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ABSTRACT: We identified a novel class of aryl-substituted
triazine compounds as potent non-nucleoside reverse tran-
scriptase inhibitors (NNRTIs) during a high-throughput
screening campaign that evaluated more than 200000
compounds for antihuman immunodeficiency virus (HIV)
activity using a cell-based full replication assay. Herein, we disclose the optimization of the antiviral activity in a cell-based assay
system leading to the discovery of compound 27, which possessed excellent potency against wild-type HIV-1 (EC50 = 0.2 nM) as
well as viruses bearing Y181C and K103N resistance mutations in the reverse transcriptase gene. The X-ray crystal structure of
compound 27 complexed with wild-type reverse transcriptase confirmed the mode of action of this novel class of NNRTIs.
Introduction of a chloro functional group in the pyrazole moiety dramatically improved hERG and CYP inhibition profiles,
yielding highly promising leads for further development.
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According to global estimates of the WHO/UNAIDS in
2009, more than 33 million people are infected with the

human immunodeficiency virus (HIV), the causative agent of
acquired immunodeficiency syndrome (AIDS), which currently
accounts for the highest number of deaths by any single
infectious agent.1 The global HIV/AIDS pandemic triggered
intensive drug discovery efforts, and the first FDA-approved
antiretroviral drug, Zidovudine (AZT), was available in 1987.
Currently, 26 drugs belonging to six different inhibitor classes
have been approved for the treatment of HIV infection:
nucleoside and nucleotide reverse transcriptase inhibitors
(NRTIs/NtRTIs), non-nucleoside reverse transcriptase inhib-
itors (NNRTIs), protease inhibitors (PIs), integrase inhibitors
(INIs), and entry (CCR5 coreceptor antagonist) and fusion
inhibitors (FIs).2,3 Highly active antiretroviral therapy
(HAART)a regimen combining 3−4 antiretrovirals from
different inhibitor classeshas dramatically improved the life
quality of infected people by delaying the progression of the
disease and reducing disabilities, transforming HIV/AIDS into a
chronic manageable disease.4,5 NNRTIs that interact non-
competitively with an allosteric binding pocket in the vicinity of
the reverse transcriptase's (RT's) polymerase active site are an
important component of first-line regimens.6 Although there
are five-FDA approved NNRTIs for clinical use (Figure 1),
alternatives are still needed due to the tendency of HIV-1 to

rapidly mutate. Prolonged HAART treatment leads to the
emergence of drug-resistant viral mutants.7,8 Also, the
undesired side effects of combination therapy have limited
their clinical effectiveness.9,10 Therefore, further development
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Figure 1. Structures of the FDA-approved NNRTI drugs.
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of novel NNRTIs with acceptable toxicity and an improved
drug resistance profiles is undoubtedly required.11

In a high-throughput screening campaign for the discovery of
novel antiretrovirals employing a HIV full replication assay
based on reporter cells harboring an EGFP expression cassette
under the control of the HIV promoter, we identified hit
compound 6 containing a triazine scaffold (Figure 2) that

exhibited inhibitory activities against HIV replication at
submicromolar concentrations. Compound 6 also showed
moderate inhibitory activity in an in vitro RT polymerase
assay, indicating that HIV RT is the potential target. Here, we
report a detailed structure−activity relationship (SAR) study of
this series of compounds that led to compound 27, which has
excellent antiviral activity against wild-type (WT) and NNRTI-
resistant HIV-1. Also, its X-ray cocrystal structure in complex
with WT RT is included.
The target phenylaminopyridine (PAP) compounds (7−27

in Tables 1 and 2) were synthesized according to the general
routes.12 The lead compound 27 was prepared efficiently in a

convergent manner by coupling two subunits as depicted in
Scheme 1. The formylated pyrazole 1s required for the

Figure 2. Hit compound from the cell-based HIV-1 replication assay.

