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Abstract

A concise, modular synthesis of the novel antibiotic darobactin A is disclosed. The synthesis 

successfully forges the hallmark strained macrocyclic ring systems in a sequential fashion. 

Key transformations include two atroposelective Larock-based macrocyclizations, one of which 

proceeds with exquisite regioselectivity despite bearing an unprotected alkyne. The synthesis 

is designed with medicinal chemistry considerations in mind, appending key portions of the 

molecule at a late stage. Requisite unnatural amino acid building blocks are easily prepared in an 

enantiopure form using C–H activation and decarboxylative cross-coupling tactics.
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Darobactin A (1, Figure 1), isolated in 2019 from Photorhabdus bacteria by the Lewis 

group,1 features a highly strained fused macrocyclic peptide-based ring system. It exhibits 

selective antibiotic activity against Gram-negative pathogens in both in vitro and animal 

infection models and functions through an intriguing new mechanism of action. The rigid 

structure of darobactin A is likely responsible for its activity, on the basis of crystallographic 

studies.2 The fact that all natural analogues retain the unique bicyclic core,3,4 which acts as a 

β-strand mimetic,2 supports this notion. Architecturally ornate peptide-based macrocycles 

have a rich history as promising antibacterial agents, from the clinically validated 

vancomycins5–8 to the more recently pursued arylomycins.9–11 Darobactin A contains 

multiple bonds that have not been previously described in antibiotic natural products12,13—

namely, an aliphatic-aromatic ether moiety between the two tryptophan residues and a C–C 

bond between the β-carbon of lysine and C6 of the central tryptophan indole. Presumably, 

these bonds are formed in nature via post-translational macrocyclizations of a linear 

peptide.1,14 These unusual features form the basis of the fused bis-macrocyclic core (14- 

and 15-membered rings) containing atropisomeric indoles.15,16 A fully synthetic route to 

darobactin A would not only increase the available supply of material for further study, but 

also provide a framework for medicinal chemistry explorations.2,17 In this Communication, 

a modular total synthesis of 1 that effectively addresses its structural and stereochemical 

challenges is disclosed.18

Although the final retrosynthetic blueprint for 1 is depicted in Figure 1, it is the culmination 

of multiple failed routes that preceded it. Strategies wedded to macrolactamization, Suzuki, 

and Heck tactics were all extensively investigated.19 Ultimately, an approach featuring 

Larock-based cyclizations15,20–22 successfully accessed 1 using inexpensive amino acids 

and arenes as building blocks (2–8, Figure 1).

To begin, two of the key unnatural amino acids (AAs) required for the synthesis were 

fashioned using decarboxylative cross-coupling methodology (Scheme 1A). Previously, such 

derivatives were prepared from serine in two steps (requiring the use of CuCN)23–26 

or from 2-prop-2-ynoxyoxane in four steps22,27 requiring Schöllkopf’s auxiliary.28 By 

employing decarboxylative alkynylation,29 a scalable synthesis of 9 was achieved in one 

step from commercially available 6. Intermediates 12 and 14 could be divergently accessed 

from 9, either through oxidation (via 10/11) followed by peptide coupling or through 

peptide coupling (via 13) followed by deprotection, respectively. Although diastereomer 

11 ultimately proved to be the desired isomer, both 10 and 11 were needed in this study 

(vide infra).

Construction of the core of 1 (Scheme 1B) began with formation of the lysine-tryptophan 

C–C bond. Employing C–H functionalization logic to access this unique connectivity,30 

an 8-aminoquinoline (AQ)-directed Pd-catalyzed C–H arylation31–33 was performed 

using conditions developed by Schreiber and co-workers.34 Pyroglutamate derivative 15 
(synthesized from 4, see SI) and arene 2 were coupled in a syn fashion on a multigram 

scale to give 16 (51% yield). Reductive ring opening35 of 16 followed by benzoyl protection 

provided intermediate 17 (69% yield). Following Cbz deprotection,36 12 was appended 

(75% yield over 2 steps) to set the stage for testing the Larock cyclization.
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Over a year of research went into identifying conditions for this reaction and the related 

cyclization derived from alkyne 10. Early development was performed on 18 and suffered 

from poor scalability, deleterious byproduct formation,37 and the use of superstoichiometric 

Pd. As depicted in the inset table (Scheme 1B, step 6), multiple ligands were evaluated 

with tBu3P·HBF4 emerging as the most effective. Using 4 equiv of Pd, a 20% yield of 

macrocycle 20′ was obtained on a small scale. Unfortunately, this reaction suffered from 

scalability issues above 100 mg. In accord with studies from the Reisman26 and Boger22 

laboratories, preformed Pd(PtBu3)2 was evaluated. This catalyst provided a glimmer of hope 

by allowing for a slight reduction in Pd loading (3.5 equiv) and delivering 41% yield of 20′ 
albeit with a significant amount of protodehalogenation product formation. Since oxidative 

addition on 18 must be facile (as judged by the extensive debromination), a combination 

of unfavorable steric interactions and strain likely inhibit this cyclization. Traditionally, the 

