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A series of diaryl ether substituted 4-pyridones have been identified as having potent antimalarial activity
superior to that of chloroquine against Plasmodium falciparum in vitro and murine Plasmodium yoelii in
vivo. These were derived from the anticoccidial drug clopidol through a systematic study of the effects of
varying the side chain on activity. Relative to clopidol the most active compounds show >500-fold
improvement in IC50 for inhibition of P. falciparum in vitro and about 100-fold improvement with respect
to ED50 against P. yoelii in mice. These compounds have been shown elsewhere to act selectively by inhibition
of mitochondrial electron transport at the cytochrome bc1 complex.

Introduction

Malaria remains a major infective disease in man, with over
40% of the world’s population exposed to the risk of infection
and an estimated hundred million clinical cases every year. The
spread of chloroquine- and multidrug-resistant P. falciparuma

-

malaria1 has led to renewed efforts to find new drugs for both
treatment and prophylaxis.2,3 The respiratory chain of P.
falciparum makes an attractive target for chemotherapy because
it differs from the analogous mammalian system in a number
of ways.4–6 This concept has already borne fruit with atovaquone
(Figure 1), introduced in 1997 as a combination with proguanil,
used in treating multidrug-resistant malaria and for prophylaxis
in areas with chloroquine resistance.7,8 Atovaquone acts by
inhibition of mitochondrial respiration through the cytochrome
bc1 complex;9 recent studies with bacterial and yeast cyt bc1

have shown that it binds to the ubiquinol oxidation pocket (QP

or QO site) and the Rieske iron-sulfur protein.10–12 Despite the
effectiveness of the atovaquone/proguanil combination, its high
cost has proved a hurdle to widespread use in disease-endemic
areas, especially sub-Saharan Africa.

In our efforts to exploit other inhibitors of parasite respiration
as potential drugs, we focused our attention on a series of 4(1H)-
pyridones related to the anticoccidial drug clopidol (Figure 1). In
studies carried out under the aegis of the Walter Reed Army
Institute of Research in the late 1960s clopidol was shown to have
activity against Plasmodium sp., including chloroquine-resistant
strains, in a number of animal models.13 Clinical trials in man
confirmed activity against chloroquine-resistant P. falciparum,
although this was not sufficient to warrant further development.
Attempts at the time to improve activity through a range of simple
derivatives were not successful. Evidence subsequently emerged
indicating the mode of action of clopidol involved inhibition of
mitochondrial respiration.14 Furthermore, clopidol was shown to
potentiate the antimalarial activity of hydroxynaphthoquinones, in
vitro and in vivo, and retained activity against an atovaquone-

resistant strain.15 This raised the prospect that clopidol was acting
by a novel mechanism, and its simple structure clearly offered some
scope for manipulation to improve antimalarial activity.

We report here part of our investigation into the relationship
between structure and antimalarial activity of 4-pyridones, the aim
of which was to identify compounds with significantly improved
activity over clopidol against P. falciparum in vitro and murine P.
yoelii in vivo, with potential for the treatment of malaria.

Chemistry

On the assumption that clopidol could be acting as a
ubiquinone antagonist, part of our strategy to improve the
antimalarial activity was to introduce a lipophilic side chain at
C-5 (i.e., replacing the 5-Cl substituent). 2,6-Dimethyl-4-
pyridones with a 5-alkyl or aryl substituent were prepared
according to Scheme 1. The intermediate pyrones (4) were
accessible from the corresponding methyl ketones (3) using a
modification of the procedure described by Letsinger;16 the
substitution of acetic anhydride for the acetic acid originally
used allows a lower reaction temperature (80–100 °C, compared
to 140–150 °C). Subsequently Eaton’s reagent (phosphorus
pentoxide in methanesulfonic acid) was found to provide a
convenient substitute for polyphosphoric acid, with advantages
in ease of handling, aqueous workup and in lower reaction
temperature (∼50 °C). The intermediate pyrones also provide
access to N-hydroxy-4-pyridones (8h).17 Those precursor ke-
tones (3e-n) not available commercially were prepared from
the corresponding benzaldehydes (1) or bromides (2) by
adaptation of published procedures;18–20 ketone 3d, required for
incorporation of the atovaquone side chain, was prepared from
the commercially available acid A (Scheme 1). For the o- and
m-phenoxyaryl derivatives (7o, 7p) it was found convenient to
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elaborate the corresponding bromophenyl pyrone intermediates
(Scheme 2). Further derivatives covering a variety of substituents
at C-5 were prepared according to Scheme 3. Notable is the
facile boronic acid coupling used in the preparation of the 3-NO2

derivative 12l; the synthesis of the requisite boronic acid is
outlined in Scheme 4. Analogues of some of the most active
pyridones in which either the 2- or 6- methyl was removed (29l,
35l) or the 2-methyl replaced with CF3 (31l) were accessible
from the corresponding pyranones, prepared through acid-
catalyzed cyclization of the enamino-1,3-diketones 19l and 20l,
triketone 24l, or through boronic acid coupling with the triflate
32 (Scheme 5). There is precedence for the synthesis of
2-trifluoromethyl pyrones through the metalation and subsequent
acylation of enaminones analogous to 18l.21

Results and Discussion

All compounds were evaluated for antimalarial activity in
vitro against P. falciparum (T9-96 or 3D7A strains). In vivo

efficacy was determined in a mouse P. yoelii model, administer-
ing test samples in seven oral doses by gavage over 4 days.
Some of the compounds were also evaluated when given as a
single oral dose. The in vivo data is expressed as ED50 (mg/kg)
values, representing the dose (estimated from the dose–response
curve) for parasite reduction of 50% relative to untreated
controls.

