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ABSTRACT: Using cycloalkyl and electron-donating groups to decrease the
carbonyl electrophilicity, a novel series of 2-(quinoline-4-yloxy)acetamides was
synthesized and evaluated as in vitro inhibitors of Mycobacterium tuberculosis (Mtb)
growth. Structure−activity relationship studies led to selective and potent
antitubercular agents with minimum inhibitory concentrations in the submicromolar
range against drug-sensitive and drug-resistant Mtb strains. An evaluation of the
activity of the lead compounds against a spontaneous qcrB mutant strain indicated
that the structures targeted the cytochrome bc1 complex. In addition, selected
molecules inhibited Mtb growth in a macrophage model of tuberculosis infection.
Furthermore, the leading compound was chemically stable depending on the context
and showed good kinetic solubility, high permeability, and a low rate of in vitro
metabolism. Finally, the pharmacokinetic profile of the compound was assessed after
oral administration to mice. To the best of our knowledge, for the first time, a 2-
(quinoline-4-yloxy)acetamide was obtained with a sufficient exposure, which may
enable in vivo effectiveness and its further development as an antituberculosis drug candidate.
KEYWORDS: Mycobacterium tuberculosis, Drug design, Multidrug-resistant strains, Structure−activity relationship, Intracellular activity,
Cytochrome bc1 complex

Tuberculosis (TB) is an infectious disease caused by
Mycobacterium tuberculosis (Mtb), its main etiological

agent in humans. Recognized as a global health emergency
since the 1990s, in 2020 it was estimated that about 9.9 million
people have fallen ill with TB and 1.5 million have died from
this disease worldwide.1 These data have placed TB among the
10 leading causes of death in the world. Complicating this
scenario, it has also been reported that a quarter of the world’s
population is infected with Mtb and therefore are at risk of
developing the active forms of the disease. In addition, in 2019,
close to half a million people developed the disease due to
drug-resistant strains.1 These strains have shown resistance to
drugs such as isoniazid and rifampicin (MDR-TB) or only to
rifampicin (RR-TB), components of the first line of TB drug
management. Furthermore, pressure on the health system and
interference with diagnostic and treatment services has
suggested that the coronavirus (COVID-19) pandemic could
reverse years of advances made in TB control.1

Interestingly, the 21st century has seen the approval of new
therapeutic alternatives for TB treatment. Bedaquiline (2012),2

delamanid (2014),3 and pretomanid (2019)4 are now
approved drugs for the treatment of drug-resistant TB. Despite
being welcomed after a long period without therapeutic
innovations for the treatment of the disease, the clinical use of
these drugs has been restricted by potentially dangerous side
effects5 and the already reported emergence of resistance to
bedaquiline and delamanid.6 These difficulties highlight the
need for continuous efforts to obtain new TB treatment
alternatives.

As part of our research program, we are interested in
obtaining compounds capable of inhibiting drug-susceptible
and drug-resistant Mtb strains. Among the evaluated
structures, 2-(quinolin-4-yloxy)acetamides have shown some

Received: May 26, 2022
Accepted: July 14, 2022
Published: July 21, 2022

Letterpubs.acs.org/acsmedchemlett

© 2022 American Chemical Society
1337

https://doi.org/10.1021/acsmedchemlett.2c00254
ACS Med. Chem. Lett. 2022, 13, 1337−1344

