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A solvent-free, catalyst-free formal [3+3] cycloaddition dearomatization strategy: towards new fluorophores for biomolecules labelling

A general, sustainable dearomatization reaction for nitrogen-containing heterocycles was developed. Under solvent free conditions and without catalyst, the biorenewable methyl coumalate (MC) reacts as an efficient C3 partner to convert nine types of basic aromatic rings into their pyrido[1,2-a] fused derivatives in good to excellent yields. The fluorescence properties of some of the products were harnessed to conjugate fluorescent tags to BSA and immunoglobulin G.

 These electronic characteristics may sometimes allow, after interaction with the target, a change in the fluorescence properties. In this article we present the synthesis of such platforms with such electronics features, based on the dearomatization of pyridine or other nitrogen-based aromatics.

To access conjugated non-aromatic polycyclic scaffolds, dearomatization reactions have been continuously regarded as an attractive strategy.

challenging. Generally, the construction of such polycyclic compounds relies on the direct addition of nucleophile to preactivated pyridinium intermediates, known as the Reissert reaction. [4] Another strategy relies on the internal electrophile-triggered C-N bond forming dearomatization reactions. For instance, You and coworkers reported Ir-catalyzed intramolecular asymmetric allylic dearomatization reaction of pyridines and pyrazines, [5] quinolines and (iso)-quinolines, [6] benzoxazoles, benzothiazoles and benzimidazoles. [7] Unsworth's group reported a high-yielding silver(I)-or copper(II)-catalyzed dearomatizing intramolecular cyclization strategy, which allows the conversion of simple aromatic compounds containing ynone substituents, including indole, anisole, pyrrole and benzofuran derivatives, into functionalized quinolizinone scaffolds. [8] In these methods, allylic and propargylic substitutions are mainly achieved via N-nucleophilic aromatics with C-electrophiles. However, this method requires not only the pre-synthesis of electrophiles or their precursors, but also the use of transition metals as catalyst. In the recent years, most of the new dearomatization reactions have consisted in cycloaddition (CA) reactions or formal CA. This includes [2+2]-, [9] [3+2]-, [10] [3+3]-, [11] [4+2]-, [12] [5+1]-, [13] [4+3]-CA. [14] In most of the cases theses CA reactions concern indole derivatives as substrates.

We have shown that methyl coumalate (MC) reacted as an equivalent of enal with 1,3-dicarbonyl derivatives in formal [3+3] CA giving access to the efficient synthesis of dihydropyrans. The transformation starts by a formal Knoevenagel reaction, which implies a cascade -1,6-addition on MC -6p-electrocyclic opening -1,5-proton shift, leading to the intermediate 1-oxatriene.

The final 6p-electrocyclization gives the dihydropyrans (Scheme 1a). [15] Additional advantage of using MC as a substrate lies in its biorenewable nature, which allows the reaction to run in an environmental-friendly manner. In the context of CA, pyridines have been scarcely used, and especially for [3+3] reactions. [11] We postulated that pyridylacetates would react with MC as for the 1,3dicarbonyl derivatives to form an intermediate 1-azatriene which would undergo a 6p-electrocyclization leading to the formation of quinolizine scaffolds (Scheme 1b). Herein we describe a general, sustainable dearomative strategy using the bio-based MC for the conversion of nitrogen-based aromatic rings into their pyrido [1,2-a] fused derivatives.

