analogue 67 was obtained in only a 35% yield.

10.1002/chem.202004311
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Scheme 8. i: PheOEt (23), Pd(OAc)2, BINAP, Cs2CO3, toluene, 95 °C. ii: NBS, CH2Cl2, 0-20 °C.

iii: 7N NH3/MeOH, 100 °C. iv: Pd(OAc) 2, Xantphos, Cs2CO3, THF, 120 °C. v: S8, decaline, reflux. vi: PhPOCl2, K2CO3, 150 °C, argon. vii: PheOEt (23), Pd(OAc)2, BINAP, Cs2CO3, MeCN, 60 °C. viii: 1) NaOH, THF, 20 °C, 2) Ac2O, 20 °C.

Preparation of a 5,11-dihydro-3H-chromeno[4,3-e]imidazo [1,2-a]pyrazin-3-one derivative. In an attempt to design an alternative pathway to benzo [f]imidazo[1,2-a]quinoxalin-3(11H)-one 14, we initially contemplated to use our previously reported preparation of chloropyrazines starting with a 1,4-addition of phenyl alanine ethyl ester ( 23) as a free base on nitrostyrene. [8c, 14b] Accordingly, as depicted in scheme 9, we started with the bridged derivative 3-nitro-1,2-dihydronaphthalene (68a), readily prepared by nitration of dihydronaphtalene using tetranitromethane. [21] Unexpectedly and despite many trials, no 1,4-addition was observed with this substrate. On the other hand, this 1,4-addition readily took place on 3-nitro-2H-chromene (68b) [22] to give the pyran-bearing 1,4-adduct 69b. We do not have a satisfying explanation for this difference of reactivity although the only example reported of a nitrogen-bearing nucleophilic 1,4-addition on 3-nitro-1,2-dihydronaphthalene (68a) involved a far more nucleophilic specie. [23] In any case, from compound 69b, a reduction of its nitro function using zinc and hydrochloric acid followed by a thermal cyclisation of the resulting amine gave the tetrahydrochromeno [3,4-b]pyrazin-3(4H)-one 70 as a mixture of diastereoisomers. Many attempts were made to achieve its aromatization, using sulfur in boiling 1,3-dichlorobenzene, iodine as well as other oxidants with a very limited success. [14a] We thus resorted to the preparation of the quite unstable nitrone 71.

From this crude compound, a dehydration reaction using sodium hydroxide [14b] gave the desired 5H-chromeno [3,4-b]pyrazin-3-ol 72 in 52% yield from compound 70. The preparation of the corresponding chloro derivative using hot phenylphosphonic dichloride only led to minute amount of this compound. Accordingly, we used a milder alternative [24] via the preparation of the triflate ester 73, and a displacement reaction with sodium bromide which gave the bromo derivative 74 in 40% yield from the chromenopyrazinol 72. From compound 74, the ensuing Narylation of phenylalanine ethyl ester (23) led to 70% of the expected ester 75 and the final steps provided 80% of the target O-acetylated luciferin analogue 76.