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ana+Fla%CC%81via+Borsoi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Laura+Manzoli+Alice"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nathalia+Sperotto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alessandro+Silva+Ramos"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bruno+Lopes+Abbadi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fernanda+Souza+Macchi+Hopf"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fernanda+Souza+Macchi+Hopf"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Adilio+da+Silva+Dadda"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Raoni%CC%81+S.+Rambo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rodrigo+Braccini+Madeira+Silva"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Josiane+Delgado+Paz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Josiane+Delgado+Paz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kenia+Pissinate"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mauro+Neves+Muniz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christiano+Ev+Neves"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Luiza+Galina"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Laura+Calle+Gonza%CC%81lez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Laura+Calle+Gonza%CC%81lez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marcia+Alberton+Perello%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexia+de+Matos+Czeczot"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mariana+Leyser"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Si%CC%81lvia+Dias+de+Oliveira"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Si%CC%81lvia+Dias+de+Oliveira"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Graziela+de+Arau%CC%81jo+Lock"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bibiana+Verlindo+de+Arau%CC%81jo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Teresa+Dalla+Costa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cristiano+Valim+Bizarro"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cristiano+Valim+Bizarro"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Luiz+Augusto+Basso"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pablo+Machado"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsmedchemlett.2c00254&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.2c00254?ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.2c00254?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.2c00254?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.2c00254?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.2c00254?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/amclct/13/8?ref=pdf
https://pubs.acs.org/toc/amclct/13/8?ref=pdf
https://pubs.acs.org/toc/amclct/13/8?ref=pdf
https://pubs.acs.org/toc/amclct/13/8?ref=pdf
pubs.acs.org/acsmedchemlett?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsmedchemlett.2c00254?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/acsmedchemlett?ref=pdf
https://pubs.acs.org/acsmedchemlett?ref=pdf


encouraging results.7,8 According to phenotypic assays,9 this
chemical class has provided lead-like compounds endowed
with potent and selective antimycobacterial activities. Fur-
thermore, the mechanism of action of these structures has been
studied using whole-genome sequencing of selected sponta-
neous mutants.10 Such data suggest that the QcrB subunit of
menaquinol cytochrome c oxidoreductase (bc1 complex) is
related to the antimycobacterial activity of these molecules.
Despite the potency and selectivity observed in the in vitro
experiments, lead-like compounds have exhibited moderate
metabolic stability along with acceptable aqueous solubility.7,8

These parameters can compromise the pharmacokinetic
exposure and in vivo activity of the molecules. The above
instability has been attributed to the amide group, which likely
undergoes an enzymatic-mediated hydrolysis reaction.11 In
fact, molecular simplification, with the removal of the amide
group, or the insertion of α-carbonyl protecting groups has led
to compounds with greater metabolic stabilities but reduced
activities against the mycobacteria.11,12

To overcome the reduced antimycobacterial activity while
maintaining the metabolic stability, our goal was to maintain
the amide function and use substituents that would reduce the
electrophilicity of the carbonyl group. For this, two strategies
were used to increase the electronic availability at the carbonyl
group: (i) attaching cycloalkyl groups to the primary amides
and (ii) attaching N-heteroalkyl groups to the 4-position of the
benzene ring (Figure 1).

Therefore, seeking to obtain new compounds with activities
against drug-susceptible and mostly drug-resistant Mtb strains,
a new series of 2-(quinolin-4-yloxy)acetamides was synthe-
sized. First, the structural requirements for the potency of the
compounds (structure−activity relationship, SAR) were
evaluated using minimum inhibitory concentration (MIC)
values. Subsequently, the most active structures against the M.
tuberculosis H37Rv strain were tested against a panel of well-
characterized multidrug-resistant strains. Furthermore, the
mechanism of action was studied using a spontaneous mutant
strain with a fully sequenced genome, while the viabilities of
HepG2 and Vero cells were used as preliminary indicators of
the toxicities and selectivities of the compounds. Additionally,
intracellular activity was evaluated in a macrophage model of
Mtb infection. Finally, the chemical stability, kinetic solubility,
passive permeability, metabolic stability, and in vivo pharma-
cokinetic profiles of the most active compound are presented.

The designed cycloalkyl amide-containing compounds were
obtained in three synthetic steps according to previously
described procedures.7,8 First, 4-hydroxyquinoline (2) was
synthesized using the classical Conrad−Limpach cycloconden-
sation reaction between ethyl 3-oxobutanoate and 4-methox-

