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ABSTRACT: SARS-CoV-2 virus has recently given rise to the
current COVID-19 pandemic where infected individuals can range
from being asymptomatic, yet highly contagious, to dying from
acute respiratory distress syndrome. Although the world has
mobilized to create antiviral vaccines and therapeutics to combat
the scourge, their long-term efficacy remains in question especially
with the emergence of new variants. In this work, we exploit a class
of compounds that has previously shown success against various
viruses. A salicylanilide library was first screened in a SARS-CoV-2
activity assay in Vero cells. The most efficacious derivative was
further evaluated in a prophylactic mouse model of SARS-CoV-2 infection unveiling a salicylanilide that can reduce viral loads,
modulate key cytokines, and mitigate severe weight loss involved in COVID-19 infections. The combination of anti-SARS-CoV-2
activity, cytokine inhibitory activity, and a previously established favorable pharmacokinetic profile for the lead salicylanilide renders
salicylanilides in general as promising therapeutics for COVID-19.
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After claiming its first victims in Wuhan, China, via
zoonotic transmission at the end of 2019, the novel severe

acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the
causative agent of COVID-19, metastasized into a global
plague, which triggered a staggering death toll in the millions
and ground national economies worldwide to a halt over a
period of just a few months. On March 11, 2020, the World
Health Organization (WHO) officially declared COVID-19 a
global pandemic as population centers in over 100 countries
had become exposed to the virus. In the US alone as of July
2021, COVID-19 killed more than 610 000 people and is
projected to cost Americans an estimated $16 trillion over the
next 10 years due to devastating loss of gross domestic product
and overwhelming healthcare expenses.1

The economic and humanitarian turmoil caused by COVID-
19 has been facilitated by the virus’s insidious capacity to
efficiently spread from person to person. In many cases, mildly
symptomatic or asymptomatic individuals who compose most
of the infected people unknowingly expose the elderly and
already infirmed segments of the population to the virus
through aerosolized respiratory particles. After inhalation of
these small virus-containing droplets, the viral particles can
enter host cells through binding of the viral surface spike
proteins to the host ACE-2 receptors, which are highly
expressed on the epithelial cells in the nasal and upper
respiratory tract. After clathrin-mediated endocytosis into the
host cell, viral-endosomal membrane fusion that is triggered by

the acidic endosomal environment releases the viral RNA into
the cytosol.2−4 Without endosomal escape, the virus is either
shuttled back to the extracellular space or degraded in the
harsh environment of the lysosome.5 Once inside the cytosol,
SARS-CoV-2 hijacks the host machinery producing new viral
particles that upon secretion can infect more cells in the lower
respiratory tract and further propagate or be released via
respiratory droplets and transmitted to other individuals.
Infected individuals who are at least 40 years of age have a

higher likelihood of developing severe symptoms that can
ultimately result in acute respiratory distress syndrome
(ARDS). The path to this life-threatening condition starts
when infected alveolar epithelial cells release inflammatory
markers and cytokines into the air space of the lungs that
subsequently draw T-cells to the inflammation site. The
combination of T-cell accumulation in this area and viral
replication-induced apoptosis of pneumocytes causes signifi-
cant injury to the lung tissue, thereby making the exchange of
oxygen and carbon dioxide across the alveolar epithelium
increasingly difficult and possibly fatal.2
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Despite the devastation that COVID-19 has wreaked,
preventative medicine has attained some success in curtailing
new cases. Currently, there are three vaccine formulations in
the US by Moderna, Pfizer-BioNTech, and Johnson & Johnson
that have received emergency use authorization (EUA) by the
Food and Drug Administration (FDA). While approximately
half of the population has begun the immunization process as
of now, achieving “herd immunity”, where 70% of the
population is protected either by vaccination or from prior
infection, is not realistically expected in the near future due to
vaccine apprehension and concerns over potential side effects
in combination with the continuous emergence of new SARS-
CoV-2 variants6 such as B.1.617.2 (Delta).
With close to 35 million in the US and 200 million

worldwide already infected with SARS-CoV-2 and the
uncertainty of herd immunity in the near term, the value of
antivirals and neutralizing antibodies against SARS-CoV-2
becomes significant. Currently, the FDA has approved
remdesivir and granted EUA for several monoclonal antibodies
(mAbs) such as bamlanivimab and etesevimab as they have
shown efficacy in reducing the severity of symptoms and viral
load.7−9 However, remdesivir was authorized for hospitalized
individuals; the leading arsenal of mAbs has yet to complete
Phase 3 clinical trials and has recently shown reduced efficacy
toward new SARS-CoV-2 variants.10,11 Therefore, new
antivirals that can blunt the symptoms of infection early on
and have broad antiviral activity to combat imminent variants
remain in dire need.
One potential COVID-19 therapeutic that has shown broad

efficacy against viruses including SARS-CoV-2 is niclosamide,
an FDA-approved antihelmintic.12−18 This salicylanilide’s
antiviral activity stems from its ability to prevent acidification
of endocytotic compartments, thereby blocking membrane
fusion and infection of the host cell. Moreover, early viral
studies demonstrated that the efficacy of salicylanilides was
reduced when electron-withdrawing groups were added to the
anilide ring, thus demonstrating the important role of the N−
H group in shuttling protons into the endosome.12

