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ABSTRACT: It is critical that novel classes of antituberculosis drugs are developed to combat the increasing burden of infections by
multidrug-resistant strains. To identify such a novel class of antibiotics, a chemical library of unique 3-D bioinspired molecules was
explored revealing a promising, mycobacterium specific Tricyclic SpiroLactam (TriSLa) hit. Chemical optimization of the TriSLa
scaffold delivered potent analogues with nanomolar activity against replicating and nonreplicating Mycobacterium tuberculosis.
Characterization of isolated TriSLa-resistant mutants, and biochemical studies, found TriSLas to act as allosteric inhibitors of type II
NADH dehydrogenases (Ndh-2 of the electron transport chain), resulting in an increase in bacterial NADH/NAD+ ratios and
decreased ATP levels. TriSLas are chemically distinct from other inhibitors of Ndh-2 but share a dependence for fatty acids for
activity. Finally, in vivo proof-of-concept studies showed TriSLas to protect zebrafish larvae from Mycobacterium marinum infection,
suggesting a vulnerability of Ndh-2 inhibition in mycobacterial infections.

■ INTRODUCTION
While global efforts to eradicate tuberculosis (TB) by
improving drug access and treatment compliance have
decreased deaths by 29% over the last two decades, TB
remains the leading cause of death by an infectious disease
worldwide.1 With a minimum of 6 months of multidrug
therapy, current TB treatment is notoriously lengthy, a feature
largely attributed to the difficulty in eliminating phenotypically
drug-tolerant subpopulations of the causative bacteria
Mycobacterium tuberculosis (Mtb).2 However, escalating in-
fections by multidrug-resistant TB infections (483,000 cases of
rifampicin-resistant TB reported in 20201) as well as
extensively drug resistant (XDR) TB (12,350 cases reported
in 20193) require even longer therapy with less efficient and
tolerated second-line drugs. In recognition of this global health
problem, the World Health Organization has placed TB at the
highest critical global priority of antibiotic-resistant bacteria for
the development of new antibiotics.4

Concerted efforts to propose alternative and better anti-
biotics against drug-sensitive and -resistant TB have led to the
approval of two novel classes of anti-TB drugs, the ATP
synthase inhibitor bedaquiline,5 and the two nitroimidazole

prodrugs, delamanid6 and pretomanid.7 Additional anti-TB
molecules are at various levels of clinical and preclinical drug
development that may feed our treatment options in the
future.8−10 Despite these increased efforts, it is clear that the
TB drug development pipeline requires further supplementa-
tion with additional candidates, ideally acting on novel targets
(to minimize cross-resistance) and impacting on drug-tolerant
bacilli to shorten the duration of the treatment.

For the discovery of novel anti-TB drugs, phenotypic
screening of chemical libraries on whole bacteria has proven to
be the most successful approach.11 The vast majority of
synthetic molecules screened against Mtb, and hence emerged
as leads, are largely flat (two-dimensional) in structure and
comprise many sp2-rich aromatic cores.12 Such flat molecules
are in stark contrast to the often complex three-dimensional
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(3D) structures of natural products, historically representing
an important source of antibiotics. The molecular shape of
such biomolecules plays a key role in their interaction with
protein targets.13 Interestingly, the Mtb ATP synthase inhibitor
bedaquiline buckles this trend as an antibiotic of synthetic
origin, being highly 3D in shape, thanks to the two central
adjacent highly substituted sp3-hybridized carbon atoms. With
the rational that molecules with increased 3D structures will
allow for the probing of previously unexplored chemical and
biological space, a “natural-like” chemical library with sp3-rich
synthetic molecules was assembled14−19 and evaluated for anti-
TB activity.20,21

Herein, we show that the screening of chemical libraries with
increased 3D diversity can result in the identification of novel
chemical- and biological-space to combat Mtb. This work
describes the identification of the Tricyclic SpiroLactam
(TriSLa) chemical family and its chemical optimization to
potent nanomolar antimycobacterial compounds with partic-
ular activity against Mtb. Target identification and validation
studies revealed that TriSLas act through the inhibition of the
mycobacterial type II NADH dehydrogenase. TriSLas
exhibited a time-dependent bactericidal activity on Mtb and
was also active on nonreplicating and intracellular bacilli.
Subsequent in vivo efficacy studies of TriSLas on Mycobacte-
rium marinum-infected zebrafish larvae confirmed efficacy and
validated type-2 NADH dehydrogenase as a vulnerable and
druggable target in mycobacteria.

■ RESULTS
Discovery of TriSLa Antituberculosis Lead Com-

pounds. With the aim of investigating the anti-TB potential
of new chemical spaces, we assembled a focused chemical
library of 958 in-house synthetic “natural-like” compounds.
These molecules display enhanced 3D properties, a high
number of sp3-hybridized carbon atoms (≥12), a calculated
molecular complexity22 greater than 0.76, and a molecular
shape index lower than 0.56, reflecting a greater sphericity (as
measured using DataWarrior23) (Figure S1a). Screening of this
chemical library at 10 μM on replicating Mtb strain H37Rv led
to the identification of compounds 1 and 2 (Table 1), two
tricyclic spirolactam analogues that inhibited bacterial growth.
Following de novo re-synthesis and purification of these hits, 1
and 2 were confirmed to have a minimal inhibitory
concentration (MIC) against Mtb of 3.2 and 9.5 μM
respectively (as measured using the resazurin reduction
assay). The more potent analogue 1 is a small lead-like
molecule (low molecular weight of 328 g mol−1, Lipinski and
Veber rules compliant) with a high aqueous solubility (178 μM
at pH 7.4) because of the basic nitrogen of the piperidine ring
and favorable logD (2.7). The configuration of the stereogenic
centers of 1 was confirmed by crystallization and X-ray
diffraction of its hydrochloride salt (Figure S1c). To confirm
the importance of the TriSLa configuration, compound 1’s
enantiomer (compound 3, Figure S1b) was synthesized and
found to be inactive against Mtb (MIC of 100 μM), supporting
the hypothesis that the antibiotic activity is mediated by an
interaction with a specific mycobacterial protein.
Hit-to-Lead Optimization: Medicinal Chemistry. Com-

pound 1 represented an attractive starting point for the
development of a new anti-TB chemotype, though its potency
required improvement. Because replacement of the isopropyl
moiety by a sec-butyl (compound 2) was found to affect
potency, we decided to explore other modifications in this

position (Table 1). Replacement of the isopropyl with smaller
alkyl substituents (a methyl for compound 4 and an ethyl for
compound 5) led to a loss of activity (MIC > 100 μM and
MIC = 18.8 μM, respectively). A similar result was obtained
with a larger tert-butyl moiety (compound 6, MIC = 25 μM).
Introduction of a cyclopropyl (compound 7, MIC = 37.5 μM)
also led to a 1-log decrease in potency.

Overall, these structure−activity relationships (SARs)
suggested that the isopropyl moiety of compound 1 cannot
be advantageously replaced. In parallel, metabolic stability
studies of compound 1 showed high clearance (Table S1)
largely because of hydroxylation of the benzyl moiety (Figure
S2). For these reasons, modifications of the benzyl group were
next prioritized in an attempt to both metabolically stabilize
compound 1 and increase its antimicrobial potency.

The introduction of electron-donating groups such as
methyl (compound 8, MIC = 1.7 μM) or methoxy (compound
9, MIC = 4.7 μM) in position 4 of the phenyl ring did not
impact antibacterial potency (Table 2). On the other hand,
introduction of an electron-withdrawing chlorine atom
(compound 10, MIC = 0.25 μM) led to a marked (>1-log)
improvement in antibacterial potency. This effect was even
more pronounced using a trifluoromethyl (compound 11, MIC
= 0.10 μM) or trifluoromethoxy (compound 12, MIC = 0.13

Table 1. Biological Activities of Compounds 1−7

aAnti-TB activity was determined on H37Rv grown in Middlebrook
7H9 media supplemented with 0.2% glycerol, 0.05% tween 80, and
10% OADC. MIC98 represents the lowest concentration of
compounds that prevented 98% of resazurin turnover by H37Rv
compared to the untreated bacteria.
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μM) moiety. While the potency was improved, the hydro-
phobicity of 11 (logD7.4 = 3.9) and 12 (logD7.4 = 3.4) was
increased, which had a slight impact on their solubility (148
and 133 μM, respectively). To address this, the phenyl group
of 11 was replaced by a more polar pyridine group (compound
13, logD7.4 = 2.7), which indeed led to an improved solubility
(>200 μM), but at the expense of anti-TB potency (MIC =
0.59 μM) (Table 2). As hypothesized, substitution of the
phenyl ring prevented metabolism on this part of the molecule
(Figure S2). However, microsomal stability remained only
partially improved compared to compound 1. Overall, study of

these first SARs for compound 1 allowed for marked
improvements to the TriSLa anti-TB potency.
In Vitro Profiling of TriSLa Activity. Spectrum of TriSLa

Antibiotic Activity. The spectrum of TriSLa antibiotic activity
was next determined on a panel of mycobacteria as well as
Gram-positive and -negative bacteria. Compounds 1, 11, and
12 showed mycobacterium-specific activity with Mtb, M.
marinum, and M. avium being particularly susceptible (Table
3). Gram-positive and -negative bacteria were found to be
resistant to TriSLa activity, including the efflux-deficient E. coli
ΔtolC (Table 3). These three TriSLa compounds showed no

Table 2. Summary of TriSLa Antituberculosis Activity, Biochemical Ndh-2 Inhibition, and Physicochemical Properties

aAnti-TB activity was determined on H37Rv grown in Middlebrook 7H9 media supplemented with 0.2% glycerol, 0.05% tween 80, and 10%
OADC. MIC98 represents the lowest concentration of compounds that prevented 98% of resazurin turnover by H37Rv compared to the untreated
bacteria. bBiochemical assays performed on recombinant MBP-Ndh purified from E. coli. cBiochemical assays performed on recombinant MBP-
Ndh purified from M. smegmatis mc2155. dIntracellular activity of compounds was investigated by determining the concentration that protected
50% of the macrophages (IC50) from a lethal H37Rv infection (MOI 10), with macrophage viability determined using the resazurin reduction
assay. eSolubility measured in PBS pH 7.4 starting from a 10 mM solution in DMSO of the compound. flogD was measured at pH 7.4 between PBS
and octanol. All compounds were tested at the same concentration (1 μM). n.d. not determined. MBP-Ndh stands for mannose binding protein-
tagged Ndh.

