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ABSTRACT: Our group has focused on expanding the scope of a two-
metal binding pharmacophore concept to explore HIV-1 integrase inhibitors
through medicinal chemistry efforts to design novel scaffolds which allow for
improvement of pharmacokinetic (PK) and resistance profiles. A novel
chelating scaffold was rationally designed to effectively coordinate two
magnesium cofactors and to extend an aromatic group into an optimal
hydrophobic pharmacophore space. The new chemotype, consisting of a
carbamoyl pyridone core unit, shows high inhibitory potency in both
enzymatic and antiviral assay formats with low nM IC50 and encouraging
potency shift effects in the presence of relevant serum proteins. The new inhibitor design displayed a remarkable PK profile
suggestive of once daily dosing without the need for a PK booster as demonstrated by robust drug concentrations at 24 h after
oral dosing in rats, dogs, and cynomolgus monkeys.

1. INTRODUCTION

Anti-HIV drugs are categorized based on their inhibitory
mechanism with the most prominent targeting virally encoded
enzymatic machinery in the following classes: nucleoside
reverse transcriptase inhibitors (NRTIs), non-nucleoside
reverse transcriptase inhibitors (NNRTIs), protease inhibitors
(PIs), and integrase inhibitors (INIs). Combination therapy
using the above classes of inhibitors called highly active
antiretroviral therapy (HAART) has been successful in effective
HIV/AIDS treatment.1 Integrase (IN) is a virally encoded
enzyme essential for retrovirus replication that catalyzes the
integration of viral DNA into the host cell DNA. As a result of
this unique step in the retroviral life cycle, integrase has become
an attractive target for drug discovery. The integration process
promoted by IN consists of two sequential reactions.2 In the
first step, HIV-1 IN removes a dinucleotide from each end of
the viral DNA, generating two CA-3′ hydroxyl recessed termini.
The next step is a transesterification reaction of the newly
formed 3′ hydroxyl groups attacking the phosphodiester
backbone of the host DNA. Subsequent cell repair mechanisms
are implicated during completion of the viral DNA integration.
Both reactions are catalyzed by the highly conserved catalytic
core of HIV-1 IN which consists of two divalent metal ions held
in place by a DD(35)E triad of protein carboxylate side chains
(Asp64, Asp116, and Glu152). The two-metal binding
pharmacophore model3 has been of great utility as a platform
for inhibitor design as graphically depicted in Figure 1a. In its
most simplified format, the concept involves a drug molecule

chelating both metal cofactors, which for HIV-1 IN have been
shown to be Mg2+ in the active site of the enzyme to prevent
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Figure 1. (a) Graphical depiction of the two-metal binding
pharmacophore. (b) Structural overlapping model of many historical
two-metal binding scaffolds. Yellow lines partition the structures into
each pharmacophore regions A, B, and C.
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catalysis and stabilization of the transesterification intermediate
involving the host DNA phospodiester group. Moreover, the
minimal pharmacophore should contain an aromatic group
extend into an adjacent hydrophobic space. Continuous efforts
have been directed toward the discovery of small molecule
inhibitors over the past decade based on the two metal binding
pharmacophore concept.4 These efforts have culminated in the
discovery of raltegravir (RAL), the first marketed HIV-1
integrase inhibitor (Figure 2).5 RAL is becoming the preferred

third agent in many HAART regimens for both treatment naive
and experienced patients.6 RAL requires a 400 mg twice daily
dose and has given rise to clear signature mutation pathways
(N155H, Q148H/K/R, and Y143C/R).7 As a result there are
significant remaining issues to be improved including overall
dose burden, dosing interval, potency against resistant
mutations, and genetic barrier to resistance. Elvitegravir8

(EVG) is another first generation INI which is currently
under NDA review. EVG allows for a once daily dose of 150
mg, however, this requires coadministration of a CYP3A
inhibitor as a PK booster.9 Additionally, EVG has significant
cross resistance with RAL.10

Since the diketo acid (DKA) series were identified,11 our
group has pursued medicinal chemistry efforts using a two-
metal binding pharmacophore structural based design. These
efforts included extensive study of three early generations of
INIs consisting of hydroxyquinoline (OXN), hydroxynaphthyr-
idine (NAP), and hydroxynaphthyridinone (NTD) core
chelating motifs (Figure 3).12 However, all of these efforts
along with a multitude of contributions from other groups
ultimately fell short of delivering necessary advancements
required to provide true differentiation for patients in the areas
where RAL and EVG have demonstrated limitations. We wish
to report herein molecular design methodology around a series
of carbamoyl pyridone integrase inhibitors that utilize a novel

two-metal binding motif as a first step toward differentiation of
an INI to begin to address the above issues limiting RAL and
EVG. These results are the first installment of a series of reports
that lead to the discovery of the next generation INI
dolutegravir (DTG), which is currently in late clinical trial
evaluation as an unboosted, low dose once daily INI with
superior resistance profile.

