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Introduction

Since the approval of the nucleoside AZT in 1987, 25 medi-
cines have been introduced for the treatment of human immu-
nodeficiency virus (HIV) infection.[1] The administration of com-
binations of these drugs strongly suppresses viral replication,
and the amount of HIV RNA circulating in patients usually
drops to undetectable levels shortly after therapy is initiated.
However, the observation of detectable virus after a period of
viral suppression (viral breakthrough) still occurs in an unac-
ceptable percentage of infected individuals.[2] Analysis of the
genome of the circulating virus in patients that have experi-
enced viral breakthrough generally shows that the virus has
mutated to develop resistance to one or more of the antiviral
medicines.

Viral breakthrough results from inadequate inhibition of viral
replication in patients treated with antiviral drugs.[3] There are
a large number of infected cells in HIV patients, and the HIV
virus has an inherent propensity for mutation. When replica-
tion is only partially suppressed, the virus can quickly evolve to
produce mutant viruses that are resistant to the treatment reg-
imen. Clinical studies have demonstrated that viral replication
is most effectively suppressed with antiviral drugs that are
potent and have pharmacokinetic characteristics that provide
continuously high circulating drug levels.[4] Patient compliance
is also an important determinant of antiviral treatment durabil-
ity. Patients are more likely to adhere to a treatment regimen if

the drugs cause minimal side effects and can be administered
once or twice daily.

Non-nucleoside reverse transcriptase inhibitors (NNRTIs) are part
of the preferred treatment regimens for individuals infected with
HIV. These NNRTI-based regimens are efficacious, but the most
popular NNRTIs have a low genetic barrier to resistance and
have been associated with adverse events. There is therefore still
a need for efficacious antiviral medicines that facilitate patient
adherence and allow durable suppression of viral replication. As
part of an extensive program targeted toward the discovery of
NNRTIs that have favorable pharmacokinetic properties, good po-
tency against NNRTI-resistant viruses, and a high genetic barrier

to drug resistance, we focused on the optimization of a series of
diaryl ether NNRTIs. In the course of this effort, we employed mo-
lecular modeling to design a new set of NNRTIs that that are
active against wild-type HIV and key NNRTI-resistant mutant vi-
ruses. The structure–activity relationships observed in this series
of compounds provide insight into the structural features re-
quired for NNRTIs that inhibit the replication of a wide range of
mutant viruses. Selected compounds have promising pharmaco-
kinetic profiles.
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Efavirenz and nevirapine are two non-nucleoside reverse
transcriptase inhibitors (NNRTIs) that are commonly used as
part of first-line therapy in patients that have not previously

been exposed to antiretroviral
medicines (Figure 1). These med-
icines are fairly well tolerated, al-
though central nervous system
effects, hepatotoxicity, and rash
can occur. Both drugs circulate
at very high levels, and the effi-
cacy and durability of combina-
tion antiretroviral treatment with
efavirenz, in particular, has not
been surpassed in clinical trials
comparing this compound with
other agents.[5, 6, 7] When patients
that are treated with efavirenz or
nevirapine do experience viral
breakthrough, the mutant virus
K103N is often observed.[8] This
mutant virus is resistant to both
medicines and is produced by a single point mutation. As a
consequence of this inherently facile route to resistance devel-
opment, efavirenz and nevirapine are considered to have a low
genetic barrier to resistance. Other NNRTI-resistant viruses com-
monly observed in patients that experience viral breakthrough
include the Y181C and G190A strains.[9]

There have been many efforts to discover NNRTIs that sup-
press the replication of viruses resistant to current NNRTIs and
that have a higher genetic barrier to resistance.[10, 11] The NNRTI
etravirine (Figure 1) was recently found to be efficacious for
the treatment of patents that had previously been shown to
carry virus resistant to efavirenz or nevirapine.[12] High-level re-
sistance to etravirine requires at least two mutations of the
viral genome. Other compounds that are reported to have a
higher genetic barrier to resistance than efavirenz are currently
being studied in clinical trials with treatment-na�ve pa-
tients.[13, 14] It remains to be determined whether any of these
medicines have the pharmacokinetic features required for su-
perior treatment durability.

We previously reported the discovery of a series of diaryl
ethers that inhibit common NNRTI-resistant mutant viruses.[15]

These compounds have good oral bioavailability and long half-
lives in multiple animal species. The diaryl ether NNRTIs feature

a functionality that engages in one or more hydrogen bonding
interactions with the backbone amide of K103. This portion of
the inhibitor strongly influences both the activity against resist-
ant mutant enzymes and inhibitor bioavailability. Herein we
focus on the discovery and synthesis of a number of new
diaryl ether inhibitors that exhibit strong antiviral activity and
favorable pharmacokinetics in animals.

Chemistry

The HIV reverse transcriptase (RT) inhibitors 1–14 described
herein are shown in Figure 2. The synthesis of each of these
compounds commenced with the preparation of diaryl ether
15, which was obtained in good yield from a nucleophilic aro-

matic substitution reaction between 1,4-dibromo-2,3-difluoro-
benzene and 3-chloro-5-cyanophenol. Regioselective halogen–
metal exchange[16] and quenching with N,N-dimethylform-
amide provided aldehyde 16, which was converted into key in-
termediates 18 and 19 using standard procedures (Scheme 1).
Triazolinones 1, 2, and 4, imidazolinones 6 and 8, and uracil
analogues 11–13 were prepared by alkylation of the corre-

Figure 1. Selected approved NNRTIs.

Figure 2. Diaryl ether NNRTIs.

Scheme 1. Synthesis of intermediates 16–19 : a) iPrMgCl, THF, then DMF,
�78!22 8C; b) NaBH4, MeOH, THF, 22 8C; c) PBr3, CH2Cl2, 22 8C, or MsCl, NEt3,
CH2Cl2, 22 8C, then LiBr, THF, 80 8C; d) potassium isoindole-1,3-dione, DMF,
50 8C, then N2H4, THF, EtOH, 80 8C, or HMTA, EtOH, 70 8C.
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sponding heterocycle with benzyl bromide 18, as exemplified
by the synthesis of triazolinone 1 in Scheme 2.

A reductive amination reaction between aldehyde 16 and
glycine benzyl ester provided amino acid ester 20. This com-
pound was treated with trimethysilylisocyanate to form urea
21 (Scheme 3). Base-promoted cyclization of 21 gave hydan-
toin 3. Similarly, amino acid ester 22 was obtained from alkyla-
tion of 18 with sarcosine methyl ester, which was transformed
into racemic hydantoin 5 (Scheme 4).

The synthesis of imidazopyridinone 7 began with amine 23,
which was prepared in good yield from the reaction of benzyl
amine 19 with 4-chloro-3-nitropyridine. Reduction of the nitro
group to the amine with iron and acylation with 1,1-carbonyl-
diimidazole (CDI) produced the desired inhibitor 7 (Scheme 5).
The preparation of isomeric imidazopyridinone 8 is outlined in
Scheme 6. Protected intermediate 27 was generated by reduc-
tion of nitropyridine 25 and cyclization with CDI. Alkylation of

this heterocycle with 18 and deprotection under strongly
acidic conditions gave the desired inhibitor in moderate yield.
Allylated hydantoin 28 could be procured in two steps from al-
dehyde 16, following procedures similar to those described for
the production of 3. Oxidative cleavage[17] of the olefin with
OsO4/NaIO4 provided an intermediate aldehyde that reacted
with hydrazine and spontaneously oxidized in situ to produce
imidazopyridazinone 9 (Scheme 7). Carbon-linked uracil 14, the
isomer of inhibitor 12, was prepared by desulfurization and al-
kylation of thiouracil intermediate 30 (Scheme 8). This inter-
mediate was derived from malonate 29 in a three-step se-
quence that involved decarboxylation, formylation, and cycliza-
tion with thiourea.

Molecular Modeling

Modeling was performed with structural information derived
from in-house and published structures of NNRTI–RT com-
plexes. These data provide considerable insight into the move-
ments induced in the binding site upon binding of the NNRTIs.
The open NNRTI binding pocket of recently reported pyridazi-
none inhibitors[15] was selected for modeling inhibitors present-
ed herein. Molecules were modeled using the molecular me-
chanics program Moloc.[18] Ligand molecules were optimized in
the protein environment using the MAB force field and 500
steps of conjugate gradient. No constraints were placed on the
ligand atoms during minimization. Similarly, no constraints
were placed on the movement of protein residues that display
significant positional variability in NNRTI–RT structures. Binding
modes were captured in the manuscript using the program
PyMOL.[19]

Results

Compounds prepared in this study were screened for inhibi-
tion of the RNA-directed DNA polymerase activity of HIV RT
using both the wild-type enzyme and an engineered K103N/

Scheme 2. Synthesis of triazolinone 1: a) 2,4-dihydro ACHTUNGTRENNUNG[1,2,4]triazol-3-one, KI,
K2CO3, CH3CN, 85 8C. Ar = 3-chloro-5-cyanophenyl.

Scheme 3. Synthesis of hydantoin 3 : a) trimethylsilylisocyanate, DMAP, THF,
50 8C; b) NaH, DMF, 22 8C. Ar = 3-chloro-5-cyanophenyl.

Scheme 4. Synthesis of hydantoin 5 : a) trimethylsilylisocyanate, DMAP, THF,
50 8C; Ar = 3-chloro-5-cyanophenyl.

Scheme 5. Synthesis of imidazolinone 7: a) Fe, NH4Cl, EtOH, H2O, 100 8C, or
Fe, AcOH, HCl, 70 8C; b) CDI, DMF, 50 8C or CDI, NEt3, CH3CN, 22 8C. Ar = 3-
chloro-5-cyanophenyl.

