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Abstract  23 

Using a classical molecular simplification approach, a series of 36 quinolines were synthesized 24 

and evaluated as in vitro inhibitors of Mycobacterium tuberculosis (M. tuberculosis) growth. 25 

Structure–activity relationship (SAR) studies leaded to potent antitubercular agents, with 26 

minimum inhibitory concentration (MIC) values as low as 0.3 µM against M. tuberculosis 27 

H37Rv reference strain. Furthermore, the lead compounds were active against multidrug-28 

resistant strains, without cross-resistance with some first- and second-line drugs. Testing the 29 

molecules against a spontaneous mutant strain containing a single mutation in the qcrB gene 30 

(T313A) indicated that the synthesized quinolines targeted the cytochrome bc1 complex. In 31 

addition, leading compounds were devoid of apparent toxicity to HepG2 and Vero cells and 32 

showed moderate elimination rates in human liver S9 fractions. Finally, the selected structures 33 

inhibited M. tuberculosis growth in a macrophage model of tuberculosis infection. Taken 34 

together, these data indicate that this class of compounds may furnish candidates for the future 35 

development of antituberculosis drugs. 36 

 37 

Keywords: Mycobacterium tuberculosis; molecular simplification; multidrug-resistant strains; 38 

SAR; intracellular activity; cytochrome bc1 complex. 39 

 40 
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 46 

1. Introduction 47 

Tuberculosis (TB) is an airborne infectious disease, described among the top 10 causes of 48 

death worldwide. The disease has Mycobacterium tuberculosis (M. tuberculosis) as its main 49 

etiological agent, and it was responsible for claiming 1.5 million lives in 2018 [1]. In the same 50 

year, about 10.0 million people developed TB, according to the World Health Organization [1]. 51 

This public health problem has been aggravated by the emergence of rifampicin-resistant TB 52 

(RR-TB), multidrug-resistant TB (MDR-TB), HIV coinfection, and the large number of 53 

individuals infected with latent or dormant bacilli [1,2]. The recommended treatment includes a 54 

set of four drugs administered in two different combinations for six months. Although it has a 55 

high cure rate, the current therapeutic regimen suffers from low adherence of the patients, with 56 

increased drug resistance, adverse effects, and the impossibility of co-administration with some 57 

antiretroviral drugs [3,4]. In the early 2010s, the approval of bedaquiline [5] and delamanid [6] 58 

for the treatment of adult patients with pulmonary MDR-TB ended a period of more than four 59 

decades without approval of a new anti-TB drug. This addition to the therapeutic arsenal has 60 

been met with caution since these drugs have resulted in certain toxicity events, including drug-61 

induced QT interval prolongation. In addition, the adaptive capacity of M. tuberculosis has 62 

already led to the emergence of bedaquiline- and delamanid-resistant strains [7], indicating the 63 

need for continuous effort to obtain new therapeutic alternatives to TB treatment.  64 

Within this context and as part of our ongoing research, we evaluated the antimycobacterial 65 

activity of 2-(quinolin-4-yloxy)acetamides 1 (Figure 1) and their derivatives [8,9]. The 66 

compounds demonstrated submicromolar activity against resistant and non-resistant M. 67 

tuberculosis strains by targeting the QcrB subunit of menaquinol cytochrome c oxidoreductase 68 
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(bc1 complex) [10]. Despite their high capacity to inhibit M. tuberculosis growth in vitro, their 69 

good membrane permeability, and their synergistic in vitro effect with rifampin, this chemical 70 

class has shown moderate metabolic stability [9]. The microsomal instability of 2-(quinolin-4-71 

yloxy)acetamides has been attributed to the amide group lability, which is a probable point of 72 

esterase-mediated hydrolysis [11]. Such instability could reduce the pharmacokinetic exposure of 73 

these molecules when evaluated in in vivo models of tuberculosis. Thus, a change in this 74 

chemical group with a reduction in electrophilicity could lead to compounds containing better 75 

metabolic profiles. Our hypothesis was that molecular simplification of the attached acetamide 76 

group could provide novel compounds with optimized properties (Figure 1). The major 77 

challenge would be to maintain antimycobacterial activity while altering the amide since this 78 

group has been described as an important pharmacophoric point of compounds with potent 79 

activity against M. tuberculosis growth [8,9,12]. Furthermore, it has been described that 80 

quinolines containing ether groups at the 4-position are devoid of antitubercular activity [13].  81 

Therefore, in an attempt to obtain new compounds with activity against drug-susceptible and, 82 

mostly, drug-resistant M. tuberculosis strains, a new series of simplified 2-methyl-6-methoxy-2-83 

quinolines was synthesized. First, the structural requirements for potency of molecules (SAR) 84 

were evaluated using minimal inhibitory concentration (MIC) values. Subsequently, the most 85 

active structures against M. tuberculosis H37Rv were tested against a panel of well characterized 86 

multidrug-resistant strains, while the viability of HepG2 and Vero cells was used as an indicator 87 

of the toxicity and selectivity of the compounds. Finally, the in vitro metabolic stability and 88 

intracellular activity in a macrophage model of M. tuberculosis infection were also evaluated. 89 

 90 

 91 
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 92 

 93 

Figure 1. Molecular simplification of the amide group from 2-(quinolin-4-yloxy)acetamides as a 94 

strategy for the discovery and optimization of new antimycobacterial compounds with better 95 

metabolic properties.  96 

 97 

2. Results and discussion 98 

The designed compounds were obtained in two synthetic steps. First, 4-hydroxyquinoline (2) 99 

was synthesized in a classical Conrad-Limpach cyclocondensation reaction between ethyl 3-100 

oxobutanoate and 4-methoxyaniline, according to an already-reported protocol [9]. The second 101 

step was accomplished through O-alkylation in a second-order nucleophilic substitution reaction 102 

(SN2). Importantly, the substituents of the alkylating agents were chosen from different electron-103 

donating and electron-withdrawing groups, including bulky alkyl and aryl groups. The 104 

quinolines 3a–m were obtained from the reaction of 4-hydroxyquinoline (2) and 2-bromo-1-105 

arylethanones using potassium carbonate (K2CO3) as a base and dimethylformamide (DMF) as 106 

the solvent. The reactants were stirred for 18 h at 25°C, leading to products 3a–m with 13–90% 107 

yields (Scheme 1). Using the same procedure, the quinolines 4a–w were synthesized by the 108 

reaction of 4-hydroxyquinoline (2) and benzyl bromides, with 20−97% yields (Scheme 1). In 109 
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general, the presence of a carbonyl group in the alkylating agent provided products in lower 110 

yields when compared to alkylation reactions using benzyl bromides. Spectroscopic and 111 

spectrometric data were found to be in agreement with the proposed structures (Supporting 112 

Information). 113 

 114 

Scheme 1. Reagents and conditions. (i) = Alkyl halide, K2CO3, DMF, 25°C, 18 h.  115 

 116 

The synthesized compounds 3 and 4 were evaluated in a whole-cell assay against the M. 117 

tuberculosis H37Rv strain using isoniazid as positive control [14,15]. The quinolines 3a–m 118 

presented good activity against the bacillus, with MIC values ranging from 1.3 to 31.1 µM under 119 

the tested conditions (Table 1). The antimycobacterial activity results showed that carbonyl-120 

containing compounds 3a and 3h yielded lower MICs than the first line drug, isoniazid. 121 

Positioning the methoxy group at the 4-position of the benzene ring led to a compound with 122 

reduced activity against M. tuberculosis, whereas the unsubstituted compound 3a exhibited a 123 

MIC of 1.3 µM; the presence of the methoxy group at the 4-position of 3b (MIC = 7.4 µM) 124 

reduced the activity more than 5-fold. Additionally, the presence of the methoxy group at the 3- 125 

(3c) and 2-positions (3d) reduced the activity of the molecules to a greater extent, with MIC 126 
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values of 14.8 and 29.6 µM, respectively. By changing the electron-donating group to 4-methyl, 127 

the potency was also reduced since quinoline 3e showed a MIC of 15.6 µM. The same pattern 128 

was observed with the use of electron-withdrawing groups as substituents. The 4-fluor- (3f) and 129 

4-chloro-substituted (3g) compounds showed MICs of 30.7 and 12.9 µM, respectively. Notably, 130 

changing the chloro atom from the 4- to 3-position significantly altered the antimycobacterial 131 

activity because molecule 3h exhibited a MIC value of 1.8 µM. This value differed only slightly 132 

from 3a (1.3 µM) and showed increased potency of nearly 7-fold compared to the 4-substituted 133 

derivative 3g. Substitution with chlorine atoms at position 3 and 4 of the benzyl ring reduced the 134 

inhibitory activity against M. tuberculosis. 3,4-Dichlorophenyl-substituted 3i showed a MIC of 135 

6.6 µM, which was more than 3.5-fold lower than its monosubstituted analog, 3h. Additionally, 136 

the 4-bromophenyl-substituted 3j exhibited a MIC of 14.6 µM, denoting that the classic 137 

bioisosteric replacement between the chlorine and bromine was able to maintain similar and 138 

reduced potencies. The significant increase in the lipophilicity when using 4-iso-butyl and 4-139 

phenyl groups did not increase the activity of the molecules against the M. tuberculosis H37Rv 140 

strain since structures 3k and 3l presented MICs of 6.9 and 13.0 µM, respectively. Finally, the 141 

presence of an α-methyl group in quinoline 3m reduced the activity nearly 24-fold, suggesting 142 

that changes in this position do not sustain the antimycobacterial activity of this chemical class.  143 

 144 

 145 

 146 

 147 

 148 

 149 
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 150 

Table 1. ClogP values and in vitro activity of quinolines 3 and 4 against the M. tuberculosis 151 

H37Rv strain. 152 

 
153 

Entry R1 R2 R3 ClogPa MIC ( µM) 