2. MOLECULAR DESIGN
A structural overlapping model of many historical two-metal
binding scaffolds is shown in Figure 1b. This model has more
recently been validated by the elegant crystallography studies
by Cherepanov using the prototype foamy virus integrase
system as a homologue of the HIV-1 protein.13 Region A is the
two-metal binding motif critical to all members of this class of
strand transfer active site binders. Region B is a hydrophobic
region stemming from extensive historical SAR from our
laboratories and others that requires a substituted benzyl group
and does not appear tolerant of significant departures from this
motif.4 Region C is commonly quite flexible and tolerable to
structural modifications to allow for optimization of the PK and
other drug-like properties required of an orally dosed small
molecule. There is also evidence that region C enhances
antiviral potency although the structure−activity relationship
and tolerance to variation is less strict than regions A and B.8

Our molecular design study began with a focus on region B.
Phenyl rings are clustered as indicated in Figure 1b, however,
upon closer inspection there appeared to be a range of space
occupied by the different rings with an associated impact on
potency. Figure 4 shows a comparison of several examples with
varied spacing of the region B hydrophobic benzyl group. Both
NAP-A and NAP-B have an identical 8-hydroxynaphthyridine
metal chelation motif but are effectively rotated on a pseudo C2
symmetry axis by placing the benzyl group on opposite ends of
the heterocycle. As such the NAP-A and NAP-B scaffolds are
proposed to bind in a reversed orientation to one another,
thereby placing the hydrophobic benzyl group in the same
pharmacophore space. When the two molecules were over-
lapped based on the metal binding region as shown in the
middle, there is a small but clear difference in the location of
the phenyl ring. The situation is similar for the naphthyr-
idinones NTD-A and -B.12 Again, the hydrophobic region of
NTD-A is further extended than that of NTD-B. It should be
noticed that the longer spacing of the type NAP-A and NTD-A
consistently show higher potency.12 Interestingly a simplified
RAL-scaffold shown in Figure 4, which has a short benzyl group
spacing, has only weak to modest antiviral potency, but by
additional modifications to region C RAL is able to achieve low
nM potency.5 On the contrary, the EVG quinolone scaffold

Figure 2. HIV-1 integrase inhibitors.

Figure 3. Early generations of two-metal binding scaffolds
hydroxyquinoline (OXN), hydroxynaphthyridine (NAP), and hydrox-
ynaphthyridinone (NTD).
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contains an extended phenyl group similar to the NAP-A and
NTD-A structures. However, metal chelation could not be
optimally completed due to weak 1−3-bidentate coordination
by the carboxylic acid unit. Again, by additional modifications
to the quinolone carboxylic acid scaffold, EVG achieved high
potency.8 The above small data set of aromatic spacing
differences leading to potency improvements is further
supported by many similar observations in our hands with
other scaffolds not reported herein and has served as a basis for
evolution of our model to refine a preferable placement of the
hydrophobic region B.
As a next step, we focused on the metal chelation properties

of the three scaffolds which consistently contain a nitrogen−
oxygen−oxygen chelating unit. As is generally accepted,
integrase uses divalent magnesium cofactors under physio-
logical conditions.11,14 According to the hard and soft acid and
base (HSAB) theory, ionic magnesium is categorized as hard
metal, therefore a hard base, such as oxygen is preferred over
nitrogen to coordinate a magnesium metal in the active site. As
such, replacement of the nitrogen in NTD-A with oxygen in the
chelation unit was proposed. An additional benefit with using a
harder base, such as oxygen, is to reduce potential side effects
caused by nonspecific binding to soft metals utilized in other
biological functions in the human body. Our first attempt at
replacement of the nitrogen with an oxygen is shown in Figure
5. Because of bonding differences in an oxygen versus a
nitrogen, the ring system in the NAP and NTD scaffolds was
opened to utilize an “acyclic” carbonyl as the Lewis basic
chelation group. The prior scaffold “ring” integrity and
positioning of the benzyl group was maintained by placement
of a carboxamide in the 5-position of the pyridone system
whereby an intramolecular hydrogen bonding with the

pyridone core carbonyl allowed for coplanarity and re-
establishment of the original scaffold pseudoring system. With
this design, the benzyl is placed in the desired hydrophobic
pharmacophore region, thereby maintaining a favorable region
B alignment. In this paper, we report antiviral efficacies against
not only wild type but also some of key resistant variants as well
as initial animal PK profiles that serve to validate this first step
in rationally designing a next generation INI.

3. CHEMISTRY
All final compounds were prepared from the key protected
intermediate 9 upon the appropriate synthetic manipulations
(Scheme 1). The intermediate 9 was prepared as follows. After

Figure 4. Comparison of hydrophobic region spacing effects on antiviral efficacies. Other data are from internal experiments.12 aData reported in ref
8.

Figure 5. Carbamoyl pyridone scaffold design. Orange stick represents
a pyridine containing skeleton of the OXN, NAP, or NTD scaffold. A
stick model colored by atom type represents the new carbamoyl
pyridone containing scaffold. An intramolecular hydrogen bonding and
two distinct metal chelations interactions are represented by dotted
black lines.
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bromination of commercially available 4-hydroxy-6-methylni-
cotinic acid 1, amidation with 4-fluorobenzylamine was
conducted to give the carbamoyl pyridone 3. Insertion of a
methoxy unit replacing the bromine was followed by
Mitsunobu reaction with benzyl alcohol to give the
intermediate 5. Oxidation of the pyridine nitrogen with m-
CPBA followed by thermal rearrangement of the N-oxide in
acetic anhydride gave the corresponding hydroxymethyl
derivative 7. This material was oxidized by sulfur trioxide
pyridine to give the corresponding aldehyde 8. Concomitant
oxidation-esterification using iodine in methanol provided the
key intermediate 9. Stepwise deprotection of the O-benzyl
group by TMSI prepared in situ from TMSCl and NaI followed
by removal of the methyl ether with aluminum trichloride
concluded preparation of compound 11. Alkaline hydrolysis of
11 led to the corresponding carboxylic acid 12. Alternatively,
treatment of the ester with an amine under microwave
irradiation provided the corresponding amides (13,14). After
alkaline hydrolysis of the intermediate 9, coupling of the
resulting acid with an amine using 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride served to
give the corresponding amides (16−18). Removal of the

methyl group with pyridine−HCl at elevated temperature
concluded preparation of compounds 19−21.