Scheme 6. Synthesis of imidazolinone 8 : a) 10 % Pd/C, MeOH, H2, 22 8C;
b) CDI, CH3CN, 50 8C; c) NaH, DMF, 22 8C. d) TFA, MsOH, 75 8C. Ar = 3-chloro-
5-cyanophenyl.

Scheme 7. Synthesis of imidazolinone 9 : a) OsO4, NaIO4, H2O, THF, 22 8C,
then N2H4, AcOH. Ar = 3-chloro-5-cyanophenyl.
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Y181C mutant polymerase. The inhibitors were also studied for
their ability to prevent infection-induced cell death in HIV-in-
fected T lymphoblastoid (MT4) cells using both K103N/Y181C
and wild-type virus. The K103N/Y181C mutant is resistant to in-
hibition by efavirenz and nevirapine, and has previously been
highlighted as a key target of next-generation NNRTIs.[20] Data
from the polymerase and antiviral assays are listed in Table 1.

Carbon-linked triazolinone compounds that have excellent
pharmacokinetic profiles and good antiviral activity recently re-
ported.[15] These compounds interact with the protein back-
bone of the viral reverse transcriptase through the N/NH hy-
drogen bond acceptor/donor pair of the triazolinone ring. The
nitrogen-linked triazolinone 1 was initially prepared to deter-
mine if compounds designed to interact with the protein back-
bone through the carbonyl group and the acidic nitrogen
atom of the triazolinone ring would maintain the activity of
their isomeric analogues. Although 1 showed good activity
against the K103N/Y181C polymerase, its antiviral activity was
modest. Modeling indicated that a small hydrophobic substitu-
ent at the 5-position of the triazolinone would be accommo-
dated; however, the addition of a methyl group at this position
(compound 2) did not improve potency in the cellular antiviral
assay. Somewhat more potent inhibitors were obtained with

other five-membered heterocy-
cles, and nitrogen-linked hydan-
toin 3 and urazole 4 were
potent inhibitors of the wild-
type virus in the polymerase and
cell-based assays. The chiral hy-
dantoin 5 was found to be the
most potent inhibitor of the
mutant polymerase in this series,

and separation of the constituent enantiomers provided com-
pound 5 a, which inhibited viral reproduction for the wild-type
and mutant enzymes at single-digit nanomolar concentrations.
The opposite enantiomer was determined to be more than 50-
fold less active, and modeling studies suggest that the more
potent enantiomer 5 a is likely to be the S sense of inhibitor 5
(Figure 3).

Imidazolinone 6 displays good potency, and the addition of
a nitrogen atom in the phenyl ring as in imidazopyridinone 7
provided a compound that was active at sub-nanomolar con-
centrations in the wild-type antiviral assay. Analogues 8 and 9,
which contain a pyridine nitrogen in the 4-position of the
phenyl ring, were not strong inhibitors of polymerase activity
in the cellular assay, although they were equipotent inhibitors
of wild-type and mutant polymerase activity.

Carbon- and nitrogen-linked uracils were the most potent
NNRTIs in the series of six-membered heterocycles that were
examined. Addition of a methyl (compound 12) or chloro
(compound 13) substituent at the 5-position of the uracil im-
proved the ability of the inhibitors to decrease replication of
the K103N/Y181C mutant virus in the antiviral assay.

To develop an understanding of the structure–activity rela-
tionships of compounds in this series, inhibitors 6 and 12 were
modeled in the NNRTI binding pocket (Figure 4). The terminal
ring of the inhibitors is located in a hydrophobic pocket de-

Scheme 8. Synthesis of uracil 14 : a) TFA, CH2Cl2, 22 8C; b) tBuOK, ethyl formate, Et2O, 22 8C; c) thiourea, iPrOH,
80 8C; d) chloroacetic acid, acetic acid, 100 8C, then H2O, 22 8C; e) N,O-bis(trimethylsilyl)acetamide, CH2Cl2, 22 8C,
then CH3I, 30 8C. Ar = 3-chloro-5-cyanophenyl.

Table 1. RT inhibition and antiviral potency of diaryl ether compounds.

Compound[a] IC50 WT [nm][b] IC50 K103N/

Y181C [nm][c]

EC50 WT [nm][d] EC50 K103N/

Y181C [nm][e]

nevirapine 1500 >100 000 80 NT[g]

efavirenz 3 94 2 83
1 45 13 14 55
2 55 12 11 >100
3 9 11 4 >100
4 7 5 3 28
5 6 7 4 11

ent-5[f] 2 2 1 4
6 13 8 5 46
7 5 4 0.4 6
8 6 5 3 20
9 5 4 4 38

10 19 18 25 >100
11 4 4 1 19
12 3 3 1 11
13 4 4 2 10
14 6 NT 5 66

[a] See Figure 1 for compound structures. [b] Inhibition of RNA-depen-
dent DNA polymerase activity using the wild-type polymerase. [c] Inhib-
ition of RNA-dependent DNA polymerase activity using the K103N/Y181C
polymerase. [d] Antiviral activity in MT4 cells using wild-type virus. [e] An-
tiviral activity in MT4 cells using the K103N/Y181C virus. [f] The more
potent enantiomer of compound 5. [g] NT = not tested.

Figure 3. Binding mode of compound 5 a modeled in the NNRTI binding
pocket.

ChemMedChem 2009, 4, 88 – 99 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemmedchem.org 91

Diphenyl Ether NNRTIs

www.chemmedchem.org


fined by F227, W229, L234, and Y188. Particularly noticeable
are edge-to-face interactions with W229, a residue that is
highly conserved and is required for efficient viral replica-
tion.[21] The Y181 residue, which is generally found oriented

toward W299 in structures of NNRTIs complexed with the poly-
merase,[22] was modeled to sit in the same rotamer that is
found in X-ray crystal structures of the unliganded enzyme
with other diaryl ether NNRTIs. The thymidine ring of 12
makes bidentate hydrogen bond interactions with the K103
backbone amide, and the flexible loops containing residues
F227–P225 and P236–L237 are positioned in the open confor-
mation found in structures of the polymerase with delavir-
dine[23] and capravirine.[24] The methyl group of the thymidine
occupies a small pocket near F227 and P236, and engages in
hydrophobic contacts with P225. The unoccupied carbonyl
group of the ring extends toward the solvent/enzyme inter-
face. The benzimidazolinone ring of 6 engages in similar
donor/acceptor interactions with the K103 amide of the poly-
merase. In this case, the phenyl group of the benzimidazoli-
none occupies much of the same volume as the methyl group
of inhibitor 12, and the accessibility of the solvent opening
provides clear opportunity for the hydrophilic nitrogen atoms
of inhibitors 7–9 to be accommodated.

Compounds 7 and 12, which had excellent potency in the
antiviral assays, were selected for further antiviral profiling and
pharmacokinetic study in rat and dog. Thymine compound 12,
displayed low to moderate clearance in rat and very low clear-
ance in dog (Table 2). Although reasonable exposures were ob-
tained following oral dosing, the bioavailability (F %) when the
compound was administered as an aqueous suspension was
only 10 %. Imidazopyridone 7, which had substantially im-
proved solubility [solubility of 7 (pH 5): 57 mg mL�1; solubility of
12 (pH 5): <1 mg mL�1] also had good stability in vivo, and the
bioavailability of this compound in dog was calculated to be
70 %.

The ability of compounds 7 and 12 to inhibit NNRTI-resistant
viruses was further assessed in testing against a panel of
NNRTI-resistant clinical isolates (Table 3). These viruses were se-
lected based on their decreased susceptibility to efavirenz, and
the diversity of viral isolates was chosen to represent the ma-
jority of NNRTI resistance patterns that have been described in
clinical practice. Compounds 7 and 12 strongly inhibited a ma-
jority of the highly NNRTI-resistant viruses in this panel, includ-
ing all viruses that contain the prevalent K103 mutation.

Discussion

All of the inhibitors described herein were designed to interact
with the backbone amide residue of K103 in a bidentate fash-
ion. For each heterocycle, a carbonyl moiety was presumed to
serve as a hydrogen bond acceptor for the K103 amide NH,

Figure 4. Compounds a) 6 (light green) and b) 12 (orange) modeled in the
NNRTI binding pocket.

Table 2. Pharmacokinetic studies of NNRTIs 7 and 12 in rat and dog.[a]

Rat[b] Dog[b]

Compound CL [mL min�1 kg�1][c] Vd ss [L kg�1] t1/2 [h] AUC [mm·h] CL [mL min�1 kg�1][c] Vd ss [L kg�1] t1/2 [h] AUC [mm·h]

7 22 5.2 6.2 0.84 3.0 1.4 5.6 13.8
12 10 8.3 11.4 2.54 1.7 1.6 12.4 8.73

[a] See Figure 1 for compound structures. [b] Rat and dog dosed intravenously at 0.5 mg kg�1 and orally as a suspension at 2 mg kg�1, AUC: 0–24 h; see ex-
perimental section for details. [c] CL = clearance.
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while the acidic NH was placed to interact with the carbonyl
unit of the same residue. Delavirdine, a marketed NNRTI, en-
gages in similar interactions with the K103 backbone through
a 2-ketoindole unit,[25] and a number of recently reported com-
pounds employ an aryl amide as a hydrogen bond acceptor
with the amide NH of this residue.[26] Capravirine and similar
compounds also engage in hydrogen bonding interactions
with K103.[27] Importantly, as K103 is located adjacent to the
solvent opening of the hydrophobic NNRTI pocket, polar func-
tionality is tolerated in this region. The hydrophobicity of the
rest of the NNRTI binding pocket requires that these hydrophil-
ic residues modulate the lipophilicity and solubility of the anti-
viral agents.

