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A B S T R A C T

Bedaquiline is a diarylquinoline drug that demonstrates potent and selective inhibition of mycobacterial ATP
synthase, and is clinically administered for the treatment of multi-drug resistant tuberculosis. Due to its excellent
activity and novel mechanism of action, bedaquiline has been the focus of a number of synthetic studies. This
review will discuss these synthetic approaches, as well as the synthesis and bioactivity of the numerous deri-
vatives and molecular probes inspired by bedaquiline.

Introduction

Tuberculosis (TB), caused by the pathogen Mycobacterium tubercu-
losis, has been a major cause of mortality in humans for millennia, and
is currently one of the top ten causes of death worldwide.1 The in-
cidence of drug-resistant TB is especially concerning, and has been
exacerbated by the dearth of new treatment options developed for this
disease over the last half century.2 In 2012 the FDA approved be-
daquiline (BDQ, also referred to in the literature as Sirturo, TMC207
and R207910) for the treatment of multidrug-resistant TB, the first new
drug to be approved for this disease in forty years.3 BDQ is a dia-
rylquinoline drug (Fig. 1), which exerts a novel mechanism of action,
namely inhibition of mycobacterial ATP synthase.4–12 It displays ex-
cellent activity against both drug-sensitive and drug-resistant TB
strains,4 and was recently added to the World Health Organization’s list
of essential medicines.13

The purpose of this review is to examine the literature around the
synthesis of BDQ and its derivatives. These studies can be broadly
grouped into four areas: (1) literature syntheses of BDQ, (2) structure-
activity-relationship (SAR) studies around the diarylquinoline struc-
ture, (3) the synthesis of simplified BDQ analogues, and (4) elaboration
of BDQ to generate molecular probes. Some studies nominally de-
scribing analogues of BDQ were deemed to have insufficient structural
similarity with the parent compound to be discussed in detail in this
review.14–17 Readers interested in the pharmacology, microbiology and
clinical efficacy of BDQ are encouraged to read one of the many ex-
cellent reviews that address these topics.18–22

Literature syntheses of bedaquiline

The first synthesis of BDQ was carried out at Johnson & Johnson as
part of a search for novel diarylquinoline compounds active against
tuberculosis (Scheme 1).4,23,24 The synthetic strategy was highly con-
vergent, enabling the synthesis of over 200 diarylquinolines, from
which BDQ emerged as the front-runner.8 While this synthetic route
was excellent for quickly generating a library of diverse diarylquino-
lines, the isolated yield for the most active R,S enantiomers was low due
to the uncontrolled nature of the final deprotonation/carbonyl addition
reaction between 1 and 2 and the difficult separation of BDQ from the
undesired stereoisomers 3–5.

This reaction has been heavily optimised for the purpose of in-
dustrial-scale synthesis, giving an overall yield of 12% following se-
lective crystallisation of the undesired S,S/R,R isomers 3 and 4, chiral
resolution using phosphoric acid 6, and a desalting step, which also
liberates the chiral phosphoric acid 6 for recycling (Scheme 2).25,26 A
final step delivers BDQ as its stable, non-hygroscopic, water soluble
fumarate salt.27

The first enantioselective synthesis of BDQ was accomplished by the
Shibasaki group in 2010.28 This route made use of two key stereo-
selective steps – an enantioselective proton migration catalysed by an
yttrium•7 complex to install the gem-diaryl stereocentre in 8, and a
diastereoselective allylation to install the tertiary alcohol in 9 (Scheme
3). Six subsequent steps were required to obtain the target compound,
giving an overall yield of 5% from commercially available starting
materials.28

Shortly thereafter the group of Chandrasekhar disclosed a route to
BDQ based around a Sharpless asymmetric epoxidation strategy

https://doi.org/10.1016/j.bmcl.2020.127172
Received 19 February 2020; Received in revised form 4 April 2020; Accepted 4 April 2020

⁎ Corresponding author.
E-mail address: m.brimble@auckland.ac.nz (M.A. Brimble).

