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ABSTRACT

The approval of bedaquiline to treat tuberculosis has validated adenosine triphosphate (ATP)
synthase as an attractive target to kill Mycobacterium tuberculosis. Herein, we report the
discovery of two diverse lead series imidazo[ 1,2-a]pyridine ethers (IPE) and squaramides (SQA)
as inhibitors of mycobacterial ATP-synthesis. Through medicinal chemistry exploration, we
established a robust structure activity relationship of these two scaffolds resulting in nanomolar
potencies in an ATP-synthesis inhibition assay. A biochemical deconvolution cascade suggested
cytochrome c¢ oxidase as the potential target of IPE class of molecules, whereas characterization
of spontaneous resistant mutants of SQAs unambiguously identified ATP synthase as its
molecular target. Absence of cross resistance against bedaquiline resistant mutants suggested a
different binding site for SQAs on ATP synthase. Furthermore, SQAs were found to be non-

cytotoxic and demonstrated efficacy in a mouse model of tuberculosis infection.
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INTRODUCTION

Tuberculosis (TB) continues to be a major health issue with about 1.5 million deaths reported in
2014. One third of the world population is estimated to be exposed to the causative agent M.
tuberculosis."” Infections with multidrug-resistant (MDR) and extensively drug-resistant (XDR)
M. tuberculosis strains and co-infection with HIV have further worsened the prospect of
controlling this disease.*® The prolonged treatment regimen for six months with a combination
of four drugs has resulted in poor patient compliance leading to the emergence of MDR and
XDR strains of M. tuberculosis.”” The treatment of MDR or XDR-TB cases with poorly
efficacious and not so safe second and third line drugs for 12 to 24 months has further
deteriorated the overall success rate of TB treatment.'’ In order to improve the efficacy of TB
treatment and to make an impact on the global war against TB, new anti-tubercular agents with a
potential to reduce the duration of treatment are required.'’ A few existing drugs and several new
chemical entities (NCEs) are being profiled in the clinic to test their effectiveness in treating both
drug-sensitive and drug-resistant TB cases.'”"* Efforts are in progress to test and optimize new
combination of drugs to improve the efficacy of existing drugs and the NCEs emerging out of
several ongoing research and development programs.'*"?

Anti-tubercular discovery and development programs select potential drug targets based on a
number of criteria such as, (i) novel target or pathway to avoid chances of cross resistance with
existing drugs, (ii) essentiality of the target or pathway to the survival of M. tuberculosis, (iii)
low propensity for development of resistance and (iv) absence of a human homolog to minimize
mechanism based toxicity issues.'® If the chosen target has a human homolog, building in
selectivity during chemistry exploration becomes one of the key requirements as non-selective

inhibitors may result in acute toxicity issues preventing their clinical utility. The recently
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approved drug, bedaquiline to treat drug resistant TB cases is one of the best examples of a
selective antimycobacterial agent. It inhibits mycobacterial ATP synthase with a high selectivity
index eventhough the process of ATP synthesis is highly conserved across both prokaryotes and

17-18 e . .. . . .
1% The success of bedaquiline in the clinic has resulted in an increased exploration

eukaryotes.
to identify additional inhibitors of mycobacterial ATP synthase and other novel targets and
pathways.19

ATP synthase is an evolutionarily highly conserved enzyme among prokaryotes and eukaryotes,
including humans.?® Tt supplies cells with bulk of their ATP via the oxidative phosphorylation
(Ox-Phos) process and hence essential for cell survival. This multi-subunit complex, the last one
in the oxidative phosphorylation pathway, couples the proton motive force to ATP synthesis.”’
Hong et al., have provided a comprehensive review of all known ATP synthase inhibitors and
their utility in scientific research.’’ The well-known inhibitors of ATP synthase, such as
dicyclohexyl-carbodiimide (DCCD), oligomycin and venturicidin, which block ATP synthase
activity through their interaction with subunit-c or subunit-a/c interface are poorly selective and

are shown to inhibit both bacterial and mitochondrial ATP synthesis.zz'24

The lack of selectivity
and ensuing toxicity has prevented their use in the clinic. Several studies towards understanding
the mechanism of action of ATP synthase inhibitors have led to advances in the methodologies

to test for mitochondrial toxicity of drugs in development.?>?°

In this regard, the discovery of a
first in class mycobacterial ATP synthase inhibitor, bedaquiline, from a cell based screen, is
noted as a significant contribution towards tuberculosis drug discovery research.'” This highly
selective molecule having the ability to reduce the duration of TB treatment because of its potent

activity against both replicating and non-replicating M. tuberculosis has indicated the possibility

of identifying selective inhibitors of this mechanism.”’ % Although FDA approved the use of
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bedaquiline for the treatment of tuberculosis, its usage got limited to treat only MDR and XDR-
TB cases because of the drug-drug interaction risk it carried with the front line drug rifampicin.
Additionally, its usage in the clinic carries a black-box warning due to the QT-prolongation risk
observed, leaving the need to discover safer drugs for TB treatment.*® However, the discovery of
bedaquiline brought to prominence the criticality of ATP synthase for the survival of M.
tuberculosis and the possibility of exploring the entire oxidative phosphorylation pathway to
identify additional inhibitors of this mechanism. Several attempts made in this direction has
resulted in the identification of a few compounds which inhibit the process of ATP synthesis in
mycobacteria.’' " In order to discover and develop a novel, potent and safe anti-tubercular agent,
we employed a biochemical screen to identify chemical entities that inhibit the ATP synthesis
pathway. A membrane based biochemical assay (Myc_ ATPS), which measured ATP synthesis
through the oxidative phosphorylation (Ox-Phos) process, was used to screen AstraZeneca’s
(AZ) corporate compound collection in a high throughput screen (HTS). The high hit rate
observed in the primary screen led to the development and use of counter screens such as delta
pH (ApH) and mammalian mitochondrial ATP synthesis (SMP_ATPS) assays respectively) in
order to shortlist specific and selective inhibitors of mycobacterial ATP synthesis pathway.
Screening of about 900,000 compounds utilizing the cascade presented in Figure 1 yielded about
1200 actives with potent ICsy (< 10 uM) and good selectivity. Further hit triage that included
structure activity relationship (SAR) studies to check the potential for chemical diversification
and confirmation of activity through re-synthesis of hits led to the identification of multiple
robust chemical classes. SAR exploration of the potent mycobacterial ATP synthesis inhibitor
2,4-diaminoquinazolines  leading to  evolution of  2.4-diaminoquinolines  and

aminopyrazolopyrimidines has been described earlier.”” Here we describe SAR studies and the
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resulting biological properties of two diverse chemical leads, imidazo[ 1,2-a]pyridine ethers (IPE)
and squaramides (SQA) (Figure 2), with potent ATP synthesis inhibition and anti-tubercular
activity. Utility of a biochemical deconvolution cascade and spontaneous mutant generation
enabled identification of molecular targets of these two scaffolds. A potent and selective
compound from squaramide series was prioritized to demonstrate in vivo proof of principle in a

mouse model of acute tuberculosis infection.
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900K compounds

from AZ corporate collection

Myc ATPS Single point (SP)
assay at 10 pM

55K compounds
with >30% inhibition

l ApH SP assay at 10 pM

18K compounds
with ApH <25% and >80% inhibition

Myc ATPS ICs,
ApH ICs,

17K compounds

Myc ATPS ICs, €10 uM
ApH ICs; = 50 uM

1.2K hits

l

Hit evaluation

Figure 1. Schematic of HTS and hit triage
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Figure 2. Prioritized hit series from high throughput screen.

* Published elsewhere.’’
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Synthesis of imidazo[1,2-a]pyridine ethers

The condensation of 2-aminopyridines (1a-1d) with phenyl glyoxals (2a, 2b) in the presence of
Lewis acid such as boron triflouride etherate afforded imidazo[1,2-a]pyridine-3-ols (3a-3e) in
moderate to excellent yields.*®

yields by alkylation using suitable alkoxyalkyl or aryloxyalkyl halides in the presence of a base

(Scheme 1).

CHZCIZ F3B.OEt, /(/\r
/Cr ( : ‘( : B

1a, Ry =
1b, Ry =
1c, Ry
1d, Ry

In order to introduce a variety of heterocycles at the terminal position of the ether side chain,
imidazo[ 1,2-a]pyridine-3-ols (3a-3e) were treated with 3-bromopropanol in the presence of
K,CO; as a base to give alcohols (10d, 11e). The terminal hydroxy group was converted into its
mesyl derivative (12d, 13e) under standard conditions (MsCI/NEt;). Various heteroaryl
amines/alcohols were introduced by treating the mesyl derivative with corresponding heteroaryl

amines/alcohols in the presence of a base to get imidazo[1,2-a]Jpyridine-3-ethers (Schemes 2 and

3).

CI

=CN
= CH3

2a,R3=H
2b, Ry = F

3a, Ry = R3 H
3b, Ry =Cl; Ry = H
3c, Ry = CN; R;=H
3d, Ry = CHg; Ry = H
3e, R1=CHjs R3=F

4a,

R1

4p, R1

4c, R
4d,
5a,
5b,
5d,
6e,
7b, R
8a,
9a,

R1
Ry =
R4
R4
R1

R1
R4

= Cl; Ry = (CH2),0PhF(4); R3
= CH3; Rz = (CHz)QOPhF( )
(4);

/ Rs
r-(CH2)3OAr/AIkyI RN
OR,

=H; R2 = (CHg)goPh, R3 =H
= Cl; Ry = (CH,);0Ph: R3 = H

= CN; R, = (CH»)30Ph; R = H
CH3 R2 (CH2)3OPh R3=
H; R, = (CH,),0PhF(4); Ry

CHg3; Ry = (CH2),0PhF(
= Cl; Ry = 4-(CH3),morpholin
H; Ry = (CH2 3OMe R;=H

R
R3
e,

= R3 = H; Ry = 5-pyrimidinyl

Schemel. Synthesis of Imidazo[1,2-a]pyridine ethers
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N
N Ji/\’//N - N// Rs
7N Y Rs  mscl HiG N

HyC 0 \\\
OH KzCO4 W\\ 12d, Ry =H
- 13e,R3=F OMs
3d,R3 =H 10d,Rs=H, OH ‘
3Ry =F 11e,Ry=F NaH, Ar-OH
=N
F
N/
HaC :
o)
14e, R, = 3-pyridyl \\\\
15e, R, = 3-fluoro-5-pyridyl OR,

16e, R, = 2-methyl-5-pyridyl
17e, R, = 2,6-dimethyl-3-pyridyl

Scheme 2. Synthesis of IPE with heteroaryls

3
Me\N/ 3% Me\N/
O\\\\

12d,Rg=H OMs Ra

13e, R3= F 18d, R3=H, Ry = 1-methy|p|perazmyl_ _
19e, Rz = F, R, = 4-fluoro-3-methylanilino
20e, R3 = F, Ry = 3-fluoro-2-methyl-6-pyridylamino
21e, R3 = F, Ry = 1-phenylpiperazinyl
22e, R3 = F, R, = 2-methoxy-3-methyl-5-pyridylamino
23e, R3 = F, Ry = 5-bromo-6-methyl-3-pyridylamino
24e, R3 = F, Ry = 4-fluorophenylsulfonamido

Scheme 3. Synthesis of IPE with heteroarylamines.

The carbon linker of ether side chain was modified to 2 carbon atoms. Imidazo[1,2-a]pyridine-3-
ols (3e) were treated with 2-bromoethanol in the presence of K,COj; to give alcohol 25e. The
terminal hydroxy group was converted to the corresponding amine by a sequence of reactions;
the alcohol was reacted with DPPA to give the azido functionality which in turn was converted to
the corresponding amine 27e under Staudinger reaction conditions. The amine 27e was converted

to the benzylamine derivative 28e by reductive amination using substituted benzaldehyde. The
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amine 27e was also converted to sulfonamide 29e and amide 30e by treatment with the

corresponding sulfonyl chloride and nicotinic acid, respectively (Scheme 4).

©CoO~NOUTA,WNPE

10 /C( Br\/\OH /Cr . ATCHO/ATCOOH /C(
12 w T KCOs N /ArSOzCI Ri
15 3e R2 NH

R
16 25e, R, = OH 2
17 26e, R, = N3 28e, R, = 3-fluoro-4-methylbenzyl
18 27e, Ry, = NH, 29e, R, = 3-chloro-4-flucrophenylsulfonyl
30e, R, = 6-methylnicotinoyl

21 Scheme 4. Synthesis of IPE amide/sulfonamide

23 Synthesis of Squaramides:

26 Scheme 5 depicts the synthetic route followed for the synthesis of squaramides. The dichloride,
28 3.,4-dichloro-3-cyclobutene-1,2-dione was generated in situ by treating squaric acid 31a with
thionyl chloride at 0 °C and the resulting dichloride was directly subjected to mono arylation
33 with 4-phenylmorpholine substituted arene in the presence of AICIl; as Lewis acid. The
35 exothermic reaction was controlled by slow addition of arene at 0 °C and the subsequent
purification resulted in mono chloride 31b with moderate yield. The mono chloride 31b could be
40 treated conveniently with various benzylamines in a parallel mode to yield title compounds 31c-j
42 in moderate

yield.

50 O/\
HO OH cl cl N
51 SOCly ):( Phenylmorphollne N
52 ]:L S 80 °C TEA, 1,4-dioxan,

AICI3, DCM,
53 O 3hr O to OC 2h OZOC 05h

54 in situ

55 31a 31b 31c

57 Scheme 5. Synthesis of Squaramides

ACS Paragon FJ183 Environment



©CoO~NOUTA,WNPE

Journal of Medicinal Chemistry

RESULTS AND DISCUSSION

High throughput screening and hit identification

ATP synthesis assays which used inverted membrane vesicles (IMVs) prepared from either
bacterial cytoplasmic membrane or mammalian mitochondrial membrane have been reported

243941 The primary screen used in this study (Myc ATPS assay), derived from the

previously.
assay reported by Yano et al.,*' measures the ATP synthesized through the process of oxidative
phosphorylation in a luminescence based assay performed with 8 pg/ml of M. smegmatis IMV's
energized with 150 uM NADH. In a single point high throughput screen at 10 uM concentration,
900,000 compounds from AstraZeneca’s corporate compound collection were evaluated for the
inhibition of Myc ATPS assay. This screen yielded inhibitors at a very high hit rate of about
6.1% (Figure 1) probably because it also picked up disruptors of proton gradient as ATP
synthesis inhibitors in addition to those which inhibited the ATP synthesis pathway. Inhibitors
of proton gradient formation would be non-selective and toxic as they can inhibit proton gradient
across mammalian mitochondrial membrane as well. To weed-out such compounds, an assay to
measure the proton gradient across IMVs was designed (ApH assay) by modifiying the
Myc ATPS assay wherein substrates of ATP synthase (ADP and Pi) were omitted. The assay
was monitored using LysoSensor Green DND-153, a fluorophore linked to a weak base which
gets partially protonated at neutral pH and fluoresces at acidic pH with excitation maxima at 485
nm and emission maxima at 523 nm.** The output of primary screen, 55K actives, when screened
at 10 uM in a single point ApH assay resulted in the selection of 18K compounds which were
taken for dose response studies to determine ICsy in both the Myc ATPS and ApH assays

(Figure 1). Mimimum inhibitory concentration (MIC) for M. tuberculosis (minimum

ACS Paragon FJ‘|§JS Environment
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concentration required to inhibit the growth by 80%) and mammalian cell lines like THP1 and/or
A549 (MMIC — minimum concentration required to inhibit the mammalian cell proliferation by
50%) were determined with 1200 compounds having Myc ATPS ICsy <10 uM and A pH ICs
>50 uM. In addition, evaluation of identified chemical series for physicochemical properties and
chemical tractability for SAR expansion led to choosing two scaffolds for re-synthesis,

confirmation of activities and follow up SAR (Figure 2).