4. RESULTS AND DISCUSSION

4.1. Efficacies in Enzymatic and Antiviral Assays.
Inhibitory activities of carbamoyl pyridone inhibitors are
summarized in Table 1. Compound 11, which has an ester
group as a metal coordinating unit, shows promising potencies
in both enzyme and antiviral assays. The cell cytotoxicity
selectivity index was large enough to establish a clear antiviral
effect to justify progression to further evaluations. The
corresponding carboxylic acid 12 had comparable potency to
compound 11 in the enzymatic assay, however, results in a
drastic loss of antiviral efficacy in the whole cell system. Low
cellular penetration due to poor permeability of compound 12
is the most plausible explanation of the behavior. Modification
of the C2 acid/ester group to an amide was an attractive
approach to address the potential issue of chemical or
metabolic stabilities of the ester unit and low permeability of
the carboxylic acid. However, all amide derivatives in Table 1,
including primary, secondary, and tertiary amides, showed
potencies remarkably reduced in both enzymatic and antiviral

Scheme 1. Synthesis of Compoundsa

aReagents and conditions: (a) bromine, acetic acid−water, 65 °C; (b) 4-fluorobenzylamine, HOBt, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride, DMF, rt; (c) NaOMe, methanol−DMF, 105 °C; (d) BnOH, n-Bu3P, DIAD, THF, reflux; (e) m-CPBA, chloroform, rt; (f) Ac2O, 80
°C; (g) SO3−pyridine, Et3N, DMSO, chloroform, rt; (h) KOH, iodine, methanol, rt; (i) TMSCl, NaI, acetonitrile, 0 °C; (j) AlCl3, chloroform, rt;
(k) LiOH, methanol−water, 60 °C; (l) amine, methanol, microwave, 140 °C; (m) NaOH, methanol−water, rt; (n) HOBt, 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride, amine, DMF, rt; (o) pyridine−HCl, 180 °C.
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assays. The losses are not dependent on substituents on the
amide unit but seem to be a result of the amide unit itself. A
planar chelating core unit is required to effectively coordinate
the active site metals,3,14 however, as shown in Figure 6,

undesired intramolecular hydrogen bonding or steric hindrance
is potentially the reason for diminished activity in some of our
amide analogues. Tethering the amide back to the core scaffold
is an attractive idea to address this issue and will be the subject
of later publications.

4.2. Antiviral Efficacy against Resistant Mutants and
PK Profile of Compound 11. Compound 11 showed
promising antiviral efficacy in a wild type HIV-1 strain as
shown in Table 1. Even in the presence of human serum
albumin (HSA), a potency reduction of only 12-fold resulting
gave a protein adjusted IC50 (

MT4PAIC50) of 120 nM (Table 2).
On the contrary, the compound showed losses of efficacy
against some of resistant mutants (200-fold change against
Q148K, 21-fold against N155H, and 1.5-fold against Y143R),
which represent or model clinically relevant RAL resistant
variants. In particular, the Y143 data is consistent with a lack of
dependence on interaction with the tyrosine 143 aromatic
group as is the case for RAL but not for EVG.13 While the
resistance profile of 11 are still less than sufficient against the
N155 and Q148 mutants to justify further progression, we have
demonstrated a comparable or slightly improved profile when
compared to RAL or EVG, with a very simple scaffold
amendable to substantial further modification.16 Animal PK
studies were conducted for compound 11 with 1 mg/kg
intravenous (iv) dosing and 5 mg/kg oral (po) dosing using fed
conditions. Plasma concentrations were collected up to 24 h
post dose. In rats, the compound has a total clearance (CLt) of
1.2 mL/min/kg and terminal half-life (T1/2) of 4.7 h from an iv
dose. In the po studies, AUC0→∞ of 41200 ng·h/mL, T1/2 of 4.2

Table 1. Results in Enzyme and Cellular Assaya

aData represent the mean ± sd from independent three experiments. bStrand transfer inhibitory activities. MWPA-Mg: microtiter plate integration
assay with preincubation and wash using Mg2+ as cofactors. cAnti-HIV activities using MT-4 cells. dCytotoxicity using MT-4 cells. eThe mean value
from independent two experiments.

Figure 6. (left) Plausible explanation of insufficient inhibitory activities
in amide modification. (right) The dotted line represents a potential
next approach to address the amide scaffolds issue.

Table 2. Fold Change in Antiviral Potency against Integrase Mutants for RAL, EVG, and Compound 11a

compd MT4/MTT wild type IC50 (nM) Q148K (FC) N155H (FC) Y143R (FC) potency shift MT4PAIC50 (nM)

RAL 6.2 ± 2.2 83 ± 6.6b 8.4 ± 1.8b 16 ± 3.9b 4.7b 29
EVG 1.3 ± 0.35 >1700b 25 ± 7.8b 1.8 ± 0.16b 22b 29
11 10 ± 2.9 200 ± 25 21 ± 8.9 1.5 ± 0.59 12 120

aData represent the mean ± sd. FC: fold change. bData reported in ref 15.
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h, bioavailability of 53.4%, and most importantly 130 ng/mL of
plasma concentration at 24 h postdosing (C24) were observed.
The favorable exposure properties continued to manifest in
beagle dogs and cynomolgus monkeys. Moderate molecular
weight and good solubility properties suggested the carbamoyl
pyridone model system contained good druglike properties
(clogP = 0.63, ligand efficiency (pIC50/HAC) = 0.35).
Additionally, no remarkable CYP inhibition nor metabolic
concerns were identified during in vitro studies. The
observation that the 24 h plasma concentration (C24) from a
5 mg/kg oral dose (130 ng/mL) robustly covered the
MT4PAIC50 of 38.4 ng/mL in every species gave us confidence
that this newly designed scaffold was heading in the right
direction to ultimately deliver once daily unboosted pharma-
cokinetics if we could fully optimize the antiviral profile against
resistant variants.

