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ABSTRACT: Yellow fever virus (YFV) transmitted by infected
mosquitoes causes an acute viral disease for which there are no
approved small-molecule therapeutics. Our recently developed
machine learning models for YFV inhibitors led to the selection of
a new pyrazolesulfonamide derivative RCB16003 with acceptable
in vitro activity. We report that the N-phenyl-1-(phenylsulfonyl)-
1H-1,2,4-triazol-3-amine class, which was recently identified as
active non-nucleoside reverse transcriptase inhibitors against HIV-
1, can also be repositioned as inhibitors of yellow fever virus
replication. As compared to other Flaviviridae or Togaviridae family
viruses tested, both compounds RCB16003 and RCB16007
demonstrate selectivity for YFV over related viruses, with only
RCB16007 showing some inhibition of the West Nile virus (EC50
7.9 μM, CC50 17 μM, SI 2.2). We also describe the absorption, distribution, metabolism, and excretion (ADME) in vitro and
pharmacokinetics (PK) for RCB16007 in mice. This compound had previously been shown to not inhibit hERG, and we now
describe that it has good metabolic stability in mouse and human liver microsomes, low levels of CYP inhibition, high protein
binding, and no indication of efflux in Caco-2 cells. A single-dose oral PK study in mice has a T1/2 of 3.4 h and Cmax of 1190 ng/mL,
suggesting good availability and stability. We now propose that the N-phenyl-1-(phenylsulfonyl)-1H-1,2,4-triazol-3-amine class may
be prioritized for in vivo efficacy testing against YFV.

■ INTRODUCTION
Yellow fever (YF) is an acute viral hemorrhagic disease
transmitted by mosquito-borne flavivirus1,2 with the highest
prevalence found in Africa and South America3 with mortality
rates up to 50%.4 Despite the availability of a safe and effective
vaccine,5 there has been an increase in unvaccinated
populations with outbreaks in Brazil and Angola in 2016.6−8

This could be due to various reasons, such as vaccine
hesitancy, inadequate healthcare infrastructure, and low
awareness about the importance of vaccination. At the same
time, this opens up the possibility of developing small-
molecule drugs. There are currently no approved small-
molecule-specific antivirals for the treatment of yellow fever
virus infection. Nucleoside analogues, such as ribavirin,9

sofosbuvir,10 galidesivir,11 and favipiravir,12 have mostly been
tested in animal models and have not yet reached clinical trials.
Moreover, in recent years, most of the flavivirus drug discovery
campaigns have focused on broad-spectrum agents for dengue
and Zika viruses, while the need for small-molecule YF
inhibitors has not yet been met.13

The reason for this lack of attention is the relatively small
number of confirmed infections as well as the neglected disease
status, which create a limited market size and commercial

opportunity. Therefore, efforts are still needed to cost-
effectively identify new molecules for YFV,14 such as high-
throughput screening (HTS)15 and machine learning meth-
ods.16 In the simplest form, machine learning approaches use
an array of algorithms (e.g., naiv̈e-Bayesian classifier,17−19

random forests (rf),20,21 or support vector machines
(svm))22−24 and molecular descriptors (fingerprints or
physicochemical properties like log P and others) to generate
models that can be used to score compound libraries.25−27

Rajput and Kumar have previously developed svm and rf
regression models with data for many different flaviviruses,
although the amount of YFV data used in the training set was
comparatively small.28 We have also applied various machine
learning approaches to YFV.29 First, we curated YFV cell-based
assay data from the literature and public databases and then
generated numerous machine learning models. These were
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validated with an external test set before use for prioritizing
and ultimately selecting five compounds for in vitro testing.
While the training set was limited, one molecule, a
pyrazolesulfonamide derivative RCB16003, showed a low
micromolar potency (EC50 3.2 μM) and acceptable cytotox-
icity (CC50 24 μM) against YFV and represented a new
scaffold suitable for hit-to-lead optimization.29 While sulfona-
mides are a well-known class of drugs with antiviral activity for
HBV,30 HIV,31 and HCV,30 they had not previously been
described for YFV.
We now describe how we have progressed from RCB16003

to a similar 1-sulfonyl-3-amino-1H-1,2,4-triazole scaffold and
describe the structure−activity relationship (SAR) analysis for
YFV. We have also characterized RCB16007 in detail
generating absorption, distribution, metabolism, and excretion
(ADME) and in vivo pharmacokinetics (PK) in mice.

■ METHODS
Data Curation. The curation of our legacy yellow fever

inhibition data was previously described.29 Additional inhib-
ition data were downloaded from ChEMBL (CHEMBL375):
ChEMBL ID CHEMBL613731 (yellow fever virus), EC50
only. This data was combined with the previously curated
data and was then sanitized using our proprietary software “E-
Clean”, which uses open-source RD-Kit tools to remove
duplicate compounds and salts and neutralize charges. There
was significant overlap between these data sets. Prior to
combining, each compound was binarized at the model
threshold, and only data that had an 80% classification
agreement was retained. Based on this, there was some
variation in the final data set sizes based on the threshold. Data
sets were further standardized within the latest version of the
Assay Central software, which uses the Indigo Toolkit.32

Machine Learning. Machine learning models and
algorithms were generated using our proprietary Assay Central
software,33 and this is described further in the Supporting
Information. In short, regression and classification models were
built from the existing literature using several machine learning
algorithms and were validated using 5-fold cross-validation.

t-SNE Visualization. t-SNE34 plots embed data into a
lower-dimensional space. For each compound, 1024-bit
ECFP6 fingerprints were generated and embedded into a
two-dimensional vector using t-SNE. All t-SNE values were
generated using the scikit-learn library in python with default
hyperparameters (n_components = 2, perplexity = 30, early
exaggeration = 12.0, learning rate = 200, n_iter = 1000).

Synthetic Procedures. General synthesis methods can be
found in the Supporting Information. Synthesis of compounds
RCB16007, 17152, 17158, 17159, 18320, 20108, 20116,
21055, 21065, 21066, and their physicochemical properties
were described previously by Lane et al.35

Synthesis of N′-Cyano-N-Substituted Phenylcarbami-
midothioic Acid Methyl Esters 1. Method A.

(a) Dimethylthiocarbamoyl chloride (1.0−1.1 equiv) was
added to a solution of the corresponding aniline (1.0
equiv) in dry toluene or benzene, and the reaction
mixture was stirred at reflux for 2−3 h. The mixture was
then cooled to room temperature, treated with hexane,
and the resulting precipitate was filtered off. The organic
solution was evaporated in vacuo, and the corresponding
isothiocyanatobenzene was obtained and used without
further purification.

(b) A mixture of sodium ethoxide (1.0−1.2 equiv) and
cyanamide (1.0 equiv) in ethanol (20 mL) was stirred at
room temperature for 30−40 min. The corresponding
isothiocyanatobenzene from the previous step (1.0−1.2
equiv) was then added to the mixture. After stirring at
room temperature for an additional 1.5 h, iodomethane
(2.0−2.5 equiv) was added to the mixture, and the
reaction mixture was stirred at reflux for 1−2 h and at
room temperature overnight. The resulting precipitate
was filtered and dried to give the corresponding
phenylcarbamimidothioic acid methyl esters 1.

Method B.

(c) A mixture of the corresponding aniline (1.0−1.2 equiv)
and dimethyl cyanodithioiminocarbonate (1.0 equiv) in
EtOH (10 mL) was stirred at reflux for 3−4 h. The
reaction mixture was then cooled, and the precipitate
formed was filtered, washed with hexane, and recrystal-
lized from ethanol to give the corresponding phenyl-
carbamimidothioic acid methyl esters 1.

