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In the present study we have investigated whether pharmacophore models may account for
the activity and selectivity of the known cyclooxygenase-2 (COX-2) selective inhibitors of the
phenylsulfonyl tricyclic series, i.e., Celecoxib (1) and Rofecoxib (3), and whether transferring
this structural information onto the frame of a nonsteroidal antiinflammatory drug (NSAID),
known to tightly bind the enzyme active site, may be useful for designing novel COX-2 selective
inhibitors. With this aim we have developed a pharmacophore based on the geometric disposition
of chemical features in the most favorable conformation of the COX-2 selective inhibitors SC-
558 (2; analogue of Celecoxib (1)) and Rofecoxib (3) and the more restrained compounds 4 (DFU)
and 5. The pharmacophore model contains a sulfonyl S atom, an aromatic ring (ring plane A)
with a fixed position of the normal to the plane, and an additional aromatic ring (ring plane
B), both rings forming a dihedral angle of 290° ( 10°. The final disposition of the pharmacophoric
groups parallels the geometry of the ligand SC-558 (2) in the known crystal structure of the
COX-2 complex. Moreover, the nonconserved residue 523 is known to be important for COX-2
selective inhibition; thus, the crystallographic information was used to position an excluded
volume in the pharmacophore, accounting for the space limits imposed by this nonconserved
residue. The geometry of the final five-feature pharmacophore was found to be consistent with
the crystal structure of the nonselective NSAID indomethacin (6) in the COX-2 complex. This
result was used to design indomethacin analogues 8 and 9 that exhibited consistent structure-
activity relationships leading to the potent and selective COX-2 inhibitor 8a. Compound 8a
(LM-1685) was selected as a promising candidate for further pharmacological evaluation.

Introduction

Nonsteroidal antiinflammatory drugs (NSAIDs) are
useful tools in the treatment of inflammation, pain, and
fever, although they show undesirable gastric side
effects. Because NSAIDs directly target cyclooxygenases
(COXs),1 the discovery of the COX-2 isoform2 has opened
the possibility of developing COX-2 selective inhibitors
to act as an effective NSAID without the gastric side
effects.3 At present, two COX-2 selective inhibitors have
successfully reached the market, Celecoxib4 (1) and
Rofecoxib5 (3; see Chart 1), inducing a great interest in
obtaining isozyme-specific drugs.6

To our knowledge, several attempts to derive COX-2
selective inhibitors from nonselective arylalkanoate
NSAIDs have been published. Black et al. have de-
scribed the obtention of COX-2 selective indoleal-
kanoates emerging from indomethacin (6).7 Meanwhile,

Luong et al. preferred the basic framework of zomepirac
to obtain pirroleacetate selective inhibitors8 and Bayly
et al. focused on flurbiprofen (7) to obtain selective
inhibitors having the biphenylalkanoate framework.9
On the other hand, Kalgutkar et al. have recently
described a general, biochemically based strategy for the
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facile obtention of COX-2 selective molecules from
carboxylic acid NSAIDs.10 In this approach, the com-
pounds presumably exploit the constrictions at the base
of the active site and a wide “lobby” present in the
membrane-binding domain of the COX enzymes.11 These
results are consistent with the crystal structure of a
complex of COX-2 with a carboxyl chain-extended
analogue of zomepirac,8 as well as with the models
describing the cavity at the mouth of the active site on
the membrane-binding domain region of the COX
enzymes.12,13 All these strategies focus on the modifica-
tion of the carboxylic acid moiety or the distal phenyl
ring not directly linked to the alkanoic acid, and the
desired selectivity is introduced by systematic structural
modification of the lead NSAIDs. Alternatively, selectiv-
ity may be introduced using the information presently
available on the tricyclic COX-2 selective inhibitors
structurally related to Celecoxib (1) and Rofecoxib (3).