Larock indole synthesis requires a hindered alkyl- or silyl-terminated alkyne to provide 

the desired regiochemical outcome.38 It was reasoned that in this specific context, a 

triethylsilyl (TES) blocking group on 18 may be superfluous as the regiochemistry might 

be controlled by the conformation of the cyclization precursor. Gratifyingly, unprotected 

alkyne 19 engaged smoothly in Larock macrocyclization to deliver 20 in up to 60% 

yield using 1.9 equiv of Pd. Interestingly, the Pd loading could be reduced to 30 mol % 

without a detrimental impact to the yield, rendering the reaction catalytic. Ultimately the 

macrocyclization could be efficiently conducted on gram-scale, isolating 20 as a single 

atropisomer in 61% yield. A small amount of byproducts with the same mass yet different 

polarity can be observed on LC; however, appreciable amounts could not be isolated for 

characterization. A rationalization for the observed atroposelectivity is proposed (see the SI 

for further details and discussion).

Given the success of the Larock reaction in forging the central ring, this strategy was also 

pursued as a means to perform the second macrocyclization. This disconnection would 

require installation of an ortho bromoaniline functionality onto the hydroxyl group of 20 
along with inversion of the stereochemistry at C-17. A variety of etherification tactics were 

evaluated using alkynes derived from both 10 and 11 in order to test both stereoretentive 

(e.g., SNAr) and stereoinvertive strategies. Ultimately, displacement of the alcohol with 

3-bromo-2-nitrophenol (7) under Mitsunobu conditions proved most effective. Through 

extensive screening (see inset table, step 7), it was revealed that the unusual combination 

of PMe3 and TMAD39–43 in toluene afforded 21 in 60% yield (500 mg scale). Historically 

such reagents have been employed for carbon-based nucleophiles; in this case, the use 

of these conditions led to increased reactivity with considerable suppression of byproduct 

formation.44 With the key bromo arene installed with the proper stereochemistry, Boc-

deprotection of 21 and subsequent coupling with 14 afforded 22 (59% yield). Gratifyingly, 

the second Larock cyclization of the corresponding crude aniline (from nitro group 

reduction45 of 22) was successful using similar conditions to the first macrocyclization to 

give 23 as a single atropisomer in 67% isolated yield over two steps.

Inherent to the design of this synthesis was a desire to probe the SAR of the lysine 

residue, as crystallographic studies indicate its interactions with the phosphate moieties 

of lipids.2 Late-stage homologation to arrive at 1 is predicated upon the ability to access a 
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library of analogues diversified at this position. Thus, the desired side chain installation was 

accomplished through a simple four step sequence: (a) methanolysis of 23 to 24 (76% yield), 

(b) mesylation and concomitant TES deprotection in the presence of methane-sulfonic acid, 

(c) cyanation under phase transfer conditions, and (d) reduction of both the nitrile and AQ 

ring with in situ generated nickel boride followed by in situ Boc protection.46 The fortuitous 

reduction of the AQ allowed for its removal47 using conditions developed by Geyer and co-

workers48 (as inspired by methodology from the Dawson group).49 Consequently, treatment 

of 25 with triphosgene followed by hydrolysis with trimethyltin hydroxide50 delivered 26 
in 33% yield over 5 steps. With the carboxylic acid revealed, conditions were evaluated 

to install the side chain 27 (synthesized from 5 and 8, see the SI). Numerous peptide 

coupling reagents were screened; however, only a combination of EDCI and HOAt led 

to appreciable quantities of the desired amide bond formation.51 The coupled product 

28 was then subjected to ammonolysis to convert the aspartate residue to the requisite 

asparagine. At this stage, all that remained was global deprotection, which was realized by 

treatment with a combination of TMSOTf, TFA, p-cresol, and ethane dithiol52 (see theSI for 

optimization data) to complete the synthesis of 1 in 26% yield for the final sequence (18 

steps LLS from 15).