5. CONCLUSIONS AND REMARKS

We succeeded in designing a carbamoyl pyridone scaffold as a
novel inhibitor of HIV-1 integrase with high antiviral potency
and a favorable protein binding effects. Although the
compound 11 does not show the necessary potency against
all the key resistant mutants, a promising PK profile suggesting
once daily dosing was a significant attribute of the series and
something we felt justified further optimization. Amide
modifications were not successful, although it represents an
attractive starting point for further study. Our advanced two-
metal binding pharmacophore methodology has been quite
useful in molecular design, producing an attractive new starting
point for further optimization. Recent crystallography studies of
a prototype foamy virus intasome with substrates and known
integrase strand transfer inhibitors by Cherapanov et al.13 have
served as further validation of our basic pharmacophore model.

6. EXPERIMENTAL SECTION
6.1. Chemistry. Reactions were carried out under a nitrogen

atmosphere with anhydrous solvents. Melting points were collected up
to 300 °C with a Stanford Research Systems Optimelt for every
crystallized sample. Combustion analyses were performed with a
Yanaco CORDER MT-6 and a DIONEX ICS-2000, and the analytical
data confirmed purity of the tested samples to be ≥95%. 1H NMR
spectra were measured on a Varian MERCURY or Gemini 300 MHz
spectrometer in a solution of either CDCl3 or DMSO-d6, using
tetramethylsilane as the internal standard. Chemical shifts are
expressed as δ (ppm) values for protons relative to the internal
standard.
5-Bromo-4-hydroxy-6-methylnicotinic Acid (2). To a solution of

4-hydroxy-6-methylnicotinic acid 1 (95.6 g, 0.625 mol) in acetic acid
(950 mL) and water (190 mL), bromine (39 mL, 0.750 mol) was
added over 15 min. After stirring at 60 °C for 5 h, the solvent was
removed in vacuo. Residual solid was collected by filtration and
washed with methanol (200 mL). The filtrate was evaporated in vacuo,
and residual solid was collected by filtration and washed by methanol.
The two portions were combined to give the product as colorless solid
(142.2 g, 98% yield). 1H NMR (DMSO-d6) δ 2.53 (s, 3H), 8.56 (s,
1H), 13.45 (brs, 1H), 14.80 (brs, 1H).

5-Bromo-N-(4-fluorobenzyl)-4-hydroxy-6-methylnicotineamide
(3). To a solution of compound 2 (138 g, 0.596 mol), 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (148 g, 0.775 mol),
and HOBt (100 g, 0.656 mol) in DMF (970 mL), 4-fluorobenzyl-
amine (79 mL, 0.715 mol) was added. The reaction muxture was
stirred at room temperature for 9 h, and water (2 L) was added. The
residual solid was collected by filtration and washed with ether to give
the product as colorless solid (156 g, 77% yield). 1H NMR (DMSO-
d6) δ 2.47 (s, 3H), 4.50 (d, J = 5.9 Hz, 2H), 7.12−7.20 (m, 2H), 7.32−
7.39 (m, 2H), 8.38 (s, 1H), 10.50 (t, J = 5.9 Hz, 1H), 12.72 (brs 1H).

N-(4-Fluorobenzyl)-4-hydroxy-5-methoxy-6-methylnicotinea-
mide (4). To a solution of compound 3 (75.2 g, 222 mmol) and
copper(I) iodide (21.1 g, 111 mmol) in DMF (750 mL), a 28%
NaOMe solution in methanol (216 mL, 888 mmol) was added. The
reaction mixture was stirred at 105 °C for 100 min. After cooling, ice
water (800 mL) was added, and undesired precipitate was filtrated off.
Then 2 M aq HCl (443 mL) was added to the filtrate. Precipitate was
collected by filtration to give the product as colorless solid (56.0 g,
87% yield). 1H NMR (DMSO-d6) δ 2.26 (s, 3H), 3.74 (s, 3H), 4.49
(d, J = 6.0 Hz, 2H), 7.10−7.19 (m, 2H), 7.30−7.38 (m, 2H), 8.24 (s,
1H), 10.68 (t, J = 6.0 Hz, 1H), 12.21 (brs, 1H).

4-Benzyloxy-N-(4-fluorobenzyl)-5-methoxy-6-methylnicotinea-
mide (5). To a solution of the compound 4 (100 g, 344 mmol), BnOH
(46 mL, 447 mmol), and n-Bu3P (128 mL, 516 mmol) in THF (1.0
L), a 40% DIAD solution in toluene (280 mL, 516 mmol) was added
over 30 min under ice-cooling. After stirring for 30 min under ice-
cooling, the mixture was stirred under reflux condition for 2 h. After
evaporation of the solvent in vacuo, toluene (100 mL) and n-hexane (2
L) were added to the residue, and precipitate was filtered off. After
evaporation of the solvent in vacuo, Et2O (200 mL) and n-hexane (2
L) were added to the residue. Precipitation was again filtered off. After
evaporation of the solvent, the residue was purified by silica gel
column chromatography (n-hexane:ethyl acetate/1:3) to give the
product as colorless solids (68.5 g, 52% yield). 1H NMR (CDCl3) δ
2.58 (s, 3H), 3.86 (s, 3H), 4.40 (d, J = 5.7 Hz, 2H), 5.21 (s, 2H),
6.91−7.00 (m, 2H), 7.08−7.14 (m, 2H), 7.19−7.27 (m, 2H), 7.32−
7.40 (m, 3H), 7.87 (brs, 1H), 8.97 (s, 1H).