Table 1. Cell-Based Antiviral Activity of PAP Derivatives 7−
21 with LHS Modifications

compd R1 R2 X Y Z
EC50
(μM)a

CC50
(μM)b

7 H H N N N 1.29 >10
8 2-Me H N N N 0.124 >10
9 3-Me H N N N 2.30 >10
10 4-Me H N N N >10 >10
11 2-Me 6-Me N N N 0.0032 >10
12 2-Me H CH CH CH 2.20 >10
13 2-Me H CH CH N 1.20 >10
14 2-Me H N CH CH >10 >10
15 2-Me H CH N CH 0.149 >10
16 2-Me H N N CH 0.366 >10
17 2-Me H N CH N 0.910 >10
18 2-Me 4-CN N N N 0.0017 >10
19 2-Me 4-CN CH CH N 0.016 >10
20 2-Me 4-CN CH N CH 0.0008 >10
21 2-Me 4-CN N N CH 0.0043 >10
NVPc 0.150 >10

aEC50 is the concentration of compound that inhibits HIV-1
replication by 50%. For compounds 7−21, the values are the
geometric mean of two determinations; all individual values are
within 25% of the mean. bCC50 is the cytotoxic concentration of
compound that reduces viability of uninfected cells by 50%.
cNevirapine (NVP) was used as a positive control.

Table 2. Cell-Based Antiviral Activity of PAP Derivatives
22−27 with RHS Modifications

aEC50 is the concentration of compound that inhibits HIV-1
replication by 50%. For compounds 22−27, the values are the
geometric mean of two determinations; all individual values are within
25% of the mean. bCC50 is the cytotoxic concentration of compound
that reduces viability of uninfected cells by 50%. cNevirapine (NVP)
was used as a positive control. dSolubility of HCl salt in distilled water.

Scheme 1. Synthesis of Compound 27.a

aReagents and conditions: (a) (i) NaOEt, EtOH, diethyl oxalate, 25
°C, 20 h. (ii) H2NNH2, H2O/EtOH, reflux, 2 h, 69% over two steps.
(b) NCS, CCl4, DMF, 55 °C, 15 h, 86%. (c) DHP, TFA, CH3CN/
toluene, 100 °C, 6 h, 42%. (d) LAH, THF, 0 °C, 30 min, 58%. (e)
Dess-Martin Periodinane, CH2Cl2, 25 °C, 3 h, 91%. (f) Pd(dppf)Cl2,
Na2CO3, DME/H2O, 140 °C, 2 h, 70%. (g) Compound 1s,
NaBH(OAc)3, AcOH, 1,2-dichloroethane, 25 °C, 24 h, 50%. (h)
HCl, MeOH, 40 °C, 15 h, 82%.
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reductive amination was prepared from 1-(pyridin-2-yl)-
ethanone. The addition of enolate to diethyl oxalate, followed
by the cyclization with hydrazine for the pyrazole ring
formation under refluxing condition, gave the desired ester
1o in 69% yield over two steps.13 Halogenation on the pyrazole
with NCS produced chlorinated pyrazole 1p in good yield, and
the resulting pyrazole was protected with THF group to give
intermediate 1q. The ester moiety was then converted into the
aldehyde 1s in a typical two-step reduction with LAH and
oxidation with Dess-Martin reagent sequence. After the Suzuki
coupling reaction to produce compound 1t, the resulting LHS
subunit was then subjected to the final coupling step with
compound 1s involving reductive amination, followed by
deprotection of the THF group under acidic conditions to
give the desired lead compound 27 in good yield.
The first series of LHS modifications (7−21) were evaluated

for their inhibitory activity against HIV-1 WT replication in a
cell-based assay, and Nevirapine was used as a positive control.
Assay results of compounds (7−21) are summarized in Table
1.
As seen in Table 1, it was clear that the anti-HIV activities of