Structure activity relationship (SAR) studies of imidazo[1,2-a]pyridine ethers

Essential

R; = CI>CH3>H>>CN MRs R3 = H>F
Essentlal
Hydrophobic>HAR
likePyridine,
Pyr>>Alicyclic

X = NH>0>NHSO,>NHCO

Figure 3. SAR for imidazo[ 1,2-a]pyridine ethers

All compounds synthesized during SAR studies were tested in the mycobacterial ATP synthesis
assay (Myc ATPS ICsp) and in the anti-mycobacterial assay (M. tuberculosis MIC) for assessing
the potency, as well as in the mammalian cell proliferation assay (MMIC) for assessing
cytotoxicity. Cytotoxicity index, the ratio of MMIC to MIC guided the SAR studies towards the
synthesis of selective inhibitors.

The generic SAR for IPE series is depicted in Figure 3. In general, the position of bridgehead
nitrogen in [1,2-a] format and the presence of a phenyl ring directly attached to the imidazole
portion of IPE core are essential for retaining biological activity (both ATP synthesis inhibition

and M. tuberculosis MIC). Chloro or methyl substitution at R1 position gave best potency,
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whereas H preferred over F at R3 position for improved potency. The terminal aryl linkage
through —NH- or —O- at X provided the best potency, whereas the amide (-NHCO-) and
sulphonamide (-NHSO;-) linkages were found to be weakly active. The substituted phenyl is
preferred over hetero aromatic rings like pyridine or pyrimidine at the side chain terminal ring

system for maintaining best potency. A detailed SAR for IPE series is presented in tables 1- 4.

The SAR of IPE series was studied by incorporating various substitutions on imidazol[1,2-
a]pyridine followed by optimization of the ether side chain. The unsubstituted compound 4a
showed ATP synthesis ICso of 0.13 uM and M. tuberculosis MIC of 1.6 uM in the enzymatic and
cellular assays, respectively. Introduction of an electron withdrawing and hydrophobic chloro
substitution at 6-position of the imidazo[1,2-a]pyridine gave compound 4b that showed nearly
eight-fold improvement in ATP synthesis inhibition and 3-fold improvement in cellular potency
compared to the unsubstituted compound 4a. In contrast, electron withdrawing and hydrophilic
cyano-substituted compound 4¢ lost activity completely. This data indicated that the hydrophobic
substituents are more favored in the ring for potency improvement. In order to expand the SAR
and confirm the hydrophobic group requirement for activity, we made methyl substituted
compound 4d, which was found to be equipotent to the chloro substituted compound and thus
reinforced the requirement of hydrophobic substituents for potency. There was no significant
drop in potency when the spacer length of ether side chain was shortened from 5 to 4 atoms as
demonstrated by Sa, 5b, 5d and 6d; however, aliphatic and alicyclic groups, compounds 8a and
7b respectively, were not tolerated. Compounds from the first set of design make test and analyze
(DMTA) cycle showed high in vitro metabolic clearance due to the presence of metabolic soft
spots. Introduction of metabolically stable fluoro substitution at para position of the distal phenyl

ring (6d) resulted in a 2-fold improvement in reducing rat in vitro metabolic CL;, without

ACS Paragon FJ1§s Environment
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compromising the potency, e.g., compound 5d (Rat hepatic CLiy = 394.6 uL/min/10° cells) vs.

6d (Rat hepatic CLiy = 186.6 uL/min/10° cells).

©CoO~NOUTA,WNPE

Table 1. SAR of substituted imidazo[1,2-a]pyridine ethers

12 =N

13 N N\/g_©7 R

14 R

15 OR,

17 PATPSICsy “Mth MIC ~ “C-

18 “No. RI R2 R3 LogD
20 (LM) (LM) Index

22 42 H ”WOQ H 0.13 1.6 >62 >5

26 a0 H O <00 <05 >4 >43

29 4c CN /WOQ H >100 >250 ~04 >4.2

4 CHy T H 003 <05 128 43

H X H 0.08 <0.8 74 ~4.7
36 Sa @LF

(0]
39 a7 H 0.04 <1 S185  >4.1
5b .,

0}
pha sa CH; ¥ Ll H 005 <10 >304  >5.1

45 0
N >
46 6d CH; @LF F 0.02 3.1 6 5.2

49 b Cl waﬁ(} H 36.1 >200 ~0.5 3.3

53 8 H A_~_0_ H 18.9 >15 ~7 33

“compound number; bMyc_ATPS ICso; “M. tuberculosis MIC; “Cytotoxicity index.
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Optimization of the ether side chain

The ether side chain was optimized by keeping 2-(4-fluorophenyl)-6-methyl substitution constant
on the imidazo[1,2-a]pyridine ethers. Changing the distal phenyl to pyrimidine (13a) on the
terminal position of ether side chain resulted in reduced LogD and improved solubility (445 uM),
but the compound lost potency significantly. However, replacing phenyl with 3-pyridyl (14e) ring
was well tolerated, but the compound showed low cytotoxicity index. While the introduction of
methyl or fluoro substitution on distal pyridyl ring reduced the cytotoxicity, solubility did not

improve for the pyridyl and phenyl substituted compounds due to high Log D.

Table 2. SAR of ether side chain of imidazo[1,2-a]pyridine ethers

=N
/?—< }Rs
R; > _N
o)
OR,
PATPS  ‘Mtb MIC ‘-

“No. Rl R2 R3 LogD
1Cso (UM) (uM) index

/
13a H NoH 5.6 6.9 14.5 2.9
T/
14¢ CH; *f ~ |N F 0.16 <0.9 >8 3.9
NS
A F
15¢ CH; B F 0.06 <0.6 >39 4.1
N
PN
16e CH; B F <0.02 <0.8 >11 4.1
N
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17¢ CH; g\éNK F 0.09 6.3 ~5 4.2
X

“Compound number; bMyc_ATPS ICso; “M. tuberculosis MIC; “Cytotoxicity index.
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To lower the lipophilicity and demonstrate a solubility handle for the series, the terminal oxygen
15 atom was modified to basic nitrogen through pKa modulation. The terminal ether of the side
17 chain modification with 1-methylpiperazine showed excellent improvement in solubility (674
uM) with diminished ATP synthesis inhibitory activity (compound 4d vs. 18d). However, 1-
22 phenylpiperazine substitution was tolerated (ICsp = 0.05 uM) indicating the criticality of the
terminal aryl/heteroaryl substitution for the activity. Further modification of distal phenyl
27 piperazine into suitably substituted aniline/pyridine amines retained the potency (compounds 20e,
29 22e and 23e). Replacement of the terminal arylamine group by sulfonamide showed moderate
potency (24e). Compound 19e with 4-Flouro-3-methylphenyl group was found to be the best

34 substitution for IPE with ICso = 5 nM; MIC =31 nM and also had a 1000-fold cytotoxicity index.
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Table 3. SAR of ether side chain of imidazo[1,2-a]pyridine ethers

=N
R
N\/\/\ <> 3
Me N
O\\\\

R,
PATPS ICsy  “Mitb MIC dc.
“No. R2 R3 LogD
(uM) (uM) index
18d ’{Nﬁ H 6.4 >200 <02 2.4
K/N\
H
19¢ X" F 0.005 0.03 1050 4.1
1d
NN
20e X ] F 0.06 <0.5 >113 3.9
F
j\N
21e bw© F 0.05 <0.8 >125 4.0
sy
22e $ F 0.08 <0.8 >125 42
¢
H
SN
23e | F 0.21 0.8 1.4 3.8
Br
N
24e b F 0.7 1.6 ND 3.9
o\©\F

“Compound number; bMyc_ATPS ICso; “M. tuberculosis MIC; “Cytotoxicity index, ND: Not Done

The ether side chain was further optimized by changing the 3 carbon linker to 2 carbon linker.

The 3-flouro-4-methylbezyl substitution 28e was tolerated with ICsp = 0.07 uM; MIC = 0.6 uM
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with improved solubility of 22 uM compared to 19e solubility of <1 uM. The sulfonamide 29e
was moderately active, whereas the nicotinamide compound 30e was found to be weakly active

against ATP synthesis inhibition.

©CoO~NOUTA,WNPE

12 Table 4. SAR of the chain length of imidazo[1,2-a]pyridine ethers

14 NN
15 >—< >—F
16 ve” N /
o)
18

20 R,

23 *ATPS  “Mtb MIC
24 “No. R2 IC-index  LogD
25 ICso (uM) (M)

28 |
29 28e F 0.07 0.6 >167 4.0
30

21 29¢ 6§C[ 0.4 3.1 ND 4.1

38 30 O 7.2 >200 ND 3.4

42 “Compound number; "Myc_ATPS ICsy; “M. tuberculosis MIC; “Cytotoxicity index, ND: Not Done.

46 In general, as shown in figure 4, the anti-tubercular potency (pMIC) correlated well with ATP
49 synthesis inhibition potency (pICsy) for the IPE series suggesting that the inhibiton of M.

51 tuberculosis growth was primarily through inhibition of ATP synthesis.
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Figure 4. Scatter plot of pICsy (-log(Myc_ATPS ICsg) vs pMIC (-log(Mtb_MIC)).

Mtb: M. tuberculosis

Structure activity relationship of squaramides series

One of the initial hits, 31¢, belonging to squaramide series had demonstrated reasonable potency
both at enzymatic and cellular levels. In an attempt to understand the SAR (Figure 5) and
improve the cellular potency (M. tuberculosis MIC), few analogues were synthesized as

summarized in table 5.

LHS RHS

Additional phenyl not tolerated

R=
CN inactive ﬂ
CF; tolerated <« Ring nitrogen essential

Morpholine best Phenyl inactive

Methyl not allowed

Figure 5. Squaramide SAR
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Table 5: SAR of squaramides

PATPS 1Cs, “Mtb MIC
(uM) (uM)

12 o SR

13 31c W ~ 0.3 6.2

14 P

17 I

18 31d (Ef 8.4 50

19 I~

22 \

o 3e NH > 66.6 100
/7

25 TN

29 31f C 0.03 0.5

30 i NH

31 TN

34
35 31g (© >100 >100
[T

“No. Structure
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40 31h G >25 >100
41 >~ N

45 o
16 31i ([J 0.77 3.12
[T

51 31j S 9.5 >100
52 P

55 “Compound number; bMyc_ATPS 1Cso; ‘M. tuberculosis MIC
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Limited SAR exploration around squaramide series suggested that 2-pyridylmethyl substitution
on right hand side (RHS) of the molecule is critical for achieving good enzyme and cellular
potency, whereas on the left hand side (LHS) of the squaramide core, morpholino phenyl
substitution gave the best activity. Replacement of the hydrophobic electron withdrawing CF3
group with hydrophilic cyano substitution on phenyl ring weakened the enzyme potency >200-
fold and cellular potency by 15-fold (compound 31¢ vs 31e). Further, modification of CF; to
morpholino ring improved both enzyme and cellular potency >10-fold compared to the initial hit
(31c vs 31f). Improved potency observed with compound 31f may be due to the increased size
and the additional hydrogen bonding potential of morpholino ring. Having observed best potency
with 31f, we fixed morpholino phenyl substitution and started exploring SAR on the amino
group substitution. Replacement of 2-pyridyl methyl with pyrazine ring weakened the enzyme
potency by 25-fold, whereas replacement with benzyl group completely abolished the enzyme
potency (compounds 31f vs 31g and 31i). This modification indicated that the pyridine nitrogen
may be involved in critical hydrogen bonding interaction with the enzyme and thus essential for
maintaining good enzyme potency. An attempt towards restricting the flexibility of amino
methyl linker by alpha methyl substitution 31h and extending the molecule by adding a phenyl
group 31j made the resulting molecule inactive. These results indicated that there may be limited
space available for extending the molecule from the aromatic ring attached to amino portion of

squramide core.
IPE and SQA are specific and selective inhibitors of mycobacterial ATP synthesis

SAR studies established that the compounds in the two novel series inhibited mycobacterial ATP
synthesis. However, it was necessary to ensure that the inhibition observed is not due to

disruption of the proton gradient, an essential event in the process of ATP synthesis or due to
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non-specific perturbation of the membrane (IMV). During SAR studies, selected sets of
compounds from each of the two series were again profiled in the ApH assay to eliminate the
potential proton gradient disruptors and also in a membrane damage assay to eliminate
compounds which would perturb integrity of the mycobacterial membrane. While the ApH assay
was a modification of the Myc ATPS assay, membrane damage assay was an adaptation from an
assay reported earlier for Staphylococcus aureus.” Mycobacterium bovis BCG (BCG) was used
as a surrogate in the cell based membrane damage assay due to good translation of MIC between
BCG and M. tuberculosis and the ease of handling BCG. A mid-log phase BCG culture was pre-
loaded with the fluorophore 3, 3’- Diethyloxacarbocyanine iodide (DiOC,) before exposure to
compound. Stacked DioC, molecules exhibit a red shift in the emission wavelength at 600 nm
upon exposure to bacterial cells and an increase in fluorescence is correlated with an increase in
membrane potential.* Compounds like CCCP which dissipate membrane potential served as a
positive control in this assay. We found all the compounds tested had an ICsp of >100 uM in the
membrane damage assay with a 100-1000X window with the ICsy in the Myc ATPS assay
(Table S1). As the process of ATP synthesis is well conserved across both prokaryotes and
eukaryotes, to measure the selectivity with which the compounds were inhibiting mycobacterial
ATP synthesis over mammalian mitochondrial ATP synthesis, compounds were routinely tested
in a mammalian mitochondrial ATP synthesis assay (SMP_ATPS) which used sub-mitochondrial
particles (SMP) from bovine heart mitochondria as a source of mitochondrial Ox-Phos
components. The ratio of ICsy in the SMP_ATPS assay to that in Myc_ ATPS assay (selectivity
index) helped in designing molecules during each design-make-test-analyze (DMTA) cycle. As
seen in Table S1, a good selectivity index for compounds from SQA and IPE series suggested

them to be selective inhibitors of mycobacterial ATP synthesis. Additionally, all compounds
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were also tested for cytotoxicity either in A549 or THP1 cell line (MMIC) to get a measure of
cytotoxicity index (ratio of MMIC to MIC) at the cellular level with respect to M. tuberculosis
MIC. The compounds were also found to selectively inhibit mycobacterial growth as they failed
to inhibit the growth of two Gram positive and two Gram negative organisms tested in a
premilinary MIC assay (Table S2). Together, the data presented in Tables S1 and S2 indicated
that compounds of IPE and SQA series were specific and selective inhibitors of mycobacterial

ATP synthesis.

Mode of action of SQA and IPE compounds

SQA resistant mutation mapped to subunits-a and c of M. tuberculosis ATP synthase

After the confirmation that the IPE and SQA compounds specifically and selectively inhibited
mycobacterial ATP synthesis pathway, we wanted to further narrow down their mechanism of
action to a particular component in the pathway. In order to identify the exact molecular target
getting inhibited by the SQA and the IPE series compounds, attempts were made to raise
spontaneous resistant mutants against compound 19e from IPE series and 31f from SQA series.
M. tuberculosis cells were plated on 7H10 plates supplemented with 4, 8 and 16-fold MIC of 31f
and upto 100X MIC of 19e. While resistant mutants could not be raised against 19e probably due
to its bacteriostatic property (Table S3) and poor solubility, mutant colonies were obtained at a
frequency of 10 for 31f. Two colonies from the 4X MIC plate and three from the 8X MIC plate
of 31f were profiled for resistant phenotype against key compounds from the SQA series and a
few reference inhibitors. All the colonies tested were resistant to all the squaramide compounds
(31c¢, 31i, 31f) with MIC shifting up >8-fold, while the MIC shift for reference inhibitors like

isoniazid and rifampicin were less than or equal to 4-fold (Table 6).
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Table 6: MIC modulation in SQA resistant mutants

Mtb MIC MIC (uM) in 31f resistant mutants

Series ~ Compound uM 4.1 4.2 8.1 8.2 8.4
31c 6.3 >100 >100 100 100 >100
SQA 31f 0.8 >100 >100 100 >100 >100
31i 12.5 >100 >100 >100 >100 >100

Rifampicin 0.004 0.008 0.008 0.016 0.004 0.008
Reference

Isoniazid 0.02 0.03 0.02 0.03 0.02 0.03

Mtb: M. tuberculosis H37Rv

Genomic DNA prepared from all these five colonies were analysed by whole genome
sequencing for single nucleotide polymorphism (SNP). A number of observed SNPs were either
in non-essential genes or occurred at very low frequency (data not shown). Only two significant
SNPs occured at high frequency in known essential genes. Table S4 summarizes these SNPs
wherein three of the mutations (K179N) mapped to subunit-a (encoded by atpB) of ATP
synthase and two (D28N) to the subunit-c (encoded by atpE) of ATP synthase. SNP at Asp 28"
position of subunit-c has been observed previously with bedaquiline mutants of M. tuberculosis,
M. fortuitum and M. abscessus, with the M. tuberculosis mutants exhibiting more than or equal
to 16-fold MIC up-shift.** SQA compounds were also selective like bedaquiline with respect to
the inhibition of mycobacterial ATP synthesis. Good selectivity index observed with SQA
compounds in the SMP_ATPS assay over that of Myc ATPS assay could now be explained
based on the differences in the amino acid present at this particular position (28" amino acid)

between M. tuberculosis and mammalian mitochondrial ATP synthase subunit-c, Asp and Ile
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respectively (data not shown). Unlike the case with SQA, no mutations in the atpB gene
encoding subunit-a of Fo component of ATP synthase has been reported earlier for

bedaquiline.***

Proposed binding mode of SQA

Bacterial ATP synthases have a lipophilic intramembrane portion (Fo) with subunit composition
of a;bycio_15 and a polar ATP-binding region (F;) consisting of subunits as;B3yd¢ that extends into
the cytoplasm.