Niclosamide’s ability to reduce infection of cells without
interacting directly with any viral components creates the
prospect to develop anti-COVID-19 therapeutics with broad
activity against current and future variants of the virus.
However, in saying this, niclosamide is not an optimal antiviral
drug option as it is gut restricted and has cellular toxicity
issues.19,20 In light of the considerations discussed above, an
evaluation of a salicylanilide library might provide molecules
with improved properties over niclosamide. The research
described herein details the efficacy of these analogues against
the virus in vitro, and the most potent molecule emerging from
these cell studies was examined for viral load reduction,
prevention of weight loss, and inflammatory markers in a
prophylactic mouse model of SARS-CoV-2 infection.
The salicylanilide class’s protonophore properties21 strongly

rely on an acidic phenolic OH on the salicyl-ring and an amide
proton for antimicrobial activity22 although niclosamide’s
amide proton seems to be a stronger contributor against
viruses.12 Based on our recent work examining salicylanilides
for the treatment of Clostridioides dif f icile infections,23,24 we
explored the inductive effect on their protic substituents by
enlisting a series of analogues (1−13) that carry functional
groups ranging from strongly electron-donating (methoxy, 7)
to electron-withdrawing (dinitro, 13) (Table 1) in hopes of

finding a more effective salicylanilide antiviral against COVID-
19.

We began by examining the efficacy of the salicylanilides
using a SARS-CoV-2 cell-based assay (Table 1). In brief, Vero
cells were pretreated with 20 μM compound for 4 h followed
by inoculation with SARS-CoV-2 at a multiplicity of infection
(MOI) of 0.05. After 24 h postinfection, the SARS-CoV-2
titers in Vero cells were determined by a 50% tissue culture
infectious disease dose assay (TCID50). Results of this assay

Table 1. Reduction of Viral Activity by Salicylanilide
Analogues with 11 Being the Most Efficacious

aCalculated by subtracting the log(TCID50/mL) of each compound
from a positive control. Assays were performed in triplicate bNo
compounds were added to cells. cNo compounds and no virus were
added to cells.
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demonstrated that salicylanilide 11 displayed the best efficacy
in reducing viral infectivity among compounds tested (Table
1). To account for these findings, we reason that the
bis(trifluoromethyl) substituents on 11 impart the amide
proton with acid/base properties that best prevent acidification
of endosomes among the salicylanilides tested.
Subsequently, we further probed the efficacy of the seven

most potent salicylanilides (11, 16, 4, 15, 7, 12, and
niclosamide) at varying concentrations. Using the aforemen-
tioned cell-based assay approach but with a 72 h postinfection
period, 11 and niclosamide showed the best activity against the
virus (Figure 1) with comparable IC50s at 0.74 μM. The others

displayed either less or negligible activity (Figure S1). Then,
the toxicity of 11 and niclosamide with untreated Vero cells
was evaluated using an ATP-based cell viability assay with a 72
h exposure period to the drugs. Niclosamide (EC50 = 0.25 ±
0.011 μM) showed about a 5-fold greater toxicity than 11
(EC50 = 1.22 ± 0.031 μM). Moreover, 11’s therapeutic index
(1.65) is significantly better than niclosamide’s (0.34), and we
would suggest that much of niclosamide’s perceived antiviral
activity stems from its cellular toxicity (Figure 1).
Notable is 11’s superiority at curbing viral replication

without a major loss in viability (Table 1 and Figure 1) over
niclosamide, which is currently in clinical trials as an oral anti-
COVID-19 drug.25,26 Salicylanilide 11 also carries less
pharmacokinetic liability than niclosamide as it can be
administered orally, yet with a 76% systemic bioavailability23

in mice in contrast to niclosamide’s 10%.20 Additionally,
systemic toxicity from 11 was negligible at an oral twice-daily
dose of 5 mg/kg for 5 days (Figure S2). Moreover, in HEK
293T/17 human kidney cells, 11 presents much less toxicity
than niclosamide.23 Finally, if endosomal acidification is the
critical feature for salicylanilides to block SARS-CoV-2 cellular
proliferation, then these molecules would be equally effective
against recent emerging variants.

After establishing 11 as the best analogue in the in vitro cell-
based assay, we moved forward with evaluating its performance
in a prophylactic mouse model of SARS-CoV-2 infection. A
key parameter in this study was the use of molnupiravir (also
known as EDD-2801/MK-4482), which is a prodrug of the
antiviral ribonucleoside analogue β-D-N4-hydroxycytidine
(NHC; EIDD-1931). Our choice for using molnupiravir was
based upon its ability to treat infections caused by multiple
RNA viruses including SARS-CoV-2.27,28 Experimental param-
eters involved three groups of transgenic hACE-2 mice (n = 5)
where each group was orally administered either vehicle
(negative control), molnupiravir (EIDD-2801, positive con-
trol) at 500 mg/kg, or 11 at 5 mg/kg (Day 0). The oral doses
were administered twice a day at 12 h intervals for a total of 5
days. 24 h after the first dose, all three groups were intranasally
infected with 10 000 plaque-forming units (PFU) of SARS-
CoV-2 on Day 1 (Figure 2). The nontreated group (vehicle)