Bioorganic & Medicinal Chemistry Letters 30 (2020) 127172

Available online 07 April 2020
0960-894X/ © 2020 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/0960894X
https://www.elsevier.com/locate/bmcl
https://doi.org/10.1016/j.bmcl.2020.127172
https://doi.org/10.1016/j.bmcl.2020.127172
mailto:m.brimble@auckland.ac.nz
https://doi.org/10.1016/j.bmcl.2020.127172
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bmcl.2020.127172&domain=pdf


(Scheme 4).29 The key epoxidation step gave 10 with good yield and
enantioselectivity, however the authors were not able to accomplish a
diastereoselective allylation of ketone 11, and therefore BDQ was
produced as a (separable) mixture with diastereomer 4. It is noteworthy
that this approach delivered multigram quantities of the target com-
pound in an overall yield of 12% from commercially available aldehyde
12.

A patent filed in 2017 demonstrated that the addition of chiral
amino alcohols improves stereoselectivity in the final coupling step
between 1 and 2 (Scheme 5).30 These amino alcohols also facilitate the
separation of BDQ and its enantiomer. Naicker and co-workers recently
reported the use of a chiral lithium amide for this step.31 While ste-
reoselective deprotonation could not be realised using this approach,
diastereoselectivity could be improved, albeit with reduced overall
product yield. Separation of BDQ and its enantiomer was accomplished
using supercritical fluid chromatography. Both approaches suffer from
low overall conversion, and the increased cost associated with the use
of chiral reagents.

A patent was filed in 2014 disclosing an alternative approach to-
wards BDQ using unsaturated ketone 13 as the electrophile (Scheme
6).32 Diastereoselectivity is improved with this approach, giving vinyl
amine mixture 14a/b in 57% yield. Hydrogenation of this mixture
followed by chiral resolution gives BDQ in 19% overall yield from 1 and
13, as compared to 12% reported for the original approach.25

BDQ is synthesised industrially using the low-cost, stereo-random
route outlined in Scheme 2. While this route has been impressively
optimised, it nonetheless produces large amounts of the undesired BDQ
isomers. An interesting approach towards recycling these undesired
isomers has been reported, using a base catalysed carbon-carbon bond
cleavage reaction to regenerate 1 and 2 (Scheme 7).33 Yields of 1 and 2
as high as 90% could be accomplished within 1 h at room temperature,
using the mixture of undesired BDQ isomers 3–5.

Diarylquinoline SAR studies

Li and co-workers carried out a study into the synthesis of BDQ
analogues wherein the quinoline A-ring is replaced with a naphthalene
(Scheme 8).34,35 Similar activities were observed to BDQ for a number
of analogues (e.g. 15–17),34 indicating that the quinoline ring may not
be essential for activity. The stereoselective synthesis of 17, the closest
analogue to BDQ, was carried out following an analogous route to that
reported by Chandrasekhar,29 and the stereoselectivity of the key
asymmetric step (epoxide opening of 18 to give diol 19) was rigorously
confirmed.35 No results have been disclosed about the pharmacokinetic
effect of replacing a quinoline ring with a naphthalene, in what is al-
ready a highly lipophilic compound.

Omel’kov and co-workers reported the synthesis of three BDQ de-
rivatives with modification at the quinoline 2- and 6-positions (Scheme
9).36 The reaction between benzylquinolines 20a-c and unsaturated
ketone 1332 was unsuccessful, giving instead dimerized products 21a-c.
Reaction between 20a-c and saturated ketone 2 proceeded in moderate
yield, to give diastereomeric mixtures of BDQ analogues 22a-c. Se-
paration of 22a (R = Br) into its R,S/S,R and R,R/S,S stereoisomers was
achieved, however resolution of the enantiomers was not reported.
Upon conversion to its citrate salt, compound 22a demonstrated mod-
erate anti-tuberculosis activity (R,S/S,R diastereomer = 3.125 µg/mL,
R,R/S,S diastereomer = 6.25 µg/mL).

