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ABSTRACT: Bedaquiline (1) is a new drug for tuberculosis and the first of the diarylquinoline class. It demonstrates excellent
efficacy against TB, but induces phospholipidosis at high doses, has a long terminal elimination half-life (due to its high lipophilici-
ty) and exhibits potent hERG channel inhibition, resulting in clinical QTc interval prolongation. A number of structural ring A ana-
logues of bedaquiline have been prepared and evaluated for their anti-M.1b activity (MICyy) — with a view to their possible applica-
tion as less lipophilic second generation compounds. It was previously observed that a range of 6-substituted analogues of 1
demonstrated a positive correlation between potency (MICy,) towards M.tbh and drug lipophilicity. Contrary to this trend we discov-
ered, by virtue of a clogP/M.tb score, that a 6-cyano (CN) substituent provides a substantial reduction in lipophilicity with only

modest effects on MIC values, suggesting this substituent as a useful tool in the search for effective and safer analogues of 1.

Novel drugs that can reduce the treatment time for tubercu-
losis (TB) are vital, particularly in cases of multi- and exten-
sively drug resistant tuberculosis (MDR-TB and XDR-TB).'
Ideally, new TB drugs are effective against drug-resistant and
drug-sensitive TB, well tolerated, suitable for once daily oral
dosing and compatible with anti-retroviral therapies for indi-
viduals co-infected with HIV. After several decades without
the approval of a new class of drug for TB, the diarylquinoline
(DARQ) bedaquiline (TMC207, Sirturo, Janssen Pharmaceuti-
cals; 1), was approved by the US Food and Drug Administra-
tion in December 2012 for use in pulmonary multi-drug re-
sistant (MDR) TB. Bedaquiline has a novel mechanism of
action, through inhibition of the mycobacterial ATP synthase
enzyme.” Improved outcomes were seen when bedaquiline
was added to standard therapy regimens for MDR-TB in a
Phase II registration trial.” Other multidrug trials are in pro-
gress, with positive results being reported for a bedaqui-

It is also very lipophilic (measured log P 7.25), which may
contribute to its induction of phospholipidosis, seen at high
doses in preclinical models.® Its high lipophilicity may also
contribute to bedaquiline’s long terminal elimination half-life’
which may lead to tissue over-proportional accumulation at
high doses or with daily dosing. Due to these pharmacokinetic

line/pretomanid/pyrazinamide (BPaZ) combination therapy
phase Ila trial.*> Bedaquiline shows inhibition of the hERG
cardiac potassium channel, with the concomitant risk of QTc
prolongation.® This raises concerns about potential interactions
with other drugs that also prolong the QTc interval (fluoro-
quinolones, clofazimine) in MDR-TB patients.7

Figure 1. Structure of bedaquiline (1).

properties, bedaquiline is currently dosed three times per
week, following a period of once daily loading. Additionally,
due to the possibility of tissue over-proportional accumulation,
efficacy has not been thoroughly explored at higher doses."”
These observations suggest that less lipophilic analogues of
bedaquiline would be of potential interest, to reduce the poten-

1
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tial for tissue over-proportional accumulation, and hence to
increase suitability for once daily dosing.

Bedaquiline emerged from a whole-cell screen of 70,000 li-
brary compounds against the non-pathogenic M.smegmatis
strain of TB,"" where the racemic mixture (comprised of 4
diastereomers) was shown to have useful activity against both
M.smegmatis and M.tuberculosis (M.th), with the R,S enanti-
omer being the most potent. An SAR study of about 200 ana-
logues of 1 (as mixtures of RR,SS or RS,SR diastereomers)
against M.smegmatis showed a rank order correlation between
M.smegmatis and M.th, with the latter about 10-fold more
resistant. The SAR study'' showed that the dimethylami-
noethyl side chain was near optimal for activity, with weaker
bases being less effective. This is consistent with later crystal-
lographic studies'” of 1 bound to its major target (the ¢ subunit
of the ATP synthase Fo moiety), where the dimethylami-
noethyl unit making a H-bond to Glu65 in the ion-binding site
of the enzyme, anchoring the rest of the molecule to make
multiple additional hydrophobic contacts. The study also eval-

uated eight analogues of 1 with differing substituents at the 6-
position of the methoxyquinoline ring, including compounds
1, 2, 5 and 6 in Table 1 below (mostly as RS,SR diastereomer
mixtures). The authors noted that while substituents generally
improved potency over the unsubstituted parent (2), there
seemed to be little electronic effect, with the ICyys of the 6-
substituted compounds within a two-fold range compared with
the lead compound (1)."