In addition to exquisite control of core stereochemical features, this synthesis highlights 

the unique ability of the Larock reaction to generate two unprecedented strained ring 

systems. In one of those instances specific geometrical and conformational constraints 

guide regiochemistry; this allows for the use of an unprotected alkyne, rendering it catalytic 

in Pd, and providing a single atropisomeric outcome. Rapid access to key unnatural AA 

building blocks from inexpensive natural AAs is enabled by scalable C–H activation and 

decarboxylative coupling methods. Although nonstrategic from an efficiency standpoint, 

homologation to install the lysine side chain is deliberately implemented toward the end of 

the synthesis solely for medicinal chemistry explorations of this portion of the molecule. For 

the same reasons, a late stage incorporation of the C-terminus dipeptide was pursued. The 

atroposelective and modular synthesis of 1 sets the stage for the generation of analogues 

that are currently unavailable through engineered biosynthetic approaches and enables future 

exploration of the potent antibiotic activity of this important new family of peptidic natural 

products.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Darobactin A (1): Retrosynthetic strategies and building blocks.
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Scheme 1. 
Total Synthesis of Darobactin A
aReagents and conditions: (a) NiCl2·6H2O (40 mol %), L* = tBubpy (40 mol %), TES-

alkynyl-ZnCl·LiCl (4.5 equiv, see SI for preparation), DMF, rt, 51%. (b) SeO2 (2.0 equiv), 

TBHP (4.0 equiv), MeCN, 50 °C, 60% (3:2 10:11). (c) LiOH (1 M aqueous, 1.5 equiv), 

H2O2 (30 wt % aqueous, 15 equiv), THF, 0 °C to rt. (d) 11, hydrolyzed (1.1 equiv), 5 
(1.0 equiv). bR = (CH2)2SiMe3, Boc-deprotected, HATU (1.3 equiv), DIPEA (3.3 equiv), 

rt, 81%. (e) TBAF (3.0 equiv), THF, 0 °C. (f) LiOH (1 M aqueous, 1.5 equiv), H2O2 (30 

wt % aqueous, 15 equiv), THF, 0 °C to rt. (g) 9, hydrolyzed (1.6 equiv), 3 (1.0 equiv). 
cR = allyl, Boc-deprotected, HATU (1.6 equiv), DIPEA (6.0 equiv), rt, 91% (2 steps). (h) 

Pd(PPh3)4 (10 mol %), morpholine (5.0 equiv), THF, rt. dReagents and conditions: (1) 2 
(1.0 equiv), 15 (1.8 equiv), AgOAc (1.5 equiv), (BnO)2PO2H (20 mol %), Pd(OAc)2 (60 

mol %), CPME, 120 °C, 51%. (2) NaBH4 (4.0 equiv), 8:1 THF:tBuOH, rt. (3) BzCl (4.0 

equiv), pyridine (6.0 equiv), DMAP (10 mol %), DCM, rt, 69% (2 steps). (4) NaI (25 

equiv), TMSCl (15 equiv), rt. (5) 12 (2.0 equiv), HATU (2.0 equiv), DIPEA (10 equiv), 

rt, 75% (2 steps). (6) Pd(PtBu3)2 (30 mol %), DIPEA (5.0 equiv), dioxane, 85 °C, 61%. 

(7) 7 (20 equiv), TEA (10 equiv), PMe3 (1 M in toluene, 10 equiv), PMe3 (1 M in THF, 

3.0 equiv), TMAD (13 equiv), 38 °C, 60%. (8) HCl (4 M in dioxane, 60 equiv), DCM, 0 

°C; 14 (1.9 equiv), HATU (1.9 equiv), DIPEA (9.0 equiv), rt, 59%. (9) Fe powder (320 

equiv), NH4Cl (85 equiv), AcOH, 50 °C. (10) Pd(PtBu3)2 (50 mol %), DIPEA (5.0 equiv), 

Lin et al. Page 9

J Am Chem Soc. Author manuscript; available in PMC 2023 August 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



dioxane, 85 °C, 67% (2 steps). (11) K2CO3 (25 equiv), DCM:MeOH 1:4, rt, 76%. (12) TEA 

(22 equiv), MsCl (35 equiv), DCM, 0 °C; MsOH (2.3 equiv), DCM, rt. (13) KCN (142 

equiv), KH2PO4 (42 equiv), TBHS (5.0 equiv), 1:1 D2O:CDCl3, 36 °C. (14) NiCl2·6H2O 

(3.5 equiv), Boc2O (19 equiv), NaBH4 (5.0 equiv), 3:1 MeOH:THF, −5 °C. (15) DIPEA 

(2.4 equiv), triphosgene (1.2 equiv), DCM, 0 °C to rt. (16) Me3SnOH (3.5 equiv), DCE, 

31 °C, 33% (5 steps). (17) 27 (6.0 equiv), HOAt (4.0 equiv), NaHCO3 (6.0 equiv), EDCI 

(4.0 equiv), DMF:DCM 1:1, rt. (18) NH3(g), MeOH, 33 °C; TFA:TMSOTf:p-cresol:EDT 

17:3:2:1, 0 °C, 26% (2 steps). eLCMS yield. fIntermediates at steps 13 and 14 were column 

purified but contained inseparable contaminants derived from reaction conditions (e.g., 

tetrabutylammonium). Semipure fractions were carried forward, but an accurate yield could 

not be determined at these steps. Small samples were purified by PTLC for characterization.
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