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, a research field that has remained largely unexplored. One of the obstacles could be the synthesis of such compounds. Thus, attempts carried out following the original procedure to obtain binaphthyl tetrazoles did not allow us to obtain the expected products in a satisfying way: the obtained quantities of

Introduction

In recent decades, interest in tetrazole derivatives, five-membered doubly unsaturated heterocycles consisting of one carbon and four nitrogen atoms, increased rapidly because of a wide range of applications, mainly medicinal chemistry, biochemistry and drug design [1][2][3][4][5][6], synthetic organic or coordination chemistry [2,[7][8][9][10][11][12] and more recently for applications in the field of molecular materials including stimuli-sensitive polymers and energetic derivatives [13][14][15][16][17].

Specific attention has been paid to light-activatable 2,5-disubstituted tetrazoles, including two-photon absorbers [18,19]. These compounds are inherently unreactive but undergo a fast removal of N2, upon absorption of light, that generates reactive nitrile imine intermediates [20,21]. These intermediates can be involved in various light-induced ligation reaction among which the nitrile imine mediated tetrazole-ene cycloaddition (NITEC) with electron-deficient olefins [22], leading to pyrazolines [23,24]. It has recently been applied to a wide range of applications including surface functionalization, polymer conjugation and cross-linking, or biomolecular labeling [25].

Several routes have been proposed for the synthesis of 2,5-substituted tetrazole derivatives [26]. One of the most popular is Kakehi's procedure, depicted in detail in Scheme 1 [27]. This method relies on the reaction of aryl diazonium salts and aryl sulfonyl hydrazones. The aryl diazonium salt is generated just before use in an EtOH/H2O mixture and added dropwise to the solution of an arylsulfonyl hydrazone in pyridine, acting as solvent and base. This leads to the formation of a formazan intermediate which is then deprotonated in the presence of pyridine, followed by the removal of tosylsulfinate leading to a 1,5-dipolar cyclization [27]. Scheme 1. General synthetic pathway to 2,5-disubstituted tetrazoles established by Kakehi and coworkers [27].

tetrazoles were found to be extremely low. Actually, the presence of several components in the final reactive medium, due to both unreacted molecules and degradation products, required laborious purification steps, after which the final products were rarely fully free of impurities.

Here we describe modifications of the original procedure that enabled us to simplify the final purification steps considerably and obtain pure substituted 2,5-naphthyl tetrazoles in reasonable yields. Firstly, we used a precise control of the formation of naphthalenediazonium salts and naphthyl sulphonyl hydrazones before the reaction, to ensure that they will be added in strict stoichiometric proportions.

We opted to use naphtalenediazonium salts in the form of their hexafluorophosphate salts, in order to circumvent the potentially hazardous behaviour of the chloride salts [29,30]. Their upstream preparation enabled us to control their formation and purity, attested by NMR, as well as the exact quantities involved in the reaction with the hydrazones. Secondly, the experimental conditions, solvent and base, were refined and adapted to the synthesis of 2,5-naphthyldisubstituted tetrazoles first, then to series of 2,5-diaryltetrazoles bearing functional groups as well as to coumarin-and heteroaromatic-based tetrazoles.

Results and Discussion

The synthesis of the 2-(6-methoxynaphthalen-2-yl)-5-(naphthalen-2-yl)-2H-tetrazole 2 (Scheme 2) from the 6-methoxynaphthalene-2-diazonium salt D2 and the naphthyl sulfonyl hydrazone H1 was used as a test reaction. D2, like most diazonium hexafluorophosphate salts, was found to be practically insoluble in ethanol which made it necessary to find a suitable solvent to carry out the reaction. We first used pyridine, that had been recommended by Kakehi as both solvent and base for the reaction [27]. The diazonium salt D2 was thus solubilised in pyridine before being slowly added to a solution of naphthyl sulfonyl hydrazone, itself in cold pyridine. The mixture was kept at -20°C during the addition (20 min), then left to reach room temperature. At this point, TLC revealed the presence of several components. According to the protocol established by Kakehi, the addition of a molar solution of hydrochloric acid caused the precipitation of tetrazole 2, which had to be purified by chromatography on silica gel (CH2Cl2/heptane 80/20). Tetrazole 2 was finally obtained in a 28% yield (Table 1, entry A).

