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Abstract

The pyridoxal 5’-phosphate (PLP)-dependent transaminase BioA catalyzes the second step in the
biosynthesis of biotin in Mycobacterium tuberculosis (Mtb) and is an essential enzyme for
bacterial survival and persistence in vivo. A promising BioA inhibitor 6 containing an N-aryl, A/ -
benzoylpiperazine scaffold was previously identified by target-based whole-cell screening. Here,
we explore the structure—activity relationships (SAR) through the design, synthesis, and biological
evaluation of a systematic series of analogues of the original hit using a structure-based drug
design strategy, which was enabled by cocrystallization of several analogues with BioA. To
confirm target engagement and discern analogues with off-target activity, each compound was
evaluated against wild-type (WT) Mtb in biotin-free and -containing medium as well as BioA
under- and overexpressing Mtb strains. Conformationally constrained derivative 36 emerged as the
most potent analogue with a Kp of 76 nM against BioA and a minimum inhibitory concentration
of 1.7 1M (0.6 pg/mL) against Mtb in biotin-free medium.
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INTRODUCTION

Tuberculosis (TB) is both an ancient scourge and a current global health crisis.> The
common ancestor of Mycobacterium tuberculosis (Mtb) and other members of the Mib
complex is thought to have evolved in Africa approximately 70,000 years ago,? and evidence
of Mitbinfection has been found in New Kingdom Egyptian3 as well as pre-Columbian
Peruvian* mummies. Today, TB is one of the top 10 causes of death worldwide.> In 2015,
there were approximately 1.8 million deaths from TB, including 400,000 deaths of those
also infected with HIV according to the World Health Organization (WHO).? On the basis of
the Joint United Nations Programme on HIV/AIDS (UNAIDS) reports, TB is the leading
cause of death in HIV-positive populations, accounting for more than 35% of all deaths
from AlDS-associated diseases.>:8 Although the worldwide prevalence of TB is decreasing,
it remains a threat, particularly to the HIV-positive population.”

The current first-line therapy recommendation is for 2 months of HRZE (isoniazid,
rifiampicin, pyrazinamide, and ethambutol, respectively) followed by a 4 month continuation
of HR therapy.® Although treatment-resistant TB has existed since the introduction of
modern TB therapeutics,® drug-resistant TB has now emerged as a global challenge, making
the standard drugs isoniazid and rifampicin ineffective toward combating some cases of
Mtb.20 The World Health Organization estimates that nearly half a million new cases of
multidrug resistant tuberculosis (MDR-TB) will occur each year.11 MDR-TB is particularly
prevalent in China, India, and Russia; these three countries account for more than 50% of all
MDR-TB cases.? Moreover, extensively drug-resistant TB (XDR-TB) is more challenging
to treat, resulting in an extremely high mortality rate. On its own, XDR-TB is a burgeoning
major global health problem.12:13 Treatment success rates for TB, MDR-TB, and XDR-TB
are 83, 52, and 28%, respectively.> Control of the TB epidemic is further complicated by
latent infections, and it is estimated that one in three people worldwide are infected with
Mtb. 1415 Consequently, there is an urgent need to develop drugs that act on novel
targets.14.16-20

One approach to designing new TB therapies is to target metabolic processes essential in
both active and latent stages of Mtb. Biotin (vitamin H, vitamin B7) biosynthesis is one such
pathway.?! Biotin 5 (Scheme 1) is an essential cofactor utilized by carboxylases in fatty acid
metabolism and gluconeogenesis pathways.22 Humans obtain biotin from intestinal
microflora, dietary sources, and recycling.23 However, Mtb synthesizes biotin de novo?*
because it cannot obtain sufficient levels of biotin to support growth in either mouse or
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man,28 which makes the biotin biosynthesis pathway an attractive target for new drug
discovery.

Biotin biosynthesis in Mtb involves the conversion of pimeloyl-CoA 1 to biotin 5 (Scheme
1) using the reactions catalyzed by enzymes 7-keto-8-aminopelargonic acid (KAPA)
synthase BioF, 7,8-diaminopelargonic acid (DAPA) synthase BioA, dethiobiotin (DTB)
synthetase (BioD), and biotin synthase (BioB). BioA, the target enzyme of the present work,
is the second enzyme in this pathway. A pyridoxal 5’-phosphate (PLP)-dependent enzyme,
BioA catalyzes the transamination of KAPA 2 to DAPA 3 using S-adenosylmethionine
(SAM) as an amino donor.2>-27 BioA has been shown to be essential for bacterial
persistence in a murine model of TB, making it a promising target for novel TB therapy.28
BioA has been structurally characterized?® and is amenable to biochemical
characterization.2” As such, it has been a target of our drug discovery efforts, and we have
identified several small molecule inhibitors of BioA, including reversible covalently
modifying hydrazines,3 an irreversible covalent inhibitor developed from
amiclenomycin31-33 and compounds identified through conventional in vitro screening
approaches.34

Most recently, a number of potent hits have been identified by a target-based whole-cell
screening approach including Ataryl, A -benzoylpiperazine 6, which was identified as the
most promising hit based on its combination of potency and selectivity (Figure 1A).3° The
compound shows good inhibition of BioA with an ICgg of 155 nM and reasonable on-target
activity against whole-cell Mtbin biotin-free medium with a minimum inhibitor
concentration of 26 M and no observed activity in biotin-supplemented medium.3536 |t has
a structural core comprised of a piperazine ring flanked by two aryl groups each attached to
a piperazine nitrogen: a 4-acetylphenyl ring on one side and a methylene-3,4-dioxybenzoyl
group on the other. To guide the structure-based optimization of 6, we cocrystallized 6 in
complex with BioA and subsequently solved the X-ray crystal structure at 1.6 A resolution
(Table S1; PDB ID: 4XJP).36 The complex shows that inhibitor 6 extends across the length
of a partially induced binding groove at the BioA monomer—-monomer interface and atop the
PLP cofactor. However, comparison of the shape of the BioA pocket to the shape of the
ligand in the complex led us to believe that opportunities for further inhibitor optimization
exist.

Guided by molecular structures, we have prepared three series of analogues of 6 to explore
the structure—activity relationship (SAR) of this scaffold (Figure 1B). The first series
investigated the replacement of the benzodioxole group with a number of aromatic systems,
a process that we call P1 (pocket 1) optimization. The second series explored modification
of the 4-acetylphenyl ring with various aromatic systems while keeping the best aryl moiety
at the P1 optimization site, which we call P2 optimization. The third series replaced the
central piperazine core with other isosteres. Combining some of the best features from these
series has led to the discovery of inhibitors more potent than the original hits.
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RESULTS AND DISCUSSION
Structure—Activity Relationship (SAR) Studies

Assessment of the antitubercular activity of all compounds was performed using the protocol
described by Park et al.3> The minimum inhibitory concentrations (MICs) were determined
with wild-type (WT) MtbH37Rv in biotin-free and -containing medium to identify
compounds with biotin-dependent activity. To provide further support for the mechanism of
action, we also evaluated the activity of every compound against BioA under- and
overexpressing Mtb strains (BioA-UE and BioA-OE, respectively). BioA-UE expresses
approximately 20% of BioA relative to WT Mtband is therefore more sensitive to BioA
inhibitors, whereas BioA-OE expresses approximately 1200% of BioA relative to WT Mtb
and thus should be more resistant to BioA inhibitors.

P1 Optimization—The benzodioxole group of 6 binds into a pocket (P1) at one end of the
ligand binding groove. Unlike P2, which is in part comprised of conformationally malleable
amino acid side chains, P1 is lined largely by backbone atoms that appear to be more rigid
(Figure 2A). In P1, the benzodioxole group is bound by Gly156-Tyr157 and a helical turn
formed by residues Cys168-Gly172, and it stacks directly alongside the peptide joining
Gly172 to Gly173. Most of the protein heteroatoms lining this pocket are already engaged in
hydrogen bonding with other protein atoms. Gly156 O, for example, is H-bonded to Asp169
NH. Consequently, the subsite is polar, but it does not afford many opportunities for
additional H-bonding. Such a site is well-suited to accommodate the benzodioxole moiety of
6.

There is, however, poor shape complementarity between the benzodioxole group and the
pocket surrounding it, suggesting that better substituents to fill this pocket might be found. A
series of alternatives to the benzodioxole group were explored (Table 1). It seemed that the
1,3-benzodioxole moiety of 6 was inadequate to completely fill the subsite, so larger
benzodioxoles, i.e., 1,4-benzodioxole 7 and 1,5-benzodioxole 8, were explored. The
dimension of the P1 pocket was further tested with smaller 5-membered heterocycles 15 and
16. All of these modifications drastically reduced potency under all conditions. In retrospect,
the larger aliphatic bridges of compounds 7 and 8 likely cannot be accommodated alongside
the Gly172 peptide bond as in 6. If the ring were to flip 180° around the aryl-amide bond, a
steric clash would arise with Tyr25.

On the other hand, the 3,4-dichlorophenyl analogue 9, which is a close conformational
mimic of the 1,3-benzodioxole moiety, was reasonably well-tolerated with a 2-fold loss in
potency against WT Mib in biotin-free medium. The findings that this compound had equal
susceptibility against WT Mtb in biotin-containing medium indicates undesirable off-target
activity. Removing the 4-chloro group produced the 3-chlorophenyl analogue 12, which
showed slightly improved activity against WT Mib over the original hit 6 and, unlike 9,
maintained on-target activity as judged by its activity profile. Comparison of the crystal
structure of the complex of BioA and 12 (PDB ID: 4W1X) with 6 (PDB ID: 4XJP) shows
that these two compounds bind very similarly.35:36
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There also appeared to be a penetrable gap between Tyr25 and Cys168 that might be filled
with substituents extending from the 5-position of the 3-chorophenyl ring. This led to the
synthesis of analogues 10 and 11 but neither produced improvements in potency over 6. One
explanation for the inactivity of select compounds 10 and 11 may be that any atom directly
connected to the 5-position of the chlorobenzene ring must pass very close to the OH of
Tyr25, which is already donating the hydrogen to Asp160 and might therefore repel the large
chlorine (10) or electronegative oxygen (11). Replacement of the phenyl ring with a pyridyl
ring in chloropyridyl 13 and pyridyl 14 obliterated activity, which together with the lack of
activity of the aforementioned thiazole 15 and pyrazole 16 derivatives demonstrates that the
presence of a phenyl ring at the P1 position is highly favorable. To complete our exploration
of the P1 subsite, we prepared a series of aliphatic analogues (17-20) that were devoid of
activity except for 19, which was nearly equipotent to 6 against WT Mtb. However, the MIC
of 19 was insensitive to exogenous biotin or BioA underexpression suggesting the activity of
this compound is largely due to off-target effects.

