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The indole ring systems of the cytosolic phospholipase A2a (cPLA2a) inhibitor 1-[3-(4-octylphenoxy)-2-
oxopropyl]indole-5-carboxylic acid (2) and the isomeric 6-carboxylic acid (3) were replaced by benz-
imidazole, benzotriazole and indazole scaffolds, respectively. The effect of the structural variations on
cPLA2a inhibitory potency, metabolic stability and solubility was studied. The lead 2 and the indazole-
5-carboxylic acid 28 were the metabolically most stable compounds in an assay with rat liver micro-
somes, while the benzimidazole-5-carboxylic acid derivative 13 possessed the best water solubility
(22 lg/mL at pH 7.4). The indazole-5-carboxylic acid 28 revealed the highest cPLA2a inhibitory potency
of the compounds in this series. With an IC50-value of 0.005 lM it was about sevenfold more active than
the lead 2.

� 2009 Elsevier Ltd. All rights reserved.
Cytosolic phospholipase A2a (cPLA2a) is an esterase that selec-
tively cleaves the sn-2 position of arachidonoyl glycerophospholip-
ids of biomembranes to produce free arachidonic acid and
lysophospholipids.1 Arachidonic acid is subsequently metabolized
to a variety of inflammatory mediators including prostaglandins
and leukotrienes. When the phospholipid substrate of cPLA2a is a
phosphatidylcholine with an ether function at the sn-1 position,
the lysophospholipid generated is the direct precursor of platelet
activating factor (PAF), another mediator of inflammation.2 Thus,
inhibition of cPLA2a would lead to the blockade of the cellular pro-
duction of all these proinflammatory lipid mediators. Therefore,
this enzyme is considered to be an attractive target for the design
of new anti-inflammatory drugs.3–5

Despite several potent inhibitors of cPLA2a having been devel-
oped, such as thiazolidinediones of Shionogi,6,7 benzhydrylindoles
of Wyeth8,9 and 1,3-diaryloxypropan-2-ones of AstraZeneca (1,
AR-C70484XX),10 only the compounds of Wyeth have undergone
clinical development.11 Recently, we have published a series of
cPLA2a inhibitors with indole scaffold like 2 and 3, structurally re-
lated to 1 (Fig. 1).12–14

Structure–activity relationship studies on indole-5-carboxylic
acid 2 have revealed that substitution of the indole 3-position
strongly influences the activity of the compound.12 We wanted
to investigate the effect of a replacement of the carbon at position
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3, and also at position 2 of the indole scaffold by nitrogen. There-
fore, the heteroanalogous benzimidazole, benzotriazole and inda-
zole derivatives of 2 were synthesized and evaluated for cPLA2a
inhibitory potency. Furthermore, the stability of the electrophilic
ketone groups of these compounds against metabolic reduction
was investigated in a test system applying rat liver microsomes,
since conversion of the ketone moiety of 2 to an alcohol function-
ality causes loss of cPLA2a inhibition.15,16 Finally, also the aqueous
solubility of the target compounds was measured, since a sufficient
dissolution is one important constraint for oral bioavailability.

The synthesis of the benzimidazole analogue of 2 started from
methyl 1H-benzimidazole-5-carboxylate (4) (Scheme 1). N-Alkyl-
Figure 1.
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Scheme 1. Reagents and conditions: (a) Epichlorohydrin, KOH, Bu4 N+Br�, rt, 2 h; (b) 4-octylphenol, 4-dimethylaminopyridine, 120 �C, 30 min; (c) Dess–Martin periodinane
reagent, CH2Cl2, rt, 3 h; (d) triethyl orthoformate, ethanol, H2SO4, reflux, 12 h; (e) (1) aq NaOH, methanol, reflux, 1,5 h, (2) aq HCl, THF, reflux, 3 h.
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ation with epichlorohydrin yielded two isomeric products, which
were shown to be the benzimidazole-5-carboxylic and -6-carbox-
ylic ester derivatives 5 and 6 (ratio about 1:1 evaluated by 1H
NMR spectroscopy). Since 5 and 6 as well as the following methyl
ester derivatives 7, 8–11, 12 could not be separated successfully
by chromatography on silica gel, mixtures of the isomers were ap-
plied as reactants in the subsequent reaction steps. Regioselective
opening of the oxirane ring of 5, 6 was achieved without solvent
in the presence of catalytic amounts of 4-dimethylaminopyridine.
Oxidation of the resulting alcohol intermediates 7, 8 to the desired
ketones 9, 10 was carried out with Dess–Martin periodinane re-
agent. Next the ketone groups of 9, 10 were acetalized with tri-
ethyl orthoformate in the presence of catalytic amounts of
H2SO4. The methyl ester groups of obtained compounds 11, 12
were saponified with aqueous NaOH. Finally, the acetal protecting
group was removed by aqueous HCl in THF to yield a mixture of
Scheme 2. Reagents and conditions: (a) 2-(4-Octylphenoxymethyl)oxirane, NaH, DM
orthoformate, ethanol, H2SO4, reflux, 6.5 h; (d) (1) aq NaOH, methanol, reflux, 1.5 h, (2)
benzimidazole-5- and -6-carboxylic acid derivatives 13 and 14.
These two acids could be separated by reversed phase HPLC.
The structures of 13 and 14 were assigned by NOE experiments.
Irradiation of the N–CH2–CO protons of 13 gave NOE-enhance-
ments of the doublet signal of the proton at C-7 of the benzimid-
azole at 7.17–7.19 ppm, confirming that 13 is the benzimidazole-
5-carboxylic acid derivative. The structure of the other isomer
conclusively was established as being benzimidazole-6-carboxylic
acid 14.