PAP compounds are sensitive to structural perturbations.
Compounds 7−10 with common triazine core B ring exhibited
considerable variation in the inhibitory activity (EC50 = 0.124
μM to >10 μM). Ortho-substitution on the A ring markedly
improved their potency, indicating that increasing the angle
between the phenyl A ring and the triazine B ring is favorable.
The effect of ortho-substitution is further exemplified by
compound 11, which showed over 400-fold improved antiviral
activity as compared to compound 7. We next investigated the
effect of nitrogen atoms in the B ring in PAP derivatives 12−
17, and the results showed a broad range of EC50 values.
Compound 15 with a pyridine B ring is the most active among
these analogues. However, the complete removal of nitrogen
atoms from the B ring induced a significant reduction in
inhibitory activity in compound 12. Pyrimidine 16 and pyrazine
17 derivatives displayed 2- or 6-fold reduced potencies as
compared to compound 15. Further optimization on the A ring
was based on a computational approach by overlaying with
known NNRTIs (Etravirine and MK-4965). Gratifyingly, the
introduction of a cyano group in the para-position on the A
ring significantly enhanced HIV-1 inhibitory activity more than
75-fold in derivatives 18−21 as compared with derivatives
lacking the cyano group (8, 13, 15, and 16).14 This dramatic
effect was not seen in ortho- and meta- positions (data not
shown). These results indicate that the binding mode of PAP
derivatives might be similar to that of diarylpyrimidine (DAPY)
compounds (e.g., etravirine 4, rilpivirine 5).15,16

After the evaluation of LHS subunits in the PAP scaffold, we
investigated the modification of the RHS subunits by
synthesizing derivatives 22−27, and the results are presented
in Table 2. Structural modification on the RHS subunits was
directed toward the improvement of physicochemical proper-
ties, especially solubility of this series by the introduction of
fused heteroaryls or substituted pyrazoles with a polar moiety.
Azaindazole 22−24 and pyrazole 25−27 derivatives maintained
excellent HIV-1 inhibitory activities along with good solubility
profiles. As shown in derivatives 24 and 27, the formation of
HCl salt could be utilized to further increase absorption for
pharmacokinetic (PK) studies.
Intrinsic enzymatic inhibitory activity against WT and key

mutant RTs (K103N, Y181C) and also hERG inhibition
profiles of PAP derivatives (22−27) are summarized in Table 3.

In the enzymatic assay, the majority of the tested compounds
except compound 26 showed single digit nanomolar IC50 values
against WT RT and also displayed significant inhibitory activity
against the K103N and Y181C mutated RTs, with only minimal
changes in IC50 values with respect to WT RT. Results from
hERG inhibition assays revealed the intriguing characteristics of
PAP derivatives. Although rather moderate inhibition values
were observed in azaindazoles 22−24, the halogenated pyrazole
derivatives (25 and 27) exhibited acceptable safety margins,
which could be beneficial for long-term treatment.17,18

The PK parameters of key compounds (24, 25, and 27) were
measured in rats and are tabulated in Table 4. All tested

compounds showed bioavailability above 70% and moderate
clearance rates and half-lives. Notably, compound 27 exhibited
an improved AUC value as compared to other analogues, which
suggested that once daily dosing in humans might be achievable
after further optimization. Also, the in vitro drug interaction
profile showed that compound 27 was not inhibitory against a
panel of five isoforms of the cytochrome P450 (CYP) enzymes
and did not induce CYP 3A4 at concentrations up to 10
μM.20−22

To understand the mode of action of PAP compounds, the
lead compound 27 was subjected to cocrystallization with WT
RT.23 Indeed, compound 27 was bound to the non-nucleoside
reverse transcriptase inhibitor binding pocket (NNIBP) as
shown in Figure 3. The X-ray crystal structure revealed that the
RT-bound conformation of compound 27 resembled a U-

Table 3. HIV-1 RT Inhibitory Activity and hERG Inhibition
of PAP Derivatives 22−27

IC50
a nM (fold resistance)b

compd WT K103N Y181C hERGc (μM)