10.1002/chem.202004311
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additional dimerization of compound 78. Solution of the compounds 1, 86 and 87 were also used as references. From the resulting solution of compound 78-85, no tangible bioluminescence was observed with compound 78-85 when using n nanoKAZ/NanoLuc luciferase under the usual conditions, [14b] contrary to coelenterazine (1), bisdeoxycoelenterazine (77), [8b] furimazine (86) [8a] or the enhanced analogue 87. [8c] On the other hand, the chemiluminescence properties of these compounds was somewhat more rewarding. In the past, the chemiluminescence properties of coelenterazine (1) or some of its analogues have been the focus of many studies. [25] The final concentration of the compounds used in these experiments is always low, varying between 1 µM, [25e] 3 µM, [25i] 10 µM [25a, c, d, f] or in two instances 50 µM. [25g, h] We quickly found out the reason as, at much higher concentration (i.e.: 1 mM final), we observed remarkable wavelength shift which could be only explained by resonance energy transfers to fluorescent substances arising from the light production process. Interestingly, this requirement for low concentration was not found necessary for the study of the chemiluminescence of firefly luciferins. [26] For our part, as depicted in table 1, for every compound made, their addition to a phosphate buffer (DPBS; pH = 7.4), leading to 5 µM final concentration, led to a chemiluminescence signal as measured by a HIDEX Triathler Gamma Counter. Of note is that the signal intensity varied widely according to the compound studied. Moreover, we confirmed the ammonium-based surfactant enhancement effect reported by Shimomura [1a] since quite remarkable intensity improvement was systematically achieved when adding of 2.5 mMol of cetyltrimethylammonium bromide (CTAB). Concerning the products resulting from this chemiluminescence, LC/MS analysis, using ammonium carbonate as a buffer, pointed out the occurrence of the expected ions typical of the light-producing reaction depicted in scheme 1 (see supplementary info). In the case of coelenterazine (1, m/z = 424), the ion corresponding to coelenteramide (4, m/z = 412) and, as reported, [27] the amine (m/z = 278) were observed. Concerning the emission spectra of the strong and medium emitters, the use of an Aqualog® (HORIBA Instruments, Inc.), a spectrometer endowed with a sensitive CCD detector (Water-Raman SNR > 20,000:1 -RMS method), gave good results but only upon adding 2.5 mMol of CTAB in the phosphate buffer. Concerning the weak emitters, such as compounds 78-81, we have yet to find a device sensitive enough to determine their emission spectra.

Interestingly, even at a 5 µM final concentration a degree of signal quench was observed in one instance (compound 87) but this was alleviated when measuring the spectra at a 2.5 µM final concentration. 

Conclusion

In this study, we made an array of compounds which all produced a photon upon their reaction with oxygen via, as confirmed by LC/MS analysis, a mechanism plausibly similar to the one described for imidazo[1,2-a]pyrazin-3(7H)-one luciferins. Many of these analogues were prepared using our previously reported [8c, 14b] synthetic pathway although unexpected limits were encountered in their preparations. These limitations drove us to use and develop alternative conditions to produce the target compounds, notably using the fact that the N-arylations could sometime take place without a palladium-based catalyst along with a (not too) strong base or the observation that some the resulting esters could undergo a cyclisation into the target luciferin just upon heating. Again, trapping these relatively unstable substances under their O-acetylated form was instrumental in their proper isolation and the success of this work. Concerning their chemiluminescence properties when adding these compounds to a phosphate buffer, a very variable degree of signal intensities was observed. Of interest is the observation that a very strong chemiluminescence is observed for the most rigid analogues such as compound 83 and 85 but unexpectedly not for the "aza" analogue 84. Aside from a degree of instability (in comparison with other derivatives) which was noted for the O-acetylated precursors of compounds 78-80, it is more difficult to identify a reason for their very low chemiluminescence. Concerning the emission profiles of the compounds endowed with a chemiluminescence of sufficient intensity, the λmax were mainly situated in the blue region (438-472 nm) with the notable exception of the difluorinated derivative 82, endowed with a green signal at 513 nm. Previous and far more extensive, studies on the chemiluminescence properties of coelenterazine (1) have reported on the large impact on the signal wavelength when using a protic or an aprotic organic solvents as well when using a base. [25a] In our case we chose to use only a protic one (water) and a mild base (a phosphate buffer) since we observed little difference between the chemiluminescence (472 nm) 10.1002/chem.202004311

Accepted Manuscript

Chemistry -A European Journal

This article is protected by copyright. All rights reserved. and bioluminescence (455 nm; [8c] with NanoLuc) of the reference compound furimazine (1). We thus retained only this set of condition to qualify the emission wavelength of these analogues as a plausibly predictive parameter of their eventual bioluminescence properties (if a luciferase, derived from nanoKAZ/NanoLuc, could be designed to consume them). However, the relatively modest chemiluminescence λmax shifts achieved here do not meet the criteria to initiate a research program aiming at designing a luciferase capable of catalyzing the light-producing combustion of one of these analogues. In any case, the results obtained are providing some additional clues on how to red-shift this type of luciferin and, probably more important, the experimental data presented here should be useful for the design and validation of computer-based models [2] of these light-producing reactions.