While the backbone amide unit of K103 and the solvent
channel are occupied by hydrophilic portions of the second-
generation NNRTIs, the flexible loop region on the opposite
side of this strand is bordered by hydrophobic phenylalanine,
proline, and leucine resides (L234, F227, P234). V106 and P236
further define this area. Examination of the models of com-
pounds 6 and 12 in the NNRTI binding pocket reveals that the
central phenyl ring of both inhibitors engages in hydrophobic
interactions with the methylene units of K103 and the aromat-
ic ring of Y181. These favorable contacts are not present when
the inhibitor binds the K103N/Y181C mutant. Extensive modifi-
cation of the heterocyclic portion of the diphenyl ether inhibi-
tors and optimization of the interactions with residues that
line the flexible loops has allowed us to identify NNRTIs that
maintain potency against the K103N/Y181C mutant virus, de-
spite the loss of the hydrophobic contacts that exist in the
wild-type enzyme. It is interesting to note that the structural
modifications that affect potency against the K103N/Y181C
mutant are remote from both the 103 and 181 residues. The 5-
methyluracil group of 12 makes hydrophobic interactions with
F227 and P225, and comparison of the ability of the inhibitors
11–13 (which contain H, CH3, or Cl at this position) to block
replication of the wild-type and mutant virus in the antiviral
assay reveals that while appropriate substitution of the uracil

heterocycle does not appreciably affect the wild-type potency
of the inhibitors, these modifications do affect the activity
against the K103N/Y181C mutant.

The position of the central and terminal phenyl rings of the
imidazolinone compound 6 and uracil 12 are only slightly shift-
ed by the different vectors imposed by the five-membered imi-
dazolinone and six-membered uracil rings. The six-membered
portion of the imidazolinone ring of 6 also makes hydrophobic
contacts with F227 and P225 and has close contact with the
Cb atom of V106 and the backbone carbon atom of P236.
These contacts should be maintained for the clinically ob-
served NNRTI mutant viruses V106A and P236L, and analogue
7 potently inhibits replication of both of these NNRTI-resistant
strains (EC50 (V106A): 2 nm, EC50 (P236L): 1 nm). The C4 and C5
atoms of the benzimidazolinone ring are adjacent to the sol-
vent opening, and both imidazopyridones 7 and 8, which have
nitrogen atoms at this position, were found to be potent inhib-
itors of the wild-type and NNRTI-resistant viruses.

Conclusions

Combination antiretroviral therapy with non-nucleoside re-
verse transcriptase inhibitors has been demonstrated to pro-
vide an excellent treatment option for patients infected with
HIV. NNRTIs currently administered to treatment-na�ve patients
have very long half-lives and maintain consistently high con-
centrations of the drug in plasma.[28] Efforts to improve the ge-
netic barrier to resistance of these agents has led to the iden-
tification of many compounds that have a large hydrophobic
surface area and contacts that are distributed amongst many
different residues in the hydrophobic NNRTI binding pocket.
These inhibitors often have low solubility in aqueous solution.

Herein we describe new diaryl ether NNRTIs that are active
against wild-type HIV and key NNRTI-resistant mutant viruses.
Modeling studies of complexes of two of these inhibitors with
HIV reverse transcriptase demonstrate that the compounds
make hydrophobic contacts with a number of resides in the
NNRTI binding pocket. This feature may contribute to the resil-
ience of these inhibitors against NNRTI-resistant mutations. An-
tiviral agents 7 and 12 have promising pharmacokinetic pro-
files. Compound 12 has excellent stability and exhibits reason-
able exposure in both rat and dog, but the bioavailability fol-
lowing oral administration of an aqueous suspension appears
to be solubility-limited. Imidazopyridinone 7, which contains a
moderately basic nitrogen atom, maintains acceptable stability
in vivo and has improved bioavailability. Advanced studies
with other diphenyl ether NNRTIs will be described in future
reports.

Experimental Section

Chemistry

General : Column chromatography was performed on Analogix or
Isco automatic chromatography instruments using pre-packed
silica gel columns. ESIMS data were recorded with a Finnegan LCQ
spectrometer equipped with Excalibur. 1H NMR spectra were re-
corded at room temperature in the indicated solvent on a Bruker

Table 3. Potency of efavirenz, 7, and 12 against a panel of NNRTI-resist-
ant clinical isolates.

IC50 [nm]

Virus[a] EFV[b] 7 12 NNRTI-Associated Mutations[c]

CNDO 2 1 1 –
6 >500 1 2 L100, K103

12 >500 1 2 L100, K103
14 237 17 11 A98, K103, V108, M230
16 170 2 2 K103, P225
17 160 3 4 A98, K103, Y181
20 53 2 2 K103, Y181
21 35 2 2 K103, V179, Y181
29 36 1 1 K103, Y181
31 24 3 3 A98, V179, Y181
32 16 8 5 V106, V179, Y181, G190
43 132 6 8 K103, Y181, P225

[a] EC50 (nm) in Monogram Biosciences PhenoScreen� single-cycle antivi-
ral assay. [b] EFV = efavirenz. [c] Mutations listed in this column do not in-
clude NRTI mutations identified in the clinical isolates.
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300, 400, or 500 MHz spectrometer. Chemical shifts (d) are given in
ppm. Microanalyses of solid compounds were carried out with an
Exeter CE-440 analyzer. High-resolution ESIMS data were recorded
on a Waters LCT instrument equipped with Masslynx. Purchased
chemicals were used as obtained without purification. Unless oth-
erwise specified, all chemical transformations were performed
under nitrogen atmosphere in anhydrous solvents that were pur-
chased from Aldrich or EMD.

3-Chloro-5-(3,6-dibromo-2-fluorophenoxy)benzonitrile (15): NaH
(0.042 g of a 60 % dispersion in mineral oil, 1.05 mmol) was added
to a solution of 3-chloro-5-hydroxybenzonitrile (0.15 g, 1 mmol)
and N,N-dimethylacetamide (DMA, 1 mL), and the resulting mixture
was stirred at 50 8C for 30 min. 1,4-Dibromo-2,3-difluorobenzene
was added to the solution (2.7 g, 10 mmol), and the resulting mix-
ture was heated at 125 8C for 2 h. The solution was cooled and di-
luted with EtOAc and washed with an equal volume of 10 % H2SO4.
The organic extracts were dried (MgSO4), filtered and concentrated.
The crude product was purified by silica gel chromatography, elut-
ing with EtOAc/hexanes (10 % v/v) to afford biaryl ether 15
(331 mg, 82 %). 1H NMR (300 MHz, CDCl3): d= 7.43–7.38 (m, 3 H),
7.16 (m, 1 H), 7.01 (m, 1 H).

3-(6-Bromo-2-fluoro-3-formylphenoxy)-5-chlorobenzonitrile (16):
iPrMgCl (3.08 mL of a 2 m solution in THF, 6.16 mmol) was added
to a solution of 15 (2.00 g, 4.93 mL) in toluene (40 mL) maintained
under an Ar atmosphere and cooled to �78 8C. The solution was
stirred for 1 h, and a solution of CuCN·2 LiCl (1 m in THF, 0.1 mL)
was added. The resulting mixture was stirred at �50 8C for 2 h, and
the reaction mixture was then transferred via cannula into a flask
containing DMF (0.57 mL, 7.4 mmol) and toluene (10 mL) which
was maintained at �78 8C. The combined solution was warmed to
22 8C and quenched by the addition of saturated aqueous NH4Cl.
The organic phase was separated, washed with brine, dried
(MgSO4), and evaporated to dryness under reduced pressure to
afford aldehyde 16 (1.50 g, 86 %) as an off-white solid. 1H NMR
(300 MHz, CDCl3): d= 10.30 (d, J = 0.7 Hz, 1 H), 7.74 (dd, J = 6.4 Hz,
8.5 Hz, 1 H), 7.63 (m, 1 H), 7.40 (dd, J = 1.3 Hz, 1.8 Hz, 1 H), 7.18 (t,
J = 2.0 Hz, 1 H), 7.05 (m, 1 H).

3-(6-Bromo-2-fluoro-3-hydroxymethylphenoxy)-5-chlorobenzoni-
trile (17): NaBH4 (0.128 g, 3.38 mmol) was added in portions to a
stirred solution of the aldehyde (0.80 g, 2.25 mmol) in THF (5 mL)
and MeOH (5 mL) at 22 8C. After stirring for 24 h, the reaction mix-
ture was quenched by the addition of saturated aqueous NH4Cl.
The organics were extracted with EtOAc, washed with brine, dried
(MgSO4), and evaporated to dryness under reduced pressure. Silica
gel chromatography (EtOAc/hexanes 10!50 % v/v) provided alco-
hol 17 (0.25 g, 31 %). 1H NMR (300 MHz, CDCl3): d= 7.74 (dd, J =
1.7 Hz, 8.4 Hz, 1 H), 7.32–7.37 (m, 2 H), 7.15 (dd, 1 H, J = 1.9 Hz,
2.2 Hz, 1 H), 6.99–7.03 (m, 1 H), 4.77 (s, 2 H).