P2 Optimization—Compounds 6 and 12 share a common orientation for the 4-
acetylphenyl group in a hydrophobic pocket (P2) bound by the side chains of Pro24 and
Trp64 and loops Met’91-Gly’93 and Pro’317-Thr’318 (Figure 2A). (Here, and throughout
this discussion, a prime in the residue number identifies residues in the alternate monomer of
the BioA homodimer). Trp64 is induced into a side chain conformation that enables —r
stacking extending across the length of the acetylphenyl group, affirming the importance of
an aromatic substituent in P2. The acetyl carbonyl oxygen accepts a hydrogen bond from the
backbone amide of Gly’93, but backbone carbonyl groups from residues Pro’317 and Thr
’318 that are directed into the subsite make only weakly stabilizing polar interactions with
the acetyl methyl group (e.g., C-H---O hydrogen bonds). The next priority in exploring
analogue SAR was to modify the acetylphenyl group of 12 to explore more diverse
functional groups (Table 2).

The dimensions of P2 were tested with biphenyl moieties (e.g., 21 and 22) that are
privileged structures in drug discovery37 as well as smaller heterocyclic biphenyls (23-25).
Of the compounds bearing a biphenyl-like group, only oxazole 25 was as effective as the
original hit. Most other functional group substitutions at the 4-position of the pheny! ring
were inactive. The introduction of a methyl group in 23 and 24 obliterated activity. The loss
of activity by several of these can be attributed in retrospect to the apparent inflexibility of
the backbone of residues “317-"318, which, left unmoved, forms a stout wall of H-bond
acceptors inside the pocket that must resist interactions with H-bond acceptors of 31-33.
The position of the acetyl group is critical; meta-acetyl analogue 30 lost nearly 10-50-fold
in activity compared to the para-acetyl 12 against WT Mib and Bio-UE Mib strains. The
thiophene of 34 likely serves as a respectable isostere of 12 and retains comparable (but not
superior) activity. The replacement of the keto group with a ketoxime group of 35 resulted in
inferior activity. Several 3,4-bicyclic analogues (26—29) were inspired by the overlay of the
acetylphenyl group of 6 or 12 with an inden-1-one moiety found and characterized in
fragment screening (Figure 2B,C).38 These compounds generally retained some biological
activity, but only compound 26 with the identical inden-1-one of the original fragment hit
improved upon the activity of 12. A crystal structure of the complex with 26 (Table S1; PDB
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ID: 4XJ036) was determined. This structure confirms the predicted binding mode and
affirms the position of the inden-1-one with an H-bond to Gly’93 NH (2.8 A) as well as
tight packing against carbonyl oxygen atoms of Pro”317 and Thr’318 by carbon atoms in the
five-membered carbocycle (3.5 and 3.6 A, respectively).

Central Core Exploration—Several heterocyclic alternatives to the piperazinyl carbonyl
linker in the central core were explored (Table 3). Smaller inflexible triazole linkers (37 and
38) were inactive. Interestingly, the corresponding piperidinyl analogues of 12 and 6 (39 and
40, respectively) showed divergent activity. The chlorophenyl analogue 39 delivered modest
antitubercular activity, although much of that activity may be off-target. The benzodioxole
analogue 40 was completely inactive. We obtained a crystal structure of the complex with 39
(Table S1, Figure 2D, PDB ID: 5KGT). Both 6 and 12 derive some potency from planar
stacking between the amide bond of the piperazinyl carbonyl and Tyr25.38 The amide plane
is absent in piperidinyl analogues, but in the complex with 39, the ring pucker permits a
perfectly positioned C—H on C4 of the piperidine to donate a H-bond to the Tyr25 r-system,
whereas the position of the chlorophenyl ring is consistent with the positioning of the same
moiety in the complex with 12. To rationalize the complete lack of activity for 40, the
analogous crystal structure of 6 was examined. This structure shows that the piperazine in 6
must twist significantly to accommodate the benzodioxole in P1; a comparable twist applied
to the piperidine of 40 likely forces C4 out of proper alignment for a good interaction with
Tyr25, resulting in lower affinity and inactivity.

Combining the best of the P1 substituents with the best P2 group and flexible piperazinyl
linker resulted in compound 36, which has potent antitubercular activity with an improved
MIC of 1.7 M against WT Mib in biotin-free medium (Table 3). Moreover, 36 displays
biotin and BioA-dependent activity, consistent with the desired mechanism of action (Table
3 and Figure 3). We obtained the crystal structure of BioA with 36 (Table S1, Figure 2D,
PDB ID: 5KGS), which showed conserved binding modes for each of its distinct
substituents. The binding mode of the inden-1-one P2 substituent is highly similar to that of
26 in structure 4XJO3 (Table S1). A slight difference in planar orientation can be attributed
to a twist in the piperazinyl carbonyl core that appears to coincide with the P1 substituent
identity; one position is observed with the benzodioxole P1 group (6, 36), whereas the other
position is observed in compounds with 3-chlorophenyl P1 groups (12 and 26). To yield the
conserved piperazinyl carbonyl core twist, the benzodioxole group of 36 is bound in the
same fashion as the benzodioxole group of 6.

Overall, the SAR studies have shown that compounds 6, 12, 25-28, and 36 are effective
inhibitors of both BioA and Mtbwith MIC values from 1.7 (36) to 35 ¢M (27). Other
compounds (9, 11, 19, 22, and 32-35) inhibit WT Mtb with MIC values from 9.9 (34) to
40.8 M (29), but these compounds do not show biotin-dependent activity nor the predicted
monotonic behavior with BioA expression levels from the BioA-UE, BioA-OE, WT-biotin,
and WT+biotin inhibition experiments.
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Binding Affinity by Isothermal Titration Calorimetry (ITC)

BioA binding affinity (Kp) and thermodynamic parameters (AH, AS) of selected compounds
were determined by isothermal titration calorimetry (ITC) as shown in Table 4 with
representative 1TC data illustrated in Figure 4. The Kp values correlate well with the
corresponding MIC values. The most potent compound, 36, possessed a BioA Kp value of
74 nM. The tested compounds have a range of potencies spanning approximately 1 order of
magnitude from 74 to (36) to 886 nM (28).

Changes in the P1 group produce a consistent energetic profile. Compounds incorporating
the benzodioxole (compounds 6 or 36) reflect a significant enthalpic benefit upon binding
but at moderate entropic cost. This is a pattern expected to be found when good specific
interactions that restrict binding conformation are made. In the case of the benzoxazole, the
excellent geometry of weak CH---O interactions with Gly156 O and Cys168 CzH, and
Gly227 C,H can explain this stabilization pattern. Compounds that incorporate the
chlorophenyl in P1 consistently show a more balanced contribution to binding that are
favorable in both enthalpy and entropy. The chlorine of 12 lies centered between these same
protein structural elements but does not impose the same directional restraints as C---H
interactions made by the methylene bridge of the dioxolane.

We anticipated that cyclizing the acetylphenyl P2 group of 6 or 12 (resulting in 36 or 26,
respectively) might result in a smaller entropic binding penalty, but no consistent trend
confirming this prediction emerges from the ITC data. Alternate P2 closed-ring systems (27
and 28) were also explored using ITC. However, neither of these compounds were especially
potent or had significantly different thermodynamic parameters (Table 4).

In addition to potency, the thermodynamic parameters of binding can be key elements in
determining the best clinical candidate. Enthalpy-driven hits are often preferred because they
may be more amenable to future optimization.3%-41 In our series, the most potent inhibitor
(36) is driven by enthalpic stabilization but has an entropic binding cost, which may provide
an opportunity for future improvement.

Synthetic Chemistry

For the preparation of inhibitors in the P1 optimization series that involved modification of
the 1,3-benzodioxole ring with various other aromatic systems, the synthesis started from
condensation of piperazine 41 with 4’-fluoroacetophenone to afford monoaroylated
intermediate 42 (Scheme 2). Subsequent coupling with various carboxylic acids using
standard EDC-mediated conditions provided compounds 6-11 and 13-20. Similarly,
compound 36 was synthesized by the condensation of 41 with 5-fluoro-1-indanone to
furnish intermediate 43, which after EDC coupling with piperonylic acid afforded 36
(Scheme 2).

The synthesis of inhibitors in the P2 optimization series with modification of the
acetylphenyl ring started with monoaroylation of piperazine 41 with 3-chlorobenzoyl
chloride generated N-(3-chlorobenzoyl)piperazine 44 using a previously reported procedure
(Scheme 3).#2 Palladium-catalyzed amination®? in the presence of Cs,CO3 with an aryl
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bromide afforded compounds 12, 21-24, and 26-34. However, preparation of the remaining
two compounds in the series involved the functional group interconversions of methyl
ketone 12 to isoxazole 25 and oxime 35. Condensation of 12 with N, A~dimethylformamide
dimethyl acetal in o-xylene provided the keto-enamine intermediate, which when treated
with hydroxylamine hydrochloride in EtOH, underwent subsequent condensation to afford
25 (Scheme 3). Ketoxime 35 was prepared by the reaction of ketone 12 with hydroxylamine
hydrochloride in EtOH.

For linker optimization, two different linker moieties were employed for the replacement of
piperazine, 1,2,3-triazoles, and piperidine. Synthesis of inhibitors with the 1,2,3-triazoles
linker began with substitution of 3-chlorobenzyl chloride 45 with sodium azide to provide
intermediate 46.44 Subjection of azide 46 and the corresponding terminal alkynes to standard
click chemistry conditions afforded 37 and 38 (Scheme 4). For the synthesis of inhibitors
with a piperidine linker, the amino group of isonipecotic acid 47 was Boc protected followed
by the conversion of the carboxylic acid to Weinreb amide 48 (Scheme 5).4% Addition of an
aryllithium species to 48 afforded compounds 49 and 50. Deprotection of the Boc group
with TFA followed by palladium-catalyzed amination with 4-bromoacetophenone furnished
analogues 39 and 40.

CONCLUSIONS

The SAR of A-aryl, A/ -benzoylpiperazine 63° was explored through the preparation of 34
analogues that comprehensively examined the P1 group, P2 group, and piperazinyl carbonyl
core. The synthetic modifications were informed by multiple cocrystal structures of
analogues in the series. After investigating smaller and larger cyclic groups as well as
aliphatic groups, the best P1 groups were found to be benzodioxole and 3-chlorophenyl. In
the P2 group, only modification to an inden-1-one group resulted in analogues with
increased antitubercular activity. Explorations of the central core led to the conclusion that
the piperazinyl carbonyl core geometry is necessary for optimal P1 group binding. Although
many of the analogues displayed the expected BioA and biotin-dependent whole-cell
activity, we also observed several compounds that did not and therefore act through alternate
mechanisms, which helped clarify interpretation of the SAR. For example, compound 19
containing a pentyl side chain at P1 and compound 32 with a 4-cyanophenyl group at P2
each displayed nearly equal activity in biotin-free and -containing media. Moreover, the
activity did not vary significantly with BioA expression levels. Given the relatively simple
nature of the initial A-aryl, A/ -benzoylpiperazine scaffold, it is not altogether surprising that
some analogues could engage alternate targets because A-arylpiperazines have many
reported bioactivities. However, our analysis rapidly identified these off-targets hits and
allowed us to remain focused on compounds that operate through the desired mechanism of
action. Compound 26 containing the optimal P1 and P2 groups maintained the excellent
bioactivity of the initial hit, but successfully removed the methylenedioxy group, a known
toxicophore, and one rotatable bond through cyclization of the methyl ketone back onto the
phenyl ring. Compound 36 emerged as the most potent analogue with a minimum inhibitory
concentration of 1.7 4M against Mtb in biotin-free medium. Structures of BioA with both 26
and 36 indicate that the binding modes are nearly identical to 6, and thermodynamic data
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show that the binding is strongly enthalpy driven. Optimization of the thermodynamic
parameters of compounds like 36 to achieve additional entropic stabilization may present a
future avenue for the development of even more potent BioA inhibitors.

