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新型 3-芳乙烯基喹喔啉-2-羧酸合成及结核杆菌亮氨酰-tRNA 

合成酶的抑制活性研究 

李  阳 a    董时雨 a    秦洪伟 a    唐冰月 a    高文涛*,a    陈  羽*,b 
(a渤海大学化学化工学院  辽宁锦州 121000) 

(b沈阳药科大学生命科学与生物制药学院  沈阳 110016) 

摘要  使用自制的 3-溴甲基喹喔啉-2-甲酸乙酯为反应物, 经一锅连续的 Arbuzov 反应/Horner-Wadsworth-Emmons 

(HWE)反应/酯基水解反应, 简便有效地合成了一系列结构新型的 3-芳乙烯基喹喔啉-2-羧酸类化合物, 并对其进行了初

步的结核杆菌亮氨酰-tRNA 合成酶(Mtb LeuRS)抑制活性实验. 结果表明(E)-3-(3-硝基苯乙烯基)喹喔啉-2-羧酸(5j)的抑

制活性最好, 其 IC50 值为 14.7 μmol•L－1, 高于参考药物 AN2679, 具有很好的 Mtb LeuRS 抑制剂开发潜力. 利用

Discovery Studio分子模拟软件CDOCKER程序进行分子模拟分析, 结果表明该化合物能够与Mtb LeuRS的活性点很好

的结合. 而且, 体外抗耻垢分枝杆菌 Mycobacterium smegmatis (M. smegmatis)活性实验也发现, 化合物 5j 的抗结核杆菌

的活性最佳, 其最小抑菌浓度(MIC)为 15.6 μg/mL 与参考药物 rifampicin 相当.  

关键词  喹喔啉; 溴化反应; 三步一锅法; 结核杆菌; 亮氨酰-tRNA 合成酶 

A Facile Synthesis and M. tuberculosis Leucyl-tRNA Synthetase Inhi-
bitory Activity of Novel 3-Arylvinylquinoxaline-2-carboxylic Acids 
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Gao, Wentao*,a    Chen, Yu*,b 
(a College of Chemistry and Chemical Engineering, Bohai University, Jinzhou, Liaoning 121000) 

(b School of Life Science and Biopharmaceutics, Shenyang Pharmaceutical University, Shenyang 110016) 

Abstract  In the present work, a simple and facile synthesis of a new series of 3-arylvinylquinoxaline-2-carboxylic acids has 
been achieved using the newly-synthesized ethyl 3-bromomethylquinoxaline-2-carboxylate as substrate through one-pot se-
quential Arbuzov/Horner-Wadsworth-Emmons (HWE)/ester hydrolysis reaction procedure. A primary in vitro evaluation for 
their inhibitory activity against Mycobacterium smegmatis (M. smegmatis) Leucyl-tRNA synthetase (Mtb LeuRS) revealed that 
(E)-3-(3-nitrostyryl)quinoxaline-2-carboxylic acid (5j) represented the most active compound in this round of effort with the 
IC50 value of 14.7 μmol•L－1, which was much superior to the reference drug AN2679, indicating the potential medicinal value 
for the exploration of novel Mtb LeuRS inhibitor. The results of molecular docking analyses using CDOCKER module of 
Discovery Studio (DS) software suggested that it could bind well to the active site of Mtb LeuRS. Moreover, the antitubercular 
assay against M. smegmatis also revealed that the nitro-substituted 5j has the best anti-tubercular activity with the minimum 
inhibitory concentration (MIC) value 15.6 μg/mL, being comparable with the reference rifampicin.  
Keywords  quinoxaline; bromination reaction; one-pot three-step; M. smegmatis; Leucyl-tRNA synthetase 

 

1  Introduction 

Tuberculosis (TB) is a foremost respiratory disease 
mainly caused by Mycobacterium tuberculosis (Mtb). In 
2019, World Health Organisation (WHO) declared about 

9.0 million people developed tuberculosis worldwide, out 
of which India and China accounted for 24% and 11% of 
the total cases, respectively.[1] Especially, currently due to 
the widespread existence of multidrug-resistant tuberculo-
sis (MDR-TB) and extensively drug-resistant tuberculosis 
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(XDR-TB), there is an increased concern that TB may 
once again become an incurable disease.[2] It is known that 
substitution of key amino acid residues in the enzyme ac-
tive site would lead to the drug resistance.[3] Since 
Leucyl-tRNA synthetase (LeuRS) plays an essential role in 
charging leucine to its cognate tRNA correctly and don’t 
mutate very easily,[4] these enzymes are thus less likely to 
become drug-resistant.[5] Thus, LeuRS has been paid much 
attention as a clinically validated and attractive therapeutic 
target.[6-7] Accordingly, to overcome multidrug resistance, 
Mycobacterium tuberculosis LeuRS (Mtb LeuRS) has been 
proposed recently as a promising target with great potential 
in the development of new and potent antitubercular 
drugs.[8-9] In this context, a review involving the develop-
ment of leucyl-tRNA synthetase inhibitors as antimicrobial 
agents has been reported just recently by Zhang and 
coworker.[10] 

It is well known that quinoxaline ring system is an ex-
ceptional class of nitrogen-containing heterocycles present 
in many pharmacologically relevant molecules, and has 
been acted as a valuable pharmacophore for drug design in 
the field of contemporary medicinal chemistry.[11-12] In this 
regard, Ajani[13] described the status of quinoxaline motifs 
as excellent pathfinders in therapeutic medicine. Recently, 
a recent advance on pharmacological activities of quinoxa-
line derivatives has been reviewed by Tariq et al.[14] 
Among diverse striking biological properties, numerous 
2-substituted and 2,3-disubstituted quinoxaline derivatives 
have been frequently reported to possess substantial an-
ti-tubercular activity and have drawn considerable atten-
tion.[15-18] For example, Seitz et al.[19] ever reported the 
synthesis of a series of novel quinoxaline derivatives, 
among which 4'-acetoxybenzyl 2-quinoxalinecarboxylate 
(1, Figure 1) showed potent activity against M. tuberculo-
sis (Mtb). In this context, Magnet et al.[20] found that 
quinoxaline-based derivatives such as 2-methyl-3-phenyl- 
5-nitro-7-bromoquinoxaline (VI-9376, 2, Figure 1) dis-
played significant potential as good candidates for the de-
velopment of new pharmaceutical products against M. tu-
berculosis through screening more than 12000 heterocyclic 
compounds with the aim of identifying new scaffolds ac-
tive against M. tuberculosis. However, to the best of our 
knowledge, the synthesis of structurally new quinoxaline 
derivatives as Mtb LeuRS inhibitors for anti-tuberculosis 
remains unexplored. 