4-Benzyloxy-N-(4-fluorobenzyl)-5-methoxy-6-methyl-N-oxynico-
tineamide (6). To a solution of the compound 5 (67.5 g, 177 mmol)
in chloroform (350 mL), a 65% solution of m-CPBA (49.5 g, 186
mmol) in chloroform (350 mL) was added over 30 min under ice-
cooling. After stirring for 45 min under ice-cooling, the reaction
mixture was stirred further at room temperature for 75 min. To the
reaction mixture, a saturated aq Na2CO2 solution was added and
extracted with chloroform. The organic layer was washed with a
saturated aq Na2CO2 solution and dried with anhydrous Na2SO4. The
solvent was evaporated in vacuo, and residual crystals were collected
by filtration and washed by Et2O (47.8 g). The filtrate was evaporated
in vacuo, and residue was purified by silica gel column chromatography
(toluene:acetone/1:1−1:3) to give 2.65 g of crystals. The two portions
of crystals were combined to give the product (50.5 g, 72% yield); mp
138−139 °C. 1H NMR (CDCl3) δ 2.55 (s, 3H), 3.90 (s, 3H), 4.40 (d,
J = 5.7 Hz, 2H), 5.16 (s, 2H), 6.93−6.70 (s, 2H), 6.90−7.19 (m, 5H),
7.30−7.38 (m, 2H), 7.94 (brs, 1H), 8.81 (s, 1H). Anal. Calcd for
C22H21FN2O4(H2O)0.1: C, 66.36; H, 5.37; F, 4.77; N, 7.03. Found: C,
66.27; H, 5.30; F, 4.55; N, 7.04.

4-Benzyloxy-N-(fluorobenzyl)-6-hydroxymethyl-5-methoxynicoti-
neamide (7). A solution of the compound 6 (49.4 g, 125 mmol) in
acetic anhydride (350 mL) was stirred at 80 °C for 30 min. Acetic
anhydride was evaporated in vacuo. The residue was dissolved in
methanol (500 mL), and a 28% solution of NaOMe in methanol (7.5
mL, 31.3 mmol) was added under ice-cooling. The mixture was stirred

Table 3. Animal PK Parameters of Compound 11a

CLt (mL/min/kg) Tl/2 (h) Vdss (mL/kg) %F C24/
MT4PAIC50

rat (n = 3) 1.2 ± 0.41 4.7 ± 0.15 200 ± 38 53 ± 20 3.4 ± 2.5
dog (n = 3) 0.84 ± 0.17 3.8 ± 0.83 140 ± 30 46 ± 9.1 6.0 ± 4.6
cyno(n = 3) 2.4 ± 0.25 5.3 ± 1.00 300 ± 120 22 ± 6.4 1.6 ± 1.1

aData represent the mean ± sd.
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at room temperature for 1 h. Amberlite IR-120B was added to the
solution until the solution became neutral. After filteration of a residual
precipitate, the filtrate was evaporated in vacuo. The residue was
purified by silica gel column chromatography (n-hexane:ethyl acetate/
1:1−1:3) to give the product as colorless crystals (25.4 g, 51% yield);
mp 242−244 °C. 1H NMR (CDCl3) δ 3.42 (brs, 1H), 3.89 (s, 3H),
4.41 (d, J = 5.7 Hz, 2H), 4.83 (s, 2H), 5.23 (s, 2H), 6.92−6.99 (m,
2H), 7.09−7.14 (m, 2H), 7.19−7.23 (m, 2H), 7.28−7.37 (m, 3H),
7.85 (brs, 1H), 9.03 (s, 1H). Anal. Calcd for C22H21FN2O4(H2O)0.3:
C, 65.76; H, 5.42; F, 4.73; N, 6.97. Found: C, 65.89; H, 5.32; F, 4.59;
N, 7.10.
4-Benzyloxy-N-(4-fluorobenzyl)-6-formyl-5-methoxynicotinea-

mide (8). To a solution of the compound 7 (25.0 g, 63.1 mmol),
DMSO (44.8 mL, 631 mmol), and Et3N (44.3 mL, 378 mmol) in
chloroform (250 mL), SO3−pyridine complex (50.2 g, 315 mmol) was
added under ice-cooling. The reaction mixture was stirred at room
temperature for 20 min. Water was added to the reaction mixture, and
chloroform was evaporated in vacuo. The residual aqueous solution
was extracted with ethyl acetate, and the extract was washed with
water. The organic layer was dried with anhydrous Na2SO4. The
solvent was evaporated in vacuo, and residual crystals (17.7 g) were
collected by filtration and washed by Et2O. The filtrate was evaporated
in vacuo, and precipitate was purified by silica gel column
chromatography to give another portion of crystals (3.16 g). Two
portions were combined to give the product as colorless crystals (20.9
g, 84% yield); mp 99−100 °C. 1H NMR (CDCl3) δ 4.02 (s, 3H), 4.41
(d, J = 5.7 Hz, 2H), 5.30 (s, 2H), 6.93−6.70 (m, 2H), 7.09−7.15 (m,
2H), 7.20−7.27 (m, 2H), 7.31−7.40 (m, 3H), 7.83 (brs, 1H), 9.20 (s,
1H), 10.26 (s, 1H). Anal. Calcd for C22H19FN2O4: C, 67.00; H, 4.86;
F, 4.82; N, 7.10. Found: C, 66.85; H, 4.86; F, 4.63; N, 7.06.
Methyl 4-Benzyloxy-5-(4-fluorobenzylcarbamoyl)-3-methyoxy-