3a H Ph – 4.18 1.3 

3b H 4-MeO-Ph – 4.40 7.4 

3c H 3-MeO-Ph – 4.40 14.8 

3d H 2-MeO-Ph – 4.40 29.6 

3e H 4-Me-Ph – 4.67 15.6 

3f H 4-F-Ph – 4.39 30.7 

3g H 4-Cl-Ph – 4.96 12.9 

3h H 3-Cl-Ph – 4.96 1.8 

3i H 3,4-(Cl)2-Ph – 5.58 6.6 

3j H 4-Br-Ph – 5.11 14.6 

3k H 4-i-Bu-Ph – 6.13 6.9 

3l H 4-Ph-Ph – 6.06 13.0 

3m Me Ph – 4.48 31.1 

4a – – Ph 4.99 5.6 

4b – – 3-MeO-Ph 4.90 32.3 
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4c – – 3,5-(MeO)2-Ph 4.99 29.5 

4d – – 4-F-Ph 5.13 16.8 

4e – – 3-F-Ph 5.13 16.8 

4f – – 2-F-Ph 5.13 19.2 

4g – – 3,4-(F)2-Ph 5.20 3.9 

4h – – 4-Cl-Ph 5.67 15.9 

4i – – 3-Cl-Ph 5.67 7.9 

4j – – 2-Cl-Ph 5.70 18.8 

4k – – 3,4-(Cl)2-Ph 6.29 0.3 

4l – – 2,3-(Cl)2-Ph 6.29 28.7 

4m – – 3-Cl-4-Br-Ph 6.42 1.6 

4n – – 4-Br-Ph 5.85 13.9 

4o – – 3-Br-Ph 5.85 13.9 

4p – – 4-F3C-Ph 5.87 7.2 

4q – – 3-F3C-Ph 5.87 7.2 

4r – – 4-O2N-Ph 4.73 30.8 

4s – – 4-i-Pr-Ph 6.41 1.9 

4t – – 4-t-Bu-Ph 6.81 3.7 

4u – – Bn 5.31 34.1 

4v – – 2-Naphthyl 6.16 7.6 

4w – – 
 

4.95 30.9 

INH – – – – 2.3 
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aClogP calculated with ChemBioDraw Ultra, version 13.0.0.3015. INH, Isoniazid. 154 

In the second round of obtaining new anti-TB drug candidates, the antimycobacterial activity 155 

of 2-quinolin-4-yloxy derivatives 4a-w against the M. tuberculosis H37Rv strain was determined 156 

(Table 1). In general, dihalogenated- or alkyl-substituted compounds showed the best activities 157 

under the tested conditions. The unsubstituted quinoline 4a showed a MIC of 5.6 µM. The 158 

presence of the methoxy group attached at the 3-position of the benzene ring yielded compound 159 

4b, which exhibited a MIC of 32.3 µM. This result demonstrates that this electron-donating 160 

group reduced the activity by more than 5-fold compared to the unsubstituted analogue, 4a. 161 

Similarly, the use of another methoxy group attached at the 5-position of the benzene ring led to 162 

molecule 4c, which presented a MIC of 25.5 µM. Fluorine attached at the 4- (4d) and 3-positions 163 

(4e) generated equipotent compounds, with a MIC of 16.8 µM. Quinoline 4f, containing a 164 

fluorine atom at the 2-position, showed a MIC of 19.2 µM. When two fluorine atoms were 165 

positioned at the 3- and 4-positions of the benzene ring, the capacity to inhibit the bacillus 166 

growth increased. The MIC presented by difluorinated derivative 4g was 3.9 µM. This MIC 167 

value indicated a slightly superior activity compared to that presented by compound 4a (MIC = 168 

5.6 µM). The chlorine atom attached at the 4- and 3-positions of 4h and 4i yielded compounds 169 

with MIC values of 15.9 µM and 7.9 µM, respectively. Once more, the presence of a halogen at 170 

the 2-position reduced the potency against M. tuberculosis since molecule 4j exhibited a MIC of 171 

18.8 µM. On the other hand, 3,4-dichlorobenzyl derivative 4k showed the highest 172 

antimycobacterial activity of the series of synthesized quinolines. The presence of chlorine atoms 173 

at the 3- and 4-positions in structure 4k led to a MIC value of 0.3 µM. This finding indicated that 174 

compound 4k was approximately 7.6-fold more effective than isoniazid (MIC = 2.3 µM). The 175 

importance of this molecular arrangement is evident by the comparison with the activity of 176 
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structure 4l. Changing the chlorine atom from 4- to 2-position greatly reduced antimycobacterial 177 

activity as quinoline 4l showed MIC of 28.7 µM. In addition, steric properties seem to be directly 178 

related to the activity presented by the compounds rather than the physicochemical parameters as 179 

CLogP of 4k and 4l are identical (CLogP = 6.19). Another finding related to the specificity of 180 

the activity showed by molecule 4k was that exchanging the 4-chlorine with the 4-bromine in 181 

quinoline 4m reduced the activity more than 5-fold, leading to a MIC value of 1.6 µM. Notably, 182 

independent of the position of the bromine atom attached to the benzene ring in molecules 4n 183 

and 4o, the MIC values were 13.9 µM. The same pattern was observed with trifluoromethylated 184 

compounds 4p and 4q, which exhibited MIC values of 7.2 µM. Additionally, by increasing the 185 

polarization of quinoline 4r with the 4-nitro substituent attached to the aryl group, the activity 186 

was greatly reduced. This electron-withdrawing group yielded a compound that inhibited M. 187 

tuberculosis H37Rv growth, with a MIC of 30.8 µM. By contrast, replacement of the hydrogen 188 

of the benzene ring with alkyl groups at the 4-position was well tolerated. However, the 4-iso-189 

propyl group in molecule 4s was able to inhibit M. tuberculosis, with a MIC of 1.9 µM. The 4-190 

tert-butyl group in 4t presented a MIC value of 3.7 µM. In particular, these results showed that 191 

structure 4s has a slightly higher potency than isoniazid under the experimental conditions used. 192 

Moreover, the use of a methylene group as a spacer greatly reduced the activity of quinoline 4u. 193 

The MIC of this structure was 34.1 µM, which was approximately 6-fold less effective than 194 

compound 4a. Finally, the 2-naphthyl group in 4v presented a MIC value of 7.6 µM, while 195 

benzo[d][1,3]dioxole derivative 4w was able to inhibit M. tuberculosis, with a MIC of 30.9 µM. 196 

This result reveal that increasing the polarity in the substituent reduced the inhibitory capacity of 197 

the molecule nearly 4-fold.  198 
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Using the MIC value of 2.3 µM, presented by isoniazid, as a threshold, quinolines 3a, 3h, 4k, 199 

and 4s were selected for inhibitory activity against a panel of multidrug-resistant M. tuberculosis 200 

strains (Table 2). Due to the antimycobacterial activity of compounds 4k and 4m and their 201 

structural similarity, only 3,4-dichlorobenzyl derivative 4k was selected. M. tuberculosis strains 202 

PT2, PT12, and PT20 have been described as resistant to drugs such as isoniazid, rifampin, 203 

streptomycin, ethionamide, and rifabutine. Additionally, PT12 and PT20 are also resistant to 204 

drugs such as pyrazinamide and ethambutol and PT12 present additional resistance to amikacin 205 

and capreomycin. The genome of these strains has been sequenced, and the genotypic alterations 206 

responsible for the resistant phenotypes have been already reported [16]. Notably, the evaluated 207 

quinolines exhibited similar activities, and they were even more potent against PT2, PT12, and 208 

PT20 strains than the M. tuberculosis H37Rv strain (Table 2). Compounds 3a and 4k exhibited 209 

similar activities between the different drug-susceptible and drug-resistant M. tuberculosis 210 

strains. Molecules 3h and 4s were 1.9- to 9.5-fold more potent against MDR strains than the 211 

drug-susceptible M. tuberculosis H37Rv strain. From the results obtained, one can conclude that 212 

the synthesized quinolines do not share in vitro cross-resistance with some important and 213 

clinically useful anti-TB drugs. These data suggest promising potential of these structures against 214 

drug-susceptible and MDR M. tuberculosis strains, probably involving different molecular 215 

targets from known drugs.  216 

In an attempt to shed light on the mechanism of action of synthesized quinolines 3a, 3h, 4k, 217 

and 4s, the MICs of the compounds were determined against a 2-(quinolin-4-yloxy)acetamide-218 

resistant M. tuberculosis strain (Table 2). Whole genome sequencing of this spontaneous 219 

resistant strain has revealed a mutation in the qcrB gene which substituted an adenine nucleotide 220 

at 937 position by a guanine resulting in the T313A amino acid exchange [10]. The four 221 
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evaluated compounds showed MIC values that were at least 4-fold higher than those displayed 222 

against the M. tuberculosis H37Rv strain. These data suggested the involvement of the qcrB gene 223 

product in the antimycobacterial activity elicited by these molecules. The qcrB gene encodes the 224 

b-subunit of the cytochrome bc1 complex, which is part of the respiratory electron transport chain 225 

and required for ATP biosynthesis. Therefore, the molecular simplification from 2-(quinolin-4-226 

yloxy)acetamides, which culminates in the withdrawal of amide function in compounds 3 and 4, 227 

maintained the cytochrome bc1 complex as a possible molecular target for this series of 228 

molecules.   229 

 230 

Table 2. In vitro activity of the selected quinolines against M. tuberculosis H37Rv, MDR strains, 231 

and the 2-(quinolin-4-yloxy)acetamide-resistant strain. Evaluation of the viability of HepG2 and 232 

Vero cells. Metabolic stability evaluated in human liver S9 fractions. 233 

Entry  MIC 

H37Rv 

(µM) 

MIC 

PT2 

(µM) 

MIC 

PT12 

(µM) 

MIC 

PT20 

(µM) 

MIC a 

qcrB-

T313A 

(µM) 

CC50
b 

HepG2 

(µM) 

CC50
b 

Vero 

(µM) 

Cl int
c
 

(mL/min/kg)  

t1/2
d
 

(min) 

3a 1.3 2.0 2.0 1.0 32.5 >20 >20 7.1 87.5 

3h 1.8 0.5 0.9 0.2 7.3 >20 >20 7.7 78.2 

4k 0.3 0.2 0.5 0.2 14.4 14.4e;14.9f >20 12.6 30.6 

4s 1.9 0.5 1.0 0.2 7.8 13.1e;13.0f >20 17.4 10.0 

INH 2.3 291.7 72.9 145.8 2.3 – – – – 

RIF  0.05 >48.6 >48.6 12.2 – – – – – 
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a2-(Quinolin-4-yloxy)acetamide-resistant spontaneous mutant containing a unique alteration in 234 

the qcrB gene (ACC to GCC at nucleotide 937 position or T313A amino substitution). bThe 235 

toxicity and selectivity of the compounds was studied on HepG2 and Vero cells. The 50% 236 

cytotoxic concentration determined by MTT and Neutral Red assays. cHuman S9 intrinsic 237 

clearance. dHalf-live. eDetermined by the MTT method. fDetermined by the Neutral Red method. 238 