EXPERIMENTAL SECTION

BioA Protein Expression and Purification

N-terminally His-tagged BioA was overexpressed in Escherichia coli and purified using Ni
affinity and size exclusion chromatography as described previously.3446 Full saturation of
the active site by the PLP cofactor was ensured by adding 1 mM PLP to pooled protein as
eluted from the SEC column and confirmed using differential scanning fluorimetry as
previously described.34:46

Crystallography

Crystals of BioA were obtained by hanging drop vapor diffusion at 20 °C and a
microseeding technique under conditions of 100 mM HEPES pH 7.5 (Sigma Life Science),
100 mM MgCl, (EMD Chemicals), and 10-14% PEG 8000 (Acros Organics); drops
consisted of 2 4L of protein solution (13 mg/mL) in buffer from purification, 1.5 s of well
solution, and 0.5 zL of seed solution as previously reported.30:35.38 Complexes were
obtained by soaking using a 5 mM final concentration of the ligand. Co-crystals may also be
obtained using the drop setup as above supplemented with 0.15 gL of ligand solution (50
mM). Crystals were cryoprotected using well solution supplemented with 15% PEG 400
(Sigma Life Science), followed by flash vitrification in liquid nitrogen.

Data for structures 4XJO, 4XJP, and 5KGS were collected at APS beamline 17-1D (IMCA-
CAT) equipped with a Dectris Pilatus 6 M detector at 100 K. Data for structure 5KGT were
collected at ALS beamline 4.2.2 equipped with an RDI 8 M detector at 100 K. The data
were processed using AutoProc*” or XDS8 and solved with Phaser,*° using the coordinates
from structure 4W1X or 3TFT.31:35 Refinement was carried out in Phenix,?%51 and
visualization was performed in Coot.>2 Ligand restraints were calculated using JLigand.>3

Isothermal Titration Calorimetry (ITC)

ITC was conducted on a MicroCal Auto-iTC200 microcalorimeter (Malvern Instruments
Ltd., UK) with a cell volume of 200 /L and a syringe volume of 40 L. All experiments
were performed at 25 °C in ITC buffer (25 mM HEPES [pH 7.5] and 50 mM NaCl). BioA
was exchanged into this buffer using an Amicon Ultra concentrator, and the final enzyme
concentration was determined using a NanoDrop instrument with the calculated extinction
coefficient egg (£2g9 = 64900 M~1 cm™1). The concentration of BioA was 10 zM. The
ligand concentration was 100 &M, which was prepared by diluting a 20 mM DMSO stock
with the ITC buffer. DMSO was added to the corresponding BioA protein solution to
equalize the DMSO concentrations. All titrations were performed with a stirring speed of
750 rpm and a 150 s interval between 2 4L injections. The initial injection was not used for
data fitting. Titrations were run past the point of enzyme saturation to determine and correct
the heats of dilution. Data were fit to a theoretical titration curve using the Origin software
package (version 7.0) provided with the instrument to obtain K (the association constant in
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M1y and AH (enthalpy) of binding. The thermodynamic parameters (AG and — 7AS) are
calculated using eq 1

AG=— RTK,=AH - TAS (1)

where AG, AH, and AS are the changes in free energy, enthalpy, and entropy of binding,
respectively, R=1.98 cal mol~1 K1, and Tis the absolute temperature. The affinity of the
ligands for BioA is provided as the dissociation constant (Kp = 1/Kja). Average
thermodynamic parameters and standard errors (Table 4) were computed from triplicate
experiments.

Mtb Whole-Cell Growth Assay (MIC Determination)

Synthesis

The Mtbwhole-cell assay for the MIC determination was performed using a method
previously described.3° Briefly, Mt WT, BioA-UE, and BioA-OE were grown in Sauton’s
medium (0.5 g KH,POy, 0.5 g of MgSQO,4-7H20, 2.0 g of citric acid, 0.05 g of ferric
ammonium citrate, 60 mL of glycerol, 4.0 g of asparagine, 0.1 mL of 1% ZnSQy, and 0.02%
tyloxapol in 1 L) containing 1 4M biotin to an ODsgg nm between 1.0 and 1.2. The cells were
subsequently harvested by centrifugation, washed twice with biotin-free Sauton’s medium,
and diluted in 96-well plates to an ODsgq nm 0f 0.03. To set up the Mtb WT with or without
biotin plates, 1 M biotin or no biotin was added to the plates, respectively. To set up the
Mitb BioA-UE or BioA-OE plates, 200 ng/mL anhydrotetracycline was added to the plates
containing BioA-UE or BioA-OE stain, respectively, to achieve the desired level of BioA
expression.

The compounds were added to final concentrations between 0.2 and 50 M. Wells
containing no compound were used as controls. Plates were incubated at 37 °C, and optical
density was measured after 9 days. All growth assays were performed in triplicate with two
biological replicates. MIC values were calculated using Prism (version 5.01).

General—Chemicals and solvents were purchased from Acros Organics, Alfa Aesar,
Sigma-Aldrich, and TCI America and were used as received. An anhydrous solvent
dispensing system using two packed columns of neutral alumina was used for drying THF
and CH,Cl,, and the solvents were dispensed under argon gas (Ar). EtOAc and hexanes
were purchased from Fisher Scientific. TLC analyses were performed on TLC silica gel
plates 60 Fo54 from EMD Millipore Inc. and were visualized with UV light. Purification by
flash chromatography was performed using a medium-pressure flash chromatography
system equipped with flash column silica cartridges with the indicated solvent system. 1H
and 13C spectra were recorded on a 400 MHz Varian NMR spectrometer. Proton chemical
shifts are reported in ppm from an internal standard of residual chloroform (7.26), methanol
(3.31), dimethyl sulfoxide (2.50), or monodeuterated water (HDO, 4.79); carbon chemical
shifts are reported in ppm from an internal standard of residual chloroform (77.2), methanol
(49.1), or dimethyl sulfoxide (39.5). Proton chemical data are reported as follows: chemical
shift, multiplicity (s = singlet, d = doublet, dt = doublet of triplets, t = triplet, q = quartet,
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pent = pentet, m = multiplet, ap = apparent, br = broad), coupling constant(s), integration.
High-resolution mass spectra (HRMS) were obtained on a Bruker BioTOF Il instrument.
Purity of the final compounds was determined by 1H NMR and reverse-phase HPLC and
was =95%.

General Procedure A: EDC Coupling—To a solution of 42 (1.2 mmol, 1.20 equiv) and
the corresponding carboxylic acid (1 mmol, 1.00 equiv) in DMF (7 mL) was added EDC (1
mmol, 1.00 equiv) followed by DMAP (1 mmol, 1.00 equiv) at 23 °C. The reaction was
stirred for 16 h at 23 °C and quenched with water (25 mL). The mixture was extracted with
EtOAc (3 x 50 mL). The combined organic layers were washed by saturated aqueous NaCl,
dried (NaySO,), filtered, and concentrated under reduced pressure. Purification by flash
chromatography on silica gel (1:1 hexanes/EtOAc) afforded the coupled product.

1-(4-(4-(Benzo[d][1,3]dioxole-5-carbonyl)piperazin-1-yl)phenyl)-ethanone 6—
Compound 42 (98 mg, 0.48 mmol) was coupled with piperonylic acid (66 mg, 0.40 mmol)
using general procedure A for EDC coupling. Purification by flash chromatography (1:1
hexanes/EtOAc) afforded the title compound (110 mg, 78%) as a white solid: mp 140-

141 °C; R¢=0.23 (1:1 hexanes/EtOAc); 'H NMR (400 MHz, CDCl3) 5§7.85 (d, J= 8.5 Hz,
2H), 6.94-6.91 (m, 2H), 6.85-6.79 (m, 3H), 5.97 (s, 2H), 3.73 (s, 4H), 3.35-3.33 (m, 4H),
2.48 (s, 3H); 13C NMR (100 MHz, CDCl3) 6196.30, 169.8, 153.6, 148.9, 147.6, 130.2,
128.7,128.2,121.6, 113.8, 108.1, 107.9, 101.4, 47.5, 26.0; HRMS (ESI+) calcd for
CooHooN>NaO4* 375.1315, found 375.1324 (error 2.4 ppm).

1-(4-(4-(2,3-Dihydrobenzo[b][1,4]dioxine-6-carbonyl)piperazin-1-
yl)phenyl)ethanone 7—Compound 42 (98 mg, 0.48 mmol) was coupled with 1,4-
benzodioxane-6-carboxylic acid (72 mg, 0.40 mmol) using general procedure A for EDC
coupling. Purification by flash chromatography (1:1 hexanes/EtOAc) afforded the title
compound (95 mg, 65%) as a white solid: mp 173-174 °C; R¢=0.14 (1:1 hexanes/
EtOAc); IH NMR (400 MHz, CDCl3) 67.86 (d, /= 8.5 Hz, 2H), 6.98-6.91 (m, 2H), 6.88—
6.84 (m, 3H), 4.26 (s, 4H), 3.75 (s, 4H), 3.35 (s, 4H), 2.50 (s, 3H); 13C NMR (100 MHz,
CDCl3) 6196.4, 169.9, 153.7, 145.1, 143.3, 130.3, 128.23, 128.16, 120.7, 117.2, 116.7,
113.8, 64.4, 64.2, 47.6, 26.1; HRMS (ESI+) calcd for Cy1HoNoNaO4+ 389.1472, found
389.1462 (error 2.6 ppm).

1-(4-(4-(3,4-Dihydro-2H-benzo[b][1,4]dioxepine-7-carbonyl)-piperazin-1-
yl)phenyl)ethanone 8—Compound 42 (98 mg, 0.48 mmol) was coupled with 3,4-
dihydro-2H-1,5-benzodioxepine-7-carboxylic acid (78 mg, 0.40 mmol) using general
procedure A for EDC coupling. Purification by flash chromatography (1:1 hexanes/EtOAc)
afforded the title compound (108 mg, 71%) as a white solid: mp 183-185 °C; R¢=0.14 (1:1
hexanes/EtOAc); IH NMR (400 MHz, CDCl3) 67.84 (d, J= 8.4 Hz, 2H), 7.05-6.97 (m,
3H), 6.83 (d, J=8.5 Hz, 2H), 4.26-4.18 (m, 4H), 3.73 (s, 4H), 3.34 (s, 4H), 2.48 (s, 3H),
2.3-1.96 (m, 2H); 13C NMR (100 MHz, CDCl3) 6196.3, 169.6, 153.6, 152.4, 150.7, 10.2,
130.0, 128.2, 122.3, 121.5, 120.8, 113.8, 70.4, 70.3, 47.5, 41.9, 31.2, 26.0; HRMS (ESI+)
calcd for CyoHo4NoNaO,* 403.1628, found 403.1640 (error 3.0 ppm).
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1-(4-(4-(3,4-Dichlorobenzoyl)piperazin-1-yl)phenyl)ethanone 9—Compound 42
(43 mg, 0.21 mmol) was coupled with 3,4-dichlorobenzoic acid (34 mg, 0.18 mmol) using
general procedure A for EDC coupling. Purification by flash chromatography (1:1 hexanes/
EtOAC) afforded the title compound (46 mg, 68%) as a white solid: mp 123-124 °C; R¢=
0.33 (1:1 hexanes/EtOAc); 1H NMR (400 MHz, CDCl3) 67.89-7.86 (m, 2H), 7.54-7.49 (m,
2H), 7.27 (dd, J= 8.3, 2.3 Hz, 1H), 6.88-6.85 (m, 2H), 3.86 (s, 2H), 3.63 (s, 2H), 3.37 (s,
4H), 2.52 (s, 3H); 13C NMR (100 MHz, CDCl3) 6196.4, 167.9, 153.5, 135.0, 134.4, 133.1,
130.7,130.3, 129.3, 128.6, 126.4, 114.1, 47.6, 42.2, 26.1; HRMS (ESI+) calcd for
C19H15CIoN,oNaO,* 399.0638, found 399.0630 (error 2.0 ppm).

