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Abstract
Methicillin-resistant Staphylococcus aureus (MRSA) and vancomycin-resistant Staphylococcus aureus (VRSA) are primary
causes of skin and soft tissue infections worldwide. To address the emergency caused due to increasing multidrug-resistant (MDR)
bacterial infections, a series of novel fluoro and trifluoromethyl-substituted salicylanilide derivatives were synthesized and their
antimicrobial activity was investigated. MIC data reveal that the compounds inhibited S. aureus specifically (MIC 0.25–64 µg/mL).
The in vitro cytotoxicity of compounds with MIC < 1 µg/mL against Vero cells led to identification of four compounds (20, 22, 24
and 25) with selectivity index above 10. These four compounds were tested against MDR S. aureus panel. Remarkably, 5-chloro-
N-(4’-bromo-3’-trifluoromethylphenyl)-2-hydroxybenzamide (22) demonstrated excellent activity against nine MRSA and three
VRSA strains with MIC 0.031–0.062 µg/mL, which is significantly better than the control drugs methicillin and vancomycin. The
comparative time–kill kinetic experiment revealed that the effect of bacterial killing of 22 is comparable with vancomycin.
Compound 22 did not synergize with or antagonize any FDA-approved antibiotic and reduced pre-formed S. aureus biofilm better
than vancomycin. Overall, study suggested that 22 could be further developed as a potent anti-staphylococcal therapeutic.
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Introduction

The unceasing emergence of antimicrobial resistance in bac-
terial pathogens is a significant threat to global human health
[1]. Staphylococcus aureus, a gram-positive, priority II
pathogen, is a significant human pathogen that is responsible
for causing life-threatening infections, consequently increasing
mortality rates in the absence of effective containment and
therapeutic solutions [2–4]. S. aureus biofilm formation and
persister cells are associated with recurring and difficult to treat
infections such as endocarditis, intravenous catheter-related
bacteremia, and osteomyelitis [5–7]. The biofilm’s extra-
cellular matrix blocks entry of antibiotics and persister cells are
dormant, thus making both physiological states as highly
antibiotic tolerant [7].

Methicillin-resistant staphylococcus aureus (MRSA) is
one of the primary cause of skin and soft tissue infections
[8]. Despite the availability of number of antibiotics,
effective treatments are very limited for MRSA [9] and
include fusidic acid, mupirocin, retapamulin, clindamycin,
and vancomycin with other newer drugs such as ceftobi-
prole, nafithromycin, XF-73, TNP-2092, and ATx201 that
are in clinical trials [10]. The situation is getting more
worrisome, particularly due to emergence of vancomycin-
resistant S. aureus (VRSA) [2–4]. For successful treatment
of infections caused due to multidrug-resistant (MDR) S.
aureus, discovery and development of new antibiotic
molecules with a novel mode of action is an urgent and
unmet medical need [4, 11].

In search of developing potential anti-infective agents,
salicylanilides biological activity profile is well explored in
parasitic [12], microbial [13–16], rheumatology [17], and
cancer [18]. These compounds also demonstrate potency
against various viral pathogens such as SARS-CoV, MERS-
CoV, SARS-CoV-2, ZIKV, HCV, and human adenovirus
[19, 20]. Salicylanilide family of anthelmintic drugs, e.g.,
closantel, niclosamide, oxyclozanide, and kinase inhibitor

IMD0354, was recently identified as a potent anti-
staphylococcals [21–24]. Niclosamide is currently in
phase-II clinical trial for the treatment of S. aureus-infected
patients (NCT03429595) [10]. However, Niclosamide is
known to possess limited aqueous solubility, poor intestinal
tract absorption, and low metabolic stability [24, 25]. These
features represent significant drawbacks in using Niclosa-
mide for the treatment of systemic bacterial infections. O-
Alkylamino-tethered niclosamide derivatives have been
designed to improve water solubility, but demonstrated poor
activity (MIC of ≥15 μg/mL) against colistin-resistant
Enterobacteriaceae [26]. These drawbacks motivated us
to investigate the impact of fluorine and trifluoromethyl
functional group in salicylanilides as potent anti-
staphylococcals.

The C-F bond has been used as a bioisostere for a
number of functional groups, including C-H, C-OH,
C=O, and CN [27]. The high dissociation energy
(105.4 kcal/mol) of C-F bond is difficult to break and
therefore less prone for metabolic transformation [28].
The incorporation of fluorine atoms or fluorinated func-
tional group has become a growing trend in drug devel-
opment, as it can be used to improve activity, improve
bioavailability, and slow metabolic degradation. In recent
years, FDA has approved ~20% of drugs containing
fluorine atom or a fluorinated functional group (e.g., tri-
fluoromethyl, CF3) [29]. The fluorine containing anti-
biotics ciprofloxacin, norfloxacin, levofloxacin, linezolid,
and eravacycline is currently under clinical utilization
(Fig. 1) [10]. However, a recent study has demonstrated
maximum gain of fluoroquinolone resistance against
MRSA [30] and highlighted a series of side effects such
as central nervous system toxicity, cartilage damage, and
spermatogenesis impairment [31, 32]. Because of insur-
gence of linezolid-resistant strains, the usage of linezolid
is also limited to the hospitalized patients infected with
superbugs [33, 34]. Due to increasing resistance of these

Fig. 1 Representative fluorine
containing antibiotics
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drugs against MDR S. aureus, there is an unmet need to
develop newer drugs with higher potency and minimal
adverse effects.

Considering the importance of fluorine in medicinal
chemistry and growing demand of fluorine containing
drugs, we report herein a series of systematically incorpo-
rated fluoro and trifluoromethyl salicylanilide derivatives
that were synthesized and investigated their activity against
MDR S. aureus to identify a potential therapeutic option.
Structure–activity relationship (SAR) of fluoro and tri-
fluoromethyl salicylanilide derivatives was examined to
identify a new hit molecule for the treatment of MDR S.
aureus infections with increased antimicrobial potency and
low toxicity.

Results and discussions

Chemistry

The fluoro and trifluoromethyl-substituted salicylanilides
and other derivatives synthesis is shown in Scheme 1 and
synthesis was accessed in one-pot condensation reaction.
Substituted salicylic or benzoic acid (1a–d) was treated with
substituted anilines (2a–k) in the presence of phosphorous
trichloride in mixture of xylenes at 120 °C for 3 h. No side
products were observed during the reaction and all com-
pounds were isolated without column chromatography.
Filtration and washing with hot water (70 °C) and 10%
ethanol in water gave the desired salicylanilides 3–25 in
high purity (Table 1). All synthesized compounds were
characterized by NMR, HRMS, and ESI. The purity of
synthesized compounds was determined by analytical high-
performance liquid chromatography (HPLC).

Biological evaluation

The initial antimicrobial screening was performed against
panel of five clinically relevant bacterial strains namely: (1)
Escherichia coli ATCC 25922, (2) Klebsiella pneumoniae
BAA 1705, (3) Pseudomonas aeruginosa ATCC 27853, (4)
Acinetobacter baumannii BAA 1605, and (5) S. aureus
ATCC 29213. The MIC data are shown in Table 2 and

reveal that the synthesized salicylanilide derivatives (3–25)
inhibited S. aureus ATCC 29213 specifically (MIC
0.25–64 µg/mL) and did not exhibit any gram-negative
bacterial coverage (Table 2).

As it can be seen in Table 2, benzanilide (3) and
5-chlorobenzanilide (4) demonstrated no growth inhibi-
tion, while salicylanilide (5) and 5-chloro salicylanilide
(6) inhibited S. aureus ATCC 29213 at 64 and 8 µg/mL,
respectively. These preliminary results are comparable
with the reported activity of benzanilide derivatives [13–
16]. Fluorine substitution at 2ʹ or 4ʹ position in salicyla-
nilides 7 and 9 exhibited improved potency (32 µg/mL).
More interestingly, ten-fold increased activity observed
in 5-chloro-N-(2ʹ/4ʹ-fluorophenyl)-salicylanilides 8 and
10 (2 and 4 µg/mL, respectively). As expected with the
reported results [13, 22], the activity improved on sub-
stitution of chlorine at 5-position in salicylanilides and
same trend was observed in entire series (Table 2).