On the other hand, arylvinyl moiety is an important 
structural motif existing in numerous bioactive natural 
products and medicinal agents and playing an essential role 
for biological activity.[21-22] Therefore, the efficient incor-
poration of an arylvinyl group into organic molecules has 
been a topic of great synthetic interest with the aim of en-
hancing the potency of this class of compounds.[23-24] For 
example, Shingalapur et al.[25] reported an easy access to a 
new series of novel (E)-2-arylvinyl-1H-benzo[d]imida- 
zoles (3, Figure 1), which were found to show promising 
anti-tubercular activity. In this regard, Jadhavar et al.[26] 
described the synthesis of various 2-styrylquinazolones (4, 
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Figure 1  Anti-tubercular quinoxaline, arylvinyl heterocyclic 
derivatives and the designed structure of targeted compounds 

Figure 1) with potent anti-Mtb activity. For another, many 
potential anti-TB heteroaromatic compounds have carbox-
ylic acid functionality as the essential structural feature, 
such as cinnamic acid,[27] quinoline-3-carboxylic acid[28] 
and thiophene-3-carboxylic acid derivatives.[29] Especially, 
Maresca et al.[30] have revealed that Mycobacterium tu-
berculosis is highly sensitive to weak aromatic/heterocy- 
clic acids, and many carboxylic acids incorporating various 
aromatic/heterocyclic scaffold strongly inhibited the 
growth of Mycobacterium tuberculosis, showing signifi-
cant potential for developing antimycobacterial agents with 
a diverse mechanism of action compared to the clinically 
used drugs.  

In light of the above findings, it would be an attractive 
template by combination of the structural features of 
quinoxaline, arylvinyl moiety and carboxyl functional 
group in a single molecule framework, because it might 
lead to a new dimension of structural diversity as potential 
candidates for anti-tubercular evaluation. Thus, in the con-
text of our continuing interest in the construction of inter-
esting types of heterocyclic compounds, we would like to 
report the synthesis of a series of structurally intriguing 
quinoxaline scaffolds 5 for anti-tubercular screening by 
integrating the arylvinyl moiety and carboxyl functional 
group at the position of two and three of the quinoxaline 
ring as represented in Figure 1. To our knowledge, except 
for our studies, the synthesis and anti-tubercular activity 
evaluation of such compounds has not previously been 
reported. 

2  Results and discussion 

Arylvinyl-substituted compounds are commonly pre-
pared through the condensation reaction of α-methyl ni-
trogen heterocyclic compounds with aromatic aldehydes 
due to the methyl group could be activated by the presence 
of the nitrogen atom.[31] Accordingly, our initial investiga-
tion towards the synthesis of ethyl 2-styrylquinoxaline-3- 
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carboxylate (8) was conducted employing ethyl 2-methyl- 
quinoline-3-carboxylate (9) and benzaldehyde as substrates 
as shown in Scheme 1. The substrate 9 was readily synthe-
sized in good yield based on the method described by Ku-
mar et al.[32] involving the condensation reaction of phe-
nylene diamine (10) with N-bromosuccinimide and ethyl 
acetoacetate. However, when 9 was subjected to the con-
densation reaction with benzaldehyde under the reaction 
conditions as described in literature[31] using boiling acetic 
anhydride as the media followed by hydrolysis in pyridine 
water mixture, this was not the case in our hands and the 
reaction proceed very poorly, giving an intractable com-
plex mixture, from which the desired 8 could not be sepa-
rated in any appreciable yield. Attempts to use other reac-
tion conditions, such as NBS/TBHP (N-bromosuccinimide/ 
t-butyl hydroperoxide),[33] NaOAc in H2O/AcOH (V∶V＝
1∶1),[34] and Bmim[BF4],

[35] were also unfruitful. In addi-
tion, we also attempted to use Aliquat 336 as the cata-
lyst,[36] which was reported to yield good results in this 
type of condensation reaction, the corresponding 2-styryl- 
quinoxaline. Unfortunately, once again we obtained a 
highly impure mixture of products with no identifiable 
products being obtained. 
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Scheme 1  An unsuccessful synthesis of ethyl 2-styrylquino- 
xaline-3-carboxylate 

After these unsuccessful trials, we decided to circum-
vented the problem by designing an alternative approach. 
As well known, halomethyl-functionalized aromatic heter-
ocycles have been widely served as versatile building 
blocks for the construction of various intriguing and com-
plex small molecules.[37] For example, Wang’s group have 
reported the use of 2-chloromethyl-pyrido[1,2-a]pyrimi- 
dins as important building blocks for the construction var-
ious bioactive polycyclic-fused heterocycle systems.[38] In 
this context, our research group has gained substantial 
ability in the application of 2-(halomethyl)quinoline deriv-
atives as the key intermediates for the flexible synthesis of 
diversely substituted quinoline-based hybridds.[39-40] 
Building on these evolving expertise and further extending 
the applications of our previously described methodology 
to new substrates, we envisioned that if the functionaliza-
tion of 9 at its 2-methyl position with bromomethyl moiety 
could be achieved, the resulting 2-(bromomethyl)quinoxa- 
line-3-carboxylate might open opportunity for the con-

struction of the title compounds. Thus, at the beginning of 
our investigation, we devoted our efforts to establish the 
synthesis of ethyl 3-(bromomethyl)quinoxaline-2-carboxy- 
late (7), which was successfully synthesized by radical 
bromination reaction of 2-methylquinoxaline 9 with 1.2 
equiv. of NBS in refluxing CCl4 with the presence of cata-
lytic amount of benzoyl peroxide (BPO) as the initiator as 
described in Scheme 2. 
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Scheme 2  Radical bromination reaction of 2-methylquinoxaline 
9 with NBS 

It is worthy to note that the order of addition of NBS 
was found to have an obvious influence on the product 
yield. When 1.2 equiv. of NBS was added simultaneously 
together with 9 to CCl4 solution, the desired monobromin-
ated product 7 was obtained only in 49% yield, along with 
30% dibromide byproduct 7', 12% unreacted 9 and small 
quantities of tarry products. Moreover, the chromato-
graphic separation was very tedious due to the very similar 
polarities of three compounds 9, 7 and 7ʹ. This is common 
to numerous radical bromination protocols.[41] It was found 
that if 1.2 equiv. of NBS was added in batches in the 
amount of 1/3 portions every 1.5 h to the gently refluxing 
CCl4 solution, 22% increase in the product 71% yield was 
achieved after the reaction was complete with a small 
amount of byproduct. Presumably, the resulting Br2 from 
NBS could maintain in a low concentration throughout the 
course of the bromination reaction, thereby restraining the 
side reaction and leading to the formation of the desired 
product in a higher yield. The newly resulting monobro-
minated product 7 represents a valuable intermediate and 
would be highly useful in the field of synthetic organic 
chemistry. Its structure was easily confirmed by spectral 
(1H NMR and 13C NMR) data. In 1H NMR spectrum, no 
signal attributable to methyl protons of its precursor was 
observed, but instead a two-proton singlet at δ 5.16 was 
found, readily recognizable as arising from bromomethyl 
protons, supporting the signal of 13C NMR spectrum at δ 
62.98 for the methylene carbon. In addition, the structure 
of the dibromide byproduct ethyl 3-(dibromomethyl)- 
quinoxaline-2-carboxylate (7'), obtained by careful column 
chromatography over silica gel, was readily established 
according to its spectral data. 

