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Modular synthesis of streptogramin antibiotics

Qi Li*,a, Ian B. Seiplea

aDepartment of Pharmaceutical Chemistry and Cardiovascular Research Institute, University of 
California, San Francisco, San Francisco, California 94158, United States

Abstract

Streptogramins are antibiotics produced by several species of Streptomyces bacteria that are used 

in both human and veterinary medicine. Group A streptogramins comprise 23-membered 

macrocyclic polyketide/nonribosomal peptide hybrids for which several innovative, fully synthetic 

routes have been developed. Herein we describe in detail our scalable routes to natural group A 

streptogramins and compare these routes to other reported syntheses.
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1. Introduction

Public health has been seriously threatened by antimicrobial resistance (AMR). Reports 

from the Centers for Disease Control and Prevention have estimated annual deaths from 

AMR infections in the United States to be 23,000–35,000,1a although a recent report 

estimated that the number may be closer to 150,000.1b Natural product antibiotics are useful 

both as drugs and as starting materials for further optimization, but co-evolution of 

resistance mechanisms shorten the clinical lifetime of any given class.2 Semisynthesis, or 
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chemical modification of natural products that are obtained through fermentation, serves as a 

powerful tool to improve classes of natural antimicrobials semisynthesis is inherently limited 

to chemistry that is compatible with an intact natural product scaffold.3 Fully synthetic 

strategies can overcome this limitation, but are challenging to develop for the complex 

molecular scaffolds of many classes of antibiotics.3

Streptogramin antibiotics (also known as virginiamycins, madumycins, and pristinamycins, 

Figure 1A), which were produced by several species of Streptomyces, comprise two 

structurally distinct subgroups: group A (23-membered macrocyclic polyketide/

nonribosomal peptide hybrids) and group B (19-membered macrocyclic depsipeptides).4 

Each subgroup exhibits inhibitory activities against Gram-positive bacteria, and the 

combination of the two groups often results in syngergistic and bactericidal activity.5 The 

first clinically used streptogramins antibiotic in the United States (trade marked as 

Synercid), a 70:30 combination of dalfopristin (9, group A) and quinupristin (10, group B), 

which are derived semi-synthetically from virginiamycin M1 (1) and pristinamycin IA (8), 

was approved by FDA for the treatment of severe bacterial infections caused by 

vancomycin-resistant Enterococcus faecium in 1999.6 In the two decades following, 

NXL-103, an oral combination of semi-synthetic streptogramins flopristin (11) and 

linopristin (12), underwent a successful phase-II clinical trial, but no further development 

has been reported in 2010.7 Importantly, none of these semisynthetic streptogramins 

overcame major resistance mechanisms to the class such as Cfr resistance8,9 or Vat 

resistance.10

Our laboratory is interested in developing fully synthetic routes to group A streptogramin 

antibiotics to enable exploration of structure–function relationships, improvement of activity, 

and avoidance of resistance mechanisms. Herein, we describe in detail the development of 

two routes to natural group A streptogramin antibiotics from simple chemical building 

blocks. Our initial route features a Stille macrocyclization reaction and provides access to 

four natural products in up to 38% yield over 6–8 steps.11a Our second-generation route 

avoids alkyl tin species by harnessing ring-closing metathesis to close the macrocycle. This 

route provided virginiamycin M2 (2) in 6 steps and up to 43% overall yield.11b We have 

applied these routes to the synthesis of novel group A streptogramins that overcome 

resistance mechanisms in several species of Gram-positive bacteria.11c

Several elegant chemical syntheses of group A streptogramins have appeared in the 

literature. In 1996, Schlessinger and colleagues published the first total synthesis of 

virginiamycin M2 (2), featuring construction of the syn-gamma-hydroxyl-(E)-unsaturated 

ester and the trisubstituted-diene by vinylogous urethane chemistry and formation of the 23-

membered ring via macrolactamization.12 This report emerged concomitantly with the first 

total synthesis of madumycin II (4) by the Meyers group in 29 steps with an overall yield of 

1.8% from malic acid. The Meyers group also disclosed the first total synthesis of 

griseoviridin (6) in 2000, which featured a ring-closing metathesis to form the macrocycle.13 