Table 3. Spectrum of Antibiotic Activity of TriSLa Inhibitorsa

bacterial strain

MIC (μM)

compound 1 compound 11 compound 12

M. tuberculosis (H37Rv)b 3.2 (1.6−6.3) 0.10 (0.08−0.16) 0.13 (0.08−0.16)
M. marinum (M strain)b 6.3 0.19 (0.16−0.31) 0.16
M. avium (TMC 724, ATCC-25291)b 13.1 (3.1−25) 0.55 (0.16−1.25) 0.38 (0.16−0.63)
M. smegmatis (mc2155)b 29.2 (25−50) 1.3 (1.25−2.5) 1.3 (1.25−2.5)
M. abscessus (CIP104536, Smooth variant)b ≥100 5 8.1 (5−10)
M. abscessus (CIP104536, Rough variant)b ≥100 6.3 (5−10) 8.1 (5−10)
Bacillus subtilis (ATCC6633)c >100 >100 >100
Staphylococcus aureus (SH1000)c >100 >100 >100
Escherichia coli (BW25113)c >100 >100 >100
Escherichia coli ΔtolC (BW25113 ΔtolC)c >100 100 100
Pseudomonas aeruginosa (POA1)c >100 >100 >100
Klebsiella pneumoniae (LMG 2095)c >100 >100 >100
Acinetobacter baumannii (LMG-17978)c >100 >100 >100

aMIC values (in μM) were determined using the resazurin reduction assay, except for M. marinum and P. aeruginosa where viability was determined
visually. Data are presented as an average MIC of at least three independent biological replicates with the range of MICs (where there was a range)
indicated in brackets. bTested in Middlebrook 7H9 broth supplemented with 0.2% glycerol, 0.05% tween 80, and 10% OADC. cTested in cation-
adjusted Mueller Hinton II Broth (CAMHB).
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apparent cytotoxicity on BALB/3T3 cells at concentrations up
to 100 μM.
Time-Dependent Bactericidal Activity of TriSLas on

Replicating and Nonreplicating M. tuberculosis. To evaluate
the bactericidal activity of TriSLas in vitro, the bacterial load
(measured by colony forming units, cfu) was determined after
1 and 2 weeks of compound exposure at 1×, 2×, and 4× MIC.
Data revealed that 1× MIC values of both 11 and 12 (150
nM) were bacteriostatic, while exposure to 2× and 4× MIC
(300 and 600 nM) led to around a 0.8-log and 2.0 log drop in
cfu after 1 and 2 weeks, respectively (Figure 1a,b). In line with
previous reports,24 bedaquiline at 1× and 2× MIC (250 and
500 nM, respectively) was largely bacteriostatic over the 2
week exposure period (Figure 1c).

The activity of TriSLa compounds was then evaluated on
nonreplicating bacteria using a luciferase-expressing strepto-
mycin starved 18b model of nonreplicating Mtb (ss18b-lux25).
By monitoring the ss18b-lux luminescence signal from the
integrated luxCDABE reporter, a time-dependent decrease in
luminescence was observed with rifampicin, bedaquiline, and
the TriSLas 11 and 12, while isoniazid caused an increase in
luminescence, as reported previously for cell wall inhibitors
(Figure S3). This bactericidal activity was confirmed by plating
of the remaining ss18b-lux bacteria following 7 days of
antibiotic exposure on streptomycin-containing plates and cfu
counting. Data clearly show that exposure to high concen-
trations of isoniazid had no significant bactericidal activity
against nonreplicating ss18b-lux, while rifampicin and bedaqui-
line were bactericidal, as previously reported.25,26 In this assay,
both 11 and 12 showed a concentration-dependent killing of
ss18b-lux, with concentrations of 4.8 μM leading to a 1−2 log
drop in bacterial counts, similar to that seen for 1 μM
bedaquiline and 0.6 μM rifampicin (Figure 1d), while the
potency of 11 and 12 are lower than that observed on
replicating bacteria.
TriSLa Activity on Intracellular M. tuberculosis. To define

the activity of the TriSLa compounds against intracellular Mtb,
their ability to protect differentiated THP-1 macrophages from
a lethal infection dose of H37Rv was evaluated as a proxy to
the number of intracellular bacteria. Data showed that control

compounds isoniazid (IC50 = 204 ± 20 nM), rifampicin (IC50
= 91 ± 32 nM), and bedaquiline (IC50 = 34 ± 3 nM) were able
to fully protect the macrophages from infection, in line with
previously described data (Figure S4). The TriSLa compounds
tested were found to also protect macrophages from death by
the intracellular infection in a similar hierarchy to that
observed on extracellular H37Rv (Table 2), but protection
was not absolute (did not achieve 100% protection) and
required higher concentrations (Figure S4), suggesting that
TriSLas are less effective on intracellular bacteria than
isoniazid, rifampicin, or bedaquiline.
Target Identification of TriSLas. To gain insight into the

mechanism of action of the TriSLa series, resistant Mtb
mutants were isolated and characterized. After exposure to
compound 1 at 14 and 28 μM, resistant H37Rv isolates were
selected at a frequency of around 1 × 10−8 (six and four
colonies, respectively, following the plating of 50 μL of OD600
= 50), with confirmation of resistance to 1 by REMA (MIC >
100 μM). Whole genome sequencing and variant analysis of
two resistant isolates found one (RC14.2) to carry a 97 bp
base-pair deletion in the ndhA (Rv0392c) promoter (including
a 17 bp truncation of the 5′ end of neighboring, nonessential
Rv0393 (encoding a 13E12 repeat family protein)) (Figure
S5), and the other (RC28.2) to carry a nonsynonymous single
nucleotide polymorphism in ndh (Rv1854c) leading to
Tyr403Cys (Table S2) (sequences available at NCBI project
number, PRJNA808942). Similarly, validated 11-resistant
clones of H37Rv were isolated on 1 μM 11 at a frequency
of resistance at around 3 × 10−7, and Sanger sequencing of ndh
and ndhA (including promoter) found them to carry an
alternative nonsynonymous mutation in the same ndh codon
leading to Tyr403His and Tyr403Asn (Table S2). Finally, M.
marinum isolates resistant to 11 were selected through
sequential selection in liquid culture containing 4 μM TriSLa,
followed by isolation of single clones on solid culture (direct
selection on solid media led to high background). Sanger
sequencing revealed these clones to similarly carry non-
synonymous mutations in ndh (MMAR_2728), but this time in
conserved Gln334 codon, leading to Gln334Pro or Gln334Arg
substitutions (Table S2).

Figure 1. In vitro profile of TriSLas against replicating H37Rv (a−c) and nonreplicating ss18b (d). The bactericidal activity of (a) 11, (b) 12, and
(c) bedaquiline was measured by cfu counting following 1 or 2 weeks of incubation with 1× MIC (filled circles, solid line), 2× MIC (filled triangles,
dashed line), or 4× MIC (filled squares, dotted line). Data are mean and SEM of at least three independent biological replicates, and statistical
analysis was performed with a paired t-test. (d) Bactericidal activity following 1-week incubation with TriSLAs and control antibiotics (isoniazid
(INH) bedaquiline (BDQ), rifampicin (RIF)) against nonreplication ss18b-lux as measured by cfu counting. Data are mean and SEM of at least
three independent biological replicates, and the statistical test to compare compound exposure to no compound control was performed using a two-
tailed unpaired t test with Welch’s correction. The time-dependent decrease in ss18b-lux luminescence is available in Figure S3.
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Both ndh and ndhA encode for the two Mtb type II NADH
dehydrogenases (Ndh-2: Ndh, and NdhA) of the bacterial
electron transport chain that mediate the transfer of electrons
from NADH to menaquinone. Ndh and NdhA share 67%
protein identity, with both Tyr403/Gln334 and surrounding
amino acids conserved (Figure S6). In the absence of a protein
structure of Ndh (or NdhA), structural models were generated
by AlphaFold27,28 and by homology (using SwissModel).
Tyr403 and Gln334 were found in close proximity to each
other (with a hydrogen bond interaction between their side
chains according to AlphaFold) near the access pocket of
menaquinone in the membrane-associated region of the
protein (Figure S7). To date, mutations in this region of
Ndh have not been associated with resistance to any antibiotic
molecule. On the other hand, a deletion in the ndhA promoter
(different to the one isolated here) that leads to an
overexpression of ndhA has previously been isolated following
selection to the 2-mercapto-quinazolinone family of Ndh-2
inhibitors.29 In line with this, RT-qPCR found that the 97-base
pair deletion found in the ndhA promoter of RC 14.2 had a 23-
fold increased expression of ndhA relative to the parental strain,
while expression of ndh remained unchanged (Table S3).
Biochemical Inhibition of Ndh-2 by TriSLas. To