Next, the newly-synthesized monobrominated quinoxa-
line 7 was employed as substrate for the construction of 
3-arylvinylquinoxaline-2-carboxylic acids. Herein, we de-
vised a simple and facile one-pot three-step protocol in-
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volving the successive Michaelis-Arbuzov reaction fol-
lowed by Horner-Wadsworth-Emmons (HWE) olefination 
reaction and subsequent ester hydrolysis reaction proce-
dure as shown in Scheme 3. 
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Scheme 3  Three-step one-pot synthesis of (E)-3-styrylquin- 
oxaline-2-carboxylic acid (5a) 

The substrate 7 was first subjected to the Michae-
lis-Arbuzov reaction. It was found that by only heating the 
mixture of 7 and excessive triethyl phosphate at 160 ℃ 
without added catalyst, the reaction proceeded very 
smoothly with nearly quantitative transformation into the 
corresponding (quinoxalinylmethyl)phosphonate 6 within 
2 h. As the reaction did not require use of any organic sol-
vents and catalysts, product 6 was very pure. It was specu-
lated that isolation and purification at this stage were un-
necessary and the subsequent HWE olefination reaction 
might be conducted successively in one-pot manner. Ac-
cordingly, the excess triethylphosphite was evaporated to 
dryness under reduced pressure condition, followed by the 
direct addition of 1.1 equiv. of benzaldehyde in N,N'-  
dimethylformamide (DMF) along with 1.1 equiv. of NaH 
into the residue to carry out in situ the HWE olefination 
reaction by heating the resulting mixture at 90 ℃ 
(Scheme 3). To our delight, the sequential Horner-Emmons 
olefination proceeded very cleanly and thin-layer chroma-
tography (TLC) analysis revealed nearly quantitative 
conversion to the corresponding olefination intermediate 8 
within 4 h. At this stage, it is important to mention that the 
use of NaH was found to be optimal to complete the reac-
tion and other bases, such as NaOH, K2CO3, Et3N, EtONa, 
t-BuOK are inferior. Finally, the resulting 8 was underwent 
in situ ester hydrolysis reaction by adding 10% aqueous 
NaOH solution directly to the reaction mixture. After re-
fluxing for 2 h (TLC) followed by an acidic work-up, the 
corresponding quinoxaline carboxylic acid 5a was ob-
tained in 76% overall yield. The beauty of this reaction 
procedure is that the three chemical transformations take 
place in one pot, obtaining the product in high yield with 
simple synthetic operation and workup. 

Thereafter, a range of aromatic aldehydes available in 
our laboratory containing mono- or di-substituents with 

differing electronic properties were subjected to the reac-
tion sequence in a similar fashion. As expected, these aro-
matic aldehydes were equally amenable to the reaction 
process without any experimental difficulties, successfully 
furnishing the corresponding 5b～5j in satisfactory yields 
of 62%～79%. Encouraged by these results and with the 
aim of diversifying our work, we further attempted the 
reaction with 2-chloroquinoline-3-carbaldehyde and 2- 
chloro-N-substituted-1H-indole-3-carbaldehydes under the 
same reaction conditions. To our delight, these species 
were also viable substrates for this one-pot transformation, 
invariably giving the expected products 5k～5o in satis-
factory yields (Entries 11 and 12). Their structures were 
explicitly characterized based on the spectral and analytical 
data. Particularly, characteristic was the resonances of the 
arising two vinylic protons CH＝CH in their 1H NMR 
spectra appearing as two doublets at δ 7.64 and 8.33 with 
the value of spin-spin coupling constant Jab in the range 
15～16 Hz, which is indicative of the E-configuration of 
arylvinyl moiety. The yields of the products were listed in 
Table 1, from which it appeared that the nature and site of 
substituent present in the aromatic aldehydes had little im-
pact on the success of the transformation, neither in prod-
uct yield nor in reaction rate. Moreover, the strong with-
drawing groups such as cyanogen and nitro groups, which 
were sensitive to bases, were well tolerated in the one-pot 
process without any experimental difficulties. 

Having the newly-synthesized quinoxaline derivatives in 
hand, a preliminary evaluation for their in vitro inhibitory 
activity against Mycobacterium smegmatis (M. smegmatis) 
LeuRS was assayed. The results, as recorded in Table 1, 
revealed that these synthesized compounds displayed 
moderate to good inhibitory effects against M. smegmatis 
LeuRS. The structure-activity relationship study suggested 
that among (E)-3-styrylquinoxaline-2-carboxylic acid de-
rivatives (5a～5j) the electron nature of the substituents 
appeared to play a role for the inhibitory activity of these 
compounds. For example, the introduction of an elec-
tron-donating methyl group (5b) gave a slightly lower ac-
tivity comparable to compound 5a (Entry 2), and especial-
ly, the presence of methoxyl or ethoxyl substituent (5c～
5e) resulted in much lower activities (Entries 3～5). This 
observation might indicate that electron-donating substitu-
ents disfavoured the inhibitory activities for M. tuberculo-
sis LeuRS. Interestingly, the introduction of electron with-
drawing chloro group (5f) gave an improvement of the 
inhibitory activity (Entry 6). However, it is found that the 
activity was not further potentiated with the introduction of 
a second chloro atom (5g) (Entry 7). Similarly, bromo- and 
cyano-substituted compounds 5h and 5i also exhibited a 
higher activity than 5a with the IC50 values of 24.4 and 
22.6 µmol•L－1, respectively (Entries 8 and 9), being equi-
potent with the reference AN2679 (Entry 13). It was found 
that the introduction of stronger electron withdrawing nitro 
group (5j) exhibited the highest inhibitory activity with 
IC50 value of 14.7 µmol•L－1 (Entry 10), which was much 
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Table 1  Yields and in vitro inhibitory activity of compounds 5a～5o toward Mtb LeuRS and M. smegmatis 