averaged a 10% weight loss by Day 4 while the treated groups
(11 and EIDD-2801) displayed no clinical signs and
maintained healthy weights throughout the course of the
experiment (Figure 3A).
Lung viral titer results revealed that mice treated with 11

averaged approximately 10-fold lower viral titers than the
vehicle with EIDD-2801 displaying no measurable titer levels
(Figure 3B). COVID-19 is characterized by an early stage of
viral replication followed in some cases by overproduction of
inflammatory cytokines, the so-called cytokine storm syndrome
(CSS).29 Indeed, CSS has been proposed as underlying the
etiology of respiratory failure in patients with COVID-19. We
were thus led to ask whether 11 might serve to reduce
inflammatory cytokine production. Toward this end, the
concentrations of various cytokines in the bronchoalveolar
lavage fluids from the three treatment groups of mice were
examined (Figure 4). Specifically, the effects of 11 on the
interleukin-6 (IL-6), monocyte chemoattractant protein-1
(MCP-1), granulocyte-macrophage colony-stimulating factor
(G-CSF), and eotaxin concentrations were examined due to
their upregulation in and predictive value for severe cases of
COVID-19 in patients.30−34 Compound 11 managed to reduce
IL-6, MCP-1, and G-CSF levels by 8-, 3.5-, and 10-fold,
respectively, relative to untreated mice (Figure 4A−C).
Moreover, with respect to IL-6 and MCP-1, the reduction of
cytokine concentrations was on par with EIDD-2801 (Figure
4A,C). However, a significant difference in the concentration
of eotaxin was not observed in the three groups of mice
(Figure 3D).
The findings from the SARS-CoV-2 mouse model illustrate

that 11 can partially suppress viral replication in the host,
presumably by preventing the acidification of the endocytic
compartment. Most gratifying was 11’s capacity to also prevent

Figure 1. Graphs comparing cell viability and neutralization of viral
activity as a function of drug concentration for (A) 11 and (B)
niclosamide. Assays were run in duplicate.

Figure 2. Schedule of the prophylactic mouse model of SARS-CoV-2.
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elevation of key contributors of inflammation typically found in
the more advanced stages of COVID-19. It was noteworthy
that 11 was dosed approximately 100-fold less than EIDD-
2801. Taken together, this suggests that salicylanilides could
present a dual mechanism of action against SARS-CoV-2, one
that both inhibits viral replication and attenuates the
production of a subset of inflammatory cytokines.
The COVID-19 pandemic has created an urgent need for

therapeutics that inhibit the SARS-CoV-2 virus and suppress

the severe onset of inflammation, a characteristic of advanced
illness. The simple screening of a small salicylanilide library has
led to the discovery of a compound that can reduce viral titers,
weight loss associated with viral infection, as well as lung
inflammation in a mouse model. The lead salicylanilide is
orally bioavailable, and based upon its proposed mechanism of
action should be equally effective against emerging SARS-CoV-
2 variants. The unique viral and inflammatory modulation that
the salicylanilides present paves the way for further exploration
into this class of molecule for the treatment of COVID-19.

■ METHODS
Anti-SARS-CoV-2 Activity Assay. Vero cells were

premixed with 20 μM of compounds for 4 h and then
inoculated with MOI 0.05 of SARS-CoV-2 (0.05 mL/well). At
least three wells were used as a negative control and were
mock-infected, and three wells served as a virus control and
were infected. All control wells were untreated. After 1 h of
incubation at 37 °C at 5% CO2, wells were washed 3 times
with dilution media, and 0.5 mL of media containing the
indicated compound doses was added back to each well. 0.5
mL of dilution media per well was added to untreated wells.
Cells were incubated at 37 °C at 5% CO2 and samples
collected at 0 and 24 h postinfection. Collected 100 μL time
point media was replaced with an equal amount of compound
doses or dilution media (untreated wells). Samples were stored
at −80 °C until the day of analysis. The SARS-CoV-2 titer in
Vero cells via TCID50 was performed for each sample collected
at 0 and 24 h postinfection. These assays were performed in
either duplicate or triplicate.

In Vitro Cytotoxicity Assay. Vero cells were cultured
according to the manufacturer’s protocol. The cells were
adhered to wells in opaque 96-well plates by incubating 2 ×
104 cells per well in 100 μL of Dulbecco’s modified Eagle
medium (DMEM) containing 7% fetal bovine serum (FBS) at
37 °C in a 5% CO2 humidifying chamber for 24 hours. After
discarding the media, the cells were then treated with either 11
or niclosamide in the range 0.024−25 μM in DMEM. After 72
h of incubation, an ATP-based assay was performed at 37 °C in
a 5% CO2 humidifying chamber for 10 min using the Cell Titer
Glo luminescent cell viability assay kit (Promega, Madison,
WI) per the manufacturer’s instructions. The data was
normalized to a positive control (DMEM with cells only and
no drug), and the background using a negative control (0.2
mM digitonin in DMEM with cells) was subtracted. These
assays were performed in duplicate.