Based on these preliminary results, we fixed chlorine at the
fifth position in salicylic acid and varied the substitution on
aniline ring. The activity was further improved eight-fold in 11
and 12 (0.44 µg/mL), in which additional fluorine and chlorine
was incorporated at 3ʹ-position in compound 8, indicating that
substitution at 3ʹ-position improves activity. The activity
diminished in 2ʹ-nitro-4ʹ-fluoro substituted compounds 15 and
16 (MIC 32 and 3.88 µg/mL, respectively). However, activity
improved four-fold in 17 and 18 (MIC 2 and 1 µg/mL,
respectively) on exchanging nitro and fluoro substituent
positions in 15 and 16. More interestingly, 3ʹ-trifluoromethyl-
substituted salicylanilides 19–23 (MIC 0.25–0.5 µg/mL)
showed improved activity. In the absence of 3ʹ-trifluoromethyl
substitution, reduction in activity was observed in compounds
24 and 25. Overall eight compounds inhibited S. aureus
ATCC 29213 with MIC below 1 µg/mL.

Next, we examined in vitro cytotoxicity of active com-
pounds (MIC < 1 µg/mL) against Vero cells (ATCC CCL-
81) using MTT assay to determine the selectivity index (SI)
of active compounds. The SI of at least >10 is considered to
be essential to take the compound forward for pre-clinical
development. As summarized in Table 2, four compounds
20, 22, 24, and 25 demonstrated SI > 10, thus indicating the
specificity of these compounds toward bacterial rather than
host cells.

Scheme 1 Synthesis of
salicylanilide derivatives 3–25

Medicinal Chemistry Research (2021) 30:2301–2315 2303



As the next step, 20, 22, 24, and 25 were taken further
to test activity against clinical drug-resistant S. aureus
isolates along with levofloxacin, meropenem, and van-
comycin as comparators. The MIC against clinical drug-
resistant S. aureus isolates is listed in Table 3. Since MDR
S. aureus are a global threat to human health, it is an
urgent unmet need to develop potential drug candidates
for the treatment of MDR S. aureus infections. As can be
seen in Table 3, compounds were tested against nine
MRSA strains (NRS 10100, 10119, 10129, 10186,
10191–10194, and 10198) and three VRSA (VRS 1, 4,
and 12). As shown in Table 3, 20, 24, and 25 inhibited
MRSA and VRSA with MICs 0.25–0.5 µg/mL. As
expected, 22 found to be the most potent molecule inhi-
biting all MDR S. aureus isolates with MIC
0.031–0.062 µg/mL, which is significantly better active
than that of vancomycin (Table 3).

22 exhibits concentration-dependent bactericidal
activity

Finally, comparative time–kill kinetics was assessed for 22
along with vancomycin as a comparator to determine
whether it exhibits bactericidal activity (Fig. 2). The
experiment was conducted for 24 h by adding 1× and 10×

MIC of 22 and vancomycin, aliquots of cultures were
removed, plated at 1, 6, and 24 h and the cfu are plotted in
Fig. 2. As can be seen at 24 h, 10× MIC of 22 lead to ~8
log10 cfu/mL reduction, whereas 10× MIC of vancomycin
reduced ~9 log10 cfu/mL with no regrowth (Fig. 2). Thus,
22 exhibits concentration-dependent bactericidal activity,
which is comparable to vancomycin.

22 significantly reduces pre-formed S. aureus biofilm

The formation of biofilm is a self-protection phenotype of
bacteria, which often leads to prolonged therapeutic inter-
vention and increasing drug resistance. The effect of 22 on
in vitro pre-formed biofilm was tested [21]. Figure 3
represents the bacterial biofilm inhibition activity of 22 and
comparator drugs. As can be seen, treatment with 10× MIC
of 22 leads to a more significant reduction (P < 0.0005) in
pre-formed biofilm as compared to either of comparators (P
< 0.05). Thus, 22 is able to exert its effect against bacteria in
different growth phases, whereas vancomycin is not.

22 does not interact with any FDA-approved drug

Treatment of MDR infections typically requires a com-
bination of drugs to achieve therapeutic clearance; thus, it

Table 1 Synthesized
salicylanilide derivatives (3–25)
yield and HPLC purity

S. no. Compound code R1 R2 R3 R4 R5 Yield (%) HPLC purity (%)

1 3 H H H H H 73 >99

2 4 Cl H H H H 89 >99

3 5 H OH H H H 83 >99

4 6 Cl OH H H H 84 97.7

5 7 H OH H H F 60 >99

6 8 Cl OH H H F 66 >99

7 9 H OH F H H 59 98.1

8 10 Cl OH F H H 65 >99

9 11 H OH H F F 71 >99

10 12 Cl OH H F F 51 >99

11 13 H OH H Cl F 96 >99

12 14 Cl OH H Cl F 75 98.3

13 15 H OH NO2 H F 62 >99

14 16 Cl OH NO2 H F 67 >99

15 17 H Cl F H NO2 53 >99

16 18 Cl H F H NO2 54 93.8

17 19 H OH H CF3 Cl 86 94.5

18 20 Cl OH H CF3 Cl 79 98.4

19 21 H OH H CF3 Br 62 97.7

20 22 Cl OH H CF3 Br 68 >99

21 23 Cl OH H CF3 H 80 96.5

22 24 Cl OH H H Cl 81 >99

23 25 Cl OH H H Br 87 97.6
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is imperative to determine activity of drugs in combina-
tion with other approved FDA antibiotics. In this context,
activity of 22 was determined in the presence of a panel of
antibiotics that are clinically utilized for the treatment of
staphylococcal infections. As shown in Table 4, 22 did
not synergize with or antagonize any of FDA-approved
antibiotic; thus, it can be utilized as a therapeutic
combination.

Structure–activity relationship

The improved activity exhibited by salicylanilide than
that of benzanilide indicated the importance of
2-hydroxyl group in benzoic acid (Fig. 4).
5-Chlorosalicylanilides demonstrated augment activity
compared with salicylanilides in entire series. Activity
was further improved eight-fold upon substitution of
fluorine at 2’- or 4’-position in 12 and 14. 4’-Chloro or
bromo-substituted compounds 24 and 25 maintain
activity against S. aureus ATCC 29213. More interest-
ingly, 3’-trifluoromethyl-substituted salicylanilides 20–
23 showed improved activity (MIC 0.25–0.5 µg/mL).

Recently reported kinase inhibitor N-[3,5-Bis(tri-
fluoromethyl)phenyl]-5-chloro-2-hydroxybenzamide
(IMD0354) also exhibited similar activity (MIC 0.25 µg/
mL) [24]. The SAR analysis of compounds 3–25 and
IMD0354 suggested that 3’-trifluoromethyl group is
crucial in order to improve activity. MDR S. aureus
isolates inhibition activity of 20, 22, 24, and 25 identified
22 to be the most potent molecule inhibiting all MDR S.
aureus isolates with MIC 0.031–0.062 µg/mL. The results
highlighted the importance of 3’-trifluoromethyl and 4’-
bromo substitution in expressing antimicrobial activity
against MDR. S. aureus clinical isolates.