Panek reported an elegant route to virginiamycin M2 (1) in 6% overall yield in 10 linear 

steps by means of alkyne–alkyne reductive cross coupling.14 Other syntheses of these and 

related streptogramins have also emerged.15 To the best of our knowledge, fully synthetic 
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routes to madumycin I (3) and virginiamycin M1 (1) had not been disclosed until we 

published in 2017.11a

2. Modular, scalable synthesis of group A streptogramins

We initially sought to develop a short, scalable route to natural group A streptogramins. Our 

retrosynthetic analysis of virginiamycin M1 (1) is depicted in scheme 1A. We envisioned 

access to 1 from two halves of approximately equal complexity (13 and 14) by means of 

amidation and Stille coupling. The choice of a Stille reaction enabled the use of a stable 

vinylstannane which is compatible with the chemistry of the route, including the coupling of 

the two halves. Left half imine 13 could be synthesized from propargyl amine (15), Fmoc-D-

proline (16), and δ-hydroxy-enoate 17 by means of esterification, amidation, 

hydrostannylation, and amine to imine oxidation. Vinyligous Mukaiyama aldol reaction 

between 18 and 19 would provide 17. The right half 14 could be accessed by displacement 

of an auxiliary in an intermediate such as 21 using oxazole dianion 20. β-Silyloxy 

carboxylate 21 is a retron for a directed aldol reaction between building blocks 22 and 23.

Our synthesis of left half 13 commenced with Mukaiyama vinylogous aldol reaction of 

dienol ether 18 with isobutylaldehyde (19) using chiral oxazaborolidine (24) as a catalyst 

providing enoate 17 in 94% yield and 87% ee.16 Amidation of 17 with propargylamine (15) 

in the presence of trimethylaluminum, followed by hydrostannylation of the resulting 

terminal alkyne mediated by copper produced 25 in 90% yield over 2 steps. Importantly, the 

secondary alcohol was left unmasked during these steps, which saves at least two steps in 

the synthesis of the half. All attempts to directly introduce dehydroproline were 

unsuccessful, necessitating a two-step sequence to reach the desired state of saturation in the 

proline ring to match virginiamycin M1 (1). Thus, D-proline was introduced as its Fmoc-

carbamate form 16 using DCC in the presence of catalytic amount of DMAP, followed by 

the addition of diethylamine to cleave the Fmoc group in a single operation. Subsequent 

selective oxidation of the amine in the presence of iodosylbenzene17 produced left half 13 in 

81% yield over 2 steps. Overall, left half 13 can be prepared from building blocks 16, 18 and 

19 in 5 steps in 68% overall yield on multigram-scale.

Our synthesis of right half 14 commenced with the Crimmins aldol coupling of (E)-3-

bromobut-2-enal (22, available in 3 steps from crotyl alcohol) and chiral acetyl 

thiazolidinethione 23 in presence of TiCl4 and iPr2EtN, providing compound 26 in 64% 

yield as a single diastereomer.18 The resulting hydroxyl group was protected by with 

TBSOTf, delivering β- silyloxyimide 27 in 92% yield. The resulting β-silyloxyimide 27 was 

exposed to the dianion of oxazole 28, which contains a trimethylsilyl function at C3 to 

prevent deprotonation of the oxazole ring,19 furnishing the right half acid 14 directly and 

efficiently in 71% yield. The route to the right half 14 proceeds in 42% overall yield from 

22, 23 and 28 and has enabled the preparation of over 10 grams of 14.

The coupling of the two halves proved to be quite challenging, likely due to the low 

nucleophilicity of the 2,3-dehydroproline function. We found that commonly used amide 

bond-forming reagents (e.g., HATU, T3P, Mukauyama reagent, BOP-Cl) were ineffective at 

coupling 13 to right half 14. Successful coupling was finally achieved by initial conversion 
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of 14 to an acid chloride with Ghosez’s reagent,20 followed by exposure to a solution of 

imine 13 and 2,6-lutidine in dichloromethane, which reliably provided macrocycle precursor 

29 in 65% yield on multigram scale. To obtain the core 23-membered ring of virginiamycin 