Prophylactic Mouse Model of SARS-CoV-2. B6Cg-
Tg(K18-ACE2)2Prlmn/J female mice (7−9 weeks of age)
were used. Mice were maintained in pathogen-free conditions,
and handling conforms to the requirements of the National
Institutes of Health and the Scripps Research Institute Animal
Research Committee. SARS-CoV-2 strain USA-WA1/2020
(BEI Resourced NR-52281) was grown on Vero cells using
complete DMEM containing 10% FBS and 1× PenStrep. Mice
were treated orally twice a day with either vehicle, EIDD-2801
(500 mg/kg), or compound 11 (5 mg/kg) starting 24 h
preinfection. Mice were infected intranasally with 104 PFU/50
μL PBS. Weight loss was measured daily. Three independent
trials were run with n = 4 mice treated with 11 to ensure
consistency.

Quantification of Viral Titers and Cytokine Levels.
Lungs were collected in 1 mL of complete DMEM and
proceeded with minibead beater bead homogenizer. Super-

Figure 3. (A) Weight loss in mice monitored throughout the duration
of the dosing schedule. (B) Impact of orally administered compounds
on the viral titers in the lungs on Day 4. **** P < 0.0001.

Figure 4. Graphs illustrating the influence of 11 and EIDD-2801 on
the cytokine levels of (A) IL-6, (B) G-CSF, (C) MCP-1, and (D)
eotaxin in the three treatment groups.
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natants were titrated on Vero cells; an overlay of 1% methyl
cellulose was added, and plates were incubated at 37 °C for 3
days. Cells were fixed with PFA/PBS 4% and stained with
crystal violet. Multiplex ELISA (Biorad; Hercules, CA) was
performed to detect cytokines in BALF according to the
manufacturer’s instructions.
Statistics. Data is expressed as mean ± SEM. An unpaired,

one-tailed Student’s t-test was calculated using GraphPad
Prism to perform a statistical comparison between groups. A
statistical comparison of two groups was performed by two-
way ANOVA. Nonlinear regression curve-fitting of cell viability
and viral activity was calculated using the log(inhibitor) vs
response (variable slope) method in GraphPad Prism. One of
several representative experiments was shown in each figure.
Statistical limits and methods were determined according to
our previous experience and published results obtained from
SARS-CoV-2 infection as well as other viruses.35,36

Chemistry: General Information. 1H and 13C NMR
spectra were recorded on a Bruker DRX-500 or a Bruker AV-
400 instrument. The purity of the salicylanilides was
determined to be 95% or greater by measuring the absorbance
at 365 nm with HPLC. HPLC spectra were recorded on an
Agilent Systems 1260 instrument using a Poroshell 120 EC-C8
column. The mobile phase gradient went from 50% H2O in
acetonitrile to 100% acetonitrile over 7 min and then isocratic
at 100% acetonitrile for 3 min at a 0.5 mL/min flow rate.
General Procedure A: Synthesis of a 4-Chloro-(4-

nitrophenoxy)benzene. A 4-chlorophenol (334 mg, 2.6
mmol) and a 4-halonitrobenzene (2.1 mmol) were dissolved
in 2.4 mL of DMSO. Cesium carbonate (847.13 mg, 2.6
mmol) was added to the mixture. The resulting suspension was
stirred either at room temperature or at 80 °C for 4 h when
TLC monitoring indicated the completion of the reaction. The
solution was diluted with 50 mL of DCM, washed with H2O (4
× 75 mL) to remove DMSO and salts, and washed with 75 mL
of brine. The organic layer was dried with MgSO4 and was
then filtered and concentrated in vacuo to dryness. The
concentrate was carried to the next step without further
characterization.
General Procedure B: Synthesis of a 4-Chloro-(4-

aminophenoxy)benzene. A 4-chloro-(4-nitrophenoxy)-
benzene (1.2 mmol) was dissolved in 3 mL of THF, 3 mL
of ethanol (EtOH), and 1 mL of H2O. To this solution were
added elemental iron (670 mg, 12 mmol) and NH4Cl (193
mg, 3.6 mmol). The mixture was refluxed for 2 h when TLC
indicated completion of the reaction. The mixture was cooled
to room temperature, diluted with 20 mL of ethyl acetate
(EtOAc), and passed through a pad of Celite which was
washed with EtOAc. The organic solution was washed with 40
mL of saturated NaHCO3, 40 mL of H2O, and 40 mL of brine.
The organic layer was dried with MgSO4 which was then
filtered, and the filtrate was concentrated in vacuo to dryness.
The concentrate was carried to the next step without further
characterization.
General Procedure C: Synthesis of a Salicylanilide. A 4-

chloro-(4-aminophenoxy)benzene (1.2 mmol) was dissolved
in 5 mL of toluene. To this solution, 3,5-dicholorosalicylic acid
(323 mg, 1.56 mmol) and then triphenylphosphite (403 μL,
1.56 mmol) were added. The resulting suspension was refluxed
for 12 h. The solution was concentrated in vacuo to dryness.
The crude mixture was subjected to silica chromatography
using a gradient of 0−10% DCM in methanol. Because some
analogues coelute with an impurity, further purification must

be performed by first dissolving the concentrated, eluted crude
mixture in a minimal amount of DCM and then precipitating
the desired product with excess hexanes. After filtration, a
white powder is obtained.