3-(6-Bromo-3-bromomethyl-2-fluorophenoxy)-5-chlorobenzoni-
trile (18): Method 1: PBr3 (9.3 mL, 1.0 m in CH2Cl2) was added to a
stirred solution of 17 (3.00 g, 8.41 mmol) in CH2Cl2 (100 mL). The
reaction mixture was stirred at 22 8C for 24 h and quenched by the
addition of saturated aqueous NaHCO3. The organic phase was
separated, washed with brine, dried (MgSO4), and evaporated to
dryness under reduced pressure. The product was purified by silica
gel chromatography, eluting with a gradient of EtOAc/hexanes
(20!50 % v/v EtOAc) to afford 18 as white crystals (2.0 g, 57 %).
Method 2 : Compound 17 (71.2 g, 0.20 mol) was dissolved in CH2Cl2

(500 mL) and cooled to 0 8C. Triethylamine (50.2 mL, 0.36 mol) and
then methanesulfonyl chloride (34.4 g, 0.30 mol) were added
slowly, keeping the temperature below 4 8C. The mixture was

stirred at 2–5 8C for 1.5 h, then quenched with cold 2 m H2SO4

(200 mL) (temperature: 8–10 8C). The phases were separated, and
the aqueous phase was extracted with CH2Cl2. The combined or-
ganic phase was washed with saturated aqueous KBr (200 mL). The
organic phase was dried over Na2SO4 and concentrated under re-
duced pressure to afford the mesylate as a reddish oil. The mesy-
late (85.4 g, 197 mmol) was dissolved in 400 mL THF. LiBr (34.8 g,
400 mmol) was added, and the mixture was stirred at ambient
temperature overnight and then held at reflux for 2 h. The suspen-
sion was filtered to remove the solid, and the filtrate was evaporat-
ed to dryness. The residue was suspended in CH2Cl2 and filtered
through silica gel (100 g). The CH2Cl2 solvent was replaced with
iPrOH (200 mL) to precipitate the product as yellowish solid, which
was isolated by filtration and dried under vacuum (53.3 g). A
second crop (7.7 g) was obtained by recrystallizing the mother
liquor contents from iPrOH (73 % combined yield). 1H NMR
(300 MHz, CDCl3): d= 7.47 (dd, J = 8.7 Hz, 1.9 Hz, 1 H), 7.37 (m, 1 H),
7.28 (m, 1 H), 7.16 (m, 1 H), 7.00 (m, 1 H), 4.48 (s, 2 H).

3-(3-Aminomethyl-6-bromo-2-fluorophenoxy)-5-chlorobenzoni-
trile (19): Method 1: The potassium salt of isoindole-1,3-dione
(10.5 g, 57.2 mmol) was added to a solution of 18 (21.6 g,
52 mmol) in DMF (200 mL), and the solution was stirred at 50 8C
for 16 h. Solid precipitated out of solution after a short period. The
reaction was cooled to 22 8C, poured into 300 mL H2O, and filtered.
The solid was washed with a small amount of Et2O and dried
under vacuum to afford 3-[6-bromo-3-(1,3-dioxo-1,3-dihydroisoin-
dol-2-ylmethyl)-2-fluorophenoxy]-5-chlorobenzonitrile (20 g, 80 %
yield). Hydrazine (1.62 mL, 50 mmol) was added slowly to a sus-
pension of the imide (5.0 g, 10 mmol) in a mixture of THF (80 mL)
and EtOH (20 mL). The solution was slowly heated to 80 8C, and
the reaction mixture became homogenous. After 1 h, most of the
solvent was removed, and the residue was partitioned between
EtOAc/hexanes and H2O. The organic layer was washed with aque-
ous NaHCO3, and the organic layer was again evaporated to dry-
ness under reduced pressure. The product was purified by silica
gel chromatography, eluting with a CH2Cl2/(60:10:1 CH2Cl2/MeOH/
NH4OH) gradient (0!30 % of a CH2Cl2/MeOH/NH4OH solution) to
afford the primary amine 19 (1.25 g, 34 %). Method 2 : A suspension
of 18 (8.38 g, 20 mmol) and hexamethylenetetramine (HMTA)
(3.36 g, 24 mmol) in EtOH (80 mL) was stirred at 70 8C for 4 h. H2O
(64 mL) was added, and the mixture was stirred at 70 8C for 0.5 h.
The mixture was cooled to 45 8C. HCl (5 m, 16 mL) was added, and
the reaction temperature was maintained at 45 8C for 1 h. The or-
ganic solvent was removed under reduced pressure. The suspen-
sion was cooled with ice. The solid was filtered, washed with 1 m

HCl, and dried at 50 8C under vacuum. The salt of the desired
amine (19·HX; X= Br, Cl) was obtained as a mixture of hydrochlo-
ride and hydrobromide salts as an off-white solid (8.08 g). 1H NMR
(300 MHz, CDCl3): d= 7.45 (dd, J = 8.5 Hz, 1.7 Hz, 1 H), 7.35 (m, 1 H),
7.28 (m, 1 H), 7.15 (t, J = 2.3 Hz, 1 H), 7.0 (m, 1 H), 3.94 (s, 2 H), 1.55
(s, 2 H).

3-[6-Bromo-2-fluoro-3-(5-oxo-1,5-dihydro ACHTUNGTRENNUNG[1,2,4]triazol-4-ylme-
thyl)phenoxy]-5-chlorobenzonitrile (1): A solution of 18 (200 mg,
0.48 mmol), 2,4-dihydroACHTUNGTRENNUNG[1,2,4]triazol-3-one (0.040 g, 0.48 mmol),
K2CO3 (0.13 g, 0.96 mmol), and KI (0.008 g, 0.1 mmol) in CH3CN
(1.5 mL) was heated at 85 8C for 2 h and then cooled to 22 8C. The
reaction mixture was diluted with MeOH/CH2Cl2 (10 % v/v), and
washed sequentially with H2O and brine. The organic extracts were
evaporated, and the crude product was purified by silica gel chro-
matography, eluting with a MeOH/CH2Cl2 gradient (3!10 %
MeOH) to afford 1 as a white solid (0.020 g, 10 %). 1H NMR
(300 MHz, CD3OD): d= 7.84 (s, 1 H), 7.60–7.53 (m, 2 H), 7.27–7.21
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(m, 3 H), 4.94 (s, 2 H); MS (ESI): 423 [M+H]+ ; Anal. calcd for
C16H9BrClFN4O2 : C 45.36, H 2.14, N 13.23; found: C 45.57, H 2.19, N
13.00.

3-[6-Bromo-2-fluoro-3-(3-methyl-5-oxo-1,5-dihydro ACHTUNGTRENNUNG[1,2,4]triazol-
4-ylmethyl)phenoxy]-5-chlorobenzonitrile (2): Prepared as de-
scribed for compound 1, replacing 2,4-dihydro ACHTUNGTRENNUNG[1,2,4]triazol-3-one
with 5-methyl-2,4-dihydro ACHTUNGTRENNUNG[1,2,4]triazol-3-one. The product was pu-
rified by silica gel chromatography, eluting with a MeOH/CH2Cl2

gradient (1.5!7 % MeOH) to afford 2 (0.020 g, 16 %). 1H NMR
(300 MHz, CD3OD): d= 7.59–7.56 (m, 2 H), 7.26 (m, 2 H), 7.15 (dd,
J = 8.5 Hz, 7.4 Hz, 1 H), 4.95 (s, 2 H), 2.20 (s, 3 H); MS (ESI): 437
[M+H]+ ; Anal. calcd for C17H11BrClFN4O2 : C 46.65, H 2.53, N 12.80;
found: C 46.37, H 2.58, N 12.51.

[4-Bromo-3-(3-chloro-5-cyanophenoxy)-2-fluorobenzylamino]-
acetic acid benzyl ester (20): Glycine benzyl ester (925 mg,
5.6 mmol) was dissolved in 1,2-dichloroethane (25 mL), and alde-
hyde 16 (2.0 g, 5.6 mmol) and NaBH ACHTUNGTRENNUNG(OAc)3 (1.66 g, 7.8 mmol) were
added sequentially. After stirring overnight, the reaction mixture
was quenched with saturated aqueous Na2CO3 and extracted with
Et2O. The organic layers were washed with brine, dried (MgSO4),
and concentrated. The product was purified by silica gel chroma-
tography, eluting with an EtOAc/hexanes gradient (20!30 %
EtOAc) to afford ester 20 (1.60 g, 57 %). 1H NMR (300 MHz, CDCl3):
d= 7.43–7.42 (m, 7 H), 7.24 (m, 1 H), 7.16 (t, J = 2.2, 1 H), 7.01 (m,
1 H), 5.16 (s, 2 H), 3.87 (s, 2 H), 3.48 (s, 2 H).

{1-[4-Bromo-3-(3-chloro-5-cyanophenoxy)-2-fluorobenzyl]-urei-
do}acetic acid benzyl ester (21): Trimethylsilylisocyanate (0.34 mL,
0.25 mmol) and 4-dimethylaminopyridine (DMAP, 12 mg,
0.10 mmol) were added to a solution of 20 (510 mg, 1.01 mmol)
and THF (5 mL). The resulting solution was heated at 50 8C for
20 h, cooled to 22 8C, and concentrated. The product was purified
by silica gel chromatography, eluting with an EtOAc/hexanes gradi-
ent (33!66 % EtOAc) to afford 21 (0.28 g, 51 %). 1H NMR (300 MHz,
CDCl3): d= 7.42–7.22 (m, 8 H), 7.16 (t, J = 2.2 Hz, 1 H), 7.00 (m, 1 H),
5.14 (s, 2 H), 4.66 (br s, 2 H), 4.58 (s, 2 H), 4.08 (s, 2 H).

3-[6-Bromo-3-(2,4-dioxoimidazolidin-1-ylmethyl)-2-fluorophe-
noxy]-5-chlorobenzonitrile (3): NaH (20 mg, 60 % in mineral oil,
0.52 mmol) was added to a solution of 21 (250 mg, 0.48 mmol) in
DMF (3 mL) at 0 8C. The reaction mixture was stirred at 22 8C for
2 h, poured into saturated NH4Cl (20 mL), and extracted with
EtOAc. The organic layers were washed with brine, dried (MgSO4),
and concentrated to afford 3 (0.190 g, 95 %). 1H NMR (300 MHz,
CDCl3): d= 8.46 (s, 1 H), 7.41 (dd, J = 8.4 Hz, 1.9 Hz, 1 H), 7.37 (m,
1 H), 7.23 (dd, J = 8.4 Hz, 7.0 Hz, 1 H), 7.15 (t, J = 1.9 Hz, 1 H), 7.00
(dd, J = 2.4 Hz, 1.3 Hz, 1 H), 4.60 (d, J = 1.2 Hz, 2 H), 3.92 (s, 2 H); MS
(ESI): 438 [M+H]+ ; Anal. calcd for C17H10BrClFN3O3 : C 46.55, H 2.30,
N 9.58; found: C 46.62, H 2.23, N 9.48.

