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The design, synthesis and structure–activity relationships of a novel series of N-phenyl-substituted pyr-
role, 1,2-pyrazole and 1,2,3-triazole acid analogs as PPAR ligands are outlined. The triazole acid analogs 3f
and 4f were identified as potent dual PPARa/c agonists both in binding and functional assays in vitro. The
3-oxybenzyl triazole acetic acid analog 3f showed excellent glucose and triglyceride lowering in diabetic
db/db mice.
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Peroxisome proliferator-activated receptors (PPARs) are a group agonist activities in a single compound would result in synergistic

of nuclear hormone receptors which function as transcription fac-
tors in the regulation of genes involved in glucose and lipid fatty
acid metabolism and vessel wall function.1 Three PPAR subtypes
have been identified: PPARa, c and d. PPARa is predominantly ex-
pressed in catabolically active tissues such as liver, heart, kidney,
and muscle. It is involved in the uptake and oxidation of fatty acids
as well as in lipoprotein metabolism.2 The clinically used PPARa
agonists are the fibrate class of drugs (including fenofibrate3 and
gemfibrozil4), which elevate HDL cholesterol levels and lower tri-
glyceride and LDL cholesterol levels. PPARc is mainly expressed
in adipose tissue and regulates insulin sensitivity, glucose and fatty
acid utilization as well as adipocyte differentiation. The clinically
used PPARc agonists comprise the thiazolidinedione (TZD) class
of anti-diabetic drugs such as rosiglitazone5 and pioglitazone.6 It
has been hypothesized that the combination of PPARc and PPARa
ll rights reserved.

: +1 609 818 3460.
eng).
improvements in insulin sensitivity and normalization of glucose
metabolism as well as amelioration of the dyslipidemia associated
with type 2 diabetes.

We have previously reported on the discovery and exploration
of the SAR of the novel oxybenzylglycine series of dual PPARa/c
agonists, which culminated in the discovery of the clinical candi-
date Muraglitazar 5.7a,7b Compound 5 (Fig. 1) shows potent func-
tional activity in vitro at both human PPARa and PPARc and
excellent efficacy in animal models of type 2 diabetes and the asso-
ciated dyslipidemia.7c–e As part of our ongoing efforts to discover
additional novel, potent, highly efficacious and safe dual PPARa/c
agonists with differentiated profiles from muraglitazar, we decided
to further explore the SAR of the oxybenzylglycine series by exam-
ining the effects of constraining the carbamate N-acid moiety. One
of the possible modes of constraint is shown in Figure 1, where the
carbamate oxygen is cyclized onto the glycine a-carbon to form a
ring. This could be effected through a structure such as an azole,
which could be envisioned to be various regioisomers of pyrroles
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 5 (Muraglitazar)

γEC50 = 0.035 μM (107%)
αEC50 = 1.41 μM (139%)
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Figure 1. Design of azole acid analogs from oxybenzylglycines.
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1a–1d, pyrazoles 2a–2e, and triazoles 3a–3f and 4a–4f. We report
here a systematic SAR study of this azole acid series, which re-
sulted in the discovery of analogs with distinct PPARa and PPARc
functional activities, of which a number proved to be potent dual
PPARa and PPARc agonists in binding and functional assays
in vitro.

An exemplary route to N-substituted pyrrole-3-carboxylic acids
1a–1d is shown in Scheme 1. Wittig reaction of aldehyde 67b gave
the a, b-unsaturated ester 7, which was reacted with tosylmethyl
isocyanide to provide the pyrrole ester 8.8 Pyrrole 8 underwent a
Cu(I)-mediated coupling reaction9 with an appropriate arylboronic
acid to provide the corresponding N-aryl pyrrole ester, which was
subsequently deprotected to furnish the N-substituted pyrrole
acids 1a–1d.

The synthesis of 5-(3-oxybenzyl)pyrazole-4-carboxylic acid 2a
and 5-(4-oxybenzyl)pyrazole-4-carboxylic acid 2d is described in
Scheme 2. Methyl cyanoacetate was alkylated with benzyl chloride
9, followed by ester hydrolysis to provide cyanoacetic acid 10.10

Treatment of 10 with a phenyl diazonium salt (generated in situ)
provided the corresponding cyano-hydrazone 11. Reaction of 11
with methyl acrylate under basic conditions11 generated the key
pyrazole ester intermediate 12. Finally, a three-step sequence
involving: (1) demethylation of anisole 12, (2) alkylation of phenol
with 2-[5-methyl-2-phenyloxazol-4-yl] ethyl mesylate and (3)
deprotection of the carboxylic acid, furnished 2a and 2d.