3,5-Dichloro-N-(4-(4-chlorophenoxy)phenyl)-2-hydroxy-
benzamide (1). Procedures A, then B, and finally C were
performed. 54% yield over three steps. 1H NMR (500 MHz,
acetone-d6): δ 7.05 (d, J = 9.0 Hz, 2H), 7.10 (d, J = 9.0 Hz,
2H), 7.41 (d, J = 9.0 Hz, 2H), 7.67 (d, J = 2.4 Hz, 1H), 7.79,
(d, J = 9.0 Hz, 2H), 8.04 (d, J = 2.3 Hz, 1H), 10.01 (s, 1H),
13.06 (s, 1H). 13C NMR (125 MHz, acetone-d6): δ 117.8,
120.2, 120.9, 123.5, 124.2, 124.5, 126.4, 128.7, 130.7, 134.1,
134.5, 154.9, 157.3, 157.5, 168.2. HRMS-ESI (m/z): [M + H]+

calcd for C19H12Cl3NO3, 407.9955; found, 407.9800. Purity by
HPLC was found to be 100%.

N-(2-Bromo-4-(4-chlorophenoxy)phenyl)-3,5-dichloro-2-
hydroxybenzamide (2). Procedures A, then B, and finally C
were performed. 75% yield over three steps. 1H NMR (500
MHz, acetone-d6): δ 7.14 (d, J = 8.7 Hz, 3H), 7.37 (d, J = 2.5
Hz, 1H), 7.46 (d, J = 8.8 Hz, 2H), 7.71 (s, 1H), 7.82 (d, J =
8.8 Hz, 1H), 8.08 (s, 1H), 9.96 (s, 1H), 12.61 (s, 1H). 13C
NMR (125 MHz, acetone-d6): δ 118.1, 119.0, 121.2, 121.9,
123.3, 124.1, 124.3, 127.1, 129.7, 130.0, 131.0, 131.6, 134.6,
156.2, 156.7, 157.1, 168.0. HRMS-ESI (m/z): [M + H]+ calcd
for C19H11BrCl3NO3, 485.9061; found, 485.8909. Purity by
HPLC was found to be 100%.

N-(3-Bromo-4-(4-chlorophenoxy)phenyl)-3,5-dichloro-2-
hydroxybenzamide (3). Procedures A, then B, and finally C
were performed. 62% yield over three steps. 1H NMR (500
MHz, acetone-d6): δ 7.00 (dt, J = 2.3, 9.0 Hz, 2H), 7.19 (d, J =
8.8 Hz, 1H), 7.41 (dt, J = 2.3, 9.0 Hz, 2H), 7.70 (d, J = 2.4 Hz,
1H), 7.80 (dd, J = 2.6, 8.9 Hz, 1H), 8.04 (d, J = 2.4 Hz, 1H),
8.22 (d, J = 2.6 Hz, 1H), 10.07 (s, 1H), 12.79 (s, 1H). 13C
NMR (125 MHz, acetone-d6): δ 115.4, 117.8, 119.9, 122.4,
123.4, 123.7, 124.3, 126.6, 127.6, 128.7, 130.7, 134.7, 135.8,
150.8, 157.0, 157.4, 168.3. HRMS-ESI (m/z): [M + H]+ calcd
for C19H11BrCl3NO3, 485.9061; found, 485.8906. Purity by
HPLC was found to be 100%.

3,5-Dichloro-N-(3-chloro-4-(4-chlorophenoxy)phenyl)-2-
hydroxybenzamide (4). Procedures A, then B, and finally C
were performed. 39% yield over three steps. 1H NMR (500
MHz, acetone-d6): δ 7.00 (dt, J = 2.2, 9 Hz, 2H), 7.21 (d, J =
8.9 Hz, 1H), 7.41 (dt, J = 2.2, 9 Hz, 2H), 7.70 (d, J = 2.4 Hz,
1H), 7.75 (dd, J = 2.6, 8.9 Hz, 1H), 8.04 (d, J = 2.5 Hz, 1H),
8.07 (d, J = 2.6 Hz, 1H), 10.09 (s, 1H), 12.78 (s, 1H). 13C
NMR (125 MHz, acetone-d6): δ 117.8, 119.7, 122.7, 123.7,
124.3, 124.6, 126.6, 128.7, 130.7, 134.7, 135.7, 149.6, 157.1,
157.4, 168.3. HRMS-ESI (m/z): [M + H]+ calcd for
C19H11Cl4NO3, 441.9566; found, 441.9407. Purity by HPLC
was found to be 100%.

3,5-Dichloro-N-(4-(4-chlorophenoxy)-3-iodophenyl)-2-hy-
droxybenzamide (5). Procedures A, then B, and finally C were
performed. 52% yield over three steps. 1H NMR (500 MHz,
acetone-d6): δ 6.99 (d, J = 8.95 Hz, 2H), 7.09 (d, J = 8.8 Hz,
1H), 7.41 (d, J = 9.0 Hz, 2H), 7.84 (dd, J = 2.5, 8.8 Hz, 1H),
8.04 (d, J = 2.4 Hz, 1H), 8.38 (d, J = 2.5 Hz, 1H), 10.01 (s,
1H), 12.83 (s, 1H). 13C NMR (125 MHz, acetone-d6): δ 89.3,
117.8, 120.0, 121.1, 123.6, 124.2, 124.3, 126.6, 128.7, 130.8,
133.6, 134.7, 135.8, 153.9, 157.1, 157.4, 168.3. HRMS-ESI (m/
z): [M + H]+ calcd for C19H11Cl3INO3, 533.8922; found,
533.8758. Purity by HPLC was found to be 100%.