The antimalarial activity of a cross section of the initial series
of 4-pyridones synthesized is summarized in Table 1. The
3-octyl derivative 6a had enhanced activity over clopidol in vitro
but was inactive in vivo. The phenyl and 4′-chlorophenyl
analogues 6b and 6c showed some improvement in activity
relative to clopidol in vitro and in vivo, although further simple
variation in the aryl substitution pattern (4-F, 3,4-Cl2, 2,4-Cl2,
4-CF3, 4-MeO; details not shown) failed to improve on this.
On the assumption that the loss of in vivo activity with 6a was
due to metabolic degradation of the side-chain, the trans-(4-
chlorophenyl)cyclohexyl side chain of atovaquone, known to
be resistant to metabolism, was introduced, resulting in a
dramatic increase in efficacy in vivo (6d). Analogues with a
biaryl (6e) or 4′-phenoxyaryl side-chain (6 h) were also highly
active, superior to chloroquine in the murine P. yoelii assay.
The introduction of a similar series of side chains at the
2-position on clopidol gave no improvement in activity (details

Scheme 1. Synthesis of Pyridonesa

a Reagents and conditions: (a) n-BuNH2, toluene; (b) EtNO2, AcOH; (c) Fe, aqueous AcOH; (d) isopropenyl acetate, n-Bu3SnOMe, Cl2Pd(P(o-tolyl)3)2,
toluene, 100 °C; (e) KCH(COMe)2, CuI, DMF, 100 °C, 24 h; (f) Ac2O, PPA, 80 °C, 30 min; (g) Ac2O, P2O5, MeSO3H, 50 °C, 1 h; (h) aqueous NH3, 150
°C; (i) NH2OH ·HCl, NaOAc, aqueous EtOH, 100 °C; (j) X ) Cl, N-chlorosuccinimide, AcOH, 100 °C, or X ) Br, Br2, AcOH; (k) BH3 ·Me2S, Et2O; (l)
48% HBr, concentrated H2SO4; (m) (i) Mg, Et2O; (ii) Ac2O, -70 °C. Substituent R is as defined in Tables 1, 2, and 6.

Scheme 2. Synthesis of Isomeric Phenoxy Derivativesa

a Reagents and conditions: (a) CsCO3, CuCl, 2,4-pentanedione, NMP, 120 °C, 48 h; (b) aqueous NH3, 140 °C; (c) N-bromosuccinimide, CH2Cl2, MeOH,
room temp, 3 h.

Scheme 3. Synthesis of 3-CF3, Alkoxy, and Amino Derivativesa

a Reagents and conditions: (a) N-iodosuccinimide, AcOH, 2 h; (b) X )
CF3, CuI, FSO2CF2CO2Me, DMF, 70 °C, 6 h, or X ) OMe, NaOMe,
MeOH, CuI, 110 °C, 8 h; (c) pyrrolidine, (CH2O)n, EtOH, reflux, 24 h; (d)
K2CO3, tris(dibenzylideneacetone)dipalladium(0), 110 °C, 24 h. Substituent
R is as defined in Table 3.

Scheme 4. Synthesis of Boronic Acid Intermediatea

a Reagents and conditions: (a) 2,2,6,6-tetramethyl-3,5-heptanedione,
CsCO3, CuCl, 100 °C, 5 h; (b) (i) (i-PrO)3B, THF, n-BuLi, -75 °C, 3 h;
(ii) 6 M HCl, 18 h.
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not shown).22 Further exploration of the SAR focused on
derivatives with a 3-(4′-phenoxy)phenyl side chain. The fol-
lowing observations on the SAR can be made:

(1) In all cases halogenation at C-3 increased activity in vitro
(by about 10-fold on IC50) and in vivo relative to the 5-H
derivatives (Table 2). In many cases there was little difference
between the 3-Br and 3-Cl analogues. Other electronegative
substituents (CF3, NO2) provided no improvement in activity,
while electron-donating substituents (OMe, aminoalkyl) result
in a significant drop in activity relative to the 5-H derivatives
(Table 3).

(2) Variation in the substitution on the phenoxyaryl side
chain had relatively little effect on in vitro activity, although
there appeared to be a significant impact on in vivo efficacy
(Table 2).

(3) Regarding the effect of variation in the orientation of the
phenoxy side chain (Table 4), activity is retained in the 3′-
isomer (7o) but much reduced in the 2′- analogue (7p) compared
to the 4′- derivative (7l).

(4) Removal of either 2- or 6-methyl results in a >10×
drop in activity in vitro, exacerbated by replacement with
CF3 (Table 5).

(5) The N-hydroxy derivative (9h; Table 6) was about 10-
fold less active (by IC50) in vitro compared to the corresponding
pyridone (7h) but retained a degree of in vivo activity.

An important aspect to be taken into account in interpreting
these SAR studies is pyridone/pyridinol tautomerism; 2,6-
dimethyl substituted 4-pyridones would be expected to adopt
predominantly the pyridone tautomer in the solid state and in

aqueous solution.23 This is confirmed in the crystal structure of
clopidol.24 In solution solvent polarity has a significant effect,
with the less polar pyridinol tautomer predicted to be progres-
sively more favored as the dielectric constant decreases.
Electronegative substituents at C-2 would be predicted to
stabilize the pyridinol tautomer;23 this may explain the loss of
activity on substituting CF3 for methyl (compare 7l and 31l,
Table 5). 3-Substitution is predicted to have comparatively little
effect on the tautomerism. 4-Pyridone N-oxides are depicted as
the N-OH pyridone tautomer, although the pyridone/pyridinol
tautomerism is probably more finely balanced than with the NH
compounds.

Scheme 5. Synthesis of 2- or 6-H and CF3 Derivativesa

a Reagents and conditions: (a) Me2 NCH(OMe)2, toluene, reflux, 8 h;
(b) R1 ) Me: LiHMDS, AcCl, THF, -78 °C to reflux or R1 ) CF3: t-BuOK,
CF3CO2Me, THF, 0 °C to reflux; (c) 5 M HCl, i-PrOH, room temp, 4 h;
(d) 30% aqueous NH3, i-PrOH, reflux; (e) NBS, CH2Cl2, MeOH; (f) Ac2O,
BF3.OEt2, room temp, 4 h; (g) NaOAc, MeOH, reflux, 2 h; (h) t-BuOK,
CF3CO2Me, THF, 0 °C to reflux, 24 h; (i) Pd(PPh3)4, toluene, EtOH, 90
°C, 1.5 h.