A synthesis of the regioisomeric carboxypyrazole 2c is shown in
Scheme 3. Treatment of aldehyde 13 with ethynylmagnesium bro-
mide furnished the acetylenic alcohol adduct 14. Thermolysis of 14
with ketene dimer12 provided the corresponding acetoacetate es-
ter, which was chlorinated to provide the a-chloro-b-ketoester
15. Heating of 15 with a phenyl diazonium salt (generated
O
Ph

CHO

N

O
CO2-tBu

CO2-tBu

N
H

CO2H

N

R

O
Ph

N

O

6 7

8

a b

c

1a ~ 1d(R = Me or Ph)
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ii—TFA 50-70%.
in situ) furnished the chlorohydrazone 16.13 Base-mediated ther-
mal intramolecular cycloaddition of 16 then furnished the pyra-
zole-lactone 17. Concomitant ring-opening/deoxygenation of 17
could be achieved with TMSI14 to furnish the pyrazole ester 18.
The same three-step sequence: (a) removal of the phenolic protect-
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anesulfonate, K2CO3, CH3CN, 90 �C, 12 h; iii—NaOH, 70%.
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ing group of 18, (b) alkylation of the resulting phenol with 2-(5-
methyl-2-phenyloxazol-4-yl)ethyl mesylate and (c) ester hydroly-
sis, furnished the N-substituted pyrazole-acid 2c.

Scheme 4 illustrates the synthesis of the regioisomeric 1,3-alk-
oxybenzyl 1-phenyl-3-carboxy-pyrazole analog 2b. Reaction of
phenylacetyl chloride 19 with Meldrum’s acid under basic condi-
tions, followed by methanolysis, furnished the b-ketoester 20.
Treatment of 20 with dimethylformamide dimethyl acetal15 gave
the a-enamino-b-keto-ester 21. The reaction of 21 with phen-
ylhydrazine followed by intramolecular cyclization, provided the
N-phenyl-pyrazole ester 22. The same three-step sequence: (a)
demethylation of anisole 22, (b) alkylation of phenol with 2-(5-
methyl-2-phenyloxazol-4-yl) ethyl mesylate and (c) deprotection
of the carboxylic acid, furnished the 5-benzyl-1-phenyl-1H-pyra-
zole-4-carboxylic acid 2b.

The synthesis of the 5-oxybenzyl-2-phenyl-2H-1,2,3-triazole-4-
carboxylic acids 3a, 3d and 4a, 4d is described in Scheme 5; only
the desired ‘‘N-2”-phenyl regioisomer should be obtainable by this
route. Reaction of a suitably protected oxybenzoic or oxyphenyl-
acetic acid chloride 23 with Meldrum’s acid in the presence of base
provided the corresponding crude acylation product which was
immediately reacted with aniline to give the b-keto anilide 24.16

The keto-amide 24 was reacted with nitrous acid (generated
in situ from acid/sodium nitrite), then with acid to furnish the cor-
responding a-oxime b-keto amide.17 The a-oxime-ketone was then
condensed with phenylhydrazine to provide the corresponding b-
hydrazone-a-oxime-ketone 25. CuSO4-mediated cyclization of
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oxime-hydrazone 25 followed immediately by reduction (Zn/HCl)
furnished the desired 1,2,3-triazole 26.18 The similar three-step se-
quence: a) demethylation of 26, (b) alkylation of phenol with 2-(5-
methyl-2-phenyloxazol-4-yl) ethyl mesylate and (c) deprotection
of the triazole-amide 27 furnished 5-oxybenzyl-2-phenyl-2H-
1,2,3-triazole-4-carboxylic acids 3a, 3d, 4a, and 4d.19

The synthesis of the ‘‘N-1” aryl triazole isomer 3b and 4b is
shown in Scheme 6. Treatment of b-keto anilide 24 with p-toluene-
sulfonyl azide20 furnished the corresponding b-keto a-diazo-ani-
lide 28. Lewis acid-mediated reaction of 28 with aniline provided
the corresponding 5-alkoxybenzyl-1-phenyl-1H-1,2,3-triazole-4-
carboxylic acid 29.21 A three-step sequence: (a) BBr3-mediated
demethylation of 29; (b) alkylation of the resultant phenol-triazole
with 2-(5-methyl-2-phenyloxazol-4-yl)ethyl mesylate and, (c) ba-
sic hydrolysis of the anilide, provided the 5-oxybenzyl-1-phenyl-
1H-1,2,3-triazole-4-carboxylic acid 3b or 4b.