Recent breakthrough in crystallographic efforts*® revealed that bedaquiline primarily binds at the
interface of two subunit-c chains (chain A and chain B) of ATP synthase. Binding of bedaquiline
at this site causes a conformational change of Phe-69 of subunit-c providing a hydrophobic space
for its quinoline moiety. Further, carbonyl group of Glu-65 backbone anchors the bedaquiline’s
hydroxyl group through water mediated H-bond. The binding of bedaquiline, thus plugs the
rotation of subunit-c chains (Figure 6A). Till date all the bedaquiline resistant M. tuberculosis
strains have the mutations mapped to only subunit-c and none to any other subunit of ATP
synthase,”** suggesting that bedaquiline primarily binds at the interface of two subunit-c chains

(chain A and chain B) and plugs their rotation.

SNP studies of SQA resistant strain suggested that both subunits -c and -a play a critical tole in
the binding of SQA compounds to ATP synthase. This encouraged us to study the possible
binding modes of SQA to ATP synthase through molecular modeling and generate hypotheses

for the observed SAR.
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Docking studies with SQA class of ATP synthase inhibitors

In order to understand the plausible mode of binding and a rationale for the observed SAR for
SQA compounds, we performed docking studies of SQA molecules over the a/c-ring interface
construct of M. tuberculosis ATP synthase. This a/c-ring construct was prepared using crystal
structure of subunit-c ring bound with bedaquiline® and the previously reported homology
model of subunit-a,*” which was developed using E. coli ATP synthase (PDB ID : 1C17) as
template.

SQA compounds were subjected to the InducedFit docking algorithm®’

of the Schrodinger
software package®™ where the amino acid residues of proteins were also allowed to move freely
along with docked ligand. The receptor grid (active site of the protein) was generated using the
co-crystallized structure of bedaquiline. The induced fit docking resulted in multiple binding
poses. Post docking analysis was performed to select the best binding pose where the ligands
were first clustered based on their common interactions with residues followed by docking score.
The highest docking score conformation among the largest populated cluster sharing common
interactions was selected as the best binding pose for these ligands.

The binding site interaction of the most active squaramide 31f in the a/c-ring interface of M.
tuberculosis ATP synthase model is shown in Figure 6B. Pyridine ring and its nitrogen atom of
31f was found to form =m-m interaction and H-bond with Arg-186 of subunit-a respectively.
Furthermore morpholine oxygen atom was observed to interact with Phe-69 of subunit-c through
water mediated H-bond. These H-bond contacts seem to provide firm anchoring to the molecule

at both ends. This diagonal binding of compound 31f at the interface of two subunit-c chains

(chain A and chain B) and subunit-a of ATP synthase most likely plugs the rotation process of
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subunit-c resulting in the inhibition of ATP synthesis and can thus explain its high potency (ICs

=0.03 uM).

The predicted binding mode of compounds 31c¢ and 31i (Figures 6C and 6D respectively)
revealed that these molecules followed the same binding pattern as compound 31f. Replacement
of the morpholino group of 31f with trifluoro functional group in compound 31c¢ did not alter the
binding pattern of pyridine group at the a/c interface as compared to 31f. However, low potency
(ICso = 0.3 uM) observed with 31c¢ could be due to the inability of trifluoro group to make any
H-bond at the interface of two chains of subunit-c compared to the morpholino group of

compound 31f (Figure 6B) which is required to anchor the molecule.

The predicted binding mode of compound 31i revealed that pyrazine ring and the nitrogen at 4’
position also makes H-bond contact with Arg-186 of subunit-a resulting in a shift of pyrazine
ring towards subunit-c. However H-bond interaction of pyrazine ring linked -CH, group with Ile-
59 residue moves the morpholino group away from the water molecule making it unavailable to
make the H-bond (Figure 6D). This results in making the molecule less efficient to plug the
interface of ‘a’ and ‘c” subunits and thereby leading to lesser potency (ICsy = 0.77 uM) than 31f.
These observations not only indicated that squaramide compounds occupy a different binding
site than bedaquiline to plug the rotation process but also explained the variation in the ATP
synthesis inhibitory activity among the SQA inhibitors. (pdb files of mycobacterial ATP
synthase models with respective ligands are presented in the supporting information file

img.pdb.zip).
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38 Figure 6. Binding mode of inhibitors at the M. tuberculosis ATP synthase binding site. A.
40 Compound 31f superimposed with the crystal structure of bedaquiline; B. Compound 31f; C.
Compound 31¢; and D. Compound 31i. Helices in green and cyan color are chains B and C of c-

45 subunit, respectively, whereas helix in wheat color is subunit-a of F, particle of ATP synthase.

48 Imidazo[1,2-a]pyridine ethers inhibit cytochrome c oxidase
51 The Myc ATPS assay identified imidazo[l,2-a]pyridine ethers as potent inhibitors of
53 mycobacterial ATP synthesis. The inability to obtain spontaneous resistant mutants of IPE

compounds led us to explore other avenues to identify the molecular target getting inhibited by
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these compounds. We utilized a biochemical deconvolution scheme (Figure 7) to identify the

target site of imidazo[ 1,2-a]pyridine ethers within the Ox-Phos pathway.
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Figure 7. Biochemical deconvolution scheme for the identification of site of inhibition.
Lower portion of the schematic represents mycobacterial Ox-Phos pathway. Top portion of the
schematic represents the biochemical deconvolution scheme followed. MK: Menaquinone; QHo:

Reduced cytochrome c; Asc/TMPD: Ascorbate/N,N,N',N’-tetramethyl-p-phenylenediamine;

Target site de-convolution involved several steps to arrive at the potential target (Figure 7). It
started with ruling out that the IPEs were not inhibitors of either NADH:menaquinone
(NADH:MK) oxidoreductase = (NDH-2) or succinate:menaquinone  (Succinate:MK)
oxidoreductase (SDH) by performing Myc ATPS assay using NADH or Succinate as initial

electron donors in two parallel assays. Compounds which inhibited the Myc ATPS assay with
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equal potency whether NADH or succinate was used as initial electron donor would be
considered to inhibit an Ox-Phos component beyond these two enzymes. We observed that all the
IPE compounds tested had similar ICss in both the assays which was reflected in the ratio of ~1
calculated from the individual ICsy values (Table 7). Bedaquiline, an inhibitor of mycobacterial
ATP synthase which was used as a reference inhibitor in these assays exhibited a ratio of about 1.
The next set of assays utilized inverted membrane vesicles prepared from M. smegmatis strains
lacking either cytochrome bcl complex (Acyt-be;) or cytochrome bd oxidase (Acyt-bd) or
cytochrome aa; oxidase (Acyt-aaz). In mycobacteria, cytochrome ¢ oxidase (bcj-aas super
complex) and cytochrome bd oxidase function as terminal oxidases in the electron transport
chain. While cytochrome c oxidase is the most favored in aerobic conditions, cytochrome bd
oxidase accepts electrons in low oxygen conditions. Additionally, in M. smegmatis, cytochrome
bd oxidase was observed to compensate the absence of cytochrome ¢ oxidase." Inhibitors of
these cytochrome oxidases can therefore be identified in Myc ATPS assay or oxygen
consumption assay using membranes which lack one or the other terminal oxidases. In the
cascade, compounds which fail to inhibit either of the cytochrome oxidases in addition to not
inhibiting either NDH-2 or SDH were considered to inhibit ATP synthase. As shown in Table 7,
the representative set of compounds from this series exhibited a loss in potency of at least 20-fold
in the NADH driven Myc ATPS assay which used the Acyt-bc; membrane as compared to the
potency in the same assay which used wild-type membrane suggesting the potential target site as

cytochrome c oxidase (cytochrome bci-aa; super complex).
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Table 7: Biochemical deconvolution

Inhibitor ~ “Ratio of ICsos ~ "Ratio of ICsos  “Inhibition of O, “Inhibition of O,
consumption consumption
4d 1.3 35 Yes No
5b 1.1 165 Yes No
5d 1.2 26 Yes No
6d 0.7 82 Yes No
13a 0.7 24 Yes No
Bedaquiline 1.5 2 No No

“Ratio of ICs, in NADH driven to Succinate driven Myc_ATPS assay using WT IMV

"Ratio of ICs, in NADH driven Myc_ATPS assay using Acyt-bc;/WT IMV

“Inhibition of O, consumption assay using Acyt-bd membrane
“Inhibition of O, consumption assay using Acyt-bc; membrane

Page 34 of 81

Inhibition of oxygen consumption was observed immediately after compound (13a) addition in

the oxygen consumption assay which used Acyt-bd membrane possessing only the cytochrome C

oxidase (Figure 8, right panel) and not the Acyt-bc; membrane (Figure 8, left panel). Rescuing

the rate of oxygen consumption by the addition of ascorbate / TMPD despite the presence of the

compound in the assay mix having Acyt-bd membrane (Figure 8, right panel) further confirmed

the observation. Results from these biochemical tests hinted at cytochrome ¢ oxidase as the target

of IPE class of compounds. The reference compound bedaquiline did not inhibit the oxygen

consumption assay as expected (data not shown).
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Figure 8: Oxygen consumption assay. Assay was set up with either Acyt-bc; (left panel) or
Acyt-bd (right panel) membrane and the reaction initiated by the addition of NADH. O,
consumption was monitored over a period of 800 seconds. Compound 13a was added to the
reaction mix between 250-450 seconds. Rescue of the inhibition of O, consumption was tested by

adding Asc/TMPD.

Despite the potent MIC against M. tuberculosis strain, the lack of MIC against M. smegmatis
wild-type strain in a cell based assay for the IPEs was a bit puzzling. The results obtained in the
biochemical deconvolution scheme provided an explanation for this discrepancy. In the wild-type
strain, cytochrome bd oxidase which is partially expressed under aerobic conditions most likely
compensated the inhibition of cytochrome ¢ oxidase activity when IPEs were present. To confirm
this, the compounds were tested against M. smegmatis strains lacking either Acyt-bc; or Acyt-aa;
or Acyt-bd with wild-type M. smegmatis strain serving as control. At least a 4-fold down shift in
MIC observed with the Acyt-bd strain as compared to the MICs against either wild-type or Acyt-

bc; or Acyt-aa; strains indicated that the test compounds inhibited the growth of the strain
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possessing only cytochrome ¢ oxidase (cytochrome bc;-aa; super complex) (Table S5). Thus a
series of biochemical tests and cell based assays performed using a number of mutants of the
mycobacterial Ox-Phos pathway components provided clear evidence to conclude that
cytochrome ¢ oxidase (cytochrome bcj—aa; super complex) is the target of IPE compounds.
However, this data could not differentiate whether the molecular target is cytochrome bc; oxidase
or cytochrome aaz oxidase. Since, all known inhibitors of cytochrome aa; oxidase are very small
molecules like NO, CO, azide, etc., it is highly likely that IPEs inhibit cytochrome bc; oxidase
similar to the inhibition observed with Q203.> As expected, bedaquiline, an inhibitor of ATP

synthase, did not show any change in MIC in any of these assays.
IPE, SQA are active against M. tuberculosis clinical strains

New drugs needed for the treatment of tuberculosis should have a novel mechanism of action to
overcome cross resistance issues with the pre-existing mutant strains in the clinic. A small panel
of M. tuberculosis clinical strains including a few drug-sensitive and a few single drug-resistant
(SDR) strains were tested for MIC with compounds from SQA and IPE series. Bedaquiline
mutants generated and characterized in-house were also included in the panel. The data was also
expected to indicate the effectiveness of the lead compound against clinical isolates. The 14-day
turbidometric MIC measurements for all compounds were the same irrespective of the strain
tested, sensitive or SDR. MICs were in the same range as against the wild-type laboratory strain
of M. tuberculosis (Table S6). Similar observation was made with bedaquiline resistant M.
tuberculosis mutants (Table S6) suggesting 1. a mechanism different from the known anti-
tubercular drugs used in the panel as well as bedaquiline, 2. potential of SQA compounds to be

used in combination with other drugs upon further development. It is not surprising to see that
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the bedaquiline mutants used here didn’t cross react with SQA compounds as the mutations in

the bedaquiline resistant strains were at Ile66 and Ala63.

Pharmacokinetic and pharmacodynamic profiling

A significant improvement in the potency, cytotoxicity and selectivity observed during SAR
optimization for these two class of compounds encouraged us to evaluate the oral exposure for
the most potent compound from the two series. Due to the high in vitro metabolic clearance
observed, oral exposure was determined in mouse in the presence of aminobenzotriazole (ABT),
a pan CYP inhibitor. Although 19e (IPE) showed good oral exposure in the presence of ABT at
100 mg/kg, the free levels obtained were not maintained above MIC for adequate duration of
time (Figure 9A) to test proof of principle in a TB infection model. However, the SQA
compound 31f showed a 300-fold increase in free plasma concentration when administered along
with 100 mg/kg ABT (Figure 9B). This concentration remained above MIC for over 15 hours
and was considered sufficient to go for pharmacodynamic profiling in an acute model of

tuberculosis infection.
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Figure 9. Oral pharmacokinetic profiles of 19e (A), 31f (B). Mouse pharmacokinetic profiles
of 19e and 31f were generated by administering each compound at 100 mg/kg in the presence of

100 mg/kg ABT.

A two week treatment in a mouse model of acute TB infection was chosen as a test for
establishing proof of principle. In this model, the infected mice would be treated with test and
reference compounds for two weeks starting from day 3 post-infection and the CFU monitored.
A significant increase in the bacterial burden in the lungs of infected but untreated mice as
against those which are treated would allow a clear identification of either a static or cidal effect
imparted by the test compound.

Mice infected with M. tuberculosis were treated with 100 and 200 mg/kg of 31f for two weeks.
Altough there was a significant growth inhibition at 100 mg/kg dose, a clear static effect was
observed after treatment of infected mice with 200 mg/kg (Figure 10), thus establishing the

potential of this compound to treat tuberculosis infection in mice.
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24 Figure 10: In vivo efficacy in a mouse model of acute TB infection. Early control (blue
27 circles), late control (blue squares), isoniazid at 10 mg/kg (green triangles), 31f at 100 mg/kg
29 (black triangles) and 200 mg/kg (black inverted traingles). Dotted line indicates line of stasis

which is equivalent to the early control CFU.

o SUMMARY AND CONCLUSION

39 Bedaquiline’s discovery from a phenotypic screen and its approval to treat MDR-TB cases
42 validated ATP synthase and the entire Ox-Phos pathway as suitable targets for anti-TB drug
44 discovery. We have demonstrated the use of a pathway screen to identify inhibitors of ATP
synthesis pathway as against a single target based biochemical or whole cell based phenotypic
49 screening. The use of secondary selectivity assays and hit triaging efforts resulted in the
51 identification of chemically distinct scaffolds as specific Ox-Phos (ATP synthesis) pathway
inhibitors. Further medicinal chemistry efforts on the prioritized chemotypes resulted in building

56 structure activity relationship for potency, selectivity and identification of compounds for in vivo
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proof of principle. The data generated from a number of specificity and selectivity assays along
with potency in the Myc ATPS assay were used during the design of new molecules and SAR
expansion. Although the initial hit rate was very high from the high through put screening of
900,000 compounds, the scheme of assays and tests enabled prioritization of three scaffolds for
SAR exploration resulting in the identification of two lead series. Although this is not a typical
single target enzyme screen, the output of this HTS was found to be similar in lines with
observations made earlier about the low success rates of HTS in anti-bacterial discovery and
development programs.*’

IPE series of molecules were very promising because of their novelty, high potency and
selectivity. A novel biochemical deconvolution scheme employed in this study enabled
identifying cytochrome c oxidase as its target. However, the bacteriostatic nature (Minimum
Bactericidal Concentration (MBC) of a number of IPEs tested were >100 yuM against M.
tuberculosis, Table S3) of compounds from this series combined with poor solubility and poor
pharmacokinetic profile resulted in deprioritizing the series for proof of principle testing.