Table 1. 4(1H)-Pyridones: Influence of Side Chain at C-5 on in Vitro
and in Vivo Antimalarial Activity

a Seven doses po over 4 days.

Table 2. In Vitro and in Vivo Antimalarial Activity of
Phenoxyaryl-4(1H)-pyridones

compd X R
P. falciparum

T9-96, IC50 (µM)
P. yoelii YM in vivo,a

ED50 (mg/kg)

7f Br H 0.15 4
7g Br 4-F 0.04 0.6
5h H 4-Cl 0.25 2.5
6h Cl 4-Cl 0.06 1.7
7h Br 4-Cl 0.04 0.3 (5)
6i Cl 3-Cl 0.03 >5
7i Br 3-Cl 0.03 3.9
5j H 4-CF3 0.5 1.3
6j Cl 4-CF3 0.06 0.6
7j Br 4-CF3 0.03 0.3 (1.1)
6k Cl 3-CF3 0.03 0.2 (0.2–0.6)
7k Br 3-CF3 0.03 0.6 (3.6)
5l H 4-OCF3 0.16 >5
6l Cl 4-OCF3 0.03 0.2 (0.4–1.3)
7l Br 4-OCF3 0.03 0.3 (0.2–0.5)
a Seven doses po over 4 days. Figures in parentheses are for a single

dose po; where a range is quoted, the figures given are results from different
experiments.
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On the basis of their potent activity against P. yoelii in mice,
6l and 7l were evaluated in Aotus monkeys infected with P.
falciparum, the closest primate model available for human
malaria; both compounds administered orally at 10 mg/kg/day
× 7 were completely curative.25 Further evaluation of the

antimalarial potential of the 4(1H)-pyridones has focused on
6k (GW308678) and 6l (GW844520),26–32 which show signifi-
cant differences in ADME profiles.33–36 Studies using isolated
mitochondria from P. falciparum and P. yoelii indicate that the
4(1H)-pyridones inhibit respiration through the cyt bc1 complex
(complex III) at concentrations similar to the levels required
for activity against whole P. falciparum in vitro and show a
high degree of selectivity (>100-fold) for inhibition of respira-
tion in isolated mitochondria from Plasmodia sp. relative to that
isolated from yeast or mammalian sources.37–40 There is some
evidence to indicate that the molecular target for the 4(1H)-
pyridones lies in the quinone binding site (Qo).38,41 However,
no significant cross-resistance with atovaquone has been found
in studies with pyridones across a number of atovaquone-
resistant strains of P. falciparum and the frequency at which
pyridone-resistant parasites arise in vitro appears significantly
lower compared to atovaquone.42 Comparative data for the
atovaquone-sensitive P. falciparum 3D7A and an atovaquone/
chloroquine-resistant clone FCR3-A (derived from FCR3) are
provided in Table 7. In addition to potent activity against the
erythrocytic stages of malaria, pyridones also show activity in
vitro and in vivo against liver stages,43 indicating potential for
causal prophylaxis.

Conclusions

The introduction of a lipophilic side chain at C-5 on clopidol
has been found to lead to a significant improvement in activity
both in vitro against P. falciparum and orally in vivo against
murine P. yoelii, yielding a number of derivatives with
antimalarial activity in these assays comparable to current drugs.
Additional studies on two of the compounds described here,
6k and 6l, which have been reported elsewhere, encourage the
further exploration of this series as potential antimalarials.

Experimental Section

Chemistry. Melting points were determined using an Electro-
thermal capillary melting point apparatus and are uncorrected.
Column chromatography was performed on silica gel, Merck 40–63
µm (230–400 mesh). NMR spectra were determined on a Bruker
AC200 spectrometer (200 MHz) or Varian Unity spectrometer (300
MHz). Chemical shifts are reported as δ values (ppm) downfield
from tetramethylsilane, used as an internal standard in the solvent
indicated. ESIMS (electron spray ionization mass spectra) were
recorded on a Waters ZMD 2000.

3-[4-(4-Chlorophenoxy)phenyl]-2,6-dimethyl-4H-pyran-4-
one (4h). A solution of 1-[4-(4-chlorophenoxy)phenyl]propan-2-
one (3h, 26 g, 115 mmol) in acetic anhydride (100 mL, 1.06 M)
was added over 5 min to a vigorously stirred mixture of polyphos-
phoric acid (200 g) and acetic anhydride (100 mL, 1.06 M) at 80
°C. After being stirred for 30 min, the mixture was poured into
water (1 L) and extracted with toluene (2 × 500 mL). The combined
extracts were washed with water and aqueous NaHCO3, dried
(MgSO4), and evaporated to leave an oil. Trituration with diethyl
ether followed by recrystallization from carbon tetrachloride
afforded 4h (14.64 g, 39%) as white crystals, mp 150–152 °C. 1H

Table 3. Influence of 3-Substitution on in Vitro Antimalarial Activity

a Data from GSK Tres Cantos.

Table 4. Effect of Side Chain Orientation on in Vitro Antimalarial
Activity

compd isomer P. falciparum 3D7A, IC50 (µM)a

7l 4-OAr 0.008
7o 3-OAr 0.007
7p 2-OAr 0.4

a Data from GSK Tres Cantos.

Table 5. Influence of 2- or 6-Substitution on in Vitro Antimalarial
Activity

compd R1 R2 P. falciparum 3D7A, IC50 (µM)a

7l Me Me 0.008
29l Me H 0.2
35l H Me 0.11
31l CF3 Me >1
30l CF3 H >1

a Data from GSK Tres Cantos.