3-[6-Bromo-2-fluoro-3-(2-methyl-3,5-dioxo ACHTUNGTRENNUNG[1,2,4]triazolidin-1-yl-
methyl)phenoxy]-5-chlorobenzonitrile (4): A solution of 1-methyl-ACHTUNGTRENNUNG[1,2,4]triazolidine-3,5-dione (0.021 g, 0.18 mmol) and NaH (0.09 g of
a 60 % dispersion in oil, 0.21 mmol) in DMSO (1 mL) was stirred at
22 8C for 20 min. Benzyl bromide 18 (0.075 g, 0.18 mmol) was
added, and the mixture turned clear and was stirred for 1.5 h. The
reaction was quenched with H2O and extracted with 10 % MeOH/
CH2Cl2. The product was purified by silica gel chromatography,
eluting with a MeOH/CH2Cl2 mixture (0!10 % MeOH) to provide
material that was purified further by preparative TLC (0.02 g, 25 %).
1H NMR (300 MHz, [D6]DMSO): d= 8.98 (s, 1 H), 7.48 (dd, J = 8.5 Hz,
1.5 Hz, 1 H), 7.37 (m, 1 H), 7.26 (m, 2 H), 7.13 (t, J = 2.2 Hz, 1 H), 7.00
(m, 1 H), 4.79 (s, 2 H), 3.12 (s, 3 H); MS (ESI): 451 [M�H]; HRMS (ESI)

calcd for C17H12BrClFN4O3 [M+H]+ : 454.9738; found: 454.9722; LC
purity: 96 %.

3-[4-Bromo-3-(3-chloro-5-cyanophenoxy)-2-fluorophenyl]-2-
methylaminopropionic acid methyl ester (22): A solution of diiso-
propylamine (0.14 mL, 1 mmol) in THF was cooled to �78 8C, and
n-butyllithium (1 mmol of a solution in hexanes) was then added.
The reaction mixture was warmed to 0 8C for 15 min. (tert-Butoxy-
carbonylmethylamino)acetic acid methyl ester (0.2 g, 1.2 mmol)
was added, and the resulting solution was stirred for 30 min. The
mixture was cooled to �78 8C, and a THF solution of 18 (0.35 g,
0.83 mmol) was added. The reaction was warmed to 22 8C and
stirred for 4 h, poured into aqueous NH4Cl, and extracted with
EtOAc. The organic layer was washed with H2O, dried (Na2SO4), and
purified by silica gel chromatography to afford 0.2 g of the protect-
ed amine. A solution of the carbamate, trifluoroacetic acid (TFA,
1 mL), and CH2Cl2 was stirred at 0 8C for 5 h. The organic solvents
were evaporated to dryness, and the residue was dissolved in
CH2Cl2. The organic layer was washed with saturated Na2CO3 and
brine, dried (Na2SO4), and the solvents evaporated to afford 22
(0.15 g, 40 %). 1H NMR (300 MHz, CDCl3): d= 7.40 (dd, J = 8.3 Hz,
1.9 Hz, 1 H), 7.34 (t, J = 1.5 Hz, 1 H), 7.15 (t, J = 2.3 Hz, 1 H), 7.11–7.01
(m, 2 H), 3.67 (s, 3 H), 3.44 (m, 1 H), 3.08–2.89 (m, 2 H), 2.37 (s, 3 H).

3-[6-Bromo-2-fluoro-3-methyl-2,5-dioxoimidazolidin-4-ylmethyl)-
phenoxy]-5-chlorobenzonitrile (5): Trimethylsilylisocyanate
(~0.9 mL, 0.58 mmol) was added to a solution of 22 (0.1 g,
0.23 mmol) and DMAP (4 mg, 0.03 mmol) in THF (1 mL), and the re-
action mixture was heated at 50 8C for 18 h. The volatile materials
were evaporated under reduced pressure, and the residue was dis-
solved in CH2Cl2 and MeOH. The organic layer was washed with sa-
turated NaHCO3 and then brine. The organic layer was dried
(Na2SO4), and the organic solvents were evaporated. The crude
product was purified by preparative TLC to afford 5 (0.030 g, 30 %).
The enantiomers of this compound could be separated with a Chir-
alpak IA analytical column, eluting with EtOH/hexanes. 1H NMR
(300 MHz, [D6]DMSO): d= 10.71 (s, 1 H), 7.80 (s, 1 H), 7.61 (d, J =
8.3 Hz, 1 H), 7.42 (m, 1 H), 7.36 (m, 1 H), 7.22 (t, J = 8.0 Hz, 1 H), 4.29
(t, J = 5.2 Hz, 2 H), 3.16 (m, 1 H), 2.76 (s, 3 H); MS (ESI): 452 [M+H]+ ;
HRMS (ESI) calcd for C18H13BrClFN3O3 [M+H]+ : 453.9786; found:
453.9778; LC purity: 100 %.

3-[6-Bromo-2-fluoro-3-(2-oxo-2,3-dihydrobenzoimidazol-1-ylme-
thyl)phenoxy]-5-chlorobenzonitrile (6): A mixture of 18 (0.448 g,
1.07 mmol), 2-hydroxybenzimidazole (0.860 g, 6.41 mmol), K2CO3

(0.295 g, 2.13 mmol), and DMF (2 mL) was heated by microwave at
100 8C for 10 min. The reaction mixture was cooled, diluted with
EtOAc, washed with brine, dried (Na2SO4), and evaporated to dry-
ness. The residue was triturated with EtOAc to remove excess 2-hy-
droxybenzimidazole. The filtrate was evaporated under reduced
pressure to afford 6 as an off-white solid (0.180 g, 35 %). 1H NMR
(300 MHz, [D6]DMSO): d= 11.01 (s, 1 H), 7.81 (m, 1 H), 7.60 (m, 1 H),
7.49 (m, 1 H), 7.44 (m, 1 H), 7.11 (m, 1 H), 7.00 (m, 4 H), 5.08 (s, 2 H);
MS (ESI): 472 [M+H]+ ; Anal. calcd for C21H12BrClFN3O2 : C 53.36, H
2.56, N 8.89; found: C 53.15, H 2.53; N: 8.79.

3-{6-Bromo-2-fluoro-3-[(3-nitropyridin-4-ylamino)methyl]phe-
noxy}-5-chlorobenzonitrile (23): Method 1: 4-Chloro-3-nitropyri-
dine (0.18 g, 0.92 mmol) and Na2CO3 (0.188 g, 1.77 mmol) were
added to a solution of 19 (0.275 g, 0.77 mmol) in DMA (5 mL).
After stirring for 2.5 h at 50 8C the entire reaction mixture was
poured into H2O (20 mL) and extracted with EtOAc. The organic
layers were washed with brine, dried (MgSO4), and concentrated.
The product was purified by silica gel chromatography, eluting
with an EtOAc/hexane gradient (33!65 % EtOAc) to afford 0.28 g
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(76 %) of 23. Method 2 : A solution of the tosylate salt of compound
19 (285 g, 0.55 mol) in 1.4 L N-methyl-4-pyrrolidinone (NMP),
285 mL H2O, and 310 mL Et3N was cooled in an ice bath. 4-Chloro-
3-nitropyridine (123 g, 0.77 mol) was added, and the mixture was
stirred overnight at room temperature. H2O (1140 mL) was added
to the slurry over 2.5 h to cause precipitation of the product. The
product was isolated by filtration and washed with 2780 mL H2O.
Amine 23 was obtained as a yellow solid (249 g, 94 % yield).
1H NMR (300 MHz, CDCl3): d= 9.27 (s, 1 H), 8.60 (m, 1 H), 8.35 (d, J =
5.7 Hz, 1 H), 7.50 (dd, J = 8.3 Hz, 1.9 Hz, 1 H), 7.39 (t, J = 1.5 Hz, 1 H),
7.17 (m, 2 H), 7.03 (m, 1 H), 6.70 (d, J = 6.3 Hz, 1 H), 4.66 (d, J =
6.0 Hz, 2 H).

3-{3-[(3-Aminopyridin-4-ylamino)methyl]-6-bromo-2-fluorophe-
noxy}-5-chlorobenzonitrile (24): Method 1: NH4Cl (0.124 g,
2.32 mmol), H2O (1 mL), and Fe powder (0.13 g, 2.32 mmol) were
slowly added to a solution of 23 (0.277 g, 0.58 mmol) in EtOH
(3 mL). After heating for 2.5 h at 100 8C, the reaction mixture was
cooled to 22 8C, filtered through Celite and concentrated. The
crude product was purified by silica gel chromatography, eluting
with a MeOH/CH2Cl2 gradient (5!15 % MeOH) to afford com-
pound 24 (0.085 g, 33 %). Method 2 : Iron powder (30.7 g,
0.550 mol) was combined with acetic acid (214 mL, 3.4 mol), and
the suspension was stirred. Concentrated aqueous HCl (4.5 mL,
0.054 mol) was added, and the slurry was stirred for 25 min and
then heated at 60 8C. A solution of 23 (105.0 g, 0.220 mol) in
525 mL NMP was added slowly to the iron–acetic acid mixture,
maintaining the reaction temperature below 70 8C. After the addi-
tion was complete, the reaction mixture was kept at 70 8C until the
completion (8 h). The mixture was cooled to room temperature
and diluted with 540 mL H2O. The slurry was filtered through
Celite, and the Celite pad was washed with 550 mL H2O. The com-
bined filtrates were stirred while adding 3 n aqueous HCl (100 mL,
0.300 mol) to cause precipitation of the product as a hydrochloride
salt. The resulting slurry was filtered, and the product cake was
washed with H2O and dried under vacuum at ~70 8C to provide
24·HCl as a colorless solid (87.1 g, 81.8 % yield). 1H NMR (300 MHz,
CD3OD): d= 7.76 (dd, J = 6.6 Hz, 1.2 Hz, 1 H), 7.70 (d, J = 1.2, 1 H),
7.56 (m, 2 H), 7.32 (dd, J = 8.5 Hz, 7.3 Hz, 1 H), 7.26 (t, J = 2.2 Hz,
1 H), 7.19 (m, 1 H), 6.78 (d, J = 6.6 Hz, 1 H).