Synthesis of N3-Substituted Phenyl-1H-1,2,4-triazole-
3,5-diamines 2. A solution of hydrazine hydrate (3.0−5.0
equiv) in water (50 mL) was added to a solution of
phenylcarbamimidothioic acid methyl esters 1 (1.0−1.5
equiv) in ethanol (30 mL), and the reaction mixture was
stirred at 70 °C for 3−4 h. The mixture was then cooled to
room temperature and poured in ice water. The precipitate
formed was filtered, dried, and recrystallized from ethanol to
give the corresponding 1H-1,2,4-triazole-3,5-diamine 2.

Synthesis of 1-Sulfonyl-3-amino-1H-1,2,4-triazoles 3
and 4. Substituted benzenesulfonyl chloride or naphthalene-
sulfonyl chloride (1.0−1.2 equiv) was added to the suspension
of the corresponding phenyl-1H-1,2,4-triazole-3,5-diamine 2
(1.0 equiv) in pyridine (5 mL), and the reaction mixture was
stirred at room temperature overnight (12 h). The mixture was
then diluted with water and stored in a refrigerator at 4 °C for
6−24 h. The resulting precipitate was filtered and purified as
indicated below to give the corresponding final product.
1-((4-Fluorophenyl)sulfonyl)-N3-(naphthalen-1-yl)-1H-

1,2,4-triazole-3,5-diamine RCB14103.

Yield 49%, mp 188−90 °C (EtOH). 1H NMR (200 MHz;
DMSO-d6; δ, ppm; J, Hz): 7.44 (s, 2H, NH2), 7.37−7.65 (m,
4H, HC(3″,4″,6″,7″)), 7.79 (d, 1H, HC(5″), J = 6.8), 7.87
(dd, 1H, HC(8″), J = 7.0, 1.8), 8.04 (dd, 2H, HC(2′,6′), J =
8.9, 5.1), 8.15 (dd, 1H, HC(2″), J = 7.4, 1.8), 9.07 (s, 1H,
NH). 13C NMR (50 MHz; DMSO-d6; δ, ppm): 116.07
(C(2″)), 117.08 (d, C(3′,5′), J = 22.2), 122.16 (C(8″)),
122.45 (C(4″)), 125.16 (C(8a″)), 125.79 (C(3″,6″,7″)),
127.96 (C(5″)), 130.70 (d, C(2′,6′), J = 10.0), 132.28 (d,
C(1′), J = 3.0), 133.71 (C(4a″)), 135.71 (C(1″)), 157.71
(C(5)), 161.16 (C(3)), 165.50 (d, C(4′), J = 253.0). MS (EI):
m/z 383. Anal. Calcd for C18H14FN5O2S: C, 56.39; H, 3.68; N,
18.27. Found: C, 56.47; H, 3.74; N, 18.24.
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N3-(4-Fluorophenyl)-1-(naphthalen-2-ylsulfonyl)-1H-
1,2,4-triazole-3,5-diamine RCB16008.

Yield 42%, mp 235−7 °C (EtOH/DMF). 1H NMR (200
MHz; DMSO-d6; δ, ppm; J, Hz): 7.08 (t, 2H, HC(3″,5″), J =
8.9), 7.45 (m, 4H, NH2, HC(2″,6″)), 7.60−7.80 (m, 2H,
HC(6′,7′)), 7.90 (dd, 1H, HC(8′), J = 8.7, 1.7), 8.05 (d, 1H,
HC(3′), J = 7.2), 8.19 (d, 1H, HC(5′), J = 9.2), 8.24 (d, 1H,
HC(4′), J = 7.1), 8.74 (s, 1H, HC(1′)), 9.21 (s, 1H, NH). 13C
NMR (50 MHz; DMSO-d6; δ, ppm): 115.10 (d, J = 22.0),
117.93 (d, J = 7.5), 121.79, 127.95, 128.10, 129.47, 129.52,
129.77, 129.89, 131.37, 132.92, 134.99, 137.03 (d, J = 2.0),
156.31 (d, J = 235.0), 157.48, 159.75. MS (EI): m/z 383. Anal.
Calcd for C18H14FN5O2S: C, 56.39; H, 3.68; N, 18.27. Found:
C, 56.45; H, 3.73; N, 18.23.
1-((4-Fluorophenyl)sulfonyl)-N3-(p-tolyl)-1H-1,2,4-tria-

zole-3,5-diamine RCB16025.

Yield 26%, mp 184−6 °C (column, hexane/ethyl acetate 1:1).
1H NMR (200 MHz; DMSO-d6; δ, ppm; J, Hz): 2.21 (s, 3H,
CH3), 7.04 (d, 2H, HC(3″,5″), J = 8.4), 7.34 (d, 2H,
HC(2″,6″), J = 8.5), 7.38 (s, 2H, NH2), 7.53 (t, 2H,
HC(3′,5′), J = 8.8), 7.90−8.12 (dd, 2H, HC(2′,6′), J = 5.0,
8.9), 9.09 (s, 1H, NH). 13C NMR (50 MHz; DMSO-d6; δ,
ppm): 20.22, 116.67, 116.99 (d, J = 25.4), 128.86, 129.01,
130.62 (d, J = 10.5), 132.22 (d, J = 4.2), 138.07, 157.42,
160.00, 162.91, 165.44 (d, J = 252.0). MS (EI): m/z 347. Anal.
Calcd for C15H14FN5O2S: C, 51.87; H, 4.06; N, 20.16. Found:
C, 51.95; H, 4.11; N, 20.20.
N3-(p-Tolyl)-1-tosyl-1H-1,2,4-triazole-3,5-diamine

RCB16036.

Yield 23%, mp 202−4 °C (iPrOH). 1H NMR (200 MHz;
DMSO-d6; δ, ppm; J, Hz): 2.21 (s, 3H, H3C(C4″)), 2.37 (s,
3H, H3C(C4′)), 7.03 (d, 2H, HC(3″,5″), J = 8.4), 7.32 (s, 2H,
NH2), 7.34 (d, 2H, HC(2″,6″), J = 8.2), 7.45 (d, 2H,
HC(3′,5′), J = 8.3), 7.83 (d, 2H, HC(2′,6′), J = 8.3), 9.05 (s,
1H, NH). 13C NMR (50 MHz; DMSO-d6; δ, ppm): 20.22,
21.07, 116.62, 127.34, 128.77, 128.98, 130.01, 133.07, 138.15,
145.63, 157.42, 159.82. MS (EI): m/z 343. Anal. Calcd for
C16H17N5O2S: C, 55.96; H, 4.99; N, 20.39. Found: C, 56.02;
H, 5.04; N, 20.34.
N3-(4-Methoxyphenyl)-1-(naphthalen-1-ylsulfonyl)-1H-

1,2,4-triazole-3,5-diamine RCB16086.

Yield 26%, mp 201−2 °C (hexane/ethyl acetate). 1H NMR
(200 MHz; DMSO-d6; δ, ppm; J, Hz): 3.69 (s, 3H, CH3), 6.80
(d, 2H, HC(3″,5″), J = 9.0), 7.29 (d, 2H, HC(2″,6″), J = 9.0),
7.40 (s, 2H, NH2), 7.61−7.85 (m, 3H, HC(3′,6′,7′)), 8.11 (d,
1H, HC(5′), J = 7.6), 8.38 (d, 1H, HC(4′), J = 8.2), 8.43 (d,
1H, HC(8′), J = 8.3), 8.88 (s, 1H, NH), 8.96 (d, 1H, HC(2′),
J = 8.5). 13C NMR (50 MHz; DMSO-d6; δ, ppm): 56.77,
113.80, 117.82, 121.75, 122.16, 124.61, 124.83, 127.77, 128.97,
129.29, 132.00, 133.68, 133.92, 136.23, 136.49, 156.33, 159.15.
MS (EI): m/z 395. Anal. Calcd for C19H17N5O3S: C, 57.71; H,
4.33; N, 17.71. Found: C, 57.75; H, 4.26; N, 17.67.
N3-(3,4-Difluorophenyl)-1-(naphthalen-2-ylsulfonyl)-1H-

1,2,4-triazole-3,5-diamine RCB16178.

