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a b s t r a c t 

Bedaquiline (TMC 207) is the first FDA-approved drug to combat multidrug-resistant (MDR) tuberculo- 

sis. Herein, we disclosed hydroacylation (tandem C –H activation/C –C bond formation/aromatization) cat- 

alyzed by Wilkinson catalyst on quinoline containing new para -quinone methides to simplify the con- 

struction of diverse bedaquiline analogs with reduction of steps. Direct installation of three crucial aryl 

rings in hydroacylation giving rise to α-disubstituted aryl ketone can provide a series of bedaquiline 

analogs. 

© 2021 Elsevier B.V. All rights reserved. 
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. Introduction 

Tuberculosis (TB) is a contagious, deadly disease caused by My- 

obacterium tuberculosis (Mtb) that spreads through air and has 

ecome a serious global health issue [ 1 , 2 ]. Most of these infec-

ions are asymptomatic, a situation known as latent tuberculo- 

is, and almost 10% of these latent infections will progress to 

he active disease [3] . Especially in Asia and African subcontinent, 

round 10.0 million people became ill with TB and 1.3 million 

HIV-negative) died from TB in 2017 according to WHO statistics 

 4 , 5 ]. The emergence of multidrug-resistant tuberculosis (MDR-TB) 

6] and extensive-drug resistant tuberculosis (XDR-TB) [7] has re- 

uced the use of presently available medicines, such as isoniazid, 

ifampin, pyrazinamide, ethambutol and streptomycin [8] . There- 

ore, an urgent need to discover and develop new anti-TB drugs 

or the treatment of TB is necessary. 

Bedaquiline (TMC207), which targets the adenosine triphos- 

hate synthase (ATPase) of M. tuberculosis , [9] was approved by 

he U.S. Food and Drug Administration (FDA) in 2012 for the ther- 

py of MDR-TB [10] . Diarylquinolines (DARQs), which were highly 

ffective against MDR-TB, were discovered in 1996 by Janssen Phar- 

aceuticals [11] . After careful evaluation of 70,0 0 0 compounds 

gainst the Mtb surrogate Mycobacterium smegmatis , they have 

dentified a DARQ fragmented hit ( 1 ). Janssen’s initial hit molecule 

hen optimized through chemical synthesis to develop another 

ARQ derivative Bedaquiline ( 2 ) with promising anti-tubercular ac- 
∗ Corresponding author. 
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ivity (MIC- 0.06 μg/ml) in its (2 R, 3S ) enantiomeric form ( Fig. 1 )

12] . 

Despite its novel mode of action and potent activity, be- 

aquiline has some adverse side-effects like nausea, joint and chest 

ain and headache. TMC 207 is vindicated to be a weak human 

ther-a-go-go related gene (hERG) potassium (K 

+ ) channel blocker 

hich can cause prolongation of the heart QT interval, thus dis- 

urbing normal functioning of heart [13] . Several studies suggested 

hat the relatively high lipophilicity of bedaquiline (ClogP-7.3) is a 

ajor source of its hERG mediated toxicity. 

During development of Bedaquiline, researchers have carefully 

nalyzed the structure-activity relationship (SAR) as reported by 

anssen Pharmaceuticals [14] . Chattopadhyaya’s group also have 

reat contribution to probing the SAR of bedaquiline by divid- 

ng bedaquiline into four hemispheres and modifying every hemi- 

phere to evaluate the biologically active motifs [15–19] . After that 

n 2015, Li and co-workers have reported naphthylated analog of 

edaquiline [20] . Actually they replaced the quinoline ring with a 

aphthalene ring, leading to a new type of triarylbutanol skeleton. 

From synthetic point of view, Janssen Pharmaceuticals pre- 

ared bedaquiline analogues by employing a moisture sensitive 

DA-mediated addition of 3-benzylquinolines to ethyl-amino sub- 

tituted aryl ketone [12] . To the best of our knowledge, hitherto 

hree alternative asymmetric synthesis of bedaquiline are known. 

irst one has been reported by Shibasaki’s group [21] , second one 

as been reported by Chandrasekhar’s group [22] and third one 

as been reported by Naicker’s group [23] . Later, Jonathan B. Baell’s 

roup discovered new synthetic pathways to facilitate the prepara- 

ion of bedaquiline and its analogues [24] . In 2020, one review has 

https://doi.org/10.1016/j.molstruc.2021.130493
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2021.130493&domain=pdf
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Fig. 1. Janssen developed bedaquiline from preliminary hit molecule. 
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n

ppeared based on the synthetic approaches towards bedaquiline 

nd its derivatives reported by Calvert et al . [25] . 