3-[6-Bromo-2-fluoro-3-(2-oxo-2,3-dihydroimidazo ACHTUNGTRENNUNG[4,5-c]pyridin-1-
ylmethyl)phenoxy]-5-chlorobenzonitrile (7): Method 1: 1,1-Car-
bonyldiimidazole (34 mg, 0.21 mmol) was added to a solution of
24 (85 mg, 0.19 mmol) in DMF (1 mL). After stirring for 3 days at
50 8C, an additional portion of CDI was added, and the tempera-
ture was increased to 100 8C. After 4 h, the reaction mixture was
cooled, poured into H2O (5 mL), and extracted with EtOAc. The or-
ganic layers were then washed with brine, dried (MgSO4), and con-
centrated under reduced pressure. Trituration of the residue with
Et2O afforded compound 7 (0.060 g, 66 %). Method 2 : A solution of
24·HCl (280 g, 0.58 mol), 1,1-carbonyldiimidazole (196 g, 1.21 mol),
Et3N (202 mL), and CH3CN (1.7 L) was stirred at room temperature
for 1.5 h. H2O (600 mL) was added, and the solution was seeded
with small amounts of seed crystals of 6. After stirring overnight at
room temperature, additional H2O (1.25 L) was added over 2.5 h.
The slurry was filtered, and washed with H2O (3.7 L). Compound 7
was obtained as an off-white solid (255 g, 93 %). 1H NMR (300 MHz,
[D6]DMSO): d= 11.33 (s, 1 H), 8.23 (d, J = 1 Hz, 1 H), 7.07 (d, J =
5.3 Hz, 1 H), 7.82 (m, 1 H), 7.60 (dd, J = 8.5 Hz, 1.7 Hz, 1 H), 7.51 (m,
1 H), 7.45 (m, 1 H), 7.15 (dd, J = 8.4 Hz, 7.4 Hz, 1 H), 7.11 (d, J =
5.3 Hz, 1 H), 5.12 (s, 2 H); MS (ESI): 473 [M+H]+ ; Anal. calcd for
C20H11BrClFN4O2 : C 50.71, H 2.34, N 11.83; found: C 50.49, H 2.34;
N: 11.67.

tert-Butyl-(3-nitropyridin-2-yl)amine (25): tert-Butylamine (19 mL,
180 mmol) was added to a solution of 2-chloro-3-nitropyridine
(9.5 g, 59.9 mmol) and DMF (150 mL). After stirring for 2 days at
45 8C, the reaction mixture was concentrated. The residue was dis-
solved in Et2O (300 mL), and the organic layer was washed with
H2O and brine, dried (MgSO4), filtered, and concentrated to afford
25 (11.6 g, 98 %). 1H NMR (300 MHz, CDCl3): d= 8.39 (m, 2 H), 6.59
(m, 1 H), 1.55 (s, 9 H).

N-tert-Butylpyridine-2,3-diamine (26): Pd/C (10 %, 1 g) was added
to a solution of 25 (11.6 g, 59.9 mmol) and MeOH (50 mL). The re-
sulting suspension was stirred under an H2 atmosphere for 18 h, fil-
tered through Celite, and concentrated. The product was purified
by silica gel chromatography, eluting with an EtOAc/hexane gradi-
ent (10!50 % EtOAc) to afford compound 26 (3.3 g, 33 %). 1H NMR
(300 MHz, CDCl3): d= 7.74 (dd, J = 5.1 Hz, 1.6 Hz, 1 H), 6.81 (dd, J =
7.3 Hz, 1.6 Hz, 1 H), 6.46 (dd, J = 7.3 Hz, 5.1 Hz, 1 H), 4.04 (br s, 1 H),
3.08 (br s, 2 H), 1.48 (s, 9 H).

3-tert-Butyl-1,3-dihydroimidazo ACHTUNGTRENNUNG[4,5-b]pyridin-2-one (27): 1,1-Car-
bonyldiimidazole (4.5 g, 27.4 mmol) was added to a solution of 26
(3.3 g, 21.1 mmol) in CH3CN (50 mL), and the reaction mixture was
stirred for 2 h at 50 8C. After the reaction was complete, the mix-
ture was concentrated, dissolved in EtOAc (300 mL), washed with
H2O and brine, dried (MgSO4), filtered, and concentrated under re-
duced pressure. The product was purified by silica gel chromatog-
raphy, eluting with an EtOAc/hexane gradient (10!50 % EtOAc) to
afford 2.6 g (64 %) of the benzimidazole product. 1H NMR
(300 MHz, CDCl3): d= 8.01 (dd, J = 5.2 Hz, 1.6 Hz, 1 H), 7.25 (dd, J =
7.7 Hz, 1.6 Hz, 1 H), 6.94 (dd, J = 7.7 Hz, 5.2 Hz, 1 H), 1.87 (s, 9 H).

3-[6-Bromo-2-fluoro-3-(2-oxo-2,3-dihydroimidazo ACHTUNGTRENNUNG[4,5-b]pyridin-
1-ylmethyl)phenoxy]-5-chlorobenzonitrile (8): NaH (0.024 g,
0.59 mmol, 60 % mineral oil dispersion) was added to a solution of
27 (0.10 g, 0.52 mmol) in DMF (2 mL) at 0 8C. After stirring for
15 min, 18 (0.199 mg, 0.475 mmol) was added, and stirring was
continued at 22 8C for 30 min. The reaction mixture was poured
into H2O (10 mL) and extracted EtOAc. The organics were washed
with brine, dried (MgSO4), filtered, and concentrated under re-
duced pressure. The product was purified by silica gel chromatog-
raphy, eluting with an EtOAc/hexane gradient (10!30 % EtOAc) to
afford 0.20 g (72 %) of the protected benzimidazolinone. A solution
of the imidazolinone (175 mg, 0.33 mmol), TFA (1.3 mL), and MsOH
(0.33 mL) was heated at 75 8C for 4 h. The mixture was concentrat-
ed, and the residue was dissolved in EtOAc (300 mL), washed with
H2O and brine, dried (MgSO4), filtered, and concentrated. The prod-
uct was largely the amide resulting from hydrolysis of the nitrile
(135 mg, 0.275 mmol). This material was suspended in dioxane
(1.4 mL) and successively treated with pyridine (0.20 mL,
2.48 mmol) and trifluoroacetic anhydride (TFAA, 0.112 mL,
0.83 mmol) at 0 8C. The mixture was then gently warmed to 60 8C
for 5 h. The solution was poured into 20 mL H2O, and extracted
with EtOAc. The organic layers were washed with brine, dried
(MgSO4), concentrated, and triturated with Et2O to afford 8
(0.025 g, 11 %). 1H NMR (300 MHz, [D6]DMSO): d= 11.70 (s, 1 H), 7.93
(dd, J = 5.3 Hz, 1.3 Hz 1 H), 7.81 (m, 1 H), 7.60 (dd, J = 8.4 Hz, 1.8 Hz,
1 H), 7.50 (m, 1 H), 7.45 (m, 1 H), 7.32 (dd, J = 7.7 Hz, 1.1 Hz, 1 H),
7.18 (dd, J = 8.3 Hz, 7.5 Hz, 1 H), 6.99 (dd, J = 7.8 Hz, 5.2 Hz, 1 H),
5.11 (s, 2 H); MS (ESI): 473 [M+H]+ ; Anal. calcd for C20H11BrClFN4O2 :
C 50.71, H 2.34, N 11.83; found: C 50.72, H 2.41, N 11.43.

3-[3-(5-Allyl-2,4-dioxoimidazolidin-1-ylmethyl)-6-bromo-2-fluoro-
phenoxy]-5-chlorobenzonitrile (28): Allylglycine methyl ester
(0.73 g, 5.6 mmol of free base that was formed from treatment of
the hydrochloride salt in Et2O with saturated Na2CO3) was dissolved
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in 1,2-dichloroethane (25 mL), and 16 (2.0 g, 5.6 mmol) followed by
NaBH ACHTUNGTRENNUNG(OAc)3 (1.66 g, 7.84 mmol) were added. The reaction mixture
was stirred overnight, quenched with saturated Na2CO3, and ex-
tracted with Et2O. The organics were washed with brine, dried
(MgSO4), filtered, and concentrated. The product was purified by
silica gel chromatography, eluting with an EtOAc/hexane gradient
(20!30 % EtOAc) to afford 1.25 g (48 %) of the desired ester. Tri-
methylsilylisocyanate (1.0 mL, 2.5 equiv) and DMAP (32 mg,
0.10 equiv) were added to a solution of the ester (1.20 g,
2.60 mmol) in THF (13 mL). This solution was heated at 50 8C for
3 days, cooled, and concentrated. The product was purified by
silica gel chromatography, eluting with an EtOAc/hexane gradient
(33!66 % EtOAc) to afford 1.11 g (88 %) of the hydantoin 28.
1H NMR (300 MHz, CDCl3): d= 8.50 (br s, 1 H), 7.50 (dd, J = 8.4 Hz,
1.8 Hz, 1 H), 7.38 (t, J = 1.6 Hz, 1 H), 7.27 (dd, J = 8.4 Hz, 7.1 Hz, 1 H),
7.13 (t, J = 2.2 Hz, 1 H), 7.01 (m, 1 H), 5.60 (m, 1 H), 5.19 (m, 2 H),
4.87 (dd, J = 15.8 Hz, 1.6 Hz, 1 H), 4.33 (d, J = 15.8 Hz, 1 H), 3.99 (t,
J = 4.64 Hz, 1 H), 2.66 (m, 2 H).