BDQ is a potent inhibitor of Mycobacterial ATP synthase, however it
shows minimal inhibition of this enzyme in other pathogenic bacteria.4

A collaboration between Johnson & Johnson and the Vrije Universiteit
Amsterdam was thus established to investigate the possibility of mod-
ifying the BDQ structure to find an ATP synthase inhibitor active
against a range of Gram-positive and Gram-negative bacteria.37 More
than 700 BDQ derivatives were synthesised, with the structure–activity
relationship studies mainly focused on modifying the chain length be-
tween the basic nitrogen and the hydroxyl group and/or the C-ring and
the hydroxyl group (compounds 23–26, Fig. 2). The most promising
antibacterial activity was observed against Streptococcus pneumoniae
(compounds 23–25) and Staphylococcus aureus (compounds 23, 24, and
26), with similar activity to levofloxacin. Compounds 23 and 24 were
shown to rapidly kill S. aureus, and compounds 23–25 were all shown
to selectively inhibit ATP synthesis in S. aureus and E. coli in comparison
to human cells, although selectivity was modest. Significant human
plasma protein binding limited the clinical usefulness of this class of
compounds, however this study nonetheless constitutes a significant
proof-of-concept for the development of ATP synthase inhibitors as
broad-spectrum antibiotics.12

While BDQ has proven itself to be an important new drug in the
fight against TB, it nonetheless has a number of shortcomings, most

Fig. 1. The structure of BDQ, with the diarylquinoline A/B/C/D nomenclature
used throughout this review.

Scheme 1. Original BDQ synthesis.
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Scheme 2. Industrial synthesis of BDQ.

Scheme 3. Shibasaki's enantioselective synthesis of BDQ.

Scheme 4. Chandrasekhar's asymmetric synthesis of BDQ.
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prominently its high lipophilicity, which may lead to undesired accu-
mulation in some tissues, and potent inhibition of the hERG potassium
channel, which can lead to arrhythmia.19 To address these short-
comings, a thorough SAR study was initiated by Denny and co-workers,
resulting in a series of publications.38–43 A number of key findings were
disclosed: replacement of the A-ring bromo-substituent with a cyano
group gave good reduction in lipophilicity with only a small reduction
in potency (Fig. 3, 27 vs 28);38 replacement of the phenyl B-ring with a
pyridyl derivative (29, 30), or the naphthalene C-ring with heterocycles
(31, 32), can also reduce lipophilicity while maintaining potency;39–41

hERG channel inhibition can be overcome in compounds that have
improved lipophilicity and activity (32, TBAJ-876).42,43 The most
promising compound of this series (TBAJ-876) has demonstrated im-
pressive in vivo activity in a mouse model42 and inhibits mycobacterial
ATP synthase more strongly than BDQ.44 Interestingly, TBAJ-876
maintains excellent bactericidal activity despite the fact that its lower
lipophilicity excludes it from exerting BDQ’s secondary mode of action,
protonophore activity,45–47 and this compound has also demonstrated
activity againstMycobacterium abscessus, which is a cause of severe lung
disease.48

Synthesis of simplified and/or modified bedaquiline analogues

While the diarylquinoline scaffold is relatively simple, the

installation of the two congested, contiguous stereocentres is a non-
trivial task, as has been demonstrated by the effort required to access
BDQ stereoselectively.28,29,31 If a simplified analogue were able to
maintain good potency and selectivity against M. tuberculosis, this
would likely translate into a more cost-effective product that would in
turn be more accessible to lower-income tuberculosis victims.2 As such,
a number of groups have attempted to simplify the BDQ structure in the
hopes of finding a potent, readily synthesised analogue.