confirm that TriSLas are Ndh-2 inhibitors, initial validation
experiments focused Ndh, the primary NADH dehydrogenase
in Mtb.30 Using published methodology,29 recombinant

maltose-binding protein (MBP)-tagged Ndh (MBP-Ndh)
was produced and purified from E. coli Rosetta cells and
confirmed to be active and reduce the surrogate electron
acceptor menadione in the presence of NADH. Inhibition
studies found that TriSLas were a nanomolar inhibitor of
NADH oxidation by MBP-Ndh (Table 1) and that this
biochemical inhibition was in direct correlation with TriSLa
MIC on Mtb (Figure S8). Biochemical evaluation of MBP-Ndh
(Tyr403Cys) and MBP-Ndh (Gln334Pro) found these mutant
proteins to be active, but 30−60 fold and 70−200 fold more
resistant than MBP-Ndh to TriSLa-mediated inhibition,
respectively (Figure 2a, Table S4). To determine if TriSLas
also inhibit NdhA, a codon-optimized MBP-NdhA was
overexpressed and purified from M. smegmatis (recombinant
MBP-NdhA purified from E. coli Rosetta was found to have
poor catalytic activity), and inhibition studies found TriSLas to
inhibit MBP-NdhA in a similar manner to MBP-Ndh (Figure
2b). Together, these data validate TriSLas as pan-Ndh-2
inhibitors and confirm the importance of Tyr403 and Gln334
for TriSLa-mediated inhibition of Ndh.
TriSLas Are Noncompetitive Inhibitors of Ndh. As

mentioned above, TriSLa resistance conferring mutations in
Ndh (Tyr403 and Gln334) are located near the menaquinone-
binding pocket of Ndh, suggesting that TriSLas could act as
competitive inhibitors for menaquinone binding. Biochemical
competition assays with varying concentrations of menadione

Figure 2. Biochemical target validation of TriSLas and impact on the Mtb electron transport chain. (a) Compound 12 biochemical inhibition of
NADH oxidation by recombinant Mtb MBP-Ndh (filled circles, solid line), MBP-Ndh(Y403C) (filled triangles, dashed line), and MBP-
Ndh(Q334P) (filled squares, dotted line) overexpressed and purified using E. coli. Data are presented as a mean ± SD of at least three independent
biological replicates. (b) Compound 12 biochemical inhibition of NADH oxidation by recombinant Mtb MBP-Ndh (filled circles, solid line) and
MBP-NdhA (filled triangles, dashed line) overexpressed and purified using M. smegmatis. (c) Lineweaver−Burk plot showing noncompetitive
inhibition of Ndh by 12 relative to menadione (n ≥ 3), (d) Lineweaver−Burk plot showing noncompetitive inhibition of Ndh by 12 relative to
NADH (n ≥ 3), (e) Mtb NADH/NAD+ ratios measured following 2 and 24 h exposure to 11 (green-blue, 600 nM, 4× MIC), 12 (dark blue, 600
nM, 4× MIC), and bedaquiline (green, 1 μM, 4× MIC), compared to unexposed DMSO controls (black) (n ≥ 3), and (f) Mtb ATP
concentrations measured following 24 h exposure to either 11 (green-blue), 12 (dark blue), and bedaquiline (green) (n ≥ 3).
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(model electron acceptor) or NADH however suggest TriSLas
to not compete with either cofactor and instead inhibit Ndh
through a noncompetitive or allosteric mechanism (Figure
2c,d).
Impact of TriSLas on the Bacterial Electron Transport

Chain. As inhibitors of Ndh-2, TriSLas were expected to
impact the bacterial NADH/NAD+ ratio and the functioning
of the electron transport chain. To confirm this, NADH and
NAD+ concentrations were measured in Mtb following 2 and
24 h of exposure to 4× MICs of 11 or 12 (600 nM). Relative
to untreated bacteria, TriSLa-exposed bacteria showed an
increase in the NADH/NAD+ ratio, driven by an increase in
NADH and decrease in NAD+ (Figure 2e). As previously
published,24 exposure to bedaquiline also caused an increase in
the NADH/NAD+ ratio as a result from “back-pressure” on the

electron transport chain, while rifampicin induced a decrease in
NADH/NAD+. TriSLas were also found to impact the electron
transport chain as a whole, as exposure to 12 and 11 (Figure
2f) caused a concentration-dependent shutdown in bacterial
ATP concentrations, similar to that observed following
exposure to bedaquiline (Figure 2f). Together, these data
support that inhibition of Ndh-2 in Mtb has a major impact on
the bacterial electron transport chain leading to a decrease in
ATP production.
Impact of Media Composition on TriSLa Antibiotic

Activity. Recent work has shown Ndh-2 to not be essential for
Mtb growth in the absence of fatty acids and that the removal
of all fatty acids form the culture medium rendered Ndh-2
inhibitors such as 2-mercapto-quinazolinones inactive.31 To
verify this impact, the activity of TriSLas was re-evaluated in

Figure 3. In vivo efficacy of TriSLas against M. marinum-infected embryonic zebrafish. (a) Schematic of the in vivo efficacy protocol showing the
timeline of zebrafish embryo infection (200−250 colony-forming units (cfu) M. marinum expressing Wasabi), the exposure period to different
concentrations of TriSLas (daily changes), and compound washout. hpf: hours post-fertilization; dpi: days post-infection; FPC: Fluorescence pixel
count. (b−d) Survival curve ofM. marinum-infected zebrafish embryos monitored over the 10-day period post-infection, with and without 4-day
treatment of (b) compound 11, (c) compound 12, and (d) compound 13. Survival curves are the cumulative results of three experiments covering
more than 25 infected zebrafish per group. Statistics to compare treatment groups were performed using the log rank (Mantel−Cox) statistical test
(*P < 0.05, **P < 0.01, ****P < 0.0001). (e) Representative sequential fluorescence images of M. marinum (Wasabi) infected zebrafish embryos
following 2 or 4 days of treatment (3 and 5 dpi) with compound 12 at 0.25, 0.5, and 2 μg/mL, relative to untreated zebrafish (UNT). Scale bar,
210 μm. (f) M. marinum infection burden in zebrafish embryo as quantified following 2 (3 dpi) and 4 (5 dpi) days of compound 12 exposure (0.25,
0.5, and 2 μg/mL) by pixel count (fluorescent events) using the ImageJ software. The data presented are the cumulative data of three independent
experiment (each containing 20 to 25 embryos per group), with each data point representing one infected zebrafish larva. The error bar represents
the mean and standard deviations of the cumulative dataset. Statistical comparison of the different groups was performed using a Mann−Whitney’s
t test, (***P < 0.001, ****P < 0.0001).
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media lacking fatty acids (using fatty acid-free BSA), and data
confirmed that the MIC of the compounds 1, 11, and 12 and a
control 2-mercapto-quinazolinones/thioquinazoline (CBR-
5992) all increased significantly, while no impact was observed
for rifampicin or bedaquiline (Table S5). To confirm that this
impact is not Mtb specific, the role of fatty acids in the culture
medium was also evaluated on M. marinum, confirming the
same dependence of fatty acids for TriSLa activity (Table S5).
Other published work showed that mutations in ndh of M.
smegmatis and M. bovis BCG rendered these bacteria
auxotrophic for serine32 and that L-serine supplementation to
the media rendered the Ndh-2 inhibitors (CBR-1825) less
potent against Mtb in vitro.33 In accordance with these results,
supplementation of L-serine to the growth medium also caused
a loss of antibiotic activity of the TriSLa compounds against
H37Rv (Table S6). Finally, the detergents (Tween 80 or
tyloxapol or neither) used in the culture media were not found
to have impact on TriSLa activity (Table S6).
In Vivo Efficacy on M. marinum-Infected Zebrafish.