M1 (1) we used a Stille coupling reaction, the detailed optimization Scheme 1. Scalable 

synthesis of virginiamycin M1. 1A. Retrosynthetic analysis of virginiamycin M1; 1B. Total 

synthesis of virginiamycin M1 of which is described in Table 1. Isolated yields are reported, 

and the variable that was changed in each row is depicted in bold typeface. Initially we 

tested the most common condition for the intramolecular Stille coupling: Pd2(dba)3 as a Pd 

source and AsPh3 as a ligand (when X = I, Br; entry 1 and 2).21 Unfortunately, these 

conditions failed to provide detectable amounts of macrocycle 30. Liebeskind-Stille 

coupling conditions using CuTC also failed to provide the macrocycle (entry 3).22 When 

Pd(PPh3)4 was used as a catalyst in the presence of LiCl, the Stille product was obtained 

15% yield. Next, we screened some more bulky and active catalysts such as tBu3P and 

Buchwald’s biarylposphine ligands. We found that Buchwald’s JackiePhos, which was 

designed to facilitate challenging transmetallation reactions, was found to be optimal (entry 

4–10).23 Furthermore, through optimization of different reaction temperature and several 

frequently used Pd sources (entry 11, 12, 14–18), the conditions for the highest yield for 

Stille macrocyclization was confirmed as entry 17. It was noteworthy that there was only 

trace product formed when Stille precursor (X = I) was used as substrate under similar 

conditions (entry 13). With the cyclized compound in hand, removal of the silyl groups was 

accomplished with buffered tetrabutylammonium fluoride to provide virginiamycin M1 (1) 

in 80% yield.24 Notably, this represented the first fully synthetic route to virginiamycin M1. 

We next applied our route to the synthesis of virginiamycin M2 (2) and the madumycins (3, 

4). Importantly, due to the modularity of the route, access to these scaffolds only required 

modification of the left half coupling partner by means of exchanging the amino acid 

building block (depicted in green). Since we were able to pool large quantities of the right 

half (14), we did not have to repeat the entire synthesis to access these additional family 

members. To access virginiamycin M2 (2), Mukaiyama aldol product 25 was coupled Fmoc-

D-proline (16) were coupled without subsequent amine-to-imine oxidation to deliver amine 

31 (Scheme 2A). Exposure to right half 14 in the presence of HATU and iPr2EtN to 

delivered macrocycle precursor 32 in 87% yield. The macrocyclization of compound 32 
proceeded smoothly at 50 °C with 20 mol% JackiePhos and 10 mol% Pd2(dba)3 in 59% 

yield. Desilylation provided virginiamycin M2 (2) in 82% yield. Overall, the route proceeds 

in 31% yield from 18 and 19 (7 steps) or 18% overall yield from 22 and 23 (6 steps).

To further demonstrate the modularity of our route, we next applied it to the synthesis of 

madumycin I (3) and madumycin II (4) as depicted in Scheme 2B. DCC/DMAP-mediated 

esterification of alcohol 25 with Fmoc-protected D- alanine (13) followed by the addition of 

Et2NH delivered proline ester 33 in 94% yield. Coupling with the right half (14), 

macrocyclization, and desilylation provided madumycin I (3) in yields comparable to those 

in Scheme 1 and Scheme 2A. Treatment of 3 with sodium borohydride in the presence of 

diethylmethoxyborane25 provided madumycin II (4) in 72% yield as a single diastereomer. It 

is noteworthy that this route represented the first reported interconversion of these natural 

products, and the first total synthesis of madumycin I (3).
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2. Second generation route to virginiamycin M2

Despite the brevity, modularity and scalability of our first-generation route, it still suffered 

from contextual limitations including acid sensitivity of intermediates, reliance on toxic 

organotin reagents (and generation of organotin byproducts), and a moderate-yielding Stille 

macrocyclization. Thus, we sought to design a shorter, higher-yielding route to 

virginiamycin M2 (2) that overcame these limitations, featuring an unprecedented ene-diene 

metathesis macrocyclization.

Using our first-generation route as a guideline, the initial efforts toward a second-generation 

route to virginiamycin M2 (2) are summarized in Scheme 3. The synthesis of left half 37 
displayed followed the same strategy as the first-generation route, but propargylamine was 

replaced with allylamine. Notably, this route does not require hydrostannylation, reducing 

the step count to the left half. The synthesis of left half 37 proceeds from building blocks 18 
and 19 in three steps in 81% overall yield, a dramatic improvement of the 42% yield in the 

first-generation route. The right half synthesis commenced with the aldol coupling of dienal 