INH, Isoniazid. RIF, Rifampin.  239 

In addition, quinolines 3a, 3h, 4k, and 4s were evaluated for their cytotoxicity using HepG2 240 

and Vero cells (Table 2). Cellular viability was determined using MTT and Neutral Red uptake 241 

assays [9,17] after exposing the cell lineages to the quinolines for 72 h [18]. While MTT 242 

determines mitochondrial activity, neutral red assesses the lysosomal viability of the cells. 243 

Incubation of carbonyl-containing compounds 3a and 3h at a concentration of 20 µM did not 244 

significantly affect the viability of either cell lineage. Furthermore, the viability of the Vero cells 245 

exposed to 20 µM of compounds 4k and 4s was not affected. By contrast, molecules 4k and 4s 246 

exhibited CC50 (50% cytotoxic concentration) values of 14.4/14.9 µM and 13.1/13.0 µM, 247 

respectively, when incubated with HepG2 cells. These findings point out that there is a 248 

difference of 6.8–6.9-fold between the antimycobacterial activity elicited by structure 4s against 249 

M. tuberculosis H37Rv and its cytotoxic concentration. Taking this data alone, these values 250 

could be considered indicative of toxicity and, therefore, motivation for exclusion of 4s from 251 

subsequent trials. However, when considering the MIC values of molecule 4s against MDR 252 

strains, this difference increases to at least 13-fold. Therefore, the viability results suggested that 253 

structures 3a, 3h, 4k, and 4s present a reasonable to high degree of selectivity for M. 254 

tuberculosis, propelling us to continue our research efforts. 255 
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Afterward, the metabolic stability of quinolines 3a, 3h, 4k, and 4s was determined using 256 

human liver S9 fractions (Table 2). Compounds 3a, 3h, and 4k showed moderate elimination 257 

rates based on human S9 intrinsic clearance values (15< Clint >5 mL/min/kg) [19]. By contrast, 258 

molecule 4s exhibited a high elimination rate under the evaluated conditions (Clint >15 259 

mL/min/kg) [19]. Interestingly, carbonyl-containing structures 3a and 3h demonstrated half-lives 260 

that were at least 2.5-fold longer than ether derivatives 4k and 4s. Another finding was that the 261 

presence of the 4-iso-propylbenzyl group reduced the half-life of quinoline 4s 3-fold when 262 

compared to 3,4-dichlorobenzyl derivative 4k. This may be related to the activation of the 263 

benzene ring by the alkyl group, which is prone to oxidation reactions from microsomal 264 

enzymes. However, further studies are needed to confirm such hypothesis. For purposes of 265 

comparison, the metabolic stability of 2-(quinolin-4-yloxy)acetamides, determined under the 266 

same experimental conditions, showed half-lives with mean values of 18.7 min [8,9]. This data 267 

suggests, once more [11], that the presence of an amide function generates a hydrolysis soft spot 268 

that can be circumvented by the molecular simplification strategy.  269 

In order to evaluate the ability of the compounds to pass cell membranes and to inhibit the 270 

intracellular growth of the bacilli, quinolines 3a, 3h, and 4k were evaluated in a macrophage 271 

model of M. tuberculosis infection. It is important to mention that these molecules were chosen 272 

based on cytotoxicity and metabolic stability studies. Macrophages from the untreated group 273 

(0.5% DMSO) showed an increase of around 1.21 log10 CFU, within five days, compared to the 274 

early control group. This data denoted the bacteria's ability to multiply intracellularly (Table 3). 275 

Treatments with molecules 3h and 4k prevented bacterial growth and kept the bacterial loads 276 

stable inside the macrophages. By contrast, phenyl-substituted compound 3a was ineffective 277 

when statically compared to the early control and the untreated group. The data obtained 278 
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suggested that structures 3h and 4k were able to have a bacteriostatic effect on intracellular M. 279 

tuberculosis growth (P<0.05). It is noteworthy that these simplified quinolines also exhibited the 280 

best activities against MDR M. tuberculosis strains, making these lead compounds highly 281 

attractive.  282 

 283 

Table 3. Intracellular activity of compounds 3a, 3h, and 4k in murine macrophages infected with 284 

the virulent M. tuberculosis H37Rv strain. 285 

Entry  Log
10 

CFU/well (Mean ± SD) 

Early Control 3.45 ± 0.07*    

Untreated  4.66 ± 0.23** 

3a (5 µM) 4.06 ± 0.11*  

3h (5 µM) 3.80 ± 0.43* 

4k (5 µM) 3.80 ± 0.17* 

SD, standard deviation; *P < 0.05 compared to untreated group (0.5% DMSO); **P < 0.01 286 

compared to early control (EC) group. 287 

 288 

3. Conclusion 289 

In summary, herein the design and synthesis of a new series of simplified quinolines was 290 

shown, and we demonstrated their in vitro antimycobacterial activity. The synthetic procedures 291 

were performed using readily accessible reagents and reactants under mild reaction conditions. 292 

In addition, the compounds showed selective activity against drug-sensitive and MDR M. 293 

tuberculosis strains, with MIC values in the low micromolar or submicromolar range. 294 

Interestingly, the lead compounds carry out their antitubercular activity by targeting the 295 
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cytochrome bc1 complex. This possible mechanism of action/resistance expands the potential use 296 

of these structures for non-replicating forms of M. tuberculosis. Furthermore, the design strategy 297 

provided molecules that were metabolically more stable than their counterparts, which were able 298 

to inhibit the intracellular M. tuberculosis growth with a bacteriostatic effect. Finally, the 299 

submicromolar activity against MDR M. tuberculosis strains elicited by leading quinolines 300 

coupled to the metabolic stability and intracellular activity suggests that this class of compounds 301 

may yield candidates for the development of new anti-TB drugs. New structural modifications of 302 

the compounds, as well as bioavailability studies, are currently underway.  303 

 304 

4. Experimental section  305 

4.1 Synthesis and structure: apparatus and analysis 306 

The commercially available reactants and solvents were obtained from commercial suppliers 307 

and were used without additional purification. The melting points were measured using a 308 

Microquímica MQAPF-302 apparatus. 1H and 13C NMR spectra were acquired on an Avance III 309 

HD Bruker spectrometer (Pontifical Catholic University of Rio Grande do Sul). Chemical shifts 310 

(δ) were expressed in parts per million (ppm) relative to DMSO-d6, which was used as the 311 

solvent, and to TMS, which was used as the internal standard. High-resolution mass spectra 312 

(HRMS) were obtained on an LTQ Orbitrap Discovery mass spectrometer (Thermo Fisher 313 

Scientific, Bremer, Germany). This system combines an LTQ XL linear ion-trap mass 314 

spectrometer and an Orbitrap mass analyzer. The analyses were performed through the direct 315 

infusion of the sample in MeOH/CH3CN (1:1) with 0.1% formic acid (flow rate of 10 µL/min) in 316 

positive-ion mode using electrospray ionization (ESI). For the elemental composition, the 317 

calculations used the specific tool included in the Qual Browser module of Xcalibur (Thermo 318 
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Fisher Scientific, release 2.0.7) software. The compound purity was determined using an Äkta 319 

HPLC system (GE Healthcare® Life Sciences) equipped with a binary pump, manual injector, 320 

and UV detector. Unicorn 5.31 software (Build 743) was used for data acquisition and 321 

processing. The HPLC conditions were as follows: RP column, 5 µm Nucleodur C-18 (250 × 4.6 322 

mm); flow rate, 1.5 mL/min; UV detection, 254 nm; 100% water (0.1% acetic acid) was 323 

maintained from 0 to 7 min, followed by a linear gradient from 100% water (0.1% acetic acid) to 324 

90% acetonitrile/methanol (1:1, v/v) from 7 to 15 min (15–30 min) and subsequently returned to 325 

100% water (0.1% acetic acid) in 5 min (30–35 min) and maintained for an additional 10 min 326 

(35–45 min). All the evaluated compounds were ≥90% pure. 327 

 328 

4.2 General procedure for the synthesis of quinolines 3 and 4 329 

The synthesis of 4-hydroxyquinoline (2) was performed in accordance to an already reported 330 

procedure [9]. The appropriate alkyl halide (1.2 mmol) was added to a mixture of 4-331 

hydroxyquinoline (1 mmol) and potassium carbonate (K2CO3, 3.12 mmol) in DMF (6 mL). The 332 

reaction mixture was stirred at 25°C for 18 h. Afterwards, the reaction mixture was diluted in 333 

water (10 mL) with concomitant precipitation of the product. The solid was separated using a 334 

centrifuge (18,000 RPM, 4°C, 10 min), washed with water (3 × 15 mL), and dried under reduced 335 

pressure to afford the products in good purity, which was measured by HPLC experiments. In 336 

some cases where the purity of the products was not satisfactory, the solids were washed with 337 

ethyl ether or purified by flash chromatography using ethyl acetate and hexane in a ratio of 3:7; 338 

1:1, and, finally, 7:3, respectively. 339 

 340 

4.2.1 2-((6-Methoxy-2-methylquinolin-4-yl)oxy)-1-phenylethan-1-one (3a) 341 
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Yield 38%; m.p.: 155-156 °C; HPLC 90% (tR = 14.53 min); 1H NMR (400 MHz, DMSO-d6) δ 342 

2.52 (s, 3H), 3.89 (s, 3H), 5.89 (s, 2H), 6.93 (s, 1H), 7.35 (dd, J = 9.1, 2.9 Hz, 1H), 7.48 (d, J = 343 

2.9 Hz, 1H), 7.61 (t, J = 7.6 Hz, 2H), 7.68 – 7.84 (m, 2H), 8.04 – 8.13 (m, 2H). 13C NMR (101 344 

MHz, DMSO-d6) δ 24.7, 55.1, 70.2, 99.5, 119.5, 121.2, 127.7 (2C), 128.6 (4C), 129.3, 133.6, 345 