yaniline. Afterward, the acylation reaction of cycloalkyl amines
or anilines with bromoacetyl chloride furnished the 2-bromo-
N-(cycloalkyl)acetamides 5a−o. Finally, a second-order
nucleophilic substitution reaction with concomitant O-
alkylation between 4-hydroxyquinoline (4) and 2-bromo-N-
(cycloalkyl)acetamides 5a−o led to the desired 2-(quinolin-4-
yloxy)acetamides 6a−o. The reaction mixtures were stirred for
18 h at 25 °C in the presence of potassium carbonate (K2CO3)
as a base and dimethylformamide (DMF) as the solvent,
leading to products 6a−o with 44−80% yields (Scheme 1).
Importantly, the chosen cycloalkyl substituents covered a wide
range of molecular volumes, including stereogenic centers.
Regarding the increase in the electron density of the amide, the
piperidinic group and its derivatives were chosen as
substituents attached at the 4-positions of the anilines. In
addition to electronic effects, piperidine could mimic the steric
and hydrophobic requirements of the most potent antituber-
cular compounds of this chemical class (Figure 1).

2-(Quinolin-4-yloxy)acetamides 6a−o were evaluated for
their ability to inhibit the growth of the M. tuberculosis H37Rv
strain using isoniazid and rifampin as positive controls.13 In
general, cycloalkylamine and alkylamine derivative compounds
6a−l presented MICs ranging from 3.3 to 33.3 μM (Scheme
1). In contrast, the presence of a piperidine ring (6m) and its
derivatives (6n−o) yielded the molecules of this series most
effective against Mtb. Interestingly, the increase of the volume
of the cycloalkyl group appears to be positively correlated with
the ability to inhibit the growth of the Mtb. Indeed, 2-
(quinolin-4-yloxy)acetamide 6a with a a four-membered
carbocycle present at the acetamide group had a MIC of
33.3 μM, while its seven-membered counterpart 6d was able to
inhibit Mtb with a MIC value of 3.7 μM. One can conclude
that increasing the size of the cycloalkyl chain from four to
seven carbons improved the antimycobacterial activity nine-
fold. The presence of a methyl group at the 4-position of
cyclohexyl was well tolerated, as structure 6e exhibited a MIC
of 7.3 μM, which differed only slightly from that of
nonsubstituted 6c (7.6 μM). By contrast, the methyl group
attached at the 2-position of the cyclohexyl ring reduced the
activity approximately twofold, as the MIC of molecule 6f was
14.6 μM. The use of an amine containing a methylene spacer
was also well-tolerated. Compound 6g had a MIC value of 7.3
μM, which was similar to the cyclohexyl-containing structure
6c. Additionally, the two molecules containing a methyl group
at the β-position, 6h and 6i, were ineffective in terms of
inhibiting Mtb growth when evaluated at the highest
concentrations allowed by the solubility. As described
previously,8 the primary amine appears to be imperative for
the potent antimycobacterial activity of 2-(quinolin-4-yloxy)-

Figure 1. Scaffold evolution of 2-(quinolin-4-yloxy)acetamides and the novel compounds designed with the aim of reducing the amide carbonyl
electrophilicity, which could increase stability in hydrolysis mediated-reactions.
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acetamides. The presence of a methyl group, regardless of the
stereochemistry, can cause steric hindrance at NH, hindering a
possible intermolecular interaction. An interesting finding was
obtained with the isopinocampheylamine derivatives 6j and 6k.
The compound containing the (−)-isopinocampheyl nucleus
(6j) was more effective (eightfold) than the derivative
containing its mirror image (6k) in terms of inhibiting the
M. tuberculosis H37Rv strain. The MIC values obtained for
structures 6j and 6k were 3.3 and 26.1 μM, respectively.
Finally, the presence of the 2-adamantyl group in the structure
of 6l yielded a molecule with a MIC of 6.6 μM. This result
showed once again7,8,14 that the planarity and correct
positioning of the substituents at the acetamide moiety are
detrimental to the potent activity against Mtb.