38a with chiral auxiliary 23 mediated by a combination of Sn(OTf)2 and N-ethylpiperidine 

instead of TiCl4 and iPr2EtN, which led to retro-aldol reaction upon quenching with water or 

pH = 7 phosphate buffer. Silylation of 39a and cleavage of the thiazolidinethione auxiliary 

by dianion of oxazole 28 provided right half 41a. Unlike many alkyl tin species, tin(II) 

halides do not harbor significant toxicity liabilities, and are included in many household 

products including toothpaste.11b

Precursor 42a was synthesized by coupling left half 37 with right half 41a by means of 

HATU and iPr2EtN in 93% yield. To extensively examine the RCM reaction,26,27 we also 

prepared precursor 42b, which contained an additional trans-methyl group on the diene 

function. Initial efforts to cyclize the 23-membered ring of virginiamycin M2 were focused 

on Grubbs I/II and Hoveyda-Grubbs I/II. Surprisingly, the monosubstituted alkene 42a (R = 

H) failed to cyclize under several reaction conditions. However, 15% yield of macrocycle 43 
was detected by NMR at ambient temperature with 42b (R = Me) as a substrate and 

Hoveyda-Grubbs II as catalyst.

During preliminary experiments, batches of trans-methyl diene precursor 42b were 

contaminated with small amounts of the corresponding cis-methyl precursor (presumably 

due to impure starting aldehyde 38b). 1H-NMR analysis of crude RCM reaction mixtures 

indicated this contaminant was completely consumed even when the majority of 42b 
remained unreacted. Thus, we suspected that the cis-diene might serve as a more effective 

precursor for macrocyclization than the trans-methyl diene in 42b.

We were readily able to obtain significant quantities of cis-methyl precursor 42c using 

stereoisomerically pure dienal 38c as a starting material (Scheme 4). We found that this 

served as an effective precursor for macrocyclization in up to 49% yield (see the original 

publication for a detailed optimization table).11b To determine the impact of the silyl groups 

on the yield of macrocyclization, we treated 42c with buffered tetrabutylammonium fluoride 

to provide 42d in 82% yield. This unprotected precursor underwent macrocyclization to 

provide virginiamycin M2 (2) in 72% yield in presence of Grela II catalyst.28 Our second-
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generation route proceeds in 6 steps from 7 simple building blocks in 24–43% overall yield, 

which is one step shorter and higher yielding than our first-generation route.

Table 2 provides a comparison of our two routes with other previously reported synthetic 

efforts to natural streptogramin A antibiotics. By leveraging Stille coupling or olefin 

metathesis to close the 23-membered macrocycle, we were able to prepare the streptogramin 

A antibiotics in a modular and scalable way with the longest linear sequence (LLS) of 6 – 8 

steps (9 – 11 total steps).

3. Conclusion

In conclusion, we have developed two modular and concise routes to group A streptogramin 

antibiotics by assembling 7 simple chemical building blocks in 6–8 linear steps with a high 

degree of convergency. Each route has proven to be robust and scalable, which facilitates 

access to sufficient quantities of candidates for both microbiological testing and animal 

studies. We are currently applying our approach to the syntheses of several non-natural 

analogs of group A streptogramins with the aims of improving their pharmacological 

properties, expanding their spectra of activity, and increasing their potency against 

multidrug-resistant strains of pathogenic bacteria. We have demonstrated that such an 

approach can yield analogs that overcome streptogramin-specific resistance mechanisms in 

vitro and in an animal models of infection.11c We believe these routes will continue to serve 

as an engine for discovery of new streptogramin antibiotics, and potentially as a scalable 

means for their industrial manufacture.
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Figure 1. 
Streptogramins antibiotics. A. Representative natural streptogramins antibiotics. Variation 

from virginiamycin M1 is highlighted in red. B. Representative semisynthetic 

streptogramins. Semisynthetic modifications are highlighted in blue.
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Scheme 1. 
Scalable synthesis of virginiamycin M1. 1A. Retrosynthetic analysis of virginiamycin M1; 

1B. Total synthesis of virginiamycin M1
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Scheme 2. 
Total synthesis of virginiamycin M2, madumycin I and madumycin II. A. Total synthesis of 

virginiamycin M2; B. Total synthesis of madumycin I and II.
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Scheme 3. 
Initial efforts of synthesis of virginiamycin M2
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Scheme 4. 
Second-generation route to virginiamycin M2.
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