3,5-Dichloro-N-(4-(4-chlorophenoxy)-3-fluorophenyl)-2-
hydroxybenzamide (6). Procedures A, then B, and finally C
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were performed. 69% yield over three steps. 1H NMR (500
MHz, acetone-d6): δ 7.03 (d, J = 8.9 Hz, 2H), 7.25 (t, J = 8.9
Hz, 1H), 7.40 (d, J = 9.0 Hz, 2H), 7.58 (d, J = 8.8 Hz, 1H),
7.69 (d, J = 2.4 Hz, 1H), 7.88 (dd, J = 2.3, 12.8 Hz, 1H), 8.02
(d, 2.25 Hz, 1H), 10.11 (s, 1H), 12.77 (s, 1H). 13C NMR (125
MHz, acetone-d6): δ 111.5, 111.7, 119.0, 119.1, 119.2, 123.4,
123.7, 124.3, 126.5, 128.5, 130.7, 134.7, 135.8, 135.9, 153.7,
155.7, 157.3, 157.5, 168.3. HRMS-ESI (m/z): [M + H]+ calcd
for C19H11Cl3FNO3, 425.9861; found, 425.9701. Purity by
HPLC was found to be 100%.
3,5-Dichloro-N-(4-(4-chlorophenoxy)-3-methoxyphenyl)-

2-hydroxybenzamide (7). Procedures A, then B, and finally C
were performed. 57% yield over three steps. 1H NMR (500
MHz, acetone-d6): δ 3.80 (s, 3H), 6.89 (dt, J = 3.5, 9.1 Hz,
2H), 7.12 (d, 8.65 Hz, 1H), 7.32 (dt, J = 3.5, 9.1 Hz, 2H), 7.40
(dt, J = 2.8, 8.7 Hz, 1H), 7.66 (t, J = 2.6 Hz, 1H), 7.70 (d, J =
2.4 Hz, 1H), 8.04 (d, J = 2.3 Hz, 1H), 10.08 (s, 1H), 12.98 (s,
1H). 13C NMR (125 MHz, acetone-d6): δ 56.3, 108.2, 115.1,
117.9, 118.4, 123.0, 123.6, 124.2, 126.5, 127.2, 130.3, 134.5,
136.1, 141.8, 152.8, 157.4, 158.4, 168.2. HRMS-ESI (m/z): [M
+ H]+ calcd for C20H14Cl3NO4, 438.0061; found, 437.9902.
Purity by HPLC was found to be 100%.
3,5-Dichloro-N-(4-(4-chlorophenoxy)-2-methoxyphenyl)-

2-hydroxybenzamide (8). Procedures A, then B, and finally C
were performed. 59% yield over three steps. 1H NMR (500
MHz, acetone-d6): δ 3.90 (s, 3H), 6.65 (dd, J = 2.4, 8.7 Hz,
1H), 6.87 (d, J = 2.3 Hz, 1H), 7.07 (d, J = 8.9 Hz, 2H), 7.41
(d, J = 9.0 Hz, 2H), 7.69 (d, J = 2.4 Hz, 1H), 7.99 (t, J = 8.4
Hz, 1H), 8.05 (s, 1H), 9.69 (s, 1H), 12.65 (s, 1H). 13C NMR
(125 MHz, acetone-d6): δ 56.6, 104.1, 111.1, 118.8, 120.9,
122.8, 124.0, 124.2, 125.7, 127.1, 128.7, 130.7, 134.3, 153.7,
155.9, 156.4, 157.2, 167.1. HRMS-ESI (m/z): [M + H]+ calcd
for C20H14Cl3NO4, 438.0061; found, 437.9902. Purity by
HPLC was found to be 95%.
3,5-Dichloro-N-(4-(4-chlorophenoxy)-3-cyanophenyl)-2-

hydroxybenzamide (9). Procedures A, then B, and finally C
were performed. 52% yield over three steps. 1H NMR (500
MHz, acetone-d6): δ 7.14 (d, J = 9.1 Hz, 1H), 7.22 (d, J = 8.9
Hz, 2H), 7.50 (d, J = 9.0 Hz, 2H), 7.70, (d, J = 2.4 Hz, 1H),
8.01 (d, J = 8.0 Hz, 1H), 8.03 (d, J = 2.3 Hz, 1H), 8.25 (s,
1H), 10.20 (s, 1H), 12.71 (s, 1H). 13C NMR (125 MHz,
acetone-d6): δ 105.1, 115.9, 117.7, 119.6, 121.9, 123.8, 124.3,
126.6, 127.4, 129.1, 130.4, 131.1, 134.2, 134.8, 155.5, 156.6,
157.3, 168.5. HRMS-ESI (m/z): [M + H]+ calcd for
C20H11Cl3N2O3, 432.9908; found, 432.9754. Purity by HPLC
was found to be 100%.
3,5-Dichloro-N-(4-(4-chlorophenoxy)-2-iodophenyl)-2-hy-