Table 6. Antimalarial Activity of N-Hydroxy-4-pyridones in Vitro and
in Vivo

compd R X
P. falciparum T9-96,

IC50 (µM)
P. yoelii YM in vivo,a

ED50 (mg/kg)

7h H Br 0.04 0.3
9h OH Br 0.45 ∼1.0
8h OH H 2.2 >1.0
a Seven doses po over 4 days.

Table 7. In Vitro Activity of Pyridones against a P. falciparum
Atovaquone-Resistant Strain

IC50 (µM)

P. falciparum 3D7A P. falciparum FCR3-Aa

6l 0.005 0.001
6k 0.005 0.0025
atovaquone 0.00027 1.36
chloroquine diphosphate 0.031 0.3

a Atovaquone and chloroquine-resistant strain. Contains G399C and
G839A mutations in cytochrome b.
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NMR (200 MHz, CDCl3): δ 6.95–7.4 (m, 8H), 6.2 (s, 1H), 2.3 (s,
3H), 2.2 (s, 3H).

4a–l were prepared in a similar manner to 4h from the
appropriate ketones.

3-(3-Bromophenyl)-2,6-dimethyl-4H-pyran-4-one (4m). A so-
lution of 1-(3-bromophenyl)-2-propanone (1g, 4.7 mmol) in acetic
anhydride (2.6 mL, 27.5 mmol) was added to a solution of Eaton’s
reagent (5 mL, 7.7 wt % P2O5 in methanesulfonic acid; Aldrich)
and acetic anhydride (2 mL, 27.5 mmol) and the mixture heated at
50 °C for 1 h. Water and diethyl ether were added, and the organic
phase was separated, dried (Na2SO4), and evaporated under reduced
pressure. Chromatography of the residue on silica gel (10:1 CH2Cl2/
MeOH eluant) gave 4m (640 mg, 49%) as a colorless oil. 1H NMR
(300 MHz, CDCl3): δ 7.50–7.46 (m, 1H), 7.38 (t, 1H), 7.28 (t,
1H), 7.16 (dt, 1H), 6.21 (s, 1H), 2.29 (s, 3H), 2.18 (s, 3H).

4n was prepared in a similar manner to 4m from 1-(2-
bromophenyl)-2-propanone.

2,6-Dimethyl-3-{3-[4-(trifluoromethoxy)phenoxy]phenyl}-4H-
pyran-4-one (4o). A mixture of 4m (240 mg, 0.86 mmol), cesium
carbonate (560 mg, 1.72 mmol), 2,4-pentanedione (36 µL, 0.34
mmol), 4-(trifluoromethoxy)phenol (306 mg, 1.72 mmol), and CuCl
(43 mg, 0.43 mmol) in N-methylpyrrolidine (5 mL) was heated
under argon at 120 °C for 48 h. Diethyl ether was added and the
mixture filtered to remove a black residue. The filtrate was washed
with 1 M aqueous HCl, 1 M NaOH, and brine and concentrated
under reduced pressure. The residue was chromatographed on silica
gel (6:1 hexane/ethyl acetate eluant) to give 4o (82 mg, 25%) as a
colorless oil.

4p was prepared from 4n in a similar manner to 4o.
3-[4-(4-Chlorophenoxy)phenyl]-2,6-dimethylpyridin-4(1H)-

one (5h). The pyrone 4h (10 g, 30.6 mmol) was heated at 150 °C
with 30% aqueous ammonia (200 mL, ∼3 M) in an autoclave for
18 h. The precipitate was filtered off, washed with water, dried,
and recrystallized from DMF to afford 5h (6.6 g, 66%) as white
crystals, mp 271–273 °C. Rf (silica gel, 9:1 CHCl3/MeOH) ) 0.2.
1H NMR (200 MHz, DMSO-d6): δ 7.42 (m, 2H), 7.18 (m, 2H),
6.95–7.1 (m, 4H), 5.95 (s, 1H), 2.2 (s, 3H), 2.1 (s, 3H). Anal.
(C19H16ClNO2) C, H, N.

5a-l,o,p were prepared in a similar manner to 5h from the
appropriate pyrones (4a-l,o,p).

3-Chloro-5-[4-(4-chlorophenoxy)phenyl]-2,6-dimethylpyridin-
4(1H)-one (6h). To a stirred solution of 5h (0.8g, 2.45 mmol) in
acetic acid (10 mL) was added N-chlorosuccinimide (0.39 g, 2.9
mmol). The mixture was heated at 100 °C for 30 min and cooled
to room temperature, and the precipitate was filtered and dried in
vacuo to afford 6h (0.33 g, 37%) as white crystals, mp 340–343
°C. Rf (silica gel, 9:1 CHCl3/MeOH) ) 0.36. 1H NMR (200 MHz,
DMSO-d6): δ 11.3 (br s, 1H), 7.42 (m, 2H), 7.2 (m, 2H), 6.95–7.12
(m, 4H), 2.4 (s, 3H), 2.1 (s, 3H). Anal. (C19H15Cl2NO2) C, H, N.

Choro derivatives 6a-l were prepared in a similar manner to
6h from the corresponding pyridones (5a-l).

3-Bromo-5-[4-(4-chlorophenoxy)phenyl]-2,6-dimethylpyridin-
4(1H)-one (7h). To a stirred solution of 5h (6.5 g, 20 mmol) in
acetic acid (50 mL) was added dropwise, over 30 min, a solution
of bromine (1.2 mL, 23.3 mmol) in acetic acid (10 mL). After 3 h
the mixture was poured into 1% aqueous sodium sulfite (250 mL)
and the precipitate filtered, washed with water, dried in air, and
recrystallized from DMF to afford 7h (6.6 g, 81.5%) as white
crystals, mp 306–308 °C. Rf (silica gel, 9:1 CHCl3/MeOH) ) 0.37.
1H NMR (200 MHz, DMSO-d6): δ 11.3 (br s, 1H), 7.42 (m, 2H),
7.2 (m, 2H), 6.95–7.12 (m, 4H), 2.42 (s, 3H), 2.1 (s, 3H). Anal.
(C19H15BrClNO2) C, H, N.