The synthesis of the 1-phenyl-1H-1,2,3-triazole-5-carboxylic
acid 3c and 4c was accomplished using the route described in
Scheme 7. Ethyl propiolate was added to aldehyde 30 under basic
conditions22 to furnish the corresponding acetylenic alcohol ad-
duct 31. Deoxygenation of alcohol 31 (Et3SiH/BF3-OEt2)23 provided
the acetylenic ester 32. Dipolar cycloaddition of the acetylenic es-
ter 32 with phenyl azide under thermal conditions24 furnished,
after deprotection of the carboxylic acid, a �1:2 mixture of the de-
sired 1-phenyl-1H-1,2,3-triazole-5-carboxylic acids 3c and 4c as
well as the regioisomeric 1-phenyl-1H-1,2,3-triazole-4-carboxylic
acid 3b and 4b. The regioisomers, 3c/3b and 4c/4b, were separated
by reverse phase preparative HPLC.

The homologated ‘‘N-2”-triazole acetic acids 3f and 4f were syn-
thesized as shown in Scheme 8. The 4-carboxy-2-phenyl-2H-1,2,3-
triazole 3a or 4a was reacted with oxalyl chloride. The resultant
acid chloride was converted to the homologated methyl ester of
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Table 3
In vitro PPAR a and c activities of 3- and 4-oxybenzyl triazole acid analogs

CO2H

N1
N2

N3O

O

N

R

Compound Oxybenzyl
substitution

R cIC50

(lM)
cEC50 (lM)
IA (%)

aIC50

(lM)
aEC50 (lM)
IA (%)

3ª 3- N2-Ph 0.069 3.79 (70%) 0.069 1.90 (30%)
3b 3- N1-Ph 0.75 7.90 (19%) >25 >15
3c 3- N3-Ph 1.48 9.27 (49%) 7.29 >15
4a 4- N2-Ph 0.712 9.27 (87%) 2.77 6.15 (52%)
4b 4- N1-Ph 10 13.6 (21%) >25 >15
4c 4- N3-Ph 0.88 5.80 (21%) >7.5 >15
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3f or 4f via a silver-mediated Wolff rearrangement of the corre-
sponding a-diazo-ketone 33.25

The PPARa and PPARc in vitro activities (binding affinity26 and
transactivation activity27) of the different series of azole acid ana-
logs are shown in Tables 1–4. From the initial SAR with pyrrole acid
analogs 1a–1d (Table 1), we were able to determine that in both
the 3- and 4-oxybenzyl series, pyrrole showed some promise as a
bioisostere for the carbamate moiety of muraglitazar 5. Analogs
with an N-phenyl substituent (1b and 1d) were more potent ago-
nists at PPARc than the corresponding analogs (1a and 1c) contain-
ing an N-methyl group. In addition, among these pyrrole-acid
analogs, the 3-oxybenzyl substituted pyrrole analog 1b, which is
a relatively selective PPARc agonist (with only partial activity at
PPARa), shows more potent PPARc activity than the corresponding
4-oxybenzyl analog 1d.

In the pyrazole series, the regiochemistry of the N-phenyl sub-
stituent clearly plays an important role in the functional activity. A
phenyl group at N2 appears to be optimal for PPAR activity, as ana-
logs 2a, 2c and 2d are more potent PPARc agonists than the corre-
sponding N1-aryl substituted pyrazole analogs (e.g., 2b and 2e). It
Table 1
In vitro PPAR a and c activities of pyrrole-acid analogs

O

O
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Ph

N

CO2H
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Compound Oxybenzyl
substitution

R cIC50

(lM)
cEC50

(lM) IA (%)
aIC50

(lM)
aEC50

(lM) IA (%)

1a 3- –CH3 1.67 2.37 (72%) 5.92 1.47 (26%)
1b 3- –Ph 0.16 0.55 (82%) 0.09 0.12 (18%)
1c 4- –CH3 3.82 1.57 (84%) >10 >15
1d 4- –Ph 0.89 4.20 (72%) 0.89 0.66 (13%)

Table 2
In vitro PPAR a and c activities of pyrazole-acid analogs
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Compound Oxybenzyl
substitution

R cIC50

(lM)
cEC50 IA (%)
(lM)

aIC50

(lM)
aEC50 (lM)A
(%)