1-(4-(4-(3,5-Dichlorobenzoyl)piperazin-1-yl)phenyl)ethanone 10—Compound 42
(98 mg, 0.48 mmol) was coupled with 3,5-dichlorobenzoic acid (76 mg, 0.40 mmaol) using
general procedure A for EDC coupling. Purification by flash chromatography (1:1 hexanes/
EtOAC) afforded the title compound (105 mg, 70%) as a white solid: mp 194-195 °C; R¢=
0.41 (1:1 hexanes/EtOAc); 1H NMR (400 MHz, CDCl3) §7.87 (d, /= 8.5 Hz, 2H), 7.42 (d,
J=2.3 Hz, 1H), 7.31-7.30 (m, 2H), 6.86 (d, /= 8.5 Hz, 2H), 3.88 (s, 2H), 3.59 (s, 2H), 3.39
(s, 4H), 3.33 (s, 1H), 2.51 (s, 3H); 13C NMR (100 MHz, CDCl3) §196.4, 167.3, 153.5,
138.0, 135.5, 130.3, 130.0, 128.6, 125.5, 114.1, 47.9, 41.8, 26.1; HRMS (ESI+) calcd for
C19H15CIoN,oNaO,* 399.0638, found 399.0628 (error 2.5 ppm).

1-(4-(4-(3-Chloro-5-methoxybenzoyl)piperazin-1-yl)phenyl)-ethanone 11—
Compound 42 (98 mg, 0.48 mmol) was coupled with 3-chloro-5-methoxybenzoic acid (75
mg, 0.40 mmol) using general procedure A for EDC coupling. Purification by flash
chromatography (1:1 hexanes/EtOAc) afforded the title compound (121 mg, 81%) as a white
solid: mp 196-197 °C; R¢= 0.22 (1:1 hexanes/EtOAc); 1H NMR (400 MHz, CDCls) §7.84
(d, J=8.5 Hz, 2H), 6.95-6.92 (m, 2H), 6.84-6.82 (m, 3H), 3.85 (s, 2H), 3.85-3.78 (m, 5H),
3.56 (s, 2H), 3.35 (s, 4H), 2.48 (s, 3H); 13C NMR (100 MHz, CDCl3) 6196.3, 168.5, 160.3,
153.5, 137.6, 135.1, 130.2, 128.3, 119.0, 115.6, 113.8, 111.2, 55, 47.6, 41.6, 26.0; HRMS
(ESI+) calcd for CogH»1CINoNaO3™ 395.1133, found 395.1143 (error 2.5 ppm).

1-(4-(4-(3-Chlorobenzoyl)piperazin-1-yl)phenyl)ethanone 12—Compound 44 (0.20
g, 0.90 mmol) was coupled with 4’-bromoacetophenone (0.15 g, 0.75 mmol) using general
procedure B. Purification by flash chromatography (1:1 hexanes/EtOAc) afforded the title
compound (0.18 g, 69%) as a white solid: mp 142-143 °C; R¢= 0.65 (EtOAc); 1H NMR
(400 MHz, CDCl3) 6§7.89-7.86 (m, 2H), 7.43-7.29 (m, 4H), 6.88-6.84 (m, 2H), 3.89 (s,
2H), 3.60 (s, 2H), 3.37 (s, 4H), 2.51 (s, 3H); 13C NMR (100 MHz, CDCl3) §196.4, 168.8,
153.6, 137.0, 134.7, 130.3, 130.1, 130.0, 128.5, 127.3, 125.1, 114.0, 47.7 (br), 41.8 (br),
26.1; HRMS (ESI+) calcd for C;gH19CINoNaO,* 365.1027, found 365.1029 (error 0.5

ppm).

1-(4-(4-(5-Chloronicotinoyl)piperazin-1-yl)phenyl)ethanone 13—Compound 42
(98 mg, 0.48 mmol) was coupled with 5-chloronicotinic acid (63 mg, 0.40 mmol) using
general procedure A for EDC coupling. Purification by flash chromatography (1:1 hexanes/
EtOAC) afforded the title compound (90 mg, 66%) as a white solid: mp 161-162 °C; R¢=
0.13 (1:1 hexanes/EtOAc); 1H NMR (400 MHz, CDCl3) §8.64-8.58 (m, 1H), 8.53 (s, 1H),
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7.85 (d, J= 8.5 Hz, 2H), 7.76 (s, 1H), 6.84 (d, J= 8.5 Hz, 2H), 3.89 (s, 2H), 3.62-3.57 (m,
2H), 3.43-3.31 (m, 4H), 2.48 (s, 3H); 13C NMR (100 MHz, CDCl3) §196.3, 166.1, 153.4,
149.9, 145.5, 134.7, 132.2, 131.9, 130.2, 128.6, 114.0, 47.1, 41.8, 26.1; HRMS (ESI+) calcd
for C1gH1gCIN3NaO,™ 366.0980, found 366.0967 (error 3.6 ppm).

1-(4-(4-Nicotinoylpiperazin-1-yl)phenyl)ethanone 14—Compound 42 (74 mg, 0.36
mmol) was coupled with nicotinic acid (37 mg, 0.30 mmol) using general procedure A for
EDC coupling. Purification by flash chromatography (2:1 DCM/CH3CN) afforded the title
compound (66 mg, 71%) as a white solid: mp 142-143 °C; R¢=0.24 (2:1 DCM

—CH3CN); H NMR (400 MHz, CDCl3) 68.68 (d, /= 5.2 Hz, 2H), 7.88 (d, J= 8.5 Hz, 2H),
7.78 (dt, /=7.9, 1.9 Hz, 1H), 7.38 (dd, J= 7.9, 5.0 Hz, 1H), 6.87 (d, /= 8.6 Hz, 2H), 3.92
(s, 2H), 3.62 (s, 2H), 3.39 (s, 4H), 2.51 (s, 3H); 13C NMR (100 MHz, CDCl3) 6196.4,
167.8, 153.5, 151.0, 147.9, 135.1, 131.1, 130.3, 128.6, 123.5, 114.0, 47.6, 42.0, 26.1; HRMS
(ESI+) calcd for C1gH19N3NaO,* 332.1369, found 332.1360 (error 2.7 ppm).

1-(4-(4-(Thiazole-4-carbonyl)piperazin-1-yl)phenyl)ethanone 15—Compound 42
(74 mg, 0.36 mmol) was coupled with 4-thiazolecarboxylic acid (39 mg, 0.30 mmol) using
general procedure A for EDC coupling. Purification by flash chromatography (EtOAc)
afforded the title compound (68 mg, 72%) as a white solid: mp 118-119 °C; R¢=0.24
(EtOAC); TH NMR (400 MHz, CDCl3) 68.79 (d, J= 2.1 Hz, 1H), 8.05 (d, J= 2.2 Hz, 1H),
7.87-7.85 (m, 2H), 6.85 (d, J= 8.9 Hz, 2H), 4.10 (s, 2H), 3.92 (s, 2H), 3.41 (s, 4H), 2.49 (s,
3H); 13C NMR (100 MHz, CDCl3) §196.4, 162.3, 153.7, 151.9, 130.3, 128.1, 125.3, 113.6,
47.8,47.1, 46.4, 42.3, 26.0; HRMS (ESI+) calcd for C1gH;7N3NaO,S* 338.0934, found
338.0928 (error 1.8 ppm).

1-(4-(4-(1-Methyl-1H-pyrazole-4-carbonyl)piperazin-1-yl)phenyl)-ethanone 16—
Compound 42 (74 mg, 0.36 mmol) was coupled with 1-methyl-1H-pyrazole-4-carboxylic
acid (38 mg, 0.30 mmol) using general procedure A for EDC coupling. Purification by flash
chromatography (1:4 DCM/CH3CN) afforded the title compound (68 mg, 73%) as a white
solid: mp 170-171 °C; R¢= 0.18 (1:4 DCM/CH3CN); IH NMR (400 MHz, CDCl3) 67.86
(d, /=8.0, 2H), 7.72 (s, 1H), 7.62 (s, 1H), 6.84 (d, J= 8.0, 2H), 3.89 (s, 3H), 3.85 (t, /= 4.0
Hz, 4H), 3.38 (t, J= 4.0 Hz, 4H), 2.48 (s, 3H); 13C NMR (100 MHz, CDCl3) §196.4, 167.8,
153.5,151.0, 147.9, 135.1, 131.1, 130.3, 128.6, 123.5, 114.0, 47.7, 41.8, 26.1; HRMS (ESI
+) caled for C17HgN4NaO,* 335.1478, found 335.1477 (error 0.3 ppm).

1-(4-(4-Acetylphenyl)piperazin-1-yl)propan-1-one 17—Compound 42 (49 mg, 0.24
mmol) was coupled with propionic acid (0.015 mL, 0.20 mmol) using general procedure A
for EDC coupling. Purification by flash chromatography (1:1 hexanes/EtOAc) afforded the
title compound (42 mg, 81%) as a white solid: mp 75-76 °C; R¢=0.07 (1:1 hexanes/
EtOAc); 1H NMR (400 MHz, CDCl3) 67.6 (d, J= 8 Hz, 2H), 6.5 (d, /= 8 Hz, 2H), 3.76 (d,
J=5.6 Hz, 2H), 3.61 (d, /= 5.4 Hz, 2H), 3.34 (dt, /= 12.1, 5.0 Hz, 4H), 2.50 (d, /= 2.2 Hz,
3H), 2.37 (qd, J= 7.5, 2.1 Hz, 2H), 1.16 (td, J= 7.4, 2.2 Hz, 3H); 13C NMR (100 MHz,
CDCl3) §196.4, 172.3, 153.6, 130.3, 128.2, 113.7, 47.5, 47.3, 44.7, 40.9, 26.4, 26.1, 9.3;
HRMS (ESI+) calcd for C15Ho9N,NaO,* 283.1417, found 283.1423 (error 2.1 ppm).
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1-(4-(4-Acetylphenyl)piperazin-1-yl)butan-1-one 18—Compound 42 (49 mg, 0.24
mmol) was coupled with butyric acid (0.018 mL, 0.20 mmol) using general procedure A for
EDC coupling. Purification by flash chromatography (1:1 hexanes/EtOAc) afforded the title
compound (46 mg, 84%) as a white solid: mp 78-79 °C; R¢= 0.19 (1:1 hexanes/EtOAc); 1H
NMR (400 MHz, CDCl3) 6§7.85 (d, /= 8.8 Hz, 2H), 6.84 (d, /= 8.9 Hz, 2H), 3.75 (t, /= 5.3
Hz, 2H), 3.62 (t, /= 5.2 Hz, 2H), 3.44-3.21 (m, 4H), 2.49 (s, 3H), 2.32 (t, /= 7.6 Hz, 2H),
1.63-1.69 (m, 2H), 0.96 (t, /= 8 Hz, 3H); 13C NMR (100 MHz, CDCl3) §196.3, 171.5,
153.6, 130.3, 128.1, 113.6, 47.58, 47.3, 44.9, 40.8, 35.0, 26.0, 18.6, 13.9; HRMS (ESI+)
caled for C1gH2oNoNaO,* 297.1573, found 297.1580 (error 2.4 ppm).

