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PPARs are ligand-activated transcription factors that govern lipid and glucose homeostasis and play a
central role in cardiovascular disease, obesity, and diabetes. Herein, we present screening results for a
series of chiral 2-(4-chloro-phenoxy)-3-phenyl-propanoic acid derivatives, some of which are potent
PPARc agonists as well as PPARa agonists. To investigate the binding modes of the most interesting deriv-
atives into the PPARa and PPARc binding clefts and evaluate their agonist activity, docking experiments,
molecular dynamics simulations, and MM–PBSA analysis were performed.

� 2008 Published by Elsevier Ltd.
1. Introduction

Type 2 diabetes accounts for over 90% of the diabetic cases re-
ported in the western world. The global incidence of this disease
is estimated to be 150 million people at present and is expected
to increase to 220 million people by 2010.1 This metabolic disorder
is characterized by progressive insulin secretory dysfunction and
insulin resistance at major target tissues such as skeletal muscle,
liver, and adipose tissue, and is usually associated with the so-
called metabolic syndrome including dyslipidemia, hypertension,
and obesity. Several drugs are currently available for the treatment
of Type 2 diabetes including various insulin formulations, sulfonyl-
ureas, biguanides, glinides, and a-glucosidase inhibitors. Among
the many approaches being evaluated for the discovery of new
agents,2–4 one of the most promising is certainly represented by
the exploitation of peroxisome proliferator-activated receptor
(PPAR) ligands.

Peroxisome proliferator-activated receptors (PPARs) are ligand-
activated transcription factors belonging to the nuclear hormone
receptor superfamily.5 PPARs are activated by a wide range of nat-
urally occurring or metabolized lipids derived from the diet or
Elsevier Ltd.
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from intracellular signaling pathways, which include saturated
and unsaturated fatty acids and fatty acid derivatives such as pros-
taglandins and leukotriens.6,7 Activation of PPARs leads to the for-
mation of heterodimers with retinoid-X receptors (RXRs) forming a
complex that interacts with specific DNA response elements within
promoter regions of target genes. When activated by agonist ligand
binding, this heterodimer complex recruits transcription coactiva-
tors and regulates the transcription of genes involved in the control
of lipid and carbohydrate metabolism.

There are three PPAR subtypes which are the products of dis-
tinct genes and are commonly designated PPARa, PPARc, and
PPARd. Fibrates are PPARa agonists widely prescribed as hypolipi-
demic agents to reduce triglycerides while increasing plasma HDL
cholesterol.8 Moreover, they reduce vascular inflammation and
thrombogenicity.9 Thiazolidine-2,4-diones (TZDs or glitazones),
on the other hand, are oral anti-diabetic PPARc agonists which
have beneficial effects on glucose homeostasis by increasing insu-
lin sensitivity and glucose disposal and prevent the loss of b cell
mass in the pancreas.10–13 To date, no PPARd agonist has been fully
developed and the clinical potential of targeting this isotype re-
mains to be clearly determined.

Initial strategies were aimed to develop new highly potent spe-
cific PPARa or PPARc agonists. However, combination therapy with
drugs acting on both PPAR isotypes may have synergistic and
wider therapeutic effects improving both glucose and lipid
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metabolism of patients suffering from metabolic syndrome and/or
Type 2 diabetes. Based on this hypothesis, the concept of identify-
ing ligands that bind and activate both PPARa and PPARc repre-
sents a logical continuation in the field of PPAR research and
many groups, in fact, have ongoing research programs to identify
more potent and less toxic PPARa/c dual agonists.

We previously reported the S-isomer of compound 1 (Fig. 1) as a
promising PPARa/c dual ligand. Using this compound as the lead
structure, we prepared a series of derivatives characterized from:
(a) the substitution of the chlorine atom with groups having differ-
ent electronic and steric properties; (b) the isosteric replacement
of the phenolic oxygen with sulfur or amino group, and (c) the
lengthening of the methylenic bridge between the chiral carbon
Table 1
Structure and physical properties of compounds 1–30

O COOH

Cl R'

R

R''
C

1-10

Compound R R0 R0 0

1b H H H
2 Cl H H
3 Br H H
4 CH3 H H
5 n-Pr H H
6 n-Hex H H
7 Ph H H
8 Cl Cl H
9 CH3 CH3 H
10 H H Cl

Compound R R0 R0 0 R0 0 0

11 Cl H H H
12 Br H H H
13 CH3 H H H
14 n-Pr H H H
15 n-Hex H H H
16 Ph H H H
17 CF3 H H H
18 PhO H H H
19 Cl Cl H H
20 CH3 CH3 H H
21b H H H Cl
22 H H H Br
23 H H H CH3

24 H H H n-Pr
25 H H H n-He
26 H H OPh H
27 H H H OPh
(R)-27 H H H OPh
(S)-27 H H H OPh
(S)-28 H H H Ph
(S)-29 H H H 2-Th
(S)-30 H H H CF3

a Elemental analyses for C, H, and S were within ±0.4% of the theoretical values for th
b See Ref. 15.

O COOH

Cl

H

Figure 1. Compound (S)-1 shown to have promising dual agonist activity toward
PPARa and PPARc.
and the phenyl ring. These structural modifications led to the iden-
tification of some very interesting PPARa/c dual agonists in which
the absolute configuration, also, played a crucial role.14,15

With the aim of improving the potency and efficacy of these
compounds, we decided a further investigation of this series taking
into account the effects deriving from the introduction of one or
more substituents in different positions of both the aromatic rings
of the lead compound 1 while maintaining the chlorine atom in the
para position of the phenoxy moiety. In this paper, therefore, we
report the synthesis and PPARa and PPARc activity of the 2-(4-
chloro-phenoxy)-3-phenyl-propanoic acid derivatives displayed
in Table 1. The PPARd activity has not been evaluated given that
2-aryloxy-acetic acids with a bulky substituent situated alpha to
the carboxylic group are expected to have very low or no activity
on PPARd.14,15 Considering the high degree of stereoselectivity
shown from the previously reported derivatives of this series of
chiral PPARs ligands,14 the influence of absolute configuration
was also taken into account for the compounds esteemed to be
more interesting.

The PPARa and PPARc activity of all derivatives was evaluated
by the transactivation assay, a powerful and widely used assay that
is generally accepted to correlate well with in vivo activity.
R'

R''
R'''

R
COOHO

l

11-30

Formulaa Mp (�C) Recryst. solv.

C15H13ClO3 114–115 n-Hexane
C15H12Cl2O3 98–99 n-Hexane
C15H12BrClO3 113–114 n-Hexane/CHCl3

C16H15ClO3 112–113 n-Hexane
C18H19ClO3 92–93 n-Hexane
C21H25ClO3 76–77 n-Hexane
C21H17ClO3 138–139 n-Hexane/CHCl3

C15H11Cl3O3 88–89 n-Hexane
C17H17ClO3 105–106 n-Hexane
C15H12Cl2O3 118–119 n-Hexane/CHCl3

Formulaa Mp (�C) Recryst. solv.

C15H12Cl2O3 111–112 n-Hexane
C15H12BrClO3 112–113 n-Hexane/CHCl3

C16H15ClO3 84–85 n-Hexane
C18H19ClO3 111–112 n-Hexane/CHCl3

C21H25ClO3 76–78 n-Hexane
C21H17ClO3 77–78 n-Hexane/CHCl3

C16H12ClF3O3 70–71 n-Hexane
C21H17ClO4 103–104 n-Hexane/CHCl3

C15H11Cl3O3 133–135 n-Hexane/CHCl3

C17H17ClO3 113–115 n-Hexane
C15H12Cl2O3 130–131 n-Hexane/CHCl3

C15H12BrClO3 87–89 n-Hexane/CHCl3

C16H15ClO3 130–131 n-Hexane/CHCl3

C18H19ClO3 132–133 n-Hexane
x C21H25ClO3 87–89 n-Hexane

C21H17ClO4 107–108 n-Hexane/CHCl3

C21H17ClO4 106–107 n-Hexane/CHCl3

C21H17ClO4 99–100 n-Hexane/CHCl3

C21H17ClO4 99–100 n-Hexane/CHCl3

C21H17ClO4 113–114 n-Hexane/CHCl3

C19H17ClO3S 129–130 n-Hexane/CHCl3

C16H12ClF3O3 126–127 n-Hexane/CHCl3

e formulas given.
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2. Results and discussion

2.1. Chemistry

Racemates 2–4 and 6–10 were prepared as depicted in Scheme
1. The Mitsunobu condensation of ethyl phenyllactate with
4-chlorophenols 2a–4a and 8a–10a afforded phenoxyesters 2b–
4b and 8b–10b which were hydrolyzed to give the desired acids
2–4 and 8–10. Alternatively, the bromo-derivative 3b was con-
densed with n-hexyl or phenylboronic acid in Suzuki conditions
to give the corresponding intermediates 6c and 7c whose hydroly-
sis afforded acids 6 and 7, respectively.