The other lead series, ‘squaramide’ was found to be very specific and selective without any
identified cytotoxicity issues. It retained MIC against a small panel of drug sensitive and single
drug resistant strains of M. tuberculosis including bedaquiline resistant mutants. Squaramide
compound 31f, although similar to bedaquiline in its mode of action with the resistance mutation
mapping to Asp28 of subunit-c, mapping of a second mutation to subunit-a suggested additional
interactions of the compound at the binding site. Unlike in case of bedaquline, no mutations
could be mapped to Ile66 or Ala63 positions. The docking results of the squaramide inhibitors at
the active site of the M. tuberculosis ATP synthase homology model also supported this

hypothesis and could explain the SAR for the series. The compound’s potential to arrest the
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growth of M. tuberculosis in the mouse lungs was demonstrated in an acute TB infection model.
A complete stasis observed at the end of a two week treatment with a 200 mg/kg dose
established proof of principle. Further medicinal chemistry optimization of the squaramides
series towards improving pharmacokinetic properties and in vivo safety evaluation are needed to

identify a clinical candidate from this series for the treatment of tuberculosis.

EXPERIMENTAL SECTION

Key materials: Mycobacterial inverted membrane vesicles from M smegmatis were prepared in-
house. Sub mitochondrial particles (SMP) was preparation from Prof. Harvey Rubin’s
laboratory, University of Pennsylvania. Beetle Luciferin, potassium salt (CAS: E1605) and
Quantilum recombinant luciferase (CAS: E1702) were procured from Promega. ATP
Bioluminescence kit CLSII (CAS: 11699695001) was purchased from Roche. Lysosensor Green
DND-153 (CAS: L7354) was purchased from Life technologies. NADH (CAS: N8129) and ADP
(CAS: A2754) were purchased from SIGMA. 384 well black flat bottom plates were procured
from Corning (CAS: 3573). Reference inhibitors: Dicyclohexylcarbodimide (DCCD, Catalog no:
D80002), Thioridazine (CAS: T-9025) and carbonylchloride 3-chlorophenyl hydrazone (CCCP,
CAS: C2759) were procured from SIGMA. Bedaquiline was synthesized in house.

NADH driven ATP synthesis assay (Myc_ATPS):

The ATP synthesis activity was determined in isolated membrane vesicles from M. smegmatis
that were prepared according to Yano et al.*' The 384 well plate assay with an assay volume of
30 pl used 8 pg/ml M. smegmatis inverted membrane vesicles (IMVs). Briefly, 15 pl of enzyme
mix containing IMVs and 5 mM MgCl, in HEPES-NaOH buffer, pH 7.6 was added to 384 well

plates containing 1 pl of 30X compound dilutions. The reaction was initiated by adding 15 pl of
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substrate mix containing 0.3 mM NADH, 15 uM ADP and 0.1 mM KH,PO,. Plates were
incubated for 60 min at room temperature. The amount of ATP synthesized is measured by
adding 30 pl of Lucifierin/luciferase reagent and the luminescence measured using TECAN
Infinite F500 immediately. ICso values were calculated using GraphPad Prism software.
Mitochondrial ATP synthesis assay (SMP_ATPS):

The ATP synthesized by mitochondrial ATP synthase using ADP and inorganic phosphate, Pi
was measured using ATP Bioluminescence Assay Kit CLS II and purified bovine SMP. Briefly,
20 pl of reagent mix-1 (purified bovine SMP along with ADP, potassium phosphate and CLSII
detection reagent in Tris acetate buffer, pH 7.5) was added to 384 well black plates containing
30X compound dilutions. Reaction was initiated by the addition of 10 pl of reagent mix-2
containing 0.2 mM NADH. Luminescence was read kinetically in Tecan Infinite F500 up to 20
minutes. ICsy values were calculated using GraphPad Prism software.

Membrane damage assay in BCG:

M. bovis BCG cells were grown in 7H9 media containing 10% ADC. At Agoy 0.5-0.6, cells were
harvested and resuspended in 7H9 media such that the Ay is about 3.0. Cells were then loaded
with the fluorescence probe, DiOC; at a final concentration of 1uM and incubated for 30 minutes
in dark. After 30 minutes, 10 pl of cell suspension (~10" cells) was dispensed onto 384 well
plates containing 1pl of 30X compound dilutions and 39 pl 7H9 media bringing the total assay
volume to 50 pl using multidrop. Plates were incubated in the dark for 60 minutes and
fluorescence was read in Tecan Safire with excitation at 485 nm and emission at 600 nm. DiOC,
has delocalized positive charge and can penetrate the bacterial membrane and accumulate on the
inner negative surface. Stacked DiOC, molecules have an excitation maxima at 488 nm and

emission at 600 nm. Fluorescence is higher with high membrane potential. CCCP, a proton
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ionophore is used as positive control for membrane damage. ICsy values were calculated using
GraphPad Prism software.

A pH assay to identify disruptors of the proton gradient:

A pH assay performed with mycobacterial membrane vesicles utilized a pH sensitive probe,
Lysosensor Green DND 153. The assay components were identical to the primary ATP synthesis
assay without the substrates of ATP synthase ADP and Pi whose addition would otherwise take
reaction to completion and dissipate ApH. Fluorescence is quenched when NADH is present, due
to the formation of ApH. Fluorescence quenching is inhibited by thioridazine and is used as
positive control for the assay. Briefly, 15 ul of substrate mix containing 0.3 mM NADH and 100
nM Lysosensor green DND-153 was added to 384 well plates containing 1 pl of 30X compound
dilutions. The reaction was initiated by adding 15 pl of membrane mix containing 8 pg/ml M.
smegmatis membrane vesicles and 5 mM MgCl, in HEPES-NaOH buffer, pH 7.6. Plates were
incubated for 30 min at room temperature. Fluorescence was measured in Tecan Infinite F500
using excitation at 485 nm and emission at 520nm. ICs, values were calculated using GraphPad
Prism software.

Microbiology methods:

Determination of minimum inhibitory concentration (MIC), minimum bactericidal concentration
(MBC)were performed as reported carlier.’® For an initial MICy, estimate, a small set of M.
tuberculosis clinical strains which included a set of sensitive strains and a set of single drug
resistant strains were used to test the MIC. Concentration of the compound at which > 80%
growth inhibition in a turbidometric read method was considered as MIC. In-house generated
bedaquiline® strains having 166M and A63P mutations were also used to test cross resistance

with the compounds.
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Mammalian MIC (cytotoxicity):

ICs for compounds were determined in an assay which used either A549 or THP1 cell lines. The
assays were performed as described previously’' with A549 cell line. Briefly, A549 cells were
exposed to different concentrations of compounds in a 384 well plate assay for 72 hours at 37 °C
with 5% CO;. The proliferation / inhibition of proliferation was measured using the redox
indicator alamar blue.

The assay with THP1 cells is performed in similar lines with A549 assay except that the
incubation time with compounds is reduced to 24 hours in a 96 well plate with 100 pl assay
volume. About 4X10* cells / well in 95 pul of media were exposed to 5 pl of compound (20X
concentrated). After 24 hours of incubation, 20 pl of rezasurin was added and fluorescence read
at 560/590 nm following a 2 hour incubation at 37 °C.

These cell lines were procured from ATCC and periodically tested for functionality and
mycoplasma contamination.

Mutation mapping:

Whole genome sequencing to identify 31f mutants were performed as described in Shirude et
al®!

Pharmacokinetic and pharmacodynamic studies in mice:

The animal studies were approved by the Institutional Animal Ethics Committee (IAEC). Oral
exposure determination of 19e was carried out in healthy BALB/c mice. This compound was
suspended in 0.5% hydroxypropyl methyl cellulose (HPMC) & Tween80, and was administered
at a dose volume of 10 mL/kg to achieve a dose of 100 mg/kg. Blood samples were collected
from groups of 3 mice per time point by puncturing the saphenous vein at 5 min, 15 min, 30 min,

1 h,2h,4h,6h,or8h and 24 h after dosing. Aminobenzotriazole (ABT) at a dose of 100 mg/kg
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was administered orally 2 hours before the test compound administration. Plasma was separated
from blood samples by centrifuging at a speed of 10000 rpm at 4 °C and stored at -80 °C until
LC-MS/MS analysis. Plasma samples were precipitated with ice cold 90% (v/v) acetonitrile, the
samples were analyzed by liquid chromatography-tandem mass spectrometry (LC-MS/MS).
Pharmacokinetic analysis was performed with time vs. plasma concentration data by using
Phoenix WinNonlin 6.2 software. Following PK parameters, Cmax, Tmax, AUC (Area under the
plasma concentration), t;, were estimated using non-compartmental analysis.

Pharmacokinetics of 31f was analyzed in healthy as well as infected mice during the efficacy
study. Blood samples from infected animals were collected and processed in a biosafety level 3
(BSL3) laboratory. 31f was orally administered in a suspension containing 0.5% hydroxypropyl
methylcellulose (HPMC) & Tween 80 at a 10 mL/kg dose volume. Blood samples were collected
from groups of 3 mice per time point by puncturing the saphenous vein at 5 min, 15 min, 30
min,1 h, 2 h, 4 h, 6 h, or 8 h and 24 h after dosing. After precipitation of plasma proteins with
90% (vol/vol) acetonitrile, the samples were analyzed by liquid chromatography-tandem mass
spectrometry (LC-MS/MS). Area under the concentration versus time PK profile (AUC) was
calculated by non-compartmental analysis (WinNonLin 5.2.1; Pharsight Inc.).
Pharmacodynamics:

BALB/c mice were infected in an aerosol chamber (10* CFU of M. tuberculosis H37Rv per
mouse) in the acute model. Infected mice were housed in individually ventilated cages
(Allentown Technologies, USA) in a BSL3 facility. Treatment was initiated after 3 days of
infection. Vehicle and compound treated groups contained 3 mice each. An additional 3 mice
were sacrificed just after infection to serve as early controls. 31f and isoniazid were formulated

in 0.5% HPMC/Tween. Infected mice were treated with an oral dose of 100 or 200 mg/kg of 31f
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or 10 mg/kg of isoniazid, once daily, 6 days per week, for 2 weeks. ABT, a known cytochrome
P450 inhibitor, was dissolved in water and orally administered at a dose of 100 mg/kg (10
mL/kg), 2 h before dosing the compound to reduce the first pass metabolism and increase plasma
exposure. Mice were sacrificed after completion of treatment, and suitable dilutions of their lung
homogenates were plated on 7H11 agar to determine viable CFU in mouse lung tissue. One-way
analysis of variance (ANOVA) followed by the Bonferroni’s multiple-comparison test was used

for analyzing efficacy data.

General chemistry methods. All commercial reagents and solvents were used without further
purification. Analytical thin-layer chromatography (TLC) was performed on SiO, plates on
alumina. Visualization was accomplished by UV irradiation at 254 and 220 nm. Flash column
chromatography was performed using the Biotage Isolera flash purification system with Si0, 60
(particle size 0.040—0.055 mm, 230—400 mesh). Purity of all final derivatives for biological
testing was confirmed to be >95% as determined using the following conditions: a Shimadzu
HPLC instrument with a Hamilton reverse phase column (HxSil, C18, 3 pm, 2.1 mm % 50 mm
(H)). Eluent A: 5% CH3;CN in H,O, eluent B: 90% CH3;CN in H,O. A flow rate of 0.2 mL/min
was used with UV detection at 254 and 214 nm. The structure of the intermediates and end
products was confirmed by '"H NMR and mass spectroscopy. Proton magnetic resonance spectra
were determined in DMSO- ds unless otherwise stated, using Bruker DRX-300 or Bruker DRX-
400 spectrometers, operating at 300 MHz or 400 MHz, respectively. Splitting patterns are
indicated as follows: s, singlet; d, doublet; t, triplet; m, multiplet; br, broad peak. LCMS data was
acquired using Agilent LCMS VL series. Source: ES ionization, coupled with an Agilent 1100

series HPLC system and an Agilent 1100 series PDA as the front end. HRMS data was acquired
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using an Agilent 6520, Quadrupole-Time of flight tandem mass spectrometer (Q-Tof MS/MS)
coupled with an Agilent 1200 series HPLC system. All anhydrous solvents, reagent grade
solvents for chromatography and starting materials were purchased from either Sigma Aldrich
Chemical Co. or Fisher Scientific. Water was distilled and purified through a Milli-Q water
system (Millipore Corp., Bedford, MA). General methods of purification of compounds involved
the use of preloaded silica cartridges purchased from Grace purification systems and/or re-
crystallization. The reactions were monitored by TLC on pre-coated Merck 60 F,s4 silica gel

plates and visualized using UV light (254 nm).

General procedures for Imidazolopyridine ether

2-Phenylimidazo[1,2-a]pyridin-3-ol (3a).

To a solution of 2-aminopyridine (1.861 g, 19.77 mmol) in toluene (45 mL), 2-oxo-2-
phenylacetaldehyde (2.65 g, 19.77 mmol) was added portion wise and the reaction mixture was
stirred overnight at RT. The reaction mixture was concentrated under reduced pressure to give 2-
phenylimidazo[1,2-a]pyridin-3-ol (4.02 g, 97.0%) as a yellowish amorphous powder. m/z (ES"),
[M+H]" =211; '"H NMR (300 MHz, DMSO-d6) & ppm 6.54 (br. s., 1H) 6.96 - 7.09 (m, 2H) 7.29
- 7.46 (m, 5H) 7.46 - 7.68 (m, 1H) 8.00 (d, J=7.91 Hz, 3H) 8.25 (d, /= 6.59 Hz, 1H) 12.83 (br.

s., 1H).

6-Chloro-2-phenylimidazo[1,2-a]pyridin-3-ol (3b).
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To a solution of 5-chloropyridin-2-amine (2.54 g, 19.77 mmol) in dichloromethane (100 mL), 2-
oxo-2-phenylacetaldehyde (2.65 g, 19.77 mmol) was added portion wise followed by BF;.OEt,
(0.025 mL, 0.20 mmol) and the reaction mixture stirred overnight at RT. The suspension filtered
and the solid was washed with DCM (10 mL) followed by drying under vacuum to give 6-chloro-
2-phenylimidazo[ 1,2-a]pyridin-3-ol (1.130 g, 23.4%) as a yellowish amorphous powder. m/z
(ES™), [M+H]" = 245 ; "H NMR (300 MHz, DMSO-d6) & ppm 7.10 (d, J = 7.16 Hz, 1H) 7.30 -

7.49 (m, 4H) 8.01 (d, J = 7.72 Hz, 2H) 8.33 (s, 1H) 13.18 (br. 5., 1H).

3-Hydroxy-2-phenylimidazo[1,2-a]pyridine-6-carbonitrile (3c).

To a solution of 6-aminonicotinonitrile (2.355 g, 19.77 mmol) in dichloromethane (100 mL), 2-
oxo-2-phenylacetaldehyde (2.65 g, 19.77 mmol) was added portion wise followed by BF;.0OEt,
(0.025 mL, 0.20 mmol) and the reaction mixture was stirred overnight at RT. The suspension
filtered and the solid was washed with DCM (10 mL) followed by drying under vacuum to give
3-hydroxy-2-phenylimidazo[ 1,2-a]pyridine-6-carbonitrile (3.30 g, 71.0%) as a yellowish

amorphous powder. m/z (ES"), [M+H]" = 236.