134.0, 156.0, 156.7, 159.1, 193.2; HRMS (FTMS + pESI) m/z calcd. for C19H17NO3 (M)+: 346 

308.1281; found: 308.1273. 347 

 348 

4.2.2 2-((6-Methoxy-2-methylquinolin-4-yl)oxy)-1-(4-methoxyphenyl)ethan-1-one (3b) 349 

Yield 58%; m.p.: 145-146 °C; HPLC 97% (tR = 14.72 min); 1H NMR (400 MHz, DMSO-d6) δ 350 

2.52 (s, 3H), 3.88 (s, 6H), 5.81 (s, 2H), 6.88 (s, 1H), 7.12 (d, J = 8.7 Hz, 2H), 7.35 (dd, J = 9.1, 351 

2.9 Hz, 1H), 7.48 (d, J = 2.8 Hz, 1H), 7.79 (d, J = 9.1 Hz, 1H), 8.06 (d, J = 8.8 Hz, 2H). 13C 352 

NMR (101 MHz, DMSO-d6) δ 25.0, 55.8, 70.5, 99.8, 102.4, 114.0 (2C), 119.8, 121.4, 127.4, 353 

129.4, 130.3 (3C), 144.1, 156.5, 156.9, 159.4, 163.6, 191.6; HRMS (FTMS + pESI) m/z calcd. 354 

for C20H19NO4 (M)+: 338.1387; found: 338.1401. 355 

 356 

4.2.3 2-((6-Methoxy-2-methylquinolin-4-yl)oxy)-1-(3-methoxyphenyl)ethan-1-one (3c) 357 

Yield 78%; m.p.: 93-95 °C; HPLC 90% (tR = 15.80 min); 1H NMR (400 MHz, DMSO-d6) δ 2.53 358 

(s, 3H), 3.86 (s, 3H), 3.89 (s, 3H), 5.88 (s, 2H), 6.93 (s, 1H), 7.29 – 7.31 (m, 1H), 7.35 (dd, J = 359 

9.1, 2.9 Hz, 1H), 7.48 (d, J = 2.9 Hz, 1H), 7.53 (t, J = 7.9 Hz, 1H), 7.57 – 7.59 (m, 1H), 7.68 (dd, 360 

J = 6.7, 1.2 Hz, 2H), 7.79 (d, J = 9.1 Hz, 1H). 13C NMR (101 MHz, DMSO-d6) δ 25.5, 55.8, 361 

55.9, 71.0, 100.2, 103.0, 113.2, 120.2, 120.3, 120.8, 122.0, 130.0, 130.3, 136.1, 144.7, 156.7, 362 

157.4, 159.8, 160.0, 193.8; HRMS (FTMS + pESI) m/z calcd. for C20H19NO4 (M)+: 338.1387; 363 

found: 338.1379. 364 
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 365 

4.2.4 2-((6-Methoxy-2-methylquinolin-4-yl)oxy)-1-(2-methoxyphenyl)ethan-1-one (3d) 366 

Yield 57%; m.p.: 140-142 °C; HPLC 90% (tR = 14.93 min); 1H NMR (400 MHz, DMSO-d6) δ 367 

2.51 (s, 3H), 3.86 (s, 3H), 3.96 (s, 3H), 5.58 (s, 2H), 6.75 (s, 1H), 7.11 (t, J = 7.5 Hz, 1H), 7.26 368 

(d, J = 8.4 Hz, 1H), 7.34 (dd, J = 9.1, 2.9 Hz, 1H), 7.41 (d, J = 2.8 Hz, 1H), 7.65 (t, J = 7.8 Hz, 369 

1H), 7.78 (d, J = 8.9 Hz, 2H). 13C NMR (101 MHz, DMSO-d6) δ 24.9, 55.3, 56.0, 73.4, 99.8, 370 

102.2, 112.6, 119.8, 120.7, 121.4, 124.6, 129.5, 129.7, 134.8, 144.2, 156.2, 156.8, 159.1, 159.5, 371 

194.5; HRMS (FTMS + pESI) m/z calcd. for C20H19NO4 (M)+: 338.1387; found: 338.1385. 372 

 373 

4.2.5 2-((6-Methoxy-2-methylquinolin-4-yl)oxy)-1-(p-tolyl)ethan-1-one (3e) 374 

Yield 25%; m.p.: 138-139 °C; HPLC 90% (tR = 15.01 min); 1H NMR (400 MHz, DMSO-d6) δ 375 

2.52 (s, 3H), 3.88 (s, 3H), 5.84 (s, 2H), 6.91 (s, 1H), 7.35 (dd, J = 9.1, 2.9 Hz, 1H), 7.41 (d, J = 376 

8.0 Hz, 2H), 7.48 (d, J = 2.8 Hz, 1H), 7.79 (d, J = 9.1 Hz, 1H), 7.98 (d, J = 8.2 Hz, 2H). 13C 377 

NMR (101 MHz, DMSO-d6) δ 21.2, 25.1, 55.3, 70.3, 100.1, 102.5, 119.8, 121.4, 127.8 (2C), 378 

129.3 (2C), 129.4, 131.8, 144.1, 144.4, 156.3, 156.8, 159.4, 192.7; HRMS (FTMS + pESI) m/z 379 

calcd. for C20H19NO3 (M)+: 322.1438; found: 322.1451. 380 

 381 

4.2.6 1-(4-Fluorophenyl)-2-((6-methoxy-2-methylquinolin-4-yl)oxy)ethan-1-one (3f) 382 

Yield 31%; m.p.: 128-130 °C; HPLC 92% (tR = 14.69 min); 1H NMR (400 MHz, DMSO-d6) δ 383 

2.53 (s, 3H), 3.89 (s, 3H), 5.88 (s, 2H), 6.95 (s, 1H), 7.36 (dd, J = 9.2, 2.7 Hz, 1H), 7.42 – 7.49 384 

(m, 3H), 7.80 (d, J = 9.1 Hz, 1H), 8.18 (dd, J = 8.3, 5.8 Hz, 2H). 13C NMR (101 MHz, DMSO-385 

d6) δ 25.0, 55.3, 70.3, 99.7, 102.5, 115.9 (d, J = 22.0 Hz, 2C), 119.8, 121.5, 126.9, 129.6, 131.0 386 
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(d, J = 5.4 Hz, 2C), 144.2, 156.3, 156.9, 159.3, 165.4 (d, J = 252.2 Hz), 192.2. HRMS (FTMS + 387 

pESI) m/z calcd. for C19H16FNO3 (M)+: 326.1187; found: 326.1188. 388 

 389 

4.2.7 1-(4-Chlorophenyl)-2-((6-methoxy-2-methylquinolin-4-yl)oxy)ethan-1-one (3g) 390 

Yield 13%; m.p.: 134-136 °C; HPLC 93% (tR = 15.26 min); 1H NMR (400 MHz, DMSO-d6) δ 391 

2.53 (s, 3H), 3.88 (s, 3H), 5.87 (s, 2H), 6.95 (s, 1H), 7.35 (dd, J = 9.1, 2.9 Hz, 1H), 7.47 (d, J = 392 

2.9 Hz, 1H), 7.69 (d, J = 8.6 Hz, 2H), 7.79 (d, J = 9.2 Hz, 1H), 8.09 (d, J = 8.6 Hz, 2H). 13C 393 

NMR (101 MHz, DMSO-d6) δ 25.0, 55.3, 70.4, 99.7, 102.5, 119.7, 121.5, 128.0, 129.5, 129.9 394 

(2C), 131.9 (2C), 138.8, 144.2, 156.3, 156.9, 159.3, 192.8. HRMS (FTMS + pESI) m/z calcd. for 395 

C19H16ClNO3 (M)+: 342.0891; found: 342.0897. 396 

 397 

4.2.8 1-(3-Chlorophenyl)-2-((6-methoxy-2-methylquinolin-4-yl)oxy)ethan-1-one (3h) 398 

Yield 63%; m.p.: 141-142 °C; HPLC 99% (tR = 14.76 min); 1H NMR (400 MHz, DMSO-d6) δ 399 

2.53 (s, 3H), 3.89 (s, 3H), 5.90 (s, 2H), 6.99 (s, 1H), 7.36 (dd, J = 9.1, 2.9 Hz, 1H), 1H), 7.47 (d, 400 

J = 2.9 Hz, 1H), 7.65 (t, J = 7.9 Hz, 1H), 7.76 – 7.84 (m, 2H), 8.10 – 8.15 (m, 1H), 8.02 (d, J = 401 

7.7 Hz, 1H). 13C NMR (101 MHz, DMSO-d6) δ 25.4, 55.8, 71.0, 100.2, 103.1, 120.2, 122.1, 402 

127.0, 128.3, 129.9, 131.3, 134.03 134.2, 136.6, 144.5, 156.8, 157.4, 159.8, 193.1; HRMS 403 

(FTMS + pESI) m/z calcd. for C19H16ClNO3 (M)+: 342.0891; found: 342.0893. 404 

 405 

4.2.9 1-(3,4-Dichlorophenyl)-2-((6-methoxy-2-methylquinolin-4-yl)oxy)ethan-1-one (3i) 406 

Yield 53%; m.p.: 149-151 °C; HPLC 95% (tR = 15.80 min); 1H NMR (400 MHz, DMSO-d6) δ 407 

2.53 (s, 3H), 3.89 (s, 3H), 5.88 (s, 2H), 6.99 (s, 1H), 7.35 (dd, J = 9.1, 2.9 Hz, 1H), 7.46 (d, J = 408 

2.9 Hz, 1H), 7.79 (d, J = 9.1 Hz, 1H), 7.89 (d, J = 8.3 Hz, 1H), 8.01 (dd, J = 8.4, 2.0 Hz, 1H), 409 
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8.31 (d, J = 2.0 Hz, 1H). 13C NMR (101 MHz, DMSO-d6) δ 24.9, 55.3, 70.5, 99.7, 102.5, 119.7, 410 