The group of Chattopadhyaya released the first investigation into
compounds conceptually derived from the BDQ skeleton (Fig. 4).49–54

Most compounds were only loosely based on the BDQ scaffold, with the
3-benzylquinoline motif (rings A and B) the only generally conserved
fragment. Compounds 33 and 34 demonstrated moderate activity with
low cytotoxicity.49 Modification of the quinoline 2- and 6-positions also
gave moderately active compounds 35 and 36, with higher cytotoxicity
observed.50 4-Alkarylquinoline derivatives (e.g. 37) showed very weak
inhibition, while the related naphthalene derivatives (e.g. 38) were
significantly more potent.51 Some conformationally constrained A/B
ring derivatives were also investigated, and the 2-imidazolyl derivatives
(39 and 40) and fused tetrazole derivative 41 showed good potency,
along with low cytotoxicity (for 41) and more desirable clogP values
(3.7–4.9 vs 7.25 for BDQ).52,53 Further activity improvements to these
compounds were enabled by their derivatisation as esters, giving potent
inhibitors 42 and 43, albeit with significantly increased cytotoxicity
and lipophilicity.54

A similar investigation into conformationally constrained BDQ
analogues was published by Kalia and co-workers in 2015 (Fig. 5).55

The C-ring was fused to the D-chain, giving a partially separable mix-
ture of diastereomers (e.g. 44), all of which were found to have only
weak anti-tuberculosis activity (MIC ≥ 6 µg/mL). Constrained macro-
cyclic analogue 45 displayed good potency against ATP synthase
(10 nM vs 2.5 nM for BDQ), however it was not tested for its anti-
tuberculosis activity. The most promising non-constrained bis-quinoline
derivative, 46, demonstrated both good ATP synthase inhibition, good

Scheme 5. Asymmetric synthesis of BDQ using lithium alkoxides and lithium
amides.

Scheme 6. Improved synthesis of BDQ via unsaturated ketone 13.

Scheme 7. Recycling of 1 and 2 from undesired BDQ isomers 3–5.
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Scheme 8. Activity and stereoselective synthesis of naphthalene BDQ analogues.

Scheme 9. Synthesis of 2-chloroquinoline BDQ derivatives.

Fig. 2. Representative examples of BDQ analogues targeting non-Mycobacterium pathogens.
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anti-tuberculosis activity and low cytotoxicity. Reasonable activity
against resistant TB strains was also observed (MIC = 3.12 µM). The
separation of the enantiomers of 46 was not reported, however it would
be anticipated that one enantiomer is significantly more active, as has
generally been observed for diarylquinolines.

As the controlled formation of the two stereocentres in BDQ are the
key challenges associated with its synthesis, an investigation was made
by Yin and co-workers into analogues that arranged the key A-D frag-
ments (quinolyl, phenyl, naphthyl and alkylamine, or analogues
thereof) in such a manner that no chiral centres were present (Scheme
10).56 The best analogues obtained (47–50) were synthesised in two
steps from commercially available intermediate 51. These compounds
had activity in the high nanomolar range and, significantly, retained
activity against isoniazid and rifampicin resistant strains. Interestingly,
48 and 49 demonstrated some inhibition of ATP synthase, albeit much
weaker than BDQ, however 50 displayed only very weak inhibition and
47 did not inhibit the enzyme at all, which may imply that 47 could
retain activity in strains which have developed resistance to BDQ. Given
the simplicity of the synthetic route towards these compounds in
comparison with BDQ, these results are noteworthy.

Investigations into simplifying the synthesis of BDQ analogues were
carried out by Baell and co-workers (Scheme 11). A number of ap-
proaches were detailed, based around efficient palladium-catalysed
syntheses of the triarylketone intermediate 52.57 Elaboration of this
intermediate into debromo-BDQ 53 was demonstrated, and this ap-
proach was also shown to be useful for the generation of other BDQ

analogues 54 and 55. No anti-tuberculosis activity data was given for
the synthesised compounds.

A recent study has investigated the anti-mycobacterial activity of a
range of BDQ triazole derivatives 56 (Fig. 6).58 While a large range of
compounds could be rapidly synthesised by a click reaction between
azide 57 and a range of alkynes, none showed promising activity
against M. bovis (MIC = 30–170 µM).