pyridine-2-carboxylate (9). To a solution of the compound 8 (300
mg, 0.761 mmol) in methanol (1 mL), a solution of KOH (111 mg,
1.99 mmol) in methanol (1 mL) was added under ice-cooling, and
then a solution of iodine (251 mg, 1.00 mmol) in methanol (4 mL)
was added. The mixture was stirred under ice-cooling for 1 h. A 5%
(w/v) solution of aq NaHSO3 and water were added to the reaction
mixture. Precipitate was collected by filtration to give the product as
colorless crystals (275 mg, 85% yield); mp 75−78 °C. 1H NMR
(CDCl3) δ 3.99 (s, 3H), 4.02 (s, 3H), 7.40 (d, J = 5.7 Hz, 2H), 5.26 (s,
2H), 6.92−6.99 (m, 2H), 7.10−7.15 (m, 2H), 7.19−7.23 (m, 2H),
7.25−7.39 (m, 3H), 7.81 (brs, 1H), 9.09 (s, 1H). Anal. Calcd for
C23H21FN2O5(H2O)0.4: C, 64.00; H, 5.09; F, 4.40; N, 6.49. Found: C,
63.95; H, 4.89; F, 4.37; N, 6.69.
Methyl 5-(4-Fluorobenzylcarbamoyl)-3-methoxy-4-oxo-1,4-dihy-

dropyridine-2-carboxylate (10). To a suspension of sodium iodide
(5.51 g, 36.8 mmol) in acetonitrile (50 mL), chlorotrimethylsilane
(4.66 mL, 36.8 mmol) was added. The reaction mixture was stirred at
room temperature for 10 min. To this solution the compound 9 (2.60
g, 6.13 mmol) was added under ice-cooling, and the mixture was
stirred at the same temperature for 20 min. To the reaction solution a
5% (w/v) solution of aq NaHSO3 was added and then extracted with
ethyl acetate. The extract was washed with a saturated aq Na2CO3 and
a saturated aq NaCl and dried with anhydrous Na2SO4. The solvent
was evaporated in vacuo, and the precipitate was recrystallized
(acetone−diisopropyl ether) to give the product as colorless crystals
(1.73 g, 84% yield); mp 183−184 °C. 1H NMR (CDCl3) δ 4.04 (s,
6H), 4.60 (d, J = 6.0 Hz, 2H), 6.96−7.03 (m, 2H), 7.29−7.35 (m,
2H), 8.63 (s, 1H), 9.68 (s, 1H), 10.34 (brs, 1H). Anal. Calcd for
C16H15FN2O5: C, 57.48; H, 4.52; F, 5.68; N, 8.38. Found: C, 57.34; H,
4.50; F, 5.46; N, 8.39.
Methyl 5-(4-Fluorobenzylcarbamoyl)-3-hydroxy-4-oxo-1,4-dihy-

dropyridine-2-carboxylate (11). To a solution of the compound 10
(1.73 g, 5.17 mmol) in dichloromethane (150 mL) was added
aluminum chloride (6.97 g, 51.7 mmol), and the mixture was stirred at
room temperature for 2 h. The reaction mixture was poured into 2 M
aq HCl containing an ice, followed by extraction with ethyl acetate.
The extract was washed with 2 M aq HCl and water and then dried
with anhydrous Na2SO4. The solvent was removed in vacuo, and the
precipitate was recrystallized (THF−methanol) to give the product as

colorless crystals (919 mg, 56% yield); mp 242−244 °C. 1H NMR
(DMSO-d6) δ 3.91 (s, 3H), 4.52 (d, J = 5.8 Hz, 2H), 7.12−7.19 (m,
2H), 7.34−7.40 (m, 2H), 8.19−8.22 (m, 1H), 10.12 (brs, 1H), 10.20
(d, J = 5.8 Hz, 1H), 12.43 (brs, 1H). Anal. Calcd for C15H13FN2O5: C,
56.25; H, 4.09; F, 5.93; N, 8.75. Found: C, 56.00; H, 4.03; F, 5.58; N,
8.69.

5-(4-Fluorobenzylcarbamoyl)-3-hydroxy-4-oxo-1,4-dihydropyri-
dine-2-carboxylic Acid (12). To a solution of the compound 11 (100
mg, 0.31 mmol) in methanol (3 mL), 1 M aq LiOH (1 mL) was added
at room temperature. The reaction mixture was steirred for 2 h at 60
°C. After being cooled down by ice−water, 2 M aq HCl (1 mL) was
added. Precipitated crystals were collected and washed with water to
give the product as colorless crystals (91 mg, 96% yield); mp 221−222
°C. 1H NMR (DMSO-d6) δ 4.51 (d, J = 5.7 Hz, 2H), 7.12−7.19 (m,
2H), 7.33−7.39 (m, 2H), 8.17 (s, 1H). Anal. Calcd for
C14H11FN2O5(H2O)1.0: C, 51.86; H, 4.04; F, 5.86; N, 8.64. Found:
C, 51.78; H, 3.98; F, 5.78; N, 8.64.