Reaction of methyl 1H-benzotriazole-5-carboxylate (15) with
2-(4-octylphenoxymethyl)oxirane12 also led to a mixture of two
isomers (16, 17) (Scheme 2). From these, the target benzotria-
zole-5- and -6-carboxylic acids 22 and 2317 were afforded, using
the reaction sequence described above for the synthesis of 13
and 14 from 7 and 8. Separation of the target compounds 22 and
23 was performed by normal phase chromatography on silica gel.
F, 90 �C, 2 h; (b) Dess–Martin periodinane reagent, CH2Cl2, rt, 3 h; (c) triethyl
aq HCl, THF, reflux, 8 h.



Scheme 3. Reagents and conditions: (a) Epichlorohydrin, KOH, Bu4 N+Br�, rt, 2 h; (b) 4-octylphenol, 4-dimethylaminopyridine, 120 �C, 45 min; (c) Dess–Martin periodinane
reagent, CH2Cl2, rt, 3 h; (d) aq KOH, ethanol, rt, 18 h.

S. Bovens et al. / Bioorg. Med. Chem. Lett. 19 (2009) 2107–2111 2109
Scheme 3 outlines the synthesis of indazole-5-carboxylic acid
28. The 2-oxopropyl substituent was introduced in position 1 of
methyl indazole-5-carboxylate (24) applying the reaction se-
quence described for the synthesis of 9 and 10 (Scheme 1). The
methyl ester group of obtained compound 27 was hydrolyzed with
aqueous KOH in ethanol to give the target compound 28.18 Inda-
zole-6-carboxylic acid derivative 29 was synthesized in the same
way starting from methyl indazole-6-carboxylate.

Indole-5-carboxylic acid 2 has been found to be a potent inhib-
itor of cPLA2a with an IC50-value of 0.035 lM against the enzyme
isolated from human platelets.12 In the course of further struc-
ture–activity relationship studies, one aim was to replace the in-
dole scaffold of 2 by benzimidazole, benzotriazole, and indazole,
respectively. During the synthesis of the benzimidazole and the
benzotriazole bioisosters of 2, not only the desired 5-carboxylic
acids 13 and 22, but also the isomeric 6-carboxylic acids 14 and
23 were obtained. Therefore, we included carboxylic acid deriva-
tives with carboxylic acid group in position 6 of the heterocycles
in our investigations too.
Table 1
cPLA2a-inhibitory potency, metabolic stability and thermodynamic solubility

O N

C8H17

NNO

COOH
22,23

O N

C8H17

O

COOH
2,3

Compd Position of the COOH-group Inhibition of cPLA2a IC50
a (lM

2 5 0.035
3 6 1.1

13 5 0.15
14 6 0.085
22 5 0.026
23 6 0.016
28 5 0.005
29 6 0.026

a Values are the means of at least two independent determinations, errors are within
b Percentage of parent compound remaining after metabolism by rat liver microsome

mean ± standard deviation, n = 5.
c Mean ± standard deviation, n = 3, in case of values <1 lg/mL: n = 2.
Evaluation of the inhibitory activity against cPLA2a19 showed
that introduction of a nitrogen atom at position 3 of indole-5-car-
boxylic acid 2 led to decrease of activity. With an IC50 of 0.15 lM
the benzimidazole-5-carboxylic acid 13 is about fourfold less po-
tent than indole-5-carboxylic acid 2 (Table 1). In contrast, shifting
the nitrogen from position 3 to position 2 significantly increased
enzyme inhibitory potency, as seen by the inhibition data of the
indazole-5-carboxylic acid 28 (IC50: 0.005 lM). The benzotria-
zole-5-carboxylic acid 22 (IC50: 0.026 lM) again has about the
same activity as the indole lead 2. Here the negative effect of nitro-
gen in position 3 seems to be compensated by the positive effect of
nitrogen in position 2 of the heterocycle.