Scheme 4 .

 4 Scheme 4. i: PhCHO, AcONa, Ac2O, 65 -90 °C. ii: NH2NH2, EtOH, 20 °C. iii: NaOH 1.5N, reflux. iv: POCl3, K2CO3, MeCN, reflux. v: Pd(OAc)2, BINAP, Cs2CO3, MeCN, 60 °C. vi: Pd(OAc)2, BINAP, Cs2CO3, toluene, 90 °C. vii: NEt3, NMP, 120 °C, 14 days. viii: Ac2O, NEt3, 20 °C.

  Buchwald-Hartwig N-arylation reactions. The first one allowed the N-arylation of phenylalanine ethyl ester (23) by the 2-bromonaphthalene derivatives 49a and 49b. Rather long reaction time were required: 22 hours at 105 °C and 64 hours at 100 °C, to secure respectively 67 and 54% yield of compounds 50a and 50b. Bromination of the resulting products led selectively to the bisbrominated derivative 51a and the 2-bromo-4-fluoro derivative 51b. This was followed by a10.1002/chem.202004311 

Scheme 9 .

 9 Scheme 9. i: PheOEt (23; free base), neat, 0 °C. ii: 1) Zn dust, 37% H3O + Cl -, dioxane, 0-20 °C, 2) neat, 140 °C. iii: 35% AcOOH/AcOH, AcOEt, 20 °C. iv: NaOH, EtOH, 20 °C. v: Tf2O, NEt3, CH2Cl2, 20 °C. vii: NaBr, TfOH, DMF, 120 °C. vii: PheOEt (23), Pd(OAc)2, BINAP, Cs2CO3, toluene, 85 °C. viii: 1) NaOH, THF, 20 °C, 2) Ac2O, 20 °C.

Figure 1 .

 1 Figure 1. Structures of the luciferin analogues 77-87.

  to require harsher conditions than expected and even heating the reaction at 150 °C for 22 hours gave an overall 56% of the 2-chloropyridine 40 from the C-3 benzylated derivative 37. The ensuing N-arylation step with phenylalanine ethyl ester(23) gave 60% of compound 41. From this ester, a hydrolysis using sodium hydroxide followed by a cyclisation in the presence of an excess of acetic anhydride led to 32% of the target O-acetylated imidazo[1,2-a]pyridine 42.
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The structure of this compound was established by long distance NMR correlation. From this intermediate, a Suzuki-Miyaura coupling provided the phenyl in position 5 and a cleavage of its methoxy group led to the 2-hydroxypiridine derivative 39. Chlorination of this compound turned This article is protected by copyright. All rights reserved. out Scheme 5. i: PhCH2ZnBr, Pd(OAc)2, XPhos, THF, 60 °C. ii: PhB(OH)2, Pd(OAc)2, SPhos, dioxane/H2O 5:1, 90 °C. iii: 33% HBr/AcOH, 100 °C. iv: PhPOCl2, 150 °C. vi: PheOEt (23), Pd(OAc)2, BINAP, Cs2CO3, toluene, 90 °C. vii: 1) NaOH, THF, 20 °C, 2) Ac2O, 20 °C.

Table 1 . Chemiluminescence spectra of the luciferins

 1 

	Cpd	DPBS Imax	+2.5M CTAB Imax	λmax
	1	4.000	1.100.000	465
	77	65.000	2.400.000	462
	78	200	28.000 a	n.s.
	79	160	1.400	n.s.
	80	250	3.200	n.s.
	81	215	602.600 a	n.s.
	82	660	2.400.000	513 b
	83	26.000	19 million c	438
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