Entry Product 5 Yielda/% IC50/(µmol•L－1) MIC/(μg•mL－1) 

1 

 

5a 77 31.4 125 

2 

 

5b 74 33.7 250 

3 

 

5c 71 46.3 125 

4 

 

5d 65 48.1 250 

5 

 

5e 73 54.3 250 

6 

 

5f 76 27.4 62.5 

7 

 

5g 79 27.1 62.5 

8 

 

5h 78 24.4 31.25 

9 

COOH

N

N

NC  

5i 62 22.6 15.6 

10 

 

5j 67 14.7 15.6 

11 

 

5k 63 25.2 31.25 

12 

R＝Me 5l 69 27.4 62.5 
R＝Et 5m 64 24.3 62.5 
R＝Bn 5n 71 28.1 62.5 

R＝4-ClBn 5o 62 22.8 31.25 

13 AN2679 — — — 21.7 — 
14 Rifampicin — — — — 15.6 

a Isolated yield. 
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superior to the reference drug and might be interesting and 
promising candidates for further biological research. In 
addition, the vinyl-linked bisheterocyclic compounds 5k～
5o with the intriguing quinoline and indole ring moiety 
also exhibit the satisfactory inhibition of M. smegmatis 
LeuRS with the IC50 values of 25.2, 27.4, 24.3 28.1 and 
22.8 μmol•L－1, respectively (Entries 11 and 12), having 
the potential to further exploitation in new drug discovery.  

In order to explore the possible mode of binding to M. 
smegmatis LeuRS, the most active compound 5j in this 
study was selected to make a docking analysis through 
computer simulation method. In this work, the CDOCKER 
docking programs of Discovery Studio (DS) software 
equipped with the available PharmaDB pharmacophore 
database was used to perform the receptor-ligand flexible 
docking.[42] As the LeuRS gene from M. smegmatis has not 
been reported in PDB database (http://www.rcsb.org/), a 
homology model of Thermus thermophilus LeuRS (PDB 
ID 1OBH) was employed as a template. The docking mod-
el (Figure 2) showed that the compound inhibited the 
LeuRS seemingly by interacting with the amino acid resi-
dues such as Met576, His52, Ala542, His545, Asp80 and 
forming hydrogen bonds with Met40, Tyr56 and Gly537 in 
the leucyl-binding region of LeuRS active site. We pro-
posed that the m-NO2 substituted analog of compound 5j 
may mimic the binding pose of LeuRS more closely and 
consequently gave improved affinity. 

 

Figure 2  3D docking modes (a) and 2D docking modes (b) for 
5j into homology model of T. brucei LeuRS 

Basing from the above results, we further investigated if 
these newly-synthesized compounds could effectively in-
hibit the M. smegmatis strains growth in vitro. Thus, all of 
these compounds were evaluated in vitro using a 96-well 
microtiter plate and a serial dilution method to obtain their 
minimum inhibitory concentration (MIC) values as listed 
in Table 1. The antitubercular activity demonstrated that in 
general, compounds 5f～5j (Entries 6～10) with elec-
tron-withdrawing groups and vinyl-linked bisheterocycles 
5k～5o (Entries 11 and 12) exhibited good inhibitory ac-
tivity against M. smegmatis, while the inhibitory activities 
of unsubstituted 5a and electron-donating substituted 5b～
5e were low, probably due to their poor bonding mode 
with the amino acid residues of M. smegmatis. Especially, 
the cyano- and nitro-substituted 5i and 5j showed the best 
anti-tubercular activity with the MIC value of 15.6 μg/mL 
(Entries 9 and 10), being comparable with the reference 
rifampicin (Entry 14).  

Overall, we have achieved the synthesis of new type of 
quinoxaline derivatives for inhibitors targeting M. smeg-
matis LeuRS, which could be an attractive template for 
further study from both a biological as well as a building 
block perspective. Our next effort will mainly focus on the 
mechanisms of Mtb LeuRS inhibition, structural optimiza-
tion and target specificity towards the ultimate goal of 
providing intriguing lead compounds for the development 
of new anti-tubercular agents. 

3  Conclusions 

A facile synthesis of a new series of structurally intri-
guing (E)-3-arvylvinylquinoxaline-2-carboxylic acids has 
been achieved through the radical bromination reaction 
followed by the one-pot sequential Arbuzov/ HWE/hydro- 
lysis reaction procedure by using readily available ben-
zene-1,2-diamine and ethyl 3-oxobutanoate as the starting 
materials. Experimental simplicity, inexpensive reagents 
and satisfactory yields would contribute to the usefulness 
of this method. The in vitro evaluation of their inhibitory 
activity against M. smegmatis LeuRS revealed that com-
pounds 5f～5j with electron withdrawing groups exerted 
excellent activity, among which nitro-substituted 5j 
showed the best activity with the IC50 values of 14.7 µmol• 
L－1. The molecular docking analyses using CDOCKER 
module of Discovery Studio (DS) software suggested that 
compound 5j could bind well to the active site of Mtb 
LeuRS. The antitubercular activities of these compounds 
against M. smegmatis strains also demonstrated that elec-
tron-withdrawing substituted 5f～5j exhibited moderate to 
good inhibitory activity with the MIC values up to 15.6 
μg/mL, being comparable with the reference rifampicin. 
These results might provide valuable information for de-
signing novel inhibitors against Mtb LeuRS. Work is cur-
rently ongoing in our laboratory, mainly focusing on the 
mechanisms of Mtb LeuRS inhibition, the structural opti-
mization and further application of this method for struc-
turally diverse derivatives, which will be communicated in 
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due course. 

4  Experimental section 

4.1  Materials and instruments 

The chemicals used in this work were obtained from 
Energy Chemical and were used without purification. 
Melting points were determined by use of a WRS-1B 
melting point apparatus and were uncorrected. The 1H 
NMR and 13C NMR spectra were recorded on an Agilent 
400-MR spectrometer using DMSO-d6 as the solvent. The 
reported chemical shifts (δ values) are given from tetra-
methylsilane (TMS) as the internal standard. HRMS (ESI) 
data were acquired on a Bruker Customer micrOTOF-Q 
125 highresolution mass spectrometer with ESI. Elemental 
analyses were carried out on an EA 2400II elemental ana-
lyzer (PerkinElmer, Waltham, MA). The progress of reac-
tions was monitored by TLC on silica gel GF254 using 
ethyl acetate/petroleum ether (V∶V＝1∶8) as the eluent. 