Yield 23%, mp 228−30 °C (column, hexane/ethyl acetate 6:4).
1H NMR (200 MHz; DMSO-d6; δ, ppm; J, Hz): 7.10−7.20
(m, 1H, HC(5″)), 7.29 (q, 1H, HC(2″), J = 9.3), 7.50 (s, 2H,
NH2), 7.56 (dd, J = 7.3, 2.5 Hz, 1H, HC(6″)), 7.65−7.82 (m,
2H, HC(6′,7′)), 7.89 (dd, 1H, HC(4′), J = 9.0, 1.7), 8.06 (d,
1H, HC(5′), J = 7.4), 8.19 (d, 1H, HC(3′), J = 8.7), 8.23 (d,
1H, HC(8′), J = 7.4), 8.74 (s, 1H, HC(1′)), 9.44 (s, 1H, NH).
13C NMR (50 MHz; DMSO-d6; δ, ppm): 105.17 (d, J = 22.1),
112.66 (dd, J = 2.6, 6.0), 117.31 (d, J = 18.0), 121.70, 127.97,
128.13, 129.52, 129.86, 129.94, 131.37, 132.92, 135.02, 137.77
(dd, J = 2.6, 9.1), 143.35 (dd, J = 13.0, 238.0), 148.88 (dd, J =
14.0, 252.0), 159.40. MS (EI): m/z 401. Anal. Calcd for
C18H13F2N5O2S: C, 53.86; H, 3.26; N, 17.45. Found: C, 53.91;
H, 3.316; N, 17.39.
1-((4-Butylphenyl)sulfonyl)-N3-(4-chlorophenyl)-1H-1,2,4-

triazole-3,5-diamine RCB16185.

Yield 25%, mp 156−8 °C (column hexane/ethyl acetate 6:4).
1H NMR (200 MHz; DMSO-d6; δ, ppm; J, Hz): 0.85 (t, 3H,
CH3, J = 7.2), 1.25 (h, 2H, H2C(C3‴), J = 7.2), 1.53 (p, 2H,
H2C(C2‴), J = 8.1, 7.4), 2.64 (t, 2H, H2Car, J = 7.6), 7.28 (d,
2H, HC(2″,6″), J = 8.9), 7.37 (s, 2H, NH2), 7.47 (d, 4H,
HC(3′,5′,3″,5″), J = 9.2), 7.86 (d, 2H, HC(2′, 6′), J = 8.3),
9.36 (brs, 1H, NH). 13C NMR (50 MHz; DMSO-d6; δ, ppm):
13.58, 21.65, 32.34, 34.60, 118.06, 123.64, 127.42, 128.43,
129.42, 133.28, 139.59, 150.24, 157.31, 159.42. MS (EI): m/z
405. Anal. Calcd for C18H20ClN5O2S: C, 53.26; H, 4.97; N,
17.25. Found: C, 53.32; H, 5.03; N, 17.29.
4-((5-Amino-1-(naphthalen-2-ylsulfonyl)-1H-1,2,4-triazol-

3-yl)amino)benzonitrile RCB17017.

Yield 31%, mp 228−9 °C (CHCl3). 1H NMR (200 MHz;
DMSO-d6; δ, ppm; J, Hz): 7.55 (s, 2H, NH2), 7.58 (d, 2H,
HC(2″,6″), J = 8.8), 7.68 (d, 2H, HC(3″,5″), J = 8.8), 7.72−
7.81 (m, 2H, HC(6′,7′)), 7.90 (dd, 1H, HC(8′), J = 8.7, 2.1),
8.05 (d, 1H, HC(3′), J = 7.3), 8.19 (d, 1H, HC(5′), J = 9.0),
8.24 (d, 1H, HC(4′), J = 7.9), 8.76 (s, 1H, HC(1′)), 9.86 (s,
1H, NH). 13C NMR (50 MHz; DMSO-d6; δ, ppm): 101.42,
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116.62, 119.55, 121.69, 127.97, 128.16, 129.55, 129.92, 130.00,
131.35, 132.82, 133.17, 135.04, 144.65, 157.35, 159.00. MS
(EI): m/z 390. Anal. Calcd for C19H14N6O2S: C, 58.45; H,
3.61; N, 21.53. Found: C, 58.50; H, 3.67; N, 21.58.
3-((5-Amino-1-(naphthalen-2-ylsulfonyl)-1H-1,2,4-triazol-

3-yl)amino)benzonitrile RCB17019.

Yield 19%, mp 237−9 °C (EtOH). 1H NMR (200 MHz;
DMSO-d6; δ, ppm; J, Hz): 7.27 (d, 1H, HC(6″), J = 7.6), 7.44
(t, 1H, HC(5″), J = 7.9), 7.54 (brs, 2H, NH2), 7.64−7.81 (m,
3H, HC(6′,7,4″)), 7.83 (s, 1H, HC(2″)), 7.90 (dd, 1H,
HC(4′), J = 8.8, 1.8), 8.06 (d, 1H, HC(5′), J = 7.3), 8.19 (d,
1H, HC(3′), J = 8.3), 8.23 (d, 1H, HC(8′), J = 8.6), 8.74 (d,
1H, HC(1′), J = 1.7), 9.65 (brs, 1H, NH). 13C NMR (50
MHz; DMSO-d6; δ, ppm): 111.40, 118.84, 119.03, 121.16,
121.72, 123.55, 127.98, 128.16, 129.52, 129.87, 129.98, 130.07,
131.37, 132.92, 135.04, 141.39, 157.41, 159.27. MS (EI): m/z
390. Anal. Calcd for C19H14N6O2S: C, 58.45; H, 3.61; N,
21.53. Found: C, 58.52; H, 364; N, 21.48.
4-((5-Amino-1-(naphthalen-2-ylsulfonyl)-1H-1,2,4-triazol-

3-yl)amino)benzoic Acid Ethyl Ester RCB17024.

Yield 36%, mp 232−4 °C (CH3CN). 1H NMR (200 MHz;
DMSO-d6; δ, ppm; J, Hz): 1.29 (t, 3H, CH3, J = 7.1), 4.25 (q,
2H, CH2, J = 7.1), 7.53 (m, 4H, HC(3″,5″), NH2), 7.65−7.74
(m, 2H, HC(6′,7′)), 7.84 (d, 2H, HC(2″,6″), J = 8.8), 7.93
(dd, 1H, HC(8′), J = 8.7, 1.8), 8.05 (d, 1H, HC(3′), J = 7.2),
8.19 (d, 1H, HC(5′), J = 9.0), 8.25 (d, 1H, HC(4′), J = 7.4),
8.77 (s, 1H, HC(1′)), 9.71 (s, 1H, NH). 13C NMR (50 MHz;
DMSO-d6; δ, ppm): 14.21, 60.09, 115.91, 121.10, 121.79,
127.95, 128.13, 129.56, 129.86, 129.98, 130.29, 131.38, 132.86,
135.04, 144.89, 157.36, 159.21, 165.46. MS (EI): m/z 437.
Anal. Calcd for C21H19N5O4S: C, 57.66; H, 4.38; N, 16.01.
Found: C, 57.71; H, 4.45; N, 16.05.
5-((5-Amino-3-((4-chlorophenyl)amino)-1H-1,2,4-triazol-

1-yl)sulfonyl)-2-naphthonitrile RCB17099.

