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ABSTRACT: In this paper, we describe the screening of a 14640-compound library using a novel whole mycobacteria
phenotypic assay to discover inhibitors of EthR, a transcriptional repressor implicated in the innate resistance of Mycobacterium
tuberculosis to the second-line antituberculosis drug ethionamide. From this screening a new chemical family of EthR inhibitors
bearing an N-phenylphenoxyacetamide motif was identified. The X-ray structure of the most potent compound crystallized with
EthR inspired the synthesis of a 960-member focused library. These compounds were tested in vitro using a rapid thermal shift
assay on EthR to accelerate the optimization. The best compounds were synthesized on a larger scale and confirmed as potent
ethionamide boosters on M. tuberculosis-infected macrophages. Finally, the cocrystallization of the best optimized analogue with
EthR revealed an unexpected reorientation of the ligand in the binding pocket.
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■ INTRODUCTION

Tuberculosis (TB) remains a major cause of mortality, killing 1.7
million people each year.1 In 2010, TB incidence and prevalence
were estimated by the World Health Organization (WHO) at
8.8 and 12 million cases, respectively.1 Difficulties in detecting
and curing enough cases to interrupt transmission are the biggest
obstacles in controlling this infection.2 One-third of the world
population is infected with the latent form of Mycobacterium
tuberculosis, and approximately 10% will develop the disease.3

The directly observed treatment short course (DOTS), a
multidrug therapy program developed by the WHO, covers
approximately 77% of the world’s population and contributes to
controlling the epidemic.4,5 Nevertheless, the treatment success
rate remains below the target of 90%,1 particularly in Africa.6

Moreover, the global HIV infection epidemic has contributed to
the explosive increase of TB incidence and the emergence of
multi-drug-resistant (MDR) stains. In 2010, the number of
MDR-TB infections was estimated at 650 000 cases.1 MDR-TB
patients must be treated for 2−4 years with several second-line
drugs, which are less effective and poorly tolerated, weakening
observance and leading to treatment failure. In the past 40 years no
new antituberculosis drugs have succeeded in reaching the market,
and there is an urgent need for new molecules, particularly ones
that shorten the treatment time and cure patients with multi-drug-
resistant and extensively drug resistant strains.7

■ BOOSTING ETHIONAMIDE APPROACH

Current TB therapies include a large number of prodrugs that
must be metabolically transformed by the mycobacteria to
manifest their activity. One of these, ethionamide, an antibiotic
used to treat multi-drug-resistant TB, is bioactivated by the
mycobacterial monooxygenase EthA.8,9 The active bacterial
metabolite of ethionamide10−12 inhibits InhA,13,14 the enoyl-acyl
carrier protein (ACP) reductase involved in mycolic acid
biosynthesis. The limited effectiveness of ethionamide has been
explained by the transcriptional repression of ethA exerted by
the bacterial regulator EthR.15 Thus, EthR contributes to the
innate resistance of M. tuberculosis to this antibiotic. EthR was
proposed and validated as a drug target to boost the bioactivation
of ethionamide and potentiate the drug in vivo.16 We recently
reported structure−activity relationships of a series of druglike
1,2,4-oxadiazole EthR inhibitors identified through a rational
drug design approach.17,18 This led to the discovery of highly
potent boosters both in vitro on the targeted protein EthR and
ex vivo on the human pathogenM. tuberculosis in a macrophage-
infected model. Another study performed in parallel revealed
that the ligand-binding pocket of EthR can accommodate

compounds twice as long as the previous 1,2,4-oxadiazoles by
reorganizing residues hiding an unexplored cavity.19 These
compounds opened new frontiers for the development of high-
affinity EthR inhibitors. Knowing that target-based approaches do
not account for permeability, we wanted to use a high-throughput
assay that would have the potential to reveal new chemotypes
with a good capacity to cross the complex mycobacterial
envelope. Here, we report the screening of a library of 14 640
compounds using a whole mycobacterial phenotypic assay that
led to the discovery of anN-phenylphenoxyacetamide family. The
optimization of this series was driven by the synthesis of a 960-
member focused library that was screened on EthR using a rapid
thermal shift assay.

■ ASSAY DESIGN AND SCREENING
We previously demonstrated that the inhibition of EthR by
synthetic ligands correlates with its incapacity to bind to the DNA
operator controlling the expression of the monooxygenase coding
gene ethA.16 To exploit this as a read-out assay for the identification
of EthR inhibitors in mycobacteria, we used the nonpathogenic
fast-growing TB surrogate Mycobacterium smegmatis. The ethA
promoter/operator was inserted into amycobacterial shuttle vector
upstream of the glucuronidase reporter gene (uidA). Introduced in
M. smegmatis, this vector led to the expression of uidA, which was
easily detected using the profluorescent substrate 4-methylumbel-
liferyl β-D-glucuronide (MUG). In contrast, when this clone was
transformed with a second plasmid overexpressing ethR of
M. tuberculosis, a total disappearance of the glucuronidase activity
was observed. A 14640-compound library purchased from Asinex
and ChemDiv was screened using this assay at 10 μM to identify
potent EthR inhibitors through their capacity to trigger the
expression of uidA (Figure 1).
At the end of the screening process, 76 compounds were

identified as potent reactivators of the glucuronidase activity in
M. smegmatis through inhibition of EthR. These 76 hits and 244
chemical analogues picked out of the 14640-compound library
were selected for dose−response experiments to recover
potential false-negative compounds. Among the 320 compounds,
22 showed IC50 values below 10 μM and were tested using a
thermal shift assay on purified EthR (Figure 2).
This fluorescence-based assay was developed to confirm that

hit compounds actually bind to the target protein EthR.20 The
principle of the thermal shift assay lies in the monitoring of the
thermal unfolding of the protein using a conformation-sensitive
dye, SYPRO Orange, in which fluorescence is quenched in
aqueous solution but enhanced in a nonpolar environment, such
as the hydrophobic domain of a protein that begins to unfold.
The assay is carried out on standard Q-PCR instruments in

Figure 1. Fluorescent assay used for the screening of the library.M. smegmatis is transformed with plasmid P1 overexpressing ethR and with plasmid P2
expressing uidA under the control of the promoter/operator of ethA. In the absence of EthR inhibitors, EthR binds to the promotor/operator, which
blocks the transcription of uidA. MUG is not hydrolyzed. Compounds of the library (shown as yellow balls) that penetrate into the bacteria and inhibit
EthR release the production of UidA, which cleaves MUG in fluorescent methylumbelliferone (MU) and glucuronic acid.
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96-well plates. Results are produced as graphs showing the
fluorescence intensity of SYPRO Orange as a function of the
temperature. The inflection of the sigmoid curve indicates
the melting temperature (Tm) of the protein. The variation of the
melting temperatures between holoprotein and apoprotein
(ΔTm) reflects the capacity of the ligand to stabilize the receptor
protein in a liganded conformation.21−25 From the 22
compounds identified through the glucuronidase M. smegmatis
assay, six produced a significantΔTm (greater than 4 °C). Among
them three were members of the N-phenylphenoxyacetamide
family (Figure 2). Compound 1 (Figure 2) showed the best
activities in the two assays (IC50 = 2.9 μM and ΔTm = 6.4 °C).
Compound 1 was cocrystallized with the protein. X-ray

diffraction revealed that the N-phenyloxyacetamide motif is the
key pharmacophore for binding. Indeed, the amide function of
the ligand is hydrogen bonded to the side chains of the two
asparagines, Asn179 andAsn176 (Figure 3). The o-methylphenoxy
moiety of the ligand occupies the upper hydrophobic pocket
formed by the side chains of Trp207, Thr149, Leu87, andGly106, a