Recently, quinone methides (QMs), also known as methylene 

uinines and quinine methines, are considered to be one of the 

ighly reactive intermediates that have been widely exploited [26] . 

hey are classified into two types namely, 1,2-quinone methides or 

o”-quinone methides ( o -QMs) and 1,4-quinone methides or “p ”- 

uinone methides ( p -QMs). Aromatization is the driving force for 

heir unique reactivity towards various nucleophiles, and therefore, 

hese compounds act as valuable synthons for various biologically 

ignificant molecules. [27] Currently, p -QMs based chemistry is also 

ell known for making various biologically active frameworks. Our 

oal is to construct anti-tubercular drug TMC207 like new skeleton 

sing novel p -QM as a useful synthon that enabled the incorpora- 

ion of three crucial aryl rings in one reaction as well as installa- 

ion of various amine and hydroxyl functionality into the pharma- 

ophore of Bedaquiline. 

. Result and discussion 

The aim of this investigation was the invention of alterna- 

ive pathways towards the synthesis of library of bedaquiline ana- 

ogues that might help to explore new drug candidate in future. 

o achieve this, quinoline containing p -QM 3 was identified as a 

ey starting material in the synthetic pathway, providing substrates 

hat could be further elaborated to get bedaquiline like molecules. 

ur first approach towards bedaquiline analogues was designed to 

acilitate the incorporation of the diethyl 2-(naphthalen-1-yl) mal- 

nate moiety from the corresponding aryl halide. Initially, we car- 

ied out synthesis with p -QM 3 and diethylmalonate as a model re- 

ction by using K 2 CO 3 in toluene at RT for 24h. After completion of

he reaction, we got the diaryl methine ( 4 ) as a product with 70%

ield ( Scheme 1 ). With this acceptable reaction conditions in hand, 

e then tried to achieve our next target. Primarily, this approach 

as conducted in a step-wise fashion. To explore this, a suitable 

oupling partner ( 5 ) was prepared from 1-bromonaphthalene and 

iethylmalonate using Pd(dba) 2 as a catalyst. (See supporting in- 

ormation ESI). 

Employing potassium carbonate to generate the 1, 3-diethoxy- 

-(naphthalen-1-yl)-1, 3-dioxopropan-2-ide from diethyl 2- 

naphthalen-1-yl) malonate, a metal-free 1, 6-addition reaction 
Scheme 1. Synthesis of dia

2 
etween p -QM 3 and the anion was attempted ( Scheme 2 ). But 

nfortunately, this reaction did not work to afford the desired 

roduct. This is perhaps because of steric hindrance on methine 

arbon atom. Heating the reaction mixture and employing various 

ases also did not yield any positive results. Our final target was 

o introduce –CH 2 OH in place of hydroxyl group of bedaquiline 

hrough p -QM chemistry which will provide enough chemical 

pace and optimization and subsequent application for patents. 

nsuccessful approach revoked our thought process to synthesize 

ifferent kind of bedaquiline analogs by using another approach 

iven below. 

Our second approach towards bedaquiline analogs was designed 

o simplify the incorporation of amine moiety in place of hy- 

roxyl group of bedaquiline to have another hydrophilic function- 

lity as well as scope for formation of salts thereafter. Moreover, 

ntroduction of amine containing quaternary center in bedaquiline 

olecule is not covered in the literature. In this context, we have 

hosen O-Donell Schiff’s base [28] ( 6 ) as another coupling part- 

er which will couple with p -QM 3 and thus will give the corre- 

ponding adduct by following few steps. To persue this, we have 

repared two types of O-Donell’s Schiff bases following litera- 

ure known procedures. Benzophenone imine reacted with glycine 

thyl ester hydrochloride or L-alanine ethyl ester hydrochloride in 

CM for 20h at rt to furnish O-Donell’s Schiff bases ( 6 ) in excel- 

ent yields (See ESI). A second strategy to access bedaquiline ana- 

ogues from p -QM 3 was then developed with the key reaction 

eing the Cs 2 CO 3 mediated 1, 6- addition of p -QM 3 with ethyl

-((diphenylmethylene) amino) acetate ( 6a ) derived from glycine 

thyl ester hydrochloride as a model reaction ( Scheme 3 ). 