4.2  Synthesis 

4.2.1  Procedure for the radical bromination reaction of 
ethyl 2-methylquinoxaline-3-carboxylate (9) 

Ethyl 2-methylquinoxaline-3-carboxylate (9) (10.812 g, 
50 mmol) was added to CCl4 (500 mL) and heated with 
stirring until refluxed gently. Benzoyl peroxide (BPO) 
(0.302 g, 1.25 mmol) as initiator was then added to the 
reaction mixture. After that, a slightly excessive amount of 
NBS (10.678 g, 60 mmol) was added carefully in three 
batches to the gently refluxing CCl4 solution every 1.5 h, 
i.e., 3.56 g (20 mmol) portions of 10.678 g (60 mmol) NBS 
were added every 1.5 h. After the addition in batches was 
complete, the mixture continued to reflux gently till the 
disappearance of 9 (as monitored by TLC). The reaction 
mixture was cooled to room temperature and the precipi-
tated succinimide was filtered off. The obtained filtrate 
was washed with water and dried over Na2SO4. Evapora-
tion of the solvent under reduced pressure afforded a crude 
solid product, which was subjected to column chromatog-
raphy over silica gel (200～400 mesh) using petroleum 
ether/ethyl acetate mixture (V∶V＝10∶1) as eluent to 
give 10.46 g of product 7 and 3.37 g of 7'. 

Ethyl 3-(bromomethyl)quinoxaline-2-carboxylate (7): 
71% yield. White solid, m.p. 96～98 ℃; 1H NMR (400 
MHz, CDCl3) δ: 1.54 (t, J＝7.2 Hz, 3H, OCH2CH3), 4.63 
(q, J＝7.2 Hz, 2H, OCH2CH3), 5.16 (s, 2H, CH2Br), 
7.86～7.91 (m, 2H, Quin-H), 8.12 (d, J＝7.2 Hz, 1H, 
Quin-H), 8.25 (d, J＝7.2 Hz, 1H, Quin-H); 13C NMR (100 
MHz, CDCl3) δ: 14.2, 31.5, 63.0, 129.0, 129.9, 131.3, 
132.4, 140.6, 141.9, 143.6, 151.2, 164.8. Anal calcd for 
C12H11BrN2O2: C 48.84, H 3.76, N 9.49; found C 48.56, H 
3.87, N 9.78.  

Ethyl 3-(dibromomethyl)quinoxaline-2-carboxylate (7'): 
18% yield. White solid, m.p. 91～92 ℃; 1H NMR (400 
MHz, CDCl3) δ: 1.46 (t, J＝7.2 Hz, 3H, OCH2CH3), 4.54 
(q, J＝7.2 Hz, 2H, OCH2CH3), 7.81～7.91 (m, 2H, Quin- 
H), 7.87 (s, 1H, CHBr2), 8.20 (d, J＝8.4 Hz, 2H, Quinoxa- 
H); 13C NMR (100 MHz, CDCl3) δ: 14.2, 39.0, 63.3, 129.4, 

129.8, 132.1, 133.0, 138.9, 141.1, 142.3, 151.1, 164.5. 
Anal calcd for C12H10Br2N2O2: C 38.53, H 2.69, N 7.49; 
found C 38.24, H 2.93, N 7.28. 

4.2.2  General procedure for the preparation of 3-aryl- 
vinylquinoxaline-2-carboxylic acids (5a～5o) 

Ethyl 3-(bromomethyl)quinoxaline-2-carboxylate (7) 
(0.295 g, 1 mmol) was added in triethyl phosphate (8 mL). 
The resulting reaction mixture was stirred at 160 ℃ for 
5～6 h. The conversion was monitored by TLC. After the 
reaction was complete, the excessive triethyl phosphate 
was removed in vacuo, and a solution of respective aro-
matic aldehydes, 2-chloroquinoline-3-carbaldehyde or 2- 
chloro-N-substituted-1H-indole-3-carbaldehydes (1.2 
mmol) in DMF (15 mL) and NaH (0.036 g, 1.5 mmol) 
were added to the residue, respectively. The mixture was 
stirred for about 0.5 h at room temperature and then stirred 
at 90 ℃ for 2 h. After completion of the reaction (TLC), 
10% aqueous solution of sodium hydroxide (10 mL) was 
added to the reaction mixture and continued to stir at 
90 ℃ for 2 h. The reaction mixture was then cooled to 
room temperature, followed by acidification with 1 mol•  
L－1 HCl. The precipitated crude product was purified by 
recrystallization from ethanol to give the desired products 
5a～5o.  

(E)-3-Styrylquinoxaline-2-carboxylic acid (5a): 88% 
yield. Yellow solid, m.p. 145～146 ℃; 1H NMR δ: 7.37 
(t, J＝7.6 Hz, 1H, Ben-H), 7.44 (t, J＝7.6 Hz, 2H, Ben-H), 
7.69 (d, J＝7.6 Hz, 2H, Ben-H), 7.77 (d, J＝15.6 Hz, 1H, 
CH＝CH), 7.85 (td, J＝8.4, 1.2 Hz, 1H, Quin-H), 7.92 (td, 
J＝8.0, 1.2 Hz, 1H, Quin-H), 8.00 (d, J＝15.6 Hz, 1H,  
CH＝CH), 8.10 (dd, J＝8.4, 1.2 Hz, 1H, Quin-H), 8.12 
(dd, J＝8.4, 1.2 Hz, 1H, Quin-H), 14.19 (s br, 1H, COOH); 
13C NMR δ: 122.6, 127.3, 128.4, 128.8, 128.8, 129.1, 
130.3, 131.9, 135.5, 136.4, 139.1, 141.6, 145.0, 147.4, 
166.6. HRMS calcd for C17H13N2O2 [M＋H]＋: 277.0972, 
found 277.0941. 

(E)-3-(4-Methylstyryl)quinoxaline-2-carboxylic acid 
(5b): 76% yield. Yellow solid, m.p. 151～152 ℃; 1H 
NMR δ: 2.38 (s, 3H, Me), 7.30 (d, J＝8.0 Hz, 2H, Ben-H), 
7.65 (d, J＝8.0 Hz, 2H, Ben-H), 7.76 (d, J＝16.0 Hz, 1H, 
CH＝CH), 7.90 (t, J＝7.6 Hz, 1H, Quin-H), 7.98 (t, J＝7.6 
Hz, 1H, Quin-H), 8.03 (d, J＝16.0 Hz, 1H, CH＝CH), 8.15 
(d, J＝8.0 Hz, 1H, Quin-H), 8.16 (d, J＝8.4 Hz, 1H, 
Quin-H), 14.20 (s br, 1H, COOH); 13C NMR δ: 20.7, 
121.4, 127.3, 128.3, 128.8, 129.4, 130.1, 131.9, 132.7, 
136.4, 138.9, 139.0, 141.6, 145.0, 147.5, 166.7. Anal. calcd 
for C18H14N2O2: C 74.47, H 4.86, N 9.65; found C 74.62, 
H 4.91, N 9.49. 