region involved in the induction of the structural reorganization of
the helix−turn−helix (HTH) motifs of EthR.20 The benzotriazole
motif faces Phe110 and Phe114, while the third remaining aromatic
ring in contact with Trp138 and Phe187 invades a small hydro-
phobic pocket thanks to the rotation of Phe184. The existence of
this cavity, not explored by compounds in our first series, was
previously shown by the cocrystal structure of EthR with hexadecyl
octanoate26 and by the study of EthR flexibility using in situ
click chemistry experiments.19 As expected, the crystal structure
revealed the repressor in a conformation incompatible with DNA
binding. Indeed, the distance between the two HTH motifs
(50.5 Å) is consistent with the phenotypic screening result.
To rapidly optimize the pharmacodynamic properties of this

new chemical family of EthR inhibitors, we designed a focused
library based on the N-phenylphenoxyacetamide motif. The
amide bond and the ether bond of the structure are two obvious
disconnection points amenable to high-throughput synthesis.
Diversity was thus introduced via a large set of commercially
available anilines and phenols.

Figure 2. Screening cascade developed for the identification of compound 1 as an EthR inhibitor.

Figure 3. (A) X-ray structure representation of the ligand-binding pocket of EthR filled with compound 1 (PDB ID 3Q3S) surrounded by its initial omit
Fo−Fc map at the 3.0σ contour level. The Fo−Fc map was calculated prior to addition of the ligand to themodel. (B) X-ray structure representation of the
homodimeric conformation of EthR filled in both monomers with compound 1. The surface of the ligand binding domain is highlighted. Hydrogen
bonds with Asn179 and Asn176 are represented with dotted lines. Color legend: blue (compound 1) or green (EthR) = carbon, dark blue = nitrogen,
red = oxygen, yellow = sulfur. The images were generated with Pymol.
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■ LIBRARY DESIGN AND SYNTHESIS
Anilines bearing various substituents were selected to generate
diverse pharmacophoric patterns. Secondary amines, cyclic or
acyclic, were also incorporated into the library, as well as amines
displaying two aromatic rings or anilines with acidic and basic
functions. Phenols with electron-withdrawing or electron-
donating groups on the ring were selected. Bulkier phenols
displaying naphthyl or adamantyl groups were also chosen to fill
the 3D diversity space. The 960-member virtual library was
enumerated using Pipeline Pilot. Druglike properties such as the
polar surface area (PSA), the number of rotatable bonds, clogP,
the molar mass, and the number of hydrogen bond donors and
acceptors were calculated for each member (Table 1). All the

library members were compliant with Veber’s rules and Lipinski’s
rule-of-five.27−29

The chemical synthesis of the library was developed according
to an optimized two-step synthesis protocol. The first step
consisted of an acetylation of anilines with chloroacetyl chloride
or 2-chloropropionyl chloride following a known procedure30

using dimethylacetamide as the solvent (Scheme 1A) to yield
(2-chlorophenyl)acetamide and (2-chlorophenyl)propionamide
(Table 2).

In the second step, phenols 3[1−24] (Table 3) were alkylated
by 2-chloro-N-phenylacetamides 2[1−32] and 2-chloro-N-
phenylpropionamides 2[33−38] to yield the final compounds.
The conditions for the alkylation were first investigated by
studying the reaction of 2-chloro-N-phenylacetamide 2[1] with
phenol 3[1]. A variety of reaction conditions were explored to
improve the conversion and avoid the alkylation of the amide
function. The chloroacetamide 2[1] was sufficiently reactive,
and the use of a catalyst such as KI, NaI, KBr, or NaBr did not
improve the reaction. K2CO3 was established as the most
efficient base for this reaction. The use of Cs2CO3 increased the
formation of theN-alkylated byproduct. On the contrary, the use
of DIEA or KOH led to complex mixtures. Polar aprotic solvents
such as CH3CN and DMF were established as the best solvents
for this reaction. DMF was preferred due to the higher solubility
of the starting materials and therefore its application in
automated parallel synthesis, especially to dispense solution. It
was found that heating was required to obtain a total conversion.
Finally, phenols 3[1−24] were deprotonated using potassium
carbonate in DMF (0.5 M) at room temperature, and the
alkylation with chloroacetamides 2[1−32] and chloropropiona-
mides 2[33−38] performed at 50 °C for 96 h led to the synthesis
of the 960-compound library (Scheme 1B). Chloroacetamides
2[19] and 2[20] were incorporated twice in the library to obtain
both protected and free carboxylic and amino derivatives thanks
to the cleavage of tert-butyl and Boc groups in acidic conditions
(50% TFA in CH2Cl2).
The synthesis of the library was carried out in 2D barcoded

tubes (Matrix) on a scale of 20 μmol, and the solutions of the
reactants in DMF were distributed using an automated liquid-
handling system (Tecan Genesis RSP 150). A total of 118 wells
were randomly analyzed by LC−MS to show that for 96% of
the analyzed library members the purity was higher than 80%
(see the Supporting Information).

■ SCREENING RESULTS OF THE
N-PHENYLPHENOXYACETAMIDE LIBRARY

The library was screened using the thermal shift assay described
previously. Out of the 960 compounds screened at 20 μM,

Table 1. Calculated Properties of the Library Membersa

mean std dev range

molar mass (g/mol) 340.6 48.7 227.3−497.6
clogP 3.7 1.1 0.9−6.9
no. of H-bond acceptors 3.2 1.0 2−6
no. of H-bond donors 1.0 0.5 0−3
no. of rotatable bonds 5.5 1.3 3−10
PSA (Å2) 56.2 18.1 29.5−118.4

aAll the properties were calculated using Pipeline Pilot from Accelrys.

Scheme 1. (A) Synthesis of 2-Chloroacetamide and 2-Chloropropionamide 2[1−38]a and (B) Automated Parallel Synthesis of the
N-Phenylphenoxyacetamide Library (960 Members)a

aReaction conditions: (a) DMA, 0 °C, then rt, 1−5 h; (b) phenol (0.5 M)/DMF (1 equiv), K2CO3 (2 equiv), 1 h, rt, then chloroacetamide (0.5 M)/
DMF (1 equiv), 96 h, 50 °C.
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38 were found to induce a positive shift in the melting temp-
erature of the complex higher than the one observed with
reference compound 1. The distribution of shifts observed for
the entire library is presented in Table 4.
Figure 4 displays ranges of ΔTm according to the chloro-

acetamide and phenol building block series. Small temperature
shifts were obtained with chloropropionamides methylated
on the α-position (2[33−38]) compared to the nonmethylated
series (Figure 4A). Free carboxylic acid and amino groups
(2[19′], 2[20′]) were not well tolerated compared to their
protected analogues (2[19], 2[20]). Substitution of the amide
function on the nitrogen atom by a bulky group such as benzyl

or cyclohexyl was deleterious to activity (2[30], 2[31]), and sub-
stitution by a methyl group was more tolerated, but nonalkylated
analogues led to larger thermal shifts (2[1] vs 2[28] and 2[5] vs
2[29]). Interestingly, cyclization of aniline into 1,2,3,4-
tetrahydroquinoline was also tolerated (2[1] vs 2[32]). Substi-
tution on the ortho position of the phenyl was deleterious to
activity (2[3], 2[14], 2[21]). Heteroaromatic rings such as
4-benzothiazol-2-ylphenyl (2[22]) and 2-methylquinoline
(2[25]) showed good activity as well as 4-phenoxy (2[13])
and 3,4-methylenedioxy (2[16]) groups. Substitution of phenols
with 2-chloro-N-(3,4-dichlorophenyl)acetamide 2[7] led to the
maximum number of compounds that induced a positive shift in
the Tm of the protein higher than that of reference compound 1.
Smaller shifts of the melting temperature were obtained with