Conclusions

A series of novel fluoro and trifluoromethyl-substituted sali-
cylanilide derivatives were synthesized and investigated for
their MDR S. aureus inhibition activity. The in vitro cyto-
toxicity assay of compounds with MIC < 1 µg/mL identified
four compounds (20, 22, 24, and 25) with SI > 10. Remark-
ably, 22 bearing trifluoromethyl group demonstrates excellent

Table 2 Minimum inhibitory concentration (MIC) (µg/mL) of salicylanilide derivatives against bacterial pathogen panel and cytotoxicity against
Vero cells

Compound code MIC against bacterial pathogens (µg/mL)

E. coli
ATCC 25922

S. aureus
ATCC 29213

K. pneumoniae
BAA 1705

A. baumannii
BAA 1605

P. aeruginosa
ATCC 27853

Cytotoxicity against
Vero cells (CC50,
µg/mL)

Selectivity index
with respect to S.
aureus ATCC
29213 (SI)

3 >64 >64 >64 >64 >64 nd nd

4 >64 >64 >64 >64 >64 nd nd

5 >64 64 >64 >64 >64 nd nd

6 >64 8 >64 >64 >64 nd nd

7 >64 32 >64 >64 >64 nd nd

8 >64 2 >64 >64 >64 nd nd

9 >64 32 >64 >64 >64 nd nd

10 >64 4 >64 >64 >64 nd nd

11 >64 8 >64 >64 >64 nd nd

12 >64 0.5 >64 >64 >64 <5 9

13 >64 4 >64 >64 >64 nd nd

14 >64 0.5 >64 >64 >64 <5 <10

15 >64 32 >64 >64 >64 nd nd

16 >64 4 >64 >64 >64 nd nd

17 >64 2 >64 >64 >64 nd nd

18 >64 1 >64 >64 >64 5 5

19 >64 1 >64 >64 >64 <10 <10

20 >64 0.25 >64 >64 >64 5 20

21 >64 0.5 >64 >64 >64 <5 <10

22 >64 0.25 >64 >64 >64 5 20

23 >64 0.5 >64 >64 >64 <5 <10

24 >64 0.5 >64 >64 >64 20 40

25 >64 0.5 >64 >64 >64 10 20

Levofloxacin 0.0156 0.25 64 8 1 >100 >400

nd CC50 not determined for compounds with MIC > 1 µg/mL

Compound codes and most active compounds MICs are represented in bold
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activity against nine MRSA and three VRSA bacterial strains
with MIC 0.031–0.062 µg/mL, which is significantly better
than that of vancomycin. The comparative time–kill kinetic
experiment revealed that the effect of bacterial killing of 22 is
comparable with vancomycin. Interestingly, 22 could reduce
the pre-formed biofilm better than vancomycin and no drug
interaction of 22 was observed in all tested drug combination.
Thus, 22 fulfills all criteria to be further developed as a potent
anti-staphylococcal therapeutic.

Experimental section

General information

Reactions were performed in oven-dried glassware appara-
tus and magnetic stir bars were used to make homogeneous
solution. 5-Chlorosalicylic acid and aniline derivatives were
procured from Sigma–Aldrich. Thin layer chromatography
(TLC) was used to monitor reaction progress, which was
carried out on Merck silica-gel plates (0.25 mm thick,
60F254), and visualized by using UV (254 nm) or ninhy-
drin. 1H, 13C, 19F, COSY, HSQC, and HMBC NMR spectra
were measured on a Bruker 400MHz NMR instrument and
processed using TopSpin 3.6.1. Chemical shifts (δ) are
represented in parts per million (ppm) from the residual of
nondeuterated solvents that is used as an internal standard
(1H NMR: TMS δ= 0.00 ppm, CDCl3 δ= 7.26 ppm,
DMSO-d6 δ= 2.50 ppm, 13C NMR: TMS δ= 0.00 ppm,
CDCl3 δ= 77.16 ppm, DMSO-d6 δ= 39.52 ppm) and cou-
pling constants (J) are given in hertz (Hz). The multiplicities
were expressed using the following abbreviations: s=
singlet; d= doublet; t= triplet; q= quartet; p= pentet;

Table 3 MIC (µg/mL) of
salicylanilide derivatives against
clinical MDR S. aureus isolates

Drug-resistant strain Compounds MIC (µg/mL)

20 22 24 25 Methicillin Vancomycin Levofloxacin Meropenem

MRSA

NRS 10100 0.5 0.0625 0.5 0.5 >64 2 0.25 64

NRS 10119 0.5 0.0312 0.25 0.25 >64 2 16 >64

NRS 10129 0.5 0.0625 0.5 0.5 32 1 0.25 16

NRS 10186 0.5 0.0625 0.5 0.5 64 1 8 16

NRS 10191 0.5 0.0625 0.5 0.5 >64 2 16 >64

NRS 10192 0.5 0.0312 0.5 0.5 >64 2 8 32

NRS 10193 0.5 0.0625 0.5 0.5 >64 2 32 >64

NRS 10194 0.5 0.0625 0.5 0.5 32 1 0.125 4

NRS 10198 0.5 0.0625 0.5 0.5 >64 2 32 >64

VRSA

VRS 1 0.5 0.0312 0.5 0.5 >64 >64 64 >64

VRS 4 0.25 0.0625 0.5 0.5 >64 >64 >64 >64

VRS 12 0.5 0.0625 0.5 0.5 >64 >64 32 16

Compound codes and most active compounds MICs are represented in bold

Fig. 2 Comparative time–kill kinetics of 22 and vancomycin against S.
aureus ATCC 29213

Fig. 3 Effects of 22 on S. aureus ATCC 29213 pre-formed biofilm and
comparators. Three independent experiments were performed in tri-
plicate. Bar represents the standard deviation. ***P < 0.001
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hept= heptet; dd= doublet of doublets; dt= doublet of
triplets; td= triplet of doublets; bs= broad singlet, m=
multiplet. High-resolution mass spectra were obtained using
Q-TOF mass spectrometer. Melting point was measured on
Stuart SMP 10 melting point apparatus. Purity assessment
was obtained on HPLC, carried out on analytical Agilent
1200 using ZORBAX Eclipse Plus C18 column (5 µm, 4.6 ×
250 mm, manufacturer: Agilent Technologies). The mobile
phases used were A: H2O with, B: CH3CN using a solvent
gradient 10–90% of A–B over 10 min with a flow rate of
1 mL/min, with detection at 220 and 254 nm UV detectors.

General procedure for the synthesis of compounds
3–25

To a mixture of 5-chlorosalicylic acid (1a–d, 1 mmol) and
aniline derivative (2a–k, 1 mmol) in a round bottom flask
added 10 mL xylenes mixture (mixture of o-, m-, and p-
xylenes) and heated to 120 °C for 30 min. PCl3 (0.4 mmol)
was added dropwise for 5 min, then the reaction contents
stirred at 120 °C for 3–4 h. The reaction progress was
monitored by TLC carried out on Merck silica-gel plates
(0.25 mm thick, 60F254) in ethylacetate-hexanes (1:3) and
visualized by UV (254 nm) light. After complete con-
sumption of starting materials (observed by TLC), the
contents were brought to 70 °C, and then quenched with
water. The resulting white precipitate was filtered and

washed with water (20 mL, 70 °C), obtained desired sali-
cylanilide with >96% purity. Further washing with 10%
ethanol in water (20 mL) removed trace amount (3–4%) of
unreacted aniline derivative. The wet white solid was dried
under reduced pressure for 3–4 h, resulted desired com-
pounds (3–25) with >98% purity.

N-phenylbenzamide (3)

White solid, 73% yield, m.p. 159–162 °C.. IR (neat) νmax

(cm−1): 3342 (N-H), 3047 (C-H), 1653 (C=O), 1523, 1437,
1075, 751, 689, 648. 1H NMR (400MHz, DMSO-d6) δ
10.25 (s, 1H, NH), 7.97 (d, J= 7.2 Hz, 2H, Ar-H), 7.80 (d,
J= 7.9 Hz, 2H, Ar-H), 7.57 (m, 3H, Ar-H), 7.36 (t, J=
7.7 Hz, 2H, Ar-H), 7.11 (t, J= 7.2 Hz, 1H, Ar-H). 13C
NMR (100MHz, DMSO-d6) δ 166.0 (C=O), 139.6 (NH-
C), 135.4 (Ar), 132.0 (Ar), 129.0 (2C, Ar), 128.8 (2C, Ar),
128.1 (2C, Ar), 124.1 (Ar), 120.8 (2C, Ar). HRMS: m/z
[M–H]– calcd. for C13H10NO: 196.0763; found: 196.0765.