(E)-3-(4-Methoxystyryl)quinoxaline-2-carboxylic acid 
(5c): 80% yield. Yellow solid, m.p. 175～176 ℃; 1H 
NMR δ: 3.84 (s, 3H, OMe), 7.06 (d, J＝8.0 Hz, 2H, 
Ben-H), 7.65 (d, J＝15.6 Hz, 1H, CH＝CH), 7.71 (d, J＝
8.4 Hz, 2H, Ben-H), 7.88 (t, J＝7.6 Hz, 1H, Quin-H), 7.97 
(t, J＝8.0 Hz, 1H, Quin-H), 8.03 (d, J＝15.6 Hz, 1H,   
CH＝CH), 8.14 (d, J＝8.4 Hz, 2H, Quin-H), 14.19 (s br, 
1H, COOH); 13C NMR δ: 55.7, 114.2, 119.9, 128.1, 128.3, 
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128.8, 128.9, 130.0, 131.8, 136.3, 138.9, 141.6, 145.0, 
147.6, 160.1, 166.7. Anal. calcd for C18H14N2O3: C 70.58, 
H 4.61, N 9.15; found C 70.29, H 4.85, N 8.94. 

(E)-3-(2,4-Dimethoxystyryl)quinoxaline-2-carboxylic 
acid (5d): 73% yield. Yellow solid, m.p. 164～165 ℃; 1H 
NMR δ: 3.86 (s, 3H, OMe), 3.94 (s, 3H, OMe), 6.67 (dd,  
J＝8.4, 2.0 Hz, 1H, Ben-H), 6.69 (d, J＝2.0 Hz, 1H, 
Ben-H), 7.65 (d, J＝8.4 Hz, 1H, Ben-H), 7.72 (d, J＝15.6 
Hz, 1H, CH＝CH), 7.85 (t, J＝7.6 Hz, 1H, Quin-H), 7.94 
(t, J＝8.0 Hz, 1H, Quin-H), 8.11 (d, J＝8.4 Hz, 1H, 
Quin-H), 8.13 (d, J＝8.4 Hz, 1H, Quin-H), 8.24 (d, J＝
16.0 Hz, 1H, CH＝CH), 14.15 (s br, 1H, COOH); 13C 
NMR δ: 55.1, 55.4, 98.2, 105.9, 117.0, 120.0, 128.3, 128.7, 
129.0, 129.7, 131.6, 131.8, 138.8, 141.7, 145.4, 147.9, 
158.8, 161.6, 166.8. Anal. calcd for C19H16N2O4: C 67.85, 
H 4.79, N 8.33; found C 68.11, H 4.72, N 8.61. 

(E)-3-(4-Ethoxystyryl)quinoxaline-2-carboxylic acid 
(5e): 77% yield. Yellow solid, m.p. 165～166 ℃; 1H 
NMR δ: 1.37 (t, J＝7.2 Hz, 3H, OCH2CH3), 4.10 (q, J＝
7.2 Hz, 2H, OCH2CH3), 7.03 (d, J＝8.4 Hz, 2H, Ben-H), 
7.64 (d, J＝15.6 Hz, 1H, CH＝CH), 7.69 (d, J＝8.4 Hz, 
2H, Ben-H), 7.88 (t, J＝7.6 Hz, 1H, Quin-H), 7.96 (t, J＝
8.0 Hz, 1H, Quin-H), 8.02 (d, J＝15.6 Hz, 1H, CH＝CH), 
8.13 (d, J＝8.4 Hz, 2H, Quin-H), 14.20 (s br, 1H, COOH); 
13C NMR δ: 14.3, 62.9, 114.6, 119.8, 128.0, 128.2, 128.8, 
128.9, 129.9, 131.8, 136.3, 138.9, 141.6, 145.0, 147.6, 
159.3, 166.7. Anal. calcd for C19H16- N2O3: C 71.24, H 
5.03, N 8.74; found C 71.08, H 4.97, N 8.88. 

(E)-3-(2-Chlorostyryl)quinoxaline-2-carboxylic acid 
(5f): 65% yield. Yellow solid, m.p. 161～162 ℃; 1H 
NMR δ: 7.44～7.49 (m, 2H, Ben-H),7.60 (dd, J＝7.6, 2.0 
Hz, 1H, Ben-H), 7.91 (d, J＝16.0 Hz, 1H, CH＝CH), 
7.95～8.02 (m, 3H, ArH), 8.18 (d, J＝8.4 Hz, 1H, 
Quin-H), 8.21 (d, J＝8.0 Hz, 1H, Quin-H), 8.33 (d, J＝
16.0 Hz, 1H,  CH＝CH), 14.23 (s br, 1H, COOH); 13C 
NMR δ: 125.9, 127.3, 127.6, 128.6, 128.9, 129.7, 130.5, 
130.6, 131.3, 132.1, 133.0, 133.3, 139.3, 141.5, 144.8, 
147.1, 166.5. HRMS calcd for C17H12ClN2O2 [M＋H]＋: 
311.0582, found 311.0555. 

(E)-3-(2,6-Dichlorostyryl)quinoxaline-2-carboxylic acid 
(5g): 47% yield. Brown solid, m.p. 189～190 ℃; 1H 
NMR δ: 7.42 (t, J＝8.0 Hz, 1H, Ben-H), 7.61 (d, J＝8.0 
Hz, 2H, Ben-H), 7.83～7.92 (m, 3H, CH＝CH and 
Quin-H), 8.03 (d, J＝16.4 Hz, 1H, CH＝CH), 8.09 (d, J＝
7.6 Hz, 1H, Quin-H), 8.14 (d, J＝7.6 Hz, 1H, Quin-H), 
14.27 (br s, 1H, COOH); 13C NMR δ: 128.5, 128.6, 128.7, 
128.9, 129.9, 130.2, 130.6, 131.7, 132.7, 133.6, 139.9, 
140.8, 146.0, 150.2, 167.8. Anal. calcd for C17H10Cl2N2O2: 
C 59.15, H 2.92, N 8.12; found C 59.50, H 2.69, N 7.88. 