Considering the influence of media components on TriSLa
antibiotic activity, it was considered a priority to evaluate the in
vivo efficacy of TriSLa compounds. As the in vitro metabolic
stability of the TriSLa compounds (Table S1) was too low for
progression into murine efficacy studies of Mtb infection, it was
decided to evaluate the in vivo efficacy of TriSLas on M.
marinum infected zebrafish larvae, where compound exposure
in the water is more stable. In such studies on acutely M.
marinum-infected zebrafish larvae, the mycobacteria are
phagocytosed by circulating macrophages and aggregate into
foci that start to resemble granuloma.34−37 Initial toxicity
experiments confirmed that compounds 11, 12, and 13 did not
interfere with larval development or show any toxicity in
noninfected zebrafish larvae (data not shown). Next, efficacy
studies were performed as previously,34 where zebrafish larvae
infected with M. marinum (expressing Wasabi) were exposed
to different doses of TriSLas (refreshed daily) for a 4-day
period (from 1 to 5 days post-infection (dpi)), followed by a 5-
day period in the absence of antibiotics where survival was
monitored (Figure 3a). Data confirmed that 4-day exposure
compounds 11, 12, and 13 significantly prolonged the survival
of the infected zebrafish in a dose-dependent manner, starting
from doses of 0.3, 0.3, and 1.2 μM (respectively), with higher
doses of 4.8, 4.8, and 9.6 μM (respectively) prolonging survival
by 3 days (Figure 3b−d). In complement, the bacterial load of
the infected zebrafish was determined by fluorescence
microscopy during the treatment phase of the study (at 2
and 4 days of exposure).

Images of untreated infected larvae showed an intense
dissemination of the M. marinum infection, with multiple large

bacterial foci that increased over time (3 and 5 dpi) (Figure
3e), while 2 or 4-day treatment with 0.25 to 2 μg/mL (0.6−4.8
μM) of 12 clearly resulting in fewer and less intense infection
foci (Figure 3e). Quantification of the bacterial load on a larger
number of infected zebrafish (using fluorescence pixel count
determination) showed that exposure to 0.5 μg/mL (1.2 μM)
of 12 was bacteriostatic, preventing an increase in bacterial
load from 2−4 days of exposure, while higher doses of 2 μg/
mL (4.8 μM) lead to a significant decrease in the bacterial
burden between 2 and 4 days of over the same period (Figure
3f). Together, these data confirm that inhibition of Ndh-2 has
a significant impact on M. marinum infection in the zebrafish
model of infection.
Chemistry. The unique rigid 3D TriSLa core of the

previously described molecules was obtained through stereo-
selective Meyers’ lactamization.17,38 This reaction uses readily
accessible starting materials such as keto-esters (or keto-acids)
as bi-electrophile and amino alcohols as bi-nucleophiles to
generate complex-fused ring systems. Lactams 1−7 were
obtained by reacting methyl 3-(1-benzyl-4-oxo-3-piperidyl)-
propanoate (obtained by esterification of its acid analogue,
previously synthesized according to the literature)17 with the
appropriate β-amino alcohol (Scheme 1) in yields ranging
from 27 to 75%. Only partial stereoselectivity was observed
with mildly hindered β-amino alcohols (compounds 4 and 5),
while only one stereoisomer was obtained with highly hindered
β-amino alcohols (compounds 1, 2, 6, and 7).

Analogues 8−13 were synthesized from compound 1
(Scheme 2), through N-debenzylation using Pd/C and
ammonium formate followed by N-alkylation using nucleo-
philic substitutions (compounds 8−12) or reductive amination
(compound 13).

■ DISCUSSION
Natural products and their hemisynthetic derivatives are a rich
source of bioactive molecules and make up the bulk of the
antibiotic classes currently used. Natural products often boast
an increased chemical complexity,39,40 particularly emphasized
by an abundance of chiral tetrahedral carbons. This increased
3D aspect allows natural products to occupy a different
biological space compared to flatter molecules found in many
drug-like screening collections. In this work, we demonstrate
that screening synthetic focused chemical libraries enriched
with nature-inspired scaffolds is a promising approach to
identify novel antituberculosis chemical scaffolds with potent
activity.

In recent years, a number of anti-TB molecules targeting
Ndh-2 have been described, including 2-mercapto-quinazoli-
nones,29,33 quinolones,41,42 and quinolinyl-pyrimidines,43,44

Scheme 1. Synthesis of Analogues 1−7a

aReagents and conditions: (i) methyl 3-(1-benzyl-4-oxo-3-piperidyl)propanoate (1 equiv), amino-alcohol (1.2−3 equiv), pivalic acid (1.2−3
equiv), toluene, 150 °C (thermic for 20 h or microwave irradiations for 1−4 h).
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though no in vivo efficacy studies have been conducted thus far
for these inhibitors. Overall, these inhibitors share similar
structural features, being largely planar (large number of sp2-
hybridized atoms) and carrying a central bicyclic aromatic ring,
in sharp contrast to the highly 3D (large number of sp3-
hybridized atoms) structure of the TriSLa compounds
described here. Despite these structural differences, TriSLas
do share common attributes with the most potent of these
compounds, (2-mercapto-quinazolinones29,33). This includes
comparable potency, being pan Ndh-2 inhibitors, being
noncompetitive inhibitors of Ndh, displaying activity modu-
lated by promoter mutation in ndhA, by L-serine and by fatty
acid content in the media. Having structurally diverse chemical
scaffolds targeting a protein is particularly worthwhile in drug
development as this allows for different ADME/Tox profile
and provides an alternative in case of drug development flags
such as toxicity, pharmacokinetics (including tissue distribu-
tion), and off-target effects that are more often associated with
the chemical scaffold. Together, this will help increase the
chance of Ndh-2 inhibitors to enter clinical development. In
this study, we report point mutations in Ndh that confer
resistance to TriSLas, suggesting that these inhibitors act
specifically at the Ndh-2 protein-membrane interface. Multiple
protein alignment of Ndh-2 orthologues from a panel of
bacteria shows Gln344 to be highly conserved between
bacteria, while Tyr403 is conserved amongst mycobacteria,
which likely explains their mycobacteria-specific antibacterial
spectrum. Ndh structure models computed using Alpha-
fold27,28 interestingly place the side chains of Tyr403 and
Gln334 in close proximity to each other with possible
hydrogen bonding interactions between their side chains.
These residues are likely flexible, but in the model these
interacting residues appear to greatly limit the size of the
menaquinone access pocket (Figure S8). A hypothesis on the
mechanism of Ndh-2 inhibition by TriSLas is that they bind

and stabilize this closed confirmation and hence prevent the
access of menaquinone, thus preventing its subsequent
reduction. However, future structural biology efforts are
needed to further elucidate how these two potent inhibitors
are acting on Ndh-2.

Recent work demonstrated that Mtb could survive in vitro
without either of its ndh-2 genes when grown in the absence of
exogenous fatty acids31 and that this double ndh-2 deleted
strain could still infect mice, though it was partially attenuated
with a 26-fold lower maximal titre.31 As demonstrated for 2-
mercapto-quinazolinones Ndh-2 inhibitors,31 the removal of all
fatty acids from the media, or additional serine supplementa-
tion (greater than natural available concentration) also prevent
the activity of TriSLas in vitro, confirming the vulnerability of
Ndh-2 in the presence of fatty acids. Together, this work called
into question the potential of Ndh-2 inhibitors in the fight
against tuberculosis infections, and reasons that efficacy will
depend on the fatty acid content of the compartments in which
the mycobacteria reside. Data presented here highlight that
despite TriSLa activity on M. marinum also being dependent
on fatty acids, TriSLa treatment of M. marinum-infected
zebrafish did result in concentration-dependent efficacy, both
prolonging zebrafish survival and decreasing bacterial loads.
This therefore evokes that, at least in this infection model, a
significant proportion of M. marinum is likely to reside in a
fatty acid-containing compartment, such as granuloma type
structures, which are considered fatty acid-rich. Indeed, recent
work has shown that the zebrafish/M. marinum granuloma
contains the lipid-rich foam cells and that this differentiation of
macrophages into foam cells is stimulated by the mycobacterial
ESX-1 type VII secretion locus.45

This observed efficacy is, however, in contrast to the
aforementioned finding that despite partial attenuation, Ndh-2
double knockout Mtb strains could still grow in C57BL/6
mice.31 Apart from possible differences in Ndh-2 vulnerability
in Mtb and M. marinum, differences in the bacterial
compartmental distribution (such as granulomas, intracellular,
extracellular) and its associated fatty acid content may also be a
factor to consider. In Mtb-infected C57BL/6 mice, the
infection is largely believed to reside within macrophages,
where the primary carbon source is expected to be cholesterol
(depending on the macrophage) and where fatty acid
availability is likely lower than in granulomas. TriSLas (and
2-mercaptoquinoxalines) are poorly active against these
intracellular infections and may hence contribute to this
difference. As granuloma are believed to play a major role in
human Mtb infections, more work is needed to define the exact
vulnerability of Ndh-2, and the potential of Ndh-2 inhibitors as
anti-TB agents alone and in combination in animal models
where granuloma formation is observed. For that purpose,
further efforts will all focus on generating TriSLa compounds
with an optimal pharmacokinetic profile.

Together, this work presents a new antimycobacterial
chemical scaffold that acts through allosteric inhibition of
Ndh-2. In vitro profiling of the TriSLas showed them to have a
time-dependent bactericidal activity on replicating and non-
replicating bacteria, and in vivo efficacy studies confirm the
vulnerability of this protein in M. marinum infected zebrafish.
Future medicinal chemistry will aim to confirm Ndh-2
vulnerability for Mtb in various murine models of infection,
and define TriSLa based treatment regimens.