Our next step to try to obtain 2-(quinolin-4-yloxy)-
acetamides endowed with antimycobacterial potencies similar

to lead-like compounds 2 (INCT-TB422)7 and 3 (INCT-
TB551)8 (Figure 1) was to synthesize and evaluate piperidine
as a substituent at the 4-position of aniline. This five-
membered nonaromatic heterocycle has been described as a
privileged structure and was ranked as the most frequent
nitrogen heterocycle among U.S. Food and Drug Admin-
istration-approved drugs.15 The presence of a piperidine
moiety produced a structure with a MIC in the submicromolar
range. In fact, molecule 6m was able to inhibit the M.
tuberculosis H37Rv strain with a MIC value of 0.09 μM.
Compared with a 2-(quinolin-4-yloxy)acetamide containing a
nonsubstituted benzene ring, which was shown to have a MIC
of 0.48 μM,7 compound 6m was at least fivefold more potent
against the Mtb. As expected, the increase in polarity that
resulted from the substitution of piperidine by morpholine
(6n) and thiomorpholine (6o) significantly reduced the
antimycobacterial activity. The structures 6n and 6o exhibited
MIC values of 3.1 and 0.37 μM, respectively. These findings
reinforce the possible existence of a hydrophobic site of
interaction in the molecular target surrounding the amide
substituents. It is noteworthy that isoniazid and rifampin, the
main components of the first-line tuberculosis treatment,
showed MIC values of 2.3 and 0.05 μM, respectively, against
the M. tuberculosis H37Rv strain when evaluated under the
same experimental conditions (Scheme 1).

From the results described above, the second round of
synthetic procedures kept the 4-(piperidin-1-yl)aniline system
as a substituent at the acetamide moiety and varied the
substituents at the 2- and 6-positions of the quinoline ring
(Scheme 2). Once again, the synthesis of 4-hydroxyquinolines

7a−h was performed using the Conrad−Limpach cyclo-
condensation reaction, as reported previously.8 The O-
alkylation reaction was carried out with bromoacetamide 8
under the same reaction conditions described above, providing
the 2-(quinolin-4-yloxy)acetamides 9a−h with 58−88% yields
(Scheme 2). Halogens were chosen as substituents to reduce
the activation of the quinoline scaffold, which could also help
increase the metabolic stabilities of the final products. The
synthesized compounds were evaluated for their ability to
inhibit the growth of the M. tuberculosis H37Rv strain (Scheme
2). Overall, the presence of piperidine maintained the sub-
micromolar antimycobacterial activity potency. However, the

Scheme 1a

aConditions and reagents are as follows: i = K2CO3 and DMF at 25
°C for 18 h. Minimum inhibitory concentration (MIC) against the M.
tuberculosis H37Rv strain. INH = isoniazid. RIF = rifampin.

Scheme 2a

aConditions, reagents, and reactants are as follows: i = K2CO3 and
DMF at 25 °C for 18 h. Minimum inhibitory concentration (MIC)
against the M. tuberculosis H37Rv strain.
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presence of halogens at the 6-position and the increase of the
alkyl chain length at the 2-position of the quinoline reduced
the inhibitory activity toward the Mtb when compared with
that of the 6m structure. Chlorine- and bromine-containing
molecules 9a and 9b exhibited similar MIC values of 0.75 and
0.68 μM, respectively. These values demonstrated that
replacing the methoxy group at the 6-position of the quinoline
ring in 6m with halogens reduced the activity against Mtb
more than 7.5-fold. An alkyl chain extension at the 2-position
of the 2-(quinolin-4-yloxy)acetamides 9c−e led to compounds
with MIC values of 0.19−0.37 μM. Interestingly, exchanging
the methyl group with a trifluoromethyl group at the 2-position
of the heterocyclic ring decreased the potency of the structure
almost twofold. In fact, trifluoromethylated molecule 9f
exhibited a MIC of 0.17 μM. Finally, when two electron-
withdrawing groups were positioned at the 2- and 6-positions
of the quinoline, the antimycobacterial activity was greatly
reduced. The MIC values of 2-(quinolin-4-yloxy)acetamides
9g and 9h were 86.2 and 78.7 μM, respectively, which
represented a decrease of more than 870-fold compared with
that of 6m. These findings indicate that the electronic
characteristics of the substituents attached to the quinoline
ring significantly influence the antitubercular activity. One
hypothesis is that the electron-donating groups (methoxy and
methyl) can stabilize the protonation of the quinoline nitrogen,
which may be detrimental to its efficient interaction with the
molecular target. In the presence of electron-withdrawing
groups (halogens and trifluoromethyl), quinoline becomes less
basic, hindering such interactions. It is noteworthy that the
molecular docking of compound 3 (INCT-TB551) (Figure 1)
at the QcrB active site positioned the quinoline nitrogen at
distances and angles that allowed interactions with the T313
and M342 residues.10 Corroborating our hypothesis, the
predicted pKa of the quinoline ring of molecule 6m was 6.5
(strongest basic pKa), whereas the predicted pKa value of its
analogues 9g and 9h was 1.3.16