121.6, 129.7, 129.4, 130.0, 131.2, 131.9, 136.6, 144.0, 156.3, 156.9, 159.2, 191.8; HRMS 411 

(FTMS + pESI) m/z calcd. for C19H15Cl2NO3 (M)+: 376.0502; found: 376.0508. 412 

 413 

4.2.10 1-(4-Bromophenyl)-2-((6-methoxy-2-methylquinolin-4-yl)oxy)ethan-1-one (3j) 414 

Yield 55%; m.p.: 134-136 °C; HPLC 91% (tR = 15.37 min); 1H NMR (400 MHz, DMSO-d6) δ  415 

2.53 (s, 3H), 3.89 (s, 3H), 5.86 (s, 2H), 6.95 (s, 1H), 7.35 (dd, J = 9.1, 2.9 Hz, 1H), 7.47 (d, J = 416 

2.9 Hz, 1H), 7.77 – 7.85 (m, 3H), 8.01 (d, J = 8.6 Hz, 2H). 13C NMR (101 MHz, DMSO-d6) δ 417 

25.0, 55.3, 70.4, 99.7, 102.5, 119.7, 121.5, 128.0, 129.5, 129.9 (2C), 131.9 (2C), 133.2, 144.2, 418 

156.3, 156.9, 159.3, 192.8; HRMS (FTMS + pESI) m/z calcd. for C19H16BrNO3 (M)+: 386.0386; 419 

found: 386.0391. 420 

 421 

4.2.11 1-(4-Isobutylphenyl)-2-((6-methoxy-2-methylquinolin-4-yl)oxy)ethan-1-one (3k) 422 

Yield 90%; m.p.: 130-132 °C; HPLC 96% (tR = 15.99 min); 1H NMR (400 MHz, DMSO-d6) δ 423 

0.88 (s, 3H), 0.89 (s, 3H), 1.85 – 1.93 (m, 1H), 2.52 (s, 3H), 2.56 (d, J = 7.2 Hz, 2H), 3.88 (s, 424 

3H), 5.86 (s, 2H), 6.92 (s, 2H), 7.35 (dd, J = 9.1, 2.9 Hz, 1H), 7.35 – 7.42 (m, 2H), 7.48 (d, J = 425 

2.9 Hz, 1H), 7.79 (d, J = 9.1 Hz, 1H), 7.97 – 8.04 (m, 2H). 13C NMR (101 MHz, DMSO-d6) δ 426 

22.6 (2C), 25.5, 30.0, 45.0, 55.8, 70.8, 100.2, 102.9, 120.3, 122.0, 128.4 (2C), 129.8 (2C), 130.0, 427 

132.6, 144.7, 148.4, 156.7, 157.4, 159.9, 193.5; HRMS (FTMS + pESI) m/z calcd. for 428 

C23H25NO3 (M)+: 364.1907; found: 364.1894. 429 

 430 

4.2.12 1-([1,1'-Biphenyl]-4-yl)-2-((6-methoxy-2-methylquinolin-4-yl)oxy)ethan-1-one (3l) 431 
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Yield 38%; m.p.: 160-162 °C; HPLC 97% (tR = 16.25 min); 1H NMR (400 MHz, DMSO-d6) δ 432 

2.54 (s, 3H), 3.89 (s, 3H), 5.93 (s, 2H), 6.97 (s, 1H), 7.36 (dd, J = 9.2, 2.9 Hz, 1H), 7.44 – 7.50 433 

(m, 4H), 7.48 – 7.58 (m, 3H), 7.75 – 7.84 (m, 3H), 7.87 – 7.94 (m, 2H), 8.14 – 8.21 (m, 2H). 13C 434 

NMR (101 MHz, DMSO-d6) δ 25.0, 55.3, 70.4, 99.7, 102.5, 119.8, 121.5, 126.9 (2C), 127.0 435 

(2C), 128.5, 128.7 (2C), 129.1 (2C), 129.5, 133.0, 138.8, 144.2, 145.3, 156.3, 156.9, 159.4, 436 

193.0. HRMS (FTMS + pESI) m/z calcd. for C25H21NO3 (M)+: 384.1594; found: 384.1596. 437 

 438 

4.2.13 2-((6-Methoxy-2-methylquinolin-4-yl)oxy)-1-phenylpropan-1-one (3m) 439 

Yield 71%; m.p.: 142-144 °C; HPLC 94% (tR = 14.58min); 1H NMR (400 MHz, DMSO-d6) δ 440 

1.71 (d, J = 6.8 Hz, 3H), 2.48 (s, 3H), 3.87 (s, 3H), 6.30 (q, J = 6.7 Hz, 1H), 6.75 (d, J = 1.2 Hz, 441 

1H), 7.35 (ddd, J = 9.2, 2.9, 1.1 Hz, 1H), 7.43 (dd, J = 2.9, 1.1 Hz, 1H), 7.57 – 7.63 (m, 2H), 442 

7.69 – 7.74 (m, 1H), 7.77 (dd, J = 9.1, 1.1 Hz, 1H), 8.12 (dd, J = 8.4, 1.2 Hz, 2H). 13C NMR (101 443 

MHz, DMSO-d6) δ 18.1, 25.0, 55.3, 75.1, 99.9, 102.5, 119.9, 121.5, 128.5, 129.0 (2C), 129.5 444 

(2C), 133.95, 134.01, 144.2, 156.3, 156.7, 158.6, 197.2; HRMS (FTMS + pESI) m/z calcd. for 445 

C20H19NO3 (M)+: 322.1438; found: 322.1433. 446 

 447 

4.2.14 4-(Benzyloxy)-6-methoxy-2-methylquinoline (4a) 448 

Yield 49%; m.p.: 140-142 °C; HPLC 90% (tR = 14.59 min); 1H NMR (400 MHz, DMSO-d6) δ 449 

2.56 (s, 3H), 3.85 (s, 3H), 5.38 (s, 2H), 7.00 (s, 1H), 7.34 (dd, J = 9.1, 2.9 Hz, 1H), 7.41 – 7.49 450 

(m, 2H), 7.57 (dt, J = 6.3, 1.4 Hz, 2H), 7.78 (d, J = 9.1 Hz, 1H); 13C NMR (101 MHz, DMSO-d6) 451 

δ 25.0, 55.3, 69.5, 99.7, 102.4, 119.9, 121.2, 127.5 (2C), 128.0 (2C), 128.5, 129.6, 136.3, 144.1, 452 

156.2, 156.9, 159.5; HRMS (FTMS + pESI) m/z calcd. for C18H17NO2 (M)+: 280.1332; found: 453 

280.1324. 454 
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 455 

4.2.15 6-Methoxy-4-((3-methoxybenzyl)oxy)-2-methylquinoline (4b) 456 

Yield 86%; m.p.: 103-104 °C; HPLC 98% (tR = 14.63 min); 1H NMR (400 MHz, DMSO-d6) δ 457 

2.56 (s, 3H), 3.79 (s, 3H), 3.86 (s, 3H), 5.35 (s, 2H), 6.91 – 6.97 (m, 1H), 6.99 (m, 1H), 7.10 – 458 

7.16 (m, 2H), 7.33 – 7.43 (m, 3H), 7.79 (d, J = 9.1 Hz, 1H). 13C NMR (101 MHz, DMSO-d6) δ 459 

25.6, 55.6, 55.8, 69.9, 100.2, 103.0, 113.5, 114.0, 120.1, 120.4, 121.9, 130.1, 130.3, 138.4, 144.6, 460 

156.8, 157.6, 159.9, 160.1; HRMS (FTMS + pESI) m/z calcd. for C19H19NO3 (M)+: 310.1438; 461 

found: 310.1452. 462 

 463 

4.2.16 4-((3,5-Dimethoxybenzyl)oxy)-6-methoxy-2-methylquinoline (4c) 464 

Yield 88%; m.p.: 106-108 °C; HPLC 93% (tR = 15.04 min); 1H NMR (400 MHz, DMSO-d6) δ 465 

2.57 (s, 3H), 3.77 (s, 6H), 3.87 (s, 3H), 5.32 (s, 2H), 6.50 (d, J = 2.2 Hz, 1H), 6.72 (d, J = 2.2 Hz, 466 

2H), 7.36 (dd, J = 9.1, 2.9 Hz, 1H), 7.00 (s, 1H), 7.41 (d, J = 2.8 Hz, 1H), 7.79 (d, J = 9.1 Hz, 467 

1H). 13C NMR (101 MHz, DMSO-d6) δ 25.3, 55.6 (3C), 70.0, 100.1, 100.2, 103.0, 105.7 (2C), 468 

120.4, 122.0, 129.7, 139.0, 144.1, 156.8, 157.4, 160.2, 161.1 (2C); HRMS (FTMS + pESI) m/z 469 

calcd. for C20H21NO4 (M)+: 340.1543; found: 340.1534. 470 

 471 

4.2.17 4-((4-Fluorobenzyl)oxy)-6-methoxy-2-methylquinoline (4d) 472 

Yield 67%; m.p.: 113-114 °C; HPLC 96% (tR = 15.01 min); 1H NMR (400 MHz, DMSO-d6) δ  473 

2.58 (s, 3H), 3.85 (s, 3H), 5.35 (s, 2H), 6.98 (s, 1H), 7.28 (t, J = 8.9 Hz, 2H), 7.34 (dd, J = 9.0, 474 

2.9 Hz, 1H), 7.38 (d, J = 2.7 Hz, 1H), 7.63 (dd, J = 8.6, 5.6 Hz, 2H), 7.80 (d, J = 9.0 Hz, 1H); 475 

13C NMR (101 MHz, DMSO-d6) δ 25.1, 55.3 (d, J = 1.8 Hz), 68.9, 99.8, 102.5, 115.5 (d, J = 476 

21.4 Hz, 2C), 119.9, 121.3, 129.6, 129.9 (d, J = 8.3 Hz, 2C), 132.6 (d, J = 3.0 Hz), 144.1, 477 
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156.31, 157.1, 159.5, 162.0 (d, J = 243.9 Hz); HRMS (FTMS + pESI) m/z calcd. for 478 

C18H16FNO2 (M)+: 298.1238; found: 298.1251. 479 

 480 

4.2.18 4-((3-Fluorobenzyl)oxy)-6-methoxy-2-methylquinoline (4e) 481 

Yield 84%; m.p.: 79-80 °C; HPLC 98% (tR = 15.80 min); 1H NMR (400 MHz, DMSO-d6) δ 2.57 482 