In the present paper we expand the range of 6-substituents in
this series, and across a number of modified B and C ring scaf-
folds, seeking more polar alternatives to Br that provide ana-
logues of bedaquiline with similar potency of M.b inhibition.

The 6-Br compounds in Tables 1 and 2 were primarily syn-
thesized following a route described previously,'' from appro-
priate benzylquinoline A/B units and 3-(dimethylamino)-1-
phenylpropan-1-one C/D units (Scheme 1). While there have
been two reported asymmetric syntheses of bedaquiline,™"
these syntheses are

Scheme 1. Syntheses of a representative subset of Mannich bases and diarylquinoline analogues

N

134 C = 3-F (54%)
135 C = 3-Me (50%)
136 C = 3-Cl (62%)
137 C = 3-OMe (33%)
138 C = 3-OCF; (53%)

(b)

various

Ev o
104, 117

27 X =Br B = Ph C = 3-F (72%)

| 36 X = Br B = 2-F,3-OMe C = 3-F (77%)
N 44 X = Br B = 2-F,3-OMe C = 3-OCF3 (67%)
52 X = Br B = 2-F,3-OMe C = 3-OMe (59%)
55 X = Br B = 2-F,3-OMe C = 3-Cl (68%)

58 X = Br B = 2-F,3-OMe C = 3-Me (45%)
©) 32 X =Br B = 3-F C = 3-OCF3 (20%)

28 X = CN B = Ph C = 3-F (62%)
37 X = CN B = 2-F,3-OMe C = 3-F (73%)
—> 45X = CN B = 2-F,3-OMe C = 3-OCF; (85%)
53 X = CN B = 2-F,3-OMe C = 3-OMe (99%)
56 X = CN B = 2-F,3-OMe C = 3-Cl (40%)
59 X = CN B = 2-F,3-OMe C = 3-Me (85%)
33 X = CN B = 3-F C = 3-OCF; (85%)

Reagents and conditions: (a) (i) HN(iOPr)2 or TMP, n-BuLi, THF, -40°C, 0.25 h; (ii) 103-132, THF, -78°C, 1.5 h; (iii) 133-139, THF, -
78°C, 4 h; (b) acetophenone, CH20, Me2NH.HCI, c.HCI, EtOH, 90°C, 18 h; (c) P(o-tol)s, Zn, Zn(CN),, Pd,(dba);, DMF, 50°C, 5-18 h.

lengthy and non-convergent, calling for stepwise installation
of the B, C and D units, and were not suitable for a medicinal
chemistry SAR program. Our synthetic efforts utilized some
expedient synthetic routes to a range of bedaquiline analogues,
mainly by employing some common intermediates (e.g., func-
tionalized A/B units where X = Br, I). Tables 1 and 2 report a
vast number of DARQ analogues with combinations of vari-
ous A/B and C/D units, most of which and their building
blocks are detailed in the Supporting Information. However,
we highlight in Scheme 1 the key reactions for the preparation
of a subset of the compounds most relevant to this study.

The majority of final DARQ compounds (including all 6-Br
in Table 2) were synthesized via condensation of the appropri-
ate A/B unit and C/D unit (Scheme 1). C/D units were pre-
pared in one step via Mannich reaction of appropriate aceto-
phenones. The DARQ product was formed in one step as a
racemic mixture of four diastereomers, and the desired RS,SR
diastereomer was isolated by super-critical fluid HPLC at Bi-
oDuro LLC (Beijing). A wide range of yields were observed
for the key condensation reaction, even when the A-ring sub-
stituent remained constant (e.g. X = Br: 20-77%; A = spiro-

morpholine: 16-75%). Moreover, the yield appeared to also be
dependent on B-ring substituents, with the 2-F, 3-OMe sub-
stituent seemingly preferred over its 3-F and 2,3-diOMe coun-
terparts.