phenols (Figure 4B) bearing heteroaromatic substituents (3[22],
3[23]), a benzamide moiety (3[18]) or a tertiary nitrogen atom
(3[17]). The EthR ligand binding domain is a narrow hydro-
phobic tunnel, so bulky groups such as 1-naphtol (3[24]) or
trifluoro and methoxy groups in the ortho position of the phenol
(3[10] and 3[14]) were not tolerated as opposed to smaller
substituents such as a methyl group and fluorine and chlorine
atoms (3[2], 3[4], 3[6]). Para and meta substitutions were well
tolerated. 4-(Trifluoromethyl)phenol (3[11]), 3-methoxyphe-
nol (3[15]), and 3-phenoxyphenol (3[19]) derivatives showed a
maximum response.
The 23 compounds (2.4% of the library) displaying a shift of

the melting temperature higher than 7 °C (Table 4) were
selected for resynthesis on a larger scale (0.5 mmol) according to
Scheme 1 and retested to confirm the ΔTm values (Table 5).
In parallel, the ability of these 23 compounds (at 10 μM) to boost
a subactive dose of ethionamide (MIC/10) was determined by
measuring the replication of M. tuberculosis H37Rv-GFP inside
macrophages in an automated confocal microscopy assay.31−33

The results are expressed as bacterial growth inhibition (%)
(Table 5).

Table 2. Structures of (2-Chlorophenyl)acetamides 2[1−32]
and (2-Chlorophenyl)propionamides 2[33−38]

compd R1 R2 R3 R4

2[1] H H H H
2[2] 4-Me H H H
2[3] 2-OMe H H H
2[4] 3-OMe H H H
2[5] 4-OMe H H H
2[6] 4-Cl H H H
2[7] 3-Cl 4-Cl H H
2[8] 3-CF3 H H H
2[9] 4-CF3 H H H
2[10] 3-CN H H H
2[11] 4-CN H H H
2[12] 4-Ph H H H
2[13] 4-OPh H H H
2[14] 2-OPh 4-OEt H H
2[15] 3-CONHPh H H H
2[16] 3,4-(−OCH2O−) H H
2[17] 4-morpholin-4-yl H H H
2[18] 4-(2-oxopyrrolidin-1-yl) H H H
2[19] 4-CH2NH-Boc H H H
2[19′]a 4-CH2NH2 H H H
2[20] 4-CH2COOtBu H H H
2[20′]a 4-CH2COOH H H H
2[21] 2-Ph H H H
2[22] 4-benzothiazol-2-yl H H H
2[23] 3-pyrimidin-5-yl H H H
2[24] Het = 9-ethyl-9H-carbazol-3-yl H H
2[25] Het = 2-methylquinolin-6-yl H H
2[26] Het = 1-methyl-1H-indol-5-yl H H
2[27] Het = 2-(trifluoromethyl)-1H-benzimidazol-5-yl H H
2[28] H H CH3 H
2[29] 4-OMe H CH3 H
2[30] H H CH2Ph H
2[31] H H cyclohexyl H
2[32] H 2-(CH2CH2CH2−) H
2[33] H H H CH3

2[34] 4-Me H H CH3

2[35] 4-OMe H H CH3

2[36] 4-Cl H H CH3

2[37] 3-Cl 4-Cl H CH3

2[38] 4-Ph H H CH3

aChloroacetamides 2[19′] and 2[20′] were added to the table to
symbolize free carboxylic and free amino analogues of chloroaceta-
mides 2[19] and 2[20].

Table 3. Structures of Phenols 3[1−24]

compd R5 R6 compd R5 R6

3[1] H H 3[13] 4-CN H
3[2] 2-Me H 3[14] 2-OMe H
3[3] 4-Me H 3[15] 3-OMe H
3[4] 2-F H 3[16] 4-OMe H
3[5] 3-F 4-F 3[17] 3-NMe2 H
3[6] 2-Cl H 3[18] 3-NHCOPh H
3[7] 3-Cl H 3[19] 3-OPh H
3[8] 4-Cl H 3[20] 4-Ph H
3[9] 3-Cl 4-Cl 3[21] 4-adamantyl H
3[10] 2-CF3 H 3[22] 4-(1,2,4-triazol-1-yl) H
3[11] 4-CF3 H 3[23] 2-(1,3,4-oxadiazol-2-yl) H
3[12] 3-CN H 3[24] 2,3-C4H4

Table 4. ΔTm Distribution of EthR in Complex with the 960
Compounds of the Library

ΔTm
(°C)

no. of
compds

fraction of the
library (%)

ΔTm
(°C)

no. of
compds

fraction of the
library (%)

<1 421 43.9 5−7 102 10.6
1−3 248 25.8 7−9 21 2.2
3−5 166 17.3 9−11 2 0.2
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Eight compounds (4, 5, 6, 9, 12, 14, 19, and 22) were
reconfirmed as positive as they still displayed ΔTm greater than
7 °C (Table 5). Among them, two compounds (4 and 5) were
active in vitro as potent ethionamide boosters (inh > 50%).
Compound 4 was the most active, withΔTm = 10.6 °C and inh =
67.6%. Replacement of the lipophilic methoxy group by a more
polar cyano group on the phenol ring (compound 5) was less
tolerated (ΔTm = 8.1 °C and inh = 53%). In contrast, in theN-(2-
methylquinolin-6-yl)acetamide and N-(4-chlorophenyl)-
acetamide series, compounds 15 (inh = 83.2%) and 21 (inh =
92.6%) were active in vitro in the presence of ethionamide with
lower ΔTm values (5.1 and 6.1 °C, respectively). The most
active compounds (4, 5, 15, and 21) with inh > 50% at 10 μM
were selected for dose−response experiments performed
in the presence of ethionamide at 0.1 μg/mL (MIC/10) on
M. tuberculosis-infected macrophages (Table 6).31

All four compounds were able to boost ethionamide activity
10-fold in TB-infected macrophages with EC50 in the micro-
molar (compounds 15 and 21) or submicromolar (compounds 4
and 5) range. The N-(4-benzothiazol-2-ylphenyl)acetamide
series presented the best boosters. Compound 4 displaying
an EC50 of 0.21 μM was at least 50-fold more active than
reference compound 1 on TB-infected macrophages in
combination with a subactive dose of ethionamide. This
compound did not show any antituberculous activity when
tested alone at 10 μM (see the Supporting Information, Table 2

on p S8). The role of the phenoxy group was confirmed by the
synthesis of the sulfur analogue (compound 27) (Table 6).
Compound 27 was obtained according to Scheme 1 using
chloroacetamide 2[22] and 3-methoxythiophenol. This com-
pound displayed aΔTm lower than that of compound 4 (6.2 °C)
and a weak activity ex vivo on TB-infected macrophages (EC50 >
10 μM).
Compound 4 was cocrystallized with EthR (Figure 5). X-ray

diffraction data revealed that, like compound 1, the amide
function of compound 4 is hydrogen bonded to the side chains of
Asn179 and Asn176. However, compound 4 has rotated by 180°
around the carbonyl function, pointing its m-methoxyphenoxy
moiety to the bottom of the ligand binding domain. While
compound 1 penetrates deeper into the binding pocket with its
p-toluyl group, filling a small hydrophobic cavity opened by the
rotation of Phe184, in the X-ray structure of EthR in complex
with compound 4, this Phe184 moves to close the gate and faces
the m-methoxyphenoxy ring, which also interacts with Trp138
and Phe114. On the other hand, at the portal of the pocket, the
phenylbenzothiazole core of compound 4 binds to the side
chains of aliphatic Met102 and Val152 and aromatic Trp103 and
Tyr148 and occupies a space that was filled in the compound
1−EthR complex with a water network. These additional
hydrophobic contacts significantly increase the ligand−protein
binding surface and thereby could explain the higher activity of
compound 4 relative to compound 1.