A different procedure (Scheme 2) was followed to obtain 5
which was prepared by condensation of 5-chloro-salicylaldehyde
with O-methanesulfonyl-phenyllactate followed by Wittig reac-
Cl

OH
+

HO COOEt
R

R' Cl

a)

2a-4a, 8a-10a

Cl

R''

Scheme 1. Reagents and conditions: (a) Ph3P, DIAD, dry THF; (b) 1 N or 2 N NaOH

Cl

OH
+

CHO
S

O

O O COOEt
O

Cl

CHO

a)

5b

Scheme 2. Reagents and conditions: (a) EtOH, Na, reflux; (b) (C2H5)Ph3PBr,

R'''Cl

O COOEt

COOEt
+

a,b,cBr

R'
R''

R

11a-13a, 17a-23a, 26a, 27a

Scheme 3. Reagents and conditions: (a) NaH 95% powder, dry DMF; (b) 1 N NaOH,
n-HexB(OH)2, or PhB(OH)2, Pd(Ph3P)4, Cs2CO3, dry toluene, 95 �C; (f) 2 N NaOH/THF 1:1
tion with ethyl-triphenylphosphonium bromide, hydrogenation
in the presence of Wilkinson catalyst and alkaline hydrolysis.

Racemates 11–13, 17–23, 26, and 27 were prepared by condensa-
tion of diethyl 4-chlorophenoxymalonate16 with benzyl-bromides
11a–13a, 17a–23a, 26a, and 27a in the presence of NaH (Scheme
3) followed by alkaline hydrolysis and thermal decarboxylation at
160 �C. All the benzyl-bromides were commercially available except
for 20a, 26a, and 27a which were prepared from the treatment with
PBr3 of the corresponding benzyl alcohols 20c, 26c, and 27c (Scheme
4). These alcohols, in turn, were obtained by reducing the acids 20b
and 27b with BMS or the aldehyde 26b with NaBH4, respectively. The
preparation of 14–16, 24, and 25, instead, started from bromo-acids
12 or 22 (Scheme 3) which were esterified, condensed with n-propyl,
n-hexyl, or phenylboronic acid in Suzuki conditions and finally
hydrolyzed to give the desired analogues.
2-4, 8-10

6c   R = n-Hex
7c   R = Ph

O COOEt
R

R'

c)

b)

2b-4b, 8b-10b

O COOEt
R

R''

6, 7
b)

from 3b

/THF 1:1; (c) n-HexB(OH)2 or PhB(OH)2, Pd(Ph3P)4, Cs2CO3, dry toluene, 95 �C.

COOEt b, c)

5c

O COOEt

Cl

5
d)

DBU, dry CH3CN; (c) H2, Wilkinson cat. EtOH, rt; (d) 2 N NaOH/THF 1:1.

)

11-13, 17-23, 26, 27

d,e,f)

14-16

R'
R'''

R
COOHO

Cl

R''

24, 25

from 12

d,e,f)

from 22

95% EtOH; (c) decarboxylation at 160 �C; (d) EtOH, H2SO4 cat; (e) n-PrB(OH)2,
.



b)

R'''

COOH
R

a) c)

26b

20b, 27b 20a, 26a, 27a

R' R'''

CH2OH
R

R'
R''

CHOPhO

R'''

CH2Br
R

R'
R''

20c, 26c, 27c

Scheme 4. Reagents and conditions: (a) BMS, dry THF; (b) NaBH4, CH3OH, 0 �C; (c) PBr3.
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Stereoisomers of compound 27 were obtained by fractional
crystallization followed by hydrolysis of the diastereomeric esters
through condensation with (R)- or (S)-pantolactone (Scheme 5).

The absolute configuration of these enantiomers was deter-
mined on the basis of circular dichroism analysis; the S-configura-
tion was assigned to the dextrorotatory isomer whose CD curve
shows a negative Cotton effect around 280 nm and a positive Cot-
ton effect around 235 nm. These effects in CD are also present for
the stereochemically ascertained S-isomers of 1 and 28 which were
used as reference compounds for their structural similarity. The
absolute configuration of the former was previously reported,14

whereas for the latter it was assigned on the basis of the known
stereochemical course of its synthetic pathway. Analogues (S)-28
and (S)-29, in fact, were prepared starting from the commercially
available (R)-4-nitro-phenylalanine ( Scheme 6) which was con-
verted into the corresponding (R)-hydroxy-ester 28a (X = NO2)
through a procedure known to occur with retention of configura-
tion.17 This intermediate was condensed with 4-chlorophenol un-
der Mitsunobu conditions affording a compound with inverted
a,b,c)

Cl

COOHO

+ (R)- or (S)-27
O

HO

O
OPh27

Scheme 5. Reagents and conditions: (a) DCC, DMAP; (b) crystallization from n-
hexane/CH2Cl2; (c) LiOH, 35% H2O2, THF/H2O 4:1.

a,b)

c,g)
X = NO2 or  CF3

COOH

X

H2N COOEt

X

HO

(S)-30

O COOH

Cl

C

28a, 30a

Scheme 6. Reagents and conditions: (a) NaNO2, CH3COOH/1 N HCl; (b) EtOH, H2SO4; (
NaNO2 /H2O, HCl concd, 48% HBr, CuBr; (f) PhB(OH)2 or 2-thiopheneB(OH)2, Pd(Ph3P)4,
configuration18 that, after reduction of nitro- to amino group,
underwent a Sandmeyer reaction to give the bromo-derivative
28b. The Suzuki cross-coupling reaction with phenyl- or 2-thio-
pheneboronic acid and the final hydrolysis led to the desired acids
(S)-28 and (S)-29, respectively. In the same way, (R)-hydroxy-ester
30a (X = CF3) was prepared starting from (R)-4-trifluoromethyl-
phenylalanine; again, the Mitsunobu condensation with 4-chloro-
phenol afforded a compound with inverted configuration18 that,
after hydrolysis, led to (S)-30.

2.2. PPAR activity

Compounds 2–30 were evaluated for their agonist activity to-
ward the human PPARa (hPPARa) and PPARc (hPPARc) subtypes.
For this purpose, GAL4-PPAR chimeric receptors were expressed
in transiently transfected HepG2 cells according to a previously re-
ported procedure.19 The results obtained were compared with cor-
responding data for Wy-14,643 and rosiglitazone used as reference
compounds in the PPARa and PPARc transactivation assays,
respectively (Table 2). Maximum obtained fold induction with
the reference agonist was defined as 100%.

As shown in Table 2, the introduction of substituents ortho to
the phenolic oxygen of 1 induced a remarkable decrease of PPAR
activity, especially PPARa. Only compounds with a halogen ( 2
and 3) displayed higher potency and similar efficacy on PPARc
compared with 1. Analogues 4–7, characterized from the presence
of a methyl or bulkier groups, and ortho-disubstituted 8–9 were
practically inactive on both receptors. The placement of the second
c,d,e)

(S)-28, (S)-29

O COOEt

Cl

Br

O COOH

Cl

Ar

f,g)

F3

28b

c) 4-chloro-phenol, PPh3, DIAD, dry toluene; (d) 95% EtOH, CH3COOH glac., Fe; (e)
K2CO3, dry toluene; (g) 1 N NaOH/THF 1:1.



