Traceless Staudinger ligation to introduce chemical diversity on b-lac- tamase inhibitors of second generation Flavie Bouchet, † Heiner Atze, ‡ Michel Arthur, ‡ Mélanie Ethève-Quelquejeu,* † Laura Iannazzo* † † Université de Paris, UMR CNRS 8601, Laboratoire de Chimie et Biochimie Pharmacologiques et Toxicologiques, F-75006 Paris, France. ‡ INSERM, Sorbonne Université, Université de Paris, Centre de Recherche des Cordeliers (CRC), F-75006 Paris, France. ABSTRACT: We explored the traceless Staudinger ligation for the functionalization of the C2 position of second generation β-lactamase inhibitors based on a diazabicyclooctane (DBO) scaffold. Our strategy is based on the synthesis of phosphine phenol esters and their ligation to an azido-containing precursor. Biological evaluation showed that this route provide access to a DBO that proved to be superior to commercial relebactam for inhibition of two of the five β-lactamases that were tested.

The production of β-lactamases that inactivate β-lactam antibiotics is a wide-spread mechanism of resistance that can be defeated by the combination of the drugs with β-lactamase inhibitors. Two generations of inhibitors have been successfully developed based on the β-lactam (e.g. clavulanate in 1974) [START_REF] Bush | A resurgence of β-lactamase inhibitor combinations effective against multidrug-resistant Gram-negative pathogens[END_REF] and diazabicyclooctane scaffold (DBO; e.g. avibactam in 2015) 2 (Fig- ure 1A). However, the efficacy of both types of inhibitors have been compromised by the emergence of clinical isolates that resist to drug combinations following acquisition of genes encoding β-lactamases that are ineffectively inhibited. This involves both horizontal gene transfers and the acquisition of mutations under treatment. [START_REF] Drawz | Three Decades of β-Lactamase Inhibitors[END_REF] In this context, synthetic strategies have been developed for accessing new molecules based on the DBO scaffold (Figure 1B and C). [START_REF] Peilleron | Synthetic approaches towards avibactam and other diazabicyclooctane β-lactamase inhibitors[END_REF] Functionalization at C2 has been obtained by a DBO precursor containing a carboxylic acid at this position (DBO-CO2H). For example, relebactam, 5 zidebactam, [START_REF] Papp-Wallace | Strategic Approaches to Overcome Resistance against Gram-Negative Pathogens Using β-Lactamase Inhibitors and β-Lactam Enhancers: Activity of Three Novel Diazabicyclooctanes WCK 5153, Zidebactam (WCK 5107), and WCK 4234[END_REF] and nacubactam 7 were synthesized using classical coupling reagents 8 generating amide, carbohydrazide, and alkoxy-amide bonds, respectively.

Amide function at C2 position was also functionalized by dehydration enabling the introduction of electron withdrawing groups such as a nitrile. [START_REF] Papp-Wallace | Strategic Approaches to Overcome Resistance against Gram-Negative Pathogens Using β-Lactamase Inhibitors and β-Lactam Enhancers: Activity of Three Novel Diazabicyclooctanes WCK 5153, Zidebactam (WCK 5107), and WCK 4234[END_REF] Our group developed the use of the copper (I) alkyne-azide cycloaddition (CuAAC) to access a series of triazole-containing DBOs. 9 A 12-steps synthetic scheme 9a and its optimization 9b were reported for obtaining the DBO precursor containing the azido group at position C2 (DBO 3; Figure 1D). Other teams functionalized the C2 position with groups containing heteroatoms, sulfur [START_REF] Fujiu | Synthesis of 2-Thio-Substituted 1,6-Diazabicyclo[3.2.1octane Derivatives, Potent β-Lactamase Inhibitors[END_REF] or fluorine. [START_REF] Davies | Discovery of ANT3310, a Novel Broad-Spectrum Serine β-Lactamase Inhibitor of the Diazabicyclooctane Class, Which Strongly Potentiates Meropenem Activity against Carbapenem-Resistant Enterobacterales and Acinetobacter baumannii[END_REF] Recently, a series of amidine substituted-DBOs have been reported. [START_REF] Gao | Amidine Derivatives of Avibactam: Synthesis and In Vitro β-Lactamase Inhibition Activity[END_REF] Here, we explore a chemical approach based on the traceless Staudinger ligation for DBO functionalization. Scheme 1. Synthesis of phosphines 2a-j.

The Staudinger ligation 13 is a powerful synthetic tool to generate an amide bond starting with a phosphine and an azido derivative in the absence of any metal catalyst. The traceless variant of the Staudinger ligation, independently developed by Raines [START_REF] Nilsson | Staudinger Ligation: A peptide from a Thioester and Azide[END_REF] and Bertozzi, [START_REF] Saxon | Traceless" Staudinger Ligation for the Chemoselective Synthesis of Amide Bonds[END_REF] is particularly attractive, because it leads to the elimination of the phosphine oxide from the final product. This methodology has been employed for the modification of polysaccharides, 16 peptides, [START_REF] Yamashita | Solid-Phase Total Synthesis of Bogorol A: Stereocontrolled Construction of Thermodynamically Unfavored (E)-2-Amino-2-butenamide[END_REF] proteins, 18 and nucleic acids. 19 Here we extend the scope of the traceless Staudinger ligation to the functionalization of DBO 3 that contained an azide at position 2 and was previously used for CuAAC 9 (Figure 1D).