6-Methyl-2-phenylimidazo[1,2-a]pyridin-3-ol (3d).

To a solution of 5-(trifluoromethyl)pyridin-2-amine (3.529 g, 21.77 mmol) in dichloromethane
(100 mL), 2-oxo0-2-phenylacetaldehyde (2.92 g, 21.77 mmol) was added portion wise and the
reaction mixture stirred overnight at RT. The suspension filtered and the solid was washed with
DCM (10 mL) followed by drying wunder vacuum to give 2-phenyl-6-
(trifluoromethyl)imidazo[1,2-a]pyridin-3-ol (5.20 g, 86.0%) as a yellowish amorphous powder.

m/z (ES"), [M+H]" = 225; 'H NMR (300 MHz, DMSO-d6) § ppm 6.48 - 6.62 (m, 1H) 6.67 - 6.80
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(m, 2H) 6.85 (d, J = 8.85 Hz, 1H) 7.47 - 7.59 (m, 2H) 7.65 (q, J = 6.91 Hz, 1H) 7.77 (d, J = 8.67

Hz, 1H) 7.99 - 8.15 (m, 3H) 8.39 (s, 1H).

2-(4-Fluorophenyl)-6-methylimidazo[1,2-a]pyridin-3-ol (3e).

To a solution of 5-methylpyridin-2-amine (1.0 g, 9.25 mmol) in DCM (41 mL), 2-(4-
fluorophenyl)-2-oxoacetaldehyde (1.407 g, 9.25 mmol) was added portion wise and the reaction
mixture stirred overnight at RT. The reaction mixture was concentrated under reduced pressure to
give 2-(4-fluorophenyl)-6-ethylimidazo[1,2-a]pyridin-3-ol (1.620 g, 72.3%) as a yellowish
amorphous powder. m/z (ES"), [M+H]" = 243; 'H NMR (300 MHz, DMSO-d6) & ppm 2.32 (s,
3H) 7.15 - 7.27 (m, 3H) 7.32 - 7.38 (m, 1H) 7.98 - 8.06 (m, 2H) 8.09 (br. s., 1H) 12.72 (br. s.,

1H).

3-(3-Phenoxypropoxy)-2-phenylimidazo[1,2-a]pyridine (4a).

To a solution of 2-phenylimidazo[1,2-a]pyridin-3-ol (0.718 g, 3.42 mmol) in DMF (11 mL),
sodium hydride (0.150 g, 3.76 mmol) was added at 0 °C. After stirring for 10 min, (3-
bromopropoxy)benzene (0.808 g, 3.76 mmol) was added and the reaction mixture stirred at RT
for 3 h. The reaction mixture was poured onto ice-water (30 mL) and extracted with EtOAc (30
mL x 3). The combined organic layer was washed with brine and water (30 mL x 3) and dried
over Na,SO4. The organic layer was concentrated to give a residue which was purified by reverse
phase HPLC to give 3-(3-Phenoxypropoxy)-2-phenylimidazo[1,2-a]pyridine (0.114, 9.7%) as a
liquid. HRMS m/z (M + H)" calcd for [C2,H20N,0, + H] 345.15975, found 345.1593; 'H NMR

(300 MHz, DMSO-d6) & ppm 2.31 (t, J = 5.84 Hz, 2H) 4.26 (t, J = 5.75 Hz, 4H) 6.89 (t, J = 6.69
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Hz, 1H) 6.93 - 7.04 (m, 3H) 7.17 - 7.38 (m, 6H) 7.52 (d, J = 9.04 Hz, 1H) 8.00 (d, J = 7.35 Hz,

2H) 8.25 (d, J = 6.78 Hz, 1H).

6-Chloro-3-(3-phenoxypropoxy)-2-phenylimidazo[1,2-a]pyridine (4b).

To a solution of 6-chloro-2-phenylimidazo[1,2-a]pyridin-3-ol (0.273 g, 1.12 mmol) and (3-
bromopropoxy)benzene (0.288 g, 1.34 mmol) in DMF (6 mL), sodium hydride (0.054 g, 1.34
mmol) was added at 0 °C and the reaction mixture stirred at RT for 12 h. The reaction mixture
was poured onto ice-water (20 mL) and extracted with EtOAc (20 mL x 3). The combined
organic layer was washed with brine and water (20 mL x 3) and dried over Na,SO,. The organic
layer was concentrated to give residue which was purified by reverse phase HPLC to give 6-
chloro-3-(3-phenoxypropoxy)-2-phenylimidazo[ 1,2-a]pyridine (0.085 g, 20.11 %) as an
amorphous powder. HRMS m/z (M + H)" calculated for [C2,H;9CIN,O, + H]" 379.12075, found
379.1214; "H NMR (300 MHz, DMSO-d6) & ppm 2.24 - 2.39 (m, 2H) 4.26 (q, J = 5.65 Hz, 4H)
6.93 - 7.04 (m, 3H) 7.21 - 7.38 (m, 6H) 7.57 (d, J=9.61 Hz, 1H) 7.98 (d, J = 7.35 Hz, 2H) 8.49

(s, 1H).

3-(3-Phenoxypropoxy)-2-phenylimidazo[1,2-a]pyridine-6-carbonitrile (4c¢).

To a solution of 3-hydroxy-2-phenylimidazo[1,2-a]pyridine-6-carbonitrile (0.508 g, 2.16 mmol)
in DMF (10 mL), sodium hydride (0.104 g, 2.59 mmol) was added at 0 °C. After 10 min, (3-
bromopropoxy)benzene (0.511 g, 2.38 mmol) was added and the reaction mixture stirred at RT
for 12 h. The reaction mixture was poured onto ice-water (30 mL) and extracted with EtOAc (30

mL x 3). The combined organic layer was washed with brine and water (30 mL x 3) and dried
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over Na,SOs. The organic layer was concentrated to give residue which was purified by reverse
phase HPLC to give 3-(3-Phenoxypropoxy)-2-phenylimidazo[l,2-a]pyridine-6-carbonitrile
(0.010 g, 1.2%) as an amorphous powder. HRMS m/z (M + H)" calculated for [Co3H oN30, + H]"
370.15495, found 370.1555; '"H NMR (300 MHz, DMSO-d6) & ppm 2.31 - 2.38 (m, 2 H) 4.28
(dt, J=17.66,5.96 Hz, 4 H) 6.99 (d, J=8.48 Hz, 3 H) 7.22 - 7.37 (m, 5 H) 7.46 (d, /= 8.67 Hz,

1 H) 7.68 (d,J=9.04 Hz, 1 H) 7.99 (br. s., 2 H) 9.17 (s, 1 H).

6-Methyl-3-(3-phenoxypropoxy)-2-phenylimidazo[1,2-a]pyridine (4d).

To a solution of 6-methyl-2-phenylimidazo[1,2-a]pyridin-3-ol (0.440 g, 1.96 mmol) and (3-
bromopropoxy)benzene (0.506 g, 2.35 mmol) in DMF (10 mL), sodium hydride (0.094 g, 2.35
mmol) was added at 0 °C and the reaction mixture stirred for at RT 12 h. The reaction mixture
was poured onto ice-water (20 mL) and extracted with EtOAc (20 mL x 3). The combined
organic layer was washed with brine and water (20 mL x 3) and dried over Na,SO4. The organic
layer was concentrated to give residue which was purified by reverse phase HPLC to give 6-
methyl-3-(3-phenoxypropoxy)-2-phenylimidazo[1,2-a]pyridine (0.281 g, 40%) as a white
amorphous powder. HRMS m/z (M + H)Jr calculated for [Cy3H2oN,O, + H]+ 359.17535, found
359.1760; '"H NMR (300 MHz, DMSO-d6) & ppm 2.20 (s, 3 H) 2.32 (quin, J = 5.93 Hz, 2 H)
4.17 - 433 (m, 4 H) 6.93 - 7.09 (m, 4 H) 7.19 - 7.38 (m, 5 H) 7.42 (d, /= 9.23 Hz, 1 H) 7.94 -

8.03 (m, 3 H).
3-(2-(4-Fluorophenoxy)ethoxy)-2-phenylimidazo[1,2-a]pyridine (5a).

To a solution of 2-phenylimidazo[l,2-a]pyridin-3-ol (0.481 g, 2.29 mmol) and 1-(2-

bromoethoxy)-4-fluorobenzene (0.601 g, 2.75 mmol) in DMF (12 mL), sodium hydride (0.110 g,
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2.75 mmol) was added at 0 °C and the reaction mixture stirred at RT for 12 h . The reaction
mixture was poured onto ice-water (20 mL) and extracted with EtOAc (20 mL x 3). The
combined organic layer was washed with brine and water (20 mL x 3) and dried over Na,SOs.
The organic layer was concentrated to give residue which was purified by reverse phase HPLC to
give 3-(2-(4-fluorophenoxy)ethoxy)-2-phenylimidazo[ 1,2-a]pyridine (0.181 g, 22.7%) as a liquid.
HRMS m/z (M + H)" calculated for [C2H;7EN,O, + H]" 349.13465, found 349.1349; 'H NMR
(300 MHz, DMSO-d6) & ppm 4.34 (br. s., 2 H) 4.43 (br. s., 2 H) 6.88 - 7.04 (m, 3 H) 7.09 - 7.34
(m, 4 H) 7.37 - 7.47 (m, 2 H) 7.53 (d, J=9.04 Hz, 1 H) 8.10 (d, J=7.72 Hz, 2 H) 8.32 (d, J =

6.78 Hz, 1 H).

6-Chloro-3-(2-(4-fluorophenoxy)ethoxy)-2-phenylimidazo[1,2-a]pyridine (Sb).

To a solution of 6-chloro-2-phenylimidazo[1,2-a]pyridin-3-ol (0.36 g, 1.47 mmol) and 1-(2-
bromoethoxy)-4-fluorobenzene (0.387 g, 1.77 mmol) in DMF (12 mL), sodium hydride (0.071 g,
1.77 mmol) was added at 0 °C and the reaction mixture stirred for at RT 12 h. The reaction
mixture was poured onto ice-water (20 mL) and extracted with EtOAc (20 mL x 3). The
combined organic layer was washed with brine and water (20 mL x 3) and dried over Na;SOs.
The organic layer was concentrated to give a residue which was purified by reverse phase HPLC
to give the title compound (0.245 g, 43.5%) as an amorphous powder. HRMS m/z (M + H)"
calculated for [C,H;CIFN,0, + H]" 383.09565, found 383.0961; 'H NMR (300 MHz, DMSO-
d6) 6 ppm 4.36 (br. s., 2 H) 4.46 (br. s., 2 H) 6.97 (dd, J = 8.38, 4.24 Hz, 2 H) 7.16 (t, J = 8.48
Hz,2 H) 7.22 - 7.36 (m, 2H) 7.38 - 7.49 (m, 2 H) 7.58 (d, J=9.61 Hz, 1 H) 8.08 (d, /= 7.72 Hz,

2 H) 8.53 (s, 1 H).
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3-(2-(4-Fluorophenoxy)ethoxy)-6-methyl-2-phenylimidazo[1,2-a]pyridine (5d).

To a solution of 6-methyl-2-phenylimidazo[1,2-a]pyridin-3-ol (0.440 g, 1.96 mmol) and 1-(2-
bromoethoxy)-4-fluorobenzene (0.516 g, 2.35 mmol) in DMF (10 mL), sodium hydride (0.094 g,
2.35 mmol) was added at 0 °C and the reaction mixture stirred for at RT 12 h. The reaction
mixture was poured onto ice-water (20 mL) and extracted with EtOAc (20 mL x 3). The
combined organic layer was washed with brine and water (20 mL x 3) and dried over Na,SOs.
The organic layer was concentrated to give residue which was purified by reverse phase HPLC to
give 3-(2-(4-fluorophenoxy)ethoxy)-6-methyl-2-phenylimidazo[1,2-a]pyridine (0.225 g, 31.6%)
as a white amorphous powder. HRMS m/z (M + H)" calculated for [C2,HoFN,O, + H]" 363.15025,
found 363.1498; "H NMR (300 MHz, DMSO-d6) & ppm 2.24 (s, 3 H) 4.33 (d, J = 4.14 Hz, 2 H)
442 (d,J=4.14 Hz,2 H) 6.95 - 7.03 (m, 2 H) 7.04 - 7.10 (m, 1 H) 7.12 - 7.20 (m, 2 H) 7.24 -

7.32 (m, 1 H) 7.37 - 7.46 (m, 3 H) 8.04 - 8.11 (m, 3 H).

3-(2-(4-Fluorophenoxy)ethoxy)-2-(4-fluorophenyl)-6-methylimidazo[1,2-a]pyridine (6e).
To a solution of 2-(4-fluorophenyl)-6-methylimidazo[1,2-a]pyridin-3-ol (0.200 g, 0.83 mmol)
and 1-(2-bromoethoxy)-4-fluorobenzene (0.217 g, 0.99 mmol) in DMF (4 mL), sodium hydride
(0.040 g, 0.99 mmol) was added at 0 °C and the reaction mixture was stirred for at RT 12 h. The
reaction mixture was poured onto ice-water (20 mL) and extracted with EtOAc (20 mL x 3). The
combined organic layer was washed with brine and water (20 mL x 3) and dried over Na;SOs.
The organic layer was concentrated to give residue which was purified by reverse phase HPLC to
give 3-(2-(4-fluorophenoxy)ethoxy)-2-(4-fluorophenyl)-6-methylimidazo[ 1,2-a]pyridine (0.060
g, 19.1%) as a white amorphous powder. HRMS m/z (M + H)" calculated for [C,H sF,N,O, + H]

381.14085, found 381.1388; 'H NMR (300 MHz, DMSO-d6) & ppm 2.25 (s, 3 H) 4.31 (d, J =
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3.58 Hz, 2 H) 4.42 (d, J=3.77 Hz, 2 H) 6.98 (dd, J = 9.14, 4.43 Hz, 2 H) 7.05 - 7.28 (m, 5 H)

7.43(d,J=9.23 Hz, 1 H) 8.04 - 8.13 (m, 3 H).

4-(2-(6-Chloro-2-phenylimidazo[1,2-a]pyridin-3-yloxy)ethyl)morpholine (7b).

To a solution of 4-(2-chloroethyl)morpholine hydrochloride (0.380 g, 2.04 mmol) and 6-chloro-
2-phenylimidazo[1,2-a]pyridin-3-ol (0.320 g, 1.31 mmol) in DMF (7 mL), sodium hydride (0.126
g, 3.14 mmol) was added at 0 °C. After 20 min, the tetrabutylammonium iodide (0.029 g, 0.08
mmol) was added and the reaction mixture allowed to warm to RT and stirred for 48h. The
reaction mixture was poured onto ice-water (20 mL) and extracted with EtOAc (20 mL x 3). The
combined organic layer was washed with brine and water (20 mL x 3) and dried over Na,SOs.
The organic layer was concentrated to give residue which was purified by reverse phase HPLC to
give 4-(2-(6-chloro-2-phenylimidazo[ 1,2-a]pyridin-3-yloxy)ethyl)morpholine (0.028 g, 5.98%) as
a browninsh amorphous powder. HRMS m/z (M + H)" calculated for [Ci9H2CIN;O, + H]"
358.13165, found 358.1314; "H NMR (300 MHz, DMSO-d6) & ppm 2.38 (br. s., 4 H) 2.67 (br. s.,
2 H)3.53 (br.s., 4 H)4.24 (br.s.,2 H) 7.26 (d, /J=9.61 Hz, 1 H) 7.29 - 7.38 (m, 1 H) 7.48 (t, J =

7.44 Hz, 2 H) 7.56 (d, J=9.98 Hz, 1 H) 8.06 (d, J=7.72 Hz, 2 H) 8.75 (s, 1 H)

3-(3-Methoxypropoxy)-2-phenylimidazo[1,2-a]pyridine (8a).