Table 2
Activity of the tested compounds in cell-based transactivation assay

Compound PPARa PPARc

EC50 (lM) Efficacy (%) EC50 (lM) Efficacy (%)

1 7.94 ± 1.70 82 ± 4 14.46 ± 3.46 48 ± 4
2 n.c. 31 ± 4 2.12 ± 0.59 50 ± 1
3 n.c. 18 ± 2 1.65 ± 0.21 41 ± 4
4 n.c. 34 ± 3 n.c. 34 ± 7
5 n.c. 20 ± 3 n.c. 18 ± 1
6 i.a. i.a. i.a. i.a.
7 i.a. i.a. i.a. i.a.
8 i.a. i.a. i.a. i.a.
9 i.a. i.a. i.a. i.a.
10 2.55 ± 0.07 47 ± 1 4.49 ± 1.29 27 ± 5
11 2.23 ± 0.52 64 ± 6 2.18 ± 0.66 44 ± 1
12 2.48 ± 0.22 61 ± 7 2.25 ± 0.30 57 ± 3
13 8.54 ± 1.92 74 ± 2 9.25 ± 1.48 50 ± 8
14 3.68 ± 0.88 28 ± 3 1.43 ± 0.10 43 ± 3
15 i.a. i.a. i.a. i.a.
16 i.a. i.a. i.a. i.a.
17 4.03 ± 2.50 26 ± 1 2.49 ± 0.13 43 ± 3
18 i.a. i.a. 1.14 ± 0.65 40 ± 6
19 i.a. i.a. i.a. i.a.
20 i.a. i.a. i.a. i.a.
21 3.16 ± 0.21 77 ± 6 2.23 ± 0.23 49 ± 1
22 2.07 ± 0.47 76 ± 6 1.10 ± 0.06 46 ± 3
23 4.36 ± 0.01 74 ± 6 2.81 ± 0.44 53 ± 8
24 1.39 ± 0.26 48 ± 0 0.35 ± 0.21 39 ± 5
25 n.c. 31 ± 4 0.45 ± 0.02 56 ± 8
26 3.06 ± 0.99 42 ± 0 0.24 ± 0.16 57 ± 4
27 1.06 ± 0.07 22 ± 2 0.064 ± 0.008 58 ± 9
(R)-27 11.30 ± 5.23 25 ± 4 0.70 ± 0.02 15 ± 3
(S)-27 0.87 ± 0.19 32 ± 1 0.027 ± 0.003 68 ± 6
(S)-28 1.12 ± 0.08 40 ± 2 0.049 ± 0.003 70 ± 6
(S)-29 0.59 ± 0.02 46 ± 1 0.065 ± 0.004 71 ± 5
(S)-30 3.65 ± 1.23 60 ± 13 0.42 ± 0.02 69 ± 11
Wy-14,643 1.60 ± 0.30 100 ± 9 i.a. i.a.
Rosiglitazone i.a. i.a. 0.039 ± 0.003 100 ± 9

i.a., inactive at tested concentrations. Efficacy values were calculated as percentage
of the maximum obtained fold induction with the reference compounds (Wy-
14,643 for PPARa; rosiglitazone for PPARc).
n.c., not computable; the activity, in fact, increases with increasing concentrations
up to 10 lM above which the activity begins to decrease.
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chlorine atom meta to the phenolic oxygen of 1 afforded compound
10 which turned out to be more potent on both PPARa and PPARc,
but significantly less efficacious.

When the ortho substitution was carried out on the aromatic
ring of the benzylic moiety of 1, a similar behavior was observed.
Bulky groups (15 and 16) or ortho-disubstitution (19 and 20) pro-
vided compounds completely inactive; in this case, the presence of
a halogen (11 and 12) increased the potency on both receptors
with almost no influence on efficacy. The introduction of a methyl
(13) kept the activity basically unchanged with a gain only on
PPARc potency. Analogues 14 and 17, having a trifluoromethyl
and an isopropyl group, respectively, exhibited higher potency on
both receptor subtypes with reduced efficacy on PPARa but unal-
tered on PPARc. The ortho-phenoxyl derivative 18, as for phenyl
analog 16, was completely devoid of activity on PPARa, but ten
times more potent than 1 on PPARc. When this substituent was
moved to meta and para positions of the benzylic ring, the so ob-
tained compounds 26 and 27 displayed a remarkable increase on
PPARc potency, about one and two orders of magnitude, respec-
tively, up to values comparable to that of rosiglitazone even though
less effective. Further, these two derivatives revealed a significative
PPARa agonist activity. Similarly, the displacement of other sub-
stituents from ortho to para position led to more potent and effec-
tive PPARa and PPARc agonists (21–24); only the para-hexyl
derivative 25 was almost inactive on PPARa isoform. To evaluate
the influence of the absolute configuration on PPAR activity in this
series of compounds, we prepared the optical isomers of the potent
PPARc agonist 27. Also in this case, as previously reported for other
2-aryloxy-3-phenyl-propanoic acids,14 the S-isomer confirmed to
be more active with a potency about 10 and 30 times higher than
that of R-isomer on PPARa and PPARc, respectively. At this point,
on the analogy of the type of substitution previously carried out
on the aryloxy moiety of 2-aryloxy-3-phenyl-propanoic acids
which had afforded very interesting dual PPARa/PPARc agonists,14

we introduced the same functional groups on the benzylic nucleus
of 27 inserting phenyl, 2-thienyl or trifluoromethyl in place of the
phenoxy group. The so obtained derivatives 28–30 were prepared
only as S-isomers and displayed to be all very potent PPARc ago-
nists with good potency and moderate efficacy on PPARa too.

2.3. Molecular modeling

To help interpretation of SAR data and to increase our under-
standing of the main binding interactions at the PPARa and PPARc
binding sites, docking experiments, and molecular dynamics (MD)
simulations combined with MM–PBSA (molecular mechanics and
Poisson–Boltzmann surface area) technique were performed on
the most active dual PPARa/PPARc agonists (S)-27 and (S)-29, as
well as the less potent (S)-30. To this end, the crystal structures
of the human PPARa (hPPARa) complexed with bound agonist
GW409544 (PDB code: 1K7L)20 and the human PPARc (hPPARc)
in complex with the agonist rosiglitazone (PDB code: 2PRG)21 were
employed. The ligand–receptor complexes were predicted through
the automated docking software GOLD 3.1,22,23 which in several
studies was shown to yield better performances compared to other
similar programs.24–27

Docking of (S)-27 into the hPPARa crystal structure revealed a
very clear preference for two prevailing poses in the binding site;
these are designated binding orientations A and B, as shown in
Figure 2. Interestingly, both results were located in the binding
pocket and occupied the same spatial position as the crystallized
agonist GW409544. The top-ranking result (GOLD fitness
score = 16.5 kcal mol�1), corresponding to orientation A, had its
carboxylate group H-bonded with S280, Y314, and Y464 side
chains, while the p-chlorophenoxy and p-phenoxybenzyl groups
were hosted in two hydrophobic pockets, respectively (Fig. 2a).
In particular, the p-chlorophenoxy ring lodged in a hydrophobic
cavity formed by T279, I317, F318, and L321 side chains. The
L321 side chain appeared in a suitable position to make lipophilic
interactions with the p-chlorine atom of (S)-27. The p-phenoxy-
benzyl moiety pointed to a large hydrophobic cleft lined by resi-
dues I272, F273, L344, L347, F351, I354, M355, and I447. F273
and F351 formed face-on-face and face-edge-face aromatic-stack-
ing interactions with the two aromatic rings of the p-phenoxybenzyl
moiety of the ligand, respectively. Notably, the C276 side chain was
in close contact with both aromatic rings of the benzyl and
p-chlorophenoxy groups of the ligand, making additional hydro-
phobic interactions. Interestingly, the second-ranking result (GOLD
fitness score = 15.5 kcal mol�1), which corresponds to orientation
B, resembled the top one, except for the p-chlorophenoxy and
p-phenoxybenzyl moieties, which occupied the two above cited
hydrophobic pockets in opposite fashion (Fig. 2b). It is to note that
in this binding orientation, the p-chlorophenoxylic oxygen of (S)-
27 established an additional H-bond with the H440 Ne2 atom.