(E)-3-(3-Bromostyryl)quinoxaline-2-carboxylic acid 
(5h): 82% yield. Yellow solid, m.p. 154～156 ℃; 1H 
NMR δ: 7.45 (t, J＝7.6 Hz, 1H, Ben-H), 7.62 (d, J＝7.6 
Hz, 1H, Ben-H), 7.77 (d, J＝7.6 Hz, 1H, Ben-H), 7.89 (d, 
J＝15.6 Hz, 1H, CH＝CH), 7.93 (t, J＝8.0 Hz, 1H, 
Quin-H), 7.96～8.02 (m, 3H, CH＝CH and Ar-H), 8.17 (d, 
J＝8.0 Hz, 2H, Quin-H), 14.22 (s br, 1H, COOH); 13C 
NMR δ: 122.1, 124.5, 126.3, 128.4, 128.9, 129.7, 130.5, 

130.8, 131.5, 132.0, 134.5, 138.1, 139.2, 141.5, 144.9, 
147.2, 166.5. Anal. calcd for C17H11BrN2O2: C 57.49, H 
3.12, N 7.89; found C 57.78, H 2.92, N 7.78. 

(E)-3-(2-Cyanostyryl)quinoxaline-2-carboxylic acid 
(5i): 61% yield. Brown solid, m.p. 162～164 ℃; 1H NMR 
δ: 7.62 (t, J＝7.6 Hz, 1H, Ben-H), 7.84 (t, J＝8.0 Hz, 1H, 
Ben-H), 7.94～8.03 (m, 3H, ArH), 8.10 (d, J＝8.0 Hz, 1H, 
Quin-H), 8.13 (d, J＝15.6 Hz, 1H, CH＝CH), 8.18～8.23 
(m, 2H, Quin-H), 8.25 (d, J＝15.6 Hz, 1H, CH＝CH), 
14.27 (s br, 1H, COOH); 13C NMR δ: 110.8, 117.3, 126.3, 
127.7, 128.7, 128.9, 129.4, 130.8, 130.9, 132.1, 133.3, 
133.5, 138.2, 139.5, 141.5, 144.9, 146.8, 166.4. Anal. calcd 
for C18H11N3O2: C 71.75, H 3.68, N 13.95; found C 71.92, 
H 3.54, N 14.18. 

(E)-3-(3-Nitrostyryl)quinoxaline-2-carboxylic acid (5j): 
55% yield. Brown solid, m.p. 169～171 ℃; 1H NMR δ: 
7.74～7.77 (m, 1H, ArH), 7.93 (d, J＝8.0 Hz, 1H, ArH), 
7.98～8.02 (m, 2H, ArH and CH＝CH), 8.07～8.23 (m, 
5H, ArH and CH＝CH), 8.54 (d, J＝2.0 Hz, 1H, Ben-H), 
14.14 (s br, 1H, COOH); 13C NMR δ: 121.4, 123.2, 125.7, 
128.4, 128.9, 130.2, 130.6, 132.0, 133.5, 133.7, 137.3, 
139.3, 141.5, 149.9, 147.0, 148.0, 166.5. Anal. calcd for 
C17H11N3O4: C 63.55, H 3.45, N 13.08; found C 63.37, H 
3.39, N 13.30. 

(E)-3-(2-(2-Chloroquinolin-3-yl)vinyl)quinoxaline-2-car-
boxylic acid (5k): 63% yield. Yellow solid, m.p. 193～
195 ℃; 1H NMR δ: 7.66 (d, J＝8.8 Hz, 1H, ArH), 7.85 (d,  
J＝8.4 Hz, 1H, ArH), 8.00 (d, J＝16.0 Hz, 1H, CH＝CH), 
8.15 (d, J＝8.8 Hz, 1H, ArH), 8.18 (d, J＝8.4 Hz, 1H, 
ArH), 8.30 (d, J＝15.6 Hz, 1H, CH＝CH), 8.82 (s, 1H, 
ArH), 14.22 (s br, 1H, COOH); 13C NMR δ: 127.6, 127.6, 
127.8, 128.0, 128.8, 129.4, 129.6, 131.3, 131.5, 132.9, 
134.0, 135.9, 137.9, 140.1, 142.3, 145.6, 145.8, 147.5, 
148.9, 167.2. Anal. calcd for C20H12ClN3O2: C 66.40, H 
3.34, N 11.61; found C 66.17, H 3.62, N 11.45. 

(E)-3-(2-(2-Chloro-1-methyl-1H-indol-3-yl)vinyl)quino- 
xaline-2-carboxylic acid (5l): 69% yield. Yellow solid, 
m.p. 208～210 ℃; 1H NMR δ: 3.82 (s, 3H, CH3), 7.30 (t, 
J＝8.0 Hz, 1H, ArH), 7.34 (t, J＝7.6 Hz, 1H, ArH), 7.62 
(d, J＝7.6 Hz, 1H, ArH), 7.81 (t, J＝7.6 Hz, 1H, ArH), 
7.89～7.94 (m, 3H, ArH and CH＝CH), 8.08 (d, J＝8.4 
Hz, 1H, ArH), 8.10 (d, J＝8.0 Hz, 1H, ArH), 8.21 (d, J＝
16.0 Hz, 1H, CH＝CH), 14.14 (s br, 1H, COOH); 13C 
NMR δ: 30.9, 109.4, 111.4, 119.4, 119.4, 122.2, 123.5, 
124.2, 128.2, 128.9, 129.5, 129.7, 130.3, 132.5, 136.7, 
139.4, 142.5, 145.4, 148.9, 167.7. Anal. calcd for 
C20H14ClN3O2: C 66.03, H 3.88, N 11.55; found C 66.19, 
H 3.98, N 11.26. 

(E)-3-(2-(2-Chloro-1-ethyl-1H-indol-3-yl)vinyl)quino- 
xaline-2-carboxylic acid (5m): 64% yield. Yellow solid, 
m.p. 187～188 ℃; 1H NMR δ: 1.30 (t, J＝7.6 Hz, 3H, 
CH2CH3), 4.35 (q, J＝7.6 Hz, 2H, CH2CH3), 7.30 (t, J＝
7.6 Hz, 1H, ArH), 7.34 (t, J＝8.0 Hz, 1H, ArH), 7.66 (d,  
J＝8.0 Hz, 1H, ArH), 7.82 (t, J＝7.6 Hz, 1H, ArH), 7.89～
7.95 (m, 3H, ArH and CH＝CH), 8.09 (d, J＝8.4 Hz, 1H, 
ArH), 8.12 (d, J＝8.8 Hz, 1H, ArH), 8.21 (d, J＝16.0 Hz, 
1H, CH＝CH), 14.17 (s br, 1H, COOH); 13C NMR δ: 15.1, 
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39.1, 109.6, 111.3, 119.6, 122.2, 123.6, 124.4, 128.1, 
128.7, 129.0, 129.5, 130.3, 132.5, 135.6, 139.5, 142.5, 
145.4, 148.9, 167.7. Anal. calcd for C21H16ClN3O2: C 
66.76, H 4.27, N 11.12; found C 66.51, H 4.10, N 10.97. 