Elaboration of bedaquiline

The potency and specificity of BDQ for M. tuberculosis strains ren-
ders it an excellent scaffold for the generation of tool compounds for in
vivo tuberculosis studies. The first publication investigating this concept
was the fluorescent labelling of BDQ by Slotweg and co-workers
(Fig. 7).59 Compound 58 was prepared using a Sonogashira coupling
with intact BDQ, and although 58 had significantly reduced anti-tu-
berculosis activity (IC50 ~ 2 µM), it was nonetheless deemed suffi-
ciently active for potential bioimaging purposes. When a longer linker
was used between the drug and the fluorophore, lower anti-tuberculosis
activity was observed, further indicating that the ATP synthase binding
pocket does not accommodate steric bulk at this position. The synthesis
of radiolabelled BDQ (59) for PET imaging was successfully carried out
by Jain and co-workers by exchange of 79/81Br with radioactive 76Br.60

The potential of 59 in imaging tuberculosis infection was demonstrated
by the generation of 2D autoradiographs in infected mice.

Fig. 3. SAR studies carried out by Denny and co-workers.

M.B. Calvert, et al. Bioorganic & Medicinal Chemistry Letters 30 (2020) 127172

6



Conclusion and future directions

The introduction of BDQ into the arsenal of anti-tuberculosis agents
has heralded a new era in the treatment of multi-drug resistant TB.
Given the severity of side effects often observed for alternative treat-
ment options,61 it is unsurprising that patients, advocates, and policy-
makers are calling for more widespread access to BDQ.2,62 Of course, no
compound is without its drawbacks: in the case of BDQ these include
hERG channel inhibition and very high lipophilicity, as well as a syn-
thetic route that delivers the target compound as a mixture of stereo-
isomers, thereby lowering the overall yield and increasing BDQ’s
manufacturing costs. Also of concern are reports detailing the emer-
gence of BDQ-resistant TB strains.63 It is encouraging that some of the
studies cited in this review have been able to make improvements in

these areas: the side effects associated with BDQ have been im-
pressively reduced in TBAJ-87642–44,46 and the recently disclosed ap-
proach of recycling undesired BDQ stereoisomers could contribute to
lowering production costs.33 In spite of these advances, further research
into the synthesis of BDQ and its analogues is certainly needed. In
particular, further optimisation of TBAJ-876 could be beneficial to
identify a compound with logP reduced to within the optimal range for
a TB treatment (clogP < 4)64 without compromising activity. Research
into analogues which maintain activity against the most commonly
observed resistant mutants, e.g. atpE mutants,65,66 would also be va-
luable. Further studies into high-yielding, cost-effective asymmetric
syntheses of BDQ and its analogues should also be prioritised. While
investigations into simplified mimics of BDQ have generated a number
of interesting compounds, these new chemical classes will also need to
be rigorously analysed to confirm whether activity against ATP syn-
thase is retained, or if an alternative mechanism of action is being ex-
erted. Finally, further research into the use of BDQ as a scaffold for the
development of molecular probes (such as 58 and 59)59,60 should prove
useful for the further study of tuberculosis, thereby aiding in the de-
velopment of the next generation of treatments for this disease.

Declaration of Competing Interest

The authors declare that they have no known competing financial
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Fig. 4. Synthesis of BDQ-inspired anti-tuberculosis compounds 33–43. Cytotoxicity = percentage loss of murine macrophage cell viability 72 h after a 10 µg/mL
dose.

Fig. 5. Synthesis of constrained and non-constrained BDQ analogues.
Cytotoxicity = dose causing 50% loss of murine macrophage cell viability.
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Scheme 10. Synthesis and activity of simplified BDQ analogues. Cytotoxicity = dose causing 50% reduction in Vero cell growth.

Scheme 11. Approaches to BDQ analogues based around Pd-catalysed coupling reactions.

Fig. 6. Click chemistry approach to BDQ analogues 56.
Fig. 7. Molecular probes 58 and 59 derived from BDQ.
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