Figure 4. ΔTm distribution of EthR in complex with the 960-compound library according to (A) chloroacetamide building blocks 2[1−38] or (B)
phenol building blocks 3[1−24]. The images were generated with Miner3D.
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■ CONCLUSION

In this study, we discovered new EthR inhibitors by the screening
of a 14640-compound library onM. smegmatis. Compound 1was
shown to be a genuine EthR ligand by X-ray diffraction of a
cocrystal. Optimization was made possible by the two-step
synthesis of a focused library of N-phenylphenoxyacetamide
derivatives. The screening of the library on the purified target
protein using a thermal shift assay followed by in vitro testing in
human macrophages infected by M. tuberculosis led to the
identification of two potent N-(4-benzothiazol-2-ylphenyl)-2-
phenoxyacetamide derivatives. Compounds 4 and 5 were at least
50-fold more active than hit compound 1 in boosting a subactive
dose of ethionamide on TB-infected macrophages. Finally, the
cocrystallization of compound 4 with EthR revealed a new
binding mode compared to that of the hit analogue 1. We believe
that the development of a screening cascade involving a whole cell
phenotypic assay and a target-based physical assay was critical to
the discovery and rapid design of new potent EthR inhibitors and
could therefore be a valuable tool for the identification of other
inhibitors of mycobacterial transcriptional regulators.

■ EXPERIMENTAL SECTION
Biology. High-Throughput in Bacterio Assay. The shuttle plasmid

pMV261 was used to overexpress in M. smegmatis the reporter gene
uidA, which codes for the β-glucuronidase (GUS) of Escherichia coli. The
promoter/operator sequence of ethA was polymerase chain reaction
(PCR)-amplified using oligonucleotides O-315 (5′ GCC-TCT-AGA-
CAG-CGA-AGC-CTG-ACT-GG 3′) and O-316 (5′ CTC-GGC-CAT-
GGA-TCC-ACG-CTA-TCA-AC 3′), which contain restriction sites
XbaI and NcoI, respectively. The PCR product was digested and cloned
in plasmid pModTin,34 previously digested with the restriction enzymes
ScaI and NcoI. The resulting plasmid pModTin-PrethA was digested
with XbaI and EcoRV and cloned in pMV261 previously digested with
the same enzymes. These manipulations resulted in the mycobacterial
shuttle plasmid pMV261-PrethA-Tin (called P2 in Figure 1), in which
uidA is under the control of the ethA promoter/operator.

Table 5. Biological Activities of Compounds 4−26

compd R1 R2 R5
ΔTm

a

(°C)
ΔTm

b

(°C)
inh (%) at
10 μMc

1 Het = 2-(4-methylphenyl)-
2H-1,2,3-benzotriazol-5-yl

2-Me 6.4 6.4 10.9 ± 1.1

4 4-benzothiazol-2-yl H 3-OMe 9.9 10.6 67.6± 0.4
5 4-benzothiazol-2-yl H 3-CN 8.2 8.1 53.4± 7.6
6 3-Cl 4-Cl 3-OPh 8.9 9.1 −1.6 ± 3.7
7 3-Cl 4-Cl 3-OMe 7.0 6.8 26.7± 2.2
8 3-Cl 4-Cl 4-OMe 8.1 6.1 −0.6± 0.2
9 3-Cl 4-Cl 4-CF3 9.6 8.1 −8.4± 1.7
10 3-Cl 4-Cl 4-Cl 7.7 6.9 −17.9± 20.9
11 3-Cl 4-Cl 4-Me 7.7 6.8 −10.4± 5.7
12 3,4-(−OCH2O−) 4-Ph 7.0 7.0 −3.0± 0.05
13 3,4-(−OCH2O−) 4-CF3 7.5 6.2 1.4± 3.2
14 3,4-(−OCH2O−) 3-OPh 8.8 8.2 5.7± 4.3
15 Het = 2-methylquinolin-6-yl 2-F 7.2 5.1 83.2 ± 0.9
16 Het = 2-methylquinolin-6-yl 3-OMe 7.2 6.6 6.5 ± 2.4
17 4-OPh H 3,4-diF 7.3 5.7 −13.5± 1.0
18 4-OPh H 3-OMe 7.6 6.7 −17.5 ± 16.3
19 4-CF3 H 3,4-diCl 7.7 7.5 −5.4± 2.8
20 4-CF3 H 3,4-diF 8.0 5.6 −12.5± 6.9
21 4-Cl H 3-OMe 8.1 6.1 92.6± 0.3
22 4-Ph H 3-OMe 7.0 7.4 −2.9 ± 2.7
23 H H 3-OPh 7.0 6.1 2.2± 4.6
24 4-CN H 3-OPh 7.0 6.7 −8.9± 9.1
25 3-CN H 3-OPh 7.3 5.7 −7.2± 5.8
26 3-OMe H 4-CF3 7.2 5.0 −1.5± 0.4

aΔTm from the screening. bΔTm measured after resynthesis. cInh (%)
represents the inhibitition of M. tuberculosis growth in macrophages
with a combination of ethionamide at 0.1 μg/mL (normal MIC/10)
and each ligand at 10 μM. Inh values are the mean of two experiments.

Table 6. Biological Activities of Compounds 1, 4, 5, 15, 21, and 27

aΔTm values are the mean of two experiments. SD was equal to 0.2 °C. bEC50 represents the concentration of ligand that allows ethionamide at 0.1
μg/mL (normal MIC/10) to inhibit 50% of M. tuberculosis growth in macrophages. EC50 values are the mean of two experiments. SD was <10%.
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In parallel, plasmid pMV261-ethR described previously8 was digested
with enzymesXbaI and SpeI, and the fragment containing ethR under the
control of the hsp60 promoter was inserted into the same restriction
sites of the single copy number plasmid pBSh-D35 to create pBSh-ethRb
(called P1 in Figure 1).
M. smegmatis mc215536 was transformed with plasmid P2 (pMV261-

PrethA-Tin) alone, which resulted in the high production of
glucuronidase and was used as a positive control in our screening
assay. Alternatively, M. smegmatis mc2155 was transformed conjointly
with plasmid P2 (pMV261-PrethA-Tin) and plasmid P1 (pBSh-ethRb),
in which the production of EthR represses completely the expression of
the reporter cassette PrethA-Tin, resulting in the absence of detectable
glucuronidase activity. M. smegmatis clones were cultivated in Sauton
medium supplemented with Triton WR1339.
The high-throughput screen was performed in 96-well plates