3-[6-Bromo-2-fluoro-3-(6-oxo-6,7-dihydroimidazo ACHTUNGTRENNUNG[4,5-c]pyri-
dazin-5-ylmethyl)phenoxy]-5-chlorobenzonitrile (9): OsO4

(0.100 mL, 5 % in tert-BuOH) followed by a solution of NaIO4

(1.36 g, 6.39 mmol) in H2O (2.8 mL) was added to a solution of 28
(1.02 g, 2.13 mmol) in THF (8.5 mL). The thick mixture was stirred
for 24 h, diluted with saturated aqueous NaHCO3, and extracted
with EtOAc. The organic layers were washed with brine, dried
(MgSO4), filtered, and concentrated to provide the corresponding
aldehyde. The aldehyde was dissolved in AcOH (17 mL), and hydra-
zine (0.670 mL, 21.3 mmol) was added. After stirring for an addi-
tional 24 h, the mixture was concentrated and purified by silica gel
chromatography, eluting with a MeOH/CH2Cl2 gradient (1!7 %
MeOH) to afford a solid that was further purified by reversed-
phase HPLC (0.010 g, 1 %). 1H NMR (300 MHz, CD3OD): d= 8.70 (d,
J = 5.3 Hz, 1 H), 7.81 (m, 1 H), 7.60 (dd, J = 8.5 Hz, 1.7 Hz, 1 H), 7.50
(m, 1 H), 7.45 (m, 1 H), 7.22 (m, 1 H), 7.18 (d, J = 5.3 Hz, 1 H), 5.10 (s,
2 H); MS (ESI): 474 [M+H]+ ; HRMS (ESI) calcd for C19H11BrClFN5O2

[M+H]+ : 473.9763; found: 473.9750. LC purity: 100 %.

3-[6-Bromo-2-fluoro-3-(2-oxo-1,2-dihydropyridin-3-ylmethyl)phe-
noxy]-5-chlorobenzonitrile (10): n-Butyllithium (0.91 mL, 1.4 m in
hexanes) was added slowly to a cooled (�78 8C) solution of 3-
bromo-2-methoxypyridine (0.225 g, 1.2 mmol) in dry THF (3 mL).
The mixture was stirred for 10 min and then CuI (0.141 mg,
0.74 mmol) was added. After 30 min, the mixture was warmed to
0 8C and stirred for 20 min. The material was cooled to �40 8C for
45 min, and then cooled back down to �78 8C. A solution of 18
(0.316 mg, 0.9 mmol) in THF (2.5 mL) was added dropwise. After
5 min, the cooling bath was removed and the mixture was
warmed to ambient temperature, stirred for 5 h, and added to a
saturated aqueous solution of NH4Cl. The mixture was extracted
with EtOAc, and the organic phase was collected and washed with
brine. The aqueous phases were extracted with EtOAc and the
combined organic phases were dried (MgSO4) and evaporated to
dryness under reduced pressure. Purification by preparative TLC
(silica, eluting with 16 % EtOAc/hexanes) provided the desired me-
thoxypyridine as a light yellow semi-solid (250 mg). This material
and NaI (168 mg, 1.1 mmol) were dissolved in dry CH3CN (40 mL)
and stirred at 0 8C. Chlorotrimethylsilane (0.14 mL, 1.12 mmol) was
added dropwise, and the mixture was warmed to 22 8C and stirred
for 16 h. NaI (0.168 g, 1.1 mmol) was added, and the solution was
cooled to 0 8C. Additional TMSCl (0.14 mL, 1.12 mmol) was added,
and the mixture was stirred at 22 8C for 8 h. 1 n HCl (0.5 mL) was
added followed by 38 % aqueous sodium bisulfite, brine, H2O, and
EtOAc, and the mixture was stirred for 30 min. The phases were

separated, and the aqueous phase was extracted with EtOAc. The
organic solution was stirred with NaHCO3 (200 mg) and a solution
of 38 % sodium metabisulfite (1 mL) in H2O (40 mL) for 15 min. The
organic phase was collected and washed with brine, and the aque-
ous phases were extracted with EtOAc. The organic phases were
combined, dried (MgSO4), and filtered, and the volatile materials
were removed. Purification by preparative TLC (silica, eluting with
75 % EtOAc/hexanes) followed by crystallization from hot CH2Cl2/
hexanes provided 10 (0.124 g, 32 %). 1H NMR (300 MHz, CDCl3): d=
12.30 (s, 1 H), 7.39 (dd, J = 8.5 Hz, 1.5 Hz, 1 H), 7.34 (m, 1 H), 7.31–
7.18 (m, 3 H), 7.15 (t, J = 2.0 Hz, 1 H), 7.00 (m, 1 H), 6.83 (t, J = 6.7 Hz,
1 H), 3.90 (s, 2 H); MS (ESI): 433 [M+H]+ ; Anal. calcd for
C19H11BrClFN2O2·0.25 H2O: C 52.08, H 2.65, N 6.39; found: C 52.08, H
2.47, N 6.39.

3-[6-Bromo-3-(2,4-dioxo-3,4-dihydro-2H-pyrimidin-1-ylmethyl)-2-
fluorophenoxy]-5-chlorobenzonitrile (11): A solution of 18 (0.12 g,
0.286 mmol), TMSCl (2 drops), hexamethyldisilazane (0.3 mL), 1,2-
dichloroethane (2 mL), iodine (~5 mg), and uracil (0.16 g,
1.43 mmol) were combined under nitrogen and stirred for 18 h at
80 8C. The reaction was cooled, the organics evaporated under re-
duced pressure, and the residue dissolved in CH2Cl2 and washed
with H2O. The organic solution was dried (MgSO4), filtered and
evaporated. The crude product was purified by silica gel chroma-
tography, eluting with a MeOH/CH2Cl2 gradient (1!7 % MeOH) to
afford 0.07 g (55 %) of 11. 1H NMR (300 MHz, [D6]DMSO): d= 10.00
(s, 1 H), 7.62–7.55 (m, 3 H), 7.32 (m, 3 H), 5.55 (d, J = 8.1 Hz, 1 H),
4.99 (s, 2 H); MS (ESI): 450 [M+H]+ ; Anal. calcd for C18H10BrClFN3O3 :
C 47.97, H 2.24, N 9.32; found: C 47.88, H 2.19, N, 9.27.

3-[6-Bromo-2-fluoro-3-(5-methyl-2,4-dioxo-3,4-dihydro-2H-pyri-
midin-1-ylmethyl)phenoxy]-5-chlorobenzonitrile (12): Prepared
as described for compound 11, replacing uracil with thymine. Com-
pound 12 was purified by silica gel chromatography, eluting with a
MeOH/CH2Cl2 gradient (1!6 % MeOH) to afford a 90 % yield of the
desired product. 1H NMR (300 MHz, [D6]DMSO): d= 11.36 (s, 1 H),
7.81 (t, J = 1.5 Hz, 1 H), 7.54–7.45 (m, 4 H), 7.22 (m, 1 H), 4.91 (s, 2 H),
1.76 (d, J = 1 Hz, 3 H); MS (ESI): 464 [M+H]+ ; Anal. calcd for
C19H12BrClFN3O3 : C 49.11, H 2.50, N 9.04; found: C 49.06, H 2.53, N
8.76.

3-[6-Bromo-3-(5-chloro-2,4-dioxo-3,4-dihydro-2H-pyrimidin-1-yl-
methyl)-2-fluorophenoxy]-5-chlorobenzonitrile (13): Prepared as
described for compound 11, except uracil was replaced with 5-
chloro-1H-pyrimidine-2,4-dione. The compound was purified by
silica gel chromatography, eluting with a MeOH/CH2Cl2 gradient
(1!7 % MeOH) to afford 13 in 36 % yield. 1H NMR (300 MHz,
[D6]DMSO): d= 11.86 (s, 1 H), 8.22 (s, 1 H), 7.82 (t, J = 1.4 Hz, 1 H),
7.62 (dd, J = 8.5 Hz, 1.7 Hz, 1 H), 7.52 (m, 1 H), 7.46 (m, 1 H), 7.27 (t,
J = 7.5 Hz, 1 H), 4.95 (s, 2 H); MS (ESI): 484 [M+H]+ ; Anal. calcd for
C18H9BrCl2FN3O3 : C 44.57, H 1.87, N 8.66; found: C 44.43, H 1.78, N
8.71.