It is important to note that some off-gassing was observed within the solution of the diazonium salt in pyridine during the slow addition. This offgassing was attributed to a degradation of the diazonium salts, with elimination of nitrogen, probably due to the nucleophilic attack of pyridine to the diazonium salts, a phenomenon previously described [31], [32]. It therefore appeared that a prolonged contact of diazonium salts with pyridine should be avoided, or even that another base should be chosen. Solvents such as methylene chloride or tetrahydrofuran were used to dissolve the diazonium salts prior to their addition to the hydrazone, still in solution in pyridine, but the purification conditions remained unsatisfactory.

Finally, we opted for the solubilisation of the 6-methoxynaphthalene-2diazonium salt D2 in acetone, where it proved to be stable while being perfectly soluble even at low temperatures. In a model reaction, D2 was solubilised in acetone before being slowly added to a pyridine solution of the naphthyl sulphonyl hydrazone, kept at -20°C during the addition (20 min). After dropwise addition, the mixture was left at room temperature and stirred for at least 4 hrs. A precipitate was then observed to form, which was collected and identified as the expected tetrazole 2. The crystal structure of 2 confirmed the 2,5 substitution (Figure 1). Using acetone as the solvent for D2 therefore offered the unexpected advantage of greatly simplifying the purification steps of the binaphthyl tetrazole 2. We then attempted to refine the proportions of acetone and pyridine, as well as the use of other bases, in order to study the impact on the purification of 2 and the yields (Table 1, entries B to F). The formation of 2 was not observed in the absence of pyridine (Table 1, entry B). On the other hand, the use of other bases (NEt3, NaOAc) did not allow to consider these systems as efficient alternatives for the synthesis of the tetrazoles (Table 1, entries G to J). A test in which pyridine was added slowly to a solution of D2 and H1 previously dissolved in acetone (Entry C) resulted in the formation of tetrazole 2 in 8% yield. This highlights the importance of dissolving the hydrazone in pyridine as a prerequisite. Other tests in which the sulphonyl hydrazone was dissolved in acetone-pyridine mixtures confirm this idea, as they showed a dramatic drop in the yields of tetrazole 2 (Entries D and E: 27% and 19%) instead of 50 % yield (Entry F) when the sulphonyl hydrazone was in pure pyridine prior to the addition of the diazonium salt. These reactions conditions (Table 1, entry F) were finally adapted to the gram scale (Table 1, entry K), leading to 2 with 50% yield.

These conditions were applied to various substituted binaphthyl tetrazoles (Scheme 3). In a typical procedure, the naphtalenediazonium hexafluorophosphate salt was dissolved in acetone. This solution was stirred for 15 min, before being added dropwise to a stirring pyridine solution of a selected naphthyl sulfonyl hydrazone (1 equiv, which was kept at -20°C during the addition (20 min). The reaction mixture was allowed to reach room temperature and stirred for at least 4 hours, after which time the formation of a precipitate was observed. The precipitate was filtered, washed with cold acetone and dried in vacuo before being analysed by NMR ( 1 H, 13 C; see Electronic Supplementary Information (ESI)), which allowed the identification of the 2,5-binaphthyl tetrazoles (Scheme 3), obtained in yields from 29 to 63%. The functions chosen take into account that the 2,5disubstituted tetrazoles can be involved in various reactions such as saponification, trans-esterification or ether cleavage [33][34][35][36]. As for the tetrazole 8, which carries an alkylchoride chain unaffected during its formation, it opens up a wide range of substitution reactions. This procedure was generalised to the synthesis of the 2-coumarin 5naphthyl tetrazoles 9,10, obtained from the 2-oxo-2H-chromene-6diazonium salt D5 and two naphthylsulfonyl hydrazones (H1 and H3) (Scheme 4). These tetrazoles were easily separated due to their spontaneous precipitation during the reaction. They were obtained in 25% and 36% yields respectively. Similarly, the tetrazoles 11,12 (Scheme 5) were synthesised by reacting the naphtalenediazonium salt D2 and the sulfonyl hydrazones H4 and H5 derived respectively from the 1-methyl indole and the 8-hydroxyquinoline, previously obtained in good yields from the corresponding aldehydes (ESI). The indole derivative 11 precipitated spontaneously and was obtained with a yield of 49%. This was not the case for the hydroxyquinoline derivative 12, which did not precipitate during the reaction. A CH2Cl2/H2O liquid-liquid extraction, at pH 7, allowed the tetrazole 12 to be obtained with a yield below 5%. This counter-example illustrates the limit of the generalisation to groups that display some affinity to the pyridine/aqueous medium.