Bromo derivatives 7f-l were prepared in a similar manner to
7h from the corresponding pyridones (5f-l).

3-Bromo-2,6-dimethyl-5-{3-[4-(trifluoromethoxy)phenoxy]-
phenyl}pyridin-4(1H)-one (7o). To a stirred solution of 5o (50
mg, 0.13 mmol) in CH2Cl2 (1 mL) and MeOH (0.25 mL) was added
in portions N-bromosuccinimide (30 mg, 0.13 mmol). After 3 h
the solvent was evaporated and the residue chromatographed on
silica gel (10:1 CH2Cl2/MeOH eluant) to afford 7o (37 mg, 63%)
as a white solid. 1H NMR (300 MHz, DMSO-d6): δ 11.60 (s, 1H),

7.44–7.36 (m, 3H), 7.11 (d, 2H), 7.01–6.97 (m, 2H), 6.87 (t, 1H),
2.40 (s, 3H), 2.08 (s, 3H).

Bromo derivative 7p was prepared in a similar manner to 7o
from 5p.

3-[4-(4-Chlorophenoxy)phenyl]-1-hydroxy-2,6-dimethylpyri-
din-4(1H)-one (8h). A mixture of the pyrone 4h (1.0 g, 3 mmol),
hydroxylamine hydrochloride (1.06 g, 15.2 mmol), sodium acetate
(1.25 g, 15.2 mmol), water (5 mL), and ethanol (10 mL) was heated
to reflux for 3 days. After the mixture was cooled to room
temperature, water (20 mL) was added and the precipitate collected
by filtration, washed with ethyl acetate, and recrystallized from
DMF to afford 8h (0.2 g, 22%) as white crystals, mp 232–236 °C.
1H NMR (200 MHz, DMSO-d6): δ 7.5–7.4 (d, J ) 8.0 Hz, 2H),
7.3–7.2 (d, J ) 8.0 Hz, 2H), 7.15–7.0 (m, 4H), 6.75 (s, 1H), 2.35
(s, 3H), 2.15 (s, 3H).

3-Bromo-5-[4-(4-chlorophenoxy)phenyl]-1-hydroxy-2,6-di-
methylpyridin-4(1H)-one (9h). To a stirred solution of the
pyridone 8h (0.5 g, 1.6 mmol) in acetic acid (10 mL) was added
dropwise a solution of bromine (0.08 mL, 1.6 mmol) in acetic acid
(1 mL). After 1.5 h a few drops of a saturated aqueous sodium
sulfite solution was added to discharge excess bromine. The mixture
was diluted with water and the precipitate filtered, washed with
water, dried, and recrystallized from DMF to afford 9h (0.32 g,
52%) as white crystals, mp 246–250 °C dec. 1H NMR (200 MHz,
DMSO-d6): δ 7.5–7.4 (d, J ) 8.0 Hz, 2H). 7.25–7.15 (d, J ) 8.0
Hz, 2H), 7.15–7.0 (m, 4H), 2.6 (s, 3H), 2.1 (s, 3H).

3-Iodo-2,6-dimethyl-5-{4-[4-(trifluoromethoxy)phenoxy]phenyl}-
pyridin-4(1H)-one (10l). To a stirred solution of the pyridone 5l
(0.775 g, 2.06 mmol) in glacial acetic acid (15 mL) at room
temperature was added portionwise N-iodosuccinimide (0.473 g,
2.1 mmol). After the mixture was stirred for 2 h, the precipitate
was filtered, washed with acetic acid and then acetonitrile, and dried
in vacuo to provide 10l (0.75 g, 73%) as a white powder. 1H NMR
(200 MHz, DMSO-d6): δ 11.61 (bs, 1H), 7.40 (m, 2H), 7.20 (m,
2H), 7.13 (m, 2H), 7.03 (m, 2H), 2.49 (m, 3H + DMSO-d6), 2.09
(s, 3H).

Iodo derivative 10k was prepared in a similar manner to 10l
from 5k.

2,6-Dimethyl-3-{4-[4-(trifluoromethoxy)phenoxy]phenyl}-5-
(trifluoromethyl)pyridin-4(1H)-one (11l). A mixture of the iodo
derivative 10l (0.526 g, 1.04 mmol) and CuI (0.247 g, 1.3 mmol)
in dry DMF (10 mL) was stirred and heated to 70 °C, and
hexamethylphosphoramide (0.913 mL, 5.2 mmol) was added,
followed by methyl 2,2-difluoro-2-(fluorosulfonyl)acetate (0.668
mL, 5.2 mmol; Aldrich). The mixture was stirred and heated for a
further 6 h and allowed to cool. Then 1 M aqueous NH4Cl was
added. The resulting precipitate was isolated by filtration, washed
with 30% aqueous ammonia and then water, dried in air, then
dissolved in acetone and the solution filtered through Celite and
concentrated. The residual pale-brown solid was dissolved in MeOH
and treated with activated charcoal; filtration, evaporation, and
trituration with ethyl acetate provided 11l (0.195 g, 41%) as a white
crystalline solid. 1H NMR (300 MHz, DMSO-d6): δ 11.42 (bs, 1H),
7.39 (m, 2H), 7.20 (m, 2H), 7.13 (m, 2H), 7.04 (m, 2H), 2.41 (q,
3H), 2.10 (s, 3H).