Yield 17%, mp 215−7 °C (column, CHCl3/MeOH 9:1). 1H
NMR (200 MHz; DMSO-d6; δ, ppm; J, Hz): 7.28 (d, 2H,
HC(3″,5″), J = 9.1), 7.38 (d, 2H, HC(2″,6″), J = 9.1), 7.53 (s,
2H, NH2), 7.93 (t, 1H, HC(7′), J = 7.9), 8.16 (d, 1H, HC(3′),
J = 8.9), 8.49 (d, 1H, HC(8′), J = 8.0), 8.62 (d, 1H, HC(6′), J
= 7.5), 8.78 (s, 1H, HC(1′)), 9.13 (d, 1H, HC(4′), J = 9.1),
9.34 (s, 1H, NH). 13C NMR (50 MHz; DMSO-d6; δ, ppm):
110.02, 117.95, 118.18, 123.76, 126.43, 126.61, 128.40, 128.54,
128.85, 132.18, 132.76, 133.46, 135.31, 136.88, 139.28, 156.44,
159.03. MS (EI): m/z 424. Anal. Calcd for C21H13ClN6O2S: C,
53.71; H, 3.08; N, 19.78. Found: C, 53.79; H, 3.13; N, 19.74.

5-((5-Amino-3-((4-fluorophenyl)amino)-1H-1,2,4-triazol-
1-yl)sulfonyl)-1-naphthonitrile RCB17150.

Yield 21%, mp 228−30 °C (EtOH). 1H NMR (200 MHz;
DMSO-d6; δ, ppm; J, Hz): 7.08 (t, 2H, HC(3″, 5″), J = 8.9),
7.38 (dd, 2H, HC(2″,6″), J = 9.1, 4.8), 7.51 (s, 2H, NH2),
7.91−8.10 (m, 2H, HC(3′,7′)), 8.35 (d, 1H, HC(2′), J = 7.2),
8.53 (d, 1H, HC(6′), J = 8.5), 8.62 (d, 1H, HC(8′), J = 7.5),
9.21 (s, 1H, NH), 9.38 (d, 1H, HC(4′), J = 8.8). 13C NMR
(50 MHz; DMSO-d6; δ, ppm): 116.02, 121.15, 122.69, 123.60,
123.75, 130.75, 132.48, 133.52, 133.73, 133.78, 136.45, 137.79,
138.06, 138.27, 138.88, 140.48, 142.60, 159.84, 162.32, 163.29,
165.11. MS (EI): m/z 408. Anal. Calcd for C19H13FN6O2S: C,
55.88; H, 3.21; N, 20.58. Found: C, 55.95; H, 3.26; N, 20.63.
5-((5-Amino-3-((4-fluorophenyl)amino)-1H-1,2,4-triazol-

1-yl)sulfonyl)-2-naphthonitrile RCB17153.

Yield 20%, mp 213−5 °C (column, CHCl3/CH3OH 9:1). 1H
NMR (200 MHz; DMSO-d6; δ, ppm; J, Hz): 7.08 (t, 2H,
HC(3″,5″), J = 8.9), 7.36 (dd, 2H, HC(2″,6″), J = 9.1, 4.7),
7.50 (brs, 2H, NH2), 7.93 (t, 1H, HC(7′), J = 7.8), 8.14 (dd,
1H, HC(3′), J = 9.1, 1.9), 8.50 (d, 1H, HC(8′), J = 8.2), 8.61
(d, 1H, HC(6′), J = 7.4), 8.78 (d, 1H, HC(1′), J = 1.8), 9.14
(d, 1H, HC(4′), J = 9.0), 9.19 (s, 1H). 13C NMR (126 MHz;
DMSO-d6; δ, ppm): 110.55, 115.54 (d, J = 9.0), 118.40 (d, J =
2.5), 118.70, 121.15, 126.98, 127.12, 129.28, 129.86, 132.82,
133.29, 133.93, 135.80, 137.34, 156.86 (d, J = 224.0), 157.75,
159.80. MS (EI): m/z 408. Anal. Calcd for C19H13FN6O2S: C,
55.88; H, 3.21; N, 20.58. Found: C, 55.94; H, 3.24; N, 20.51.
N3-(4-Chloro-3-methylphenyl)-1-(naphthalen-2-ylsulfon-

yl)-1H-1,2,4-triazole-3,5-diamine RCB17154.

Yield 20%, mp 218−20 °C (iPrOH/DMF). 1H NMR (200
MHz; DMSO-d6; δ, ppm; J, Hz): 2.23 (s, 3H, CH3), 7.24 (d,
1H, HC(5″), J = 8.7), 7.32 (s, 1H, HC(2″)), 7.34 (dd, 1H,
HC(6″), J = 2.5, 8.7), 7.46 (brs, 2H, NH2), 7.70−7.84 (m, 2H,
HC(6′,7′)), 7.90 (dd, 1H, HC(4′), J = 8.7, 1.8), 8.05 (d, 1H,
HC(5′), J = 7.2), 8.18 (d, 1H, HC(3′), J = 8.3), 8.23 (d, 1H,
HC(8′), J = 8.6), 8.74 (d, 1H, HC(1′), J = 1.7), 9.26 (brs, 1H,
NH). 13C NMR (50 MHz; DMSO-d6; δ, ppm): 19.91, 115.79,
118.94, 121.81, 124.04, 127.95, 128.10, 128.84, 129.52, 129.77,
129.90, 131.36, 132.93, 135.01, 135.16, 139.50, 157.39, 159.54.
MS (EI): m/z 413. Anal. Calcd for C19H16ClN5O2S: C, 55.14;
H, 3.90; N, 16.92. Found: C, 55.21; H, 3.98; N, 16.87.
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N5-(3,4-Dichlorophenyl)-1-(naphthalen-2-ylsulfonyl)-1H-
1,2,4-triazole-3,5-diamine RCB17160.

Yield 13%, mp 223−5 °C (column, CHCl3/CH3OH 9:1). 1H
NMR (200 MHz; DMSO-d6; δ, ppm; J, Hz): 6.11 (brs, 2H,
NH2), 7.60 (d, 1H, HC(5″), J = 8.8), 7.66 (dd, 1H, HC(6″), J
= 2.0, 8.8), 7.73−7.85 (m, 2H, HC(6′,7′)), 8.05 (d, 1H,
HC(2″), J = 2.0), 8.07 (d, 1H, HC(5′), J = 7.5), 8.16 (d, 1H,
HC(3′), J = 8.3), 8.20 (d, 1H, HC(8′), J = 8.6), 8.64 (s, 1H,
HC(1′)), 9.51 (s, 1H, NH). 13C NMR (50 MHz; DMSO-d6; δ,
ppm): 119.61, 120.52, 121.78, 124.52, 127.95, 128.10, 129.55,
129.82, 129.99, 130.50, 130.98, 131.35, 132.59, 135.03, 138.67,
154.39, 163.40. MS (EI): m/z 434. Anal. Calcd for
C18H13Cl2N5O2S: C, 49.78; H, 3.02; N, 16.13. Found: C,
49.85; H, 3.08; N, 16.07.
4-((5-Amino-1-(naphthalen-2-ylsulfonyl)-1H-1,2,4-triazol-

3-yl)amino)-3-methylbenzonitrile RCB17162.