2-[4-Bromo-3-(3-chloro-5-cyanophenoxy)-2-fluorobenzyl]malonic
acid tert-butyl ester ethyl ester (29): tert-Butyl ethyl malonate
(0.28 g, 1.48 mmol) was added to a suspension of NaH (0.14 g,
3.57 mmol) and DMF (3 mL) and cooled to 0 8C. The mixture was
warmed to 22 8C and stirred for 30 min. To the resulting solution
was added 18 (0.50 g, 1.19 mmol). The reaction was stirred at 22 8C
for 1.5 h and diluted with EtOAc and washed sequentially with sa-
turated NH4Cl, H2O, and brine. The organic layer was dried
(Na2SO4), filtered, and evaporated under reduced pressure to afford
29 (0.62 g, 99 %). 1H NMR (300 MHz, CDCl3): d= 7.40–7.34 (m, 2 H),
7.14–6.99 (m, 3 H), 4.24–4.09 (m, 3 H), 3.20 (m, 2 H), 1.41 (s, 9 H),
1.12 (m, 3 H).
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3-[6-Bromo-2-fluoro-3-(4-oxo-2-thioxo-1,2,3,4-tetrahydropyrimi-
din-5-ylmethyl)phenoxy]-5-chlorobenzonitrile (30): TFA (2 mL)
was added to a solution of 29 (0.62 g, 1.18 mmol) and CH2Cl2

(2.5 mL) cooled to 0 8C, and the reaction was warmed to 22 8C.
After 6 h, the volatile materials were removed under reduced pres-
sure, the residue diluted with CH2Cl2, and the organic layer washed
sequentially with aqueous NaHCO3, H2O, and brine. The aqueous
wash was acidified with HCl and extracted with CH2Cl2. The com-
bined organic layers were washed with H2O, dried (Na2SO4), fil-
tered, and evaporated. The residue was dissolved in DMF (2 mL)
and H2O (0.07 mL) and heated by microwave for 20 min at 160 8C.
The reaction mixture was diluted with EtOAc and washed sequen-
tially with H2O and brine. The organic layer was dried (Na2SO4), fil-
tered, and evaporated. The crude product was purified by silica gel
chromatography, eluting with an EtOAc/hexanes gradient (0–30 %
EtOAc) to afford 0.180 g (38 %) of the decarboxylated ethyl ester. A
solution of this material (0.18 g, 0.42 mmol) and ethyl formate
(0.07 mL, 0.92 mmol) in Et2O (1 mL) was added dropwise to a solu-
tion of tBuOK in Et2O (2.5 mL). The reaction mixture was warmed
to 22 8C and stirred for 18 h. The volatiles were removed in vacuo,
and the residue was dissolved in iPrOH (5 mL). Thiourea (0.062 g,
0.84 mmol) was added, and the reaction mixture was heated at
80 8C for 4 h. The volatile materials were removed, and the residue
was washed with Et2O. The residue was dissolved in H2O, and the
solution was acidified with AcOH. The resulting precipitate was fil-
tered and washed with H2O. The residue was dissolved in Et2O,
and the organic layer was washed with H2O and brine. Evaporation
of the volatile materials under reduced pressure afforded a small
amount of slightly impure 30 (0.1 g, 50 %); MS (ESI): 468 [M+H]+ .

3-[6-Bromo-2-fluoro-3-(1-methyl-2,4-dioxo-1,2,3,4-tetrahydropyr-
imidin-5-ylmethyl)phenoxy]-5-chlorobenzonitrile (14): Chloroace-
tic acid (1 mL) was added to a solution of thiouracil 30 (0.1 g,
0.21 mmol). AcOH (1 mL) was added. The reaction mixture was
heated at 100 8C for 6 h, cooled to 0 8C, and H2O (2 mL) was added.
The resulting precipitate was filtered and washed with H2O and
Et2O to afford 0.030 g (31 %) of the uracil. N,O-bis(trimethylsilyl)acet-
amide (0.1 mL) was added slowly to a solution of this material in
CH2Cl2 (0.9 mL) at 22 8C and stirred for 2 h. CH3I (0.145 mL) was
added, and the reaction was heated at 28 8C for 18 h. The volatile
materials were removed, and the organic residue was dissolved in
EtOAc. The organic layer was washed with H2O and then brine,
dried (Na2SO4), filtered, and evaporated under reduced pressure.
The crude product was purified by silica gel chromatography, elut-
ing with a MeOH/CH2Cl2 gradient (0!4 % MeOH) to afford 0.015 g
(48 %) of 14. 1H NMR (300 MHz, CD3OD): d= 7.54 (m, 1 H), 7.49–7.45
(m, 2 H), 7.25–7.19 (m, 3 H), 3.66 (s, 2 H), 3.33 (s, 3 H); MS (ESI): 464
[M+H]+ ; HRMS (ESI) calcd for C19H13BrClFN3O3 [M+H]+ : 465.97729;
found: 465.97864; LC purity: 96 %.

Biological methods

HIV-1 reverse transcriptase assay. RNA-dependent DNA poly-
merase activity was measured using a biotinylated primer oligonu-
cleotide and tritiated dNTP substrate. Newly synthesized DNA was
quantified by capturing the biotinylated primer molecules on
streptavidin (SA)-coated scintillation proximity assay (SPA) beads
(Amersham). The sequences of the polymerase assay substrates
were: 18-nt DNA primer, 5’-biotin-GTC CCT GTT CGG GCG CCA-3’;
47-nt RNA template, 5’-GGG UCU CUC UGG UUA GAC CAC UCU
AGC AGU GGC GCC CGA ACA GGG AC-3’. The biotinylated DNA
primer was obtained from Integrated DNA Technologies Inc. , and
the RNA template was synthesized by Dharmacon. The DNA poly-
merase assay (final volume 50 mL) contained 32 nm biotinylated

DNA primer, 64 nm RNA substrate, dGTP, dCTP, dTTP (each at
5 mm), 103 nm [3H]dATP (specific activity: 29 mCi mmol�1) in 45 mm

Tris-HCl (pH 8.0), 45 mm NaCl, 2.7 mm MgACHTUNGTRENNUNG(CH3COO)2, 0.045 % Triton
X-100 w/v, and 0.9 mm EDTA. The reactions contained 5 mL of serial
compound dilutions in 100 % DMSO for IC50 determination, and
the final concentration of DMSO was 10 %. Reactions were initiated
by the addition of 30 mL of the HIV RT enzyme (final concentrations
of 1–3 nm). Protein concentrations were adjusted to provide linear
product formation for at least 30 min of incubation. After incuba-
tion at 30 8C for 30 min, the reaction was quenched by the addi-
tion of 50 mL 200 mm EDTA (pH 8.0) and 2 mg mL�1 SA–PVT SPA
beads (Amersham, RPNQ0009, reconstituted in 20 mm Tris-HCl
(pH 8.0), 100 mm EDTA, and 1 % BSA). The beads were left to settle
overnight, and the SPA signals were counted in a 96-well top coun-
ter-NXT instrument (Packard). IC50 values were obtained by sigmoi-
dal regression analysis using GraphPad software.

Antiviral assay. Anti-HIV antiviral activity was assessed using an
adaptation of the method of Pauwels et al.[29] The method is based
on the ability of compounds to protect HIV-infected T lymphoblas-
toid (MT4) cells from cell death mediated by the infection. The
endpoint of the assay was calculated as the compound concentra-
tion at which viability of the cell culture was preserved by 50 %
(50 % inhibitory concentration, IC50). Cell viability was determined
by the uptake of soluble, yellow 3-[4,5-dimethylthiazol-2-yl]-2,5-di-
phenyltetrazolium bromide (MTT) and its reduction to a purple in-
soluble formazan salt. After solubilization, spectrophotometric
methods were employed to measure the amount of formazan
product.

MT4 cells were prepared to be in logarithmic-phase growth, with a
total of 2 � 106 cells infected with the HXB2 strain of HIV at a multi-
plicity of 0.0001 infectious units per cell in a total volume of 200–
500 mL. The cells were incubated with virus for 1 h at 37 8C before
removal of virus. The cells were then washed in 0.01 m phosphate-
buffered saline (PBS, pH 7.2) before resuspension in culture
medium for incubation in culture with serial dilutions of test com-
pound. The culture medium used was RPMI 1640 without phenol
red (Gibco, cat# 11835055), supplemented with 10 % fetal bovine
serum (FBS, Invitrogen, cat# 16000-036), 1 % (v/v) penicillin/strepto-
mycin (Invitrogen, cat# 15140-122), and 2 mm l-glutamine (Invitro-
gen, cat# 25030-081). Test compounds were prepared as 2 mm sol-
utions in dimethyl sulfoxide (DMSO). Four replicate, twofold serial
dilutions in GM10 were then prepared, and 50 mL volumes were
placed in 96-well plates over a final concentration range of 625–
1.22 nm. GM10 (50 mL) and 3.5 � 104 infected cells were then added
to each well. Control cultures containing no cells (blank), uninfect-
ed cells (100 % viability ; four replicates), and infected cells without
compound (total virus-mediated cell death; four replicates) were
also prepared. The cultures were then incubated at 37 8C in a hu-
midified atmosphere of 5 % CO2 in air for 5 days. A fresh solution
of MTT (5 mg mL�1) was prepared in 0.01 m PBS (pH 7.2) and 20 mL
were added to each culture. The cultures were further incubated
as before for 2 h. They were then mixed by pipetting up and
down, 170 mL Triton X-100 in acidified iPrOH (10 % v/v Triton X-100
in a 1:250 mixture of concentrated HCl/iPrOH) was added. When
the formazan deposit was fully solubilized by further mixing, the
absorbance (OD) of the cultures was measured at l= 540 nm and
l= 690 nm (readings at 690 nm were used as blanks for artifacts
between wells). The percent protection for each treated culture
was then calculated from the equation:

% Protection ¼ ðODdrug-treated culturesÞ�ðODuntreated virus control culturesÞ
ðODuninfected culturesÞ�ðODuntreated virus control culturesÞ

� 100
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The IC50 values can be obtained from graph plots of percent pro-
tection versus log10 (drug concentration).

Antiviral assay using clinical isolates. Viruses were selected from
a panel of clinical isolates available at Monogram Biosciences
based on their decreased susceptibility to efavirenz. Compounds
were evaluated in the PhenoScreen� single-cycle antiviral assay at
Monogram Biosciences as described previously.[30]

Animal experimental protocol : In vivo experiments were conduct-
ed according to IACUC protocol number 2004–44.

Keywords: antiviral agents · HIV · inhibitors · molecular
modeling · reverse transcriptase · structure-based design
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