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Nucleotides and their conjugates are naturally occurring ubiquitous compounds that play key functional and structural roles in biological systems. Among these, dinucleoside 5',5'polyphosphates (DNPs, also known as NpnNs) consist of two nucleosides linked by one or several pyrophosphate bonds (Figure 1). They are involved in proliferation processes, enzyme regulation, neurotransmission, platelet disaggregation and the modulation of vascular tone. [1] Due to their biological relevance and therapeutic interest, [2] both enzymatic [3] and chemical [4] approaches have been developed for preparing DNPs. However, these compounds are often obtained chemically owing to the inherent limitations of enzymatic catalysis. [5] Figure 1. Structure of natural dinucleoside 5',5'-polyphosphates (Ade: Adenine, Cyt: Cytosine, Gua: Guanosine, Ura: Uracil).

The widely used P(V) method involves the activation of tri-or tetra-alkylammonium salts of a 5'-nucleotide (i.e. nucleoside 5'mono, 5'-di and 5'-triphosphate) with N,N'-carbonyldiimidazole (CDI) in dry N,N-dimethylformamide (DMF) to form a phosphorimidazolide intermediate. Its reaction with a second 5'nucleotide or pyrophosphate leads to the formation of DNPs containing two to five bridging phosphate groups in 10-63% yields. [1b,5,6] Yields drop significantly as the length of the polyphosphate chain increases. Alternatively, P 1 ,P 2di(imidazolyl)-pyrophosphate reacts with nucleoside 5'monophosphates (NMPs) in the presence of tetrazole or zinc chloride as catalysts to generate the symmetrical DNPs in 61-74% yields. [7] DNPs can also be obtained starting from nucleoside 5'-phosphoropiperidates [8] or 5'-phosphoromorpholidates. [5] Other P(V) approaches involve the activation of the first nucleotide with dicyclohexylcarbodiimide, [1b,5,6] a sulfonylimidazolium [9] or an activated cyclic trimetaphosphate, [10] followed by coupling with a second nucleotide. Otherwise, dinucleotides can be obtained via P(III) intermediates, such as salicylphosphites, [11] cycloSaligenylphosphites, [12] 5'-H-phosphonates [13] and phosphoramidites. [14] Most of these methods present important drawbacks, such as the use of non-volatile and toxic solvents (DMF, pyridine, N-methylpyrrolidone), preparation of substrates or phosphorus reagents in their alkylammonium form due to solubility issues, anhydrous conditions (i.e. dry reagents and solvents), fastidious purification and possibly prior synthesis of the activated nucleotide substrate. Here, we report an original protecting-group free mechanochemical approach, which is userfriendly and reliable, for DNPs starting from commercially available NMPs (Scheme 1). [START_REF]Nucleoside 5'-monophosphates considered in this work are adenosine 5'-monophosphate (AMP), cytidine 5'-monophosphate (CMP), uridine 5'monophosphate (UMP) and 2'-deoxythymidine 5'-monophosphate (dTMP)[END_REF] Scheme 1. Previous [START_REF] Ravalico | [END_REF] and present mechanochemical approaches to form dinucleoside 5'-polyphosphates.