3-Hydroxy-4-oxo-1,4-dihydro-pyridine-2,5-dicarboxylic Acid 5-(4-
Fluorobenzylamide) 2-(2-methoxyethyl)amide (13). To a solution of
the compound 11 (96 mg, 0.3 mmol) in methanol (3 mL), 2-
methoxyethanamine (113 mg, 1.5 mmol) was added. The reaction was
performed with a microwave reaction apparatus at 140 °C for 15 min.
After being cooled to room temperature, 2 M aq HCl (3 mL) was
added. Precipitate was collected by filtration and washed by water to
give the product as colorless crystals (101 mg, 93% yield); mp 295−
299 °C. 1H NMR (DMSO-d6) δ 3.28 (s, 3H), 3.39−3.62 (m, 4H),
4.52 (d, J = 5.9 Hz, 2H), 7.14−7.20 (m, 2H), 7.35−7.39 (m, 2H), 8.24
(d, J = 7.2 Hz, 1H), 8.46 (t, J = 5.2 Hz, 1H), 10.32 (t, J = 5.8 Hz, 1H),
12.23 (d, J = 5.8 Hz, 1H). Anal. Calcd for C17H18FN3O5: C, 56.20; H,
4.99; F, 5.23; N, 11.56. Found: C, 55.86; H, 4.87; F, 5.10; N, 11.39.

3-Hydroxy-4-oxo-1,4-dihydropyridine-2,5-dicarboxylic Acid 5-(4-
Fluorobenzylamide) 2-[(2-hydroxyethyl)amide] (14). This com-
pound was prepared in a similar manner to that described for 13
(colorless crystals, 96 mg, 89% yield); mp 285−287 °C. 1H NMR
(DMSO-d6) δ 3.44−3.61 (m, 4H), 4.53 (d, J = 6.0 Hz, 2H), 4.91 (s,
1H), 7.13−7.21 (m, 2H), 7.35−7.40 (m, 2H), 8.24 (s, 1H), 8.53 (s,
1H), 10.34 (t, J = 5.7 Hz, 1H), 12.23 (brs, 1H). Anal. Calcd for
C16H16FN3O5: C, 55.01; H, 4.62; F, 5.44; N, 12.03. Found: C, 54.71;
H, 4.58; F, 5.28; N, 11.96.

4-Benzyloxy-5-(4-fluorobenzylcarbamoyl)-3-methoxypyridine-2-
carboxylic Acid (15). To a solution of the compound 9 (900 mg, 2.12
mmol) in methanol (8 mL), a 2 M aq NaOH (4 mL) was added. The
reaction solution was stirred at room temperature for 2 h, and 2 M aq
HCl (3 mL) was added. Precipitate was collected by filteration to give
the product was obtained as colorless crystals (474 mg, 54% yield); mp
138−139 °C. 1H NMR (CDCl3) δ 4.05 (s, 3H), 4.40 (d, J = 5.6 Hz,
2H), 5.36 (s, 2H), 6.94−7.01 (m, 2H), 7.08−7.12 (m, 2H), 7.21−7.24
(m, 2H), 7.29−7.41 (m, 3H), 7.87 (brs, 1H), 9.03 (s, 1H). Anal. Calcd
for C22H19FN2O5: C, 64.39; H, 4.67; F, 4.63; N, 6.83. Found: C,
64.35; H, 4.62; F, 4.41; N, 6.87.

3-Hydroxy-4-oxo-1,4-dihydropyridine-2,5-dicarboxylic Acid 2-
Amide 5-(4-fluorobenzyl)amide (19). The compound 15 (155 mg,
0.378 mmol), 2-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydro-
chloride (87 mg, 0.453 mmol), and 1-hydroxybenzotriazole (61 mg,
0.453 mmol) were dissolved in DMF (2 mL), and the solution was
stirred at room temperature for 30 min. Thereafter, ammonium
chloride (40 mg, 0.756 mmol) and diisopropylethylamine (198 μL,
1.13 mmol) were added. The reaction solution was stirred at room
temperature for 1 h. Water was added to the solution, and precipitate
was collected by filtration and washed with Et2O to give crude product
16 of 127 mg. Directly to 16 pyridine−HCl (1.27 g) was added and
then heated at 180 °C for 5 min. After cooling the reaction mixture to
room temperature, water was added. Precipitate was collected by
filtration and washed with Et2O to give the product as skin-colored
crystals (88 mg, 76% yield for two steps); mp higher than 300 °C. 1H
NMR (DMSO-d6) δ 4.53 (d, J = 5.6 Hz, 2H), 7.14−7.20 (m, 2H),
7.35−7.40 (m, 2H), 7.79 (s, 1H), 8.24 (d, J = 7.0 Hz, 1H), 8.33 (s,
1H), 10.33 (t, J = 5.6 Hz, 1H), 12.23 (d, J = 7.0 Hz, 1H). Anal. Calcd
for C14H12FN3O4(H2O)0.2: C, 54.44; H, 4.05; F, 6.15; N, 13.60.
Found: C, 54.82; H, 3.96; F, 5.75; N, 13.53
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3-Hydroxy-4-oxo-1,4-dihydropyridine-2,5-dicarboxylic Acid 5-(4-
Fluorobenzyl)amide 2-methylamide (20). This compound was
prepared in a similar manner to that described for 19 (colorless
crystals 89 mg, 92% yield for two steps); mp higher than 300 °C. 1H
NMR (DMSO-d6) δ 2.91 (d, J = 4.7 Hz, 3H), 4.53 (d, J = 5.8 Hz, 2H),
7.14−7.20 (m, 2H), 7.35−7.40 (m, 2H), 8.23−8.25 (m, 1H), 8.35 (d, J
= 5.0 Hz, 1H), 10.35 (t, J = 5.8 Hz, 1H), 12.23 (d, J = 6.3 Hz, 1H).
Anal. Calcd for C15H14FN3O4: C, 56.43; H, 4.42; F, 5.95; N, 13.16.
Found: C, 56.18; H, 4.36; F, 5.63; N, 12.96.
3-Hydroxy-4-oxo-1,4-dihydropyridine-2,5-dicarboxylic Acid 2-Di-