On the basis of the obtained results, the compounds 6m and
9c were chosen as representatives of the series of synthesized
molecules for subsequent assays. Although the observed MIC
value for the structure 9f was promising, its very low aqueous
solubility discouraged further evaluation. The molecules 6m
and 9c were evaluated against a panel of drug-resistant clinical
isolates (Table 1). Importantly, these genomes of these MDR-
TB strains have been sequenced, and the genotypic changes
related to resistance are known.17 2-(Quinolin-4-yloxy)-
acetamides 6m and 9c were even more effective against
drug-resistant clinical isolates PT2 and PT20 when compared

with the MIC values presented against the M. tuberculosis
H37Rv strain. In addition, against the PT12 strain, the MIC
value of 6m was reduced (twofold), whereas the antimyco-
bacterial activity elicited by 9c was identical compared to that
against the drug-sensitive H37Rv strain. Notably, the proximity
of results to those of structure 6m did not characterize a
change to a resistance phenotype. Altogether, these findings
demonstrate that the molecules have promising activities
against drug-resistant MDR-TB strains and do not share
resistance mechanisms with the main clinically useful drugs,
probably acting via distinct biochemical pathways. Further-
more, the involvement of the qcrB gene in the antitubercular
activity of 2-(quinolin-4-yloxy)acetamides 6m and 9c was
evaluated by determining the MICs of the compounds against
a spontaneous 2-(quinolin-4-yloxy)acetamide-resistant M.
tuberculosis strain (Table 1). This resistant strain has been
shown to have a mutation in the qcrB gene that results in
T313A amino acid exchange.10 The MIC values presented by
structures 6m and 9c were at least 274- and 125-fold higher
than those displayed against the M. tuberculosis H37Rv strain,
respectively. These data suggested the participation of the b-
subunit of the cytochrome bc1 complex, which is part of the
respiratory electron transport chain, in the antitubercular
activity exhibited by these molecules. The selectivity and
preliminary toxicity assessment of 2-(quinolin-4-yloxy)-
acetamides 6m and 9c were performed by evaluating the
viability of HepG2 and Vero cell lines after exposure to the
compounds (Table 1). After 72 h of incubation, cell line
viability was not significantly altered. These data show that the
selectivity indexes (CC50/MIC; CC50 was defined as the
concentration required to reduce cell viability by 50%) of 6m
and 9c are greater than 222 and 105, respectively, considering
the MIC values for the M. tuberculosis H37Rv strain. It is
noteworthy that cell viability was determined using the MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide)18 and neutral red19 procedures. While the MTT method
assesses mitochondrial activity, the neutral red assay infers the
lysosomal integrity of cells. Additionally, compounds 6m and
9c were evaluated against Staphylococcus aureus ATCC 25923,
Escherichia coli ATCC 25922, and the multidrug-resistant
clinical isolates Acinetobacter baumannii and Klebsiella pneumo-
niae. At a concentration of 20 μM, none of the structures were
able to inhibit bacterial growth, suggesting the possible
selectivity of these molecules for Mtb inhibition (data not
shown). In the next stage, the ability of 2-(quinolin-4-
yloxy)acetamides 6m and 9c to inhibit the bacterium when
internalized into macrophages was determined using an in vitro

Table 1. In Vitro Activities of the Selected 2-(Quinolin-4-yloxy)acetamides 6m and 9c against M. tuberculosis strains H37Rv
and MDR-TB and the 2-(Quinolin-4-yloxy)acetamide-Resistant Strain, Evaluation of the Viability of HepG2 and Vero cells,
and Intracellular Activity in a Macrophage Model of Mtb Infectiona