On the basis of these results, we explored the application of our reaction conditions to obtain a series of 2,5-biphenyl and 2,5-naphthyl-phenyl disubstituted tetrazoles (Scheme 6 and 7). The syntheses were therefore all carried out by slow addition of acetone solutions of diazonium hexafluorophosphate salts to the solutions of aryl (phenyl or naphthyl) sulfonyl hydrazones in pyridine at -20°C. The mixture was allowed to rise gradually to room temperature and then to evolve for 4 hours. No precipitate formation was observed at this stage. However, the addition of a cold molar hydrochloric acid solution, used to neutralize the excess pyridine, resulted in the precipitation of the tetrazoles, which were filtered, washed with water and cold ethanol, before being dried in vacuo and analysed ( 1 H and 13 C NMR; ESI). We must point out that the addition of an aqueous acid solution to precipitate binaphthyl tetrazoles is possible, on condition that systems carrying basic functions (amine, pyridine, etc.) are avoided. In the case of the synthesis of the binaphthyl tetrazole 2, which we chose as our initial model, adding a 1N HCl aqueous solution, at cold temperature, resulted in a modest increase in the yield of the reaction (from 50% to 56%; Table 1, entry L). Scheme 5. Synthesis and yield of 2,5-tetrazoles containing indole 11, hydroxyquinoline 12 from 1 mmol sulfonyl hydrazones and diazonium salt D2. Scheme 6. Synthesis of disubstituted 2,5-biphenyl tetrazoles. Yields for 2,5-biphenyl tetrazoles (13)(14)(15)(16)(17)(18)(19) with 1 mmol of appropriate sulfonyl hydrazones and diazonium salts.

The yields were moderate to good (from 17% to 71%) for this series of syntheses of 2,5-biphenyl and 2,5-naphthyl-phenyl disubstituted tetrazoles. These variations can be attributed to different factors. The most obvious seems to be related to the donor or acceptor character of the substituents of the phenyl sulfonyl hydrazones and diazonium salts. The presence of an electron-withdrawing group on the diazonium salt increases its reactivity [31] but also its sensitivity to nucleophilic attack by pyridine: the yields of tetrazole fall (Scheme 4, entry 10 vs 9). Conversely, the presence of an acceptor group in the para position of the sulfonyl hydrazone unit tends to increase the reactivity of the α-carbon and favors the reaction (Scheme 6, entry 17) [27]. The same trends can be overall observed for the binaphthyl series (Scheme 7), with less marked variations (from 29 to 65%), which is probably due to less sensitive effects of the donor and acceptor substituents of the naphtalenediazonium salts and/or sulfonyl hydrazones. We also investigated the synthesis of compound 18, for which Kakehi indicated that the electron-donating character of the dimethylamine group could induce a weaker nucleophilicity of the hydrazone carbon, which could account for the observed low yields (10%) reported in this case [27]. For our part, the reaction was carried out according to the previous procedure, by slow addition, at -20°C, of an acetone solution of the diazonium salt D7 to the solution of the hydrazone H9, in pyridine. The reaction mixture quickly became dark red and cloudy, without the formation of a precipitate being observed after 5 hours at room temperature. The presence of the dimethylamine group made us exclude the addition of a 1N HCl solution to induce the precipitation of 18. The reaction mixture was thus treated by evaporating the acetone. The resulting mixture was subjected to a biphasic diethyl ether-water separation, ensuring that all the pyridine was extracted with water (colorimetric CuSO4 test). 18 was finally separated from yellow impurities by filtration through a short SiO2 column, using a diethyl ether/heptane mixture (v/v: 20/80; Rf = 0.6) and was obtained in 17% yield as a pale-yellow crystalline powder ( 1 H and 13 C NMR; ESI).