N-(phenyl)-3-chlorobenzamide (4)

White solid, 89% yield, m.p. 135–138 °C. IR (neat) νmax

(cm−1): 3339 (N-H), 3055 (C-H), 2922, 1654 (C=O),

Table 4 Combination of 22 with
FDA-approved antibiotics
against S. aureus ATCC 29213

Drug MIC
(µg/mL)

MIC of “22” in
the presence of
drug (µg/mL)
“A”

MIC of drug in
the presence of
“22” (µg/mL)
“B”

FIC A FIC B ΣFIC
(FIC A+
FIC B)

Inference

22 0.5

Ceftazidime 16 0.5 16 1 1 2 No interaction

Daptomycin 1 0.5 1 1 1 2 No interaction

Gentamicin 0.5 0.25 0.25 0.5 0.5 1 No interaction

Linezolid 2 0.25 0.5 0.5 0.25 0.75 No interaction

Levofloxacin 0.25 0.5 0.25 1 1 2 No interaction

Minocycline 0.125 0.5 0.125 1 1 2 No interaction

Meropenem 0.5 0.5 0.5 1 1 2 No interaction

Rifampicin 0.0078 0.5 0.0078 1 1 2 No interaction

Vancomycin 1 0.25 0.5 0.5 0.5 1 No interaction

Fig. 4 SAR of synthesized salicylanilides
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1523, 1438, 1078, 744, 681, 654. 1H NMR (400 MHz,
DMSO-d6) δ in ppm: 10.35 (s, 1H, NH), 8.02 (t, J=
1.7 Hz, 1H, Ar-H), 7.93 (d, J= 7.7 Hz, 1H, Ar-H), 7.78
(d, J= 7.9 Hz, 2H, Ar-H), 7.67 (q, J= 3.0 Hz, 1H, Ar-H),
7.57 (t, J= 7.9 Hz, 1H, Ar-H), 7.37 (t, J= 7.9 Hz, 2H,
Ar-H), 7.13 (t, J= 7.4 Hz, 1H, Ar-H). 13C NMR
(100 MHz, DMSO-d6) δ 164.5 (C=O), 139.3 (Ar), 137.3
(Ar), 133.6 (Ar), 131.8 (Ar), 130.8 (Ar), 129.1 (Ar),
127.8 (2C, Ar), 126.9 (Ar), 124.3 (Ar), 120.9 (2C, Ar).
HRMS: m/z [M–H]– calcd. for C13H9ClNO: 230.0373;
found: 230.0377.

N-(phenyl)-2-hydroxybenzamide (5)

White solid, 83% yield, m.p. 128–132 °C. IR (neat) νmax

(cm−1): 3311 (O-H), 3058 (C-H), 2930 (C-H), 1628 (C=O),
1544, 1368, 1235, 1451, 750, 689. 1H NMR (400MHz,
DMSO-d6) δ in ppm: 11.83 (s, 1H, OH), 10.39 (s, 1H, NH),
7.98 (d, J= 7.5 Hz, 1H, Ar-H), 7.72 (d, J= 7.8 Hz, 2H, Ar-
H), 7.41 (m, 3H, Ar-H), 7.15 (t, J= 7.2 Hz, 1H, Ar-H), 6.98
(m, 2H, Ar-H). 13C NMR (100MHz, DMSO-d6) δ in ppm:
167.0 (C=O), 158.9 (C-OH), 138.6 (Ar), 134.1 (Ar), 129.5
(Ar), 129.2 (2C, Ar), 124.6 (Ar), 121.4 (2C, Ar), 119.5 (Ar),
117.9 (Ar), 117.7 (Ar); HRMS: m/z [M–H]– calcd. for
C13H10NO2: 212.0712; found: 212.0714.

5-Chloro-N-(phenyl)-2-hydroxy-benzamide (6)

White solid, 84% yield, m.p. 203–205 °C. IR (neat) νmax

(cm−1): 3401 (O-H), 3314 (N-H), 2923 (C-H), 1618 (C=O),
1221, 899, 817, 751, 697. 1H NMR (400MHz, DMSO-d6)
δ in ppm: 11.87 (s, 1H, OH), 10.41 (s, 1H, NH), 7.98 (d, J
= 2.2 Hz, 1H, Ar-H), 7.71 (d, J= 7.9 Hz, 2H, Ar-H), 7.47
(dd, J= 2.3, 8.7 Hz, 1H, Ar-H), 7.38 (t, J= 7.7 Hz, 2H, Ar-
H), 7.15 (t, J= 7.3 Hz, 1H, Ar-H), 7.02 (d, J= 8.8 Hz, 1H,
Ar-H). 13C NMR (100MHz, DMSO-d6) δ in ppm: 165.4
(C=O), 157.3 (C-OH), 138.4 (Ar), 133.5 (Ar), 129.2 (2C),
128.8 (Ar), 124.8 (Ar), 123.2 (Ar), 121.3 (2C), 119.9 (Ar),

119.5 (Ar); HRMS: m/z [M–H]– calcd. for C13H9ClNO2:
246.0322; found: 246.0324.

N-(4ʹ-fluorophenyl)-2-hydroxybenzamide (7)

White solid, 60% yield, m.p. 157–161 °C. IR (neat) νmax

(cm−1): 3411 (O-H), 3300 (N-H), 2922 (C-H), 1617 (C=O),
1564, 1224, 831, 754, 683. 1H NMR (400MHz, DMSO-d6)
δ in ppm: 11.83 (s, 1H, OH), 10.42 (s, 1H, NH), 7.95 (d, J
= 7.5 Hz, 1H, Ar-H), 7.72 (q, J= 4.5 Hz, 2H, Ar-H), 7.44
(t, J= 7.3 Hz, 1H, Ar-H), 7.21 (t, J= 8.7 Hz, 2H, Ar-H),
6.97 (m, 2H, Ar-H). 13C NMR (100MHz, DMSO-d6) δ in
ppm: 167.1 (C=O), 159.1 (d, J= 240.3 Hz, C-F), 159.0 (C-
OH), 134.8 (d, J= 2.2 Hz, C-C=C-F), 134.1 (Ar), 129.3
(Ar), 123.5 (Ar), 123.4 (d, J= 8.0 Hz, C-C=C-F), 119.5
(Ar), 117.8 (Ar), 117.7 (Ar), 115.9 (Ar), 115.7 (d, J=
22.3 Hz, C=C-F). 19F NMR (376MHz, DMSO-d6) δ in
ppm: −118.1 (s, 1F, Ar-F); HRMS: m/z [M+H]+ calcd. for
C13H11FNO2: 232.0774; found: 232.0767.

5-Chloro-N-(4ʹ-fluorophenyl)-2-hydroxybenzamide (8)

White solid, 66% yield, m.p. 237–241 °C. IR (neat) νmax

(cm−1): 3404 (O-H, N-H), 2920 (C-H), 1624 (C=O), 1382,
1220, 1068, 820, 770, 658. 1H NMR (400MHz, DMSO-d6)
δ in ppm: 11.88 (s, 1H, OH), 10.43 (s, 1H, NH), 7.95 (d, J
= 2.5 Hz, 1H), 7.71 (m, 2H), 7.46 (m, 1H), 7.20 (t, J=
8.8 Hz, 2H), 7.00 (m, 1H). 13C NMR (100MHz, DMSO-d6)
δ in ppm: 170.2 (C=O), 163.9 (d, J= 241.3 Hz, C-F),
162.1 (C-OH), 139.4 (Ar), 138.3 (Ar), 133.4 (Ar), 128.0 (d,
J= 7.9 Hz, C-C=C-F), 127.9 (Ar), 124.4 (Ar), 124.2 (Ar),
120.5 (d, J= 22.3 Hz, C=C-F). 19F NMR (376MHz,
DMSO-d6) δ in ppm: −113.1 (s, 1F); HRMS: m/z [M+H]+

calcd. for C13H10ClFNO2: 266.0384; found: 266.0374.
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N-(2ʹ-fluorophenyl)-2-hydroxybenzamide (9)