Scheme 2. Synthesis of Analogues 8−13a

aReagents and conditions: (i) Pd/C 10% (10 mol %), HCO2H (5
equiv), reflux, 30 min; (ii) 14 (1 equiv), K2CO3 (3 equiv), RCH2Br
(1−1.5 equiv), NaI (0−1 equiv), MeCN, RT, 1−20 h; (iii) 14 (1
equiv), 6-(trifluoromethyl)pyridine-3-carbaldehyde (3.6 equiv), Ti-
(OiPr)4 (1.8 equiv), NaBH(OAc)3 (3.6 equiv), dichloroethane, RT,
overnight.
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■ EXPERIMENTAL SECTION
Chemical Synthesis. General Information. All reagent-grade

chemicals and anhydrous solvents for synthesis, analysis, and
purification were obtained from commercial suppliers and were
used as received without further purification.

Flash chromatography was performed using a Puriflash PF-430
with silica gel cartridges (Buchi silica 40 μm). ELSD and UV
detection (254 nm) were used to collect the desired product. Reverse
flash chromatography was performed using a CombiFlash Rf200 with
C18 cartridges (Buchi C18 40 μm). UV detection (215 and 254 nm)
was used to collect the desired product.

1H NMR and 13C NMR spectra were recorded on a Bruker DRX-
300 spectrometer. Chemical shifts (δ) are in parts per million (ppm).
The 1H spectra were calibrated to signals from CD2Cl2 (δ 5.36 ppm)
or CDCl3 (δ 7.26 ppm), and 13C spectra from CD2Cl2 (δ 53.5 ppm)
or CDCl3 (δ 77.16 ppm). 1H NMR spectra are reported as follows:
chemical shift (ppm), multiplicity (s: singlet; brs: broad singlet; d:
doublet; dd: doublet of doublet; t: triplet; td: triplet of doublet; m:
multiplet), coupling constants in Hertz (Hz) and integration. Proton
and carbon signal assignments were established using COSY, HSQC-
DEPT, and HMBC spectra.

Liquid chromatography−mass spectrometry (LC−MS) Waters
system was equipped with a 2747 sample manager, a 2695 separation
module, a 2996 photodiode array detector (200−400 nm), and a
Micromass ZQ2000 detector (scan 100−800). An XBridge C18
column (50 mm × 4.6 mm, 3.5 μm, Waters) was used. The injection
volume was 20 μL. A mixture of water and acetonitrile was used as the
mobile phase in gradient-elution. The pH of the mobile phase was
adjusted with HCOOH and NH4OH to form a buffer solution at pH
3.8. The analysis time was 5 min (at a flow rate of 2 mL/min), 10 min
(at a flow rate of 1 mL/min), or 30 min (at a flow rate of 1 mL/min).
Purity (%) was determined by reversed-phase high-performance
liquid chromatography (HPLC), using UV detection (215 nm). All
final compounds showed purity greater than 95%.

High-resolution mass spectra (HRMS) analysis was performed on a
LC−MS system equipped with a LCT Premier XE mass spectrometer
(Waters), using a XBridge C18 column (50 mm × 4.6 mm, 3.5 μm,
Waters). A gradient starting from 98% H2O 5 mM ammonium
formate pH 3.8 and reaching 100% MeCN 5 mM ammonium formate
pH 3.8 within 3 min at a flow rate of 1 mL was used.
Methyl-3-(1-benzyl-4-oxo-3-piperidyl)propanoate. To a solution

of 3-(1-benzyl-4-oxo-3-piperidyl)propanoic acid (19.3 g, 73.9 mmol)
in methanol (200 mL) was added SOCl2 (5.9 mL, 81.3 mmol)
dropwise at room temperature. The mixture was then stirred at 55 °C
for 1 h. The solvent was removed under vacuum, and the mixture was
dissolved in 0.1 N HCl (100 mL) and stirred at room temperature for
1 h. A saturated aqueous solution of Na2CO3 was added until pH 10.
The solution was extracted with ethyl acetate. The organic layer was
dried over MgSO4, and the solvent was removed under reduced
pressure to give the crude product, which was purified by silica gel
chromatography (cyclohexane/ethyl acetate: 70/30 to 0/100) to
afford methyl 3-(1-benzyl-4-oxo-3-piperidyl)propanoate (6.73 g,
33%), as a colorless oil. 1H NMR (300 MHz, CD2Cl2): δ 7.36−
7.25 (m, 5H), 3.64 (d, J = 13.1 Hz, 1H), 3.61 (s, 3H), 3.57 (d, J =
13.1 Hz, 1H), 3.08−2.97 (m, 2H), 2.62−2.11 (m, 7H), 2.08−1.95
(m, 1H), 1.53−1.42 (m, 1H) ppm. [ES+ MS] m/z 276 (MH+). 1H
NMR data matched those reported previously (Idzik, T. J.; Myk, Z.
M.; Peruzynska, M.; Maciejewska, G.; Drozdzik, M.; Sosnicki, J. G.
Arylation of enelactams using TIPSOTf: reaction scope and
mechanistic insight. Org. Chem. Front. 2021, 8, 708−720).
General Protocol 1: Diastereoselective Meyers’ Lactamiza-

tion. A solution of pivalic acid (1.2−3 equiv) in toluene (0.2 N) was
added to methyl 3-(1-benzyl-4-oxo-3-piperidyl) propanoate (1 equiv).
The appropriate amino-alcohol (1.2−3 equiv) was added (when the
amine is used as a chlorohydrate, DIEA (1.2−3 equiv) was added).
The mixture was refluxed at 150 °C (thermic for 20 h or microwave
irradiations for 1−4 h). When the conversion of the keto-ester was
judged completely by LC/MS, the solution was dissolved in H2O and
extracted with ethyl acetate or dichloromethane. The layers were

separated. The organic layer was dried over MgSO4, filtered, and
concentrated under vacuum to give the crude product, which was
purified, to afford the corresponding desired product.
(3S,7aR,11aR)-9-Benzyl-3-isopropyl-2,3,6,7,7a,8,10,11-

octahydrooxazolo[2,3-j][1,6]naphthyridin-5-one (1). The product 1
was obtained from L-valinol using general protocol 1. The crude
product was purified by flash chromatography column over silica
(cyclohexane/ethyl acetate: 1/0 to 6/4) to afford the desired product
1 (yield = 75%, white powder) as a single diastereoisomer. 1H NMR
(300 MHz, CDCl3): δ 7.33−7.20 (m, 5H, ArCH), 4.13−4.03 (m, 1H,
3CH), 3.98 (dd, J = 8.6, 7.6 Hz, 1H, 2CH2), 3.77 (dd, J = 8.6, 6.2 Hz,
1H, 2CH2), 3.54 (d of AB system, J = 13.3 Hz, 1H, 12CH2), 3.41 (d of
AB system, J = 13.1 Hz, 1H, 12CH2), 2.77−2.64 (m, 2H, 10CH2 and
8CH2), 2.62−2.51 (m, 1H, 6CH2), 2.49−2.29 (m, 3H, 8CH2, 7CH2
and 6CH2), 2.25−2.16 (m, 1H, 10CH2), 2.09−1.89 (m, 2H, 13CH and
11CH2), 1.83−1.73 (m, 1H, 11CH2), 1.72−1.55 (m, 2H, 7aCH, and
7CH2), 0.94 (d, J = 6.8 Hz, 3H, 14 or 15CH3), 0.90 (d, J = 6.8 Hz, 3H,
14 or 15CH3) ppm. 13C NMR (75 MHz, CDCl3): δ 170.2 (5CO), 138.9
(ArCq), 128.7, 128.3, 127.0 (ArCH), 92.7 (11aCq), 66.2 (2CH2), 62.5
(12CH2), 61.2 (3CH), 54.8 (8CH2), 50.7 (10CH2), 40.4 (7aCH), 32.4
(13CH), 32.4 (11CH2), 30.8 (6CH2), 21.9 (7CH2), 19.9 (14 or 15CH3),
18.7 (14 or 15CH3) ppm. HRMS (ESI, m/z): [M + H]+ calcd for
C20H29N2O2, 329.2229; found 329.2227.
( 3 S , 7 aR , 1 1aR ) - 9 - B en z y l - 3 - [ ( 1 S ) - 1 -me th y l p r op y l ] -