Cyano DARQs (28, 33, 37, 45, 53, 56 and 59) were pre-
pared from their corresponding bromides (27, 32, 36, 44, 52,
55 and 58) via a Pd-catalyzed cyanation.” Cyanation condi-
tions were optimized using various palladium sources and
ligands. The purity of
tris(dibenzylideneacetone)dipalladium(0) was variable from
several commercial sources and was repurified before use.'®
The order of addition of reagents was also crucial, with addi-
tion of cyanide source (zinc cyanide) to a preheated mixture
(50 °C) of other reagents critical for high yields and complete
conversion to products."

For substituents other than cyano, common intermediates of
A/B units where X = Br, I allowed the introduction of amine
or sulfamide substituents to the 6-position of the A ring via
Buchwald coupling (107-110, 121-127 and 131-132) or
Ullmann type reaction (113 and 128) respectively (see Sup-
porting Information). Other reactions such as Suzuki coupling
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with the 6-bromo A/B unit afforded a 6-cyclopropyl derivative
(112).

Alternatively, DARQ compounds were directly functional-
ized at the 6-position of the A-ring. An amino substituent was
accessed via hydrolysis of imine (22), whereas silanes were
reduced to form alkynes (9 and 29) or further down to ethyl
substituents (7). Thio-based DARQ’s were oxidized to sulfox-
ides (41 and 66) or sulfones (40, 43 and 65) using m-
chloroperoxybenzoic acid (m-CPBA) or N-methylmorpholine
N-oxide (NMO) respectively.

As the preparation of bedaquiline (1) has been reported pre-
viously, its synthesis has not been described here. The synthe-
ses of compounds 2, 4, 6, 10-14, 16, 20 and 21 were conduct-
ed by Janssen Pharmaceutica (Belgium) previously,' " and so
are not reported in the Supporting Information.

Table 1 shows the structures and physicochemical and bio-
logical properties of bedaquiline (1) and 25 analogues bearing
a wide variety of different 6-substituents. For the majority of
the compounds, MICy, values were determined for inhibition
of M.th (strain H37Rv) under aerobic conditions (MABA as-
say”’). The majority of the compounds were evaluated as the
RS,SR diastereomers, but a few (23, 25, 26; noted) were avail-
able only as the pure R,S enantiomer.

Representative examples (as pure R,S-enantiomers) were al-
so evaluated for their ability to inhibit potassium ion through
the hERG potassium ion channel.”"** While some compounds
showed less potent hERG inhibition, there was no significant
correlation seen between any 6-substituent properties and
hERG inhibitory potency.

Table 1: 6-Substituted quinoline analogues of bedaquiline

ACS Medicinal Chemistry Letters

4 Cl 7.10 0.71 0.23 0.71 6.9
5 F 6.53 0.14 0.06 0.94

6 Me 6.86 0.56 -0.17 1.74 4.3
7 Et 7.39 1.02  -0.15 0.23

8 cyclopropyl 7.31 1.14 -0.21 0.13

9 C=CH 6.63 0.40 0.23 0.48

10 C=CMe 7.16 0.80 0.03 6.1 7.9
11 CH=CH, 7.09 0.82  -0.02 1.9

12 CH=NOH 6.45 -0.38  0.10 6.0 3.5
13 CH=NOMe 6.46 0.40 0.30 0.21 2.2
14 CH;NMe, 6.20 0.60 0.01 3.7 4.8
15 CH,;NH, 5.32 -0.10  -0.11 >12 1.7
16 CH,OH 5.33 -1.03  0.00 1.6 10
17 CH,COMe 5.66 0.10  -0.05 >7.0 10
18 CF; 7.31 0.88 0.54 0.38