[a] L. Appy, Dr. A. This approach is based on our recent results regarding the synthesis of nucleotides and some conjugates in a water medium using 2-chloro-1,3-dimethylimidazolinium hexafluorophosphate (DMP) and imidazole (Im) as coupling agents. [17] Addition of a phosphoryl reagent to the phosphorimidazolide intermediates afforded a large range of nucleotide derivatives. However, yields were moderate due to hydrolysis, the formation of side products (i.e. DNPs) and the multiple steps involved in purification. We hypothesized that removing the solvent would reduce the extent of hydrolysis and consequently increase isolated yields of the nucleoside polyphosphates. Thus, we focused on mechanochemistry, an emerging technique that enables solid/solid reactions through mechanical grinding under solventfree conditions. [18] So far, mechanochemistry has rarely been applied to the synthesis of nucleosides and related derivatives. [19] One report describes the mechanosynthesis of dinucleotides, namely ApnA (with n = 2-4), Ap2dT and nicotinamide adenine dinucleotide (NAD + ), starting from adenosine 5'-phosphoromorpholidate, which is rather expensive compared to AMP or needs to be prepared beforehand in solution using conventional unfriendly methods (Scheme 1). [START_REF] Ravalico | [END_REF] This approach was also applied to the preparation of adenosine diphosphate ribose carbonate derivatives [20] and pyrophosphorothiolate-linked dinucleoside cap analogues. [21] Although advantageous, this methodology requires the use of costly reagents, namely the phosphoromorpholidate substrate and tetrazole, as well as magnesium chloride.

As a starting point, we performed the activation of UMP according to the conditions that we reported previously (DMP/Im), [17] without adding any solvent in a vibratory ball-mill (vbm) at 30 Hz (Table 1, entry 1). A complete conversion to Up2U was obtained within 30 min (entry 2), suggesting that UMP was activated to its phosphorimidazolide (UMP-Im) 1 and reacted rapidly with the remaining UMP to form the dimer 2. Replacement of DMP with its chloride salt (DMC) [22] led to low conversion of the substrate, together with the formation of both UMP-Im and Up2U (entry 3). Reducing the ratio of DMP/Im from 3/6 to 2/4 produced Up2U with a complete conversion in 1 h (entry 4). Attempts to form UMP-Im selectively, by reducing time or amount of reagents were unsuccessful (entries 5-6). In summary, symmetric dinucleotide Up2U was obtained quantitatively in a single step from UMP as a result of mechanochemical synthesis using DMP combined with imidazole.

Since phosphorimidazolides are widely used intermediates for the formation of pyrophosphate bonds in solution, [1b,4-6] we explored their access through activation of nucleoside 5'monophosphates with CDI, starting from NMPs (Table 2). It is interesting to note that CDI has recently gained interest in the field of mechanosynthesis due to the safety of its by-products (i.e. imidazole and carbon dioxide), its efficacy in N-acylation reactions and relatively low cost. [23] The first attempt of activation was performed by grinding the disodium salt of UMP with 4 equiv. of CDI for 1 h at 30 Hz. No activation was observed under these conditions (Table 2, entry 1). However, a 50% conversion rate was obtained when using the dihydrogen form of UMP (entry 2). Indeed, phosphorus NMR analysis of the crude reaction mixture showed one signal at 2.8 ppm (residual UMP) and one at -8 ppm characteristic of a phosphorimidazolide. Moreover, MS analysis indicated the carbonation of the 2' and 3' position of the glycosyl moiety, corresponding to compound 3a. This result is consistent with the carbonation of ribonucleotides by CDI in solution phase reactions. [24] We assume that the acid form of UMP (pKa values of 1.6 and 6.6) allows the protonation of the imidazole of CDI and, therefore, facilitates its substitution by the phosphate monoester. Ratio [%] [b] NMP 3a-c

1 UMP [c] 4 60 100 0 2 UMP 4 60 50 50

3 UMP [d] 4 60 0 100 4 UMP [d] 4 45 15 85

5 UMP [d] 3 60 36 64 6 CMP [d] 4 60 0 100 7 AMP [d] 4 60 0 100

[a] Starting from 90 mg of NMP. [b] Ratio determined by 31 P NMR spectroscopy of the crude mixture. [c] Used as its disodium salt. [d] ACN (0.3 µL.mg -1 ) was added as a liquid assistant.