3-Methoxy-2,6-dimethyl-5-{4-[3-(trifluoromethyl)phenoxy]-
phenyl}pyridin-4(1H)-one (13k). To a solution of sodium meth-
oxide prepared from sodium (0.048 g, 2.1 mmol) and MeOH (1
mL) were added the iodo derivative 10k (0.266 g, 0.55 mmol) and
CuI (0.015 g, 0.08 mmol). The mixture was heated at 110 °C for
18 h and cooled, and 1 M aqueous NH4Cl was added. The resulting
precipitate was recovered by filtration, washed with water, and
subjected to chromatography on silica gel (75:1 to 20:1 CH2Cl2/
MeOH eluant) to afford 13k (0.088 g, 41%) as a white powder.
1H NMR (300 MHz, CD3OD): δ 7.54 (m, 1H), 7.39 (m, 1H),
7.30–7.24 (m, 4H), 7.10 (m, 2H), 3.78 (s, 3H), 2.36 (q, 3H), 2.16
(s, 3H). ESIMS m/z: 390 (MH+), 388 (MH-).

2,6-Dimethyl-3-nitro-5-{4-[4-(trifluoromethoxy)phenoxy]phenyl}-
pyridin-4(1H)-one (12l). To a solution of 3-iodo-2,6-dimethyl-5-
nitropyridin-4(1H)-one44 (0.735 g, 2.5 mmol) in dry DMF (40 mL)
were added the boronic acid 17 (1.15 g, 3.9 mmol) and powdered
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potassium carbonate (2.07 g, 15 mmol). The suspension was
deoxygenated by bubbling argon for 15 min. Then tris(dibenzylide-
neacetone)dipalladium(0) (0.25 g, 0.27 mmol) was added and the
mixture stirred at 110 °C under argon for 24 h. After cooling to
room temperature, the mixture was diluted with a 2:1 mixture of
CH2Cl2/MeOH (90 mL) and filtered through a pad of Celite. The
filter cake was washed with more of the CH2Cl2/MeOH mixture (3
× 30 mL). The combined washings were concentrated under
reduced pressure, and the residue was suspended in water and
acidified with 1 M aqueous HCl to pH 5. The resulting precipitate
was collected by filtration, washed with water, dried, and purified
by chromatography on silica gel (75:1 to 30:1 CH2Cl2/MeOH
eluant) to give a slightly colored solid, which was triturated with
ethyl acetate (20 mL) to afford 12l (0.55 g, 52%) as an off-white
solid. 1H NMR (300 MHz, DMSO-d6): δ 11.91 (bs, 1H), 7.44–7.36
(m, 2H), 7.28–7.20 (m, 2H), 7.19–7.11 (m, 2H), 7.1–7.03 (m, 2H),
2.33 (s, 3H), 2.13 (s, 3H). ESIMS m/z: 421 (MH+), 419 (MH-).

2,6-Dimethyl-3-(pyrrolidin-1-ylmethyl)-5-{4-[4-(trifluoromethoxy)-
phenoxy]phenyl}pyridin-4(1H)-one (14l). A mixture of the py-
ridone 5l (0.1 g, 0.266 mmol), solid paraformaldehyde (0.15 g, 5
mmol), and pyrrolidine (1.5 mL, 18 mmol) in dry ethanol (10 mL)
was heated under reflux for 24 h. After the mixture had cooled,
the solvent was evaporated under reduced pressure and the resulting
residue dissolved in ethyl acetate (50 mL) and washed with water
(3 × 50 mL). The organic layer was extracted with 1 M aqueous
HCl (3 × 5 mL), the aqueous acidic extracts were combined, and
4 M NaOH was added to adjust to pH > 9. The resulting precipitate
was filtered, washed with water, and dried in vacuo to give 14l
(110 mg, 90%) as a white powder. 1H NMR (300 MHz, DMSO-
d6): δ 10.94 (bs, 1H), 7.38 (m, 2H), 7.20 (m, 2H), 7.12 (m, 2H),
7.03 (m, 2H), 2.40 (bs, 4H), 2.30 (s, 3H), 2.07 (s,3H), 1.61 (bs,
4H). ESIMS m/z: 459 (MH+).

(3Z)-4-(Dimethylamino)-3-{4-[4-(trifluoromethoxy)phenoxy]-
phenyl}but-3-en-2-one (18l). To a solution of 3l (300 mg, 0.97
mmol) in anhydrous toluene (6 mL) under a nitrogen atmosphere
was added dropwise N,N-dimethylformamide dimethyl acetal (161
µL, 1.21 mmol, 1.25 equiv). The mixture was heated under reflux
for 6 h after which further N,N-dimethylformamide dimethyl acetal
(161 µL, 1.21 mmol, 1.25 equiv) added and heating under reflux
continued for a further 2 h. After the mixture was cooled, the solvent
was evaporated under reduced pressure and the residue coevaporated
(2×) with MeOH. The residue was dried in vacuo to afford 18l
(364 mg, ∼100%) as an orange oil, used without further purification.
1H NMR (300 MHz, CDCl3): δ 7.59 (s, 1H), 7.15–7.21 (m, 4H),
6.95–7.04 (m, 4H), 2.73 (br s, 6H), 1.98 (s, 3H).

(1Z,4Z)-1-(Dimethylamino)-5-hydroxy-2-{4-[4-(trifluoromethoxy)-
phenoxy]phenyl}hexa-1,4-dien-3-one (19l). To a solution of 1 M
lithium bis(trimethylsilyl)amide in anhydrous THF (0.41 mL, 0.41
mmol, 1 equiv) at -78 °C under nitrogen atmosphere was added
dropwise a solution of 18l (150 mg, 0.41 mmol, 1 equiv) in
anhydrous THF (1.5 mL). The mixture was stirred at -78 °C for
20 min and acetyl chloride (14.5 µL, 0.205 mmol, 0.5 equiv) in
anhydrous THF (2 mL) added dropwise. The mixture was stirred
and allowed to warm to room temperature over 18 h. Then 1 M
aqueous NH4Cl and ethyl acetate were added and the organic phase
was separated, washed with brine, and dried (MgSO4). The solvent
was evaporated in vacuo and the residue subjected to column
chromatography on silica gel (hexane/ethyl acetate eluant) to afford
19l (57 mg, 68%) as a yellow oil consisting of a 65:45 mixture of
the keto–enol and diketone tautomers, respectively. 1H NMR (300
MHz, CDCl3): δ 16.94 (br s, 1H, keto–enol), 7.67 (s, 1H), 7.13–7.23
(m, 4H), 6.95–7.07 (m, 4H), 4.94 (s, 1H, keto–enol), 3.42 (s, 2H,
diketone), 2.75 (m, 6H), 2.13 (s, 3H, diketone), 1.89 (s, 3H,
keto–enol).