22 1.2 10 (8.3) 5.6 (4.7) 1.9
23 1.9 10 (5.3) 7.7 (4.1) 2.7
24 5.9 36 (6.1) 16 (2.7) 4.3
25 5.1 11 (2.2) 6.3 (1.2) 30
26 10 134 (13) 84 (8.4) 1.1
27 3.0 16 (5.3) 7.9 (2.6) >30
MK-4965d 3.0 32 (11) 9.5 (3.2)

aCompounds were evaluated in a standard SPA assay. Inhibition of
RNA-dependent DNA polymerase activity using the WT, K103N, and
Y181C polymerases. For compounds 22−27, the values are the
geometric mean of two determinations; all individual values are within
25% of the mean. Assay protocols are detailed in the Supporting
Information. bFold resistance is defined by IC50 (mutant)/IC50 (WT).
chERG inhibition was measured in CHO cells stably expressing the
recombinant human hERG channel subunit (IKr) using an automated
patch clamp platform (QPatch-Sophion Biosciences). dMK-4965 was
used as a positive control.19

Table 4. PK Parameters for 24, 25, and 27 in Rat

compd Vd (L/kg) AUCpo (μM h) F (%)
Cl

[(mL/min)/kg] t1/2 (h)

24a 1.26 20 72 14 2.5
25b 2.08 34 71 8.7 3.1
27c 1.10 67 127 8.2 2.0

aiv dosing at 1.10 mg/kg and oral dosing at 10.7 mg/kg. iv and po
formulation: 1.0 mg/mL in 50% PEG. biv dosing at 1.19 mg/kg and
oral dosing at 10.9 mg/kg. iv and po formulation: 1.0 mg/mL in 40%
PEG. civ dosing at 0.94 mg/kg and oral dosing at 9.44 mg/kg. iv and
po formulation: 1.0 mg/mL in 20% HP-β-CD.
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shape, which is similar to the binding modes of Etravirine as
well as MK-4965. This U-shape orientation ideally adapts a
combination of torsional flexibility (“wiggling”) and rotational
and translational shifts (“jiggling”) of the inhibitor within the
binding pocket to have potency against WT and a wide range of
drug-resistant HIV-1 RTs.24

Compound 27 interacted favorably with NNIBP residues.
The LHS subunit of compound 27 is positioned in the
hydrophobic pocket surrounded by aromatic amino acids such
as Y181, Y188, F227, and W229. The 4-cyano-2-methyl-phenyl
A ring makes a π−π interaction with Y188 and an edge−π
interaction with W229. The 2-methyl on the A ring orients
toward the side chain of L100 contributing to additional
hydrophobic interactions. The pyridine B ring makes van der
Waals interactions with Y181. The nitrogen linker made a
hydrogen bond (H-bond) interaction with the main chain
carbonyl oxygen of K101. One additional H-bond was found
between the same atom of K101 and one of the nitrogens in the
chloropyrazole C ring as the RHS subunit was positioned in the
flexible loop region. The other nitrogen in the pyrazole formed
an H-bond with the main chain nitrogen of K103. The
chloropyrazole C ring also makes van der Waals interactions
with Y318, and the chloride of this ring is pointing in the same
direction as the hydroxyl group of Y318. The pyridine D ring is
surrounded by V106, P225, and P236 (Figure 3).
In summary, our search for novel anti-HIV compounds led to

the discovery of a highly potent NNRTI with a PAP scaffold.
The lead compound 27 possessed excellent antiviral activity
against WT and key RT mutants. The binding mode of
compound 27 was unambiguously confirmed by the X-ray
cocrystal structure with WT RT. Introduction of a chloro
functional group in the pyrazole moiety markedly improved
hERG and CYP inhibition profiles. Altogether, the results
presented here suggested that further development of this series
has the potential to generate a valuable drug candidate for the
treatment of HIV-1 infected patients.
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