Entry
MIC H37Rv

(μM)
MIC PT2

(μM)
MIC PT12

(μM)
MIC PT20

(μM)
MICb qcrB-T313A

(μM)
CC50

c HepG2
(μM)

CC50
c Vero

(μM)
log10 CFU/well (mean

± SD)

6m 0.09 <0.04 0.19 <0.04 >24.7 >20 >20 4.13 ± 0.05d

9c 0.19 <0.04 0.19 <0.04 >23.8 >20 >20 4.13 ± 0.05d

INH 2.3 291.7 145.8 291.7 2.3
RIF 0.05 >48.6 >48.6 >48.6
UNT 5.10 ± 0.10

aData were expressed as the mean ± standard deviation for compounds evaluated at 2.5 μM. INH = isoniazid. RIF = rifampin. UNT = untreated
(0.5% DMSO). b2-(Quinolin-4-yloxy)acetamide-resistant spontaneous mutant containing a unique alteration in the qcrB gene (ACC to GCC at
nucleotide position 937 or a T313A amino substitution). cThe selectivity and toxicity of the compounds were preliminarily studied on HepG2 and
Vero cells using MTT and neutral red assays. CC50 was defined as the concentration required to reduce cell viability by 50%. d*P < 0.05 compared
to untreated group (Dunnett post-test).
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model of Mtb infection (Table 1). Compounds 6m and 9c
significantly reduced the number of colony-forming units
(CFU) when compared to that in the cell group treated with
vehicle (near 1 log10 CFU). This result demonstrates that the
molecules have structural, electronic, and physicochemical
properties that allow them to cross biological barriers and
inhibit the growth of the bacterium intracellularly.

It is important to mention that results describing potency,
inhibition of resistant strains, selectivity, and intracellular
activity have already been reported for other 2-(quinolin-4-
yloxy)acetamides.7−9,11,14 Therefore, to evaluate the impact of
the design on the drug-like features of the synthesized
compounds, molecule 6m was chosen for in vitro ADME
profiling (Table 2). The stability of 6m was not altered after
incubation at pH 7.4 for 24 h. By contrast, the use of an acidic
(pH 1.2) or basic (pH 9.1) medium reduced the concentration
of the molecule by approximately 40%. As expected, the
aqueous solubility was significantly higher under acidic
conditions. At pH 1.2, the solubility was greater than 2.5
mM. Interestingly, the solubility of 2-(quinolin-4-yloxy)-
acetamide 6m in the pH 7.4 solution was 31.4 μM. This
value is above the cutoff of 25 μM described in early drug
discovery programs.20 In addition, this solubility value was
determined to be above those of lead-like compounds 2 and 3
(Figure 1). Using a quantification methodology similar to that
employed for 6m, structure 2 was not detected in a pH 7.4
solution.7 In addition, molecule 3 has been described to exhibit
a solubility of 2.4 μM, which is 13-fold lower than that of 2-
(quinolin-4-yloxy)acetamide 6m determined using a similar
protocol.8 Furthermore, the passive permeability of compound
6m was assessed using the parallel artificial membrane
permeability assay (PAMPA; Table 2). The results showed
that the structure 6m presents a high permeability under the
experimental conditions used. Finally, the metabolic stability of
2-(quinolin-4-yloxy)acetamide 6m was determined in the
presence of rat liver microsomes. This parameter is one of
the main attrition rates for this chemical class. Notably,
compound 6m displayed a low metabolism rate (Clint < 16
mL/min/kg),21 which resulted in a half-life of 176 min. To the
best of our knowledge, this was the first 2-(quinolin-4-
yloxy)acetamide to show a low rate of metabolism.