The cyclooxygenase 3D structure has been known
since the first X-ray crystal structure described by Picot
et al.13 of the isoenzyme COX-1 complexed with the
nonselective NSAID flurbiprofen (7). The structure of
the human COX-2 enzyme, obtained from X-ray crys-
tals14 or by homology modeling,15 has also been pub-
lished. Kurumbail et al.16 have recently deposited in the
Brookhaven Protein Databank structures of the COX-2
in free form as well as complexed with the selective
inhibitor SC-558 (2) or the nonselective inhibitors
indomethacin (6) and flurbiprofen (7). These structures
have been used as the starting point for the present
study.

Marriott et al. defined the pharmacophore as “an
important and unifying concept in rational drug design
that embodies the notion that molecules are active at a
particular enzyme or receptor because they possess a
number of chemical features (i.e., functional groups)
that favorably interact with the target and which
possess geometry complementary to it”.17 It is possible
to derive pharmacophores by direct analysis of the
structure of a known ligand either in the most stable
conformer or in the form observed when complexed with
the target protein. For a derived pharmacophore model
there are, in general, two ways to identify molecules
that share its features and may thus elicit the desired
biological response. First, there is the “3D database
searching”, where large databases comprising 3D struc-
tures are searched for those that match the pharma-
cophoric pattern.18 The second is de novo design that
seeks to link the disjointed parts of the pharmacophore
together with fragments in order to generate hypotheti-
cal structures.19 Typically, when used alone, de novo
design produces wholly novel molecules but fails to
identify chemical structures readily available or having
a known synthesis. In contrast, when used in conjunc-
tion with a known chemical structure, i.e., modification
of a known skeleton, it may successfully produce rea-
sonably available products.

In this paper we detail our strategy to obtain selective
COX-2 inhibitors based on the modification of the
structure of the known potent but nonselective COX
inhibitor indomethacin (6). The strategy intends to
obtain selectivity using the information available on the
tricyclic COX-2 selective inhibitors having the charac-
teristic arylsulfonyl group believed to play a crucial role

on the selectivity. With this aim, we applied a computer-
assisted methodology based on the construction of a
pharmacophore from the 3D structure of four known
COX-2 selective inhibitors of the tricyclic class (2-5; see
Chart 1) together with the knowledge of the X-ray
crystal structure of COX-2 complexed with SC-558 (2).
The application of the resulting pharmacophore to the
design of indomethacin analogues having the basic
indole framework allowed us to identify a small set of
simple, novel COX-2 selective inhibitors structurally
related to indomethacin (6).

Chemical Synthesis

Easy access to compounds of general structure 8a-d
and 9a-c was made possible by the method of Ottoni
et al.20 As shown in Scheme 1, alkylation of the nitrogen
atom of the commercially available methyl (5-methyl-
sulfonyl-1H-2-indolyl)carboxylate (Acros Organics) af-
forded the benzyl derivatives 8a-d in medium to good
yields. Purified yields ranged from 57% (8a) to 95% (8b
and 8d). The same reaction using 4-substituted benzoyl
chlorides led to derivatives 9a-c in very poor yields but
in sufficient quantities to carry out the biological assays.
In the case of the p-chlorobenzoylation of 8a, the
nucleophilicity of the indole nitrogen atom was en-
hanced by converting the methyl (5-methylsulfonyl-1H-
2-indolyl)carboxylate to the corresponding anion21 with
NaH in DMF and the yield of 8a was increased from
10% (KOH/MeOH) to 53%. Saponification of 8a at room
temperature gave 10 (57%).

Results and Discussion

We used pharmacophore generation based on the
structure of the known selective inhibitors and on the
3D structure of COX-2 inhibitor complexes, followed by
ligand design and screening of compounds structurally
related to indomethacin (6) to identify novel selective
COX-2 inhibitors. The pharmacophore model was de-
rived from the analysis of the selective inhibitors 2-5
(see Chart 1) in their most stable conformation and the
structure of COX-2 complexed with SC-558 (2) or with
the nonselective inhibitors indomethacin (6) and flur-
biprofen (7) (protein database (pdb) entries 6cox, 4cox,
and 3pgh, respectively).