White solid, 69% yield, m.p. 138–141 °C. IR (neat) νmax

(cm−1): 3282 (O-H, N-H), 3063 (C-H), 2935 (C-H), 1613
(C=O), 1551, 1233, 749, 713, 689. 1H NMR (400MHz,
DMSO-d6) δ in ppm: 11.97 (s, 1H, OH), 10.70 (s, 1H, NH),
8.20 (m, 1H, Ar-H), 8.03 (dd, J= 7.9, 1.6 Hz, 1H, Ar-H),
7.46 (m, 1H, Ar-H), 7.32 (m, 1H, Ar-H), 7.22 (m, 2H, Ar-
H), 7.01 (m, 2H, Ar-H). 13C NMR (100MHz, DMSO-d6) δ
in ppm: 165.1 (C=O), 157.5 (C-OH), 153.8 (d, J=
243.5 Hz, C-F), 134.4 (Ar), 130.7 (Ar), 126.5 (d, J=
10.6 Hz, C=C-F), 125.7 (d, J= 7.6 Hz, C-C=C-F), 125.1
(d, J= 3.1 Hz, C-C=C-F), 123.8 (Ar), 120.1 (Ar), 118.0
(Ar), 117.5 (Ar), 115.7 (d, J= 19.2 Hz, C=C-F). 19F NMR
(376MHz, DMSO-d6) δ in ppm: −127.2 (s, 1F, Ar-F);
HRMS: m/z [M+H]+ calcd. for C13H11FNO2: 232.0774;
found: 232.0765.

5-Chloro-N-(2ʹ-fluorophenyl)-2-hydroxybenzamide (10)

White solid, 65% yield, m.p. 226–229 °C. IR (neat) νmax

(cm−1): 3404 (O-H, N-H), 2923 (C-H), 1609 (C=O), 1545,
1384, 1073, 816, 744, 683. 1H NMR (400MHz, DMSO-d6)
δ in ppm: 12.22 (s, 1H, OH), 10.68 (s, 1H, NH), 8.20 (m,
1H, Ar-H), 7.98 (d, J= 2.7 Hz, 1H, Ar-H), 7.50 (dd, J=
8.8, 2.8 Hz, 1H, Ar-H), 7.32 (m, 1H, Ar-H), 7.23 (m, 2H,
Ar-H), 7.06 (d, J= 8.8 Hz, 1H, Ar-H). 13C NMR
(100MHz, DMSO-d6) δ in ppm: 163.6 (C=O), 156.2 (C-
OH), 153.7 (d, J= 243.9 Hz, C-F), 133.8 (Ar), 129.8 (Ar),
126.3 (d, J= 10.7 Hz, C=C-F), 125.9 (d, J= 7.7 Hz, C-
C=C-F), 125.1 (d, J= 3.3 Hz, C-C=C-F), 123.8 (Ar),
123.6 (Ar), 119.8 (Ar), 119.5 (Ar), 115.7 (d, J= 19.2 Hz,
C=C-F). 19F NMR (376MHz, DMSO-d6) δ in ppm:
−127.3 (s, 1F, Ar-F); HRMS: m/z [M+H]+ calcd. for
C13H10ClFNO2: 266.0384; found: 266.0374.

N-(3ʹ,4ʹ-difluorophenyl)-2-hydroxybenzamide (11)

White solid, 47% yield, m.p. 192–194 °C. IR (neat) νmax

(cm−1): 3379 (O-H, N-H), 2922 (C-H), 1615 (C=O), 1372,

1221, 1109, 814, 765, 666. 1H NMR (400MHz, DMSO-d6)
δ in ppm: 11.61 (s, 1H, OH), 10.49 (s, 1H, NH), 7.89 (m,
2H, Ar-H), 7.42 (m, 3H, Ar-H), 6.97 (m, 2H, Ar-H). 13C
NMR (100MHz, DMSO-d6) δ in ppm: 167.0 (C=O), 158.6
(C-OH), 149.3 (dd, J= 243.6, 13.3 Hz, C-F), 146.2 (dd, J
= 242.8, 12.5 Hz, C-F), 135.6 (dd, J= 8.3, 2.9, Hz, C-
C=C-F), 134.19 (Ar), 129.5 (Ar), 119.5 (Ar), 118.0 (Ar),
117.8 (Ar), 117.6 (Ar), 117.5 (Ar), 110.3 (d, J= 21.5 Hz,
C=C-F). 19F NMR (376MHz, DMSO-d6) δ in ppm:
−137.2 (d, J= 23.0 Hz, 1F, Ar-F), −143.8 (d, J= 23.0 Hz,
1F, Ar-F); HRMS: m/z [M+H]+ calcd. for C13H10F2NO2:
250.0681; found: 250.0677.

5-Chloro-N-(3ʹ,4ʹ-difluorophenyl)-2-hydroxybenzamide (12)

White solid, 51% yield, m.p. 249–252 °C. IR (neat) νmax

(cm−1): 3402 (O-H), 3308 (N-H), 2920 (C-H), 1621 (C=O),
1556, 1277, 1208, 771, 685. 1H NMR (400MHz, DMSO-
d6) δ in ppm:10.49 (s, 1H, OH), 7.85 (m, 2H, NH), 7.40 (m,
3H, Ar-H), 7.00 (d, J= 8.8 Hz, 1H, Ar-H). 13C NMR
(100MHz, DMSO-d6) δ in ppm: 165.1 (C=O), 156.7 (C-
OH), 149.3 (dd, J= 243.4, 13.3 Hz, C-F), 146.3 (dd, J=
243.0, 13.0 Hz, C-F), 135.4 (dd, J= 8.8, 2.9 Hz, C-C=C-
F), 133.2 (Ar), 128.5 (Ar), 122.9 (Ar), 119.6 (Ar), 119.1
(Ar), 117.7 (d, J= 17.6 Hz, C=C-F), 117.4 (dd, J= 6.6,
3.6 Hz, C-C=C-F), 110.2 (d, J= 21.3, Hz, C=C-F). 19F
NMR (376MHz, DMSO-d6) δ in ppm: −137.1 (d, J=
22.9 Hz, 1F, Ar-F), −143.5 (d, J= 23.0 Hz, 1F, Ar-F);
HRMS m/z Calcd for [M+H]+ C13H9ClF2NO2 is 284.0290,
found 284.0293.

N-(3ʹ-chloro-4ʹ-fluorophenyl)-2-hydroxybenzamide (13)

White solid, 96% yield, m.p. 203–205 °C. IR (neat) νmax

(cm−1): 3409 (O-H), 3324 (N-H), 2920 (C-H), 1623 (C=O),
1385, 1231, 803, 740. 1H NMR (400MHz, DMSO-d6) δ in
ppm: 11.55 (s, 1H, OH), 10.48 (s, 1H, NH), 8.30 (s,1H, Ar-
H), 8.05 (dd, J= 6.9, 2.6 Hz, 1H, Ar-H), 7.90 (dd, J= 7.9,
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1.6 Hz, 1H, Ar-H), 7.66 (m, 1H, Ar-H), 7.49–7.39 (m, 2H,
Ar-H), 7.04–6.92 (m, 2H, Ar-H). 13C NMR (100MHz,
DMSO-d6) δ in ppm: 167.1 (C=O), 158.8 (C-OH), 154.1
(d, J= 243.8 Hz, C-F), 135.9 (d, J= 3.1 Hz, C-C=C-F),
134.2 (Ar), 129.5 (Ar), 122.8 (Ar), 121.6 (d, J= 6.8 Hz, C-
C=C-F), 119.6 (d, J= 18.4 Hz, C=C-F), 119.4 (Ar), 117.8
(Ar), 117.6 (Ar), 117.1 (d, J= 21.8 Hz, C=C-F). 19F NMR
(376MHz, DMSO-d6) δ in ppm: −121.8 (s, 1F, Ar-F).
HRMS m/z Calcd for [M+H]+ C13H10ClFNO2 is 266.0384,
found 266.0387.