As GOLD treats the ligand in a flexible way allowing receptor
flexibility only to a limited extent, an exhaustive protocol of MD
simulation was applied, both to relax the ligand/hPPARa com-
plexes and to obtain a better understanding of the energetic contri-
butions to the binding. We hypothesized that this procedure might
eventually lead us to find more reliable results about the preferred
orientation of the ligand into hPPARa. For this purpose, 3 ns of MD
simulations were carried out on the complexes formed between
hPPARa and the two prevailing docking orientations A and B found



Figure 2. Compounds (S)-27 (cyan) and (S)-29 (yellow) docked into the hPPARa binding site represented as a green ribbon model. (a) Binding mode A of (S)-27. (b) Binding
mode B of (S)-27. (c) Superimposition of the binding mode A of (S)-27 on the PPARa-bound conformation of GW409544 (pink). (d) Binding mode of (S)-29. Only amino acids
located within 4 Å of the bound ligand are displayed (white) and labeled. Hydrogen bonds discussed in the text are depicted as dashed yellow lines.
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for compound (S)-27. The trajectory was subsequently analyzed by
using the MM–PBSA method.28–30 This approach considers the con-
tribution of the electrostatic and deformation energy terms as well
as the desolvation energy.

MD trajectories (data not shown) suggested that hPPARa pro-
duced stable complexes with both orientation A and B of (S)-27,
as confirmed by their low rmsd fluctuations (1.5 Å and 1.8 Å,
respectively). The ligand interactions observed in the starting
structures were also maintained throughout the MD simulation.
Moreover, when the ligand was in the binding orientation A, the
MD simulation model allowed the formation of an additional tight
H-bond between its carboxylate group and the Q277 Ne2 atom.
This interaction was observed in 79% of the snapshots taken during
the MD simulation.

MM–PBSA using the single trajectory method was performed to
calculate binding free energies (DGbind). Three hundred snapshots
were taken every 10 ps from the MD trajectories for analysis of
the binding free energy. Table 3 reports the MM–PBSA results cal-
Table 3
Relative binding free energies (DGbind) of two binding modes A and B of (S)-27 in comple

Binding orientation DEele DEvdw DEgas

A —49.66 —47.01 —96.67
B —39.66 —44.93 —84.59

a All energies are given in kcal mol�1, and the symbols are explained in the text.
b Calculation of DGbind does not explicitly consider entropy contributions.
culated for (S)-27 (A and B conformations) into hPPARa. Consider-
ing the impracticality of normal mode calculations for the large
size of these complexes and the uncertainties in the entropic
calculation, entropic effects of the solute were not explicitly taken
into account. For compounds with similar structures, the entropy
contribution can be omitted if one is only interested in the relative
order of binding affinities.31 The DGbind of binding mode A was
�48.84 kcal mol�1, about 6.5 kcal mol�1 more negative than the
second best binding mode (orientation B, DGbind = �42.37
kcal mol�1), suggesting that the (S)-27/hPPARa complex had a bet-
ter interaction energy when the ligand was positioned into the A
orientation. The gas-phase electrostatic values (DEele) of the two
complexes showed that the electrostatic interactions were in favor
of the binding. In particular, the DEele value of orientation B was
smaller than that of orientation A, indicating that the electrostatic
interactions favored the orientation A more than the corresponding
orientation B. This was in agreement with the H-bond analysis,
showing that only orientation A formed an additional H-bond with
x with hPPARaa

DEsur DEcal DEpbsol DEpbele DGbind
b

—6.32 54.15 47.83 4.49 �48.84
—6.58 48.80 42.22 9.14 �42.37
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Q277. The van der Waals interaction energies (DEvdw) of the two
complexes also contributed favorably to the binding. The DEvdw va-
lue of orientation A was a little higher than that of orientation B,
because when the ligand was in A orientation fitted more snugly
within the binding cavity and had a tighter binding to hPPARa,
adding non-polar packing in the binding site to a much deeper ex-
tent. The energy difference DEvdw between these two complexes
was not large, which might indicate that the van der Waals inter-
actions are not an important factor for the binding affinity differ-
ence between orientations A and B of the ligand. Figure 2c shows
a superimposition of orientation A of (S)-27 on the PPARa-bound
conformation of GW409544. Interestingly, it can be noted that
the ligand mimics one of the two branches of GW409544.

A convergent binding mode was largely adopted when (S)-29
was docked into the hPPARa binding cleft (GOLD fitness
score = 14.6 kcal mol�1). As depicted in Figure 2d, the associated
binding mode closely resembled the above-described binding ori-
entation A of (S)-27 with the carboxylate group still interacting
with S280, Y314, and Y464 and the p-chlorophenoxy and p-thi-
ophenebenzyl moieties placed in the two above mentioned hydro-
phobic pockets. As regards compound (S)-30, results from GOLD
runs suggested multiple docking poses characterized by quite di-
verse binding modes but comparable fitness scores (in the range
12.2–14.1 kcal mol�1). Inspection of the top-ranking docking
solutions revealed that no H-bonds were formed between the
Figure 3. Compounds (a) (S)-27 (cyan), (b) (S)-29 (yellow), and (c) (S)-30 (orange)
Superimposition of the binding mode of (S)-27, (S)-29, and (S)-30 on the PPARc-bound co
ligand are displayed (green) and labeled. Hydrogen bonds discussed in the text are dep
carboxylate group of (S)-30 and the critical residues S280, Y314,
and Y464 of hPPARa. The poor docking run convergence toward
a single binding mode, the lower estimated GOLD fitness score
and the absence of H-bonds with S280, Y314, and Y464 would sug-
gest that compound (S)-30 forms a less stable complex with
hPPARa, in agreement with the SAR data showing that this ligand
has lower potency on hPPARa (EC50 = 3.65 lM).

To rationalize the high potency but partial PPARc agonist activ-
ity of (S)-27, (S)-29, and (S)-30, docking experiments into the
hPPARc receptor binding domain were carried out.21 GOLD suc-
cessfully predicted a distinct solution for (S)-27 (GOLD fitness
score = 15.5 kcal mol�1). In the predicted binding orientation, the
carboxylate group made a H-bond with Y327 and S289, whereas
the p-chlorophenoxy and the p-phenoxybenzyl moieties were
lodged in two hydrophobic pockets (Fig. 3a). In particular, the
p-chlorophenoxy ring contacted residues F282, Q286, F363,
H449, L453, L465, L469, and Y473, whereas the p-phenoxybenzyl
group interacted with I326, L330, A292, I296, M329, and L333. A
cation–p interaction was also observed between the phenoxy aro-
matic ring of the p-phenoxybenzyl moiety and the R288 guanidi-
nium group. A binding mode very similar was also found for
compound (S)-29 (GOLD fitness score = 16.0 kcal mol�1), in which
all the ligand/receptor interactions above cited for (S)-27 were pre-
served (Fig. 3b). As regards (S)-30, a slight different binding pose
was found (GOLD fitness score = 14.3 kcal mol�1). In the predicted
docked into the hPPARc binding site represented as a gray ribbon model. (d)
nformation of rosiglitazone (pink). Only amino acids located within 4 Å of the bound
icted as dashed yellow lines.
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binding mode, the carboxylate group of the ligand, differently from
(S)-27 and (S)-29, formed only a H-bond with Y327, whereas the p-
trifluoromethylbenzyl moiety extended toward the opposite side
of the pocket around residues C285, L330, V339, I341, L353, and
M364, filling the cavity occupied by the pyridine ring-containing
tail of rosiglitazone (see Fig. 3d).