2a 3- N2-Ph 0.14 0.023 (76%) 0.07 0.011 (26%)
2b 3- N1-Ph 4.74 0.437 (19%) >25 0.648 (17%)
2c 3- N-Ph 0.07 0.156 (65%) 0.14 0.311 (24%)
2d 4- N2-Ph 2.16 0.752 (90%) 2.17 0.126 (21%)
2e 4- N1-Ph 1.67 0.490 (39%) >25 >25
should be noted that all five analogs in these pyrazole-acid series
show only partial functional activity at PPARa (in spite of good
binding affinity at PPARa for 2a and 2c).

The next azole to be explored as a carbamate bioisostere was
the 1,2,3-triazole. We systematically examined the effect of all
three possible (N1, N2 and N3) regioisomeric phenyl-substituted
triazole acids in the context of both the 3- and 4-oxybenzyl series.
As in the pyrrole and pyrazole series, the different N-phenyl substi-
tution patterns on the triazole ring had a major effect on the PPARa
and PPARc agonist activity of these analogs. In both the 3- and 4-
oxybenzyl series, for instance, analogs with N1 or N3-phenyl sub-
stituents (e.g., 3b, 3c, 4b and 4c; Table 3), did not show any PPARa
agonist activity. Analogs 3a and 4a, with an N2-phenyl group, dis-
play relatively more balanced and potent dual PPARa and PPARc
agonist activities. Overall, however, these series of triazole acids
displayed relatively poor PPARa/c functional activities.

Based on the results of this initial SAR survey of the oxybenzyl
triazole acids (3a–c, 4a–c, m = 1; n = 0; Table 3), we then systemat-
ically examined the effects of inserting a methylene linker between
the oxybenzyl group, the triazole and the acid. The results of this
study are shown in Table 4 (using the optimized N2-phenyl substi-
tuent). The relatively constrained 3-oxyphenyl triazole acid 3d
(m = n = 0) displayed weak agonist activities at PPARa and PPARc.
Insertion of a methylene linker from the oxyphenyl group to the
triazole (i.e., oxybenzyl vs oxyphenyl; 3a vs 3d) resulted in a
�10-fold improvement in the binding affinities to PPARa and
PPARc, but surprisingly there was no corresponding improvement
in functional activity. Insertion of a methylene between the tria-
zole and the acid in the oxyphenyl series (3e vs 3d, n = 0 vs 1) re-
sulted in not only improved binding affinity (20-fold at PPARc and
6-fold at PPARa), but also more potent functional activity at both
receptors (4-fold at PPARc and 10-fold at PPAR. Moreover, when
the triazole acetic acid is combined with the oxybenzyl moiety
(3f; m = 1 and n = 1), this additional structural adjustment resulted
in >100-fold increases in both the binding affinity and functional
activities at PPARa and PPARc for analog 3f (cEC50 = 4nM (138%);
aEC50 = 6 nM (83%), which is a potent dual PPARa/c agonist.

An X-ray co-crystal structure of 3f with PPARc receptor ligand-
binding domain (LBD) was determined to 2.25 Å resolution
(Fig. 2).28 Of particular interest to the functional SAR is the H-bond-
ing network observed between ligand carboxylic acid, water and
neighboring residues: Ser289 (H3), His323 (H5), His449 (H11)
and Tyr473 (H12). In addition to the carboxylate inter-actions, an
indirect H-bond is also observed between the oxazole nitrogen,
water and Ser342 backbone NH (6–7 loop). The H-bond between
Tyr473 on H12 and the carboxylate anion would be expected to
be strong and is consistent with the observed superior agonist
behavior exhibited by 3f when compared to its seco analog, the tri-
azole acid 3a, where the expected trajectory of its carboxylate
would not be compatible with a strong H-bond to Tyr473.



Table 4
In vitro PPAR a and c activities of homologated 3- and 4-triazole analogs
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IA (%)
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3a 1/0 0.069 3.79 (70%) 0.069 1.90 (30%) 4a 1/0 0.712 9.27 (87%) 2.77 6.15 (52%)
3d 0/0 0.67 2.19 (39%) 1.61 4.02 (45%) 4d 0/0 1.35 7.33 (23%) >50 >15
3e 0/1 0.034 0.56 (85%) 0.28 0.39 (72%) 4e 0/1 0.517 3.86 (20%) 3.35 4.14 (29%)
3f 1/1 0.005 0.004 0.085 0.006 (83%) 4f 1/1 0.007 0.013 (86%) 0.054 0.011 (118%

Figure 2. The X-ray structure of 3f bound to PPARc LBD is illustrated with ligand
electron density shown as a mesh. Residues having significant H-bonding contact
with the ligand are highlighted along with two water molecules (red spheres).
Distances between heavy atoms are given in ÅA

0

ngstroms.