(s, 3H), 3.87 (s, 3H), 5.40 (s, 2H), 6.98 (s, 1H), 7.22 (td, J = 8.4, 2.0 Hz, 1H), 7.33 – 7.44 (m, 483 

4H), 7.46 – 7.54 (m, 1H), 7.80 (d, J = 9.1 Hz, 1H). 13C NMR (101 MHz, DMSO-d6) δ 25.5, 484 

55.8, 69.2 (d, J = 2.1 Hz), 100.2, 103.0, 114.7 (d, J = 22.1 Hz), 115.3 (d, J = 20.9 Hz), 120.3, 485 

121.9, 123.9 (d, J = 2.8 Hz), 130.0, 131.2 (d, J = 8.4 Hz), 139.7 (d, J = 7.5 Hz), 144.6, 156.8, 486 

157.5, 159.8, 162.7 (d, J = 243.7 Hz), 163.9; HRMS (FTMS + pESI) m/z calcd. for C18H16FNO2 487 

(M)+: 298.1238; found: 298.1251. 488 

 489 

4.2.19 4-((2-Fluorobenzyl)oxy)-6-methoxy-2-methylquinoline (4f) 490 

Yield 52%; m.p.: 139-141 °C; HPLC 90% (tR = 14.59 min); 1H NMR (400 MHz, DMSO-d6) δ 491 

2.58 (s, 3H), 3.83 (s, 3H), 5.42 (s, 2H), 7.07 (s, 1H),7.26 – 7.38 (m, 4H), 7.43 – 7.52 (m, 1H), 492 

7.68 (td, J = 7.5, 1.7 Hz, 1H), 7.75 – 7.83 (m, 1H); 13C NMR (101 MHz, DMSO-d6) δ 24.9, 55.2, 493 

64.0 (d, J = 3.8 Hz), 99.7, 102.3, 115.4 (d, J = 20.9 Hz), 119.7, 121.1, 123.0 (d, J = 14.3 Hz), 494 

124.6 (d, J = 3.5 Hz), 129.5, 130.3 (d, J = 4.0 Hz), 130.5 (d, J = 8.3 Hz), 144.1, 156.2, 156.9, 495 

159.3, 160.3 (d, J = 246.4 Hz); HRMS (FTMS + pESI) m/z calcd. for C18H16FNO2 (M)+: 496 

298.1238; found: 298.1229. 497 

 498 

4.2.20 4-((3,4-Difluorobenzyl)oxy)-6-methoxy-2-methylquinoline (4g) 499 
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Yield 90%; m.p.: 119-121 °C; HPLC 95% (tR = 15.33 min); 1H NMR (400 MHz, DMSO-d6) δ 500 

2.57 (s, 3H), 3.86 (s, 3H), 5.36 (s, 2H), 6.99 (s, 1H), 7.34 (dd, J = 9.1, 2.9 Hz, 1H), 7.39 (d, J = 501 

2.8 Hz, 1H), 7.39 – 7.47 (m, 1H), 7.46 – 7.55 (m, 1H), 7.65 (ddd, J = 11.4, 7.8, 2.0 Hz, 1H), 7.78 502 

(d, J = 9.1 Hz, 1H); 13C NMR (101 MHz, DMSO-d6) δ 25.0, 55.3, 68.3, 99.8, 102.5, 116.8 (dd, J 503 

= 17.5, 3.9 Hz), 117.7 (d, J = 17.2 Hz), 119.8, 121.4, 124.6 (dd, J = 6.8, 3.5 Hz), 129.55, 134.06 504 

(dd, J = 6.1, 3.8 Hz), 144.09, 148.07 (dd, J = 24.7, 12.6 Hz), 150.52 (dd, J = 24.6, 12.5 Hz), 505 

156.96, 157.80 (d, J = 301.4 Hz, 2C); HRMS (FTMS + pESI) m/z calcd. for C18H15F2NO2 (M)+: 506 

316.1144; found: 316.1144. 507 

 508 

4.2.21 4-((4-Chlorobenzyl)oxy)-6-methoxy-2-methylquinoline (4h) 509 

Yield 73%; m.p.: 159-160 °C; HPLC 92% (tR = 15.61 min); 1H NMR (400 MHz, DMSO-d6) δ 510 

2.57 (s, 3H), 3.86 (s, 3H), 5.35 (s, 2H), 6.95 (s, 1H), 7.34 (dd, J = 9.1, 2.5 Hz, 1H), 7.39 (s, 1H), 511 

7.50 (d, J = 8.3 Hz, 2H), 7.59 (d, J = 8.2 Hz, 2H), 7.80 (d, J = 9.0 Hz, 1H); 13C NMR (101 MHz, 512 

DMSO-d6) δ 25.1, 55.4, 68.8, 99.8, 102.6, 119.9, 121.4, 128.7 (2C), 129.5, 129.6 (2C), 132.7, 513 

135.4, 144.1, 156.3, 157.1, 159.4; HRMS (FTMS + pESI) m/z calcd. for C18H16ClNO2 (M)+: 514 

314.0942; found: 314.0956. 515 

 516 

4.2.22 4-((3-Chlorobenzyl)oxy)-6-methoxy-2-methylquinoline (4i) 517 

Yield 90%; m.p.: 101-102 °C; HPLC 93% (tR = 15.65 min); 1H NMR (400 MHz, DMSO-d6) δ 518 

2.57 (s, 3H), 3.87 (s, 3H), 5.40 (s, 2H), 6.99 (s, 1H), 7.35 (dd, J = 9.1, 2.9 Hz, 1H), 7.40 (d, J = 519 

2.8 Hz, 1H), 7.41 – 7.51 (m, 2H), 7.54 (d, J = 7.2 Hz, 1H), 7.62 (s, 1H), 7.79 (d, J = 9.1 Hz, 1H); 520 

13C NMR (101 MHz, DMSO-d6) δ 25.0, 55.3, 68.7, 99.7, 102.5, 119.8, 121.4, 126.1, 127.3, 521 
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128.0, 129.4, 130.6, 133.2, 138.8, 143.9, 156.3, 157.0, 159.4; HRMS (FTMS + pESI) m/z calcd. 522 

for C18H16ClNO2 (M)+: 314.0942; found: 319.0945. 523 

 524 

4.2.23 4-((2-Chlorobenzyl)oxy)-6-methoxy-2-methylquinoline (4j) 525 

Yield 86%; m.p.: 86-87 °C; HPLC 94% (tR = 14.92 min); 1H NMR (400 MHz, DMSO-d6) δ 2.56 526 

(s, 3H), 3.85 (s, 3H), 5.38 (s, 2H, CH2), 7.00 (s, 1H), 7.34 (dd, J = 9.1, 2.9 Hz, 1H), 7.37 – 7.40 527 

(m, 2H), 7.41 – 7.49 (m, 2H), 7.57 (d, J = 6.8 Hz, 1H), 7.78 (d, J = 9.1 Hz, 1H); 13C NMR (101 528 

MHz, DMSO-d6) δ 25.0, 55.2, 67.2, 99.7, 102.4, 119.8, 121.2, 127.4, 129.5, 129.6, 130.0, 130.1, 529 

132.7, 133.5, 144.1, 156.2, 157.0, 159.3; HRMS (FTMS + pESI) m/z calcd. for C18H16ClNO2 530 

(M)+: 314.0942; found: 314.0935. 531 

 532 

4.2.24 4-((3,4-Dichlorobenzyl)oxy)-6-methoxy-2-methylquinoline (4k) 533 

Yield 63%; m.p.: 141-143 °C; HPLC 97% (tR = 16.21 min); 1H NMR (400 MHz, DMSO-d6) δ 534 

2.56 (s, 3H), 3.85 (s, 3H), 5.38 (s, 2H), 7.00 (s, 1H), 7.34 (dd, J = 9.1, 2.9 Hz, 1H), 7.39 (d, J = 535 

2.9 Hz, 1H), 7.45 (t, J = 7.3 Hz, 2H), 7.53 – 7.59 (m, 1H), 7.78 (d, J = 9.1 Hz, 1H); 13C NMR 536 

(101 MHz, DMSO-d6) δ 24.8, 55.1, 67.8, 99.5, 102.2, 119.5, 121.1, 127.5, 129.2, 129.4, 130.4, 537 

130.6, 131.0, 137.3, 143.9, 156.1, 156.7, 159.0; HRMS (FTMS + pESI) m/z calcd. for 538 

C18H15Cl2NO2 (M)+: 348.0553; found: 348.0546. 539 

 540 

4.2.25 4-((2,3-Dichlorobenzyl)oxy)-6-methoxy-2-methylquinoline (4l) 541 

Yield 93%; m.p.: 127-129 °C; HPLC 99% (tR = 15.73 min); 1H NMR (400 MHz, DMSO-d6) δ 542 

2.59 (s, 3H), 3.86 (s, 3H), 5.47 (s, 2H), 7.06 (s, 1H), 7.34 – 7.42 (m, 2H), 7.46 (t, J = 7.9 Hz, 543 

1H), 7.66 – 7.71 (m, 2H), 7.77 – 7.84 (m, 1H). 13C NMR (101 MHz, DMSO-d6) δ 25.3, 55.9, 544 
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68.1, 100.3, 103.1, 120.2, 122.1, 128.7, 129.0, 129.7, 130.8, 131.0, 132.6, 136.6, 144.1, 156.9, 545 

157.5, 159.9; HRMS (FTMS + pESI) m/z calcd. for C18H15Cl2NO2 (M)+: 348.0553; found: 546 

348.0541. 547 

 548 

4.2.26 4-((4-Bromo-3-chlorobenzyl)oxy)-6-methoxy-2-methylquinoline (4m) 549 

Yield 96%; m.p.: 150-152 °C; HPLC 99% (tR = 15.99 min); 1H NMR (400 MHz, DMSO-d6) δ 550 

2.57 (s, 3H), 3.87 (s, 3H), 5.37 (s, 2H), 6.97 (s, 1H), 7.35 (dd, J = 9.0, 2.8 Hz, 1H), 7.39 (d, J = 551 