1-(4-(4-Acetylphenyl)piperazin-1-yl)hexan-1-one 19—Compound 42 (49 mg, 0.24
mmol) was coupled with hexanoic acid (0.025 mL, 0.20 mmol) using general procedure A
for EDC coupling. Purification by flash chromatography (1:1 hexanes/EtOAc) afforded the
title compound (52 mg, 86%) as a white solid: mp 73-74 °C; R¢=0.20 (1:1 hexanes/
EtOAc); IH NMR (400 MHz, CDCl3) 67.84 (d, J= 8.4 Hz, 2H), 6.83 (d, J= 8.5 Hz, 2H),
3.74 (t, J=5.2 Hz, 2H), 3.61 (t, J= 5.1 Hz, 2H), 3.32 (dt, J= 11.6, 5.1 Hz, 4H), 2.48 (s, 3H),
2.32 (t, J= 7.7 Hz, 2H), 1.62 (t, J= 7.4 Hz, 2H), 1.31 (d, /= 6.4 Hz, 4H), 0.87 (d, /= 6.3
Hz, 3H); 13C NMR (100 MHz, CDCl3) §196.3, 171.7, 153.6, 130.3, 128.1, 113.6, 47.5,
47.3,44.9,40.9, 33.1, 31.5, 26.1, 24.9, 22.4, 13.9; HRMS (ESI+) calcd for
C1gH26N>NaO,* 325.1886, found 325.1901 (error 4.6 ppm).

1-(4-(4-Acetylphenyl)piperazin-1-yl)-3-methylbutan-1-one 20—Compound 42 (49
mg, 0.24 mmol) was coupled with isovaleric acid (0.022 mL, 0.20 mmol) using general
procedure A for EDC coupling. Purification by flash chromatography (1:1 hexanes/EtOAc)
afforded the title compound (47 mg, 81%) as a white solid: mp 57-58 °C; R¢=0.21 (1:1
hexanes/EtOAc); 1H NMR (400 MHz, CDCl3) §7.85 (d, /= 8 Hz, 2H), 6.84 (d, J= 8 Hz,
2H), 3.76 (t, /= 5.5 Hz, 2H), 3.63 (t, /= 4.0 Hz, 2H), 3.49-3.16 (m, 4H), 2.49 (s, 3H), 2.23
(dd, J=7.0, 2.4 Hz, 2H), 2.12 (t, J= 6.5 Hz, 1H), 0.97 (dd, J= 6.6, 2.5 Hz, 6H); 13C NMR
(100 MHz, CDCl3) 6196.3, 171.0, 153.6, 130.3, 128.1, 113.7, 47.6, 47.3, 45.1, 41.9, 40.9,
26.1, 25.7, 22.6; HRMS (ESI+) calcd for C17H4N,NaO,* 311.1730, found 311.1738 (error
2.6 ppm).

(3-Chlorophenyl)(4-(4-(pyridin-2-yl)phenyl)piperazin-1-yl)-methanone 21—
Compound 44 (92 mg, 0.41 mmol) was coupled with 2-(4-bromophenyl)pyridine (80 mg,
0.34 mmol) using general procedure B. Purification by flash chromatography (1:1 hexanes/
EtOAc) afforded the title compound (73 mg, 57%) as a light brown solid: mp 158-159 °C;
R¢=0.19 (1:1 hexanes/EtOAc); IH NMR (400 MHz, CDCls) 68.64 (dt, /= 4.9, 1.4 Hz,
1H), 7.99-7.90 (m, 2H), 7.75-7.63 (m, 2H), 7.47-7.28 (m, 3H), 7.16 (ddd, /= 6.7, 4.8, 1.5
Hz, 1H), 7.05-6.96 (m, 3H), 3.94 (s, 2H), 3.61 (s, 2H), 3.34 (s, 2H), 3.25 (s, 2H); 13C NMR
(100 MHz, CDCl3) 6168.7, 156.8, 151.1, 149.4, 137.2, 136.6, 134.6, 131.1, 129.91, 129.87,
127.7,127.2,125.1, 121.2, 119.5, 116.1, 48.9 (br), 47.3, 42.0; HRMS (ESI+) calcd for
Cy,H50CIN3NaO* 400.1187, found 400.1176 (error 2.7 ppm).

(3-Chlorophenyl)(4-(5-methoxypyridin-2-yl)piperazin-1-yl)-methanone 22—
Compound 44 (92 mg, 0.41 mmol) was coupled with 2-(4-bromophenyl)-5-methoxypyridine
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(90 mg, 0.34 mmol) using general procedure B. Purification by flash chromatography (1:1
hexanes/EtOAC) afforded the title compound (71 mg, 51%) as a light brown solid: mp 165-
166 °C; R¢=0.70 (1:1 hexanes/EtOAc); 1H NMR (400 MHz, CDCl3) §8.34 (s, 1H), 7.86
(d, J= 8.3 Hz, 2H), 7.59 (d, J= 8.7 Hz, 1H), 7.46-7.28 (m, 5H), 6.98 (d, J= 8.4 Hz, 2H),
4.05-3.88 (m, 5H), 3.59 (s, 2H), 3.30 (s, 2H), 3.21 (s, 2H); 13C NMR (100 MHz, CDCl3) &
168.7, 154.3, 150.6, 149.8, 137.2, 136.8, 134.6, 131.3, 130.0, 129.9, 127.3, 127.2, 125.1,
121.4,119.9, 116.4, 55.6, 49.4, 47.4, 42.1; HRMS (ESI+) calcd for

Co3H2>CIN3NaO,* 430.1293, found 430.1283 (error 2.3 ppm).

(3-Chlorophenyl)(4-(4-(3-methyl-1,2,4-oxadiazol-5-yl)phenyl)-piperazin-1-
yl)methanone 23—Compound 44 (88 mg, 0.39 mmol) was coupled with 5-(4-
bromophenyl)-3-methyl-1,2,4-oxadiazole (76 mg, 0.32 mmol) using general procedure B.
Purification by flash chromatography (1:1 hexanes/EtOAc) afforded the title compound (44
mg, 36%) as a light brown solid: mp 195-196 °C; R¢= 0.21 (1:1 hexanes/EtOAc); 1H NMR
(400 MHz, CDCl3) 68.07-7.96 (m, 2H), 7.48-7.26 (m, 4H), 7.00-6.91 (m, 2H), 3.92 (s,
2H), 3.63 (s, 2H), 3.39 (s, 4H), 2.44 (s, 3H); 13C NMR (100 MHz, CDCl3) §175.3, 168.9,
167.5, 153.3, 137.0, 134.7, 130.2, 130.0, 129.6, 127.3, 125.2, 114.9, 114.8, 47.7, 42.0;
HRMS (ESI+) calcd for CogH19CINgNaO,* 405.1089, found 405.1102 (error 3.2 ppm).

(3-Chlorophenyl)(4-(4-(1-methyl-1H-tetrazol-5-yl)phenyl)-piperazin-1-
yl)methanone 24—Compound 44 (0.12 g, 0.55 mmol) was coupled with 5-(4-
bromophenyl)-1-methyl-1AH-tetrazole (0.11 g, 0.46 mmol) using general procedure B.
Purification by flash chromatography (1:1 hexanes/EtOAc) afforded the title compound
(0.12 g, 66%) as a light brown solid: mp 202-203 °C; R¢= 0.21 (1:1 hexanes/EtOAc); 1H
NMR (400 MHz, CDCl3) 6§8.01 (d, /= 8.4 Hz, 2H), 7.42-7.27 (m, 4H), 6.96 (d, /= 8.4 Hz,
2H), 4.33 (s, 3H), 3.90 (s, 2H), 3.57 (s, 2H), 3.32 (s, 2H), 3.23 (s, 2H); 13C NMR (100 MHz,
CDCl3) 6168.7, 165.0, 151.9, 137.1, 134.6, 130.0, 129.9, 127.8, 127.2, 125.1, 118.8, 115.8,
48.7, 48.5, 47.1, 41.9, 39.3; HRMS (ESI+) calcd for C1gH19CINgNaO™ 405.1201, found
405.1216 (error 3.7 ppm).

(3-Chlorophenyl)(4-(4-(isoxazol-5-yl)phenyl)piperazin-1-yl)-methanone 25—The
solution of 12 (50 mg, 0.15 mmol) and N, A-dimethylformamide dimethyl acetal (0.022 mL,
0.15 mmol) in O-xylene (2 mL) was refluxed for 8 h. After removing the solvent under
reduced pressure, hydroxylamine hydrochloride (10 mg, 0.14 mmol) was added followed by
EtOH (2 mL). The mixture was heated at 78 °C for 10 h. After cooling to 23 °C, H,0 (5
mL) was added. The mixture was extracted with EtOAc (3 x 10 mL). The combined organic
layers were washed by saturated aqueous NaCl, dried (Nay,SQOy), filtered, and concentrated
under reduced pressure. Purification by flash chromatography on silica gel (1:1 hexanes/
EtOAC) afforded the title compound (16 mg, 30%) as a light brown solid: mp 108-109 °C;
R¢=0.21 (1:1 hexanes/EtOAc); 1H NMR (400 MHz, CDCl3) 68.24 (d, /= 1.9 Hz, 1H),
7.74-7.68 (m, 2H), 7.46-7.35 (m, 3H), 7.32 (dt, J= 7.4, 1.5 Hz, 1H), 6.99-6.94 (m, 2H),
6.38 (d, J= 1.9 Hz, 1H), 3.92 (s, 2H), 3.60 (s, 2H), 3.32 (s, 4H); 13C NMR (100 MHz,
CDCl3) 6169.3, 168.8, 151.6, 150.8, 137.1, 134.7, 130.1, 130.0, 127.3, 127.2, 125.2, 119.2,
115.9, 97.1, 48.5, 47.4, 41.8; HRMS (ESI™) calcd for CogH1gCIN3NaO,* 390.0980, found
390.0992 (error 3.1 ppm).
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5-(4-(3-Chlorobenzoyl)piperazin-1-yl)-2,3-dihydro-1H-inden-1-one 26—
Compound 44 (31 mg, 0.14 mmol) was coupled with 5-bromo-1-indanone (25 mg, 0.12
mmol) using general procedure B. Purification by flash chromatography (1:1 hexanes/
EtOAC) afforded the title compound (32 mg, 76%) as a light brown oil: R¢=0.21 (1:1
hexanes/EtOAC); 1H NMR (400 MHz, CDCl3) §7.65 (d, /= 8.6 Hz, 1H), 7.47-7.30 (m,
4H), 6.87 (dd, /=8.7, 2.2 Hz, 1H), 6.82 (d, /= 2.1 Hz, 1H), 3.89 (s, 2H), 3.63 (s, 2H), 3.42
(s, 4H), 3.06-3.03 (m, 2H), 2.66-2.63 (m, 2H); 13C NMR (100 MHz, CDCl3) 6 205.0,
168.9, 157.8, 155.3, 136.9, 134.7, 130.2, 130.0, 128.8, 127.3, 125.2, 114.9, 110.6, 77.2,
47.9, 42.0, 36.4, 25.9; HRMS (ESI+) calcd for CogH19CIN,NaO,* 377.1027, found
377.1017 (error 2.7 ppm).