(Optiplate 96F, Perkin-Elmer) containing in each well 123 μL of the
mycobacterial culture (optical density of 0.2 at 600 nm), 10 μL of a
50 μM solution of MUG (Calbiochem), and 67 μL of a 33 μM 10%
DMSO solution of each compound of the library. The spectrophoto-
metric measure was done after 0, 24, and 48 h of incubation at 37 °C
using a VICTOR3-V (1420 multilabel counter, Perkin-Elmer) set to an
excitation wavelength of 390 nm and an emission wavelength at 405 nm.
Thermal Shift Assay. The fluorescent dye SYPRO Orange

(Invitrogen) was used to monitor protein unfolding. This dye is
environmentally sensitive and leads to an increase in fluorescence
following exposure of hydrophobic regions during protein unfolding.
The thermal shift assay was conducted in a Lightcycler 480 (Roche).
The system contained a heating/cooling device for temperature control
and a charge-coupled device (CCD) detector for real-time imaging of
the fluorescence changes in the wells of the microplate. The final sample
concentrations were 10 μM EthR, 2.5× SYPRO Orange, 1% DMSO,
and 20 μM ligand in the EthR buffer. The samples were heated from
37 to 85 °C with a heating rate of 0.04 °C/s. The fluorescence intensity
was measured at Ex/Em = 465/510 nm. The data were obtained using
the algorithmic program Wavemetrics Igor by applying the following
designed procedure: The fluorescence intensity of each well/sample is
plotted as a function of the temperature. Then the 1D numerical
derivative of these curves is calculated. At last, the maximum data values,
corresponding to the inflection points (Tm), are extracted to give Tm in a
table and in a graph.
Intracellular Assay. Raw264.7 macrophages (108 cells) were infected

with an H37Rv-GFP suspension at a multiplicity of infection (MOI) of
1:1 in 300 mL for 2 h at 37 °Cwith shaking (100 rpm). After two washes

by centrifugation at 1100 rpm for 5 min, the remaining extracellular bacilli
from the infected cell suspension were killed by a 1 h amykacin (20 μM,
Sigma, A2324-5G) treatment. After a final centrifugation step, 40 μL of
M. tuberculosis H37Rv-GFP colonized macrophages were dispensed
with the Wellmate (Matrix) into 384-well Evotec plates preplated with
10 μL of compound mixture diluted in cell medium and incubated for
5 days at 37 °C, 5%CO2. Macrophages were then stained with SYTO 60
(Invitrogen, S11342) for 1 h followed by plate sealing. Confocal images
were recorded on an automated fluorescent ultra-high-throughput
microscope, Opera (Evotec). This microscope is based on an inverted
microscope architecture that allows imaging of cells cultivated in 96- or
384-well microplates (Evotec). Images were acquired with a 20× water
immersion objective (NA = 0.70). A double laser excitation (488 and
635 nm) and dedicated dichroic mirrors were used to record green
fluorescence of mycobacteria and red fluorescence of the macrophages
on two different cameras, respectively. A series of four pictures at the
center of each well were taken, and each image was then processed using
dedicated image analysis.31,32 The percentage of infected cells and the
number of cells are the two parameters extracted from image analysis as
previously reported.32 Reported data are the average of two replicates.

Potency Assay of Test Compounds on M. tuberculosis
(Ethionamide Concentration Fixed at 0.1 μg/mL, Serial Dilution of
Test Compounds). Ethionamide (Sigma, E6005-5G) was diluted in
DMSO at 10 mg/mL, and aliquots were stored frozen at −20 °C.
Test compounds were resuspended in pure DMSO at a concentration of
4 mg/mL. Ten 2-fold serial dilutions of compounds were subsequently
performed in DMSO in Greiner 384-well V-shaped polypropylene
plates (Greiner, no. 781280). Equal volumes (5 μL) of diluted com-
pounds and of ethionamide were transferred to a 384-well low-volume
polypropylene plate (Corning, no. 3672). Two independent replicates
were done for each setting. On the day of the experiment, 0.5 μL of
compound per plate was transferred by the EVOBird platform (Evotec)
to cell assay plates preplated with 10 μL of assay medium.

Crystal Structure Determination of EthR−Ligand Complexes.
N-terminally hexahistidine-tagged EthR was produced in E. coli C41
(pET-15b-ethR) and purified as described. Prior to crystallization, the
protein was buffer exchanged against 10 mM Tris−HCl (pH 7.5) and
200 mMNaCl and concentrated to 9 mg/mL. A crystal was obtained by
the vapor diffusion method, 0.1 mM MES, pH 6.5, 1.4−1.65 M
ammonium sulfate (using a 0.05 M increment), and 10−15% glycerol
as the crystallization solution. Ligands were dissolved in 100% DMSO.
The EthR−ligand complexes were prepared by mixing 1 μL of ligand
(33 mM) and 9 μL of protein solution (9 mg/mL) and equilibrated for

Figure 5. (A) X-ray structure representation of the ligand-binding pocket of EthR filled with compound 4 (PDB ID 4DW6) surrounded by its initial
omit Fo−Fc map at the 3.0σ contour level. The Fo−Fc map was calculated prior to addition of the ligand to the model. (B) X-ray structure representation
of the homodimeric conformation of EthR filled in both monomers with compound 4. The surface of the ligand binding domain is highlighted.
Hydrogen bonds with Asn179 and Asn176 are represented with dotted lines. Color legend: blue (compound 4) or green (EthR) = carbon, dark blue =
nitrogen, red = oxygen, yellow = sulfur. The images were generated with Pymol.
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30 min at room temperature. All crystals belong to space group P41212.
Data collection statistics are summarized in Table 7. The diffraction data
were processed with XDS. The structure has been refined using
REFMAC537 from the CCP4 suite to the resolution indicated in
Table 7. The ligands were positioned in the electron density with
Coot.38 The final Rwork (Rfree) for compounds 1 and 4 are 18.9% (23.1%)
and 18.6% (21.9%), respectively. The analysis of protein−ligand inter-
actions was performed with the aid of the LIGPLOT program.39 PDB
access codes are 3Q3S and 4DW6 for compounds 1 and 4, respectively.
Chemistry. General Information.NMR spectra were recorded on a

Bruker DRX-300 spectrometer. Chemical shifts are in parts per million
(ppm). The assignments were made using 1D 1H and 13C spectra and
2DHSQC and COSY spectra. Mass spectra were recorded with an LC−
MSMS triple-quadrupole system (Varian 1200ws) or an LC−MS
(Waters Alliance Micromass ZQ 2000). LC−MS analysis was per-
formed using a C18 TSK-GEL Super ODS 2 μm particle size column,
dimensions 50 × 4.6 mm, and a 1 mL/min flow rate. The solvent
systems used were 100% water containing 0.1% formic acid (solvent A)
and a mixture of 20% water and 80% acetonitrile containing 0.1% formic
acid (solvent B). A gradient from 100% solvent A to 100% solvent B over
7.5 min was used. The final solvent system was held constant for 1 min.
High-resolution mass spectra were recorded on an HPLC−MS-TOF
system (Waters LCT Premier). Preparative HPLC was performed using
a Varian PRoStar system using an OmniSphere 10 column (C18, 250 ×
41.4 mm, Dynamax) from Varian, Inc. and a 80 mL/min flow rate.
The solvent systems used were 100% water containing 0.1% formic acid
(solvent A) and 100% acetonitrile or methanol containing 0.1% formic
acid (solvent B). A gradient from 80% solvent A and 20% solvent B to
100% solvent B was used. Purity (%) was determined by reversed-phase
HPLC using UV detection (215 nm), and all compounds showed
purities greater than 95%. All commercial reagents and solvents were
used without further purification. Compound 1 was purchased from
ChemDiv.
General Procedure for the Synthesis of N-Phenylphenoxyaceta-