Initially, 2-((diphenylmethylene) amino) acetate ( 6a ) was re- 

cted with p -QM 3 in the presence of 1.1 equiv of Cs 2 CO 3 to afford

he ethyl 3-(6-bromo-2-chloroquinolin-3-yl)-3-(3, 5-di-tert-butyl- 

-hydroxyphenyl)-2-((diphenylmethylene) amino) propanoate ( 7 ) 

n 60% yield. Then the imine ( 7 ) was readily converted to corre- 

ponding amine derivative ( 8 ) by acidification with 55% yield. After 

etting this positive result, we tried to incorporate a small methyl 

roup to amine carbon to make it quaternary center in the amine 

erivative ( 8 ). To get this, we have already prepared the start- 

ng material ethyl ( R )-2-((diphenylmethylene) amino) propanoate 

 6b ) by literature known procedure (See supporting information). 

nfortunately, the same reaction did not proceed when we per- 

ormed the reaction with ethyl ( R )-2-((diphenylmethylene) amino) 

ropanoate. This is perhaps due to the steric hindrance, that’s 

hy the negative ion on center carbon atom of ethyl ( R )-2- 

(diphenylmethylene) amino) propanoate perhaps did not gener- 

te for further reactions. In this case also, we had tried various 

ethods (Cs 2 CO 3 , n-BuLi, t-BuLi, LiHMDS etc.) to generate the neg- 

tive ion on the particular center but was not successful. With this 

bservation, we tried to introduce naphthyl group in place of the 

ethyl group of O-Donell’s Schiff base to get naphthylated analog, 

ut it was not fruitful either. So, with this model reaction (Scheme 

), we attempted to elaborate it to make amine-containing de- 

aphthylated bedaquiline analog in a stepwise manner ( Scheme 4 ). 
ryl methine from 3. 
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Scheme 2. Metal-free approach for the synthesis of bedaquiline analog. 

Scheme 3. Synthesis of amino functionalized bedaquiline analog 

Scheme 4. Metal-free approach for the synthesis of amine containing bedaquiline analog. 
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Initially, formation of compound 8 from compound 3 was de- 

cribed earlier ( Scheme 3 ). Now, amine derivative ( 8 ) underwent 

eduction by LiBH 4 in ethanol under reflux for 1 h at 85 °C to

ive amino alcohol ( 9 ) with 52% yield. Unluckily, further synthetic 

ransformation from amino alcohol ( 9 ) was not successful. 

Our next plan was to synthesize trihydroxylated be- 

aquiline analog from p -QM 3 with the key reaction being 

he rhodium-catalyzed hydroacylation of p -QM 3 with 2- 

ydroxynaphthaldehyde. In that case, we optimized the hy- 

roacylation reaction with p -QM 3 and 2-hydroxynaphthaldehyde 

y using various Rhodium catalysts in different solvents. We have 

sed dppf, PPh 3 as ligand and CsF, DIPEA, CsOAc, as additives. 

reliminary attempts using Rh 2 (OAc) 4 as a catalyst and dppf 

s a ligand in the presence of CsF in THF at 100 °C led to the

ydroacylation product 10 in 20% yield ( Table 1 , entry 1). When 

e changed the catalyst from Rh 2 (OAc) 4 to [Rh Cp 

∗Cl 2 ], then the

eaction did not work properly ( Table 1 , Entry-2). After that, we 

hoose a commercially available catalyst [Rh(COD)Cl] 2 for next 

creening in different solvents. In that case reaction furnished the 

equired product in 30-35% yield ( Table 1 , Entry-3,4). Delighfully, 
3 
 significant improvement was noticed when DCE/H 2 O (1:1) was 

mployed as solvent system ( Table 1 , Entry-5). Other additives 

uch as CsOAc, DIPEA were also tested and exhibited inferior per- 

ormance ( Table 1 , Entry-6, 7, 10). The yield was further improved 

o 66%, when PPh 3 was chosen as ligand ( Table 1 , Entry-8). Finally,

 significant improvement was observed when we did not use any 

igand. After overall screening, we got the best yield with use of 

ilkinson catalyst in 1:1 DCE/H 2 O (entry-9, Table 1 ). 