Table 5
In vivo activity profile of Compound 3f in db/db mice dosed p.o, q.d. for 14 days,
overnight fasted

Treatment (10 mg/kg/day for
14 days)

Plasma triglycerides
(mg/dL)

Plasma glucose (mg/
mL)

Vehicle 156 ± 10 497 ± 32
3f 77 ± 7 (�50%)* 316 ± 34 (�36%)*

* p < 0.05.
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In the 4-oxyphenyl series, triazole acid analog 4d (m = 0; n = 0)
showed weak agonist activity only at PPARc. Addition of a methy-
lene linker to the oxyphenyl ring of 4d (oxybenzyl analog 4a) re-
sulted in moderately improved PPARc (now a full agonist) and
PPARa agonist activity versus 4d. Insertion of a methylene linker
between the triazole and carboxylic acid of oxyphenyl analog 4d
(n = 1; 4e) resulted in comparable dual PPARa and PPARc in vitro
activities. Similar to the result from the 1,3-oxyphenyl series,
insertion of methylene linkers at both C-4 and C-5 of the triazole
(m = n = 1; 4f) also resulted in very substantial improvements in
both the PPARc and PPARa agonist activities (>100-fold) of the
oxybenzyl triazole-acetic acid 4f (now a potent dual PPARa/c dual
agonist) versus the parent oxyphenyl triazole acid 4d. As shown
from the X-ray crystal structure of 3f bound to PPARc, the insertion
of the two methylene linkers in 3f and 4f apparently allows for in-
creased configurational flexibility of the N-phenyl azole template,
thus enabling these oxybenzyl triazole acetic acid analogs to better
form key interactions with key residues such as Tyr473 of PPARc
than the more rigid triazole acids. However, it should be noted that
higher binding affinity in the ligand-binding domains (LBDs) of
both PPARa and PPARc does not always necessarily correlate with
improved functional agonist activity (e.g., 2a and 2c at PPARa).

From these in vitro data, several conclusions can be drawn.
First, analogs from the 3-oxybenzyl azole-acid series generally dis-
play more equivalent, potent PPARc and PPARa agonist activity
than their 4-oxybenzyl azole-acid counterparts. Second, among
the various azole-acid series, analogs with an N2-phenyl substitu-
ent (vs N1 and N3) have demonstrated the most potent PPARc
and/or PPARa agonist activities in vitro. Finally, within the triazole
acid series, the installation of a methylene linker (m = 1, n = 1) on
either the C-4 or C-5 position of the triazole is preferred for optimal
PPARc and PPARa functional activity. The most potent compound
among these triazoles is 3f, which has increased potency at PPARc
(>10-fold) and at PPARa (>200-fold) relative to muraglitazar
(PPARc EC50 = 35 nM; IA = 107% and PPARa EC50 = 1.41 lM;
IA = 139%) in vitro.

The in vivo anti-diabetic and lipid-lowering activities of 3f were
further characterized in a 14-day study in female db/db mice29; the
data are shown in Table 5. Compound 3f (administered orally at a
10 mg/kg/day dose) showed excellent efficacy in significantly
reducing levels of plasma glucose (�36%) and triglycerides
(�50%) in this diabetic animal model.

In summary, the SAR of a series of N-phenyl-substituted azole
acid analogs was explored. These studies showed that the PPARc
and a activities in this series can be modulated by: (a) varying
the oxybenzyl substitution pattern (3-oxybenzyl series vs 4-oxyb-
enzyl series); (b) the presence of a methylene linker at either the C-
4 or C-5 position of the triazole, and (c) the regiochemistry of the
preferred N-phenyl substituent on the azole ring. In particular,
analogs 3f and 4f exhibit very potent dual PPARa and PPARc ago-
nist activity in vitro and analog 3f also showed excellent anti-dia-
betic and anti-dyslipidemic activity in the diabetic db/db mouse
model. In conclusion, we have established a novel series of N-phe-
nyl-substituted 1,2,3-triazole acid analogs as a new template/
chemotype for the design of potent dual PPARa/c agonists.
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