methylamide 5-(4-Fluorobenzyl)amide (21). This compound was
prepared in a similar manner to that described for 19 (colorless
crystals 80 mg, 64% yield); mp 269−270 °C. 1H NMR (DMSO-d6) δ
2.92 (s, 3H), 3.00 (s, 3H), 4.53 (d, J = 5.8 Hz, 2H), 7.13−7.19 (m,
2H), 7.34−7.39 (m, 2H), 8.19−8.21 (m, 1H), 9.63 (brs, 1H), 10.44 (t,
J = 5.8 Hz, 1H), 12.60 (brs, 1H). Anal. Calcd for C16H16FN3O4: C,
57.65; H, 4.84; F, 5.70; N, 12.61. Found: C, 57.44; H, 4.79; F, 5.40; N,
12.41.
6.2. Biological Assay. Cells and Viruses. HeLa−CD4 cells

carrying reporter β-galactosidase gene driven by HIV-1 LTR were
established by transfection of HeLa cells with CD4 and β-galactosidase
expression vector.17 Molt-4 cells persistently infected with HIV-1
strain IIIB18 and human T cell line MT-4 cells were obtained from the
Institute for Virus Research, Kyoto University. 293T cells and HeLa−
CD4 cells were maintained in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and 100
μg/mL kanamycin sulfate. Molt-4 cells and MT-4 cells were
maintained in RPMI 1640 medium supplemented with 10% FBS
and 100 μg/mL kanamycin sulfate.
Enzyme Assay. The assay method used included preformation of

IN-substrate DNA complex on a microtiter plate and washing out of
the unbound IN protein (MWPA = microtiter plate integration assay
with preincubation and wash). In brief, after formation of the IN−
DNA complex and washing out of unbound IN, a test compound was
added to integration reaction buffer (10 mM dithiothreitol, 5%
glycerol, 100 μg/mL bovine serum albumin, 30 mM MOPS, pH 7.2),
and the plate was incubated at 30 °C for 30 min in order to let the
compound bind to the IN−DNA complex. Then, digoxigenin (Dig)
labeled target DNA was added to the reaction mixture to initiate the
strand transfer reaction. The amount of strand transfer products was
estimated by a standard enzyme linked immune assay with anti-Dig
antibody. We used magnesium (Mg2+, 15 mM) as a cofactor through
all steps, and we name it MWPA with Mg assay (MWPA-Mg).
Antiviral Assay.MT-4 cells of 2.5 × 104 cells/well were aliquoted to

96-well plates in the presence of varying concentrations of compounds.
After incubation for 1 h, HIV-1 strain IIIB at a viral multiplicity of
infection of 0.001 or a 50% tissue culture infectious dose of 4 to 10
was added to plate. After incubation for 4 days, the antiviral activity
was evaluated as a cell viability measured by absorbance at 560 and 690
nm using the yellow tetrazolium MTT reagent [(3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium bromide)].
Effect of Human Serum and Serum Proteins. The potency shift of

the antiviral activity of each compound with the presence of human
serum albumin (HSA; 20 mg/mL) was evaluated in the MT-4 assay
systems. The protein-adjusted half-maximal inhibitory concentration
(MT4PAIC50) was estimated by multiplying the IC50 value in routine
MT4 assay by the fold-shift value.
Cell Cytotoxicity Assays. In vitro growth inhibition (cytotoxicity)

studies were conducted in MT-4 cells. MT-4 cells of 2.5 × 104 cells/
well were aliquoted to 96-well plates in the presence of varying
concentrations of compounds. After incubation for 4 days, cell
bioavailability was measured by absorbance at 560 and 690 nm using
the yellow tetrazolium MTT reagent to evaluate the ability of a
compound to inhibit cell growth as an indicator of a compound’s
potential for cytotoxicity.
Resistance Profiling. Recombinant HIV-1 molecular clones were

constructed by introducing mutations into the integrase-coding region
of pNL432 as described previously.14 Plasmids were subsequently
transfected into 293T cells to generate infectious virus. Supernatants
were harvested after 2 days of culture and stored as cell-free culture

supernatants at −80 °C. Compounds were evaluated against molecular
clones with mutations in the integrase-coding regions. INI-resistant
mutants were analyzed by the reporter assay based on HeLa−CD4
cells.

6.3. PK Studies in Rats, Dogs, and Monkeys. For po
administration studies in rats, dogs, and monkeys, compound was
dissolved in DMSO/Solutol/50 mM N-methylglucamine in 5%
mannitol (15/15/70, v/w/v). Compound was dissolved in DMA/
PEG/saline (1:4:5, by vol) for rat iv administration and was dissolved
in 50 mM N-methylglucamine in 3% mannitol for dog and monkey
studies.

In rats PK study, rats were implanted with an indwelling cannula
(silicone rubber/polyethylene) in the right jugular vein for blood
sampling under anesthesia with ether on 3 days before the
administration. Rats, dogs, and monkeys were administered compound
at doses of 1 mg/kg for iv and 5 mg/kg for po administration.

Blood samples (approximately 0.3 mL) were collected at designated
periods after administration and were immediately centrifuged at
16000g for 3 min to obtain plasma. The plasma samples were kept at
−20 °C until analysis. The PK parameters of compound after iv and po
administration were estimated using WinNonlin (Pharsight, Mountain
View, CA, USA) by noncompartment analysis. AUC was calculated by
the linear trapezoidal rule.
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