5-(4-(3-Chlorobenzoyl)piperazin-1-yl)isobenzofuran-1(3H)-one 27—Compound
44 (154 mg, 0.68 mmol) was coupled with 5-bromophthalide (121 mg, 0.57 mmol) using
general procedure B. Purification by flash chromatography (1:1 hexanes/EtOAc) afforded
the title compound (81 mg, 40%) as a light brown solid: mp 154-155 °C; R¢=0.11 (1:1
hexanes/EtOAc); IH NMR (400 MHz, CDCl3) 67.75 (d, J= 8.6 Hz, 1H), 7.47-7.33 (m,
3H), 7.35-7.24 (m, 1H), 6.99 (dd, /= 8.7, 2.1 Hz, 1H), 6.82 (d, /= 2.1 Hz, 1H), 5.20 (s,
2H), 3.92 (s, 2H), 3.64 (s, 2H), 3.41 (s, 4H); 13C NMR (100 MHz, CDCls3) 5§168.8, 154.9,
149.2, 136.8, 134.7, 130.2, 130.0, 127.2, 126.8, 125.1, 116.2, 116.0, 106.4, 69.1, 47.97,
47.0, 41.8; HRMS (ESI+) calcd for C1gH17CIN,NaOs* 379.0820, found 379.0804 (error 4.2

ppm).

5-(4-(3-Chlorobenzoyl)piperazin-1-yl)-2-methylisoindolin-1-one 28—Compound
44 (72 mg, 0.32 mmol) was coupled with 5- bromo-2-methylisoindolin-1-one (60 mg, 0.26
mmol) using general procedure B. Purification by flash chromatography (1:1 hexanes/
EtOAC) afforded the title compound (43 g, 45%) as a light brown solid: mp 155-156 °C; Rf
=0.11 (1:1 hexanes/EtOAc); 1H NMR (400 MHz, CDCl3) §7.69 (d, J= 8.4 Hz, 1H), 7.43-
7.26 (m, 4H), 6.97 (dd, J= 8.5, 2.2 Hz, 1H), 6.89 (d, /= 2.1 Hz, 1H), 4.29 (s, 2H), 3.92 (s,
2H), 3.60 (s, 2H), 3.30 (s, 4H), 3.14 (s, 3H); 13C NMR (100 MHz, CDCls3) 5 168.8, 168.6,
153.4,143.0, 137.1, 134.7, 130.1, 130.0, 127.3, 125.2, 124.8, 124.5, 116.1, 109.3, 51.9,
49.1, 47.5, 42.1, 29.4; HRMS (ESI+) calcd for CogHogCIN3NaO,* 392.1136, found
392.1146 (error 2.6 ppm).

(3-Chlorophenyl)(4-(1,3-dihydroisobenzofuran-5-yl)piperazin-1-yl)methanone
29—Compound 44 (112 mg, 0.50 mmol) was coupled with 5-bromo-1,3-
dihydroisobenzofuran (84 mg, 0.42 mmol) using general procedure B. Purification by flash
chromatography (1:1 hexanes/EtOAc) afforded the title compound (78 mg, 54%) as a light
brown oil: R¢=0.32 (1:1 hexanes/EtOAc); 1H NMR (400 MHz, CDCl3) 6 7.42-7.29 (m,
4H), 7.13 (d, J= 8.2 Hz, 1H), 6.85 (dd, J= 8.2, 2.2 Hz, 1H), 6.80 (d, /= 2.2 Hz, 1H), 5.05
(9, J= 2.4 Hz, 4H), 3.92 (s, 2H), 3.58 (s, 2H), 3.20 (s, 3H), 3.12 (s, 2H); 13C NMR (100
MHz, CDCl3) §168.7, 150.8, 140.5, 137.2, 134.6, 131.5, 129.93, 129.89, 127.2, 125.1,
1215, 116.6, 109.5, 73.5, 73.2, 50.3, 47.6, 42.1; HRMS (ESI+) calcd for
C19H19CIN,NaO,* 365.1027, found 365.1014 (error 3.6 ppm).
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1-(3-(4-(3-Chlorobenzoyl)piperazin-1-yl)phenyl)ethanone 30—Compound 44 (121
mg, 0.54 mmol) was coupled with 3"-bromoacetophenone (0.06 mL, 0.45 mmol) using
general procedure B. Purification by flash chromatography (1:1 hexanes/EtOAc) afforded
the title compound (56 mg, 36%) as a light brown oil: R¢=0.34 (1:1 hexanes/EtOAc); 1H
NMR (400 MHz, CDCl3) 6§ 7.51-7.29 (m, 7H), 7.11 (dd, J= 8.3, 2.5 Hz, 1H), 3.91 (s, 2H),
3.58 (S, 2H), 3.28 (s, 2H), 3.20 (s, 2H), 2.57 (s, 3H); 13C NMR (100 MHz, CDCl3) §198.2,
168.7, 151.0, 138.0, 137.1, 134.6, 130.0, 129.9, 129.4, 127.2, 125.1, 121.3, 120.8, 115.3,
49.4, 47.3 (br), 42.0, 26.7; HRMS (ESI+) calcd for C19H19CIN;NaO,* 365.1027, found
365.1038 (error 3.0 ppm).

Methyl 4-(4-(3-Chlorobenzoyl)piperazin-1-yl)benzoate 31—Compound 44 (202 mg,
0.90 mmol) was coupled with methyl 4-bromobenzoate (161 mg, 0.75 mmol) using general
procedure B. Purification by flash chromatography (1:1 hexanes/EtOAc) afforded the title
compound (201 mg, 75%) as a light brown solid: mp 165-165 °C; R¢= 0.37 (1.1 hexanes/
EtOAc); IH NMR (400 MHz, CDCl3) 67.93-7.89 (m, 2H), 7.41-7.26 (m, 4H), 6.86-6.83
(m, 2H), 3.83 (s, 5H), 3.56 (s, 2H), 3.33 (s, 4H); 13C NMR (100 MHz, CDCl3) §168.7,
166.8, 153.5, 137.0, 134.5, 131.1, 130.0, 129.9, 127.2, 125.1, 120.6, 114.1, 51.6, 47.8, 47.1,
41.9; HRMS (ESI+) calcd for C19H19CIN;NaO3* 381.0976, found 381.0961 (error 3.9

ppm).

4-(4-(3-Chlorobenzoyl)piperazin-1-yl)benzonitrile 32—Compound 44 (154 mg, 0.68
mmol) was coupled with 4- bromobenzonitrile (104 mg, 0.57 mmol) using general
procedure B. Purification by flash chromatography (1:1 hexanes/EtOAc) afforded the title
compound (157 mg, 85%) as a light brown oil: R¢=0.35 (1:1 hexanes/EtOAc); 1H NMR
(400 MHz, CDCl3) §7.49-7.46 (m, 2H), 7.41-7.33 (m, 3H), 7.30-7.27 (m, 1H), 6.86-6.83
(m, 2H), 3.86 (s, 2H), 3.58 (s, 2H), 3.34 (s, 4H); 13C NMR (100 MHz, CDCl3) &168.6,
152.7,136.7, 134.5, 133.3, 130.0, 129.8, 127.1, 125.0, 119.5, 114.5, 101.0, 47.2, 41.5;
HRMS (ESI+) calcd for C1gH16CIN3NaO™ 348.0874, found 348.0892 (error 5.2 ppm).

(3-Chlorophenyl)(4-(4-nitrophenyl)piperazin-1-yl)methanone 33—Compound 44
(124 mg, 0.55 mmol) was coupled with 1-bromo-4-nitrobenzene (92 mg, 0.46 mmol) using
general procedure B. Purification by flash chromatography (1:1 hexanes/EtOAc) afforded
the title compound (119 mg, 75%) as a yellow solid: mp 102-103 °C; R¢= 0.40 (1:1
hexanes/EtOAC); 1H NMR (400 MHz, CDCl3) 68.11 (d, /= 8 Hz, 2H), 7.42-7.32 (m, 4H),
6.83 (d, J= 8 Hz, 2H), 3.89 (s, 2H), 3.63 (s, 2H), 3.45 (s, 4H); 13C NMR (100 MHz, CDCl3)
6168.7,154.2, 138.8, 136.7, 134.5, 130.1, 129.9, 127.2, 125.7, 125.0, 112.9, 46.8, 41.6;
HRMS (ESI+) calcd for C;7H16CIN3NaO3* 368.0772, found 368.0786 (error 3.8 ppm).

1-(5-(4-(3-Chlorobenzoyl)piperazin-1-yl)thiophen-2-yl)ethanone 34—Compound
44 (154 mg, 0.68 mmol) was coupled with 2- acetyl-5-bromothiophene (117 mg, 0.57
mmol) using general procedure B. Purification by flash chromatography (1:1 hexanes/
EtOAC) afforded the title compound (119 mg, 60%) as a light brown solid: mp 131-132 °C;
Ry=0.25 (1:1 hexanes/EtOAc); 1H NMR (400 MHz, CDClg) 6§ 7.47-7.32 (m, 4H), 7.31-
7.25 (m, 1H), 6.07 (dd, J = 4.3, 1.3 Hz, 1H), 3.86 (s, 2H), 3.62 (s, 2H), 3.32 (s, 4H), 2.41 (s,
3H); 13C NMR (100 MHz, CDCl3) §189.1, 168.8, 165.8, 136.7, 134.73, 134.68, 130.2,
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130.0, 129.8, 127.2, 125.1, 105.1, 49.7, 46.5, 41.3, 25.2; HRMS (ESI+) calcd for
C17H17CIN,Na0O,S* 371.0591, found 371.0610 (error 5.1 ppm).

