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            Abstract
The chemical modification of structurally complex fermentation products, a process known as semisynthesis, has been an important tool in the discovery and manufacture of antibiotics for the treatment of various infectious diseases. However, many of the therapeutics obtained in this way are no longer effective, because bacterial resistance to these compounds has developed. Here we present a practical, fully synthetic route to macrolide antibiotics by the convergent assembly of simple chemical building blocks, enabling the synthesis of diverse structures not accessible by traditional semisynthetic approaches. More than 300 new macrolide antibiotic candidates, as well as the clinical candidate solithromycin, have been synthesized using our convergent approach. Evaluation of these compounds against a panel of pathogenic bacteria revealed that the majority of these structures had antibiotic activity, some efficacious against strains resistant to macrolides in current use. The chemistry we describe here provides a platform for the discovery of new macrolide antibiotics and may also serve as the basis for their manufacture.
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                    Figure 1: Summary of macrolide antibiotic development by semisynthesis.[image: ]


Figure 2: A convergent, fully synthetic route to the 14-membered azaketolide 25.[image: ]


Figure 3: A convergent, fully synthetic route to the 15-membered azaketolide 38.[image: ]


Figure 4: A convergent, fully synthetic route to solithromycin.[image: ]


Figure 5: Structures of selected fully synthetic macrolide antibiotics, and their MICs compared to those of natural and semisynthetic macrolide antibiotics.[image: ]
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                Atomic coordinates and structure factors for the crystal structure reported have been deposited with the Cambridge Crystallographic Database under accession number CCDC 1440650.
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Extended data figures and tables

Extended Data Figure 1 Synthesis of a C2-fluoro 14-membered azaketolide by a late-stage fluorination reaction.
Subjection of β-keto lactone 25 (FSM-22367) to potassium tert-butoxide (1.0 equiv.) at −78 °C followed by N-fluorobenzenesulfonimide (1.0 equiv.) afforded 50 (FSM-22391) in 43% yield.


Extended Data Figure 2 Synthesis of a 15-membered azaketolide with a modified C2-substituent.
Thermolysis of a β-keto tert-butyl ester substrate (55) proceeded at a lower temperature (80 °C) than that for dioxolenone substrates (132 °C) and afforded a 15-membered macrocycle without substitution at C2 (56). (Here and elsewhere we omit mention of the intermediate compounds for clarity.) This macrocycle served as a nearly ideal intermediate for preparation of macrolides with diverse C2-substitutions. For example, an allyl group was introduced at C2 by treatment of 56 with sodium tert-butoxide (1.1 equiv.) and allyl iodide (1.1 equiv.) at −40 °C followed by warming the reaction solution to 23 °C. The product 57 (obtained in 62% yield) was then transformed to 59 (FSM-56156) in two steps (via 58; 72% yield).


Extended Data Figure 3 Synthesis of a 15-membered azacethromycin hybrid.
Macrolactone 63 was prepared from amine 60 and aldehyde 61 in two steps (via 62) by a reductive amination–macrocyclization sequence. Treatment of 63 with paraformaldehyde (6.0 equiv.) and acetic acid (10.0 equiv.) furnished adduct 64 as a crystalline solid (84% yield; X-ray structure shown). The imidazolidine group within 64 served to protect both the secondary amine and the cyclic carbamate functions, and permitted the introduction of a quinoline heterocycle via a Heck reaction. Methanolysis (TFA, CH3OH) cleaved the imidazolidine group, affording 65 (FSM-20919; 29%, two-step yield).


Extended Data Figure 4 Synthesis of a 15-membered azaketolide with a modified C10-substituent.
N-tert-butylsulfinyl imine 68 (prepared in five steps via 66 and 67 from amide 10) allowed for the stereocontrolled introduction of various C10-substituents. For example, addition of allylmagnesium bromide proceeded with >20:1 stereoselectively to establish the stereocentre at C10; subsequent cleavage of the sulfinyl (HCl, CH3OH) and tert-butyldiphenylsilyl (Bu4NF) groups within the adduct then furnished left-hand intermediate 69 (81% yield). Amine 69 and aldehyde 35 were coupled by a reductive amination reaction (NaBH3CN, 60%–75% yield). The product (70) was then transformed to 73 (FSM-11044) in a three-step sequence that consisted of a macrocyclization reaction (giving 71; 72% yield), a methanolysis reaction (giving 72 in quantitative yield) and lastly a [3 + 2] dipolar cycloaddition reaction (giving 73 in 92% yield).