Using this reaction condition in hand, p -QM 3 was reacted with 

-hydroxynaphthaldehyde in presence of 2.5 mol% of Wilkinson 

atalyst in 1:1 DCE/H 2 O under reflux condition for 8h to con- 

truct α-disubstituted aryl ketone ( 10 ) through a tandem C 

–H 

ctivation/C 

–C bond formation/aromatization process in 70% yield. 

e could achieve the α-disubstituted aryl ketone ( 10 ) having req- 

isite functionalities like bedaquiline in a single step from easily 

ccessible 3 without any trouble. Smooth tandem C 

–C bond for- 

ation can easily give a chemical library based on bedaquiline. 

e characterized compound 10 by analysis of proton and [13] C 

MR spectra. Some of the characteristic peaks have appeared with 

ethine proton (C-H) at 6.18 ppm, quinoline protons at ~8.46- 
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Table 1 

Optimization of the reaction conditions. 

∗∗

Entry a catalyst ligand Additive Solvent Yield(%) b 

1 Rh 2 (OAc) 4 dppf CsF THF 20 

2 [Rh Cp ∗Cl 2 ] dppf CsF CH 3 CN trace 

3 [Rh (COD)Cl] 2 dppf CsF DCM 30 

4 [Rh (COD)Cl] 2 dppf CsF DCE 35 

5 [Rh (COD)Cl] 2 dppf CsF DCE/H 2 O(1:1) 50 

6 [Rh (COD)Cl] 2 dppf DIPEA DCE/H 2 O (1:1) trace 

7 [Rh (COD)Cl] 2 dppf CsOAc DCE/H 2 O (1:1) 10 

8 [Rh (COD)Cl] 2 PPh 3 CsF DCE/H 2 O (1:1) 66 

9 c Rh (PPh 3 ) 3 Cl - CsF DCE/H 2 O (1:1) 70 

10 [Rh (COD)Cl] 2 ( ±)-BINAP CsF DCE/H 2 O (1:1) trace 

a Reaction conditions: 3 (0.24 mmol), 2-hydroxynaphthaldehyde (0.2 mmol), catalyst 

(2.5 mol %), additive (0.2 mmol) in solvent (2 mL) at 100 °C for 24 h under argon 

atmosphere. 
b Isolated yields. 
c without ligand and within 8 h. 

Scheme 5. Synthesis of trihydroxylated bedaquiline analog. 
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t

.12 ppm region and phenolic O 

–H (2,6-ditertbutylphenol) proton 

t 6.65 ppm. We assigned all carbons of 10 in [13] C spectra of

upporting information. 

After obtaining the α-disubstituted aryl ketone ( 10 ), we turned 

ur attention to elaborate that ketone to insert the dimethylethy- 

amino chain. Although analogous transformations have been pre- 

iously reported, [29] optimization of this pathway was still neces- 

ary to identify reproducible and high-yielding reaction conditions. 

o, we followed the following synthetic procedures to complete the 

ynthesis ( Scheme 5 ). 

The initial step involved the allylation of ketone ( 10 ) to afford 

he tertiary allyl alcohol ( 11 ) via Grignard reaction conditions. It 

as proposed that due to the acidity of the α-proton of the ke- 

one, basic Grignard reagents led to deprotonation and enolization 

f the ketone before 1, 2-addition to the carbonyl group could oc- 

ur. That is why Chandrasekhar et al. has reported this transfor- 

ation by using freshly prepared allyl-ZnBr, because Organo-zinc 
4 
ompounds are non-basic reagents and would not promote eno- 

ization. But in our case, enolization did not happen under Grig- 

ard reaction conditions. We got our desired allylated product ( 11 ) 

s racemates by using 15 equiv of allyl-MgCl in dry THF for half an 

our at rt with 65% yield (after column chromatography). Allylated 

roduct 11 which upon treatment with OsO 4 and NMO in dioxane/ 

ater system afforded the diol 12 as racemates which was used 

ithout further purification in next step. Diol 12 underwent pe- 

iodate oxidation in THF/H 2 O combination to give trihydroxy con- 

aining aldehyde 13 as racemates in 50% yield. In the last step, re- 

uctive amination of aldehyde 13 with dimethyl amine by sodium 

orohydride in methanol for 3h constructed the final amine con- 

aining bedaquiline analog 14 as a diastereomeric mixture (1:1 ra- 

io). In that case, we did not get the α-disubstituted aryl ketone 

0 back during reductive amination. We had also attempted reduc- 

ion process on triaryl aldehyde 13 . But particularly, in this reac- 

ion so many spots were generated in the TLC within 5 min. It was 
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Table 2 

Evaluation of compounds 

against Mycobacterium tu- 

berculosis H 37 R a with MIC 

( μM). 