Scheme 1. Formal [3+3] cycloadditions

The self-catalyzed imine-enamine tautomerism in pyridyl acetate [16] would generate the nucleophilic enamine required for the reaction to begin. Thus, the reaction could be realized in solvent-free and catalyst-free conditions. These mild reaction conditions were successfully applied to a wide range of different aza-aromatic substrates. To begin with, six-membered aza-aromatics, such as pyridine and pyrazine, afforded the corresponding quinolizine (D-2a) and pyro-pyrazine (D-2b) products in high yield (89%quant) (Scheme 2). Benzene and pyridine-fused six-membered aza-aromatics, such as quinoline, quinoxaline and naphthyridine, also underwent such reaction with the dearomative products (D-2c, D-2d, D-2e) obtained in 81-87% yield. Scheme 2. Substrate scope for six-membered aza-aromatics a) our previous work [15] O Moreover, five-membered aza-heterocycles also proved to be suitable substrates for this mild dearomatization reaction (Scheme 3). Thiazole, benzoxazole, benzothiazole and unprotected benzoimidazole were all well tolerated, providing their corresponding bi-and tri-cyclic products (D-2f-D-2i) in good to excellent yields. Crystals suitable for X-Ray diffraction were obtained for tricyclic product D-2i. Scheme 3. Substrate scope for five-membered aza-aromatics Substituted pyridines are also suitable feedstocks for this reaction, leading to corresponding quinolizine products in good to excellent yields (Scheme 4). The plausible mechanism for this reaction is illustrated in Scheme 5. The nucleophilic enol D1-a' coming from the tautomeric equilibrium of pyridyl ester D-1a undergoes a 1,6 addition on MC. [17] The resulting intermediate A could run a 6π electrocyclic ring-opening to give B, [18] followed by a 1,5-proton transfer, opening access to 1-azatriene C. We could not rule out a bimolecular elimination -protonation from A to C but the cascade via B is privileged based on the previous results we observed with Grignard reagents as nucleophiles. [17a, 18a] This transformation from starting materials D-1 to 1-azatriene C corresponds to a formal Knoevenagel reaction. A final 6-p electrocyclization furnishes the quinolizine D-2a. The presence of two EWG groups at C3 and C5 of the 1-azahexatriene accelerates and favors the 6p electrocyclic process. [19] Scheme 5: Plausible mechanism
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In addition to be readily performed, this dearomatization reaction, also generates novel structures with potential applications in biological endeavors. The prepared molecules present a carboxylic acid function ready for the grafting onto biomolecules. Thus, the dearomatized products presenting this carboxylic acid moiety were then explored for their emission properties (table S1). It appears that while all 6-membered dearomatized products were poorly to non-emissive, 5-membered dearomatized products (D2f-i) presented interesting emission properties in the blue region (441-479 nm) with a shift of the emission wavelength depending on the second heteroatom present in the 5-membered cycle. Among the acquired products, D-2i showed the highest quantum yield (table S1), affording a potential fluorescent marker for the labelling of various biomolecules including proteins, DNA etc. [20] As a model protein, we chose bovine serum albumin (BSA) that has 35 accessible amine functions from lysine residues for potential conjugation. D-2i was first activated into its N-succinimidyl ester and added to a solution of BSA in sodium phosphate buffer pH 7.8 (Figure S1). After reaction, the conjugate was purified by extensive dialysis and ultrafiltration. The average number of fluorescent probe D-2i conjugated per BSA was evaluated by UV-Vis spectroscopy by measuring the concentrations of BSA and D-2i using calibration curves established at their maximal absorbance wavelengths (lmax) (280 and 420 nm respectively). The conjugation ratio was estimated to be 9 starting with 30 eq. of D-2i per BSA. The covalent nature of the linkage between the protein and D-2i was evidenced by performing an assay without activation of the acid with TSTU. After purification, we detected neither absorbance at 420 nm nor fluorescence emission at lex= 420 nm (figure S1, black line) showing that there are no nonspecific interactions. Conjugate BSA-(D-2i)9 showed strong fluorescence emission at 490 nm upon excitation at 420 nm in PBS pH 7.4 whereas excitation of BSA alone at 420 nm did not result in any fluorescence emission (Figure S1).

However, to ensure high selectivity and site-specificity, it has become appealing to design bio-conjugation reactions based on functional groups not naturally occurring in biomacromolecules. [21] Among these reactions, the coupling between an acylhydrazine and an aldehyde to form an acyl-hydrazone bond has been frequently used, especially for the site-selective labelling of glycoproteins. As a model of glycoprotein, we chose an immunoglobulin G (IgG). This choice was motivated by the relevance of fluorophore-antibody conjugates in the field of immunoassays. [START_REF] Christopoulos | Immunoassay[END_REF] For this purpose, the acid group of D-2i was activated into its Nsuccinimidyl ester and converted to the protected acyl-hydrazine D-2i-1 upon reaction with t-Bu-carbazate. Cleavage of the Boc group by HCl in ether/chloroform led to the acyl hydrazine hydrochloride D-2i-2 (Figure 1a). Site-selective labelling of IgG was then performed in two steps. First, the carbohydrate moieties located on the Fc region of IgG were oxidized with sodium periodate in acetate buffer (pH 4.0) in order to generate aldehyde groups. [23] Subsequent reaction with a large excess of acyl hydrazine D-2i-2 (20 eq.) in acetate buffer pH 5.5 for 18 h at 25°C afforded acyl hydrazone bonds that were reduced with NaBH3CN to form more stable acyl hydrazine bonds. The acidic conditions used for the oxidation step and the formation of the acyl hydrazone bonds ensured that aldehyde groups reacted only with acyl hydrazine groups and not with amine groups, thus avoiding protein homo-coupling side-reactions. After dialysis and ultrafiltration in order to remove unbound D-2i-2, the average number of fluorescent molecules conjugated per IgG was again evaluated by UV-Vis spectroscopy by measuring the concentrations of D-2i-2 and IgG using calibration curves established at 280 and 420 nm. This conjugation rate was estimated to be 6, which is consistent with the average number of labelling sites expected to be generated given the chosen oxidation conditions (10 mM NaIO4, pH 4,0, 1h). [21] Again, nonspecific interactions were not observed when incubating IgG and D-2i-2 without the oxidation step (i.e. no absorbance at 420 nm and no fluorescence detected after dialysis: figure 1c, black line: IgG recovered). The fluorescence emission spectrum of IgG-( D-2i-2)6 conjugate was recorded in PBS pH 7.4 upon excitation at 420 nm and showed strong fluorescence emission at 490 nm whereas excitation of IgG alone at 420 nm did not result in any fluorescence emission (Figure 1).

In summary, we outlined a novel formal [3+3] cycloaddition dearomatization reaction, that consists in a tandem formal Knoevenagel-6p-electrocyclization with an unprecedented pyrido [1,2-α] fused heterocyclic large scope. This reaction can tolerate eleven types of aza-aromatics. This protocol not only employs a biorenewable diene precursor as feedstock without the need of solvent nor catalyst, but also builds the C-C and C-N bond in one pot, meeting the requirement of green chemistry in both environmental-friendly and step-economical aspects. Furthermore, the products possess novel structures which may serve as new fluorescent dyes, providing promising probes for protein labelling and relevant biological assays.
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