Yield 34%, mp 125−7 °C (EtOH). 1H NMR (200 MHz;
DMSO-d6; δ, ppm; J, Hz): 2.18 (s, 3H, CH3), 7.46−7.62 (m,
4H, NH2, HC(2″,6″)), 7.66−7.84 (m, 2H, HC(6′,7′)), 7.90
(dd, 1H, HC(4′), J = 8.7, 1.8), 7.94 (d, 1H, HC(5″), J = 8.3),
8.07 (d, 1H, HC(5′), J = 7.2), 8.21 (d, 1H, HC(3′), J = 8.3),
8.25 (d, 1H, HC(8′), J = 8.2), 8.53 (s, 1H, NH), 8.75 (d, 1H,
HC(1′), J = 1.7). 13C NMR (50 MHz; DMSO-d6; δ, ppm):
17.48, 102.45, 118.09, 119.42, 121.70, 127.19, 127.98, 128.16,
129.58, 129.96 (2C), 130.67, 131.40, 132.94, 133.56, 135.07,
143.02, 157.42, 159.48. MS (EI): m/z 404. Anal. Calcd for
C20H16N6O2S: C, 59.39; H, 3.99; N, 20.78. Found: C, 59.45;
H, 4.04; N, 20.71.
N3-(4-Chlorophenyl)-1-((4-phenoxyphenyl)sulfonyl)-1H-

1,2,4-triazole-3,5-diamine RCB17166.

Yield 21%, mp 210−2 °C (CHCl3, then CH3CN). 1H NMR
(200 MHz; DMSO-d6; δ, ppm; J, Hz): 7.10−7.21 (m, 4H,
HC(3′,5′,2‴,6‴)), 7.23−7.29 (m, 3H, HC(3‴,4‴,5‴)), 7.30
(s, 2H, NH2), 7.40 (d, 2H, HC(3″,5″), J = 9.0), 7.44−7.51 (m,
4H, HC(2″,6″)), 7.95 (d, 2H, HC(2′,6′), J = 8.8), 9.39 (s, 1H,
NH). 13C NMR (50 MHz; DMSO-d6; δ, ppm): 117.38,
118.08, 120.54, 123.64, 125.42, 128.45, 129.35, 130.19, 130.44,
139.59, 154.02, 157.22, 159.42, 162.51. MS (EI): m/z 441.
Anal. Calcd for C20H16ClN5O3S: C, 54.36; H, 3.65; N, 15.85.
Found: C, 54.41; H, 3.70; N, 15.88.

4-((1-((6-Acetylnaphthalen-1-yl)sulfonyl)-5-amino-1H-
1,2,4-triazol-3-yl)amino)-2-chlorobenzonitrile RCB22055.

Yield 36%, mp 270−3 °C (column, CHCl3/CH3OH 9:1). 1H
NMR (200 MHz; DMSO-d6; δ, ppm; J, Hz): 2.70 (s, 3H,
CH3), 7.36 (dd, 1H, HC(6″), J = 8.7, 2.2), 7.67 (s, 2H, NH2),
7.73 (d, 1H, HC(2″), J = 2.2), 7.75 (d, 1H, HC(5″), J = 8.7),
7.88 (t, 1H, HC(3′), J = 7.9), 8.22 (dd, 1H, HC(7′), J = 9.1,
1.8), 8.60 (d, 2H, HC(2′,4′), J = 7.7), 8.83 (d, 1H, HC(5′), J =
1.7), 8.99 (d, 1H, HC(8′), J = 9.0), 10.07 (s, 1H, NH). 13C
NMR (50 MHz; DMSO-d6; δ, ppm): 26.79, 101.84, 115.44,
116.22, 116.73, 124.80, 125.82, 126.31, 129.78, 131.14, 131.80,
133.14, 133.40, 134.92 (2C), 136.08, 138.25, 145.69, 156.45,
158.06, 197.45. MS (EI): m/z 466. Anal. Calcd for
C21H15ClN6O3S: C, 54.02; H, 3.24; N, 18.00. Found: C,
54.11; H, 3.31; N, 18.06.
4-((1-((6-Acetylnaphthalen-1-yl)sulfonyl)-5-amino-1H-

1,2,4-triazol-3-yl)amino)benzonitrile RCB22056.

Yield 24%, mp 210−5 °C (column, CHCl3/CH3OH 9:1). 1H
NMR (200 MHz; DMSO-d6; δ, ppm; J, Hz): 2.70 (s, 3H,
CH3), 3.89 (s, 2H, CH2), 7.16 (d, 2H, HC(2″,6″), J = 8.4),
7.36 (d, 2H, HC(3″,5″), J = 8.4), 7.52 (brs, 2H, NH2), 7.87 (t,
1H, HC(3′), J = 7.9), 8.19 (dd, 1H, HC(7′), J = 9.1, 1.8), 8.57
(d, 2H, HC(2′,4′), J = 7.8), 8.82 (d, 1H, HC(5′), J = 1.8), 9.03
(d, 1H, HC(8′), J = 9.1), 9.23 (s, 1H, NH). 13C NMR (50
MHz; DMSO-d6; δ, ppm): 21.68, 26.80, 116.88, 119.52,
122.52, 125.26, 125.77, 126.03, 128.37, 129.89, 130.99, 132.08,
132.95, 133.35, 134.83, 137.93, 139.93, 156.51, 159.09, 197.51.
MS (EI): m/z 446. Anal. Calcd for C22H18N6O3S: C, 59.18; H,
4.06; N, 18.82. Found: C, 59.25; H, 4.13; N, 18.89.
4-((5-Amino-1-((6-(2-cyanovinyl)naphthalen-1-yl)-

sulfonyl)-1H-1,2,4-triazol-3-yl)amino)-2-ethynylbenzonitrile
RCB22057.

Yield 19%, mp 298−300 °C (column, CHCl3/CH3OH 9:1).
1H NMR (200 MHz; DMSO-d6; δ, ppm; J, Hz): 6.67 (d, 1H,
HC = (2‴), J = 16.7), 7.66−7.89 (m, 5H, HC(1‴,3″,6″,
NH2)), 7.96 (d, 1H, HC(5″), J = 8.8), 8.10 (dd, 1H, HC(7′), J
= 9.1, 1.8), v8.33 (d, 1H, HC(5′), J = 1.8), 8.41 (d, 1H,
HC(2′), J = 8.2), 8.53 (d, 1H, HC(4′), J = 7.4), 8.87 (d, 1H,
HC(8′), J = 9.1), 10.30 (s, 1H, NH). 13C NMR (50 MHz;
DMSO-d6; δ, ppm): 99.08, 103.94, 115.28, 116.16, 116.57,
118.46, 120.15 (2C), 124.83, 125.91, 125.97, 128.52, 130.22,
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131.80, 132.28, 132.65, 133.65, 134.90, 137.32, 144.87, 149.24,
156.42, 157.88. MS (EI): m/z 466. Anal. Calcd for
C23H13N8O2S: C, 59.22; H, 3.03; N, 24.02. Found: C, 59.31;
H, 3.09; N, 24.05.

Synthesis of 5-Amino-3-(disubstituted phenylami-
no)-1H-pyrazole-4-carbonitriles 5. A mixture of the
corresponding aniline (1.0−1.2 equiv) and 2-(bis(methylthio)-
methylene)malononitrile (1.0 equiv) in EtOH (20 mL) was
stirred at reflux for 3 h. After completion of the reaction
(monitored by thin-layer chromatography (TLC) hexane/
acetone 2:1), the mixture was cooled to room temperature.
When a precipitate appeared, hydrazine hydrate (2.0−2.5
equiv) was added, and the reaction mixture was stirred at reflux
for an additional 2 h. After the completion of the reaction, the
mixture was cooled to room temperature and poured into cold
water. The precipitate of the corresponding product was
filtered, dried, and used without further purification.

Synthesis of N-(4-Cyano-3-(disubstituted phenylami-
no)-1H-pyrazol-5-yl)naphthalene-2-sulfonamides 6. A
mixture of naphthalenesulfonyl chloride (1.0−1.3 equiv) and
the corresponding aminopyrazole (1.0 equiv) in pyridine (5
mL) was stirred at room temperature for 2−3 days. After
completion of the reaction (monitored by TLC hexane/
acetone 2:1), the mixture was poured into ice water, and the
precipitate was filtered, dried, and recrystallized from ethanol
to give the corresponding final product.
N-(3-((4-Chlorophenyl)amino)-4-cyano-1H-pyrazol-5-yl)-

naphthalene-2-sulfonamide RCB16002.