mides 4−26. K2CO3 (2.1 equiv, 1.05 mmol, 145 mg) and appropriate
phenol (1.05 equiv, 0.53 mmol) were mixed with 2 mL of DMF. The
reaction mixture was stirred for 1 h, and then a solution of appropriate
2-chloroacetamide (1 equiv, 0.5 mmol) in 2 mL of DMF was added to
themixture. The reaction was stirred overnight at room temperature and
then evaporated under reduced pressure. The residue was dissolved in
AcOEt, and the organic phase was washed twice with water, once with a
solution of HCl (1 N), and once with brine, then dried over MgSO4, and
evaporated under reduced pressure. The product was purified by flash
chromatography or preparative HPLC.
Data for N-(4-benzothiazol-2-ylphenyl)-2-(3-methoxyphenoxy)-

acetamide (4): beige powder; yield 61%; purity 98%; 1H NMR (300
MHz, CDCl3) δ (ppm) 3.85 (s, 3H), 4.65 (s, 2H), 6.59−6.67 (m, 3H),
7.28 (t, J = 8.1 Hz, 1H), 7.40 (dd, J = 7.65 Hz, J = 7.8 Hz, 1H), 7.51 (dd,
J = 7.65 Hz, J = 8.1 Hz, 1H), 7.78 (d, J = 8.7 Hz, 2H), 7.92 (d, J = 7.8 Hz,
1H), 8.08 (d, J = 8.1 Hz, 1H), 8.11 (d, J = 8.7 Hz, 2H), 8,44 (br s, 1H,

NH); 13C NMR (75 MHz, CDCl3) δ 55.43, 67.63, 101.60, 106.80,
108.03, 120.07, 121.62, 123.10, 125.15, 126.37, 128.49, 130.02, 130.47,
134.99, 139.28, 154.16, 158.06, 161.11, 166.34, 167.27; MS [M + H]+

m/z 391; HRMS (TOF-MS, ES+)m/z calcd for C22H18N2O3S [M+H]+

391.1116, found 391.1115.
Data for N-(4-benzothiazol-2-ylphenyl)-2-(3-cyanophenoxy)-

acetamide (5): beige powder; yield 61%; purity 95%; 1H NMR (300
MHz, CDCl3) δ (ppm) 4.69 (s, 2H), 7.28−7.32 (m, 2H), 7.39−7.44 (m,
2H), 7.49−7.54 (m, 2H), 7.78 (d, J = 8.7 Hz, 2H), 7.93 (d, J = 7.5 Hz,
1H), 8.08 (d, J = 7.8 Hz, 1H), 8.13 (d, J = 8.7 Hz, 2H), 8,34 (br s, 1H,
NH); 13C NMR (75 MHz, CDCl3) δ 67.66, 114.03, 118.07, 118.52,
119.50, 120.17, 121.67, 123.17, 125.26, 126.46, 128.63, 130.35, 131.10,
135.07, 139.04, 154.16, 156.93, 165.17, 167.19; MS [M + H]+ m/z 386;
HRMS (TOF-MS, ES+) m/z calcd for C22H15N3O2S [M + H]+

386.0963, found 386.0966.
Data for N-(3,4-dichlorophenyl)-2-(3-phenoxyphenoxy)-

acetamide (6): white powder; yield 48%; purity 98%; 1H NMR (300
MHz, CDCl3) δ (ppm) 4.60 (s, 2H), 6.65 (t, J = 2.4 Hz, 1H), 6.70−6.75
(m, 2H), 7.05−7.08 (m, 2H), 7.18 (t, J = 7.5 Hz, 1H), 7.31 (t, J = 8.1 Hz,
1H), 7.37−7.44 (m, 4H), 7.85 (d, J = 1.8 Hz, 1H), 8,30 (br s, 1H, NH);
13C NMR (75 MHz, CDCl3) δ 67.50, 105.59, 108.90, 112.64, 119.31,
119.51, 121.77, 123.99, 128.21, 129.94, 130.64, 130.74, 132.95, 136.20,
156.68, 157.95, 159.09, 166.07; MS [M − H]− m/z 386.

Data for N-(3,4-dichlorophenyl)-2-(3-methoxyphenoxy)-
acetamide (7): white powder; yield 78%; purity 99%; 1H NMR (300
MHz, CDCl3) δ (ppm) 3.83 (s, 3H), 4.60 (s, 2H), 6.55−6.66 (m, 3H),
7.23−7.29 (m, 1H), 7.40−7.47 (m, 2H), 7.84 (d, J = 2.1 Hz, 1H), 8.28
(br s, 1H, NH); MS [M − H]+ m/z 326.

Data for N-(3,4-dichlorophenyl)-2-(4-methoxyphenoxy)-
acetamide (8): white powder; yield 54%; purity 98%; 1H NMR (300
MHz, DMSO-d6) δ (ppm) 3.69 (s, 3H), 4.63 (s, 2H), 6.86−6.89 (m,
2H), 6.93−6.96 (m, 2H), 7.56−7.63 (m, 2H), 8.03 (d, J = 2.1 Hz, 1H),
10.32 (br s, 1H, NH); MS [M + H]+ m/z 326.

Data for N-(3,4-dichlorophenyl)-2-[4-(trifluoromethyl)phenoxy]-
acetamide (9): white powder; yield 71%; purity >99%; 1H NMR (300
MHz, CDCl3) δ (ppm) 4.68 (s, 2H), 7.09 (d, J = 8.4 Hz, 2H), 7.42−7.48
(m, 2H), 7.66 (d, J = 8.4Hz, 2H), 7.86 (d, J = 1.8Hz, 1H), 8.24 (br s, 1H,
NH); 13C NMR (75 MHz, CDCl3) δ 67.43, 114.88, 119.31, 121.82,
124.02 (q, J = 272 Hz), 125.02 (q, J = 33 Hz), 127.50, 128.43, 130.69,
133.03, 136.06, 159.02, 165.45; MS [M − H]− m/z 362.

Data for 2-(4-chlorophenoxy)-N-(3,4-dichlorophenyl)acetamide
(10): beige powder; yield 68%; purity 98%; 1H NMR (300 MHz,
CDCl3) δ (ppm) 4.60 (s, 2H), 6.93−6.96 (m, 2H), 7.32−7.35 (m, 2H),
7.43−7.47 (m, 2H), 7.85 (d, J = 1.5 Hz, 1H), 8.25 (br s, 1H, NH); MS
[M − H]− m/z 328.

Data for N-(3,4-dichlorophenyl)-2-p-tolyloxyacetamide (11):
white powder; yield 33%; purity >99%; 1H NMR (300 MHz, DMSO-
d6) δ (ppm) 2.23 (s, 3H), 4.66 (s, 2H), 6.89 (d, J = 8.1 Hz, 2H), 7.10 (d,
J = 8.1 Hz, 2H), 7.55−7.62 (m, 2H), 8.02 (d, J = 1.5 Hz, 1H), 10.33 (br s,
1H, NH); MS [M − H]− m/z 308.