Code MIC ( μM) 

10 > 32 

11 > 32 

13 > 50 

14 > 32 

8 > 32 

3 > 50 μM 

Bedaquiline 0.06 μM 
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[  

 

ery difficult to isolate the corresponding alcohol product. That is 

hy we choose the reductive amination process instead of reduc- 

ion followed by tosylation and amination. As a result, steps also 

ere decreased compared to the literature procedures. All com- 

ounds (11, 13 & 14) were fully characterized by proton and carbon 

pectra. Compound no 13 has a sharp signal of aldehyde proton at 

0.19 ppm and methine proton at 5.79-5.80 ppm as a diastereoiso- 

er with ratio 1:1. Final compound 14 also has some character- 

stic signals like methine proton at 5.99 ppm, methyl proton at 

.58 ppm and tertbutyl protons at 1.27 ppm. Diastereomeric ratio 

f final compound 14 was calculated from proton NMR that we 

ave already shown in supporting information file. 

The aim of this study was therefore to simplify the chemical 

ynthesis of bedaquiline to work toward new, alternative leads. 

nce these simplified scaffolds are achieved, they will be used 

o improve pharmacokinetic properties to decrease the adverse 

ide effects of bedaquiline. The success of bedaquiline has orig- 

nated significant interest in the development of improved ana- 

ogues. While the potency of drugs for TB often positively corre- 

ates with their lipophilicity (likely due to the very lipophilic cell 

all of the bacterium), the extremely high lipophilicity of TMC207 

ay also lead to the induction of phospholipidosis and to over- 

roportional drug accumulation in tissues (as suggested by its long 

erminal half-life). To address these concerns, a study of related 

erivatives in which the hydroxyl group replaced by amino func- 

ionality is going on in our lab. The potential utility of amino 

roup perhaps will be lowering lipophilicity while largely retaining 

ood anti-mycobacterial potency against M. tb . The synthesized be- 

aquiline analogs were dissolved in DMSO (Stock con. 10 mM) and 

eeded in MB7H9 medium (100 μl volume) enriched with ADC 

10% v/v) with decreasing double dilutions starting with 50 μM 

for 250 μl volume) in 96 well plate. 150 μl of culture ( Mycobac-

erium tuberculosis H37Ra , 106 CFU/ml) was added to each well and 

he efficacy of compounds were evaluated against Mycobacterium 

uberculosis H 37 R a using MABA assay and 90% inhibitory concen- 

rations were calculated by plotting fluorescence values using Mi- 

rosoft excel template with testing of maximum conc. at 50 μM 

 Table 2 ). The preliminary results (fluorescence) were measured at 

30 ±25 nm and 590 ± 25 nm for excitation and emission respec- 

ively in Synergy Biotek plate reader. 

However, to the best of our knowledge, these types of 

olecules were earlier not reported from the analogous series of 

edaquiline. Further finding of new chemical space around be- 

aquiline using this chemistry via construction of α-disubstituted 

ryl ketone through hydroacylation reaction catalyzed by Wilkin- 

on catalyst is currently underway and their biological results will 

e the subject matter of future reports. 

. Conclusion 

To enable the preparation of novel pharmaceutical agents for 

he treatment of MDR-TB that displays improved safety profiles, 
5 
ovel synthetic routes to access bedaquiline analogues were re- 

uired. The new process has some advantages. First, we have 

voided the use of conventional, moisture sensitive LDA method 

hich was used in the synthesis of bedaquiline previously to get 

ri-substituted ethane like skeleton. Second, 1, 6- addition of alde- 

yde to p -QM gives direct installation of three crucial aryl rings 

n one shot which may give rise to α-disubstituted aryl ketone 

ike molecules very easily. Third, our case went through reduc- 

ive amination which resulted into reduction of two steps. We re- 

orted new synthetic pathways to expedite the construction of be- 

aquiline analogs using p -Quinone methide chemistry and prelim- 

nary results presented. 
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