Extended Data Figure 5 Synthesis of a 15-membered azaketolide with a modified C13-substituent.
Modification of position C13 was achieved by modification of a single component, in this case the ketone building block 74 depicted above. Reductive coupling of 78 and 35 united the left- and right-halves to give 79; subsequent thermal macrocyclization provided macrolactone 80. The allyl group within intermediate 80 was cleaved upon ozonolysis (O3, trifluoroacetic acid); reductive workup with sodium cyanoborohydride afforded alcohol 81. Subjection of 81 to bis(2-methoxyethyl)aminosulfur trifluoride afforded the fluoroethyl-substituted macrocycle 82 (30%, two-step yield), which was transformed to 83 (FSM-11453) by a [3 + 2] dipolar cycloaddition reaction.


Extended Data Figure 6 Synthesis of a 15-membered azaketolide with a modified desosamine sugar residue.
The 15-membered macrolactone 90 was synthesized using thioglycoside 84 and alkyne 89 as building blocks (in lieu of building blocks 28 and 8 used for the synthesis of 15-membered azaketolide FSM-20707). Treatment of 90 with tributyltin hydride (2.0 equiv.), acetic acid (5.0 equiv.), and tetrakis(triphenylphosphine)palladium (2 mol%) led to cleavage of the allyloxycarbonyl protective group, giving rise to amine 91 (92% yield). The latter intermediate has been transformed into a number of fully synthetic macrolides with modified desosamine sugar residues. For example, acylation of the primary amino group of intermediate 91 with pyridine-2-carbonyl chloride (2.0 equiv.) in the presence of trimethylamine (3.0 equiv.) followed by removal of the tert-butoxycarbonyl group afforded 92 (FSM-21887, 86%, two-step yield).


Extended Data Figure 7 Synthesis of a 16-membered azaketolide.
Homologation of aldehyde 35 was achieved by a Wittig olefination reaction (CH3OCH3PPh3+ Cl−, NaHMDS) followed by hydrolysis of the resulting enol ether to afford aldehyde 93 in 65% yield. Reductive coupling of amine 15 and aldehyde 93 furnished macrocyclization precursor 94 (73% yield). The 16-membered macrolactone 95 was obtained in 78% yield upon thermolysis of 94 (1 mM, 132 °C). Two additional steps transformed 95 via 96 to the 16-membered azaketolide 97 (FSM-21397).


Extended Data Figure 8 Synthesis of a 14-membered macrolide with a trans-olefin linkage.
Mesylate 98 was prepared in quantitative yield by treatment of alcohol 34 with methanesulfonyl chloride (1.50 equiv.) and triethylamine (2.0 equiv.). Displacement of the mesylate group in 98 with sodium 1-phenyl-1H-tetrazole-5-thiolate (2.0 equiv.) followed by oxidation of the resulting thioether with ammonium molybdate (0.20 equiv.)–hydrogen peroxide (100 equiv.) afforded sulfone 100 in 70% yield. Aldehyde 101 and sulfone 100 were coupled in a Julia–Kocienski olefination reaction (NaHMDS, −78 → 23 °C) to provide a 4.8:1 mixture of E- and Z-olefin isomers. The E-isomer 102 was isolated and desilylated (Bu4NF, 79%). Thermolysis of the product 103 (1 mM, 132 °C) furnished the 14-membered macrocycle 104 in 83% yield. 104 was then transformed to 106 (FSM-21079) in two additional steps (methanolysis and [3 + 2] dipolar cycloaddition) via 105.