Yield 18%, mp 226−9 °C. 1H NMR (200 MHz; DMSO-d6; δ,
ppm; J, Hz): 7.27 (d, 2H, HC(3″,5″), J = 8.9), 7.50 (d, 2H,
HC(2″, 6″), J = 8.9), 7.63 (brs, 2H, 2NH), 7.67−7.83 (m, 2H,
HC(6′, 7′)), 7.89 (dd, 1H, HC(4′), J = 8.7, 1.9), 8.06 (d, 1H,

HC(5′), J = 7.2), 8.20 (d, 1H, HC(3′), J = 8.9), 8.25 (d, 1H,
HC(8′), J = 7.6), 8.74 (d, 1H, HC(1′), J = 1.6), 8.89 (brs, 1H,
NH). 13C NMR (50 MHz; DMSO-d6; δ, ppm): 112.48,
119.04, 121.70, 124.40, 128.00, 128.19, 128.37, 129.61, 129.93,
130.08, 131.37, 132.40, 135.11, 139.50, 152.78, 156.02. MS
(EI): m/z 423. Anal. Calcd for C20H14ClN5O2S: C, 56.67; H,
3.33; N, 16.52. Found: C, 56.73; H, 3.39; N, 16.48.
N-(4-Cyano-3-((4-fluorophenyl)amino)-1H-pyrazol-5-yl)-

naphthalene-2-sulfonamide RCB16003.

Yield 59%, mp 175−7 °C. 1H NMR (200 MHz; DMSO-d6; δ,
ppm; J, Hz): 7.09 (t, 2H, HC(3″,5″), J = 8.9), 7.52 (dd, 2H,
HC(2″,6″), J = 9.0, 4.8), 7.66−7.83 (m, 4H, 2NH,
HC(6′,7′)), 7.88 (dd, 1H, HC(8′), J = 8.7, 1.8), 8.07 (d,
1H, HC(3′), J = 7.2), 8.21 (d, 1H, HC(5′), J = 9.2), 8.26 (d,
1H, HC(4′), J = 7.2), 8.76 (s, 1H, HC(1′)), 8.88 (s, 1H, NH).
13C NMR (50 MHz; DMSO-d6; δ, ppm): 65.18, 112.57,
115.04 (d, J = 22.0), 119.11 (d, J = 7.5), 121.70, 128.00,
128.19, 129.59, 129.83, 129.91, 130.06, 131.37, 132.43, 135.10,
136.96, 153.08, 156.09, 156.70 (d, J = 237.0). MS (EI): m/z
407. Anal. Calcd for C20H14FN5O2S: C, 58.96; H, 3.46; N,
17.19. Found: C, 59.02; H, 3.52; N, 17.17.
N-(4-Cyano-3-((3,4-difluorophenyl)amino)-1H-pyrazol-5-

yl)naphthalene-2-sulfonamide RCB16004.

Scheme 1. Synthesis of 1-Sulfonyl-3-amino-1H-1,2,4-triazoles 3 and 4a

a(a) Dimethiocarbamoyl chloride, toluene, or benzene, reflux; (b) NaOEt, NH2CN, MeI, EtOH, reflux; (c) EtOH, reflux; (d) hydrazine hydrate,
EtOH, reflux; (e) PhSO2Cl or NapSO2Cl, pyridine, rt.
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Yield 21%, mp 239−42 °C. 1H NMR (200 MHz; DMSO-d6; δ,
ppm; J, Hz): 7.20−7.40 (m, 2H, HC(2″,5″)), 7.50−7.65 (m,
1H, HC(6″)), 7.76 (s, 2H, 2NH), 7.67−7.82 (m, 1H,
HC(5′,6′)), 7.87 (dd, 1H, HC(7′), J = 9.0, 1.9), 8.07 (d,
1H, HC(4′), J = 7.4), 8.20 (d, 1H, HC(3′), J = 8.1), 8.24 (d,
1H, HC(8′), J = 9.0), 8.76 (d, 1H, HC(1′), J = 1.5), 9.12 (s,
1H, NH). 13C NMR (50 MHz; DMSO-d6; δ, ppm): 106.27 (d,
J = 22.1), 112.42, 113.66 (dd, J = 2.7, 6.0), 117.23 (d, J =
17.5), 121.61, 128.01, 128.22, 129.58, 129.79, 130.01, 130.12,
131.34, 132.42, 135.13, 137.65 (dd, J = 2.6, 9.1), 143.88 (dd, J
= 14.0, 254.0), 148.70 (dd, J = 14.0, 255.0), 152.69, 155.90.
MS (EI): m/z 425. Anal. Calcd for C20H13F2N5O2S: C, 56.47;
H, 3.08; N, 16.46. Found: C, 56.53; H, 3.12; N, 16.48.

Yellow Fever Virus Inhibition Assay in Huh7 Cells.
YFV inhibition assays were performed through the NIAID In
Vitro Assessment for Antimicrobial Activity program and are
detailed in the Supporting Information. Briefly, compounds
were tested for a cytopathic effect against YFV 19D-infected
Huh7 cells. Four concentration assays were performed using
Infergen as a positive control and visualized using a neutral red
dye. EC50 and CC50 values were obtained by linear regression
analysis and the selectivity index (SI) was calculated by
dividing the EC50 by the CC50.
In Vitro ADME/Tox Assays. In vitro ADME studies were

performed by BioDuro (San Diego, CA) and fully described in
the Supporting Information. Kinetic solubility was calculated
from the concentration of each compound in a Universal
Aqueous buffer with reference to a standard curve. Caco-2

permeability was calculated by treating preincubated Caco-2
cells with each compound and measuring the change in
concentration between the apical and basolateral sides of the
cells. Human CYP inhibition was measured by liquid
chromatography−mass spectrometry (LCMS) after treating
each of the compounds with a human liver microsome
solution. Mouse/human liver microsome stability and
clearance were determined by LCMS analysis of each
compound after treatment with a liver microsome solution.
Plasma protein binding was determined by equilibrium dialysis
using LCMS to measure the concentration. Cytotoxicity was
determined by treating Huh-7D12 and THP-1 cells with each
compound, and cell viability after 72 h was assessed by
resazurin fluorescence. Mutagenicity was evaluated by
Escherichia coli PQ3736 using 4-nitroquinoline N-oxide as a
positive control. Pharmacokinetic studies were performed
using male Balb/C mice blood, brain, and liver samples
collected up to 24 h after intragastric dosing of each
compound.

■ RESULTS
Synthesis of Target Compounds. The target compounds

were synthesized according to Schemes 1 and 2. The key
intermediate N′-cyano-N-substituted phenylcarbamimidothioic
acid methyl esters 1 can be synthesized by two different
methods (Scheme 1). Method A is a two-step process
involving the preparation of aryl thiocyanates, followed by
treatment with sodium ethoxide and cyanamide. Method B

Scheme 2. Synthesis of 2-Sulfonyl-4-cyano-1H-pyrazoles 6a

a(a) EtOH, reflux; (b) hydrazine hydrate, EtOH, reflux; (c) NapSO2Cl, pyridine, rt.