Conclusion

In summary, we describe experimental conditions leading to 2,5disubstituted naphthyl, binaphthyl and biphenyl tetrazoles. The use of acetone as a solvent for the reactions of aromatic diazonium salts in the presence of aryl-sulfonyl hydrazones, instead of ethanol as initially described by Kakehi, greatly simplifies the purification of tetrazoles whose precipitation can be either spontaneous, at the end of the reaction, or induced by the addition of an aqueous acid solution. A variety of substituents on both the aryl diazonium salts and sulfonyl hydrazones, the extension to coumarin and indole derivatives suggest that the simple experimental conditions described here could be widely applicable. The original compounds described in this article are being investigated in nonlinear optics and for their use as biphotonic absorbers for photochemically induced reactions.

Supporting Information

Experimental procedures, characterization data, copies of NMR and mass spectra for all new compounds and products (PDF). CCDC 2184357 for 2 contains the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre.

Caution: the diazonium hexafluorophosphate salts used proved to be stable at -20°C, in the dark, for months. Meanwhile, many diazonium salts are known for their violent decomposition hazard in the solid state: they generally are thermally unstable and sensitive to friction and shock. Use a plastic spatula when handling the solid. The dried powder should not be "scratched" with a metal spatula or ground finely.

Funding

This work was supported by the Agence Nationale de la Recherche (ANR-19-CE06-0029-01).

Scheme 2 .

 2 Scheme 2. Synthesis of the 2-(6-methoxynaphthalen-2-yl)-5-(naphthalen-2-yl)-2H-tetrazole 2.

Figure 1 .

 1 Figure 1. Perspective view of the molecular structure of 2 (C22H16N4O) with the atom labeling scheme for the non-hydrogen atoms. The thermal ellipsoids are scaled to 50% probability.
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 3 Scheme 3. Synthesis of 2,5-binaphthyl tetrazoles 1-8. Yields for 2,5-binaphthyl tetrazoles 1-8 for 1 mmol of sulfonyl hydrazones and diazonium salts (see ESI for experimental details and characterizations).

Scheme 7 .

 7 Scheme 7. Synthesis of mixed 2,5-naphthyl-phenyl tetrazoles. Yields for disubstituted 2,5naphthyl-phenyl tetrazoles 20-23 for starting quantities of appropriate sulfonyl hydrazones and diazonium salts around 1 mmol.

Table 1 .

 1 Optimisation of the reaction conditions for the synthesis of disubstituted binaphthyl tetrazoles. Obtained yields for the 2,5-binaphthyl tetrazole 2 (Scheme 2) for 0.7 mmol 6-methoxynaphthalene-2-diazonium salt D2 and naphthyl sulfonyl hydrazone H1 (except for the entry K; gram scale, starting quantity 5.3 mmol).

	Entry	Product	R1	R2	Hydrazone solvent (mL)	Diazonium salt solvent (mL)	Yield (%)
	A	2	H	OMe	pyridine (8)	pyridine (10)	28
	B	2	H	OMe	acetone (8)	acetone (12)	-
	C	2	H	OMe	acetone (16); dropwise addition of pyridine (8)		8
	D	2	H	OMe	pyridine (4) acetone (4)	acetone (12)	27
	E	2	H	OMe	pyridine (2) acetone (6)	acetone (12)	19
	F	2	H	OMe	pyridine (8)	acetone (12)	50
	G	2	H	OMe	NEt3 (2mL) acetone (6)	acetone (12)	21
	H	2	H	OMe	NEt3 (4mL) acetone (4)	acetone (12)	24
	I	2	H	OMe	NEt3 (6mL) acetone (2)	acetone (12)	17
	J	2	H	OMe	NaOAc (500 mg) acetone (8)	acetone (12)	-
	K	2	H	OMe	pyridine (20)	acetone (40)	50
	L	2	H	OMe	pyridine (8)	acetone (12)	56
	Scheme 4.	Synthesis of 2,5-tetrazoles containing a substituted coumarin. Yields for		
	disubstituted 2-coumarin 5-naphthyl tetrazoles 9,10 from 1 mmol sulfonyl hydrazones and		
	diazonium salt.						
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