19 OCF; 7.74 1.04 0.35 0.24

20 CONMe;, 5.08 -0.70  0.36 2.2 6.3
21 COOH 411 -032 045 >6.7 10
22 NH, 5.82 -1.23  -0.66 1.9

23 N- 6.49 0.80 -0.85 0.484

cyclobutyl
24 N- 7.05 1.10 -0.85 1.7
cyclopentyl

25 N-piperidyl 7.61 1.40 -0.85 0.674

26 O<><>N_ 6.06 -0.27  -0.50 0.714

. T op MICoq hERG ICs°
# X clogP (ugmb)  (uM)
1 Br 7.25 086  0.23 0.09 1.6
2 H 6.37 0.0 0.0 1.9 1.6
3 I 7.51 112 0.18 0.20

“clogP calculated by ChemDraw Ultra v13.0 (CambridgeSoft);
"MICyp (mg/mL); minimum inhibitory concentration for 90%
inhibition of growth of M.tb strain H37Rv, determined under aer-
obic (MABA)® conditions. Each value is the mean of at least two
independent determinations; “ICsy (uM); dData for R,S enantio-
mer.

Figure 2. Mean Lipophilicity/M.tb activity score of most suit-
able X substituents (c.f. with X = Br).

= Mean clogP/Mtb activity score
14

12
10

N(CH2CH2)20 N (CH2)2C(CH2)20
X substituent of B/C scaffold

o N A O @

Table 2: Comparison of different 6-quinoline substituents on modified B/C scaffolds

# B ring substituent  C ring substitu- clog P/ M.th score®
1 H 1-naphthyl .

27 Br 6.22 0.23

28 CN 4.86 0.69 3.0

29 H 3-F C=CH 5.60 0.36 4.8

30 NMeSO,Ph 6.39 4.1¢ -0.04

31 NMeSO.NMe; 4.20 5¢ 042

32 3-F 3-OCF; Br 7.25 0.25
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33 CN 5.89 0.47 6.2
34 N(CH,CH,),0 6.22 0.85 1.7
35 cl 7.10 0.09 -0.94
36 Br 6.22 0.10

37 CN 487 0.18 17
38 X° 5.04 0.51¢ 29
39 N(CH,CH,),S 6.03 0.19¢ 2.1
40 2-F, 3-OMe >F N(CH;CH»),S0; 423 >5¢ 0.41
41 N(CH,CH,),SO 431 >54 0.39
42 SMe 6.03 0.13¢ 6.3
43 SO,Me 4.11 234 0.96
44 Br 7.11 0.09

45 CN 5.75 0.26 8.0
46 X® 5.92 0.77 18
47 N(CH,CH,),0 6.08 0.14 21
48 2-F, 3-OMe 3-0CF; N(CH:CH),NH 6.07 0.66 1.8
49 Npiperidyl 7.46 23 -0.16
50 F 6.39 0.21 6.0
51 OCF; 7.60 1.1 -0.51
52 Br 6.00 0.10 .
53 2-F, 3-OMe 3-OMe CN 4.64 0.09 -130.0f
54 X° 4.81 0.87¢ 15
55 Br 6.79 0.07

56 2-F, 3-OMe 3-Cl CN 5.44 0.13 23
57 X° 5.61 0.31¢ 49
58 Br 6.58 0.04

59 2-F, 3-OMe 3-Me CN 522 0.09 30
60 X° 5.39 1.1¢ 1.1
61 Br 5.48 0.04

62 CN 4.12 0.17 11
63 X® 4.29 0.66 1.9
64 2,3-diOMe 3-F N(CH,CH,),S 5.28 0.28¢ 0.83
65 N(CH,CH,),S0, 3.49 >54 0.40
66 N(CH,CH,),SO 3.57 4.8¢ 0.40
67 NMeSO,NMe, 3.45 1.13¢ 1.9
68 Br 4.99 0.20

69 ) ) CN 3.64 0.34 9.6
70 2,3-di0Me 2,3-di0Me N(CH,CH,),0 3.97 25 0.44
71 cl 4.84 0.25 3.0
72 Br 6.36 0.09

73 ) CN 5.01 0.21 11
74 2,3-diOMe 3-OCF; < S 075 I8
75 N(CH,CH,),0 534 0.68 1.7

“clogP calculated by ChemDraw v.13.0 (CambridgeSoft). "MICy, (in pg/mL) for inhibition of M.th; °clog P/M.th score = clogP gy -

ex =

clogP (xsub) / MICog(xsub) - MICoq(ay; Data for R,S enantiomer;

CN analogue was more potent than the Br, producing a negative score.