Table 1. In Vitro Effects of Phenylsulfonyl Aminotriazoles on YFV 17D Infection of Huh7 Cells

aPreviously described.35
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consists of a direct reaction of the corresponding aniline with
dimethyl cyanocarbonimidodithioate. The N′-cyano-N-substi-
tuted phenylcarbamimidothioic acid methyl esters 1 were then
allowed to react with hydrazine hydrate to cyclize into a 1,2,4-
triazole ring. Treatment of the corresponding substituted
phenyl-1H-1,2,4-triazole-3,5-diamines 2 with various arylsul-
fonyl chlorides afforded the final triazoles 3. In some cases, we
were also able to isolate another isomer by column
chromatography (compound RCB17160). According to
Scheme 2, the intermediate 4-cyano-5-amino-3-(phenylami-
no)-1H-pyrazoles 5 were prepared in situ after treatment of the
aniline and malononitrile reaction mixture with hydrazine
hydrate. Subsequent treatment of 5 with naphthalenesulfonyl
chloride resulted in the target pyrazoles 6.

Antiviral Activity. The synthesized triazoles and pyrazoles
were then tested for their activity against YFV-infected Huh7
cells. The in vitro antiviral activity was assayed by neutral red

dye uptake, using Infergen as the positive control (EC50 < 0.01
ng/mL, CC50 > 10 ng/mL). The activities of the compounds
against YFV are shown in Tables 1−4, separated based on
structural modifications.

Structure−Activity Relationship (SAR). After identifica-
tion of the initial hit compound RCB16007, we explored the
SAR of this structure by testing a panel of compounds, which
we had previously synthesized as part of our ongoing HIV
program.35 These compounds are composed of either a 1,2,4-
triazole ring or a pyrazole ring between a functionalized aniline
moiety and an arylsulfonyl moiety. A summary of the SAR is
shown in Figure 1. Of the tested compounds, those bearing
more electron-withdrawing groups on the aniline ring
exhibited greater potency, with the exception of the difluoro-
containing compound RCB16178. Aniline fragments bearing
two cyano substituents, such as RCB22057, were also more
active, supporting the idea that electron-deficient yet sterically
bulky aniline rings are important for potency. For example,
compound RCB22055, which bears electron-withdrawing

Table 2. In Vitro Effects of 2-Naphthalenesulfonyl
Aminotriazoles on the YFV 17D Infection of Huh7 Cells

compound R
EC50

(YFV 17D, μM)
CC50

(Huh7, μM) SI50
RCB16007 4-Cl 3.3 32 9.7
RCB16008 4-F >32.0 32.0 <1.0
RCB16178 3,4-F >31.0 31.0 <1.0
RCB17017 4-CN >32.0 32.0 <1.0
RCB17019 3-CN 19.0 >100.0 >5.3
RCB17024 4-CO2Me 2.6 22.0 8.5
RCB17154 3-Me, 4-Cl 4.1 28.0 6.8
RCB17158a 3-Cl, 4-CN 4.0 31.0 7.8
RCB17160b 3,4-Cl >100.0 >100.0 1.0
RCB17162 2-Me, 4-CN 8.1 70.0 8.6
RCB18320a,c 4-Cl 7.7 31.0 4.0

aPreviously described.35 bAryl ring on other NH2.
c6-Cl naphthyl

group.

Table 3. In Vitro Effects of 1-Naphthalenesulfonyl Aminotriazoles on YFV 17D Infection of Huh7 Cells

compound R1 R2 EC50 (YFV 17D, μM) CC50 (Huh7, μM) SI50
RCB16086 4-OMe 32.0 >100.0 >3.1
RCB17099 6-CN 4-Cl 3.6 29.0 8.1
RCB17150 5-CN 4-F 2.9 26.0 9.0
RCB17152a 6-CN 4-CN >100.0 >100.0 1.0
RCB17153 6-CN 4-F 14.0 27.0 1.9
RCB20108a 6-CN 2,4,6-Cl >100.0 >100.0 1.0
RCB21055a 6-CN 3,4-CN 5.2 11.0 2.1
RCB21065a 6-CH�CHCN 3-Cl, 4-CN >17.0 17.0 <1.0
RCB21066a 6-CH�CHCN 4-CH2CN >29.0 29.0 <1.0
RCB22055 6-Ac 3-Cl, 4-CN 1.3 9.9 7.6
RCB22056 6-Ac 4-CH2CN >17.0 17.0 <1.0
RCB22057 6-CH�CHCN 3,4-CN 2.8 37.0 13.0

aPreviously described.35

Table 4. In Vitro Effects of Aminopyrazoles on YFV 17D
Infection of Huh7 Cells

compound R EC50 (YFV 17D, μM) CC50 (Huh7, μM) SI50
RCB16002 4-Cl 7.1 32.0 4.5
RCB16004 3,4-F >36.0 36.0 <1.0

Figure 1. SAR Summary of functional group effects on the compound
potency.
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chloro and cyano groups, displays low micromolar activity,
while RCB22056, which bears an acetonitrile group on the
aniline, is inactive. Similarly, electron-withdrawing groups on
the sulfonyl arene moiety exhibit more potency with electron-
rich arenes, such as those present in RCB16086, resulting in a
complete loss of potency. The presence of a naphthalene ring
in the sulfonyl moieties was generally more active than those
containing a single aromatic ring, and more so with more
strongly electron-withdrawing substituents such as cyano and
acrylonitrile groups. Compound RCB17160, in which the
aniline and sulfonyl moieties are on adjacent atoms in the
triazole and pyrazole rings, did not display any activity. While
this supports the requirement for 1,3-substituted triazoles,
more analogues are needed to gauge the role of the 1,3-
pyrazole core. Lastly, we did not see a significant difference in
the role of the pyrazole versus the triazole scaffold. Pyrazoles
RCB16002 and RCB16004 showed similar activity to the
analogous triazoles RCB16178 and RCB18320, supporting
that both heterocyclic cores are potential anti-YFV scaffolds.

Overall, these analogues suggest that both the aniline and
arylsulfonyl moieties are quite sensitive to substitutions.
However, we have been able to improve compounds from
our initial screen with compound RCB17159 displaying a 3-
fold increase in activity and a similar 3-fold improvement in SI
relative to that of RCB16007 in a primary screen. Compound
RCB22055 displays similar antiviral activity with a slightly
lower SI.

Secondary In Vitro Testing. We previously identified
RCB16003 after prioritizing compounds in our library using a
machine learning model for YFV (Tables 1−4). Based on our
initial hit, we undertook secondary testing on RCB16003,
RCB16007 (initial lead compound against HIV), and
RCB17159, as they had the best SI in the primary screen.
These results suggested that these compounds all had similar in
vitro performance against YFV (Table 5).

In vitro ADME/Tox for RCB16007. We were keen to
understand the in vitro ADME/Tox properties of this class of
compounds and selected compound RCB16007 as a
promising representative, as shown in Table 6. While we
observed poor solubility and slight CYP2C19 inhibition,
RCB16007 displayed good human and mouse liver micro-
somal stability, and no signs of efflux in Caco-2 cells (Table 3).
Also, this compound at 10 mg/mL did not appear to be
mutagenic in E. coli PQ37 in the SOS-chromotest assay,
compared with the control 4NQO. The TD99 in THP-1 and
Huh-7D12 was >11 μg/mL. We have previously determined
that this molecule additionally had no inhibition of hERG
(>10 μM).35

Preliminary In Vivo Toxicity and Pharmacokinetic
Studies for RCB16007. Toxicity studies on mice revealed
that the LD50 value for RCB16007 was 3930 mg/kg, allowing
it to be classified as “nontoxic”. A single-dose PK study in mice
with intragastrically administered RCB16007 at a dose of 250
mg/kg showed a T1/2 value of 3.4 h and a Cmax value of 1190
ng/mL, suggesting it has good bioavailability (Figure 2).