5-Chloro-N-(3ʹ-chloro-4ʹ-fluorophenyl)-2-hydroxybenzamide
(14)

White solid, 75% yield, m.p. 220–224 °C. IR (neat) νmax

(cm−1): 3395 (O-H), 3315 (N-H), 2924 (C-H), 1627 (C=O),
1494, 1218, 872, 814, 668. 1H NMR (400MHz, DMSO-d6)
δ 11.65 (s, 1H, OH), 10.50 (s, 1H, NH), 8.02 (dd, J= 6.8,
2.5 Hz, 1H, Ar-H), 7.88 (d, J= 2.7 Hz, 1H, Ar-H), 7.64 (m,
1H), 7.44 (m, 2H, Ar-H), 7.02 (d, J= 8.8 Hz, 1H, Ar-H).
13C NMR (100MHz, DMSO-d6) δ in ppm: 167.1 (C=O),
158.8 (C-OH), 154.1 (d, J= 243.8 Hz, C-F), 135.9 (d, J=
3.1 Hz, C-C=C-F), 134.2 (Ar), 129.5 (Ar), 122.8 (Ar),
121.6 (d, J= 6.8 Hz, C-C=C-F), 119.6 (d, J= 18.4 Hz,
C=C-F), 119.4 (Ar), 117.8 (Ar), 117.6 (Ar), 117.1 (d, J=
21.8 Hz, C=C-F). 19F NMR (376MHz, DMSO-d6) δ in
ppm: −121.5 (s, 1F, Ar-F); HRMS: m/z [M–H]+ calcd. For
C13H7Cl2FNO2: 297.9838; found: 297.9840.

N-(4ʹ-fluoro-2ʹ-nitrophenyl)-2-hydroxybenzamide (15)

White solid, 62% yield, m.p. 160–163 °C. IR (neat) νmax

(cm−1): 3339 (O-H, N-H), 2922 (C-H), 1644 (C=O), 1509,
1341, 1261, 828, 748, 656. 1H NMR (400MHz, DMSO-d6)
δ in ppm: 11.80 (s, 1H, OH), 11.72 (s, 1H, NH), 8.49 (m,
1H, Ar-H), 7.99 (m, 2H, Ar-H), 7.67 (m, 1H, Ar-H), 7.45 (t,
J= 7.1 Hz, 1H, Ar-H), 7.00 (m, 2H, Ar-H). 13C NMR
(100MHz, DMSO-d6) δ in ppm: 165.2 (C=O), 157.5 (d, J
= 244.6 Hz, C-F), 157.4 (C-OH), 140.3 (d, J= 8.5 Hz, C-

C=C-F), 134.6 (Ar), 131.1 (Ar), 130.0 (Ar), 126.9 (d, J=
8.0 Hz, C-C=C-F), 122.4 (d, J= 22.1 Hz, C=C-F), 120.0
(Ar), 118.1 (Ar), 117.4 (Ar), 112.6 (d, J= 27.4 Hz, C=C-
F). 19F NMR (376MHz, DMSO-d6) δ in ppm: −116.0 (s,
1F, Ar-F); HRMS: m/z [M+H]+ calcd. For C13H10FN2O4:
277.0624; found: 277.0620.

5-Chloro-N-(4ʹ-fluoro-2ʹ-nitrophenyl)-2-hydroxybenzamide
(16)

White solid, 67% yield, m.p. 160–164 °C. IR (neat) νmax

(cm−1): 3339 (O-H, N-H), 3100 (C-H), 2922 (C-H), 1654
(C=O), 1513, 1343, 839, 727, 648. 1H NMR (400MHz,
DMSO-d6) δ in ppm: 12.10 (s, 1H, OH), 11.72 (s, 1H, NH),
8.48 (m, 1H, Ar-H), 8.00 (m, 1H, Ar-H), 7.89 (m, 1H, Ar-
H), 7.67 (m, 1H, Ar-H), 7.47 (m, 1H, Ar-H), 7.03 (m, 1H,
Ar-H). 13C NMR (100MHz, DMSO-d6) δ in ppm: 163.7
(C=O), 158.4 (d, J= 245.5 Hz, C-F), 156.1 (C-OH), 140.2
(d, J= 8.7 Hz, C-C=C-F), 134.1, 130.2 (Ar), 129.8 (Ar),
126.8 (d, J= 7.8 Hz, C-C=C-F), 123.7 (Ar), 122.5 (d, J=
22.1 Hz, C=C-F), 119.7 (Ar), 119.4 (Ar), 112.7 (d, J=
27.5 Hz, C=C-F). 19F NMR (376MHz, DMSO-d6) δ in
ppm: −115.8 (s, 1F, Ar-F); HRMS: m/z [M+H]+ calcd. For
C13H9ClFN2O4: 311.0235; found: 311.0230.

N-(2ʹ-fluoro-4ʹ-nitrophenyl)-2-hydroxybenzamide (17)

White solid, 53% yield, m.p. 238–241 °C. IR (neat) νmax

(cm−1): 3393 (O-H, N-H), 3092 (C-H), 2923 (C-H), 1638
(C=O), 1509, 1226, 886, 741, 680. 1H NMR (400MHz,
DMSO-d6) δ in ppm: 12.04 (s, 1H, OH), 11.17 (s, 1H, NH),
8.71 (m, Hz, 1H, Ar-H), 8.22 (m, 1H, Ar-H), 8.17 (m, 1H,
Ar-H), 8.03 (m, 1H, Ar-H), 7.49 (m, 1H, Ar-H), 7.04 (m,
2H, Ar-H). 13C NMR (100MHz, DMSO-d6) δ in ppm:
164.5 (C=O), 156.8 (C-OH), 151.48 (d, J= 246.7 Hz, C-
F), 142.6 (d, J= 8.9 Hz, C-C=C-F), 134.9 (Ar), 133.8 (Ar)
(d, J= 10.3 Hz, C=C-F), 131.4 (Ar), 121.5 (d, J= 3.0 Hz,
C-C=C-F), 121.1 (Ar), 120.5 (Ar), 118.3 (Ar), 117.5 (Ar),
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111.6 (d, J= 24.7 Hz, C=C-F). 19F NMR (376MHz,
DMSO-d6) δ in ppm: −126.0 (s, 1F, Ar-F); HRMS: m/z
[M–H]– calcd. For C13H8FN2O4: 275.0468; found:
275.0472.

5-Chloro-N-(2ʹ-fluoro-4ʹ-nitrophenyl)-2-hydroxybenzamide
(18)

White solid, 54% yield, m.p. 248–252 °C. IR (neat) νmax

(cm−1): 3394 (O-H, N-H), 2922 (C-H), 1613 (C=O), 1495,
1329, 1065, 885, 818, 774. 1H NMR (400MHz, DMSO-d6)
δ in ppm: 12.45 (s, 1H, OH), 11.10 (s, 1H, NH), 8.66 (m,
1H, Ar-H), 8.23 (dd, J= 11.0, 2.5 Hz, 1H, Ar-H), 8.16 (m,
1H, Ar-H), 7.92 (d, J= 2.8 Hz, 1H, Ar-H), 7.52 (m, 1H, Ar-
H), 7.07 (d, J= 8.7 Hz, 1H, Ar-H). 13C NMR (100MHz,
DMSO-d6) δ in ppm: 163.2 (C=O), 155.6 (C-OH), 151.5
(d, J= 246.5 Hz, C-F), 142.8 (d, J= 8.6 Hz, C=C-F),
134.3 (Ar), 133.4 (d, J= 10.4 Hz, C=C-F), 130.3 (Ar),
124.1 (Ar), 121.5 (Ar), 121.2 (Ar), 119.9 (Ar), 119.6 (Ar),
111.6 (d, J= 24.8 Hz, C=C-F). 19F NMR (376MHz,
DMSO-d6) δ in ppm: −125.7 (s, 1F, Ar-F); HRMS: m/z
[M–H]– calcd. For C13H7ClFN2O4: 309.0079; found:
309.0080.