2,3,6,7,7a,8,10,11-octahydrooxazolo[2,3-j][1,6]naphthyridin-5-one
(2). The product 2 was obtained from (2S,3S)-2-amino-3-methyl-
pentan-1-ol using general protocol 1. The crude product was purified
by preparative HPLC using MeCN + 0.1% HCOOH and H2O + 0.1%
HCOOH gradient (9/1 to 0/10) to afford the product 2 (yield =
45%, yellow oil) as a single diastereoisomer. 1H NMR (500 MHz,
CDCl3): δ 7.39−7.21 (m, 5H, ArCH), 4.14 (dd, J = 7.5, 7.3 Hz, 1H,
3CH), 3.97 (dd, J = 8.8, 7.5 Hz, 1H, 2CH2), 3.75 (dd, 1H, J = 8.8, 6.9
Hz, 1H, 2CH2), 3.65−3.38 (m, 2H, 12CH2), 2.76−2.20 (m, 7H,
10CH2, 8CH2, 7CH2, and 6CH2), 1.89−1.54 (m, 5H, 13CH, 11CH2,
7CH2, and 7aCH), 1.49−1.38 (m, 1H, 15CH2), 1.19−1.05 (m, 1H,
15CH2), 0.89 (t, J = 7.4 Hz, 3H, 16CH3), 0.85 (d, J = 6.8 Hz, 3H,
14CH3) ppm. 13C NMR (125 MHz, CDCl3): δ 170.3 (5CO), 138.7
(ArCq), 128.9, 128.5, 127.1 (ArCH), 92.2 (11aCq), 65.8 (2CH2), 62.5
(12CH2), 60.8 (3CH), 54.7 (10CH2), 50.7 (8CH2), 40.4 (7aCH), 38.2
(13CH), 32.0 (11CH2), 30.8 (6CH2), 27.2 (15CH2), 21.9 (7CH2), 14.9
(14CH3), 12.0 (16CH3) ppm. HRMS (ESI, m/z): [M + H]+ calcd for
C21H31N2O2, 343.2386; found: 343.2382.
(3R,7aS,11aS)-9-Benzyl-3-isopropyl-2,3,6,7,7a,8,10,11-

octahydrooxazolo[2,3-j][1,6]naphthyridin-5-one (3). The product 3
was obtained from (2R)-2-amino-3-methyl-butan-1-ol using general
protocol 1. The crude product was purified by flash chromatography
column over silica (cyclohexane/ethyl acetate: 1/0 to 6/4) to afford
the desired product 3 (yield = 61%, colorless oil) as a single
diastereoisomer. The data obtained (NMR and HRMS) were the
same as the data described for this enantiomer compound 1.
(3S ,7aR,11aR)-9-Benzyl -3-methyl -2 ,3 ,6 ,7 ,7a ,8 ,10 ,11-

octahydrooxazolo[2,3-j][1,6]naphthyridin-5-one (4a) and
(3S ,7aS ,11aS ) -9 -Benzy l - 3 -methy l - 2 , 3 , 6 , 7 , 7a ,8 , 10 ,11 -
octahydrooxazolo[2,3-j][1,6]naphthyridin-5-one (4b). The products
4a and 4b were obtained from (2S)-2-aminopropan-1-ol using general
protocol 1. The crude product was purified by preparative HPLC
using MeCN + 0.1% HCOOH and H2O + 0.1% HCOOH gradient
(9/1 to 0/10). A basification and an extraction at 10 pH with a
saturated solution of Na2CO3 were carried out on the recovered
fraction, and the combined organic layers were dried over MgSO4.
The solvent was removed under reduced pressure the desired to
afford products 4a and 4b (yield = 46%, yellow oil), as a mixture of
two diastereoisomers (d.r.(4a/4b) = 70/30). Data for the major
diastereoisomer 4a: 1H NMR (300 MHz, CD2Cl2): δ 7.38−7.20 (m,
5H, ArCH), 4.28−4.06 (m, 2H, 3CH and 2CH2), 3.62 (dd, J = 13.0
Hz, J = 1.3 Hz, 1H, 2CH2), 3.53 (d, J = 13.4 Hz, 1H, 12CH2), 3.42 (d,
J = 13.4 Hz, 1H, 12CH2), 2.78−2.63 (m, 2H, 10CH2 and 8CH2), 2.58−
2.15 (m, 5H, 10CH2, 8CH2, 7CH2 and 6CH2), 1.99−1.60 (m, 5H,
11CH2,

7CH2 and 7aCH), 1.29 (d, J = 6.1 Hz, 3H, 13CH3) ppm. 13C
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NMR (75 MHz, CD2Cl2): δ 168.9 (5CO), 139.4 (ArCq), 129.0, 128.5,
127.3 (ArCH), 92.6 (11aCq), 69.7 (2CH2), 62.7 (12CH2), 55.2 (8CH2),
51.7 (3CH), 50.9 (10CH2), 40.7 (7aCH), 31.6 (11CH2), 31.1 (6CH2),
22.9 (7CH2), 20.2 (13CH3) ppm. HRMS (ESI, m/z): [M + H]+ calcd
for C18H25N2O2, 301.1916; found: 301.1914.
( 3S ,7aR ,11aR ) -9 -Benzy l -3 -e thy l -2 ,3 ,6 ,7 ,7a ,8 ,10 ,11 -

octahydrooxazolo[2,3-j][1,6]naphthyridin-5-one (5a) and
( 3 S , 7aR , 1 1aR ) - 9 - B en z y l - 3 - e t h y l - 2 , 3 , 6 , 7 , 7 a , 8 , 1 0 , 1 1 -
octahydrooxazolo[2,3-j][1,6]naphthyridin-5-one (5b). The products
5a and 5b were obtained from (2S)-2-aminobutan-1-ol using general
protocol 1. The crude product was purified by preparative HPLC
using MeCN + 0.1% HCOOH and H2O + 0.1% HCOOH gradient
(9/1 to 0/10) to afford products 5a and 5b (yield = 73%, yellow oil),
as a mixture of two diastereoisomers (d.r.(5a/5b) = 70/30). Data for
the major diastereoisomer 5a: 1H NMR (300 MHz, CD2Cl2): δ 7.42−
7.28 (m, 5H, ArCH), 4.23−4.04 (m, 2H, 3CH and 2CH2), 3.76−3.66
(m, 1H, 2CH2), 3.73 (d, J = 13.3 Hz, 1H, 12CH2), 3.59 (d, J = 13.3
Hz, 1H, 12CH2), 2.97−2.75 (m, 2H, 10CH2 and 8CH2), 2.58−2.15
(m, 5H, 10CH2, 8CH2, 7CH2 and 6CH2), 2.09−1.67 (m, 5H, 13CH2,
11CH2,

7CH2 and 7aCH), 1.50−1.34 (m, 1H, 13CH2), 0.92 (t, J = 7.5
Hz, 3H, 14CH3) ppm. 13C NMR (75 MHz, CD2Cl2): δ 169.0 (5CO),
136.7 (ArCq), 129.3, 128.3, 127.5 (ArCH), 91.6 (11aCq), 70.0 (2CH2),
61.9 (12CH2), 57.0 (3CH), 54.1 (8CH2), 50.0 (10CH2), 39.9 (7aCH),
30.6 (11CH2), 30.6 (6CH2), 27.8 (13CH2), 22.1 (7CH2), 10.2 (14CH3)
ppm. HRMS (ESI, m/z): [M + H]+ calcd for C19H27N2O2, 351.2017;
found: 351.2093.
(3S,7aR,11aR)-9-Benzyl-3-cyclopropyl-2,3,6,7,7a,8,10,11-

octahydrooxazolo[2,3-j][1,6]naphthyridin-5-one (6). The product 6
was obtained from (2S)-2-amino-2-cyclopropyl-ethanol;hydrochloride
using general protocol 1. The crude product was purified by
preparative HPLC using H2O + 0.1% HCOOH/MeCN + 0.1%
HCOOH (90/10 to 0/100) to afford the desired product 6 (yield =
27%, brown oil), as a single diastereoisomer. 1H NMR (300 MHz,
CDCl3): δ 7.36−7.23 (m, 5H, ArCH), 4.15 (dd, J = 8.5 Hz, J = 8.4 Hz,
1H, 2CH2), 3.86 (dd, J = 8.9 = 5 Hz, J = 6.8 Hz, 1H, 2CH2), 3.75−
3.62 (m, 1H, 3CH), 3.58 (d of AB system, J = 13.4 Hz, 1H, 12CH2),
3.44 (d of AB system, J = 13.4 Hz, 1H, 12CH2), 2.82−2.18 (m, 6H,
10CH2, 8CH2, 7CH2 and 6CH2), 2.11−1.89 (m, 2H, 11CH2), 1.74−
1.54 (m, 2H, 7aCH and 7CH2), 0.93−0.72 (m, 2H, 14 or 15CH2 and
13CH), 0.66−0.41 (m, 2H, 14 or 15CH2), 0.30−0.17 (m, 1H,
14 or 15CH2) ppm. 13C NMR (75 MHz, CDCl3): δ 169.4 (5CO),
138.9 (ArCq), 128.8, 128.4, 127.1 (ArCH), 92.6 (11aCq), 68.0 (2CH2),
62.6 (12CH2), 59.9 (3CH), 54.9 (8CH2), 50.8 (10CH2), 40.4 (7aCH),
31.8 (11CH2), 31.1 (6CH2), 22.5 (7CH2), 15.8 (13CH), 4.6
(14 or 15CH2), 2.7 (14 or 15CH2) ppm. HRMS (ESI, m/z): [M + H]+
calcd for C20H27N2O2, 327.2071; found: 327.2073.
(3S,7aR,11aR)-9-Benzyl-3-tert-butyl-2,3,6,7,7a,8,10,11-

octahydrooxazolo[2,3-j][1,6]naphthyridin-5-one (7). The product 7
was obtained from (2S)-2-amino-3,3-dimethyl-butan-1-ol using
general protocol 1. The crude product was purified by preparative
HPLC using H2O + 0.1% HCOOH/MeCN +0.1% HCOOH (90/10
to 0/100) to afford the desired product 7 (yield = 40%, yellow oil), as
a single diastereoisomer. 1H NMR (300 MHz, CD2Cl2): δ 7.36−7.19
(m, 5H, ArCH), 4.11 (t, J = 6.9 Hz, 1H, 3CH), 3.85 (d, J = 6.5 Hz, 2H,
2CH2), 3.53 (d, J = 13.3 Hz, 1H, 12CH2), 3.41 (d, J = 13.3 Hz, 1H,
12CH2), 2.77−2.69 (m, 1H, 10CH2), 2.61−2.57 (m, 1H, 8CH2), 2.58−
2.49 (m, 1H, 6CH2), 2.45−2.27 (m, 3H, 8CH2,