Figure 3d depicts the superimposition of the docked orientation
of (S)-27, (S)-29, and (S)-30 on the PPARc-bound conformation of
rosiglitazone. As one can see, the binding orientation of (S)-27
and (S)-29 was somewhat different from that of the PPARc-bound
conformation of rosiglitazone, whereas that of (S)-30 was very sim-
ilar. The thiazolidinedione group of rosiglitazone stretched deep
into the left stem of the PPARc binding cavity and interacted with
the AF-2 Y473 of PPARc, which is known to be important in coac-
tivator binding. The carboxylate group of (S)-27 and (S)-29 was yet
situated in the vicinity of the rosiglitazone thiazolidinedione
group, while the p-phenoxy or p-thiophenebenzyl moieties were
moved away from the pyridine ring-containing tail of rosiglitaz-
one, stretching deep into the upper part of cavity. Many reports
have suggested that the interactions of a ligand with S289, H323,
Y473, and H449 are important for the activities of PPARc agonists,
as this H-bonding network could stabilize the AF-2 helix in a con-
formation which favors the binding of coactivators to PPARc and,
consequently, enhances their recruitment.21,32 In contrast, in the
(S)-27/PPARc, (S)-29/PPARc, and (S)-30/PPARc complexes, the car-
boxylate group of the ligands was too away from the AF-2 helix
and subsequently resulted in the loss of some H-bonds with the
key residues of PPARc. Only the H-bond with S289 was conserved
by compounds (S)-27 and (S)-29. Therefore, the absence of these
critical H-bonding interactions with the protein might provide
the structural basis for the much weaker transactivation activity
of these compounds for PPARc as compared with rosiglitazone.

In conclusion, we prepared and tested a new series of chiral 2-
(4-chloro-phenoxy)-3-phenyl-propanoic acid derivatives, some of
which were potent agonists of PPARc as well as PPARa agonists.
Docking experiments and MD simulations combined with MM–
PBSA technique were performed on the most interesting deriva-
tives to help interpretation of SAR data and to increase our under-
standing of the main binding interactions at the receptors binding
sites.

3. Experimental

3.1. Biological methods

Medium, other cell culture reagents, and Wy-14,643 were
purchased from Sigma (Milan, Italy). BRL 49653 (rosiglitazone)
was obtained by Hefei Scenery Chemical Co. (Hefei, Anhui, Popular
Republic of China).

3.2. Plasmids

The expression vectors expressing the chimeric receptors con-
taining the yeast GAL4-DNA binding domain fused to the human
PPARa or PPARc ligand binding domain (LBD) and the reporter
plasmid for these GAL4 chimeric receptors (pGAL5TKpGL3) con-
taining five repeats of the GAL4 response elements upstream of a
minimal thymidine kinase promoter that is adjacent to the lucifer-
ase gene were described previously.33

3.3. Cell culture and transfections

Human hepatoblastoma cell line HepG2 (Interlab Cell Line Col-
lection, Genoa, Italy) was cultured in minimum essential medium
(MEM) containing 10% of heat-inactivated fetal bovine serum,
100 U penicillin G mL�1 and 100 lg streptomycin sulfate mL�1 at
37 �C in a humidified atmosphere of 5% CO2. For transactivation as-
says 105 cells per well were seeded in a 24-well plate in triplicate
and transfections were performed after 24 h, with CAPHOS� (Sig-
ma, Milan, Italy), a calcium-phosphate method, according to the
manufacturer’s guidelines. Cells were transfected with expression
plasmids encoding the fusion protein GAL4-PPARa LBD or GAL4-
PPARc LBD (30 ng), pGAL5TKpGL3 (100 ng), and pCMVbgal
(250 ng). Four hours after transfection, cells were treated for 20 h
with the indicated ligands. Luciferase activity in cell extracts was
then determined by a luminometer (VICTOR3V Multilabel Reader,
Perkin-Elmer). b-Galactosidase activity was determined using
b-D-galactopyranoside (Sigma, Milan, Italy) as described previ-
ously.34 All transfection experiments were repeated at least twice.

3.4. General procedures

Column chromatography was performed on ICN silica gel 60 Å
(63–200 lm) as a stationary phase. Melting points were deter-
mined in open capillaries on a Gallenkamp electrothermal appara-
tus and are uncorrected. Mass spectra were recorded with a HP GC/
MS 6890-5973 MSD spectrometer, electron impact 70 eV,
equipped with HP chemstation. 1H NMR spectra were recorded
in CDCl3 (the use of DMSO-d6 as a solvent is specified) on a Var-
ian-Mercury 300 (300 MHz) spectrometer at room temperature
(20 �C). Chemical shifts are expressed as parts per million (d). For
optical isomers, MS and 1H NMR spectra are reported only for
the racemate or one of the two enantiomers. Microanalyses of solid
compounds were carried out with an Eurovector Euro EA 3000
model analyzer; the analytical results are within ±0.4% of theoret-
ical values. Optical rotations were measured with a Perkin-Elmer
341 polarimeter at room temperature (20 �C): concentrations are
expressed as g(100 mL)�1. The CD curves were registered on a J-
810 model JASCO spectropolarimeter. The enantiomeric excesses
of acids were determined by HPLC analysis of their methyl esters,
obtained by reaction with a solution of diazomethane in Et2O, on
Chiralcel OD or AD columns (4.6 mm id � 250 mm, Daicel Chemi-
cal Industries, Ltd, Tokyo, Japan). For this purpose, small amounts
of the R-enantiomers of 28–30 were also prepared, in particular
(R)-28 and (R)-29 were prepared starting from the commercially
available L-(4-iodo)phenylalanine, so as to avoid Steps (d and e)
of Scheme 6. Analytical liquid chromatography was performed on
a PE chromatograph equipped with a Rheodyne 7725i model injec-
tor, a 785A model UV/Vis detector, a series 200 model pump and
NCI 900 model interface. Chemicals were obtained from Aldrich
(Milan, Italy), Lancaster (Milan, Italy), or Acros (Milan, Italy) and
were used without any further purification.

4. Chemistry

4.1. Preparation of 2b–4b and 8b–10b: General procedure
(Scheme 1)

A solution of diisopropylazodicarboxylate (DIAD, 10 mmol) in
dry THF (15 mL) was added dropwise to an ice-bath cooled
mixture of ethyl phenyllactate (10 mmol), the suitable substi-
tuted phenol (2a–4a, 8a–10a, 10 mmol), and triphenylphosphine
(10 mmol) in dry THF (45 mL). The reaction mixture was stirred
at room temperature overnight, under N2 atmosphere. The
solvent was evaporated in vacuo and a mixture of Et2O/n-hexane
(40 mL, 1:1) was added to the residue. The resulting precipitate
was filtered off and the filtrate was evaporated to dryness. The
residue was chromatographed on silica gel column (petroleum
ether/ethyl acetate 95:5 as eluent), affording the desired
compounds.
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4.2. Preparation of 6c and 7c (Scheme 1)

n-Hexylboronic acid or phenylboronic acid (3.64 mmol) and
Cs2CO3 (2.73 mmol) were added, under N2 atmosphere, to a stirred
solution of 3b (1.82 mmol) in dry toluene (35 mL); after 0.5 h,
Pd(Ph3 P)4 (0.055 mmol) was added to the mixture. The reaction
mixture was stirred overnight at 95 �C and then quenched with
1 N HCl (7.5 mL) and ethyl acetate (7.5 mL). The suspension was fil-
tered through a Celite pad to remove the catalyst and the filtrate
was washed with NaHCO3 saturated solution and brine. After dry-
ing over Na2SO4, the solvent was evaporated to dryness obtaining a
dark oil residue which was chromatographed on silica gel column
(petroleum ether/ethyl acetate 98:2 or 95:5 as eluent, respec-
tively), affording the desired compounds as yellow oils.