We first explored the reactivity of azido-DBO 3 with phosphine phenol ester 2a that was synthesized by coupling the commercially available (2-hydroxyphenyl)diphenylphosphine with benzoic acid in presence of DCC and DMAP in DCM at room temperature for 16 h (Scheme 1). Both substrates were submitted to traceless Staudinger ligation conditions in a 10/1 THF/H2O mixture at 40 °C for 16 h. The expected amide derivative was isolated in 81% yield (Scheme 2). In parallel, we examined the phosphine-based redox catalysis developed by Ashfeld and coworkers between an azide and a carboxylic acid. [START_REF] Kosal | Phosphine-Based Redox Catalysis in the Direct Traceless Staudinger Ligation of Carboxylic Acids and Azides[END_REF] This approach does not require synthesis of a phosphine partner because it is generated in situ. The reaction was performed at 80 °C in toluene in presence of phenylsilane and a catalytic amount of triphenylphosphine (see Supporting information S18). The expected ligation product was obtained but could not be separated from the triphenylphosphine oxide by-product.

Scheme 2. Substrate scope.

To expand the substrate scope, we prepared 10 phosphine phenol esters starting from the corresponding carboxylic acids in 74 to 99% yield (Scheme 1).

Phosphines 2a-j, containing highly diverse functionalities, were then submitted to ligation conditions (Scheme 2). When phosphine-containing aryl or heteroaryl rings (2a-e) were used with azido-DBO 3, compounds 4a-e were obtained in 51 to 85% yield.

Our methodology was compatible with introduction of a pinacol boronic ester group (2b) and an electron withdrawing group (2c), affording 4b and 4c in 52% and 77% yield, respectively. The C2 position of the DBO ring was also substituted with (i) a ferro- cene moiety, commonly used in medicinal chemistry for the synthesis of metallodrug 21 (4f, 85% yield), (ii) an acetyl group (4g, 97% yield), (iii) a photoactivable tag (4h, 74% yield), and (iv) amino acids including β-alanine and methionine (4i and 4j in 66 and 55% yield, respectively). Compounds 4a-j contain a protecting O-benzyl group linked to the N6 position of the DBO scaffold, which precludes direct evaluation of β-lactamase inhibition. Biological evaluation requires deprotection and sulfation of this position that were performed on DBO 4a, chosen as a representative of our series of DBOs. For this purpose, compound 4a was submitted to a three steps procedure comprising debenzylation by hydrogenolysis in presence of Pd/C, sulfation with sulfur trioxide pyridine complex, and elution through DOWEX Na + . This procedure afforded compound 5a in 24% yield over three steps and HPLC purification (Scheme 3). Scheme 3. Synthesis of compound 5a.

To evaluate the inhibition efficacy of one representative of our DBOs, 5a, we chose a panel of five β-lactamases that are clinically relevant, belong to different structural classes (A, C, and D), and differ by their hydrolysis and inhibition spectra. [START_REF] Bush | Interplay between β-lactamases and new β-lactamase inhibitors[END_REF] TEM-1 (class A) is a wide-spread representative of penicillinases (preferential hydrolysis of penams). KPC-2 (class A) hydrolyzes carbapenems (carbapenemases). CTX-M-15 was chosen as a representative of class A extended-spectrum β-lactamases. AmpC from Enterobacter cloacae is a class C cephalosporinase (preferential hydrolysis of cephems). OXA-48 is a class D carbapenemase.

The efficacy of carbamylation of the five β-lactamases by avibactam, relebactam, and 5a was determined by measuring the kinetic parameters for the reaction scheme depicted in Table 1 (see Supporting information S19 for the procedure). DBO 5a was less effective than avibactam and relebactam for inhibition of TEM-1, KPC-2, and AmpC. For CTX-M-15, the carbamylation efficacy was the highest for avibactam (130,000 ± 10,000 M -1 s -1 ), the lowest for relebactam (960 ± 80 M -1 s -1 ), and intermediate for 5a (3,100 ± 200 M -1 s -1 ). DBO 5a was almost as effective as avibactam for inhibition of OXA-48 (660 ± 80 versus 980 ± 60 M -1 s -1 ), whereas no inhibition was detected for relebactam (< 10 M -1 s -1 ). These results indicate that 5a inhibited class A, C, and D β-lactamases although this DBO was less active than avibactam.

In conclusion, we have developed an efficient strategy based on the traceless Staudinger ligation for introducing chemical diversity in the C2 position of DBOs. Our ligation reaction introduced a new type of amide linkage connecting the NH of the amide bond to the C2 position of the DBO scaffold via a methylene group instead of the classical amide bond involving a direct link between the C2 position and the carbonyl of the amide bond (Figure 1). DBO 5a proved superior to relebactam for inhibition of two of the five β-lactamases tested in this study (CTX-M-15 and OXA-48). Access to the new type of amide linkage present in 5a might thus be used to obtain inhibitors effective against these enzymes, in particular OXA-48, which is poorly inhibited by existing DBOs. Our synthetic route is an alternative to classical coupling starting from an amino DBO and an activated carboxylic acid. The latter route, which has not been reported for functionalization of DBOs, would require the reduction of the azido into an amine. This could raise purification issues since reduction would be based on the Staudinger reduction that generates a triphenyl-phosphine oxide. Moreover, classical coupling would not be compatible with DBOs containing additional nucleophiles. In contrast, the one-step formation of the amide bond from compound 3 by the Staudinger ligation is highly chemoselective. 
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Figure 1 .

 1 Modified DBOs at C2 position.

Table 1 .

 1 Carbamylation efficacy (M -1 s -1 ) of DBOs.

	β-lactamase	avibactam	relebactam	5a
	TEM-1	88,000 ± 2,000	43,000 ± 1,000	1,300 ± 100
	KPC-2	26,000 ± 1,000	10,000 ± 1,000	120 ± 40
	CTX-M-15	130,000 ± 10,000	960 ± 80	3,100 ± 200
	AmpC	18,000 ± 1,000	15,000 ± 2,000	28 ± 6
	OXA-48	980 ± 60	No inhibition	660 ± 80
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