Data for N-1,3-benzodioxol-5-yl-2-(biphenyl-4-yloxy)acetamide
(12): beige powder; yield 49%; purity 95%; 1H NMR (300 MHz,
CDCl3) δ (ppm) 4.66 (s, 2H), 5.99 (s, 2H), 6.80 (d, J = 8.4 Hz, 1H),
6.91 (dd, J = 2.1 Hz, J = 8.4 Hz, 1H), 7.05−7.10 (m, 2H), 7.33 (d, J = 2.1
Hz, 1H), 7.35−7.38 (m, 1H), 7.43−4.78 (m, 2H), 7.57−7.62 (m, 4H),
8.22 (br s, 1H, NH); 13C NMR (75 MHz, CDCl3) δ 67.68, 101.41,
103.02, 108.16, 113.53, 115.14, 126.83, 127.11, 128.57, 128.85, 131.02,
135.58, 140.28, 144.78, 147.93, 156.51, 166.05; MS [M + H]+ m/z 348.

Data for N-1,3-benzodioxol-5-yl-2-[4-(trifluoromethyl)phenoxy]-
acetamide (13): beige powder; yield 66%; purity 99%; 1H NMR (300
MHz, DMSO-d6) δ (ppm) 4.77 (s, 2H), 5.98 (s, 2H), 6.86 (d, J = 8.4 Hz,
1H), 7.01 (dd, J = 2.1 Hz, J = 8.4 Hz, 1H), 7.14−7.18 (m, 2H), 7.30 (d,
J = 2.1 Hz, 1H), 7.66−7.70 (m, 2H), 10.04 (br s, 1H, NH); 13C NMR
(75 MHz, DMSO-d6) δ 67.48, 101.51, 102.32, 108.50, 113.13, 115.68,
122.14 (q, J = 33 Hz), 124.98 (q, J = 272 Hz), 127.45, 133.06, 143.75,
147.52, 161.15, 166.08; MS [M + H]+ m/z 340.

Data for N-1,3-benzodioxol-5-yl-2-(3-phenoxyphenoxy)-
acetamide (14): beige powder; yield 61%; purity 95%; 1H NMR (300
MHz, DMSO-d6) δ (ppm) 4.64 (s, 2H), 5.98 (s, 2H), 6.59 (dd, J =
1.8 Hz, J = 8.1 Hz, 1H), 6.65 (t, J = 2.1 Hz, 1H), 6.76 (dd, J = 2.1 Hz,

Table 7. Data Collection Statistics

compd 1 compd 4

X-ray source ESRF ID14−2 SLS
temp (K) 100 100
wavelength (Å) 0.93300 1.00000
space group P41212 P41212
cell constants (Å) a = b = 121.2, c = 33.8 a = b = 121.4, c = 33.8
resolution (Å)a 2.0 (2.0−2.1) 2.0 (2.0−2.1)
completeness (%) 99.8 (100.0) 99.7 (98.3)
Rsym (%) 6.3 (23.0) 5.9 (41.7)
multiplicity 14.1(14.4) 8.8 (9.2)
I/σ(I) 22.6 (5.4) 27.5 (5.6)
no. of total reflns 249020 (33903) 156698 (23020)
no. of unique reflns 17607 (2348) 17743 (2498)

aThe number in parentheses is the statistic for the highest resolution
shell.

Journal of Medicinal Chemistry Article

dx.doi.org/10.1021/jm300377g | J. Med. Chem. 2012, 55, 6391−64026399



J = 8.1 Hz, 1H), 6.86 (d, J = 8.4 Hz, 1H), 7.00−7.04 (m, 3H), 7.12−7.17
(m, 1H), 7.27−7.40 (m, 4H), 9.94 (br s, 1H, NH);MS [M+H]+m/z 364.
Data for 2-(2-fluorophenoxy)-N-(2-methylquinolin-6-yl)-

acetamide (15): white powder; yield 13%; purity >99%; 1H NMR
(300 MHz, CDCl3) δ (ppm) 2.78 (s, 3H), 4.74 (s, 2H), 7.03−7.23 (m,
4H), 7.33 (d, J = 8.4 Hz, 1H), 7.68 (dd, J = 2.4 Hz, J = 9.0 Hz, 1H), 8.09
(d, J = 9.0 Hz, 1H), 8.11 (d, J = 8.4 Hz, 1H), 8.42 (d, J = 2.4 Hz, 1H),
8.72 (br s, 1H, NH); 13C NMR (75 MHz, CDCl3) δ 24.52, 69.19,
116.30, 116.46, 116.79 (d, J = 18 Hz), 122.93, 123.45 (d, J = 7 Hz),
123.52, 124.87 (d, J = 4 Hz), 127.00, 128.65, 134.30, 136.90, 144.45,
145.35 (d, J = 10 Hz), 152.80 (d, J = 245 Hz), 158.24, 166.17; MS [M +
H]+ m/z 311; HRMS (TOF-MS, ES+) m/z calcd for C18H15FN2O2
[M + H]+ 311.1196, found 311.1191.
Data for 2-(3-methoxyphenoxy)-N-(2-methylquinolin-6-yl)-

acetamide (16): white powder; yield 13%; purity >99%; 1H NMR
(300 MHz, CDCl3) δ (ppm) 2.75 (s, 3H), 3.84 (s, 3H), 4.68 (s, 2H),
6.59−6.67 (m, 3H), 7.25−7.31 (m, 1H), 7.31 (d, J = 8.4 Hz, 1H), 7.65
(dd, J = 2.4 Hz, J = 9.0 Hz, 1H), 8.02 (d, J = 9.0 Hz, 1H), 8.06 (d, J = 8.4
Hz, 1H), 8.37 (d, J = 2.4 Hz, 1H), 8.48 (br s, 1H, NH); 13C NMR (75
MHz, CDCl3) δ 25.23, 55.41, 67.71, 101.61, 106.81, 108.01, 116.64,
122.73, 123.16, 126.87, 129.50, 130.51, 134.00, 136.14, 145.42, 158.12,
158.41, 161.11, 166.44; MS [M + H]+ m/z 323.
Data for 2-(3,4-difluorophenoxy)-N-(4-phenoxyphenyl)-

acetamide (17): beige powder; yield 87%; purity 96%; 1H NMR (300
MHz, CDCl3) δ (ppm) 4.59 (s, 2H), 6.71−6.76 (m, 1H), 6.84−6.91 (m,
1H), 7.00−7.05 (m, 4H), 7.10−7.21 (m, 2H), 7.35−7.38 (m, 2H),
7.54−7.58 (m, 2H), 8.16 (br s, 1H, NH); 13CNMR (75MHz, CDCl3) δ
68.22, 105.07 (d, J = 20 Hz), 110.05, 117.78 (d, J = 20 Hz), 118.63,
119.59, 122.00, 123.31, 129.80, 131.99, 146.16 (dd, J = 13 Hz, J = 243
Hz), 150.72 (dd, J = 14 Hz, J = 249 Hz), 153.12 (d, J = 8 Hz), 154.23,
157.31, 165.39; MS [M + H]+ m/z 356.
Data for 2-(3-methoxyphenoxy)-N-(4-phenoxyphenyl)acetamide