N-(4ʹ-chloro-3ʹ-(trifluoromethyl)phenyl)-2-
hydroxybenzamide (19)

White solid, 86% yield, m.p. 194–196 °C. IR (neat) νmax
(cm−1): 3319 (O-H, N-H), 3068 (C-H), 2923 (C-H), 1628
(C=O), 1560, 1229, 1132, 752, 691. 1H NMR (400MHz,
DMSO-d6) δ in ppm: 11.45 (s, 1H, OH), 10.65 (s, 1H, NH),
8.33 (d, J= 2.3 Hz, 1H, Ar-H), 8.01 (dd, J= 8.7, 2.0 Hz,
1H, Ar-H), 7.88 (dd, J= 7.8, 1.4 Hz, 1H, Ar-H), 7.72 (d, J
= 8.7 Hz, 1H, Ar-H), 7.51–7.33 (m, 1H, Ar-H), 6.99 (m,
2H, Ar-H). 13C NMR (100MHz, DMSO-d6) δ in ppm:
167.2 (C=O), 158.3 (C-OH), 138.3 (NH-C), 134.2 (Ar),
132.5 (Ar), 129.7 (Ar), 127.1 (q, J= 30.9 Hz, C-CF3),
125.9 (Ar), 125.1 (Ar), 123.2 (q, J= 273.2 Hz, CF3), 119.8
(q, J= 5.4 Hz, C=C-CF3), 119.6 (C-C=O), 118.5 (Ar),

117.6 (Ar). 19F NMR (376MHz, DMSO-d6) δ in ppm:
−61.4 (s, 1F, Ar-C-F); HRMS: m/z [M–H]– calcd. For
C14H8ClF3NO2: 314.0196; found: 314.0191.

5-Chloro-N-(4ʹ-chloro-3ʹ-(trifluoromethyl)phenyl)-2-
hydroxybenzamide (20)

White solid, 79% yield, m.p. 229–232 °C. IR (neat) νmax

(cm−1): 3315 (O-H, N-H), 3087 (C-H), 2924 (C-H), 1622
(C=O), 1109, 1024, 891, 814, 655. 1H NMR (400MHz,
DMSO-d6) δ 11.52 (bs, 1H, OH), 10.67 (s, 1H, NH), 8.30
(d, J= 2.3 Hz, 1H, Ar-H), 7.99 (dd, J= 2.1, 8.7 Hz, 1H,
Ar-H), 7.86 (d, J= 2.7 Hz, 1H, Ar-H), 7.71 (d, J= 8.8 Hz,
1H, Ar-H), 7.47 (dd, J= 8.8, 2.6 Hz, 1H, Ar-H), 7.03 (d, J
= 8.8 Hz, 1H, Ar-H). 13C NMR (100MHz, DMSO-d6) δ in
ppm: 165.7 (C=O), 157.0 (C-OH), 138.1 (NH-C), 133.6
(Cl-C=C-C=C(OH)), 132.4 (C(CF3)=C(Cl)-C), 128.9 (C
(Cl)-C=C(CO)), 127.1 (q, J= 31.0 Hz, C-CF3), 125.7 (NH-
C=C-C), 125.3 (C-Cl), 123.5 (q, J= 273.2 Hz, CF3), 123.2
(C(Cl)-C(CF3)), 120.1 (C(C=O), 119.7 (q, J= 5.4 Hz,
C=C-CF3), 119.5 (C=C(OH)-C(CO)). 19F NMR
(376MHz, DMSO-d6) δ in ppm: −61.4 (s, 1F, Ar-C-F);
HRMS: m/z [M–H]– calcd. For C14H7Cl2F3NO2: 347.9806;
found: 347.9801.

N-(4ʹ-bromo-3ʹ-(trifluoromethyl)phenyl)-2-
hydroxybenzamide (21)

White solid, 62% yield, m.p. 190–193 °C. IR (neat) νmax

(cm−1): 3319 (O-H, N-H), 3073 (C-H), 2927 (C-H), 1629
(C=O), 1555, 1134, 1024, 891, 823, 758. 1H NMR
(400MHz, DMSO-d6) δ in ppm: 11.47 (s, 1H, OH), 10.65
(s, 1H, NH), 8.32 (d, J= 2.0 Hz, 1H, Ar-H), 7.89 (m, 3H,
Ar-H), 7.45 (m, 1H, Ar-H), 6.99 (m, 2H, Ar-H). 13C NMR
(100MHz, DMSO-d6) δ in ppm: 167.3 (C=O), 158.5 (C-
OH), 138.7 (NH-C), 135.7 (Ar), 134.2 (Ar), 129.6 (Ar),
129.0 (q, J= 30.5, Hz, C-CF3), 125.8 (Ar), 123.3 (q, J=
273.8 Hz, CF3), 120.0 (q, J= 5.7 Hz, C=C-CF3), 119.5
(Ar), 118.1 (Ar), 117.6 (Ar), 112.7 (C-Br). 19F NMR
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(376MHz, DMSO-d6) δ in ppm: −61.5 (s, 1F, Ar-C-F);
HRMS: m/z [M–H]– calcd. For C14H8BrF3NO2: 357.9691;
found: 357.9693.

5-Chloro-N-(4ʹ-bromo-3ʹ-(trifluoromethyl)phenyl)-2-
hydroxybenzamide (22)

White solid, 68% yield, m.p. 227–230 °C. IR (neat) νmax

(cm−1): 3318 (O-H, N-H), 3086 (C-H), 2936 (C-H), 1631
(C=O), 1577, 1332, 1225, 1175, 762, 695. 1H NMR
(400MHz, DMSO-d6) δ in ppm: 11.55 (s, 1H, OH), 10.66
(s, 1H, NH), 8.29 (d, J= 2.3 Hz, 1H, Ar-H), 7.91 (dd, J=
8.8, 2.4 Hz, 1H, Ar-H), 7.87–7.86 (m, 2H, Ar-H), 7.48 (dd,
J= 8.8, 2.7 Hz, 1H, Ar-H), 7.03 (d, J= 8.8 Hz, 1H, Ar-H).
13C NMR (100MHz, DMSO-d6) δ in ppm: 165.7 (C=O),
156.9 (C-OH), 138.5 (NH-C), 135.8 (Br-C=C-C), 133.6
(Cl-C=C-C(OH)), 129.0 (q, J= 30.5 Hz, C-CF3), 128.9
(C=C-C=O), 125.8 (NH-C=C-C), 123.2 (q, J= 273.7 Hz,
CF3), 123.1 (C-Cl), 120.2 (C-C=O), 120.0 (q, J= 5.9 Hz,
C=C-CF3), 119.4 (C-C(OH)-C(CO)), 113.0 (C-Br). 19F
NMR (376MHz, DMSO-d6) δ in ppm: −61.5 (s, 1F, Ar-C-
F). HRMS: m/z [M–H]– calcd. For C14H7BrClF3NO2:
391.9301; found: 391.9303.

5-Chloro-N-(3ʹ-(trifluoromethyl)phenyl)-2-
hydroxybenzamide (23)

White solid, 80% yield, m.p. 188–191 °C. IR (neat) νmax

(cm−1): 3395 (O-H), 3317 (N-H), 2920 (C-H), 1627 (C=O),
1416, 1119, 1022, 894, 771, 663. 1H NMR (400MHz,
DMSO-d6) δ in ppm: 11.67 (s, 1H, OH), 10.63 (s, 1H, NH),
8.20 (s, 1H, Ar-H), 7.94 (m, 2H, Ar-H), 7.61–7.41 (m, 3H,
Ar-H), 7.03 (d, J= 8.5 Hz, 1H, Ar-H). 13C NMR
(100MHz, DMSO-d6) δ in ppm: 165.7 (C=O), 157.0 (C-
OH), 139.3 (NH-C), 133.5 (Ar), 130.3 (Ar), 129.9 (q, J=
31.9 Hz, C-CF3), 128.9 (C=C-C=O), 125.6 (q, J=
272.4 Hz, CF3), 124.6 (C-Cl), 123.2, (C=C-CF3), 120.9 (q,
J= 3.8 Hz, C=C-CF3), 120.2, 119.5 (C-C(OH)-C(CO)),
117.2 (q, J= 3.6 Hz, C=C-CF3).

19F NMR (376MHz,
DMSO-d6) δ in ppm: −61.3 (s, 1F, Ar-C-F); HRMS m/z

Calcd for [M+H]+ C14H10ClF3NO2 is 316.0352, found
316.0343.