7CH2, and 6CH2),
2.20 (dt, J = 12.0 Hz, J = 3.4 Hz, 1H, 10CH2), 1.98 (dt, J = 13.3 Hz, J
= 4.7 Hz, 1H, 11CH2), 1.90−1.82 (m, 1H, 11CH2), 1.73−1.52 (m, 2H,
7CH2 and 7aCH), 0.92 (s, 9H, 14CH3,

15CH3 and 16CH3) ppm. 13C
NMR (75 MHz, CD2Cl2): δ 172.7 (5CO), 139.5 (ArCq), 129.1, 128.5,
127.2 (ArCH), 94.3 (11aCq), 64.8 (3CH), 64.5 (2CH2), 62.7 (12CH2),
54.9 (8CH2), 50.9 (10CH2), 40.2 (7aCH), 34.8 (13Cq), 32.7 (11CH2),
31.0 (6CH2), 27.8 (14CH3,

15CH3 and 16CH3), 20.9 (7CH2) ppm.
HRMS (ESI, m/z): [M + H]+ calcd for C21H31N2O2, 343.2386;
found: 343.2394.
(3S,7aR,11aR)-3-Isopropyl-3,6,7,7a,8,9,10,11-octahydro-2H-

oxazolo[2,3-j][1,6]naphthyridin-5-one; Formic Acid (14). Com-
pound 1 (655 mg, 1.99 mmol, 1 equiv) was dissolved in methanol
(20 mL), and then Pd/C 10% (127 mg, 1.20 mmol, 0.12 mmol, 10

mol %) and ammonium formate (629 mg, 9.97 mmol, 5 equiv) were
added. The mixture was refluxed for 30 min. The solution was filtered
over celite, and then the filtrate was concentrated under reduced
pressure to afford the desired product 14 with a quantitative yield as a
white powder. 1H NMR (300 MHz, CD2Cl2): δ 8.44 (brs, 1H), 4.13−
3.99 (m, 2H), 3.77 (dd, J = 8.3, 5.6 Hz, 1H), 3.35−3.11 (m, 3H), 2.99
(td, J = 13.1, 3.2 Hz, 1H), 2.68−2.55 (m, 1H), 2.48−2.20 (m, 2H),
2.10 (td, J = 14.4, 4.6 Hz, 1H), 2.01−1.70 (m, 4H), 0.92 (d, J = 6.4
Hz, 3H), 0.90 (d, J = 6.4 Hz, 3H) ppm. HRMS (ESI, m/z): [M + H]+
calcd for C13H22N2O2, 239.1760; found 239.1759.
General Protocol 2: Alkylation of Compound 14. Compound

14 (1 equiv) was dissolved in MeCN (0.1 N), and then K2CO3(3
equiv) and the appropriate bromide (1−1.5 equiv) and NaI (0−1
equiv) were added. The solution was stirred at room temperature.
When the conversion of 14 into the desired product was judged
completely by LC/MS or TLC, the solvent was removed under
reduced pressure. The residue obtained was dissolved in H2O and
extracted with dichloromethane. The organic layer was dried over
MgSO4, filtered, and concentrated under vacuum to give the crude
product, which was purified by flash chromatography column over
silica gel using cyclohexane/ethyl acetate (1/0 to 0/1) to afford the
corresponding desired lactams.
(3S,7aR,11aR)-3-Isopropyl-9-(p-tolylmethyl)-2,3,6,7,7a,8,10,11-

octahydrooxazolo[2,3-j][1,6]naphthyridin-5-one (9). The product 9
was obtained from 1-(bromomethyl)-4-methyl-benzene using general
protocol 2 (yield = 28%), as a white powder. 1H NMR (300 MHz,
CDCl3): δ 7.19 (d of AB system, J = 8.0 Hz, 2H, ArCH), 7.11 (d of
AB system, J = 8.0 Hz, 2H, ArCH), 4.12−4.04 (m, 1H, 3CH), 3.97
(dd, J = 8.6, 7.6 Hz, 1H, 2CH2), 3.76 (dd, J = 8.6, 6.2 Hz, 1H, 2CH2),
3.50 (d of AB system, J = 13.1 Hz, 1H, 12CH2), 3.36 (d of AB system,
J = 13.1 Hz, 1H, 12CH2), 2.77−2.62 (m, 2H, 10CH2, and 8CH2),
2.62−2.50 (m, 1H, 6CH2), 2.46−2.34 (m,3H, 8CH2, 7CH2, and
6CH2), 2.30 (s, 3H, 16CH3), 2.24−2.13 (m, 1H, 10CH2), 2.07−1.88
(m, 2H, 13CH, and 11CH2), 1.84−1.71 (m, 1H, 11CH2), 1.70−1.54
(m, 2H, 7aCH, and 7CH2), 0.94 (d, J = 6.8 Hz, 3H, 14 or 15CH3), 0.89
(d, J = 6.8 Hz, 3H, 14 or 15CH3) ppm. 13C NMR (75 MHz, CDCl3): δ
170.3 (5CO), 136.7, 135.9 (ArCq), 129.0, 128.7 (ArCH), 92.8 (11aCq),
66.2 (2CH2), 62.3 (12CH2), 61.3 (3CH), 54.8 (8CH2), 50.7 (10CH2),
40.5 (7aCH), 32.5 (13CH), 32.4 (11CH2), 30.9 (6CH2), 22.0 (7CH2),
21.2 (16CH3), 19.9 (14 or 15CH3), 18.7 (14 or 15CH3) ppm. HRMS (ESI,
m/z): [M + H]+ calcd for C21H30N2O2, 343.2386; found 343.2398.
(3S,7aR,11aR)-3-Isopropyl-9-[(4-methoxyphenyl)methyl]-

2,3,6,7,7a,8,10,11-octahydrooxazolo[2,3-j][1,6]naphthyridin-5-one
(10). The product 10 was obtained from 1-(bromomethyl)-4-
methoxy-benzene using general protocol 2 (yield = 45%), as a
colorless oil. 1H NMR (300 MHz, CDCl3): δ 7.21 (d of AB system, J
= 8.6 Hz, 2H, ArCH), 6.85 (d of AB system, J = 8.6 Hz, 2H, ArCH),
4.14−4.03 (m, 1H, 3CH), 3.98 (dd, J = 8.6, 7.6 Hz, 1H, 2CH2), 3.80
(s, 3H, 16CH3), 3.79−3.73 (m, 1H, 2CH2), 3.48 (d of AB system, J =
13.0 Hz, 1H, 12CH2), 3.34 (d of AB system, J = 13.0 Hz, 1H, 12CH2),
2.76−2.63 (m, 2H, 10CH2, and 8CH2), 2.61−2.51 (m, 1H, 6CH2),
2.45−2.28 (m, 3H, 8CH2, 7CH2 and 6CH2), 2.24−2.13 (m, 1H,
10CH2), 2.07−1.89 (m, 2H, 13CH and 11CH2), 1.82−1.71 (m, 1H,
11CH2), 1.70−1.54 (m, 2H, 7aCH and 7CH2), 0.94 (d, J = 6.9 Hz, 3H,
14 or 15CH3), 0.90 (d, J = 6.8 Hz, 3H, 14 or 15CH3) ppm. 13C NMR (75
MHz, CDCl3): δ 170.3 (5CO), 158.8, 130.9 (ArCq), 129.9, 113.7
(ArCH), 92.8 (11aCq), 66.2 (2CH2), 61.9 (12CH2), 61.3 (3CH), 55.4
(16CH3), 54.7 (8CH2), 50.6 (10CH2), 40.4 (7aCH), 32.5 (13CH), 32.4
(11CH2), 30.9 (6CH2), 22.0 (7CH2), 19.9 (14 or 15CH3), 18.7
(14 or 15CH3) ppm. HRMS (ESI, m/z): [M + H]+ calcd for
C21H30N2O3, 359.2335; found 359.2314.
(3S,7aR,11aR)-9-[(4-Chlorophenyl)methyl]-3-isopropyl-