(3-Chlorophenyl)(4-(4-(1-(hydroxyimino)ethyl)phenyl)piperazin-1-yl)methanone
35—To a solution of 12 (177 mg, 0.51 mmol) in EtOH (2 mL) was added DIPEA (0.14 mL,
0.82 mmol) and hydroxylamine hydrochloride (57 mg, 0.82 mmol). The mixture was heated
at 60 °C for 2 h. After cooling, EtOH was removed in vacuo, and then H,O (20 mL) was
added. The mixture was extracted with EtOAc (3 x 20 mL). The combined organic layers
were washed by saturated aqueous NaCl, dried (NaySOy,), filtered, and concentrated under
reduced pressure. Purification by flash chromatography on silica gel (EtOAc) afforded the
title compound (60 mg, 33%) as a white solid: mp 180-181 °C; R¢= 0.74 (EtOAc); H
NMR (400 MHz, CDCl3) §8.95 (s, 1H), 7.58-7.55 (m, 2H), 7.44-7.30 (m, 4H), 6.91-6.88
(m, 2H), 3.93 (s, 2H), 3.59 (s, 2H), 3.29 (s, 2H), 3.20 (s, 2H), 2.25 (s, 3H); 13C NMR (100
MHz, CDCl3) §168.8, 155.3, 151.2, 137.1, 130.0, 129.9, 128.4, 127.3, 127.0, 125.2, 115.9,
49.1, 47.3, 42.1, 11.9; HRMS (ESI+) calcd for C1gHpgCIN3NaO,* 380.1136, found
380.1156 (error 5.3 ppm).

5-(4-(Benzo[d][1,3]dioxole-5-carbonyl)piperazin-1-yl)-2,3-dihydro-1H-inden-1-
one 36—Compound 43 (212 mg, 0.98 mmol) was coupled with piperonylic acid (132 mg,
0.82 mmol) using general procedure A for EDC coupling. Purification by flash
chromatography (EtOAc) afforded the title compound (218 mg, 73%) as a white solid: mp
158-159 °C; R¢= 0.43 (EtOAc); 1H NMR (400 MHz, CDCl3) §7.61 (d, J= 8.0 Hz, 1H),
6.94-6.90 (m, 2H), 6.85-6.78 (m, 3H), 5.97 (s, 2H), 3.74 (s, 4H), 3.37 (s, 4H), 3.01-2.98
(m, 2H), 2.60-2.58 (m, 2H); 13C NMR (100 MHz, CDCl3) §204.8, 169.8, 157.7, 155.3,
149.0, 147.6, 128.7, 128.4, 125.0, 121.6, 114.6, 110.3, 108.1, 108.0, 101.4, 47.7, 36.3, 25.8;
HRMS (ESI+) calcd for Co1HygN,NaO4* 387.1315, found 387.1326 (error 2.8 ppm).

1-(4-(1-(3-Chlorobenzyl)-1H-1,2,3-triazol-4-yl)phenyl)ethanone 37—To a solution
of 464 (84.0 mg, 0.50 mmol, 1.00 equiv) and 1-(4-ethynylphenyl)ethanone (72 mg, 0.50
mmol) in EtOH/H,0 (1:1, 6 mL) were added CuSO,4-5H,0 (12.0 mg, 0.05 mmol, 0.10
equiv) in one portion followed by sodium ascorbate (30.0 mg, 0.15 mmol, 0.30 equiv) in one
portion at 23 °C. The resulting yellowish cloudy suspension was stirred for 12 h at 23 °C; 10
mL of cold 1:1 hexanes/EtOAc was added for trituration, and the suspension was filtered to
afford the title compound (105 mg, 68%) as a light brown solid: mp 164-165 °C; 1H NMR
(400 MHz, DMSO-gg) 68.68 (s, 1H), 8.14 (t, /= 1.9 Hz, 1H), 8.08-8.02 (m, 5H), 7.84 (dt, J
=7.6, 1.4 Hz, 1H), 7.67 (t, J= 7.9 Hz, 1H), 6.32 (s, 2H), 2.61 (s, 3H); 13C NMR (100 MHz,
DMSO-a;) 6191.3, 145.4, 135.94, 135.88, 135.0, 134.0, 133.9, 131.0, 129.0, 128.0, 126.9,
125.1, 124.2, 56.2, 26.7; HRMS (ESI+) calcd for C17H14CIN3NaO* 334.0718, found
334.0722 (error 1.2 ppm).

1-(5-(1-(3-Chlorobenzyl)-1H-1,2,3-triazol-4-yl)thiophen-2-yl)-ethanone 38—
Using the procedure for the synthesis of 37, compound 46 (97 mg, 0.58 mmol) was reacted
with 1-(5-ethynylthiophen-2-yl)ethanone (88 mg, 0.58 mmol). Purification by adding 10 mL
of cold 1:1 hexanes/EtOAc for trituration followed by filtration afforded the title compound
(128 mg, 70%) as a light brown solid: mp 174-175 °C; *H NMR (400 MHz, DMSO-d) &

J Med Chem. Author manuscript; available in PMC 2018 July 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Liuetal.

Page 19

8.62 (s, 1H), 8.12 (t, J= 1.9 Hz, 1H), 8.04 (d, /= 7.8 Hz, 1H), 7.96 (d, /= 3.9 Hz, 1H),
7.84-7.79 (m, 1H), 7.67 (t, J= 7.9 Hz, 1H), 7.60 (d, /= 3.9 Hz, 1H), 6.32 (s, 2H), 2.56 (s,
3H); 13C NMR (100 MHz, DMSO-a) §191.2, 190.7, 142.5, 140.9, 135.8, 134.9, 134.0,
133.9, 131.0, 128.0, 126.9, 125.3, 123.9, 56.3, 26.5; HRMS (ESI+) calcd for
C15H12CIN3NaOS* 340.0282, found 340.0291 (error 2.6 ppm).

1-(4-(4-(3-Chlorobenzoyl)piperidin-1-yl)phenyl)ethanone 39—The mixture of 49
(61 mg, 0.19 mmol) in 4 mL of 1:3 TFA/CH,CI, was stirred at rt for 3 h. After removing the
solvent under reduced pressure, the residue was coupled with 1-(4-bromophenyl)ethanone
(24 mg, 0.12 mmol) using general procedure B. Purification by flash chromatography (1:1
hexanes/EtOAC) afforded the title compound (28 mg, 68%) as a white solid: mp 121—

122 °C; R¢=0.33 (2:1 hexanes/EtOAc); 'H NMR (400 MHz, CDCl3) §7.92-7.82 (m, 4H),
7.56 (d, /=8.0 Hz, 1H), 7.45 (t, /= 8.0 Hz, 1H), 6.89 (d, /= 8.0 Hz, 2H), 3.96 (d, /=9.0
Hz, 2H), 3.46-3.41 (m, 1H), 3.10-3.03 (m, 2H), 2.51 (s, 3H), 2.04-1.84 (m, 4H); 13C NMR
(100 MHz, CDCl3) §200.6, 196.4, 153.9, 137.4, 135.1, 133.1, 130.4, 130.1, 128.3, 127.4,
126.3, 113.6, 47.3, 43.3, 27.8, 26.1; HRMS (ESI+) calcd for CygH2gCINNaO,* 364.1075,
found 364.1069 (error 1.6 ppm).

1-(4-(4-(Benzo[d][1,3]dioxole-5-carbonyl)piperidin-1-yl)phenyl)-ethanone 40—
The mixture of 50 (63 mg, 0.19 mmol) in 4 mL of 1:3 TFA/CH,Cl, was stirred at rt for 3 h.
After removing the solvent under reduced pressure, the residue was coupled with 1-(4-
bromophenyl)ethanone (24 mg, 0.12 mmol) using general procedure B. Purification by flash
chromatography (1:1 hexanes/EtOAc) afforded the title compound (26 mg, 62%) as a white
solid: mp 170-171 °C; R¢= 0.30 (2:1 hexanes/EtOAc); 1H NMR (400 MHz, CDCl5) 5§7.88
(d, J= 8.0 Hz, 2H), 7.59 (dd, J= 8.0, 4.0 Hz, 1H), 7.44 (d, /= 4.0 Hz, 1H), 6.89 (dd, /= 8.0,
4.0 Hz, 3H), 6.05 (s, 2H), 3.98 (dt, /= 12.0, 4.0 Hz, 2H), 3.42-3.37 (m, 1H), 3.07 (td, /=
12.0, 4.0 Hz, 2H), 2.52 (s, 3H), 1.98-1.88 (m, 4H); 13C NMR (100 MHz, CDCl3) 6§199.9,
196.4, 154.0, 151.8, 148.4, 130.5, 130.4, 124.3, 113.6, 108.1, 108.0, 101.9, 47.4, 43.0, 28.2,
26.1; HRMS (ESI+) calcd for Co1Hy1NNaO4* 374.1363, found 374.1370 (error 1.9 ppm).

1-(4-(Piperazin-1-yl)phenyl)ethanone 42—To a solution of piperazine 41 (775 mg,
9.00 mmol, 3.00 equiv) in DMSO (12 mL) was added 4’-fluoroacetophenone (0.36 mL, 3.00
mmol, 1.00 equiv), and the mixture was heated at 110 °C for 24 h. After cooling to 23 °C,
the reaction mixture was quenched with water (50 mL). The mixture was extracted with
EtOAC (3 x 30 mL). The combined organic layers were washed by saturated aqueous NaCl,
dried (NaySO,), filtered, and concentrated under reduced pressure. Purification by flash
chromatography on silica gel (130:25:4 CHCl3/MeOH/NH40H) afforded the title compound
(531 mg, 84%) as a light yellow solid: mp 102-103 °C; R¢= 0.30 (130:25:4 CHCl3/
MeOH/NH4OH); IH NMR (400 MHz, CDCl3) 67.86 (d, /= 8.9 Hz, 2H), 6.85 (d, /= 8.7
Hz, 2H), 3.33-3.30 (m, 4H), 3.04-3.01 (m, 4H), 2.51 (s, 3H), 2.03 (s, 1H); 13C NMR (100
MHz, CDCI3) 6196.5, 154.5, 130.3, 127.6, 113.4, 48.4, 45.8, 26.1.

(3-Chlorophenyl)(piperazin-1-yl)methanone 44—To a solution of piperazine 41 (1.00

g, 11.6 mmol, 1.05 equiv) in THF (50 mL) was added /-BuL.i (2.5 M in hexanes, 10.2 mL,
25.5 mmol, 2.32 equiv) at 23 °C. The reaction was stirred for 1 h at 23 °C, and then 3-
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chlorobenzoyl chloride (1.41 mL, 11.0 mmol, 1.00 equiv) was added. After 10 min, the
reaction mixture was quenched with MeOH (20 mL) and concentrated under reduced
pressure. The residue was partitioned between EtOAc (50 mL) and saturated aqueous
NaHCO3 (50 mL). The aqueous layer was extracted with EtOAc (2 x 30 mL). The combined
organic layers were washed by saturated aqueous NaCl, dried (Na,SO,), filtered, and
concentrated under reduced pressure. Purification by flash chromatography on silica gel
(130:25:4 CHCI3/MeOH/NH,40OH) afforded the title compound (1.60 g, 65%) as a light
brown solid: mp 86-87 °C; R¢= 0.43 (130:25:4 CHCIl3/MeOH/NH4OH); 1H NMR (400
MHz, CDCl3) 67.43-7.30 (m, 3H), 7.31-7.23 (m, 1H), 3.74 (br s, 2H), 3.37 (br s, 2H), 2.93
(brs, 2H), 2.82 (br s, 2H), 1.71 (s, 1H); 13C NMR (100 MHz, CDCl3) §167.9, 137.1, 133.8,
129.3,129.0, 126.5, 124.4, 48.3, 45.7, 45.2, 42.6; HRMS (ESI+) calcd for
C11H13CIN,NaO* 247.0609, found 247.0615 (error 2.4 ppm).