(1Z,4Z)-1-(Dimethylamino)-6,6,6-trifluoro-5-hydroxy-2-(4-(4-
(trifluoromethoxy)phenoxy)phenyl)hexa-1,4-dien-3-one (20l). To
a suspension of potassium tert-butoxide (95 mg, 0.84 mmol, 2
equiv) in anhydrous THF (6 mL) at 0 °C under a nitrogen
atmosphere was added a solution of 18l (154 mg, 0.42 mmol) and
methyl trifluoroacetate (74 µL, 0.74 mmol, 1.75 equiv) in anhydrous
THF (3 mL). The resulting suspension was heated at reflux for

6 h, cooled in an ice bath, acidified with acetic acid (a few drops)
and water added. The aqueous phase was separated and extracted
with ethyl acetate, and the combined organic extracts were washed
with saturated aqueous NaHCO3 and dried (MgSO4). The solvent
was evaporated to afford 20l (190 mg, 90%) as an orange oil
used without further purification. 1H NMR (300 MHz, CDCl3): δ
7.87 (s, 1H), 7.15–7.24 (m, 4H), 6.97–7.08 (m, 4H), 5.28 (s, 1H),
2.49–3.29 (m, 6H).

5-{4-[4-(Trifluoromethoxy)phenoxy]phenyl}-2-(trifluorometh-
yl)-4H-pyran-4-one (22l). A solution of 20l (190 mg, 0.41 mmol)
in 2-propanol (1 mL) and 1 M aqueous HCl (0.5 mL) was stirred
at room temperature for 4 h. The mixture was partitioned between
ethyl acetate and brine, the organic phase separated and dried
(MgSO4), and the solvent evaporated to afford 22l (114 mg, 67%)
as a yellow solid used without further purification. 1H NMR (300
MHz, CDCl3): δ 7.96 (s, 1H), 7.47–7.52 (m, 2H), 7.20–7.23 (m,
2H), 7.03–7.09 (m, 4H), 6.87 (s, 1H).

2-Methyl-5-{4-[4-(trifluoromethoxy)phenoxy]phenyl}-4H-py-
ran-4-one (21l). 21l was obtained from 19l in a similar manner to
22l, as a yellow solid. 1H NMR (300 MHz, CDCl3): δ 7.83 (s,
1H), 7.48–7.53 (m, 2H), 7.16–7.21 (m, 2H), 7.01–7.07 (m, 4H),
6.29 (s, 1H), 2.32 (s, 3H).

5-{4-[4-(Trifluoromethoxy)phenoxy]phenyl}-2-(trifluorometh-
yl)pyridin-4(1H)-one (27l). To a suspension of 22l (109 mg, 0.26
mmol) in of 2-propanol (1 mL) was added 30% aqueous ammonia
(25 µL, 0.39 mmol, 1.5 equiv), and the solution was heated under
reflux for 48 h. Over the course of the reaction further 30% aqueous
ammonia was added intermittently (0.78 mL, 12.2 mmol, 47 equiv).
After cooling, the mixture was diluted with CH2Cl2 and the organic
phase separated, washed with water (2×) and brine, dried (MgSO4)
and the solvent evaporated to afford 27l (93 mg, 85%) as a yellow
solid used without further purification. 1H NMR (300 MHz, CDCl3):
δ 8.42 (s, 1H), 7.52–7.57 (m, 2H), 7.15–7.20 (m, 3H), 7.01–7.09
(m, 4H). ESIMS m/z: 416.1 (MH+).

26l was prepared in a similar manner to 27l from 21l.
Bromo derivatives 29l and 30l were prepared from 26l and 27l,

respectively, following the procedure described for 7o.
(3Z)-4-Hydroxy-3-{4-[4-(trifluoromethoxy)phenoxy]phenyl}-

pent-3-en-2-one (23l). To a solution of 3l (200 mg, 0.65 mmol) in
acetic anhydride (3.2 mL, 34.2 mmol, 53 equiv), cooled on an ice
bath under a nitrogen atmosphere, was added dropwise boron
trifluoride diethyl etherate (515 µL, 4.06 mmol, 6.3 equiv). The
solution was stirred at room temperature for 4 h and the solvent
then evaporated under reduced pressure. The residue was dissolved
in MeOH (5 mL), saturated aqueous sodium acetate (0.5 mL) added,
and the mixture heated under reflux for 2 h. The solvent was
evaporated and residue partitioned between ethyl acetate and water.
The organic phase was separated, dried (MgSO4), and evaporated
to afford 23l (208 mg, 92%) as an orange oil used without further
purification. 1H NMR (300 MHz, CDCl3): δ 16.67 (s, 1H),
7.13–7.23 (m, 4H), 6.99–7.08 (m, 4H), 1.92 (s, 6H).