To a solution of 2-phenylimidazo[1,2-a]pyridin-3-ol (0.52 g, 2.47 mmol) and 3-methoxypropyl
methanesulfonate (0.624 g, 3.71 mmol) in DMF (13 mL), sodium hydride (0.119 g, 2.97 mmol)
was added at 0 °C and the reaction mixture stirred for at RT 12 h. The reaction mixture was

poured onto ice-water (20 mL) and extracted with EtOAc (20 mL x 3). The combined organic
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layer was washed with brine and water (20 mL x 3) and dried over Na,SO4. The organic layer
was concentrated to give residue which was purified by reverse phase HPLC to give 3-(3-
methoxypropoxy)-2-phenylimidazo[1,2-a]pyridine (0.190g, 27.2%) as a gum. HRMS m/z (M +
H)" calculated for [C17H1sN,O, + H]" 283.14405, found 283.1454; 'H NMR (300 MHz, DMSO-
d6) & ppm 2.07 (quin, J = 5.98 Hz, 2 H) 3.29 (s, 3 H) 3.57 (t, /=593 Hz, 2 H) 4.13 (t, J = 6.22
Hz,2 H) 6.94 (t,J=6.69 Hz, 1 H) 7.22 (t,J=7.82 Hz, 1 H) 7.27 - 7.36 (m, 1 H) 7.42 - 7.57 (m,

3 H)8.03 (d, J="7.72 Hz, 2 H) 8.24 (d, J = 6.78 Hz, 1 H).

2-Phenyl-3-(3-(pyrimidin-5-yloxy)propoxy)imidazo[1,2-a]pyridine (9a).

To a solution of 2-phenylimidazo[l,2-a]pyridin-3-ol (0.385 g, 1.83 mmol) and 5-(3-
bromopropoxy)pyrimidine (0.477 g, 2.20 mmol) in DMF (9 mL), sodium hydride (0.088 g, 2.20
mmol) was added at 0 °C and the reaction mixture was stirred for at RT 12 h. The reaction
mixture was poured onto ice-water (20 mL) and extracted with EtOAc (20 mL x 3). The
combined organic layer was washed with brine and water (20 mL x 3) and dried over Na;SOs.
The organic layer was concentrated to give residue which was purified by reverse phase HPLC to
give 2-phenyl-3-(3-(pyrimidin-5-yloxy)propoxy)imidazo[1,2-a]pyridine (0.245 g, 38.6%) as a
gum. HRMS m/z (M + H)+ calculated for [Cy0HsN4O; + H]+ 347.15025, found 347.1478; 'H
NMR (300 MHz, DMSO-d6) & ppm 2.35 (t,J=5.84 Hz, 2 H) 4.26 (t, /J=5.84 Hz, 2 H) 4.44 (t, J
=5.84 Hz,2 H) 6.92 (t,J=6.59 Hz, 1 H) 7.18 - 7.37 (m, 4 H) 7.52 (d, J=9.04 Hz, 1 H) 7.99 (d,

J=7.54Hz,2 H) 8.28 (d,J=6.78 Hz, 1 H) 8.61 (s, 2 H) 8.85 (s, 1 H).

3-(6-Methyl-2-phenylimidazo[1,2-a]pyridin-3-yloxy)propan-1-ol (10d).
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6-Methyl-2-phenylimidazo[ 1,2-a]pyridin-3-ol (0.217 g, 0.97 mmol), 3-bromo-1-propanol (0.085
mL, 0.97 mmol) and potassium carbonate (0.669 g, 4.84 mmol) were stirred together in DMF (5
mL) under N, for at RT 16 h. The reaction mixture was quenched by adding water (20 mL) and
extracted with EtOAc (20 mL x 3). The combined organic layer was washed with brine (20 mL x
3) and dried over Na,SO4 and evaporated on a rotavap. The residue was purified by silica gel
column chromatography to give 3-(6-methyl-2-phenylimidazo[1,2-a]pyridin-3-yloxy)propan-1-ol
(0.161 g, 59.1%) as a gum. ESI m/z (ES"), [M+H]" = 283; '"H NMR (300 MHz, DMSO-d6) &
ppm 1.99 (quin, J = 6.31 Hz, 2 H) 2.32 (s, 3 H) 3.66 (q, /= 5.84 Hz, 2 H) 4.16 (t, /= 6.50 Hz, 2
H) 4.68 (t,J=4.99 Hz, 1 H) 7.07 (d, J=9.23 Hz, 1 H) 7.25 - 7.34 (m, 1 H) 7.39 - 7.50 (m, 3 H)

7.98 - 8.10 (m, 3 H).

3-((2-(4-Fluorophenyl)-6-methylimidazo[1,2-a]pyridin-3-yl)oxy)propan-1-ol (11e).

2-(4-Fluorophenyl)-6-methylimidazo[ 1,2-a]pyridin-3-ol (1.0 g, 4.13 mmol), 3-bromo-1-propanol
(0.361 mL, 4.13 mmol) and potassium carbonate (2.85 g, 20.64 mmol) were stirred together in
DMF (5 mL) under N, at RT for 16 h. The reaction mixture was quenched by adding water (20
mL) and extracted with EtOAc (20 mL x 3). The combined organic layer was washed with brine
(20 mL x 3) and dried over Na,SO,4 and evaporated on a rotavap to give a residue which was
purified by column chromatography to give 3-((2-(4-fluorophenyl)-6-methylimidazo[1,2-
a]pyridin-3-yl)oxy)propan-1-ol (0.777 g, 62.7%) as an amorphous powder. HRMS m/z (M + H)"
calculated for [C17H7FN,0, + H]" 301.13465, found 301.1332; '"H NMR (300 MHz, DMSO-d6)
o ppm 1.98 (quin, J = 6.31 Hz, 2 H) 2.32 (s, 3 H) 3.61 - 3.70 (m, 2 H) 4.15 (t, J = 6.40 Hz, 2 H)
4.68 (br.s., 1 H) 7.10 (d, J=9.23 Hz, 1 H) 7.29 (t, /= 8.95 Hz, 2 H) 7.43 (d, /= 9.04 Hz, 1 H)

7.99 -8.11 (m, 3 H).
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3-(6-Methyl-2-phenylimidazo[1,2-a]pyridin-3-yloxy)propyl methanesulfonate (12d).

Methanesulfonyl chloride (0.051 mL, 0.66 mmol) was added to a solution of 3-((6-methyl-2-
phenylimidazo[ 1,2-a]pyridin-3-yl)oxy)propan-1-ol (0.155 g, 0.55 mmol) and triethylamine
(0.230 mL, 1.65 mmol) in CH,Cl, (5 mL) at 0 °C. The reaction mixture was allowed to warm to
RT and stirred for 3 h. The réaction mixture was transferred to a separatory funnel and washed
with saturated NaHCO3 (20 mL). The organic layer was evaporated on a rotavap to give a brown
oil which was used as such for the next step without further purification. m/z (ES"), [M+H]" =

361.

3-(2-(4-fluorophenyl)-6-methylimidazo[1,2-a]pyridin-3-yloxy)propyl methanesulfonate
(13e).

To a solution of 3-((2-(4-fluorophenyl)-6-methylimidazo[1,2-a]56yridine-3-yl)oxy)propan-1-ol
(1.420 g, 4.73 mmol) in CH,Cl, (20 mL), triethylamine (1.977 mL, 14.18 mmol) was added
followed by methanesulfonyl chloride (0.442 mL, 5.67 mmol) at 0 °C and the reaction mixture
was allowed to warm to RT and stirred for 3 h. The réaction mixture was transferred to a
separatory funnel and washed with Saturated NaHCO; followed by brine. The combined organic
layer was dried over Na,SO4 and evaporated on a rotavap to give a residue which was purified by
silica gel column chromatography to give 3-((2-(4-fluorophenyl)-6-methylimidazo[1,2-a]pyridin-
3-yl)oxy)propyl methanesulfonate (1.320 g, 73.8%) as a yellowish amorphous powder. m/z

(ES), [M+H]" =379.38.

2-(4-Fluorophenyl)-6-methyl-3-(3-(pyridin-3-yloxy)propoxy)imidazo[1,2-a]pyridine (14e).
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To a solution of pyridin-3-ol (0.045 g, 0.48 mmol) in DMF (5 mL), sodium hydride (0.023 g,
0.57 mmol) was added at 0 °C. After stirring for 10 min, 3-((2-(4-fluorophenyl)-6-
methylimidazo[1,2-a]pyridin-3-yl)oxy)propyl methanesulfonate (0.18 g, 0.48 mmol) was added
and the reaction mixture was stirred at RT for 12 h. The reaction mixture was poured onto ice-
water (20 mL) and extracted with EtOAc (20 mL x 3). The combined organic layer was washed
with brine and water (20 mL x 3) and dried over Na,SO,. The organic layer was concentrated to
give a residue which was purified by reverse phase HPLC to give 2-(4-Fluorophenyl)-6-methyl-
3-(3-(pyridin-3-yloxy)propoxy)imidazo[ 1,2-a]pyridine (0.028 g, 15.6%) as an amorphous powder.
HRMS m/z (M + H)+ calculated for [CyH,0FN30, + H]+ 378.16115, found 378.1620; '"H NMR
(300 MHz, DMSO-d6) 6 ppm 2.23 (s, 3 H) 2.33 (quin, J = 6.03 Hz, 2 H) 4.25 (t, J = 6.12 Hz, 2
H) 4.34 (t,J=5.93 Hz, 2 H) 7.02 - 7.17 (m, 3H) 7.33 - 7.49 (m, 3 H) 7.94 - 8.03 (m, 3 H) 8.21

(d,J=4.52 Hz, 1 H)8.34 (d, J=2.83 Hz, 1 H).

2-(4-Fluorophenyl)-3-(3-((5-fluoropyridin-3-yl)oxy)propoxy)-6-methylimidazo[1,2-
a]pyridine (15e).

To a solution of 5-fluoropyridin-3-ol (0.060 g, 0.53 mmol) in DMF (5 mL), sodium hydride
(0.025 g, 0.63 mmol) was added at 0 °C. After stirring for 10 min, 3-((2-(4-fluorophenyl)-6-
methylimidazo[1,2-a]pyridin-3-yl)oxy)propyl methanesulfonate (0.2 g, 0.53 mmol) was added
and the reaction mixture stirred at RT for 12 h. The reaction mixture was poured onto ice-water
(20 mL) and extracted with EtOAc (20 mL x 3). The combined organic layer was washed with
brine and water (20 mL x 3) and dried over Na,SO,4. The organic layer was concentrated to give a
residue which was purified by reverse phase HPLC to give 2-(4-fluorophenyl)-3-(3-((5-

fluoropyridin-3-yl)oxy)propoxy)-6-methylimidazo[ 1,2-a]pyridine (0.059 g, 28.2%) as an
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amorphous powder. HRMS m/z (M + H)Jr calculated for [CyH9FoN30; + H]Jr 396.15175, found
396.1526; '"H NMR (300 MHz, DMSO-d6) 6 ppm 2.24 (s, 3 H) 2.33 (quin, J = 5.93 Hz, 2 H)
423 (t,J=6.03 Hz, 2 H) 4.37 (t, J=5.84 Hz, 2 H) 7.02 - 7.19 (m, 3H) 7.42 (d, J=9.23 Hz, 1 H)

7.53 (dt, J=11.21,2.21 Hz, 1 H) 7.91 - 8.06 (m, 3 H) 8.17 - 8.29 (m, 2 H).

2-(4-Fluorophenyl)-6-methyl-3-(3-((6-methylpyridin-3-yl)oxy)propoxy)imidazo[1,2-
a]pyridine (16e).

To a solution of 6-methylpyridin-3-ol (0.075 g, 0.69 mmol) in DMF (3 mL), sodium hydride
(0.025 g, 0.63 mmol) was added at 0 °C. After stirring for 10 min, 3-((2-(4-fluorophenyl)-6-
methylimidazo[ 1,2-a]pyridin-3-yl)oxy)propyl methanesulfonate (0.200 g, 0.53 mmol) was added
and the reaction mixture stirred at RT for 12 h. The reaction mixture was poured onto ice-water
(20 mL) and extracted with EtOAc (20 mL x 3). The combined organic layer was washed with
brine and water (20 mL x 3) and dried over Na,SO4. The organic layer was concentrated to give
residue which was purified by reverse phase HPLC to give 2-(4-fluorophenyl)-6-methyl-3-(3-((6-
methylpyridin-3-yl)oxy)propoxy)imidazo[ 1,2-a]pyridine (0.115 g, 55.6%) as an amorphous
powder. HRMS m/z (M + H)" calculated for [Co3H22FN3O, + H]" 392.17685, found 392.1777; 'H
NMR (300 MHz, DMSO-d6) & ppm 2.23 (s, 3 H) 2.31 (t,J=6.03 Hz, 2 H) 2.41 (s, 3 H) 4.23 (t,
J=5.93 Hz, 2 H) 429 (t,J=5.84 Hz, 2 H) 7.04 - 7.17 (m, 3H) 7.21 (d, J = 8.48 Hz, 1 H) 7.35
(dd, J=8.48,2.83 Hz, 1 H) 7.42 (d, J=9.04 Hz, 1 H) 7.94 - 8.04 (m, 3 H) 8.20 (d,/=2.45 Hz, 1

H).

3-(3-((2,6-Dimethylpyridin-3-yl)oxy)propoxy)-2-(4-fluorophenyl)-6-methylimidazo|[1,2-

a|pyridine (17e).
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To a solution of 2,6-dimethylpyridin-3-ol (0.123 g, 1.00 mmol) in DMF (5 mL), sodium hydride
(0.037 g, 0.92 mmol) was added at 0 °C. After stirring for 10 min, 3-((2-(4-fluorophenyl)-6-
methylimidazo[1,2-a]pyridin-3-yl)oxy)propyl methanesulfonate (0.290 g, 0.77 mmol) was added
and the reaction mixture was stirred at RT for 12 h. The reaction mixture was poured onto ice-
water (20 mL) and extracted with EtOAc (20 mL x 3). The combined organic layer was washed
with brine and water (20 mL x 3) and dried over Na,SOy. The organic layer was concentrated to
give a residue which was purified by reverse phase HPLC to give 3-(3-((2,6-dimethylpyridin-3-
yl)oxy)propoxy)-2-(4-fluorophenyl)-6-methylimidazo[1,2-a]pyridine (0.145 g, 46.7%) as an
amorphous powder. HRMS m/z (M + H)" calculated for [C4sH24FN30, + H]" 406.19245, found
406.1884; "H NMR (300 MHz, DMSO-d6) & ppm 2.21 (d, J = 5.27 Hz, 6 H) 2.26 - 2.35 (m, 2 H)
2.37(s,3H)4.25(t,J=5.65Hz,4H) 7.00 - 7.12 (m,4 H) 7.31 (d,J=8.29 Hz, 1 H) 7.42 (d, J =

9.23 Hz, 1 H) 7.91 - 8.01 (m, 3 H).

6-Methyl-3-(3-(4-methylpiperazin-1-yl)propoxy)-2-phenylimidazo[1,2-a]pyridine (18d).
A solution of 3-(3-bromopropoxy)-6-methyl-2-phenylimidazo[1,2-a]pyridine (0.308 g, 0.89
mmol) and 1-methylpiperazine (0.298 mL, 2.68 mmol) in DMF (5 mL) was stirred at RT for 16
h. The reaction mixture was diluted with EtOAc (40 mL) and washed with brine (30 mL x 2).
The organic layer was dried over Na,SO,4 and evaporated in a rotavap to give a residue which was
purified by reverse phase HPLC to give 6-methyl-3-(3-(4-methylpiperazin-1-yl)propoxy)-2-
phenylimidazo[1,2-a]pyridine (0.093 g, 28.6 %) as an oilly liquid. HRMS m/z (M + H)"
calculated for [CpHasN4O + H]™ 365.23355, found 365.2340; "H NMR (300 MHz, DMSO-d6) &
ppm 1.99 (t, J=6.40 Hz, 2 H) 2.15 (s, 3 H) 2.21 - 2.60 (m, 13 H) 4.10 (t, /= 6.03 Hz, 2 H) 7.07

(d, J=8.85 Hz, 1 H) 7.25 - 7.35 (m, 1 H) 7.38 - 7.52 (m, 3 H) 7.96 - 8.11 (m, 3 H).
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4-Fluoro-N-(3-((2-(4-fluorophenyl)-6-methylimidazo[1,2-a]pyridin-3-yl)oxy)propyl)-3-
methylaniline (19e).