Extended Data Figure 9 Synthesis of a 15-membered macrolide with an amide linkage (C9-N9a).
Oxidation of aldehyde 35 with sodium chlorite (10.0 equiv.) in the presence of sodium dihydrogen phosphate (10.0 equiv.) and 2-methyl-2-butene (100 equiv.) afforded carboxylic acid 107 in 70% yield. Acid 107 and amine 15 were coupled in the presence of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (2.00 equiv.) to provide amide 108. Macrocyclization of 108 (1 mM, 132 °C) proceeded in 81% yield to afford macrolactam 109. Methanolysis and [3 + 2] dipolar cycloaddition then transformed 109 to 111 (FSM-21344) in two steps via 110.


Extended Data Figure 10 Synthesis of a 15-membered macrolide with an amide linkage (C10-N9a).
Amine 112 was prepared in 70% yield by displacement of the mesylate group in 98 with sodium azide followed by reduction of the resulting alkyl azide (H2, Pd). The coupling of amine 112 and acid 113 proceeded in 54% yield. The product, amide 114, was desilylated (Bu4NF, 80%) to afford the macrocyclization precursor 115. Thermal macrocyclization of 115 followed by cleavage of the methoxycarbonyl protective group afforded lactam 116 in 80% yield. Copper-catalysed [3 + 2] dipolar cycloaddition then provided 117 (FSM-21473) in 64% yield.





Related audio
Shamini Bundell find out how building antibiotics is a bit like Lego.




Supplementary information
Supplementary Information
This file contains Supplementary Text and Data – see contents page for details. (PDF 10885 kb)





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3

PowerPoint slide for Fig. 4

PowerPoint slide for Fig. 5




Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Seiple, I., Zhang, Z., Jakubec, P. et al. A platform for the discovery of new macrolide antibiotics.
                    Nature 533, 338–345 (2016). https://doi.org/10.1038/nature17967
Download citation
	Received: 07 December 2015

	Accepted: 23 March 2016

	Published: 18 May 2016

	Issue Date: 19 May 2016

	DOI: https://doi.org/10.1038/nature17967


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Carbene organic catalytic planar enantioselective macrolactonization
                                    
                                

                            
                                
                                    	Xiaokang Lv
	Fen Su
	Yonggui Robin Chi


                                
                                Nature Communications (2024)

                            
	
                            
                                
                                    
                                        Structural insights into the mechanism of overcoming Erm-mediated resistance by macrolides acting together with hygromycin-A
                                    
                                

                            
                                
                                    	Chih-Wei Chen
	Nadja Leimer
	Maxim S. Svetlov


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Facile Fabrication of Hyperbranched Polyacetal Quaternary Ammonium with pH-Responsive curcumin Release for Synergistic Antibacterial Activity
                                    
                                

                            
                                
                                    	Xing Wang
	Ya-Qiang Wang
	De-Cheng Wu


                                
                                Chinese Journal of Polymer Science (2023)

                            
	
                            
                                
                                    
                                        Wrapping collagen-based nanoparticle with macrophage membrane for treating multidrug-resistant bacterial infection
                                    
                                

                            
                                
                                    	Yuanyuan Li
	Jianming Xiong
	He Huang


                                
                                Journal of Leather Science and Engineering (2022)

                            
	
                            
                                
                                    
                                        Total synthesis of structurally diverse pleuromutilin antibiotics
                                    
                                

                            
                                
                                    	Olivia Goethe
	Mikaela DiBello
	Seth B. Herzon


                                
                                Nature Chemistry (2022)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        Editorial Summary
Towards a new breed of macrolide antibiotics
Most antibacterial drugs used today are the products of semisynthesis, or partial chemical synthesis, based on the modification of natural fermentation products. Now, many of these antibiotics have been rendered ineffective by the spread of bacterial resistance. Macrolide antibiotics — macrocyclic lactones produced in streptomycetes — have been one of the most productive groups and this paper describes a practical synthetic route to macrolide antibiotics that bypasses many of the limitations of semisynthesis. Andrew Myers and colleagues describe a fully synthetic route to macrolide antibiotics via the convergent assembly of simple chemical building blocks. More than 300 new antibiotic candidates were synthesized using this approach, some of which are active against bacterial strains that are resistant to currently used antibiotics.
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