To shed light on the possible in vivo antitubercular activities
of the compounds under study, pharmacokinetic experiments
were performed in mice. Following intravenous and oral dosing
of structure 6m, the parameters were obtained using the naiv̈e
polled approach (Table 3). The clearance for both dosing
regimens were similar (CLiv 0.088 L/h/kg and CLoral 0.115 L/
h/kg), and the same can be said for the volume of distribution
(Vdss = V1 + V2; Vdssdiv

0.304 L/kg and Vdssdoral
0.234 L/kg),

confirming the models selected. The terminal half-lives
determined in vivo were around 103 (oral) and 136 min
(iv), indicating the possible contributions of other mechanisms
of drug elimination besides metabolism. Interestingly, the
mean maximum plasma concentration (Cmax) obtained after

oral administration was 8.3 μg/mL (20.5 μM). This
concentration is more than 227-fold higher than the MIC
value presented by molecule 6m. In addition, plasma
quantification 24 h after oral administration revealed a mean
concentration of 1.14 ± 0.82 μg/mL (2.8 μM). Despite the
great variability of the data, this value was 31-fold higher than
the MIC value obtained for 2-(quinolin-4-yloxy)acetamide 6m.
Finally, the oral bioavailability of compound was estimated at
51%. For the first time, these data described a 2-(quinolin-4-
yloxy)acetamide with a pharmacokinetic exposure that may
enable antimycobacterial activity in a rodent model of
tuberculosis infection.

Herein, the design and synthesis of a new 2-(quinolin-4-
yloxy)acetamide series were shown, and we demonstrated the
in vitro antimycobacterial activities of the synthesized
compounds. The synthetic procedures were accomplished
using readily accessible reagents and reactants under known
and straightforward methodologies. In addition, the com-
pounds showed selective activities against drug-sensitive and
MDR-TB strains. Interestingly, the leading molecules carry out
their antitubercular activity by targeting the cytochrome bc1
complex. When evaluated in a macrophage model of Mtb
infection, these structures were able to inhibit intracellular M.
tuberculosis growth. Furthermore, the design strategy of
concomitantly increasing of the amide carbonyl’s electron
density to reduce its reactivity in hydrolysis-mediated reactions
provided a compound that was chemically stable depending on
context medium, showed good kinetic solubility and high
permeability, and was metabolically stable in the presence of
rat microsomes. Finally, a pharmacokinetic profile of the
leading compound showed, for the first time, a 2-(quinolin-4-
yloxy)acetamide endowed with good in vivo exposure after oral
administration to mice, suggesting that this chemical class may
yield new anti-TB drug candidates. A rodent model of TB and
new structural modifications, including an evaluation of the
possible bioisosterism between Telacebec’s scaffold imidazo-

Table 2. Chemical Stability, Solubility, Permeability, and Metabolic Stability of 2-(Quinolin-4-yloxy)acetamide 6m

chemical Stabilitya solubilityb permeability metabolic stability

entry pH 1.2c (%) pH 7.4d (%) pH 9.1e (%) pH 1.2c (mM) pH 7.4d (μM) PAMPA (10−6 cm/s) Clint
f (mL/min/kg) t1/2

g (min)

6m 58.3 100 62.1 >2.5 31.4 4.5 7.5 176
aPercentage of remaining compound after incubation at 37 °C for 24 h. bSolubility was determined after incubation at 25 °C for 4 h. cUsing a 0.1
M HCl solution. dUsing PBS. eUsing a 0.1 M NH4HCO3 solution. fIntrinsic clearance of rat liver microsomes. gHalf-life.

Table 3. Pharmacokinetic Parameters of 2-(Quinolin-4-
yloxy)acetamide 6m after Intravenous (25 mg/kg, 61.6
μmol/kg) and Oral (121.6 mg/kg, 300 μmol/kg)
Administrationa

group parameters NPA RSE (%)

intravenous CL (L/h/kg) 0.088 11.7
V1 (L/kg) 0.215 22.6
Q (L/h/kg) 0.339 33
V2 (L/kg) 0.0892 24.1

oral CL/F (L/h/kg) 0.226 18.0
V1/F (L/kg) 0.460 29.0
Ka (h−1) 3.01 58.0
F (%) 51.0

aNPA = naıv̈e pooled approach. CL = clearance. V1 = volume of
central the compartment. Q = intercompartmental clearance. V2 =
volume of the peripheral compartment. Ka = absorption rate constant.
F = bioavailability.
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[1,2-a]pyridine and the quinoline ring, are currently underway,
and these data will be presented in due course.
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