4.3. Ethyl 2-methanesulfonyloxy-3-phenylpropanoate (Scheme
2)

A solution of methanesulfonyl chloride (0.651 g, 5.61 mmol) in
anhydrous CH2Cl2 (22 mL) was added dropwise during 10 min to a
stirred and ice-bath cooled solution of ethyl phenyllactate (1.001 g,
5.11 mmol). The reaction mixture was stirred at 0 �C for 4 h, then
was carefully poured into ice-water and the organic layer was sep-
arated and washed with cool 10% HCl followed by brine, NaHCO3

saturated solution, and brine. After drying over Na2SO4, the solvent
was evaporated to dryness affording a pale yellow oil (1.275 g, 92%
yield) which was used for the next step without any further
purification.

4.4. Ethyl 2-(2-formyl-4-chloro-phenoxy)-3-phenylpropanoate
(5b, Scheme 2)

An abs EtOH (120 mL) solution of ethyl 2-methanesulfonyloxy-
3-phenylpropanoate (3.681 g, 13.51 mmol) and sodium 4-chloro-
2-formyl-phenate (3.118 g, 17.01 mmol), prepared from equivalent
amounts of the corresponding phenol and sodium in abs EtOH
(30 mL), was stirred and heated under reflux for 17 h. The solvent
was removed under reduced pressure and the residue dissolved in
ethyl acetate. The organic phase was washed twice with brine, 2 N
NaOH and brine, then was dried over Na2SO4, and filtered. The sol-
vent was evaporated to dryness affording a dark oil (4.275 g) which
was chromatographed on silica gel column (petroleum ether/ethyl
acetate 95:5 as eluent), affording the title compound as a yellow oil
(2.112 g, 38% yield).

4.5. Ethyl 2-(2-n-propyl-4-chloro-phenoxy)-3-
phenylpropanoate (5c, Scheme 2)

A solution of ethyl 2-(2-formyl-4-chloro-phenoxy)-3-phenyl-
propanoate (0.801 g, 2.41 mmol) in dry CH3CN (20 mL) was care-
fully added, under N2 atmosphere and during 0.5 h, to a stirred
solution of (ethyl)triphenylphosphonium bromide (1.893 g,
5.10 mmol) in dry CH3CN (15 mL). After 0.5 h a solution of DBU
(0.807 g, 5.30 mmol) in dry CH3CN (15 mL) was added to the mix-
ture. The reaction mixture was stirred and heated under reflux for
18 h, the solvent was removed under reduced pressure and the res-
idue dissolved in ethyl acetate. The organic phase was washed with
NH4Cl saturated solution and twice with brine, then was dried over
Na2SO4, and filtered. The solvent was evaporated to dryness afford-
ing a yellow oil (1.528 g) which was chromatographed on silica gel
column (petroleum ether/ethyl acetate 95:5 as eluent). The oily
mixture of the two propylen stereoisomers so obtained (0.401 g)
was dissolved in abs EtOH (90 mL) and stirred at rt under a hydro-
gen atmosphere (5 atm) in the presence of Wilkinson catalyst
(0.062 g). After 9 h the suspension was filtered through a Celite
pad to remove the catalyst and the filtrate was concentrated under
reduced pressure to give a brown solid (0.421 g) which was chro-
matographed on silica gel column (Et2O/CH2Cl2 90:10 as eluent),
affording the title compound as a colorless oil (0.345 g, 86% yield).

4.6. Preparation of acids 2–10, 14–16, 24, 25, and (S)-28–30:
General procedure (Schemes 1–3 and 6)

A solution of the corresponding ethyl ester (5 mmol) in THF
(30 mL) and 1 N NaOH (30 mL) was stirred at room temperature
for 4–6 h. For the acids 5–7, 14–16, 24, and 25, 2 N NaOH
(30 mL) was used, and the reaction was stirred for 20–24 h. The or-
ganic layer was removed under reduced pressure and the aqueous
phase was acidified with 6 N HCl and extracted with Et2O or ethyl
acetate. The combined organic layers were dried over Na2SO4 and
evaporated to dryness affording the final acids in quantitative
yields as white solids which were recrystallized from the solvent
described in Table 1.

4.7. Preparation of diethyl 2-(4-chloro-phenoxy)-2-
benzylmalonates (Scheme 3, Step a): General procedure

A solution of diethyl 2-(4-chloro-phenoxy)malonate16

(10 mmol) in dry DMF (25 mL) was added dropwise to a suspen-
sion of NaH (95% powder, 18 mmol) in dry DMF (20 mL) at 0 �C.
After stirring at room temperature for 20 min, a solution of the
suitable benzylbromide (11a–13a, 17a–23a, 26a, and 27a)
(12 mmol) in dry DMF (15 mL) was added dropwise and the result-
ing reaction mixture stirred at 60 �C for 15–20 h. The solvent was
removed under reduced pressure and the residue poured into
water and extracted with diethyl ether. The organic layer was
washed with saturated ammonium chloride solution, dried over
Na2SO4, and the solvent evaporated in vacuo to give an oily residue
which was chromatographed on silica gel column (petroleum
ether/ethyl acetate 90:10 as eluent). The title compounds were ob-
tained as pale yellow oils in 37–98% yields.

4.8. Preparation of acids 11–13, 17–23, 26, and 27 (Scheme 3):
General procedure

The suitable diethyl malonate (3 mmol), obtained from the
reaction described above, was refluxed under stirring with 1 N
NaOH (3 mL) in 95% EtOH (12 mL) for 4–6 h. The organic solvent
was distilled off under reduced pressure and the remaining aque-
ous phase washed with Et2O, acidified to pH 2 with 6 N HCl and ex-
tracted with Et2O. The combined organic extracts were dried over
Na2SO4 and the solvent removed under reduced pressure. The
resulting products were heated at 160 �C for 2 h affording the de-
sired acids in quantitative yields as white solids which were
recrystallized from the solvent described in Table 1.

4.9. Preparation of the ethyl esters of 12 and 22 (Scheme 3,
Step d)

A solution of 12 or 22 (2 mmol) in abs EtOH (50 mL) was added
of a catalytic amount of concd H2SO4 and refluxed with stirring for
4 h. The EtOH was distilled off under reduced pressure. The residue
was dissolved in ethyl acetate, which was washed with NaHCO3

and brine, then dried over Na2SO4, and the solvent removed under
reduced pressure affording the title compounds in quantitative
yield as pale yellow solids.

4.10. Preparation of the ethyl esters of 14–16, 24, and 25
(Scheme 3, Step e)

These compounds were prepared as reported for 6c and 7c
starting from the ethyl esters of 12 (for 14–16) or 22 (for 24 and
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25), described above, with the appropriate boronic acid, Cs2CO3

and Pd(Ph3P)4 in anhydrous toluene at 95 �C. The purification
was carried out by column chromatography on silica gel using
petroleum ether/ethyl acetate 80:20 as eluent.

4.11. Preparation of benzyl alcohols 20c and 27c (Scheme 4)

Borane-methyl sulfide complex (BMS, 45 mmol) was carefully
added dropwise, under N2 atmosphere, to a stirred and cooled
to 0 �C solution of commercially available benzoic acid derivatives
20b or 27b (15 mmol) in anhydrous THF (70 mL). The reaction
mixture was stirred for 15 h at rt, cooled to 0 �C and carefully
added of CH3OH (30 mL, 0.5 h) dropwise to destroy the boran
complex excess. After distilling off the organic solvents, the mix-
ture was dissolved in Et2O and the resulting solution was washed
with 2 N NaOH and brine. The organic layer was dried over
Na2SO4 and filtered. Evaporation of the solvent in vacuo afforded
the desired compound as colorless oils in quantitative yield.
These compounds were used in the next step without any further
purification.

4.12. 3-Phenoxybenzyl alcohol (26c, Scheme 4)

NaBH4 (7.21 mmol) was carefully added, to a stirred and cooled
to 0 �C solution of commercially available aldehyde 26b
(5.53 mmol) in CH3OH (40 mL) and the reaction mixture was stir-
red for 15 min at 0 �C. After distilling off the organic solvent, the
mixture was added of H2O and extracted with ethylacetate. The
combined organic phase was washed with 2 N NaOH and brine.
The organic layer was dried over Na2SO4 and filtered. Evaporation
of the solvent in vacuo afforded the desired compound as a pale
yellow oil in 63% yield.