Since only 50% conversion could be obtained under these conditions, acetonitrile (0.3 µL.mg -1 ) was added as a liquid assistant for grinding. Indeed, studies have shown that very small amounts of added liquid can dramatically accelerate and even enable mechanical reactions between solids. [18] Under these conditions, full conversion was observed in 1 h (entry 3). When the reaction time or the amount of CDI was reduced, the reaction was not complete (entries 4 and 5). Other NMPs were examined and we found that CMP and AMP were quantitatively activated in 1 h with 4 equiv. of CDI to form 3b and 3c, respectively (entries 6 and 7). Finally, the same protocol applied to 2'-deoxythymidine 5'monophosphate (dTMP) produced the corresponding 5'phosphorimidazolide 4 (Figure 2) with a complete conversion, which suggests that the approach can be applied successfully to 2'-deoxyribonucleotides (see the Supporting Information). It is interesting to note that the use of mechanochemistry circumvents the conversion of nucleotides into their tributylammonium salts, a step that is a prerequisite (for solubility issues) for NMPs activation with CDI in solution phase synthesis. [1b,5,6] Figure 2. Structure of the phosphorimidazolide 4.

Once we had established the optimized conditions for mechanical NMPs activation, we examined the scope of the DNPs starting from NMP (Table 3). After the reaction of UMP and CDI, as described above (Table 2, entry 3), adding a slight excess of UMP disodium salt in the same jar and then ball-milling for 2 h at 30 Hz led to the formation of Up2U (Table 3, entry 1). Remarkably, the second grinding step also removed the carbonate protection. [START_REF]When 90 mg of UMP was milled for 3 h (instead of 1 h) with 4 equiv. of CDI and ACN (0.3 µL.mg -1 ), only UMP 5'-phosphorimidazolide was observed ( 31 P NMR and MS analysis)[END_REF] The use of UMP in its acid form resulted in a complete conversion of phosphorimidazolide 3a into the dimer 2 (entry 2). The mixed dinucleoside 5',5'-diphosphates 5-8 were successfully obtained using the same approach, starting from phosphorimidazolides 3a or 3b (entries 3-7). The reaction was less efficient with guanosine 5'-monophosphate (GMP) and, thus, required a larger excess of reagent (entry 6). Similarly, the use of a 4 to 4.5-fold excess of uridine 5'-diphosphate (UDP) and adenosine 5'-triphosphate (ATP) formed dinucleoside 5',5'triphosphate 9 and tetraphosphate 10, respectively (entries 8-9). Here, nucleotides were used in their sodium form because their acid form proved to be highly hygroscopic and resulted primarily in Up2U formation upon intermediate hydrolysis into UMP and a further reaction. Finally, this strategy was successfully applied to the synthesis of CDP-choline 11, starting from CMP and using choline phosphate calcium salt as a reagent (entry 10). This userfriendly mechanochemical method only requires a slight excess of reagents and limits the formation of side products. As a result, all compounds could be purified easily by reversed-phase chromatography using less than 10% acetonitrile in the mobile phase, which means our approach remains sustainable. It is important to note that the isolated yields of DNPs are similar to other approaches. However, the set-up of the reactions and their workup are greatly simplified, which saves a considerable amount of time. In addition, compared to the previously reported mechanochemical synthesis of DNPs, [START_REF] Ravalico | [END_REF] our methodology can be performed in one-pot from the NMPs. This is an advantage because it does not require the demanding formation of nucleoside 5'-phosphoromorpholidates (Scheme 1). Moreover, over-stoichiometric tetrazole, which is costly and potentially explosive, [19a] is not involved in the reaction.

Table 3. Synthesis of symmetrical and mixed DNPs. [a] Entry B' n Equiv.

[b]

ACN

[µL/mg] Product Conv.

[%] [c] Yield [%] [d] 1

Ura [e] 1 1.1 0.6 Up2U (2) 39 n.d. [f] 2 Ura (11) 100 30

[a] Starting from 90 mg of NMP. [b] Equivalent of nucleoside 5'-mono, 5'-di and 5'triphosphate. [c] Based on 31 P NMR spectroscopy. [d] Yield of isolated product.

[e] Used as its sodium salt.

[f] Not determined.

[g] Used in its acid form.