2-Methyl-3-{4-[4-(trifluoromethoxy)phenoxy]phenyl}-6-(tri-
fluoromethyl)-4H-pyran-4-one (25l). A solution of 23l (128 mg,
0.36 mmol) and methyl trifluoroacetate (87 µL, 0.73 mmol, 2 equiv)
in anhydrous THF (1.5 mL) was added to a suspension of potassium
tert-butoxide (122 mg, 1.09 mmol, 3 equiv) in anhydrous THF (2.5
mL) at 0 °C under a nitrogen atmosphere. The mixture was heated
at reflux for 5 h and cooled, and further potassium tert-butoxide
(122 mg, 1.09 mmol, 3 equiv) and methyl trifluoroacetate (87 µL,
0.73 mmol, 2 equiv) were added. After heating under reflux for a
further 24 h, the mixture was cooled on ice, acidified with acetic
acid (a few drops), and diluted with water. The organic phase was
separated and the aqueous residue extracted with ethyl acetate. The
combined organic extracts were washed with saturated aqueous
NaHCO3, dried (MgSO4), and concentrated under reduced pressure
to afford (2Z,5Z)-1,1,1-trifluoro-2,6-dihydroxy-5-{4-[4(trifluoro-
methoxy)phenoxy]phenyl}hepta-2,5-dien-4-one (24l) (163 mg) as
an orange oil, which was used in the next step without further
purification. To a solution of 24l (163 mg, 0.36 mmol) in 2-propanol
(2 mL) was added 5 M HCl (2 mL). After being stirred at room
temperature for 24 h, the mixture was partitioned between ethyl
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acetate and water and the organic phase separated, dried (MgSO4),
and concentrated under reduced pressure. The residue was chro-
matographed on silica gel (hexane/ethyl acetate eluant) to afford
25l (19 mg, 12% overall) as a yellow oil used without further
purification. 1H NMR (300 MHz, CDCl3): δ 7.19–7.23 (m, 4H),
7.03–7.10 (m, 4H), 6.80 (s, 1H), 2.32 (s, 3H). ESIMS m/z: 431.1
(MH+).

28l was prepared from 25l following the procedure described
for 27l and converted to the bromo derivative 31l following the
procedure described for 7o.

2-Methyl-4-oxo-4H-pyran-3-yl Trifluoromethanesulfonate
(32). K2CO3 (0.98 g, 7.1 mmol, 3 equiv) was added to a solution
of 3-hydroxy-2-methyl-4H-pyran-4-one (300 mg, 2.4 mmol; Ald-
rich) in DMF (20 mL). After the mixture was stirred for 5 min,
N-phenylbis(trifluoromethanesulfonimide) (850 mg, 2.4 mmol;
Aldrich) was added. After being stirred for 30 min, the mixture
was diluted with ethyl acetate and washed with 1 M aqueous NH4Cl
followed by 1 M NaOH. Evaporation afforded 32 (516 mg, 84%)
as a white solid, used without further purification. 1H NMR (300
MHz, CDCl3): δ 7.71 (d, 1H, J ) 5.9 Hz), 6.4 (d, 1H, J ) 5.9
Hz), 2.44 (s, 3H). ESIMS m/z: 259.00 (MH+).

2-Methyl-3-{4-[4-(trifluoromethoxy)phenoxy]phenyl}-4H-py-
ran-4-one (33l). To a mixture of 32 (100 mg, 0.4 mmol), 2 M
aqueous Na2CO3 (1 mL), and tetrakis(triphenylphosphine)pal-
ladium(0) (27 mg, 0.02 mmol) in toluene (0.8 mL) was added a
solution of the boronic acid 17 (150 mg, 0.5 mmol) in EtOH (0.8
mL). The mixture was stirred and heated at 90 °C for 90 min,
cooled, diluted with diethyl ether, and washed with water. After
evaporation the residue was chromatographed on silica gel (hexane/
ethyl acetate eluant) to afford 33l (95 mg, 68%) as a white solid.
1H NMR (300 MHz, CDCl3): δ 7.72 (d, 1H, J ) 5.9 Hz), 7.24–7.19
(m, 4H), 7.09–7.02 (m, 4H), 6.29 (d, 1H, J ) 5.9 Hz), 2.23 (s,
3H). ESIMS: m/z 363.10 (MH+).

33l was converted to the pyridone derivative 34l following the
procedure described for 5o. 34l was converted to the bromo
derivative 35l following the procedure described for 7o.

P. falciparum Inhibition in Vitro. The activity of the test
compounds against P. falciparum in vitro was determined using a
modification of the semiautomated microdilution technique of
Desjardins.45 The following details relate to the procedure used at
the Wellcome Laboratories using P. falciparum T9-96; in vitro data
for P. falciparum 3D7A and FCR3-A were from a similar assay
run at GSK Tres Cantos (see Supporting Information for details).

Compounds were dissolved in DMSO and subsequently diluted
in culture medium (RPMI 1640) supplemented with 10% v/v human
plasma. Serial 1:2 drug dilutions were prepared in triplicate on
microtiter plates. To these were added culture medium supple-
mented with 10% v/v human plasma and type A Rhesus positive
human erythrocytes infected with P. falciparum T9-96 to yield a
hemocrit of 3% and a parasitemia of 0.25–0.55%. [3H]Hypoxanthine
was added to give a final concentration of 12.5–16 µCi/mL of
culture. The plates were incubated at 37 °C in a modular incubator
flushed with a mixture of 5% oxygen, 3% carbon dioxide, and 92%
nitrogen. After incubation for 48 h particulate matter was harvested
on fiber-glass strips and hypoxanthine incorporation determined by
scintillation spectrophotometry. From the concentration–response
curves, analyzed by nonlinear regression, the 50% inhibitory
concentrations (IC50) for each test compound could be calculated.

In Vivo Antimalarial Activity against P. yoelii. The blood
schizontocidal activity of test compounds was determined using a
modified 4-day suppressive assay. Mice (CD1) were infected
intraperitoneally with about 3 × 106 P. yoelii (YM strain)
parasitized erythrocytes. Drugs were formulated by ball milling
overnight in 0.25% Celacol to form a fine suspension, which was
kept at 4 °C. The test compounds were administered orally in seven
doses over 4 days. On day 5 blood films were prepared and the
extent of parasitemia was determined by microscopy; the degree
of inhibition of parasitemia relative to control animals was
calculated, and analysis of the dose–response curve yielded an ED50

(mg/kg) value.
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