2,3,6,7,7a,8,10,11-octahydrooxazolo[2,3-j][1,6]naphthyridin-5-one
(11). The compound 11 was obtained from 1-chloro-4-
(chloromethyl)benzene using general protocol 2 (yield = 42%), as a
colorless oil. 1H NMR (300 MHz, CDCl3): δ 7.30−7.21 (m, 4H,
ArCH), 4.14−4.05 (m, 1H, 3CH), 3.98 (dd, J = 8.6, 7.6 Hz, 1H,
2CH2), 3.76 (dd, J = 8.6, 6.2 Hz, 1H, 2CH2), 3.49 (d of AB system, J =
13.5 Hz, 1H, 12CH2), 3.37 (d of AB system, J = 13.5 Hz, 1H, 12CH2),
2.74−2.61 (m, 2H; 10CH2 and 8CH2), 2.60−2.52 (m, 1H, 6CH2),
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2.50−2.29 (m, 3H, 8CH2, 7CH2 and 6CH2), 2.26−2.15 (m, 1H,
10CH2), 2.08−1.89 (m, 2H, 13CH and 11CH2), 1.84−1.76 (m, 1H,
11CH2), 1.72−1.56 (m, 2H, 7aCH and 7CH2), 0.94 (d, J = 6.8 Hz, 3H,
14 or 15CH3), 0.89 (d, J = 6.8 Hz, 3H, 14 or 15CH3) ppm. 13C NMR (75
MHz, CDCl3): δ 170.2 (5CO), 137.5, 132.7 (ArCq), 130.0, 128.5
(ArCH), 92.6 (11aCq), 66.2 (2CH2), 61.8 (12CH2), 61.3 (3CH), 54.8
(8CH2), 50.7 (10CH2), 40.4 (7aCH), 32.4 (13CH), 32.4 (11CH2), 30.8
(6CH2), 22.0 (7CH2), 19.9 (14 or 15CH3), 18.7 (14 or 15CH3) ppm.
HRMS (ESI, m/z): [M + H]+ calcd for C20H28N2O2Cl, 363.1839;
found 363.1872.
(3S,7aR,11aR)-3-Isopropyl-9-[[4-(trifluoromethyl)phenyl]-

methyl]-2,3,6,7,7a,8,10,11-octahydrooxazolo[2,3-j][1,6]-
naphthyridin-5-one (12). The product 12 was obtained from 1-
(bromomethyl)-4-(trifluoromethyl)benzene using general protocol 2
(yield = 73%), as a white powder. 1H NMR (300 MHz, CD2Cl2): δ
7.57 (d of AB system, J = 8.1 Hz, 2H, ArCH), 7.47 (d of AB system, J
= 8.1 Hz, 2H, ArCH), 4.07−3.94 (m, 2H, 3CH and 2CH2), 3.75 (dd, J
= 8.0, 5.7 Hz, 1H, 2CH2), 3.58 (d of AB system, J = 13.9 Hz, 1H,
12CH2), 3.48 (d of AB system, J = 13.9 Hz, 1H, 12CH2), 2.73−2.61
(m, 2H, 10CH2 and 8CH2), 2.57−2.45 (m, 2H, 8CH2 and 6CH2),
2.41−2.28 (m, 2H, 7CH2 and 6CH2), 2.27−2.18 (m, 1H, 10CH2),
2.03−1.90 (m, 2H, 13CH and 11CH2), 1.82−1.74 (m, 1H, 11CH2),
1.69−1.56 (m, 2H, 7aCH and 7CH2), 0.91 (d, J = 6.8 Hz, 3H,
14 or 15CH3), 0.88 (d, J = 6.8 Hz, 3H, 14 or 15CH3) ppm. 13C NMR (75
MHz, CD2Cl2): δ 170.0 (5CO), 144.0 (ArCq), 129.2 (q, J = 32.2 Hz,
ArCq), 129.2 (ArCH), 125.4 (q, J = 3.7 Hz, ArCH), 124.8 (q, J = 272.1
Hz, CF3Cq), 92.7 (11aCq), 66.4(2CH2), 62.2 (12CH2), 61.5 (3CH),
55.3 (8CH2), 51.0 (10CH2), 40.8 (7aCH), 32.8 (13CH), 32.6 (11CH2),
31.2 (6CH2), 32.3 (7CH2), 19.9 (14 or 15CH3), 18.7 (14 or 15CH3) ppm.
LCMS (ESI, m/z): tr = 2.83 min, [M + H]+ = 397. HRMS (ESI, m/
z): [M + H]+ calcd for C21H27N2O2F3, 397.2103; found 396.2101.
(3S,7aR,11aR)-3-Isopropyl-9-[[4-(trifluoromethoxy)phenyl]-

methyl]-2,3,6,7,7a,8,10,11-octahydrooxazolo[2,3-j][1,6]-
naphthyridin-5-one (13). The product 13 was obtained from 1-
(bromomethyl)-4-(trifluoromethoxy)benzene using general protocol
2 (yield = 77%), as a colorless oil. 1H NMR (300 MHz, CD2Cl2): δ
7.38 (d of AB system, J = 8.6 Hz, 2H, ArCH), 7.17 (d of AB system, J
= 8.6 Hz, 2H, ArCH), 4.07−3.94 (m, 2H, 3CH and 2CH2), 3.75 (dd, J
= 8.0, 5.7 Hz, 1H, 2CH2), 3.52 (d of AB system, J = 13.6 Hz, 1H,
12CH2), 3.42 (d of AB system, J = 13.6 Hz, 1H, 12CH2), 2.74−2.60
(m, 2H, 10CH2 and 8CH2), 2.58−2.42 (m, 2H, 8CH2 and 6CH2),
2.40−2.26 (m, 2H, 7CH2 and 6CH2), 2.26−2.14 (m, 1H, 10CH2),
2.04−1.87 (m, 2H, 13CH and 11CH2), 1.83−1.74 (m, 1H, 11CH2),
1.72−1.54 (m, 2H, 7aCH, and 7CH2), 0.91 (d, J = 6.7 Hz, 3H,
14 or 15CH3), 0.88 (d, J = 6.7 Hz, 3H, 14 or 15CH3) ppm. 13C NMR (75
MHz, CD2Cl2): δ 170.0 (5CO), 148.5, 138.6 (ArCq), 130.3, 121.1
(ArCH), 120.7 (q, J = 250.1 Hz, CF3Cq), 92.8 (11aCq), 66.4 (2CH2),
61.9 (12CH2), 61.6 (3CH), 55.3 (8CH2), 50.9 (10CH2), 40.8 (7aCH),
32.8 (13CH), 32.7 (11CH2), 31.2 (6CH2), 32.3 (7CH2), 20.0
(14 or 15CH3), 18.8 (14 or 15CH3) ppm. LCMS (ESI, m/z): tr = 2.82
min, [M + H]+ = 413. HRMS (ESI, m/z): [M + H]+ calcd for
C21H28N2O3F3, 413.2052; found 413.2056.
(3S,7aR,11aR)-3-Isopropyl-9-[[6-(trifluoromethyl)-3-pyridyl]-

methyl]-2,3,6,7,7a,8,10,11-octahydrooxazolo[2,3-j][1,6]-
naphthyridin-5-one (13). To a solution of compound 14 (500 mg,
1.76 mmol, 1 equiv) in dichloroethane (4 mL) were added 6-
(trifluoromethyl)pyridine-3-carbaldehyde (1.1 g, 6.29 mmol, 3.6
equiv), titanium isopropoxide (937 μL, 3.15 mmol, 1.8 equiv), and
NaBH(OAc)3 (1.33 g, 6.29 mmol, 3.6 equiv). The mixture was stirred
at room temperature overnight. The solvent was removed under
vacuum, and the mixture was then taken up in CH2Cl2 and washed
with a saturated aqueous solution of Na2CO3. The organic layer was
dried over magnesium sulfate, filtered, and concentrated under
vacuum. The product was purified by flash chromatography column
over silica gel using cyclohexane/ethyl acetate (1/0 to 0/1) to afford
the desired product 13 (493 mg, 71%) as a white powder. 1H NMR
(300 MHz, CDCl3): δ 8.66 (brs, 1H, ArCH), 7.85 (dd, J = 8.0, 1.3 Hz,
1H, ArCH), 7.64 (d, J = 8.0 Hz, 1H, ArCH), 4.14−4.06 (m, 1H, 3CH),
3.99 (dd, J = 8.5, 8.0 Hz, 1H, 2CH2), 3.78 (dd, J = 8.5, 6.2 Hz, 1H,
2CH2), 3.62 (d of AB system, J = 14.1 Hz, 1H, 12CH2), 3.52 (d of AB

system, J = 14.1 Hz, 1H, 12CH2), 2.75−2.52 (m, 4H, 10CH2, 8CH2
and 6CH2), 2.48−2.25 (m, 3H, 10CH2, 7CH2 and 6CH2), 2.07−1.91
(m, 2H, 13CH and 11CH2), 1.85−1.77 (m, 1H, 11CH2), 1.75−1.59
(m, 2H, 7aCH and 7CH2), 0.95 (d, J = 6.8 Hz, 3H, 14 or 15CH3), 0.91
(d, J = 6.8 Hz, 3H, 14 or 15CH3) ppm. 13C NMR (75 MHz, CDCl3): δ
170.1 (5CO), 129.2 (ArCH), 147.2 (q, J = 33.5 Hz, ArCq), 137.9
(ArCq), 137.5 (ArCH), 121.5 (q, J = 272.0 Hz, CF3Cq), 120.3 (q, J =
3.7 Hz, ArCH), 92.3 (11aCq), 66.3 (2CH2), 61.3 (12CH2), 59.4 (3CH),
55.0 (8CH2), 50.8 (10CH2), 40.3 (7aCH), 32.4 (13CH), 32.3 (11CH2),
30.7 (6CH2), 21.9 (7CH2), 19.9, 18.7 (14 and 15CH3) ppm. LCMS (ESI,
m/z): tr = 2.77 min, [M + H]+ = 398. HRMS (ESI, m/z): [M + H]+
calcd for C20H27N3O2F3, 398.2055; found 398.2044.
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