General Procedure B: Palladium-Catalyzed Coupling—A mixture of 44 (1 mmol,
1.20 equiv), aryl bromide (0.82 mmol, 1.00 equiv), Cs,CO3 (1.64 mmol, 2.00 equiv),
Pdy(dba)sz (0.033 mmol, 0.04 equiv), and BINAP (0.066 mmol, 0.08 equiv) in toluene (6
mL) was purged with argon for 3 min. The reaction mixture was heated at 100 °C for 16 h.
After cooling to 23 °C, H,0 (20 mL) was added. The mixture was extracted with EtOAc (3
x 20 mL). The combined organic layers were washed by saturated aqueous NaCl, dried
(NaySOy,), filtered, and concentrated under reduced pressure. Purification by flash
chromatography on silica gel (1:1 hexanes/EtOAc) afforded the coupled product.

tert-Butyl 4-(3-Chlorobenzoyl)piperidine-1-carboxylate 49—To the solution of 1-
bromo-3-chlorobenzene (0.12 mL, 1 mmol) in THF (5 mL) at —78 °C was added 2.5 M #
BuLi (0.44 mL, 1.1 mmol). The mixture was stirred at =78 °C for 30 min, and 484> (245 mg,
0.9 mmol) was added. The mixture was slowly warmed to rt, stirred for 16 h, and quenched
by adding H,O (10 mL). The mixture was extracted with EtOAc (3 x 20 mL). The combined
organic layers were washed by saturated aqueous NaCl, dried (NaySO,), filtered, and
concentrated under reduced pressure. Purification by flash chromatography on silica gel (5:1
hexanes/EtOAC) afforded the title compound (183 mg, 57%) as a white solid: R¢=0.23 (5:1
hexanes/EtOAC); 1H NMR (400 MHz, CDCl3) 67.89 (s, 1H), 7.81 (d, /= 8.0 Hz, 1H), 7.55
(d, J=8.0 Hz, 1H), 7.40-7.44 (m, 1H), 4.15 (s, 2H), 3.38 (it, /= 12.0, 4.0 Hz, 1H), 2.93 (t, J
=12.0 Hz, 2H), 1.84-1.81 (m, 2H), 1.73-1.64 (m, 2H), 1.46 (s, 9H); 13C NMR (100 MHz,
CDCl3) 6200.7,171.9, 154.6, 137.4, 135.1, 133.0, 130.1, 128.3, 126.3, 79.7, 43.6, 43.3,
28.4.

tert-Butyl 4-(Benzo[d][1,3]dioxole-5-carbonyl)piperidine-1-carboxylate 50—To
the solution of 5-bromobenzo[d][1,3]dioxole (0.12 mL, 1 mmol) in THF (5 mL) at =78 °C
was added 1.7 M £BuLi (1.3 mL, 2.2 mmol). The mixture was stirred at =78 °C for 30 min,
and 4830 (245 mg, 0.9 mmol) was added. The mixture was warmed to rt slowly and stirred
for 16 h. The reaction was quenched by the addition of H,O (10 mL). The mixture was
extracted with EtOAc (3 x 20 mL). The combined organic layers were washed by saturated
aqueous NaCl, dried (NaySOy), filtered, and concentrated under reduced pressure.
Purification by flash chromatography on silica gel (5:1 hexanes/EtOAc) afforded the title
compound (161 mg, 54%) as a white solid: R¢= 0.16 (5:1 hexanes/EtOAc); 1H NMR (400
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MHz, CDCl3) §7.47 (d, J= 8.0 Hz, 1H), 7.32 (s, 1H), 6.77 (d, J= 8.0 Hz, 1H), 5.95 (s, 2H),
4.09-4.06 (M, 2H), 3.27-3.21 (M, 1H), 2.83-2.77 (m, 2H), 1.74-1.71 (m, 2H), 1.64-1.58
(m, 2H), 1.38 (s, 9H); 13C NMR (100 MHz, CDCl3) 6199.8, 154.4, 151.6, 148.1, 130.3,
124.1, 107.8, 107.7, 101.7, 79.3, 53.2, 43.0, 28.4, 28.2.
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Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS USED

AMTOB  S-adenosyl-2-oxo-4-methylthiobutyric acid
BINAP 2,2’ -bis(diphenylphosphino)-1,1’-binaphthyl

Boc N-tert-butoxycarbonyl

DAPA 7,8-diaminopelargonic acid

DIPEA N, N-diisopropylethylamine

DMAP 4-dimethylaminopyridine

DOA 5’-deoxyadenosine

EDC 1-ethyl-3-(3-(dimethylamino)-propyl)carbodiimide

KAPA 7-keto-8-aminopelargonic acid

ITC isothermal titration calorimetry
Mtb Mycobacterium tuberculosis
PLP pyridoxal 5”-phosphate

SAM S-adenosylmethionine

B tuberculosis

TFA trifluoroacetic acid

WT wild-type
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Figure 1.
(A) Structure of initial hit A-aryl, A/ -benzoylpiperazine 6. (B) Summary of SAR analysis.
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Figure 2.
(A) Comparison of 6 (purple, PDB ID: 4XJP) and 12 (green, PDB ID: 4W1X) in the binding

pocket with residues that make substantial contact with the ligands. H-bonds are shown with
brown dashed lines. Weaker nonbonded close contacts are illustrated with thin dashed lines.
(A) The P1 subsite: the gray surface surrounds a cavity between Met165, Met 174, and Met
’314 left unoccupied by ligand or protein atoms following ligand binding. (B) The P2
subsite: unoccupied cavities are also found both above and below the acetylphenyl ring in
complexes with 6 and 12. (C) Position of inden-1-one-containing fragment38 (cyan, PDB ID:
4WYF) compared to that of compound 26 (yellow, PDB ID: 4XJO) in the same orientation
as panel B. (D) Crystal structures with compounds 36 (red, PDB ID: 5KGS) and 39 (lime,
PDB ID: 4KGT).
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Figure 3.
Inhibition of Mtb growth by compound 36. A representative concentration—response plot for

36 showing Mtb growth on the y~axis as measured by the optical density at 580 nm versus
the logyg of the compound concentration on the x-axis. WT M6 in biotin-free medium
(purple), WT Mtb in biotin-containing medium (orange), Bio-UE (blue), and Bio-OE
(green) Mt strains in biotin-free medium.

J Med Chem. Author manuscript; available in PMC 2018 July 13.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Liuetal.

ucalisec

kcal mol”" of injectant

Time (min)
0 10 20 a0 40 50
T T T T ]
0.00 4 T«hwmv‘ n-m -~|w.f~--1;wr wr\-[w i
I
-0.02 < <
-0.04 ‘ ‘ .
-0.06 < ‘ -
-0.08 -
-0.10 4 .
T T T T T
0.0 A
-l LR N |
]
.
[ ]
-2.0 4 o
[]
n
-t
4.0 - _— E
T T T T
0.0 0.5 1.0 15 20
Molar Ratio

Qe

12 ©
N =0.76 + 0.01 Sites
Ky =157+5.7 oM

Figure 4.

pcal/sec

keal mol” of injectant

0.04

Time {min)
10 20 30

0.02 4
0.00 -

002
-0.04 +
-0,06 4
-0.08 o
-0.10 4
-0.12
-0.14 o
016

) «a«a«m'—\ »-. wmw)»-‘--k'ﬂ--—‘mrwl"“f‘+

0.0 -

=2.0 4

-4.0

-6.0

an® L LN ]
-
-
-
-
- 4
san=u®
T T T T
0.0 0.5 10 15 20
Molar Ratio
o]

o0
LR

N =10.90+0.01 Sites
Kp=132+74nM

peal/sec

kecal mol”' of injectant

Page 28
Time (min)
0 10 20 30 a0 50
0.05 {7 T T T =
0.00 4 *L WL *ﬂ,m rhw’.w“r f
-0.05 | [ [
0.10 - i
0.5 ‘ ‘ i
020 h
025 J
0.0 .-_._..,_..
20 4
-4.0 b il
.0 il
-
8.0 -
-10.0 .y u"" i
120 s i
- -
0.0 0.5 10 15
Molar Ratio
(0]
SO
Mg
o]
36
N =0.78 +0.01 Sites
Kp=74£1.1 nM

Representative ITC binding isotherms (top) and integrated enthalpy curves (bottom) for 12,
26, and 36 (100 xM) with BioA (10 uM).

J Med Chem. Author manuscript; available in PMC 2018 July 13.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Liuetal.
NH,
CoAS O.H BioF H
\|O‘/\/\/\C i 7_? /\g/\/\/\ c OzH
1, Pimeloyl-CoA L-Alanine CO, + CoASH 2, KAPA
SAM
BioA

/ﬁ\ AMTOB

HN" "NH BioD NH;

/\I/\/\/\002H

7 COMH aApp+p, ATP+CO, NH;
4, dethiobiotin 3, DAPA

SAM
BioB

X

HN NH

5-DOA

"f,N\CozH

5, biotin

Scheme 1. Late Steps of the Biotin Biosynthesis Pathway in Mtb?

Page 29

BioF catalyzes the decarboxylative condensation of pimeloyl-CoA 1 with alanine to furnish
8-aminopelaragonic acid (KAPA, 2). The PLP-dependent aminotransferase BioA performs

the reductive amination of KAPA 2 to 7,8-diaminopelargonic acid (DAPA, 3). BioD-

mediated carboxylation of DAPA 3 provides dethiobiotin 4, which is converted to biotin 5

by the radical SAM enzyme BioB.

J Med Chem. Author manuscript; available in PMC 2018 July 13.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Liuetal.

Page 30

F o]
H
N \©Y HN/ﬁ RJ\N/\
[ j o LN RCO,H LN
N DMSO, 110°C EDC, DMAP, DMF
H 24 h, 84% i, 16 h
4 42 o yields-table below 6-11,13-20
F
DMSQ, 110 °C Entry R Yield (%) Entry R Yield (%)
24 h, 63% o 5,
0 6 <
> 78 66

HN
LN
. O
Q COQH
Iy

EDC, DMAP, DMF
rt, 16 h, 76% cl

*,
o 10
<O:©)LN/\ \E;/
o l\,N » cl
36

R g

o

0 8 (:D}A 71

81

ol Y
w (7

.
5
5 ng"“‘“
17 \ljg
18 P )

20 /I\/‘*z.

7

73

Scheme 2.
Modification of the Benzodioxoloyl Ring
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Table 4
ITC Data of Selected Compounds
Kp AH -TAS
Compound Structure (M)  (kcal/mol)  (kcal/mol)
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