droxybenzamide (10). Procedures A, then B, and finally C
were performed. 72% yield over three steps. 1H NMR (500
MHz, acetone-d6): δ 7.11−7.14 (m, 2H), 7.15 (dd, J = 2.8,
13.2 Hz, 1H), 7.43−7.47 (m, 2H), 7.59 (d, J = 2.8 Hz, 1H),
7.66 (d, J = 8.8 Hz, 1), 7.70 (d, J = 2.5 Hz, 1H), 8.10 (d, J =
2.5 Hz, 1H), 9.90 (s, 1H), 12.82 (s, 1H). 13C NMR (125
MHz, acetone-d6): δ 98.0, 117.7, 119.8, 121.9, 123.9, 124.3,
126.8, 129.5, 129.7, 130.0, 130.1, 134.7, 156.2, 157.2, 168.5.
HRMS-ESI (m/z): [M + H]+ calcd for C19H11Cl3INO3,
533.8922; found, 533.8761. Purity by HPLC was found to be
96%.
3 ,5 -D i ch lo ro -N- (4 - (4 - ch lo rophenoxy ) -3 ,5 -b i s -

(trifluoromethyl)phenyl)-2-hydroxybenzamide (11). Proce-
dures A using 17 as the 4-halonitrobenzene, then B, and finally
C were performed. 57% yield over three steps. 1H NMR (500
MHz, acetone-d6): δ 6.88−6.93 (m, 2H), 7.35−7.39 (m, 2H),

7.73 (d, J = 2.5 Hz, 1H), 8.10 (d, J = 2.5 Hz, 1H), 8.59 (s,
2H), 10.65 (s, 1H). 13C NMR (125 MHz, acetone-d6): δ
117.8, 122.3, 123.9, 124.4, 124.5, 125.2, 126.8, 126.9, 127.2,
128.3, 130.3, 135.11, 137.0, 157.3, 159.2, 168.7. HRMS-ESI
(m/z): [M + H]+ calcd for C21H10Cl3F6NO3, 543.9703; found,
543.9543. Purity by HPLC was found to be 100%.

3,5-Dichloro-N-(4-(4-chlorophenoxy)-3,5-diiodophenyl)-
2-hydroxybenzamide (12). Procedures A using 18 as the 4-
halonitrobenzene, then B, and finally C were performed. 51%
yield over three steps. 1H NMR (500 MHz, DMSO-d6): δ 6.80
(d, J = 8.5 Hz, 2H), 7.40 (d, J = 8.8 Hz, 2H), 7.82, (s, 1H),
8.02 (s, 1H), 8.33 (s, 2H), 10.82 (s, 1H). 13C NMR (125
MHz, acetone-d6): δ 90.9, 117.7, 117.9, 123.8, 124.3, 126.7,
127.8, 130.6, 133.7, 134.9, 137.9, 151.6, 156.2, 156.9, 157.3,
168.4 . HRMS-ESI (m/z): [M + H]+ calcd for
C19H10Cl3I2NO3, 659.7889; found, 659.7720. Purity by
HPLC was found to be 100%.

3,5-Dichloro-N-(4-(4-chlorophenoxy)-3,5-dinitrophenyl)-
2-hydroxybenzamide (13). 3,5-Dichlorosalicylic acid (200
mg, 0.97 mmol) was dissolved in 6.8 mL of dry methylene
chloride under argon. After adding thionyl chloride (140 μL,
1.94 mmol), the resulting solution was stirred at 40 °C
overnight. The mixture was concentrated in vacuo to dryness to
yield the acid chloride. The aniline product (309 mg, 1 mmol)
of Procedure A that used 20 as the 4-halonitrobenzene was
dissolved in 2 mL of ethanol along with diisopropylethylamine
(540 μL, 3 mmol) and cooled to 0 °C. This cooled solution
was added to the acid chloride. The resulting solution was
refluxed overnight. Upon cooling the solution to room
temperature, it was concentrated in vacuo and subjected to
silica chromatography using hexanes and ethyl acetate (1:1) as
the mobile phase to yield an off-white powder (7 mg, 1.4%
yield). 1H NMR (400 MHz, acetone-d6): δ 7.03−7.08 (m,
2H), 7.36−7.41 (m, 2H), 7.70 (d, J = 2.5 Hz, 1H), 8.08 (d, J =
2.5 Hz, 1H), 8.88 (s, 2H). 13C NMR (125 MHz, acetone-d6):
δ 117.9, 118.0, 122.8, 123.4, 124.7, 127.1, 129.0, 130.6, 135.1,
136.9, 137.7, 145.4, 157.4, 157.7, 168.7. HRMS-ESI (m/z): [M
+ H]+ calcd for C19H10Cl3N3O7, 497.9657; found, 497.9496.
Purity by HPLC was found to be 100%.