Among all efforts to develop COX-2-selective inhibi-
tors, the most successful strategies focus on the modi-
fication of structures of the tricyclic sulfonyl series
leading to the marketed compounds Celecoxib (1) and
Rofecoxib (3). These compounds differ significantly from
the arylalkanoate structure of most NSAIDs, a marked

Scheme 1. Synthesis of 8-10
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difference being the presence of the sulfonyl group
believed to be crucial for COX-1/COX-2 selectivity.
Accordingly, this characteristic sulfur atom feature
(sulfonyl sulfur atom) was the starting point for deriving
the pharmacophore aimed at identifying novel COX-2
selective inhibitors. To outline other common chemical
features that may be important for COX-2 inhibition,
the alignments produced by the overlay of the crystal
structures of COX-2 complexed with 2, 6, and 7 were
analyzed (see Figure 1). Some interesting features can
be deduced from this analysis: (i) the aromatic rings
directly linked to the alkanoate or sulfonyl groups lay
in a common plane; (ii) the aromatic rings distant from
the alkanoate or sulfonyl groups also lay in a common
plane; (iii) a common dihedral angle between both
planes is observed for the three compounds analyzed.
The pharmacophore model reflects these observations
presenting the two cited aromatic ring planes A and B
in a defined geometry and fixed position, i.e., a con-
strained dihedral angle between the ring planes and the
normal to plane A in a confined position, respectively.
Finally, an additional pharmacophoric feature was
derived from the observation of the 3D crystallographic
structure of the COX-2 complexes. The active site of
COX-2 offers more accessible space than that of COX-
1. This is due principally to the substitution of valine
for isoleucine at position 523, which opens up a small

side pocket in COX-2. This additional space has proven
to be important in the binding of some COX-2-selective
inhibitors but imposes strict steric requirements by the
enzyme for the ligands occupying in the proximity of
amino acid 523. To include information about this region
sterically forbidden to the ligands in our structure-based
pharmacophore, we introduced an excluded volume
feature centered in the valine 523 side chain γ position
corresponding to the limits of the space available in
COX-2.

The coordinates and geometry of the final pharma-
cophore model were derived from the structures of
selective inhibitors 2-5 together with the 3D structure
of COX-2 complexed with 2. The conformational analysis
and pharmacophore generation tools in the program
Catalyst22 were used together with the available library
of chemical descriptors. Coordinates of the S atom and
the aromatic features (centroids of aromatic rings A and
B) were obtained from the analysis of 2-5 in their most
stable conformation. These conformers were also used
to generate a valid geometric arrangement of the
selected chemical functions. Thus, the dihedral angle
between the cited planes in 2-5 was observed to lie
between 280° and 300° (see Table 1) and was set to 290°
( 10° in the pharmacophore. Similarly, a vector or-
thogonal to the aromatic ring plane A was defined
(normal to plane A) and constrained to a defined
position (additional globe situated at 3 Å from the ring
A centroid; see Figure 2). The combined geometry of the
dihedral angle and the position of the ring plane confine
the configuration of these features and of the whole
pharmacophore. As discussed above, in addition to
pharmacophoric points derived from ligand atoms, an
excluded volume that the ligand is not allowed to
penetrate was centered in the valine 523 side chain γ
position; the atomic coordinates were obtained from the
3D crystallographic structure of COX-2 complexed with
2 (see Figure 2).