Lastly, we evaluated the environmental impact of this mechanochemical approach and compared it with other reaction conditions in solution starting from NMP. The yield, the atom economy, the Eco-scale score, a green metric ranging from 0 to 100 (from inadequate to excellent protocol), [START_REF] Van Aken | [END_REF] and the Environmental Impact Factor (E factor) [27] were determined for the synthesis of Up2U (Table 4). NEt3, trifluoroacetic anhydride, N-methylimidazole in ACN [28] 64 6 2 407 2 4,5-dicyano-imidazole in DMF [8a] 80 8 11 460

3 CDI in DMF [5,6a] Although yields are similar for all these methods, a higher atom-economy, better eco-scale score and lower E factor were found for the CDI-mediated mechanosynthesis of Up2U. In addition to its high efficiency, this demonstrates that the approach represents a major improvement in terms of environmental "friendliness".

In summary, we have developed a sustainable, practical ecofriendly approach to provide access to symmetrical and mixed dinucleoside 5',5'-polyphosphates. It is interesting to note that the reported method makes it possible to use nucleotides in their commercially available sodium or acid forms and to circumvent the solubility issues usually encountered with solution phase synthesis. We showed that under ball-milling conditions with liquid-assisted grinding, CDI effectively activates ribo-and 2'deoxyribonucleoside 5'-monophosphates to their phosphorimidazolides, thus, allowing further direct conversion into dinucleoside 5',5'-polyphosphates. Since phosphorimidazolides are essential intermediates for pyrophosphate bond formation, our study offers new perspectives for the development of greener approaches for nucleotide conjugates, as demonstrated with the synthesis of CDP-choline. We are currently exploring this strategy to access a wide range of nucleotide derivatives and analogues.

Experimental Section

General information. Synthesis of dinucleotides was carried out in a vibrating Retsch® Mixer Mill 400 at a frequency of 30 Hz using a 15 mL Teflon milling jar and a single 10 mm diameter ball made of stainless steel. The nucleotides were purchased as sodium salts and were first converted to their free acid form by treatment with Dowex 50W-X8 ion exchange resin (H + form). In a typical experiment, a mixture of 90 mg of NMP, 4 equiv. of CDI and ACN (0.3 µL.mg -1 ) was milled for 1 h. Then, a second nucleotide and ACN (0.6-0.95 µL.mg -1 ) were added, followed by grinding for 2 h. After this treatment, deionized water was added to solubilize the crude reaction mixture. Analysis by 31 P NMR was carried out to determine the conversion rate. Purification by reverse phase chromatography (C18 column) was performed with an automated puriFlash ® system using a linear gradient from 100% triethylammonium acetate buffer (100 mM pH 7) to 5-10% ACN. Counter-ion exchange with a Dowex 50W-X8 (Na + form) followed by lyophilization afforded DNPs sodium salts 2 and 5-10 as white solids.
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  Calculations are detailed in the supporting information.

Table 1 .

 1 Conversion starting from UMP disodium salt.

						Ratio [%] [a]	
	Entry	Reagents	Ratio	t [min]	UMP	UMP-Im	UP2U
	1	DMP/Im	3:6	60	0	0	100
	2	DMP/Im	3:6	30	0	0	100
	3	DMC/Im	3:6	60	12	33	55
	4	DMP/Im	2:4	60	0	0	100
	5	DMP/Im	2:4	30	37	37	26
	6	DMP/Im	1:2	60	77	13	10

[a] Ratio determined by 31 P NMR spectroscopy of the crude mixture.

Table 2 .

 2 Optimization of NMPs activation.[a] 

	Entry	NMP	CDI [Equiv.]	t [min]

Table 4 .

 4 Comparison of the environmental impact of various strategies for the synthesis of Up2U starting from UMP.[a] 

	Entry	Reagents	Yield	Atom	Eco-	E
			[%]	economy	scale	Factor
				[%]		
	1