To a solution of 3-((2-(4-fluorophenyl)-6-methylimidazo[1,2-a]pyridin-3-yl)oxy)propyl
methanesulfonate (0.180 g, 0.48 mmol) and 4-fluoro-3-methylaniline (0.119 g, 0.95 mmol) in
toluene (5 mL), N,N-diisopropylethylamine (0.166 mL, 0.95 mmol) was added and the reaction
mixture refluxed for 12 h. The reaction mixture was transferred to a separatory funnel and
washed with brine. The combined organic layer was dried over Na,SO4 and evaporated in a
rotavap to give a residue which was purified by reverse phase HPLC to give 4-fluoro-N-(3-((2-
(4-fluorophenyl)-6-methylimidazol[ 1,2-a]pyridin-3-yl)oxy)propyl)-3-methylaniline ~ (0.052 g,
26.8%) as a liquid. HRMS m/z (M + H)" calculated for [C4H,3F,N30 + H]™ 408.18815, found
408.1846; "H NMR (300 MHz, DMSO-d6) & ppm 2.10 - 2.19 (m, 5 H) 2.22 (s, 3 H) 3.23 (q, J =
6.09 Hz, 2 H) 4.19 (t, J=6.03 Hz, 2 H) 5.50 (t, J=5.27 Hz, 1 H) 6.37 - 6.52 (m, 2 H) 6.88 (t, J =
9.23 Hz, 1 H) 7.03 - 7.10 (m, 1 H) 7.18 (t, J = 8.95 Hz, 2 H) 7.41 (d, J =9.04 Hz, 1 H) 7.96 -

8.06 (m, 3 H).

5-Fluoro-N-(3-((2-(4-fluorophenyl)-6-methylimidazo[1,2-a]pyridin-3-yl)oxy)propyl)-6-
methylpyridin-2-amine (20e).

To a solution of 3-((2-(4-fluorophenyl)-6-methylimidazo[1,2-a]pyridin-3-yl)oxy)propyl
methanesulfonate (0.235 g, 0.62 mmol) and 5-fluoro-6-methylpyridin-2-amine (0.094 g, 0.75
mmol) in toluene (5 mL), N,N-diisopropylethylamine (0.217 mL, 1.24 mmol) was added and the
reaction mixture refluxed for 16 h. The reaction mixture was transferred to a separatory funnel

and washed with saturated NaHCO; followed by brine. The combined organic layer was dried
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over Na,SO4 and evaporated in a rotavap to give a residue which was purified by silica gel
column chromatography to give 5-fluoro-N-(3-((2-(4-fluorophenyl)-6-methylimidazo[1,2-
a]pyridin-3-yl)oxy)propyl)-6-methylpyridin-2-amine (0.022 g, 8.7) as a yellowish amorphous
powder. HRMS m/z (M + H)" calculated for [C23H»F,N4O + H]" 409.18345, found 409.1841; 'H
NMR (300 MHz, DMSO-d6) 6 ppm 2.11 (t, J = 6.40 Hz, 2 H) 2.25 (s, 6 H) 3.43 (q, J = 6.34 Hz,
2H)4.16 (t, J=6.22 Hz, 2 H) 6.32 (dd, /= 8.85,2.45 Hz, | H) 6.48 (t,J=5.09 Hz, 1 H) 7.07 (d,

J=9.42 Hz, 1 H) 7.13 - 7.34 (m, 3 H) 7.41 (d, J=9.23 Hz, 1 H) 7.95 - 8.07 (m, 3 H).

2-(4-Fluorophenyl)-6-methyl-3-(3-(4-phenylpiperazin-1-yl)propoxy)imidazo[1,2-a]pyridine
(21e).

A solution of 3-((2-(4-fluorophenyl)-6-methylimidazo[ 1,2-a]pyridin-3-yl)oxy)propyl
methanesulfonate (0.233 g, 0.62 mmol) and 1-phenylpiperazine (0.282 mL, 1.85 mmol) in DMF
(5 mL) was stirred at RT for 96 h. The reaction mixture was diluted with EtOAc (40 mL) and
washed with brine (30 mL x 2). The organic layer was dried over Na,SO4 and evaporated in a
rotavap to give a residue which was purified by reverse phase HPLC to give 2-(4-fluorophenyl)-
6-methyl-3-(3-(4-phenylpiperazin-1-yl)propoxy)imidazo[ 1,2-a]pyridine (0.100 g, 36.5%) as a
white amorphous powder. HRMS m/z (M + H)" calculated for [Co7H20FN4O + H]' 445.23975,
found 445.2354; '"H NMR (300 MHz, DMSO-d6) & ppm 1.96 - 2.13 (m, 2 H) 2.31 (s, 3 H) 2.55
(br.s., 6 H)3.13 (br.s., 4 H) 4.13 (t, J=6.03 Hz, 2 H) 6.77 (t, J=7.06 Hz, 1 H) 6.93 (d, J=8.10
Hz,2 H) 7.07 (d, J=8.29 Hz, 1 H) 7.16 - 7.35 (m, 4 H) 7.42 (d, /J=9.23 Hz, 1 H) 7.98 - 8.13 (m,

3 H).
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N-(3-((2-(4-Fluorophenyl)-6-methylimidazo[1,2-a]pyridin-3-yl)oxy)propyl)-6-methoxy-5-
methylpyridin-3-amine (22e).

To a solution of 3-((2-(4-fluorophenyl)-6-methylimidazo[1,2-a]pyridin-3-yl)oxy)propyl
methanesulfonate (0.192 g, 0.51 mmol) and 6-methoxy-5-methylpyridin-3-amine (0.084 g, 0.61
mmol) in toluene (2 mL), N,N-diisopropylethylamine (0.177 mL, 1.01 mmol) was added and the
reaction mixture refluxed for 6 h. The reaction mixture was transferred to a separatory funnel and
washed with saturated NaHCO; followed by brine. The combined organic layer was dried over
Na,SO,4 and evaporated in a rotavap to give a residue which was purified by silica gel column
chromatography to give N-(3-((2-(4-fluorophenyl)-6-methylimidazo[ 1,2-a]pyridin-3-
yl)oxy)propyl)-6-methoxy-5-methylpyridin-3-amine (0.071g, 33.3%) as a yellowish amorphous
powder. HRMS m/z (M + H)" calculated for [C,4HsFN4O, + H]™ 421.20335, found 421.1972;
'H NMR (300 MHz, DMSO-d6) & ppm 2.08 (s, 3 H) 2.09 - 2.17 (m, 2 H) 2.23 (s, 3 H) 3.23 (q, J
=6.40 Hz, 2 H) 3.75 (s, 3 H) 4.19 (t,J=6.03 Hz, 2 H) 5.28 (t, /= 5.56 Hz, 1 H) 6.94 (d, J=2.26
Hz, 1 H) 7.06 (d, /J=9.23 Hz, 1 H) 7.19 (t, J= 8.85 Hz, 2 H) 7.35 - 7.45 (m, 2 H) 7.97 - 8.06 (m,

3 H).

5-Bromo-N-(3-((2-(4-fluorophenyl)-6-methylimidazo[1,2-a]pyridin-3-yl)oxy)propyl)-6-
methylpyridin-3-amine (23e).

To a solution of 3-((2-(4-fluorophenyl)-6-methylimidazo[1,2-a]pyridin-3-yl)oxy)propyl
methanesulfonate (0.192 g, 0.51 mmol) and 5-bromo-6-methylpyridin-3-amine (0.114 g, 0.61
mmol) in toluene (2 mL), N, N-diisopropylethylamine (0.177 mL, 1.01 mmol) was added and the
reaction mixture refluxed for 16 h. The reaction mixture was transferred to a separatory funnel

and washed with saturated NaHCO; followed by brine. The combined organic layer was dried
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over Na,SO4 and evaporated in a rotavap to give a residue which was purified by silica gel
column chromatography to give 5-bromo-N-(3-((2-(4-fluorophenyl)-6-methylimidazo[1,2-
a]pyridin-3-yl)oxy)propyl)-6-methylpyridin-3-amine (0.023 g, 9.7%) as a gum. HRMS m/z (M +
H)" calculated for [C,3H2BrN4O + H]™ 469.10335, found 469.1006; 'H NMR (300 MHz,
DMSO-d6) & ppm 2.11 (t, J=6.50 Hz, 2 H) 2.25 (s, 3 H) 2.41 (s, 3 H) 3.28 (d, /= 5.84 Hz, 2 H)
4.18 (t,J=5.93 Hz, 2 H) 6.01 - 6.09 (m, 1 H) 7.07 (d,J=7.91 Hz, 1 H) 7.15 - 7.24 (m, 3 H) 7.42

(d,J=9.23 Hz, 1 H) 7.90 (d, J=2.26 Hz, 1 H) 7.98 - 8.03 (m, 3 H).

4-Fluoro-N-(3-((2-(4-fluorophenyl)-6-methylimidazo|[1,2-a]pyridin-3-
yDoxy)propyl)benzenesulfonamide (24e).

Aqueous ammonia (11.32 ml, 523.23 mmol) was added to 3-((2-(4-fluorophenyl)-6-
methylimidazo[1,2-a]pyridin-3-yl)oxy)propyl methanesulfonate (0.792 g, 2.09 mmol) and the
resulting suspension was heated to 100 °C in a steel bomb for 16 h. The reaction mixture was
transferred to a separatory funnel and extracted with DCM (20 mL x 2). The combined organic
layer was dried over Na,SO4 and evaporated in a rotavap to give a residue (0.250 g, 39.9%)
which was used directly for the next step without further purification. ESI m/z (ES"), [M+H]" =
300. To a solution of 3-((2-(4-fluorophenyl)-6-methylimidazo[ 1,2-a]pyridin-3-yl)oxy)propan-1-
amine (0.200 g, 0.67 mmol) in DCM (10 mL), 4-fluorobenzene-1-sulfonyl chloride (0.156 g, 0.80
mmol) was added at 0 °C and the reaction mixture was allowed to warm to RT and stirred for 12
h. The reaction mixture was transferred to a separatory funnel and washed with saturated
NaHCOs; followed by brine. The combined organic layer was dried over Na,SO4 and evaporated
in a rotavap rotavaped to give a residue which was purified by reverse phase HPLC to give 4-

fluoro-N-(3-((2-(4-fluorophenyl)-6-methylimidazo[ 1,2-a]pyridin-3-
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yl)oxy)propyl)benzenesulfonamide (0.153 g, 50.1%) as an amorphous powder. HRMS m/z (M +
H)" calculated for [Co3H, F,N305S + H]™ 458.13445, found 458.1337; 'H NMR (300 MHz,
DMSO0-d6) & ppm 1.96 (t, J = 6.40 Hz, 2 H) 2.32 (s, 3 H) 3.01 (q, /= 6.53 Hz, 2 H) 4.08 (t, J =
6.22 Hz,2 H) 7.09 (d, J=8.10 Hz, 1H) 7.27 (t,J = 8.95 Hz, 2 H) 7.39 - 7.50 (m, 3 H) 7.79 (t, J =

5.65 Hz, 1 H) 7.88 (dd, J = 8.85, 5.27 Hz, 2 H) 7.96 - 8.08 (m, 3 H).

2-(2-(4-Fluorophenyl)-6-methylimidazo[1,2-a]pyridin-3-yloxy)ethanol (25e¢).

2-(4-Fluorophenyl)-6-methylimidazo[ 1,2-a]pyridin-3-ol (1.344 g, 5.55 mmol), 2-bromo-ethanol
(0.392 mL, 5.55 mmol) and potassium carbonate (3.83 g, 27.74 mmol) were stirred together in
DMF (5 mL) under N, at RT for 16 h. The reaction mixture was quenched by adding water (20
mL) and extracted with EtOAc (30 mL x 3). The combined organic layer was washed with brine
(30 mL x 3) and dried over Na,SO4 The material was evaporated in a rotavap and the residue was
purified by column chromatography to give liquid 2-((2-(4-fluorophenyl)-6-methylimidazo[1,2-

a]pyridin-3-yl)oxy)ethanol (0.440 g, 27.7 %). ESI m/z (ES"), [M+H]" = 287.10.
Ipy yhoxy g

3-(2-Azidoethoxy)-2-(4-fluorophenyl)-6-methylimidazo[1,2-a]pyridine (26e).

A solution of 2-((2-(4-fluorophenyl)-6-methylimidazo[1,2-a]pyridin-3-yl)oxy)ethanol (0.440 g,
1.54 mmol) in anhydrous tetrahydrofuran (23 mL) was cooled to 0 °C, and triphenylphosphine
(0.806 g, 3.07 mmol) was added at once. After 5 min of stirring, diisopropyl azodicarboxylate
(0.598 mL, 3.07 mmol) and subsequently diphenyl phosphorazidate (0.846 g, 3.07 mmol) were
added, the ice bath was removed, and the resulting mixture was stirred from 0 °C to RT for 16 h.

Volatile material was removed by rotavap and the resulting residue purified by column
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chromatography to get 3-(2-azidoethoxy)-2-(4-fluorophenyl)-6-methylimidazo[1,2-a]pyridine

(0.300 g, 62.7%) as a liquid. m/z (ES+), [M+H]" = 312.36.

2-(2-(4-Fluorophenyl)-6-methylimidazo[1,2-a]pyridin-3-yloxy)ethanamine (27e).

A solution of 3-(2-azidoethoxy)-2-(4-fluorophenyl)-6-methylimidazo[ 1,2-a]pyridine (0.30 g, 0.96
mmol) and triphenylphosphine (0.303 g, 1.16 mmol) in THF (4 mL) and water (0.50 mL) was
allowed to stir for 18 h at room temperature. The solvent was removed under vacuum to give
residue which was purified on neutral alumina column to give 2-(2-(4-Fluorophenyl)-6-
methylimidazo[ 1,2-a]pyridin-3-yloxy)ethanamine (0.217 g, 79%) as a liquid. ESI m/z (ES"),

[M+H]" =286.11.

N-(3-Fluoro-4-methylbenzyl)-2-((2-(4-fluorophenyl)-6-methylimidazo[1,2-a]pyridin-3-
ylDoxy)ethanamine (28e).

To a solution of 2-((2-(4-fluorophenyl)-6-methylimidazo[1,2-a]pyridin-3-yl)oxy)ethanamine (54
mg, 0.19 mmol) and 3-fluoro-4-methylbenzaldehyde (26.1 mg, 0.19 mmol) in DCM (2 mL),
sodium triacetoxyborohydride (100 mg, 0.47 mmol) was added at RT and stirred for 24 h. The
reaction mixture was worked up and the residue purified by reverse phase HPLC to give N-(3-
fluoro-4-methylbenzyl)-2-((2-(4-fluorophenyl)-6-methylimidazo[ 1,2-a]pyridin-3-
yl)oxy)ethanamine (15.00 mg, 19.5%) as a liquid. HRMS m/z (M + H)" calculated for
[C24H,3F,N30 + H]' 408.18815, found 408.1856; 'H NMR (300 MHz, DMSO-d6) & ppm 2.23 (s,
3 H)2.30 (s, 3 H)3.10 (br. s., 2 H) 3.93 (br. s., 2 H) 4.19 (br. s., 2 H) 6.33 (s, 1 H) 6.56 (s, 1 H)

7.05 - 7.33 (m, 5 H) 7.43 (d, J=9.42 Hz, 1 H) 8.06 (dd, J = 8.38, 5.75 Hz, 2 H) 8.17 (s, 1 H).
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3-Chloro-4-fluoro-N-(2-((2-(4-fluorophenyl)-6-methylimidazo[1,2-a]pyridin-3-
ylhoxy)ethyl)benzenesulfonamide (29¢).