A summary of the resulting chemical and geometrical
features of the final pharmacophore model is shown in
Table 2 and Figure 2. The performance of such a
pharmacophore model was first evaluated by fitting the
reference compounds 2 and 3 and the restrained ana-
logues 5 (DFU) and 4, using the rigid fit algorithm
implemented in Catalyst. Rigid fit operations include
an initial conformational exploration, followed by map-
ping of the chemical functionalities of each molecule in
the pharmacophore by superimposing equivalent func-

Table 1. Interactions with the Pharmacophore and Dihedral Angles between the Two Aromatic Ring Planes, Showing Summary of
the Results Obtained for the Reference Compounds 2-6

compd
ΦAB

(min energy conf)a (deg) fitb
conf energyc

(kcal mol-1)
mapping

(conf no.)d
ΦAB

(mapping conf)e (deg)

2 (SC-558) 300f 2.6 1.06 2 (24) 286
3 (Rofecoxib) 300 2.74 1.03 1 (23) 297
4 (DFU) 293 1.26 6.84 7 (4) 293
5 285 2.31 8.73 1 (9) 292
6 (indomethacin) 280g 1.93 2.96 1 (1) 287

a ΦAB corresponds to the dihedral angle (deg) between the aromatic ring planes A and B in the minimum energy conformation obtained
with the Catalyst modeling tools. b Values reported for the “fit” function are generated by Catalyst and reflect the number of features of
the compounds and how well these features map onto the pharmacophore. c Values of “conformational energy” correspond to the energy,
referenced to the energy of the most stable conformer, of the conformation that best maps the pharmacophore obtained with the Catalyst
fitting tools. d Selected mapping and, in parentheses, the conformer number used in this mapping. e Dihedral angle between the aromatic
ring planes A and B in the conformer that best maps the pharmacophore. f In the crystal structure of the COX-2 complexed with 2, a
dihedral angle between the two phenyl ring planes A and B of 273° is observed. g Indomethacin (6) lacks the characteristic S atom.
Therefore, the described ΦAB value corresponds to the dihedral angle between the indole and the phenyl ring planes of 6 observed in the
crystal structure of the COX-2 complex.

Figure 1. Overlay of the crystal structures of COX-2 com-
plexed with SC-558 (2), indomethacin (6), and flurbiprofen (7).
Note in this overlay the superimposition of the aromatic ring
planes (planes A and B in the pharmacophore).
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tional groups without modifying the geometry of the
molecule (rigid fit operation). The program produces
several maps per molecule as a result of this operation,
together with the value of the “fit” function and the
“conformational energy” for each proposed alignment.
The “fit” value reflects the number of features of the
compound and how well the features map onto the
pharmacophore. Meanwhile, the “conformational en-
ergy” value reflects the energy of the selected conformer,
referenced to the energy of the most stable conforma-
tion. The final step of the rigid fit operation consists of
the selection of the most suitable molecule alignment,
taking into account the “fit” values together with a
visual inspection of the molecule overlay. Results are
summarized in Table 1 with the outcome of the “fit”
function and the “conformational energy” reported for
the selected mappings of molecules 2-5. Compounds 2
and 3, and interestingly also the restrained analogues
4 and 5, are able to effectively satisfy the proposed
pharmacophore geometry with ΦAB of about 290°, using
energy accessible conformations (Econf < 10 kcal/mol).

In general, the value of pharmacophore models is
demonstrated by their ability to direct the obtention of
novel compounds with the desired activity. Utility may
be enhanced if the identified chemical structures are
readily available or have a known synthesis. In the

present study, we evaluated the performance of the
model by the identification of the selective COX-2
inhibitors arising from the pharmacophore model and
the alignment of the crystallographic structures. Figure
1 illustrates that the N-benzoylindole skeleton of in-
domethacin (6) may be a suitable frame for obtaining
COX-2 selectivity, and Table 1 shows that, despite the
absence of the sulfur chemical feature, indomethacin (6)
is able to reasonably map the pharmacophoric model.
Accordingly, the structures A-D, related to indometha-
cin but possessing the additional sulfur group in the 5
position of the indole ring, were modeled and their
ability to map the pharmacophore was evaluated. From
the results summarized in Table 3, it can be deduced
that, similar to their parent compounds 2-6, the
modeled structures A-D use energy accessible confor-
mations to produce reasonable pharmacophoric maps.
The successful application of the models stimulated us
to further study compounds 8 and 9 derived from the
modeled structures A-D (see Tables 3 and 4). A final
modeling step was performed to construct the minimized
complexes of COX-2 with 8a and 9a, structurally
derived from A-D and further proposed for synthesis
(see Table 4). The conformer alignments resulting from
the pharmacophore mapping of the structures A and D
were used as a guide to produce initial positions of 8a