The structure–activity relationships of the 6-carboxylic acid ser-
ies synthesized differ remarkably from that of the corresponding 5-
carboxlic acids. Here, as well nitrogen in position 3 as nitrogen in
position 2 led to a significant increase of enzyme inhibition. While
the indole-6-carboxylic acid 3 possesses an IC50 of 1.1 lM, the IC50-
values of the benzimidazole- and indazole-6-carboxylic acids 14
and 29 are 0.085 lM and 0.026 lM, respectively. Concomitant
O N

C8H17

NO

COOH
28,29

O N

C8H17

NO

COOH
13,14

) Metabolic stabilityb (%) Thermodynamic solubilityc (lg/mL)

65 ± 5 <1
39 <1
49 22 ± 8
40 7 ± 0.8
43 <1
44 2 ± 0.2
64 <1
36 5 ± 0.8

±20%; IC50-value of reference inhibitor 1 (AR-C70484XX): 0.011 lM.10,12

s; values are the means of at least two independent determinations; in case of 2:
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introduction of two nitrogen atoms in position 3 and 2 had an addi-
tive effect. Thus, the activity of the benzotriazole-6-carboxylic acid
23 (IC50: 0.016 lM) is higher than that of 14 and 29, respectively.

Structure–activity relationship studies have revealed that an
important pharmacophoric element of 2 is the activated ketone
moiety.12,15 Its reduction to an alcohol results in a loss of cPLA2a
inhibitory potency. Like other compounds with electrophilic ke-
tone groups,20,21 2 is metabolically susceptible to keto reduc-
tion.14,16 To investigate metabolic stability of the ketone group of
the new compounds, their metabolisation by rat liver microsomes
was also studied.19 After incubation of the microsomes in presence
of NADPH still about 65% of the indole-5-carboxylic acid 2 could be
measured by HPLC and UV-detection in comparison with reference
incubations in absence of NADPH. The main metabolite formed
was the corresponding inactive alcohol as shown by LC–MS exper-
iments performed as described recently.14,16 Indazole-5-carboxylic
acid 28 showed about the same metabolic stability (64%) as the
corresponding indole derivative 2, while all other compounds eval-
uated were less stable (Table 1). At the end of the metabolic reac-
tions only 30–50% of these substances were detectable yet.
Comparing the metabolism of the 5-carboxylic acids with that of
the 6-carboxylic acids, one striking difference could be observed.
In case of the 5-carboxylic acid derivatives 2, 13, 22 and 28, LC–
MS experiments showed that the corresponding alcohols of the
compounds were the main metabolites. Contrary, in case of the
6-carboxylic acid derivatives 3, 14, 23 and 29 only small amounts
of their alcohol forms could be detected. Instead several more polar
metabolites occurred.

Due to the two long acyl chains, the phospholipid substrates of
cPLA2a possess a substantial lipophilicity. Therefore it can be ex-
pected that inhibitors, which shall bind competitively to the active
site of the enzyme, must possess similar properties. This assump-
tion is confirmed by the fact that all known cPLA2a inhibitors with
pronounced potency bear larger lipophilic residues,6–10,12 which
lead to a high total lipophilicity of the compounds. Such a high
lipophilicity can cause a low water solubility, which may result
in poor drug absorption, because the drug does not dissolve suffi-
ciently in the aqueous content of the gastrointestinal tract. Thus,
we also measured the aqueous solubility of all new compounds un-
der thermodynamic conditions19,22 by equilibrating the solids in
phosphate buffer (pH 7.4) for 20 h at room temperature, separating
non-soluble material by centrifugation and measuring the soluble
aqueous concentration by HPLC. Both indolecarboxylic acid deriv-
atives (2,3) possess a water solubility of less than 1 lg/mL (Table
1). Replacement of the indole scaffold by a benzimidazole resulted
in more soluble compounds (13: 22 lg/mL; 14: 7 lg/mL). With sol-
ubility values of less than 1 lg/mL, benzotriazole- and indazole-5-
carboxylic acids 22 and 28 again have only poor water solubility.
The dissolution values of the benzotriazole- and indazole-6-car-
boxylic 23 (2 lg/mL) and 29 (5 lg/mL) slightly exceed the amount
of 1 lg/mL. Solubility guidelines for drugs under development are
given by Lipinski and co-workers.22 According to those, com-
pounds with mid-range permeability and average potency should
possess a minimum thermodynamic solubility of 50 lg/mL. With
a solubility of 22 lg/mL, 13 comes closest to this limit.

In conclusion, we have studied the effect of the replacement of
the indole scaffold of 2 and 3 by benzimidazole, benzotriazole and
indazole on cPLA2a inhibitory potency, metabolic stability and sol-
ubility. The compounds with the highest metabolic stability were
indole-5- and indazole-5-carboxylic acids 2 and 28. Substitution
of indole by benzimidazole increased water solubility significantly.
The indazole-5-carboxylic acid 28 showed the highest activity
against cPLA2a. With an IC50-value of 0.005 lM, 28 is about seven-
fold more active than the lead 2 and represents one of the most po-
tent inhibitors of cPLA2a known today.3–5 The aim of further
studies will be to develop derivatives of these compounds, con-
comitantly possessing high cPLA2a-inhibitory potency, adequate
water solubility and good stability against metabolic reduction of
the pharmacophoric ketone group.
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