(E)-3-(2-(1-Benzyl-2-chloro-1H-indol-3-yl)vinyl)quino-
xaline-2-carboxylic acid (5n): 71% yield. Yellow solid, 
m.p. 222～224 ℃; 1H NMR δ: 5.60 (s, 2H, CH2), 7.14 (d, 
J＝7.6 Hz, 2H, ArH), 7.25 (t, J＝7.2 Hz, 1H, ArH), 7.30～
7.34 (m, 4H, ArH), 7.65 (d, J＝8.4 Hz, 1H, ArH), 7.83 (t,  
J＝7.6 Hz, 1H, ArH), 7.92 (t, J＝7.6 Hz, 1H, ArH), 7.94 
(d, J＝8.0 Hz, 1H, ArH), 7.97 (d, J＝15.6 Hz, 1H, CH＝
CH), 8.09 (d, J＝8.4 Hz, 1H, ArH), 8.12 (d, J＝8.4 Hz, 
1H, ArH), 8.23 (d, J＝16.0 Hz, 1H, CH＝CH), 14.21 (s br, 
1H, COOH); 13C NMR δ: 47.08, 110.11, 111.75, 119.65, 
120.21, 122.47, 123.82, 124.43, 126.94, 127.96, 128.02, 
129.00, 129.22, 129.55, 130.40, 132.53, 136.39, 137.08, 
139.52, 142.47, 145.43, 148.83, 167.67. Anal. calcd for 
C26H18ClN3O2: C 70.99, H 4.12, N 9.55; found C 71.23, H 
4.32, N 9.33. 

(E)-3-(2-(2-Chloro-1-(4-chlorobenzyl)-1H-indol-3-yl)- 
vinyl)quinoxaline-2-carboxylic acid (5o): 62% yield. Yel-
low solid, m.p. 210～211 ℃; 1H NMR δ: 5.59 (s, 2H, 
CH2), 7.14 (d, J＝8.4 Hz, 2H, ArH), 7.26～7.29 (m, 2H, 
ArH), 7.38 (d, J＝8.4 Hz, 2H, ArH), 7.60～7.63 (m, 1H, 
ArH), 7.74 (t, J＝7.2 Hz, 1H, ArH), 7.80 (t, J＝7.2 Hz, 
1H, ArH), 7.93 (d, J＝16.0 Hz, 1H, CH＝CH), 7.97～8.01 
(m, 2H, ArH), 8.04 (d, J＝8.0 Hz, 1H, ArH), 8.16 (d, J＝
15.6 Hz, 1H, CH＝CH), 14.28 (s br, 1H, COOH); 13C 
NMR δ: 46.4, 110.4, 111.5, 120.0, 120.7, 121.5, 122.4, 
123.8, 124.5, 126.9, 128.6, 128.8, 129.2, 129.7, 131.0, 
132.6, 136.2, 138.1, 140.0, 141.8, 148.5, 151.0, 168.7. 
Anal. calcd for C26H17Cl2N3O2: C 65.83, H 3.61, N 8.86; 
found C 65.60, H 3.79, N 8.70. 

4.3  In vitro inhibitory activity assay against M. tu-
berculosis Leucyl-tRNA synthetase (Mtb LeuRS) 

The purification of Mycobacterium tuberculosis LeuRS 
and the standard in vitro aminoacylation assays were per-
formed mainly based on the recently reported procedure 
described in literature.[32] The inhibitory activity experi-
ment was performed in a solution containing 100 mmol•  
L－1 Tris-HCl (pH 8.0), 10 mol•L－1 MgCl2, 2 mol•L－1 di-
thiothreitol (DTT), 5 mmol•L－1 ATP, 10 mmol•L－1 KCl, 
90 μmol•L－1 L-[14C]leucine (238 mCi/mmol), 4 mg•mL－1 
E. coli tRNA and 25 nmol•L－1 M. tuberculosis LeuRS. 
The reaction was incubated at 37 ℃ and aliquots were 
quenched by 10% trichloracetic acid (TCA). For the inhib-
itory studies in aminoacylation reaction 20 μL of solution 
containing 25 nmol•L － 1 M. tuberculosis LeuRS, 100 
mmol•L－1 Tris-HCl (pH 8.0), 10 mmol•L－1 MgCl2, 90 
μmol•L－1 L-[14C]leucine (238 mCi/mmol), 2 mmol•L－1 
DTT, 4 mg/mL E. coli tRNA and appropriate concentra-
tions of inhibitor (dissolved in DMSO) were incubated for 
5 min at 37 ℃. Reactions were initiated by addition of 
ATP to final concentration of 2 mmol•L－1. The inhibitory 
of aminoacylation of M. smegmatis LeuRS was determined 
by liquid scintillation counting. To determine the IC50 val-

ues, at least triplicates were averaged to generate an IC50 
value using Origin 7.0. 

4.4  Determination of MIC for Mycobacterium sme- 
gmatis 

All the synthesized compounds 5a～5o herein were 
screened for their potential in vitro anti-tubercular activity 
against M. smegmatis [CGMCC 1.2621], which was ob-
tained from the National Center for Medical Culture Col-
lection, China. The MIC value was determined according 
to our previously described method.[44] Each of the test 
compounds was dissolved in DMSO and then was serially 
diluted in five concentrations at twofold dilutions (250, 
125, 62.5, 31.25, 15.6, 7.81, 3.91 μg/mL). The diluted so-
lutions in Mueller Hinton Broth were dispensed into the 
wells of a microtiter plate, and then an aliquot of  5×105 
c.f.u/mL of bacterial suspension was added to each well. 
The value of MIC was determined after 24 h of incubation 
at 37 ℃. Rifampicin was used as the reference standards. 

 
Supporting Information  1H NMR and 13C NMR spectra 
of compounds 7, 7' and 5a～5o are available free of charge 
via the Internet at http://sioc-journal.cn/.  
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