To a solution of 2-((2-(4-fluorophenyl)-6-methylimidazo[1,2-a]pyridin-3-yl)oxy)ethanamine (58
mg, 0.20 mmol) in CH,Cl, (4 mL), triethylamine (0.085 mL, 0.61 mmol) was added followed by
3-chloro-4-fluorobenzene-1-sulfonyl chloride (51.2 mg, 0.22 mmol) at 0 °C. The reaction
mixture was allowed to warm to RT and stirred for 16 h. The reaction mixture was worked up
and the residue was purified by reverse phase HPLC to give 3-chloro-4-fluoro-N-(2-((2-(4-
fluorophenyl)-6-methylimidazo[ 1,2-a]pyridin-3-yl)oxy)ethyl)benzenesulfonamide  (36.0 mg,
37.1%) as an amorphous powder. HRMS m/z (M + H)" calculated for [C»H;sCIF,N305S + H]"
478.07975, found 478.0812; "H NMR (300 MHz, DMSO-d6) & ppm 2.32 (s, 3 H) 3.33 (m, 2 H)
4.05 (t, J=4.90 Hz, 2 H) 7.09 (d, J = 8.10 Hz, 1 H) 7.25 (t, /= 8.85 Hz, 2 H) 7.42 (d, J=9.23
Hz, 1H) 7.60 - 7.69 (m, 1 H) 7.82 - 7.89 (m, 1 H) 7.98 - 8.07 (m, 3 H) 8.09 (s, 1 H) 8.37 (br.s., 1

H).

N-(2-((2-(4-Fluorophenyl)-6-methylimidazo[1,2-a]pyridin-3-yl)oxy)ethyl)-6-
methylnicotinamide (30e).

To a solution of 2-((2-(4-fluorophenyl)-6-methylimidazo[1,2-a]pyridin-3-yl)oxy)ethanamine (88
mg, 0.31 mmol) in CH,Cl; (2 mL), triethylamine (0.129 mL, 0.93 mmol) was added followed by
6-methylnicotinoyl chloride (57.6 mg, 0.37 mmol) at 0 °C. The resulting reaction mixture was
allowed to warm to RT and stirred for 12 h. The reaction mixture was quenched with saturated
NaHCOs; (10 mL) and extracted with DCM (25 mL x 3). The combined organic layer was dried
over Na,SO4 and evaporated in a rotavap to give a residue which was purified by reverse phase

HPLC to give N-(2-((2-(4-fluorophenyl)-6-methylimidazo[1,2-a]pyridin-3-yl)oxy)ethyl)-6-
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methylnicotinamide (73.0 mg, 58.5 %) as a white amorphous powder. HRMS m/z (M + H)
calculated for [Cy3H,1FN4O; + H]+ 405.17205, found 405.1724; '"H NMR (300 MHz, DMSO-d6)
d ppm 2.20 (s, 3 H) 2.55 (s, 3 H) 3.77 (d, J=4.90 Hz, 2 H) 4.22 (t, J = 5.09 Hz, 2 H) 6.99 - 7.10
(m, 3 H) 7.41 (d,J=8.67 Hz, 2 H) 7.96 - 8.08 (m, 3 H) 8.15 (dd, J = 8.10, 2.26 Hz, 1 H) 8.97 (d,

J=2.07 Hz, 1 H) 9.08 (s, 1 H).

General procedure for squaramides demonstrated with compound 31g
3-(Benzylamino)-4-(4-morpholinophenyl)cyclobut-3-ene-1,2-dione (31g)

Step 1. 3-Chloro-4-(4-morpholinophenyl)cyclobut-3-ene-1,2-dione (31b).

A mixture of 3,4-dihydroxycyclobut-3-ene-1,2-dione (1 g, 8.77 mmol), thionyl chloride (1.280
mL, 17.54 mmol) and DMF (3 drops) was refluxed at 80 °C for 3 h. Formation of dichloride
could not be followed by LCMS. The reaction mixture was cooled to room temperature and
excess thionyl chloride was evaporated under reduced pressure. The residual mass was re-
dissolved in anhydrous DCM (10 mL) and cooled to 0 °C. Anhydrous AICl3 (0.529 g, 2.19
mmol) was carefully added followed by dropwise addition of 4-phenylmorpholine (1.431 g, 8.77
mmol). Throughout the addition, temperature was maintained at 0 °C. After completion of
addition, the temperature was allowed to warm to room temperature and stirring continued for
additional 1.5 h. Formation of product was followed by LCMS. After completion of the reaction,
the mixture was poured onto crushed ice and the crude product was extracted into DCM (2 X 20
mL). The combined organic layer was washed with water (15 mL), brine (15 mL), dried over
Na,SO; and evaporated under reduced pressure. Purification of crude product through
combiflash chromatography with preloaded silica gel column using ethylacetate-hexane gradient

resulted in 0.400g of pure 3-chloro-4-(4-morpholinophenyl)cyclobut-3-ene-1,2-dione in 16%
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yield. "H NMR (300 MHz, CHLOROFORM-d) & ppm 3.28 - 3.43 (m, 2 H), 3.70 - 3.91 (m, 2 H),
6.79 - 6.97 (m, 1 H), 8.11 (d, /=9.0 Hz, 1 H), ESMS calcd. 277.7; Found: 278.2 (M+)".

Step 2. 3-(Benzylamino)-4-(4-morpholinophenyl)cyclobut-3-ene-1,2-dione (31g).

A solution of 3-chloro-4-(4-morpholinophenyl)cyclobut-3-ene-1,2-dione 31b (0.100 g, 0.36
mmol) dissolved in dioxane (10mL) was cooled to 0-5 °C. At that temperature, TEA (0.075 mL,
0.54 mmol) was added followed by addition of phenylmethanamine (0.058 g, 0.54 mmol).
Stirring was continued for another 10 min after addition. Solvent was evaporated and the residue
was triturated with water (5 mL) and the separated solid was filtered and air dried. Purification of
crude product through combiflash chromatography with preloaded silica gel column using
Methanol-DCM  gradient  resulted in  0.07g of pure 3-(benzylamino)-4-(4-
morpholinophenyl)cyclobut-3-ene-1,2-dione 31d as yellowish amorphous powder in 55.8%
yield. "H NMR (300 MHz, DMSO-ds) & ppm 3.28 (d, J=4.3Hz, 4 H), 3.67 - 3.80 (m, 4 H), 4.90
(d, /=6.2 Hz, 2 H), 7.06 (d, /=8.8 Hz, 2 H), 7.26 - 7.35 (m, 1 H), 7.35 - 7.40 (m, 4 H), 7.94 (d,
J=8.6 Hz, 2 H), 9.35 (t, 1 H), HRMS (ES+) m/z caled for [CyHyN,Os+ H]"349.1552; found:

349.1550.

3-(Pyridin-2-ylmethylamino)-4-(4-(trifluoromethyl)phenyl)cyclobut-3-ene-1,2-dione (31c).

Yield: 40.1%. "H NMR (300 MHz, DMSO-ds) & ppm 5.04 (d, J=6.2Hz, 2 H), 7.28 - 7.39 (m, 1
H), 7.48 (d, /=8.1 Hz, 1 H), 7.78 - 7.87 (m, 1 H), 7.91 (d, J/=8.30Hz, 2 H), 8.22 (d, J=8.1 Hz, 2
H), 8.56 (d, J/=4.5 Hz, 1 H), 9.92 (t, J/=6.1 Hz, 1 H), 10.60 - 10.70 (m, 1 H), HRMS (ES+) m/z

caled for [Ci7H 1 F3sN,0,,+H]" 333.0845; found: 333.0839.
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3-((5-Methylpyrazin-2-yl)methylamino)-4-(4-(trifluoromethyl)phenyl)cyclobut-3-ene-1,2-
dione (31d).

Yield: 36.7%. "H NMR (300 MHz, DMSO-ds) 8 ppm 2.55 (s, 3H), 5.27 (d, J=6.1 Hz, 2 H), 7.89
(d, J/=8.0 Hz, 2 H), 8.02 (d, J/=8.10 Hz, 2 H), 8.42 (s, 1H), 8.59 (s, 1 H) 10.80 - 11.00 (t, J= 6.0

Hz, 1 H), HRMS (ES+) m/z caled for [C17H ,F3N30,+ H]' 348.09600; found: 348.0971.

4-(3,4-Dioxo-2-(pyridin-2-ylmethylamino)cyclobut-1-enyl)benzonitrile (31e).

Yield 50.5%. 'H NMR (300 MHz, DMSO-d) 8 ppm 5.08 (d, J=6.20 Hz, 2 H), 7.22 (t, ]=9.0 Hz,
1H), 7.48 (dd, J= 8.0Hz, 6.0Hz, 1H), 7.68 (t, J=8.0Hz, 1H), 7.72 (d, /=8.44 Hz, 2 H), 7.85 (d,
J=8.22 Hz, 2 H), 8.59 (d, J=5.15 Hz, 1 H), 9.30 (t, J= 6.2Hz, 1 H), HRMS (ES+) m/z calcd for

[C17H;1N;0,+ H]' 290.0930; found: 290.0930.

3-(4-Morpholinophenyl)-4-((pyridin-2-ylmethyl)amino)cyclobut-3-ene-1,2-dione (31f).

Yield: 16.1%. "H NMR (300 MHz, DMSO-d) 5 ppm 3.24 - 3.32 (m, 4 H), 3.70 - 3.79 (m, 4 H),
5.01 (d, J=6.22 Hz, 2 H), 7.07 (d, J/=8.85 Hz, 2 H), 7.32 (dd, J=6.7, 5.09 Hz, 1 H), 7.43 (d, J=7.9
Hz, 1 H), 7.76 - 7.86 (m, 1 H), 7.96 (d, J/=8.8 Hz, 2 H), 8.55 (d, J/=4.52 Hz, 1 H), 9.41 (t, J=6.1

Hz, 1 H), HRMS (ES+) m/z caled for [CaoH;oN3O5+ H]* 350.1498; found: 350.1500.

3-(4-Morpholinophenyl)-4-((1-(pyridin-2-yl)ethyl)amino)cyclobut-3-ene-1,2-dione (31h).
Yield 46.7%."H NMR (DMSO-ds ,300MHz): & (ppm) 1.68 (d, J=7.0 Hz, 3H), 3.23 - 3.30 (m,
4H), 3.64 - 3.82 (m, 4H), 5.61 - 5.77 (m, 1H), 7.07 (d, J/=8.9 Hz, 2H), 7.32 (dd, J=7.2, 5.3 Hz,

1H), 7.49 (d, J=7.9 Hz, 1H), 7.77 - 7.87 (m, 1H), 8.01(d, J=8.9 Hz, 2H), 8.57 (d, J=4.1 Hz, 1H),
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9.22 (d, J=8.5 Hz, 1H), HRMS (ES+) m/z calcd for [C,H;N3O05+ H]+ 364.1661; found:

364.1575.
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1 3-(4-Morpholinophenyl)-4-((pyrazin-2-ylmethyl)amino)cyclobut-3-ene-1,2-dione (31i).

13 Yield: 27.7%. "H NMR (300 MHz, DMSO-ds) & ppm 3.27 - 3.31 (m, 4 H), 3.71 - 3.81 (m, 4 H),
15 5.07 (d, J=6.0 Hz, 2 H), 7.07 (d, J=8.8 Hz, 2 H), 7.93 (d, /=8.8Hz, 2 H), 8.54 - 8.67 (m, 2 H),
18 8.75 (s, 1 H), 9.36 (t, J=5.9 Hz, 1 H), HRMS (ES+) m/z calcd for [CoH sN4Os,+ H]" 351.1451;

20 found: 351.1448.

25 3-(4-Morpholinophenyl)-4-(((5-phenylpyridin-2-yl)methyl)amino)cyclobut-3-ene-1,2-dione
27 (31)).

29 Yield: 53.4%. 'H NMR (DMSO-ds ,300MHz): & (ppm) 3.29 (t, J=4.5 Hz, 4H), 3.68 - 3.79 (m,
32 4H), 5.06 (d, J/=6.2 Hz, 2H), 7.08 (d, J=8.9 Hz, 2H), 7.37 - 7.56 (m, 4H), 7.73 (d, J=7.3 Hz, 2H),
34 7.97 (d, J=8.9 Hz, 2H), 8.11 (dd, J=8.2, 2.4 Hz, 1H), 8.88 (d, /=2.1 Hz, 1H), 9.43 (t, J=5.9 Hz,

1H), HRMS (ES+) m/z caled for [CasHp3N3O5+ H]' 426.1811; found: 426.1815.

4l ACKNOWLEDGMENT

a4 We sincerely thank Compound management group (AstraZeneca R&D Bangalore), DMPK

46 (AstraZeneca, Waltham, USA), and Global Discovery Sciences, Safety (AstraZeneca, Alderley
Park, UK) for technical support. We acknowledge Sandeep Ghorpade and Pravin Shirude for
51 scientific discussions. We also thank Drs. R. Tommasi and T. S. Balganesh for their constant

53 inspiration, support, and encouragement. We also thank the support received from Drs. Prashanti

ACS Paragon Iglgs Environment



©CoO~NOUTA,WNPE

Journal of Medicinal Chemistry

Madhavapeddi, Beena Paul towards assay development and Dr. Dwarakanath Prahlad towards

data management during the study.

AUTHOR CONTRIBUTION
SJ.T., S.D.M.,, AR, C.C, P.I, M.P. and S.H.P. are responsible for medicinal chemistry design

and analyses. S.J.T., S.D.M., V.S. and C.K. are responsible for synthetic chemistry. S.R. and
M.M are responsible for compound purity. A.K.G and M.P. designed and performed the
modelling studies. S.H.P., K.M., M.P., SK., M.M. and V.B. performed hit triage for the high
through screen output. K.R., D. M., H.P.,, M.P., H.A., D.P., JW., P.A., K.N. and M.C. performed
high thtroughput screening. K.M., H.R., T.Y. and K.M. designed ICs, determination
experiments. G.B. and J.B. performed and analysed the ICsy determination experiments. H.R.
and T.I. designed, performed and analyzed biochemical deconvolution experiments and data.
V.R., VK.S., KM., V.B. and S.R. designed the microbiology experiments. A.N., S.S., P.K.,
N.D., S.G., performed microbiology experiments. V.P.H., S.S., S.N. and R.K.S. designed and
analysed PK-PD experiments. N.K., R.N., S.B., JR., V.P., P.K.R., K.K. and R.S. performed PK-
PD experiments. S.R., N.V.M., A.A. and V.K.S. designed and performed mutant generation
experiments. J.W. and R.E.M. performed and analysed Whole genome sequencing and data
analysis. S.J.T., S.D.M., A.K.G.,, S.R. and S.H.P wrote the manuscript with contributions from

all co-authors.

ABBREVIATIONS
TB, tuberculosis; Mtb, Mycobacterium tuberculosis; Msm, Mycobacterium smegmatis; MIC,
minimum inhibitory concentration; HB, H-bond; SAR, structure-activity relationship; SPR,

structure property relationship; AUC, Area under the curve; f, free fraction; QD, once a day;

ACS Paragon F7|J]S Environment

Page 72 of 81



Page 73 of 81 Journal of Medicinal Chemistry

BID, twice a day; CFU, colony forming units; RT, room temperature; DME, 1,2-
dimethoxyethane; THF,  tetrahydrofuran; DMF,  N,N-dimethylformamide;  ABT,

aminobenzotriazole; BSL-3, Biosafety level 3 laboratory; Ox-phos, Oxidative phosphorylation;
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HTS, High throughput Screening; LHS, Left hand side; RHS, Right hand side; THNA,
13 tetrahydronaphthylamines; SQA, Squaramides; IPE, Imidazolo pyridine ethers; IMV, Inverted
15 membrane vesicles; SMP_ATPS, Mitochondrial ATP synthesis assay; Myc ATPS,

18 Mycobacterial ATP synthesis assay.
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28 inhibition, MBCs of IPE compounds, SNPs in SQA mutants, M. smegmatis MIC for IPEs, Cross
30 resistance profile of IPE & SQA compounds, Figures of sequence alignment of M. tuberculosis
33 subunit-a of ATP synthase with subunit-a of E. coli ATP synthase and 2D interaction diagram of
35 SQA ligands with M. tuberculosis ATP synthase. pdb files of mycobacterium ATP synthase with

ligands and a csv file with molecular string formula and biological data.
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Effective against Bedaquiline resistant strain
Efficacious in vivo
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