2.9 Hz, 1H), 7.47 (dd, J = 8.2, 2.1 Hz, 2H), 7.76 – 7.86 (m, 3H). 13C NMR (101 MHz, DMSO-552 

d6) δ 25.4, 55.8, 68.5, 100.2, 102.9, 120.2, 121.4, 121.9, 128.3, 129.8, 129.9, 133.7, 134.5, 138.5, 553 

144.4, 156.8, 157.4, 159.8; HRMS (FTMS + pESI) m/z calcd. for C18H15BrClNO2 (M)+: 554 

392.0047; found: 392.0035. 555 

 556 

4.2.27 4-((4-Bromobenzyl)oxy)-6-methoxy-2-methylquinoline (4n) 557 

Yield 78%; m.p.: 173-174 °C; HPLC 98% (tR = 15.72 min); 1H NMR (400 MHz, DMSO-d6) δ 558 

2.55 (s, 3H), 3.86 (s, 3H), 5.36 (s, 2H), 6.98 (s, 1H), 7.34 (dd, J = 9.1, 2.9 Hz, 1H), 7.38 (d, J = 559 

2.8 Hz, 1H), 7.52 (d, J = 8.3 Hz, 2H), 7.60 – 7.67 (m, 2H), 7.78 (d, J = 9.1 Hz, 1H). 13C NMR 560 

(101 MHz, DMSO-d6) δ 24.9, 55.2, 68.7, 99.9, 102.4, 119.7, 121.0, 121.1, 129.4, 129.5 (2C), 561 

131.3 (2C), 135.7, 144.0, 156.2, 156.8, 159.3; HRMS (FTMS + pESI) m/z calcd. for 562 

C18H16BrNO2 (M)+: 358.0437; found: 358.0455. 563 

 564 

4.2.28 4-((3-Bromobenzyl)oxy)-6-methoxy-2-methylquinoline (4o) 565 

Yield 95%; m.p.: 111-112 °C; HPLC 97% (tR = 15.68 min); ); 1H NMR (400 MHz, DMSO-d6) δ 566 

2.56 (s, 3H), 3.87 (s, 3H), 5.39 (s, 2H), 6.98 (s, 1H), 7.35 (dd, J = 9.1, 2.9 Hz, 1H), 7.39 (d, J = 567 
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2.7 Hz, 1H), 7.42 (d, J = 7.7 Hz, 1H), 7.58 (dd, J = 7.8, 1.8 Hz, 2H), 7.74 – 7.82 (m, 2H); 13C 568 

NMR (101 MHz, DMSO-d6) δ 25.0, 55.3, 68.6, 99.7, 102.5, 119.8, 121.4, 121.8, 126.5, 129.5 569 

(2C), 130.2, 130.8, 130.9, 139.1, 144.0, 156.3, 157.0, 159.4; HRMS (FTMS + pESI) m/z calcd. 570 

for C18H16BrNO2 (M)+: 358.0437; found: 358.0440. 571 

 572 

4.2.29 6-Methoxy-2-methyl-4-((4-(trifluoromethyl)benzyl)oxy)quinoline (4p) 573 

Yield 81%; m.p.: 171-173 °C; HPLC 94% (tR = 15.81 min); 1H NMR (400 MHz, DMSO-d6) δ 574 

2.57 (s, 3H), 3.88 (s, 3H), 5.52 (s, 2H), 7.04 (s, 1H),7.38 (dd, J = 9.2, 2.9 Hz, 1H), 7.44 (d, J = 575 

2.9 Hz, 1H), 7.76 – 7.84 (m, 5H); 13C NMR (101 MHz, DMSO-d6) δ 25.0, 55.2, 68.6, 99.7, 576 

102.5, 119.8, 121.4, 123.9 (q, J = 3.8 Hz), 124.1 (q, J = 272.4 Hz), 124.7 (q, J = 3.8 Hz), 129.3 577 

(q, J = 31.8 Hz), 129.6, 129.7 (2C), 131.4, 137.9, 144.1, 156.3, 157.0, 159.3; HRMS (FTMS + 578 

pESI) m/z calcd. for C19H16F3NO2 (M)+: 348.1206; found: 348.1191. 579 

 580 

4.2.30 6-Methoxy-2-methyl-4-((3-(trifluoromethyl)benzyl)oxy)quinoline (4q) 581 

Yield 90%; m.p.: 103-104 °C; HPLC 96% (tR = 15.80 min); 1H NMR (400 MHz, DMSO-d6) δ 582 

2.57 (s, 3H), 3.86 (s, 3H), 5.49 (s, 2H), 7.01 (s, 1H), 7.35 (dd, J = 9.1, 2.9 Hz, 1H,), 7.41 (d, J = 583 

2.8 Hz, 1H), 7.67 – 7.77 (m, 2H), 7.80 (d, J = 9.1 Hz, 1H), 7.89 (d, J = 7.6 Hz, 1H), 7.95 (s, 1H); 584 

13C NMR (101 MHz, DMSO-d6) δ 25.0, 55.4, 68.7, 102.3, 119.8, 121.4, 124.1 (q, J = 251.5 Hz), 585 

125.5 (q, J = 3.7 Hz, 2C), 127.9 (2C), 128.7 (q, J = 31.7 Hz), 129.6 (2C), 141.2, 144.2, 156.4, 586 

157.0, 159.3; HRMS (FTMS + pESI) m/z calcd. for C19H16F3NO2 (M)+: 348.1206; found: 587 

348.1207. 588 

 589 

4.2.31 6-Methoxy-2-methyl-4-((4-nitrobenzyl)oxy)quinoline (4r) 590 
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Yield 64%; m.p.: 198-199 °C; HPLC 98% (tR = 14.94 min); 1H NMR (400 MHz, DMSO-d6) δ 591 

2.56 (s, 3H), 3.89 (s, 3H), 5.56 (s, 2H), 6.99 (s, 1H), 7.36 (dd, J = 9.2, 2.9 Hz, 1H), 7.45 (d, J = 592 

3.1 Hz, 1H), 7.81 (m, 3H), 8.31 (d, J = 8.4 Hz, 2H); 13C NMR (101 MHz, DMSO-d6) δ 25.1, 593 

55.4, 68.4, 99.8, 102.6, 119.8, 121.5, 123.8 (2C), 128.2 (3C), 129.6, 144.2, 147.2, 156.4, 157.1, 594 

159.2; HRMS (FTMS + pESI) m/z calcd. for C18H16N2O4 (M)+: 325.1183; found: 325.1199. 595 

 596 

4.2.32 4-((4-Isopropylbenzyl)oxy)-6-methoxy-2-methylquinoline (4s) 597 

Yield 80%; m.p.: 124-126 °C; HPLC 91% (tR = 16.32 min); 1H NMR (400 MHz, DMSO-d6) δ 598 

1.21 (d, J = 7.0 Hz, 6H), 2.56 (s, 3H), 2.91 (m, 1H), 3.85 (s, 3H), 5.32 (s, 2H), 7.01 (s, 1H),7.24 599 

– 7.43 (m, 4H), 7.48 (d, J = 7.8 Hz, 2H),7.78 (d, J = 9.1 Hz, 1H); 13C NMR (101 MHz, DMSO-600 

d6) δ 23.7 (2C), 25.0, 33.1, 55.3, 69.6, 99.8, 102.5, 119.8, 121.2, 126.4 (2C), 127.8 (2C), 129.6, 601 

133.6, 144.3, 148.5, 156.1, 156.9, 159.7; HRMS (FTMS + pESI) m/z calcd. for C21H23NO2 (M)+: 602 

322.1802; found: 322.1780. 603 

 604 

4.2.33 4-((4-(Tert-butyl)benzyl)oxy)-6-methoxy-2-methylquinoline (4t) 605 

Yield 97%; m.p.: 133-134 °C; HPLC 97% (tR = 15.83 min); 1H NMR (400 MHz, DMSO-d6) δ 606 

1.29 (s, 9H), 2.57 (s, 3H), 3.84 (s, 3H), 5.32 (s, 2H), 6.99 (s, 1H), 7.30 – 7.36 (m, 1H), 7.37 – 607 

7.41 (m, 1H), 7.42 – 7.50 (m, 4H), 7.77 (dd, J = 9.1, 3.3 Hz, 1H); 13C NMR (101 MHz, DMSO-608 

d6) δ 25.5, 31.6 (3C), 55.8, 69.9, 100.3, 102.9, 120.4, 121.7, 125.8 (2C), 127.8, 127.9 (2C), 609 

130.0, 133.8, 144.6, 151.0, 156.8, 157.5, 160.1; HRMS (FTMS + pESI) m/z calcd. for 610 

C22H25NO2 (M)+: 336.1958; found: 336.1974. 611 

 612 

4.2.34 6-Methoxy-2-methyl-4-phenethoxyquinoline (4u) 613 
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Yield 20%; m.p.: 90-92 °C; HPLC 90% (tR = 15.80 min); 1H NMR (400 MHz, DMSO-d6) δ 2.55 614 

(s, 3H), 3.19 (t, J = 6.5 Hz, 2H), 3.85 (s, 3H), 4.40 (t, J = 6.6 Hz, 2H), 6.89 (s, 1H), 7.24 (m, 1H), 615 

7.28 – 7.36 (m, 4H), 7.42 (d, J = 7.2 Hz, 2H), 7.75 (dd, J = 8.2, 1.4 Hz, 1H). 13C NMR (101 616 

MHz, DMSO-d6) δ 25.0, 34.7, 55.2, 68.6, 99.6, 101.9, 119.7, 121.2, 126.3, 128.2 (2C), 129.1 617 

(2C), 129.5, 138.3, 144.0, 156.1, 157.1, 159.6; HRMS (FTMS + pESI) m/z calcd. for C19H19NO2 618 

(M)+: 294.1489; found: 294.1482. 619 

 620 

4.2.35 6-Methoxy-2-methyl-4-(naphthalen-2-ylmethoxy)quinoline (4v) 621 

Yield 64%; m.p.: 156-158 °C; HPLC 92% (tR = 16.14 min); 1H NMR (400 MHz, DMSO-d6) δ 622 

2.58 (s, 3H), 3.85 (s, 3H), 5.54 (s, 2H), 7.06 (s, 1H), 7.36 (dd, J = 9.2, 2.9 Hz, 1H), 7.44 (d, J = 623 