N,N′-((((Perfluoropropane-2,2-diyl)bis(4,1-phenylene))bis-
(oxy))bis(4,1-phenylene))bis(3,5-dichloro-2-hydroxybenza-
mide) (14). Procedure C was followed using 4,4′-(((per-
fluoropropane-2,2-diyl)bis(4,1-phenylene))bis(oxy))dianiline
(321.4 mg, 0.62 mmol) as the aniline. The yield was 72%. 1H
NMR (400 MHz, CDCl3): δ 6.98 (dt, J = 2.1, 9.05 Hz, 4H),
7.12 (dt, J = 3.3, 8.90 Hz, 4H), 7.36 (d, J = 8.70 Hz, 4H), 7.51
(d, J = 2.35 Hz, 2H), 7.56 (d, J = 2.40 Hz, 2H), 7.58 (dt, J =
2.15, 8.95 Hz, 4H), 8.73 (s, 2H), 12.10 (bs, 2H). 13C NMR
(125 MHz, acetone-d6): δ 117.9, 118.5, 121.1, 123.7, 124.3,
124.6, 126.6, 128.2, 132.8, 134.6, 134.7, 154.0, 157.6, 159.5,
168.4. ESI-TOF (m/z): [M + H]+ calcd for C41H24Cl4F6N2O6,
893.9; found, 894.0. Purity by HPLC was found to be 98%.

3,5-Dichloro-N-(4-(4-chloro-3,5-dimethoxyphenoxy)-3,5-
bis(trifluoromethyl)phenyl)-2-hydroxybenzamide (15). Pro-
cedures A, then B, and finally C were performed. 74% yield
over three steps. 1H NMR (500 MHz, DMSO-d6): δ 3.32 (s,
6H), 6.07 (s, 2H), 6.98 (dt, J = 3.30, 8.95 Hz, 2H), 7.25 (s,
2H), 7.43 (dt, J = 3.35, 8.95 Hz, 2H). 13C NMR (125 MHz,
acetone-d6): δ 57.4, 94.6 105.9, 118.3, 124.5, 125.0, 125.6,
125.7, 127.3, 127.5, 127.8, 135.7, 137.6, 157.7, 158.2, 169.2.
ESI-TOF (m/z): [M + H]+ calcd for C23H14Cl3F6NO5,
602.98; found, 602.9. Purity by HPLC was found to be 98%.
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N-(4-Chlorophenyl)-2-hydroxy-3,5-diiodobenzamide (16).
The synthesis of the title compound followed literature
procedures.24 Purity by HPLC was found to be 100%.
2-Bromo-5-nitro-1,3-bis(trifluoromethyl)benzene (17). 2-

Bromo-1,3-bis(trifluoromethyl)benzene (2 g, 6.82 mmol) was
added to a mixture of 4.2 mL of concentrated H2SO4 and 3 mL
of fuming HNO3. The solution was heated at 70 °C for 2 h,
cooled to room temperature, and poured onto 200 mL of ice
water. The precipitate was filtered and dissolved in 100 mL of
ethyl acetate and washed with 100 mL of H2O to remove
residual acid. The organic layer was dried with MgSO4 which
was then removed with filtration, and the filtrate was
concentrated in vacuo to dryness to afford an off-white powder
(2.19 g, 95% yield). 1H NMR (400 MHz, CDCl3): δ 8.73 (s,
2H).
2-Fluoro-1,3-diiodo-5-nitrobenzene (18). 4-Nitro-1-fluoro-

benzene (113 μL, 1.06 mmol) was mixed in triflic acid (1 mL,
10.6 mmol) and cooled to 0 °C. N-Iodosuccinimide (525 mg,
2.33 mmol) was added in portions to the cooled solution. The
solution was warmed to room temperature and stirred for 4 h,
at which point an additional portion of N-iodosuccinimide
(137 mg, 0.61 mmol) was added and stirred overnight. Since
TLC monitoring did not show the completion of reaction, an
additional portion of N-iodosuccinimide (200 mg, 0.89 mmol)
and triflic acid (1 mL, 10.6 mmol) were added and stirred over
a second night. The reaction mixture was quenched with cold
H2O, extracted with methylene chloride, and washed with 10%
sodium bisulfite, H2O, and then brine. The organic layer was
dried with MgSO4 which was then removed with filtration, and
the filtrate was concentrated in vacuo to dryness to afford a
yellow powder (393 mg, 94% yield) which was carried to the
next step without further characterization.
4-Fluoro-3,5-dinitrobenzoic acid (19). A mixture of H2SO4

(22.5 mL) containing 30% SO3 and fuming HNO3 was cooled
to 0 °C. To the cooled solution, 4-fluorobenzoic acid (5 g, 35.8
mmol) was added slowly to not exceed 20 °C. The solution
was heated at 85 °C for 10 min, cooled to 40 °C, and then
heated at 95 °C for an additional 3 h. After cooling the mixture
to room temperature, it was poured over ice water, and the
resulting precipitate was collected by filtration to yield a yellow
powder (5.6 g, 68% yield). 1H NMR (400 MHz, acetone-d6): δ
8.96 (d, J = 6.3 Hz, 2H).
4-Fluoro-3,5-dinitroaniline (20). After cooling H2SO4 (15

mL) containing 20% SO3 to 0 °C, 19 (5.5 g, 24.3 mmol) was
added, followed by ethylene chloride (20 mL). Sodium azide
(1.81 g, 27.9 mmol) was added in portions to the cooled
solution to not exceed 20 °C. The solution was then heated at
reflux for 1 h, cooled to room temperature, and poured over ice
water, and the resulting precipitate was collected by filtration
to yield an orange powder (4.0 g, 82% yield). 1H NMR (500
MHz, MeOD): δ 7.51 (d, J = 5.4 Hz, 2H). ESI-TOF (m/z):
[M + H]+ calcd for C6H4FN3O4, 202.02; found, 202.1.
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