(18): white powder; yield 71%; purity >99%; 1H NMR (300 MHz,
DMSO-d6) δ (ppm) 3.73 (s, 3H), 4.66 (s, 2H), 6.55−6.59 (m, 3H),
6.95−7.02 (m, 4H), 7.07−7.12 (m, 1H), 7.18−7.23 (m, 1H), 7.34−7.39
(m, 2H), 7.64−7.67 (m, 2H), 10.09 (br s, 1H, NH); MS [M + H]+

m/z 350.
Data for 2-(3,4-dichlorophenoxy)-N-[4-(trifluoromethyl)phenyl]-

acetamide (19): white powder; yield 76%; purity >99%; 1H NMR (300
MHz, DMSO-d6) δ (ppm) 4.82 (s, 2H), 7.01−7.09 (m, 1H), 7.30−7.36
(m, 1H), 7.52−7.60 (m, 1H), 7.66−7.73 (m, 2H), 7.82−7.88 (m, 2H),
10.46 (br s, 1H, NH); 13C NMR (75 MHz, DMSO-d6) δ 67.77, 116.05,
117.35, 120.00, 123.57, 124.21 (q, J = 32 Hz), 124.78 (q, J = 272 Hz),
126.59, 131.45, 131.99, 142.35, 157.72, 167.11; MS [M−H]−m/z 362.
Data for 2-(3,4-difluorophenoxy)-N-[4-(trifluoromethyl)phenyl]-

acetamide (20): white powder; yield 70%; purity >99%; 1H NMR (300
MHz, DMSO-d6) δ (ppm) 4.77 (s, 2H), 6.83−6.87 (m, 1H), 7.12−7.19
(m, 1H), 7.33−7.43 (m, 1H), 7.69 (d, J = 8.4 Hz, 2H), 7.85 (d, J = 8.4
Hz, 2H), 10.43 (br s, 1H, NH); MS [M − H]− m/z 330.
Data for N-(4-chlorophenyl)-2-(3-methoxyphenoxy)acetamide

(21): white powder; yield 60%; purity >99%; 1H NMR (300 MHz,
DMSO-d6) δ (ppm) 3.73 (s, 3H), 4.67 (s, 2H), 6.55−6.58 (m, 3H),
7.17−7.23 (m, 1H), 7.36−7.39 (m, 2H), 7.66−7.69 (m, 2H), 10.20 (br
s, 1H, NH); 13CNMR (75MHz, CDCl3) δ 55.60, 67.67, 101.62, 107.22,
107.39, 121.75, 127.78, 129.11, 130.50, 137.80, 159.43, 160.92, 167.17;
MS [M + H]+ m/z 292.
Data for N-biphenyl-4-yl-2-(3-methoxyphenoxy)acetamide (22):

white powder; yield 52%; purity >99%; 1HNMR (300MHz, DMSO-d6)
δ (ppm) 3.74 (s, 3H), 4.70 (s, 2H), 6.56−6.60 (m, 3H), 7.18−7.24 (m,
1H), 7.29−7.35 (m, 1H), 7.42−7.47 (m, 2H), 7.63−7.66 (m, 4H),
7.73−7.76 (m, 2H), 10.17 (br s, 1H, NH); MS [M + H]+ m/z 334.
Data for 2-(3-phenoxyphenoxy)-N-phenylacetamide (23): white

powder; yield 45%; purity 98%; 1H NMR (300 MHz, CDCl3) δ (ppm)
4.60 (s, 2H), 6.67−6.69 (m, 1H), 6.71−6.75 (m, 2H), 7.07 (d, J = 7.8
Hz, 2H), 7.16−7.20 (m, 2H), 7.31 (t, J = 8.1 Hz, 1H), 7.35−7.42 (m,
4H), 7.60 (d, J = 7.8 Hz, 2H), 8.24 (br s, 1H, NH); MS [M + H]+ m/z
320.
Data for N-(4-cyanophenyl)-2-(3-phenoxyphenoxy)acetamide

(24): white powder; yield 64%; purity >99%; 1H NMR (300 MHz,
DMSO-d6) δ (ppm) 4.74 (s, 2H), 6.59 (dd, J = 1.8 Hz, J = 8.1 Hz, 1H),
6.64 (t, J = 2.1 Hz, 1H), 6.77 (dd, J = 1.8 Hz, J = 8.1 Hz, 1H), 7.00−7.03

(m, 2H), 7.11−7.16 (m, 1H), 7.30 (t, J = 8.1 Hz, 1H), 7.35−7.40 (m,
2H), 7.77−7.82 (m, 4H), 10.49 (br s, 1H, NH); 13C NMR (75 MHz,
DMSO-d6) δ 67.59, 105.80, 105.94, 110.00, 111.67, 119.36, 120.13,
124.17, 130.51, 131.07, 133.74, 143.04, 156.67, 158.35, 159.51, 167.67;
MS [M − H]− m/z 343.

Data for N-(3-cyanophenyl)-2-(3-phenoxyphenoxy)acetamide
(25): white powder; yield 53%; purity >99%; 1H NMR (300 MHz,
DMSO-d6) δ (ppm) 4.72 (s, 2H), 6.60 (dd, J = 1.8 Hz, J = 8.1 Hz, 1H),
6.65 (t, J = 2.1 Hz, 1H), 6.78 (dd, J = 1.8 Hz, J = 8.1 Hz, 1H), 6.97−7.03
(m, 2H), 7.11−7.16 (m, 1H), 7.31 (t, J = 8.1 Hz, 1H), 7.35−7.41 (m,
2H), 7.49−7.57 (m, 2H), 7.85−7.91 (m, 1H), 8.09−8.11 (m, 1H), 10.39
(br s, 1H, NH); MS [M − H]− m/z 343.

Data for N-(3-methoxyphenyl)-2-[4-(trifluoromethyl)phenoxy]-
acetamide (26): white powder; yield 46%; purity 95%; 1H NMR
(300 MHz, DMSO-d6) δ (ppm) 3.72 (s, 3H), 4.81 (s, 2H), 6.64−6.68
(m, 1H), 7.15−7.35 (m, 4H), 7.31 (t, J = 2.1 Hz, 1H), 7.66−7.71 (m,
2H), 10.13 (br s, 1H, NH); MS [M − H]− m/z 324.

N-(4-Benzothiazol-2-ylphenyl)-2-[3-(methoxyphenyl)sulfanyl]-
acetamide (27). K2CO3 (1.05 equiv, 0.53 mmol, 73 mg) and
3-methoxythiophenol (1.05 equiv, 0.53 mmol) were mixed with 2 mL
of DMF. The reaction mixture was stirred for 1 h, and then a solution
of N-(4-benzothiazol-2-ylphenyl)-2-chloroacetamide (2[22]; 1 equiv,
0.5 mmol, 151 mg) in 2 mL of DMF was added to the mixture. The
reaction was stirred overnight at room temperature and then evaporated
under reduced pressure. The residue was dissolved in AcOEt, and the
organic phase was washed twice with water, once with a solution of HCl
(1 N), and once with brine, then dried over MgSO4, and evaporated
under reduced pressure. The product was purified by flash
chromatography (cyclohexane/AcOEt = 95/5 to 9/1): beige powder;
yield 72%; purity 95%; 1H NMR (300 MHz, CDCl3) δ (ppm) 3.80 (s,
3H), 3.82 (s, 2H), 6.80 (dd, J = 2.4 Hz, J = 8.1 Hz, 1H), 6.92−6.97 (m,
2H), 7.27 (t, J = 8.1 Hz, 1H), 7.39 (dd, J = 7.8 Hz, J = 8.1 Hz, 1H), 7.51
(dd, J = 7.8 Hz, J = 8.1 Hz, 1H), 7.66 (d, J = 8.7 Hz, 2H), 7.91 (d, J = 7.8
Hz, 1H), 8.07 (d, J = 7.8Hz, 1H), 8.07 (d, J = 8.7Hz, 2H), 8,72 (br s, 1H,
NH); 13C NMR (75 MHz, CDCl3) δ 38.46, 55.34, 112.89, 114.04,
119.85, 120.46, 121.62, 123.05, 125.15, 126.38, 128.42, 129.82, 130.46,
134.94, 135.17, 139.75, 154.08, 160.02, 166.35, 167.31; MS [M + H]+

m/z 407.
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