4.13. Preparation of benzyl-bromides 20a, 26a, and 27a
(Scheme 4)

PBr3 (11 mmol) was carefully added to the suitable benzyl alco-
hol (20c, 26c, and 27c) (10 mmol) at 0 �C. The reaction mixture was
stirred for 1–2 h at 0 �C and 4–8 h at rt then poured into ice and ex-
tracted with Et2O. The organic layer was washed with brine, dried
over Na2SO4, and the solvent evaporated in vacuo affording the ti-
tle compounds as pale yellow oils in quantitative yields. These
compounds were used in the next step without any further
purification.

4.14. Preparation of (R)- or (S)-pantolactone esters of 27
(Scheme 5)

(R)-Pantolactone (10 mmol), dimethylaminopyridine (DMAP;
0.1 mmol), and 1,3-dicyclohexylcarbodiimide (DCC; 10 mmol)
were added, under N2 atmosphere, to a stirred solution of the race-
mic acid 27 (10 mmol) in anhydrous THF (40 mL). The reaction
mixture was stirred at room temperature for 24 h, afterward the
precipitate was filtered off and the organic phase was evaporated
to dryness, dissolved in ethyl acetate (50 mL), and washed twice
with H2O, 3 N HCl, and brine. The organic layer was dried over
Na2SO4 and evaporated to dryness affording a yellow oil. The
mixture of the (R,R)-and (S,R)-diastereomeric esters was obtained,
as white solid, by column chromatography on silica gel using
petroleum ether/ethyl acetate 80:20 as eluent. This mixture was
recrystallized twice with CH2Cl2/n-hexane affording the (R,R)-dia-
stereomer in 25% overall yield. The mother liquors containing an
enriched mixture in the (S,R)-diastereomer were hydrolyzed in
alkaline medium affording a mixture of the acid enantiomers,
which was condensed with (S)-pantolactone and chromato-
graphed as reported above. Then the mixture of diastereomers
was recrystallized twice with CH2Cl2/n-hexane to obtain the
(S,S)-diastereomer in 23% overall yield.

4.15. Preparation of (S)- and (R)-27 (Scheme 5)

To a stirred and cooled to 0 �C suspension of the suitable panto-
lactone ester (0.66 mmol) in THF/H2O (4:1, 12.5 mL) were added
35% v/v H2O2 (0.22 mL) and a solution of LiOH�H2O (1.32 mmol)
in H2O (1.5 mL). The reaction mixture was stirred at 0 �C for 6 h.
THF was evaporated in vacuo and the aqueous phase was acidified
with 6 N HCl and extracted with Et2O. The combined organic layers
were washed twice with brine, dried over Na2SO4, and evaporated
to dryness affording the desired acids as white solids which were
purified by recrystallization from suitable solvents.

4.16. Preparation of 28a and 30a (Scheme 6)

HCl (1 N, 6 mL) and glacial acetic acid (9 mL) were added to a
suspension of commercially available D-(4-nitro) or (4-trifluoro-
methyl)phenylalanine (5 mmol) in H2O (17 mL). The resulting
solution was stirred and cooled to 0 �C and carefully added, during
0.5 h, of NaNO2 (42 mmol) solution in H2O (9 mL). The solution was
stirred at rt for 22 h and carefully added, during 0.5 h, of concd HCl
(5 mL). Water was distilled off and the residue was extracted six
times with boiling acetone. Acetone was distilled off and the oily
residue was dissolved in Et2O and dried over Na2SO4. The solvent
was evaporated to dryness affording the corresponding (R)-2-hy-
droxy-3-arylpropanoic acid as a pale yellow solid.17 This solid
was dissolved in abs EtOH (30 mL), added of two drops of concd
H2SO4 and refluxed with stirring for 5 h. The solvent was removed
under reduced pressure, the residue was dissolved in Et2O and the
resulting solution was washed twice with NaHCO3 saturated solu-
tion and brine. After drying over Na2SO4, the evaporation of the
solvent afforded the corresponding ethyl esters as white solids
which were used in the next step without any further purification.

4.17. Preparation of ethyl (S)-2-(4-chloro-phenoxy)-3-(4-nitro
or 4-trifluoromethyl-phenyl)propanoate (Scheme 6, Step c)

These compounds were prepared as reported in Scheme 1 for
compounds 2b–4b and 8b–10b starting from 28a or 30a and 4-
chloro-phenol in anhydrous toluene. The purification was carried
out by column chromatography on silica gel using petroleum
ether/ethyl acetate 98:2 as eluent.

4.18. (S)-Ethyl 2-(4-chloro-phenoxy)-3-(4-bromo-
phenyl)propanoate (28b, Scheme 6)

(S)-Ethyl 2-(4-chloro-phenoxy)-3-(4-nitro-phenyl)propanoate
(0.656 g, 2.0 mmol) was suspended in a mixture of 95% EtOH
(20 mL) and glacial acetic acid (15 mL). The reaction mixture was
stirred at rt for 0.5 h, afterward Fe (0.445 g, 7.96 mmol) was added
and the resulting mixture was refluxed with stirring for 1.5 h. The
mixture was poured into cooled to 0 �C saturated solution of K2CO3

and extracted four times with ethyl acetate. The collected organic
phases were dried over Na2SO4 and evaporated to dryness afford-
ing a yellow oil (0.665 g). The desired (S)-ethyl 2-(4-chloro-phen-
oxy)-3-(4-amino-phenyl)propanoate (0.485 g, 76% yield) was
obtained by column chromatography on silica gel (petroleum
ether/ethyl acetate 85:15 as eluent), as a pale yellow oil which
solidified on standing. GC/MS m/z (%): 321 (5) [M++2], 319 (15)
[M+], 106 (100) [C7H8N+]. This compound (0.485 g, 1.51 mmol)
was suspended in 1.5 N HCl (4 mL) and the mixture was stirred
and cooled to 0 �C for 0.5 h, then the suspension was carefully
added, during 0.5 h, of NaNO2 (0.155 g, 2.25 mmol) solution in
H2O (3 mL). The resulting mixture was stirred at 0 �C for 1 h and
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then added to an heated to 36 �C solution of CuBr (0.649 g,
4.52 mmol) in 48% HBr (3 mL). The resulting solution was stirred
at reflux for 2 h and at rt for 16 h. The mixture was poured into
ice-water and extracted with Et2O. The combined organic layers
were washed twice with brine, dried over Na2SO4, and evaporated
to dryness affording a brown solid, which was chromatographed
on silica gel column (petroleum ether/ethyl acetate 95:5 as eluent)
to obtain 28b as a yellow solid (0.245 g, 43% yield). All the spectral
data were in accordance with those reported for the ethyl ester of
compound 22.

4.19. Preparation of the ethyl esters of (S)-28 and (S)-29
(Scheme 6, Step f)

These compounds were prepared as reported for 6c and 7c
starting from 28b and phenyl- or 2-thiopheneboronic acid,
K2CO3, and Pd(Ph3P)4 in anhydrous toluene at 95 �C. The purifica-
tion was carried out by column chromatography on silica gel using
petroleum ether/CH2Cl2 90:10 as eluent for the ethyl ester of 28 or
petroleum ether/ethyl acetate 95:5 as eluent for the ethyl ester of
29.

4.20. Preparation of (R)-28, (R)-29, and (R)-30

The first two compounds were prepared starting from the com-
mercially available L-(4-iodo)phenylalanine according to Scheme 6
(Steps a, b, c, f, and g).

4.21. (R)-Ethyl 2-(4-chloro-phenoxy)-3-(4-iodo-
phenyl)propanoate

Prepared as reported in Scheme 1 for compounds 2b–4b and
8b–10b starting from the compound above and 4-chloro-phenol
in dry toluene.