Table 5. Secondary In Vitro Antiviral Screening Results against YFV (17D) for Compounds RCB16003, RCB16007, and
RCB17159 in Huh7 Cells

aPrimary inhibition data for this compound published previously.31 VYR = virus yield reduction. Infergen was used as a positive control with EC50
50 > 10 ng/mL. bPreviously described.35

Table 6. Summary of ADME Data for Compound
RCB16007

ADME property value

solubility <0.2 μM
CYP inhibition IC50 1A2 (11.1 μM), 2C9 (26.5 μM), 2C19 (8.78 μM),

3A4 and 2D6 (>50 μM)
mouse liver
microsomes

t1/2 66.6 min, CLint 10.4 μL/min/mg protein, stable

human liver
microsomes

t1/2 347 min, CLint 2.0 μL/min/mg protein, stable

mouse plasma protein
binding

>99.9%

human plasma
protein binding

>99.9%

Caco-2 Papp A−B = 0.138;B−A = 0.122 (×10−6 cm/s), efflux
ratio = 0.883

HERG >10 μM

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c06106
ACS Omega 2023, 8, 42951−42965

42959

https://pubs.acs.org/doi/10.1021/acsomega.3c06106?fig=tbl5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06106?fig=tbl5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c06106?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Machine Learning and Predictions. We have rebuilt our
YFV machine learning models using the most recent version of
our proprietary Assay Central software from the data set and
thresholds from our previously published paper.29 The new
models overall showed good cross-validation statistics using
these additional algorithms (Figure S1) and performed
similarly to the original models. This data set was expanded
to include more recent publicly available data from ChEMBL
with classification models built using the activity thresholds of
10 and 20 μM. While the training data sets were quite
unbalanced (60/701 or 106/691 active/inactives), several
algorithms had reasonable CV scores, with knn, lreg, and svc
performing well at both thresholds (Figure S2). To addition-

ally attempt to validate these models, we used our novel class
of compounds as an external validation set. Cross-validation
and external test stats for models built using two of the best
performing algorithms, lreg and svc, are shown in Figure 3.
While CV statistics suggested that these were predictive
models, the external test set validation scores strongly suggest
that these models are not able to predict our new class of
yellow fever virus inhibitors. Based on this poor performance,
models were also built with the currently generated data only.
While the training data are small (40 compounds), some of
these models showed surprisingly good CV statistics at a 20
μM threshold. This is in contrast to the random predictions at
10 μM (Figure S3).

Figure 2. Pharmacokinetic data for mice dosed with 250 mg/kg of RCB16007 via intragastric intubation administration in either plasma (left) or
brain (right). Pharmacokinetic parameters were calculated with a Noncompartmental Pharmacokinetics Analysis method. Error bars represent
standard deviation (SD).

Figure 3. Representative CV (A) and external test set (B) statistics for models built using lreg and svc (20 μM threshold).
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t-SNE visualization using ECFP6 descriptors shows that the
compounds tested in this study are distinct from those that
have been tested against YFV previously (ChEMBL and the
literature29), which suggests a reasonable explanation of why
this external test set is predicted so poorly (Figure 4A). In
order to help to visualize how the activity magnitude correlated
with the chemical property space tested, these data sets were
also colored by activity (Figure 4B). This shows that the
majority of the most potent compounds are grouped into
distinct clusters, which upon inspection were found to be
analogues of an initial hit molecule.
To determine if some chemical descriptors may be useful to

help distinguish between active and inactive compounds for
our compound class, we compared these two groups using
several simple chemical descriptors (molecular weight, log P,
molecular fraction polar surface area, logD (pH 7.4), and the

number of aromatic rings, hydrogen bond acceptor and donor,
rings, and rotatable bonds) using a 20 μM activity threshold
cutoff (Figure 5). The majority of the descriptors did not have
a statistically significant difference, although the number of
rings was the exception. This exception was also noted in the
SAR analysis, where the presence of more aromatic rings was
generally more active, particularly in the sulfonyl moiety.
This analysis was extended to the larger, concatenated data

set using the same activity threshold cutoff (Figure S4). These
comparisons showed statistically significant differences for all
of the descriptors assessed, with the largest rank and
distribution differences found in MW, PSA, number of rings
(aromatic and total), and rotatable bonds. To test for
statistically significant differences, comparison tests assumed
nonparametric data distributions (Mann−Whitney tests).

Figure 4. t-SNE visualization of the training and test data for the yellow fever inhibition models using ECFP6 descriptors. Data are colored by
either data origin (A) or −logM IC50 activity (B). The defined activity value is irrespective of the qualifier, so many compounds with a low value
may represent a compound with no activity (i.e., >100 μM). The white box highlights the cluster containing the compounds testing in this study.
For simplicity, duplicate compounds (found in ref 29 and ChEMBL) are identified as ChEMBL only.
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■ DISCUSSION
As we face new viral pandemics,37 there is a continued need for
the identification of broad-spectrum antivirals.38 Many
examples of antivirals for YFV have been described that are
nucleosides39−41 and in contrast, there appear fewer examples
of heterocyclic compounds demonstrating activity.42,43 We
have previously described the identification of the pyrazole-
sulfonamide derivative RCB16003 with low micromolar
potency against YFV.29 This represented a starting point for
hit-to-lead optimization, which was identified by machine
learning. We now describe how this molecule is selective for
YF. In an effort to expand our SAR and possibly develop a
broader-spectrum molecule, we selected a second class of
molecules, which we have been exploring as NNRTI of HIV.35

Compound RCB16007 had similar in vitro activity as the
initial hit RCB16003 but was also found to be active only
against West Nile virus as well as YFV. It possessed good in
vitro ADME properties and excellent mouse PK. RCB16007
also readily passed the BBB in vivo, which may be of
importance since there is evidence of YFV BBB penetra-
tion.44−46 The most substantial evidence of this originates from
an outbreak in 2018 in Brazil, where autopsies from 5 of 13
patients that had succumbed to yellow fever showed significant
YFV RNA in their CSF.46 We explored a further 27 analogues
of these two initial hits and were able to improve the in vitro

efficacy by 3-fold and the SI 3-fold. We have described our
SAR for this series (Figure 2) and propose that RCB16003,
RCB16007, and RCB17159 may be worth further evaluation
for their efficacy against YFV in animal models or lead to the
development of further analogues.
We have expanded our earlier machine learning models for

YFV to include additional algorithms as well as create further
models based on updated data sets. These all showed robust
CV scores but failed to be predictive for this new class of
compounds. A t-SNE visualization using ECFP6 descriptors
showed that the N-phenyl-1-(phenylsulfonyl)-1H-1,2,4-triazol-
3-amines are substantially different from the previously tested
compounds, giving a probable reason for the inability of these
models to accurately predict the activity of these compounds.
While these may not have been useful to predict the activity of
these particular compounds, based on the CV score, these
could be helpful for the prediction of compounds with more
model overlap. Models built with the N-phenyl-1-(phenyl-
sulfonyl)-1H-1,2,4-triazol-3-amines alone showed mixed CV
results, making their use for further optimization ambiguous.
Analysis of simple chemical descriptors for the compounds
tested against YFV showed the potential importance of the
number of rings linked to the activity for this class. Expansion
of this analysis included the public data set, where multiple
descriptors are suggested to be important for activity. While

Figure 5. Comparison of simple chemical descriptors between active and inactive classes (20 μM threshold) of the N-phenyl-1-(phenylsulfonyl)-
1H-1,2,4-triazol-3-amines tested. Statistically significant differences, comparison tests assumed nonparametric data distributions (Mann−Whitney
tests). Unless noted, differences between groups are not significantly different.
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these represent multiple classes of compounds, it is interesting
that the distribution of actives tended to require an increase in
the number of rings over inactives, similar to what we see in
the compounds tested in this study. We also found that other
simple chemical descriptors showed significant differences
between the active and inactive classes, which may be helpful
to help predict the activity of novel compounds with activity
against YFV in future.
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