Calculations show a modest correlation of lower MICy, with
higher overall lipophilicity (measured as 6-substituent 7 val-
ues) (equation 1) but not with substituent electronic properties.
The latter suggests there is little 6-substituent interaction with
the enzyme active site, consistent with the crystal structure of
1 bound to the ¢ subunit of M.phlei."”

Log(MIC90) =-0.43(£0.14)t + 0.19(x0.11) equation 1
n=26 R=0.52 S=0.51 P=0.007 F2,25=28.8

No correlation was seen between 6-substituent properties
and hERG ICs, values.

In Table 2 we extend these studies on the suitability of differ-
ent 6-substituents to ten sets of compounds containing a varie-
ty of other substituents in the B and C units of the bedaquiline
structure. The aim was to seek more polar 6-substituents that
would contribute to lowering overall drug lipophilicity and
potentially hERG inhibition while (in spite of the overall trend
shown by equation 1) not adversely affecting potency (MICy)

—N

©: "This value was not included as a data point for figure 2, as the

against M.th. We have measured this by calculating the ex-
pression [clog P/M.tb score] for each compound (equation 2)

clogP(Br)—clogP (Xsub)

clogP/M.tb score = MIC90(Xsub)—MIC90(Br)

equation 2

This is the ratio of the difference in overall lipophilicity over
the difference in MICy, value for each compound, averaged
over all the compounds containing that substituent. The more
positive the value of the ratio for a particular substituent, the
better it fulfills the desired role. Figure 2 shows that, by this
measure, the polar but strongly electron-withdrawing CN sub-
stituent is the most preferable of the 6-substituents studied,
with the highest average clog P/M.tb score of 13 (albeit rang-
ing widely from 3 to 30). Across the 10 individual Br/CN sets
in Table 2, the CN compounds had an average MIC of 0.25
uM (only two-fold greater than the average 0.12 uM MIC for
the corresponding Br compounds), but with an average clogP
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1.5 log units lower than that of their Br counterparts (4.9 ver-
sus 6.4). Thus CN is suggested as an accessible and stable 6-
substituent, able across a range of analogues to substantially
lower lipophilicity with minimal effects on MICy.

Table 2 also reveals preliminary SAR information from var-
iations of B/C units. With X = Br or CN (the preferred 6-
substituents), a comparison of the MICy, across different B-
units suggests that the di-substituted B-units (2-F, 3-OMe and
2,3-diOMe) may be more favorable than the mono-substituted
ones, showing similar potency as 1. Changing from a bicyclic
naphthalene C-unit to a 3-substituted phenyl ring (as well as a
2,3-diOMe phenyl) were found to be tolerated. A few exam-
ples of these B/C scaffolds with a 6-CN substituent afforded
comparable potencies to 1, which warrant further investigation
into other combinations of B/C units with a 6-CN quinoline
scaffold that may further lower both lipophilicity and MICyy.

The results of Table 1 suggest that, for a range of 6-
substituted analogues of 1, there is a positive correlation be-
tween potency (MICy,) towards M.tb and drug lipophilicity, as
has been observed previously. Despite this, in Table 2 we
show that a 6-cyano (CN) substituent provides a substantial
reduction in lipophilicity with only modest effects on MICy,
values, by determining the ratio of the difference in overall
lipophilicity over the difference in MICy, value for com-
pounds. This is a valuable new substituent to use in the search
for effective but less lipophilic and potentially safer analogues
of 1.
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bedaquiline analogues

clogP, MICgq
B=Ph, C=3-F 6.22,023
B = 2-F,3-OMe, C = 3-F 6.22,0.10
B = 2-F,3-OMe, C = 3-OMe 6.00, 0.10
B=C=23-diOMe 4.99,0.20
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clogP lowered
MICq retained

6-cyano analogues

clogP, MICgy

4.86, 0.69
4.87,0.18
4.64,0.09
3.64,0.34
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