4.22. Ethyl esters of (R)-28 and (R)-29

Prepared as reported for the ethyl esters of (S)-28 or (S)-29
starting from the compound above and phenyl- or 2-thiophenebo-
ronic acid. 92% and 54% yields, respectively.

The final acids (R)-28 and (R)-29 were obtained as reported for
the corresponding S-isomers.

4.23. Preparation of compound (R)-30

Compound (R)-30 was synthesized as reported for (S)-30 start-
ing from the commercially available L-(4-trifluoromethyl)-
phenylalanine.

5. Computational chemistry

Molecular modeling and graphics manipulations were per-
formed using the molecular operating environment (MOE)35 and
UCSF CHIMERA software packages,36 running on a Silicon Graphics
Tezro R16000 workstation. Energy minimizations, MD simulations,
and MM–PBSA calculations were realized by employing the AMBER
9 program,37 selecting the parm99 force field.38

5.1. Ligand and receptor preparation

Model building and geometry optimizations of compounds (S)-
27, (S)-29, and (S)-30 were accomplished with the MMFF94X force
field,39–43 available within MOE. The carboxylate group was taken
as dissociated. The crystal structures of hPPARa in complex with
GW409544 (PDB code: 1K7L)20 and hPPARc in complex with
rosiglitazone (PDB code: 2PRG)21 were used in the docking exper-
iments. Bound ligands and water molecules were removed. A cor-
rect atom assignment for Asn, Gln, and His residues was done, and
hydrogen atoms were added using standard MOE geometries. Par-
tial atomic charges were computed by MOE using the Amber99
force field. All heavy atoms were then fixed, and hydrogen atoms
were minimized using the AMBER99 force field and a constant
dielectric of 1, terminating at a gradient of 0.001 kcal mol�1 Å�1.

5.2. Docking simulations

Compounds (S)-27, (S)-29, and (S)-30 were docked into the ac-
tive site of hPPARa and hPPARc using the GOLD 3.1 program,22,23

which uses a genetic algorithm for determining the docking
modes of ligands and proteins. An advantage of GOLD over other
docking methods is the program’s ability to account for some
rotational protein flexibility, as well as full ligand flexibility. Spe-
cifically, OH groups of Ser, Thr, and Tyr, and amino groups of Lys
are allowed to rotate during docking to optimize H-bonding to
the ligand. GOLD requires a user-defined binding site. It searches
for a cavity within the defined area, and considers all the solvent-
accessible atoms in that area as active-site atoms. The fitness
score function implemented in GOLD (GOLDScore) is made up
of four components that account for protein–ligand binding en-
ergy: protein-ligand H-bond energy (external H-bond), protein–li-
gand van der Waals energy (external vdw), ligand internal vdw
energy (internal vdw), and ligand torsional strain energy (internal
torsion). Parameters used in the fitness function (H-bond ener-
gies, atom radii, and polarizabilities, torsion potentials, H-bond
directionalities, and so forth) are taken from the GOLD parameter
file. The fitness score is taken as the negative of the sum of the
energy terms, so larger fitness scores indicated better bindings.
The fitness function has been optimized for the prediction of li-
gand binding positions rather than the prediction of binding affin-
ities, although some correlation with the latter can be also found.
The protein input file may be the entire protein structure or a
part of it comprising only the residues that are in the region of
the ligand binding site. In the present study, GOLD was allowed
to calculate interaction energies within a sphere of a 13 Å radius
centered on the OH oxygens of Y314 and Y473 in the hPPARa and
hPPARc structures, respectively. Fifty independent docking runs
were performed for each docking experiment, using standard de-
fault settings with a population size of 100, a maximum number
of 300,000 operations, and a mutation and crossover rate of 95.
After docking, the best generated 10 solutions of each ligand were
ranked according to their fitness scores calculated by the GOLD-
Score function.

5.3. MD Simulations

To eliminate any residual geometric strain, the obtained com-
plexes were energy minimized for 5000 steps using combined
steepest descent and conjugate gradient methods until a conver-
gence value of 0.001 kcal mol�1 Å�1. Upon minimization, the pro-
tein backbone atoms were held fixed. The geometry optimization
was performed using the SANDER module in the AMBER suite of
programs, employing the Cornell et al. force field to assign param-
eters for the standard amino acids. General AMBER force field
(GAFF) parameters were assigned to ligands, while the partial
charges were calculated using the AM1-BCC method as imple-
mented in the ANTECHAMBER44 suite of AMBER. The (S)-27/
hPPARa complex was soaked in a box of TIP3P45 water molecules
with a margin of 10 Å along each dimension. An appropriate num-
ber of counterions were added to neutralize the system. The entire
system was then minimized for 5000 steps using combined steep-
est descent and conjugate gradient methods until a convergence
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value of 0.001 kcal mol�1 Å�1. Upon minimization, harmonic con-
straints of 2 kcal mol�1 Å�2 on the protein backbone atoms of the
complexes were applied. Such an energy-minimization was de-
signed to resolve the clashes between the complex and solvent
molecules gradually. The complex was then subjected to a three
stage equilibration to further relax the protein and the surrounding
solvent. In the first stage, the system was heated from 0 to 300 K
(using the Langevin dynamics method) over 50 ps of simulation
time. In the second stage, the system was equilibrated for 50 ps
using pressure and temperature control to adjust the density of
water to experimental values. In the third stage, a 500 ps of con-
stant volume equilibration at 300 K was carried out. A subsequent
production run was performed, giving a total simulation time of
3 ns. The time step of the simulations was 2.0 fs with a cutoff of
8 Å for the non-bonded interaction, and SHAKE46 was employed
to keep all bonds involving hydrogen atoms rigid.

5.4. Thermodynamic calculations

The method for determining the binding free energy following
the MM–PBSA approach has been described in the past.28–30 It
combines molecular mechanics, Poisson–Boltzmann electrostatics,
surface-accessible calculations, and normal mode analyses for the
entropy. These are carried out on a series of snapshots collected
from a MD simulation. The binding free energies (DGbind) were
computed as

DGbind ¼ DGðcomplexÞ � ½DGðproteinÞ þ DGðligandÞ� ð1Þ

where DG(complex), DG(protein), and DG(ligand) are the free ener-
gies of the protein + ligand complex, the protein, and the ligand,
respectively, averaged over a set of snapshots taken to represent
the ensemble of available states. This set of snapshots is generated
using MD.

With the MM–PBSA approach, the free energy for any single
snapshot structure is given as

DGbind ¼ DEgas þ DDGsolv � TDS ð2Þ
DEgas ¼ DEint þ DEele þ DEvdw ð3Þ
DGsolv ¼ DGPB þ DGnon-polar ð4Þ

The sum of molecular mechanical energies, DEgas, can be divided
into contributions from internal energy (DEint), electrostatic poten-
tial (DEele), and van der Waals (DEvdw) potential. The solvation free
energy (DGsolv) is composed of two parts: polar solvation free en-
ergy (DGPB) and non-polar solvation free energy (DGnon-polar). TDS
is the entropy contributions of the binding process.

From the resulting trajectories of the (S)-27/hPPARa complex,
snapshots were extracted every 10 ps to use in calculating DEgas

and DDGsolv, giving 300 snapshots for the 3 ns runs. Solvent
water was stripped off of these snapshots before they were used.
The single trajectory approach was applied to estimate the ener-
gies. Estimation of energies in this manner has proven successful
in many studies.47–49 Part of the reason for the success of this
approach is the cancelation of errors that hides the effect of
incomplete sampling. A better approach may be the use of sep-
arate trajectories of protein–ligand complex, free protein, and
free ligand. Unfortunately, due to sampling limitations, the sepa-
rate trajectory approach appeared to be significantly less stable.
DEgas was obtained using SANDER, and estimation of DGPB was
conducted with the PBSA program in the AMBER suite, which
numerically solves the Poisson–Boltzmann equations to deter-
mine the electrostatic contribution to the solvation free energy.
Dielectric constants of 1 and 80 to represent gas and water
phases, respectively, were applied. DGnopolar was determined
using the MOLSURF program, which is part of the AMBER suite
of programs.
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