5-Chloro-N-(4ʹ-chlorophenyl)-2-hydroxybenzamide (24)

White solid, 81% yield, m.p. 228–230 °C. IR (neat) νmax

(cm−1): 3394 (O-H, N-H), 2922 (C-H), 1611 (C=O), 1546,
1216, 1093, 815, 762, 707. 1H NMR (400MHz, DMSO-d6)
δ in ppm: 11.76 (s, 1H, OH), 10.48 (s, 1H, NH), 7.93 (d, J
= 2.6 Hz, 1H, Ar-H), 7.75 (m, 2H, Ar-H), 7.44 (m, 3H, Ar-
H), 7.02 (d, J= 8.8 Hz, 1H, Ar-H). 13C NMR (100MHz,
DMSO-d6) δ in ppm: 165.4 (C=O), 157.1 (C-OH), 137.4
(Ar), 133.5 (Ar), 129.1 (2C, Ar) 128.9 (Ar), 128.4 (Ar),
123.2 (C-Cl), 122.8 (2C, Ar), 120.1 (C-C=O), 119.5 (C=C
(OH)-C(CO)); HRMS: m/z [M–H]– calcd. For
C13H8Cl2NO2: 279.9932; found: 279.9934.

5-Chloro-N-(4ʹ-bromophenyl)-2-hydroxybenzamide (25)

White solid, 87% yield, m.p. 222–225 °C. IR (neat) νmax

(cm−1): 3394 (O-H, N-H), 3092 (C-H), 2922 (C-H), 1609
(C=O), 1544, 1216, 1069, 815, 761, 708. 1H NMR
(400MHz, DMSO-d6) δ in ppm: 11.76 (s, 1H, OH), 10.47
(s, 1H, NH), 7.92 (d, J= 2.6 Hz, 1H, Ar-H), 7.69 (d, J=
8.8 Hz, 2H, Ar-H), 7.54 (d, J= 8.8 Hz, 2H, Ar-H), 7.45 (dd,
J= 8.8, 2.7 Hz, 1H, Ar-H), 7.02 (d, J= 8.8 Hz, 1H, Ar-H).
13C NMR (100MHz, DMSO-d6) δ in ppm: 165.4 (C=O),
157.1 (C-OH), 137.9 (NH-C), 133.5 (Ar), 132.0 (2C, Ar),
128.9 (Ar), 123.2 (C-Cl), 123.1 (2C, Ar), 120.1 (Ar), 119
(Ar), 116.5 (C-Br); HRMS: m/z [M–H]– calcd. For
C13H8BrClNO2: 323.9427; found: 323.9431.

undefined antibacterial activity

Bacterial strains and antibiotic susceptibility testing

The compounds were screened against a bacterial panel con-
sisting of ESKAPE pathogens namely E. coli (ATCC 25922),
K. pneumoniae (BAA 1705), A. baumannii (BAA 1605), P.
aeruginosa (ATCC 27853), and S. aureus (ATCC 29213)
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[35, 36]. The panel was further expanded to include drug-
resistant clinical S. aureus and Enterococci strains including
those resistant to vancomycin and other clinically utilized
antibiotics. These strains were procured from Biodefense and
Emerging Infections Research Resources Repository/Network
on Antimicrobial Resistance in Staphylococcus aureus/
American Type Culture Collection (BEI/NARSA/ATCC,
USA) and routinely cultivated on MHA and MHBII (Difco).
Before starting the experiment, single colony was picked from
MHA plate, inoculated in Muller–Hinton broth (MHB, Difco)
and incubated at 37 °C for overnight to get the starter culture.

Antibiotic susceptibility testing

Antibiotic susceptibility testing was carried out by broth
microdilution assay. Test compounds were prepared in
DMSO as stock solutions (10 mg/mL) [37]. Bacterial cul-
tures were inoculated in MHB. Optical density (OD) of the
cultures was measured at the wavelength of 600 nm fol-
lowed by dilution to achieve ~106 CFU/ml. The con-
centrations of test compounds used in the study ranged from
64 to 0.5 mg/L in serially diluted fashion in DMSO from
stock solutions and 2.5 μL of each concentration was added
to each well of a 96-well microtiter plate (Polypropylene,
Corning Inc., Corning, USA). Later, 97.5 μL of bacterial
suspension in MHB medium was added to each well con-
taining the test compound. Two controls were also included,
i.e., cells alone and media alone (without compound +
cells) and plates were incubated at 37 °C for 16–18 h. MIC
values were observed by the absence or presence of visible
growth. For each compound, MIC determinations were
carried independently three times using duplicate samples.

Cell cytotoxicity assay

Cell toxicity was performed against Vero cells using the
MTT assay [38]. In all, ~103 cells/well were seeded in 96-
well plate and incubated at 37 °C in an 5% CO2 atmosphere.
After 24 h, compound was added ranging from 100 to
12.5 µg/mL concentration and incubated for 72 h. After the
incubation was over, MTT was added in each well, incu-
bated at 37 °C for further 4 h, residual medium was dis-
carded, 0.1 mL of DMSO was added to solubilize the
formazan crystals, and OD was taken at 540 nm for the
calculation of CC50. CC50 is defined as the lowest con-
centration of compound that leads to a 50% reduction in cell
viability. Doxorubicin was used as positive control and each
experiment was repeated in triplicate.

Drug interaction with FDA-approved drugs

Interaction of 22 with FDA-approved drugs was tested by
checkerboard method [39]. Serial two-fold dilutions of

each drug were freshly prepared prior to testing. 20 was
two-fold diluted along abscissa, while the antibiotics
were serially diluted along ordinate in 96-well microtiter
plate. Then, 95 µL of ~105 CFU/mL was added to each
well and plates were incubated at 37 °C for 24 h. After the
incubation, the ΣFICs (fractional inhibitory concentra-
tions) were calculated as follows: ΣFIC= FIC A+ FIC
B, where FIC A is the MIC of drug A in the combination/
MIC of drug A alone and FIC B is the MIC of drug B in
the combination/MIC of drug B alone. The combination
is considered synergistic when the ∑FIC is ≤0.5, indif-
ferent when the ∑FIC is >0.5–4, and antagonistic when
the ∑FIC is >4.

Time–kill kinetics

The bactericidal activity was assessed by time–kill method
[35]. Briefly, S. aureus ATCC 29213 was diluted to ~106

cfu/mL, cells were treated with individual inhibitors along
with appropriate controls at 1× and 10× MIC followed by
incubation at 37 °C for 24 h. A 0.1 mL sample was removed
at various time points, serial ten-fold dilutions in 0.9 mL of
PBS and 0.1 mL of the respective dilution were spread on
an MHA. The plates will be incubated at 37 °C for 24 h and
colonies enumerated. Kill curves were constructed by
counting the colonies from plates and plotting the cfu/mL of
surviving bacteria at each time point in the presence and
absence of compounds.

Determination of activity of 22 against S. aureus
biofilm

The determination of 22 anti-biofilm activity was per-
formed as described earlier [35]. Briefly, S. aureus ATCC
29213 were grown overnight in 1% TSB with shaking
(180 RPM) at 37 °C. The overnight culture was diluted in
fresh TSB broth (1:100) and 0.2 mL of freshly diluted
culture was transferred into 96-well polystyrene flat
bottom plate, covered with adhesive foil lid for main-
taining low oxygen, and incubated in static condition for
48 h at 37 °C. After incubation, media was decanted and
plate was rinsed gently three times with the 1X PBS (pH
7.4) to remove the planktonic bacteria. Plates were
refilled with TSB with different drug concentration and
incubated for 24 h at 37 °C. After drug treatment, the
media was decanted, washed three times with 1X PBS
(pH 7.4), and biofilm was fixed by incubating the plate at
60 °C for 1 h. After fixing, the biofilm is stained by 0.06%
crystal violet for 10 min, rinsed with PBS, and dried at
room temperature. For quantification of biofilm, the
bound crystal violet was eluted by 30% acetic acid
(0.2 mL). Absorbance was taken on microtiter plate
reader at 600 nm for biofilm quantification.
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