2.9 Hz, 1H), 7.52 – 7.57 (m, 2H), 7.66 – 7.73 (m, 1H), 7.81 (d, J = 9.1 Hz, 1H), 7.92 – 8.02 (m, 624 

3H), 8.10 (s, 1H); 13C NMR (101 MHz, DMSO-d6) δ 25.1, 55.3, 69.7, 99.7, 102.6, 119.9, 121.4, 625 

125.5, 126.3, 126.4, 126.5, 127.6, 127.9, 128.3, 129.6, 132.6, 132.8, 133.9, 144.2, 156.3, 157.0, 626 

159.6; HRMS (FTMS + pESI) m/z calcd. for C22H19NO2 (M)+: 330.1489; found: 330.1476. 627 

 628 

4.2.36 4-(Benzo[d][1,3]dioxol-4-ylmethoxy)-6-methoxy-2-methylquinoline (4w) 629 

Yield 90%; m.p.: 128-130 °C; HPLC 91% (tR = 14.83 min); 1H NMR (400 MHz, DMSO-d6) δ 630 

2.56 (s, 3H), 3.85 (s, 3H), 5.25 (s, 2H), 6.05 (s, 2H), 6.94 – 7.00 (m, 2H), 7.05 (d, J = 9.2 Hz, 631 

1H), 7.13 (s, 1H), 7.29 – 7.37 (m, 2H), 7.77 (d, J = 8.9 Hz, 1H). 13C NMR (101 MHz, DMSO-d6) 632 

δ 24.9, 55.1, 69.5, 99.8, 101.0, 102.4, 108.2, 108.3, 119.9, 121.2, 121.6, 129.5, 129.9, 144.1, 633 

147.1, 147.4, 156.2, 156.9, 159.5; HRMS (FTMS + pESI) m/z calcd. for C19H17NO4 (M)+: 634 

324.1230; found: 324.1237. 635 

 636 
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4.3 Susceptibility testing against M. tuberculosis 637 

The compounds were tested for their inhibitory potential against M. tuberculosis H37Rv 638 

reference strain (ATCC 27294) by the resazurin reduction microplate assay (REMA), as already 639 

thoroughly described [9,14,15]. Stock solutions (2 mg mL–1) of the test compounds were made in 640 

neat DMSO (Sigma-Aldrich), and aliquots were stored at –20°C. The compounds were further 641 

diluted in 1 mL of Difco™ Middlebrook 7H9 broth (Becton Dickinson, BD), supplemented with 642 

10% (v/v) BBL™ Middlebrook ADC enrichment (albumin, dextrose, and catalase; BD) and 5% 643 

(v/v) DMSO. The maximum concentration tested for each compound ranged from 5 to 40 µg 644 

mL–1 due to differences in solubility. The compounds were prepared as 10-point, 2-fold serial 645 

dilutions directly in 96-well plates. Three independent experiments were performed, and the MIC 646 

was considered to be the lowest compound concentration that prevented resazurin (Sigma-647 

Aldrich) reduction, which, otherwise, is indicated by a color conversion from blue to pink. The 648 

MIC value reported for each compound was the most frequent value among the three assays or 649 

the highest value obtained, and it was expressed in molar concentration (µM). 650 

 651 

4.4 Susceptibility testing against MDR strains of M. tuberculosis 652 

Compounds 3a, 3h, 4s, and 4k were further tested by REMA, as described in section 4.3, for 653 

their inhibitory potential against three MDR clinical isolates of M. tuberculosis [16] and one 654 

laboratory strain of M. tuberculosis that carries a mutation in the qcrB (Rv2196) gene [10]. The 655 

clinical isolates (named PT2, PT12, and PT20) were obtained from patients in the Lisbon Health 656 

Region, Lisbon, Portugal. INH and RIF were used as control drugs to demonstrate the MDR 657 

phenotype of these isolates.  658 

 659 
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4.5 Cytotoxicity investigation 660 

Cellular viability determination after incubation with the test compounds was performed using 661 

two different methods: the MTT method and neutral red uptake assay [12]. First, HepG2 and 662 

Vero cells were grown in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% 663 

inactivated fetal bovine serum, 1% antibiotic (gentamicin) and 0.01% antifungal (amphotericin 664 

B). Cells were seeded at 4 × 103 (HepG2) or 2 × 103 cells/well (Vero) in a 96-well microtiter 665 

plate and incubated for 24 h. Test compounds were diluted in three different concentrations (1, 5 666 

and 20 µM) using 2% DMSO and were incubated with the cell lines for 72 h at 37 °C under 5% 667 

CO2. For the MTT assay, the cultures were incubated with MTT reagent (5 mg/mL) for 4 h. The 668 

absorbance was measured with excitation and emission wavelengths of 570 and 655 nm, 669 

respectively (SpectraMax M2e, Molecular Devices, USA). The precipitated purple formazan 670 

crystals were directly proportional to the number of live cells with active mitochondria. For the 671 

neutral red assay, after 72 h of incubation with the compounds, the cells were washed with PBS 672 

before the addition of 200 µL of neutral red dye solution (25 µg/mL, Sigma) prepared in serum-673 

free medium. The plate was incubated for an additional 3 h at 37 °C under 5% CO2. After 674 

incubation, cells were washed with PBS, followed by incubation with 100 µL of a desorb 675 

solution (CH3COOH/EtOH/H2O, 1:50:49) for 30 min, with gentle shaking to extract neutral 676 

red dye from the viable cells. The absorbance was measured at 562 nm using a microtiter plate 677 

reader. The percentage of cell viability for the treated groups was reported by considering the 678 

control wells (2% DMSO) as 100% of cell viability: cell viability (%) = (absorbance of treated 679 

wells/absorbance of control wells) × 100. Statistical analysis was performed using one-way 680 

analysis of variance using GraphPad Prism 5.0 software (San Diego, CA, USA). 681 

 682 
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4.6 Metabolic stability 683 

In brief, the human liver S9 fraction was prepared by homogenizing liver, centrifuging at 684 

9,000 × g, and saving the post-mitochondrial supernatant. It is noteworthy that the S9 fraction 685 

contains both cytosolic and membrane-bound drug-metabolizing enzymes. Test compounds at a 686 

concentration of 2 µM were incubated with 1 mg/mL of the enzyme preparation containing 687 

NADPH at 37°C. Consumption of the compounds from the incubation mixture was measured at 688 

0, 5, 15, and 30 min using the HPLC-MS/MS technique to determine the in vitro disappearance 689 

half-life. Verapamil was used as the positive control. The intrinsic clearance has been described 690 

as low (<5 mL/min/kg), moderate (5 to 15 mL/min/kg), and high (>15 mL/min/kg) [19]. 
691 

 
692 

4.7 Intracellular activity in a macrophage model of M. tuberculosis infection  693 

Compounds 3a, 3h, and 4k were evaluated in a macrophage model of M. tuberculosis 694 

infection, as previously described [9,20], with slight modifications. Murine macrophage RAW 695 

264.7 cells were cultured in RPMI 1640 medium (Gibco), supplemented with 10% heat-696 

inactivated fetal bovine serum (FBS), without penicillin–streptomycin, and about 5 × 104 cells 697 

were seeded in each well of a sterile flat-bottom 24-well plate. After an incubation period of 24 h 698 

in a bacteriological chamber (at 37°C with 5% CO2 and a humid atmosphere), the adhered cells 699 

were washed once with pre-heated sterile PBS (pH 7.4) to remove non-adherent cells, and the 700 

infection occurred as follows. One isolated colony of the M. tuberculosis H37Rv strain was 701 

cultured in 5 mL of 7H9-ADC broth, supplemented with 0.05% (v/v) Tween 80 (Sigma-Aldrich) 702 

and 0.2% (v/v) glycerol (MERCK) until the mid-log phase (OD600 ≈0.5). The culture was diluted 703 

in pre-heated RPMI medium, and approximately 2.5 × 104
 CFU was added to each well. The 704 

infection was allowed to continue for 3 h at 37°C with 5% CO2. Afterwards, the infected cells 705 
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were washed twice with sterile PBS to remove non-internalized mycobacteria. Cells of the early 706 

control (EC) group were lysed on the day of treatment onset with 1 mL of 0.025% SDS 707 

(dissolved in sterile 0.9% saline). Lysates were serially diluted in sterile 0.9% saline and plated 708 

on Difco™ Middlebrook 7H10 Agar (BD), supplemented with 10% BBL™ Middlebrook OADC 709 

enrichment (oleic acid, albumin, dextrose, and catalase; BD) and 0.5% (v/v) glycerol. Thereafter, 710 

the infected cells were treated with 5 µM of each test compound in triplicate. Compounds 3a, 3h, 711 

and 4k were first solubilized (4 mM) in neat DMSO, and then diluted in 2 mL of RPMI medium 712 

to a final concentration of 5 µM. The final DMSO concentration was maintained at 0.5% in each 713 

well. After 5 days of treatment, the RPMI medium was removed, and each well was gently 714 

washed with PBS. The treated macrophages were lysed with 0.025% SDS, serially diluted in 715 

0.9% saline, and plated on 7H10 agar. After an incubation period of 2–3 weeks at 37°C, the CFU 716 

were counted, setting a limit of detection (LOD) between 20 and 200 CFU per plate. The 717 

calculated CFU values were converted into logarithms of CFU before statistical analysis, and the 718 

result was expressed as the mean of the log10 CFU values per well ± the standard deviation 719 

(mean log10 CFU/well ± SD). Groups were compared by one-way analysis of variance 720 

(ANOVA), followed by the Tukey post-test, using GraphPad Prism 5.0 (GraphPad, San Diego, 721 

CA, USA). Significance between groups was determined using P < 0.05.     722 

 723 

Supporting information 724 
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Highlights:  

 

Compounds with minimum inhibitory concentration (MIC) values in the low 

micromolar or submicromolar range  

Activity against drug-susceptible and multidrug-resistant Mycobacterium tuberculosis 

(Mtb) strains 

Structures carry out their antitubercular activity by targeting the cytochrome bc1 

complex 

Compounds devoid of apparent toxicity to HepG2 and Vero cells 

Molecules with improved metabolic properties able to inhibit the intracellular Mtb 

growth 
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