Figure 2. Pharmacophore with 2 (blue) and the modeled structure A (red) fitted. The pharmacophore contains a sulfonyl S atom
(S), an aromatic ring feature (plane A) with a fixed position normal to the plane (labeled “Normal to Plane A), an additional
aromatic ring (plane B), both planes forming a dihedral angle of 290° ( 10°, and an excluded volume (labeled “Excluded Volume”)
accounting for the space limits imposed by residue 523. The chemical features are drawn as brown globes except for the hydrophobic
aromatic ring plane A with an additional globe accounting for the position orthogonal to the plane and the excluded volume
(black globe).

Table 2. Chemical Features Present in the Final Pharmacophore Model

pharmacophore chemical and geometric features

sulfonyl S atom characteristic of the phenylsulfonyl tricyclic series of compounds
aromatic ring A
normal to plane A constrained position of the normal to the ring plane A
aromatic ring A constrained dihedral angle between planes A and B, ΦAB ) 290° ( 10°
excluded volume accounts for the space limits imposed by the nonconserved residue 523
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and 9a, respectively. Then, the compounds were manu-
ally docked into the active site of COX-2 in a position
that overlays 2, and the geometry of the resulting
complexes was optimized. Figure 3 shows the complex
of the selective compound 8a docked into the active site
of COX-2. The final models illustrate the utility of the
N-benzoylindole skeleton of indomethacin (6) suitable
for obtaining COX-2 selectivity.

The successful modeling results obtained with the
structures A-D prompted us to synthesize molecules
8-10, having the basic N-benzyl- or N-benzoyl-5-sulfo-
nylindole framework present in A-D, and to test them
for COX inhibitory activity. Our in vitro screening
scheme included the inhibition of the PGE2 generation

in LPS-stimulated human monocytes (COX-2 cell assay)
and the inhibition of the arachidonic acid (1 µM) induced
TxB2 generation in isolated human platelets (COX-1 cell
assay). Furthermore, the selectivity of the compounds
most effectively inhibiting COX-2 was established in the
human in vitro whole blood assay.

In the set of cell-based in vitro tests, compounds 8a
(methyl [5-methylsulfonyl-1-(4-chlorobenzyl)-1H-2-in-
dolyl]carboxylate; IC50

COX-2 ) 0.65 ( 0.26 µM), 8d
(methyl [5-methylsulfonyl-1-(4-methoxybenzyl)-1H-2-in-
dolyl]carboxylate; IC50

COX-2 ) 0.78 ( 0.58 µM), and 9a
(methyl [5-methylsulfonyl-1-(4-chlorobenzoyl)-1H-2-in-
dolyl]carboxylate; IC50

COX-2 ) 0.73 ( 0.09 µM) demon-
strated inhibition of the COX-2 activity with hardly any

Table 3. Interactions with the Pharmacophore and Dihedral
Angles between the Aromatic Ring Planes A and B, Showing
Summary of the Results Obtained for the Modeled Structures
A-D

compd R1 R2 fita
conf energyb

(kcal mol-1)
mapping
(conf no.)c ΦAB

d

A H H2 2.73 1.88 2 (26) 291
B 2-CH3 H2 2.19 10.8 2 (23) 290
C 3-CH3 H2 2.89 3.94 1 (7) 295
D H dO 2.23 4.25 1 (21) 280
a Values reported for the “fit” function are generated by Catalyst

and reflect the number of features of the compounds and how well
these features map onto the pharmacophore. b Values of “confor-
mational energy” correspond to the energy, referenced to the
energy of the most stable conformer, of the conformation that best
maps the pharmacophore obtained with the Catalyst fitting tools.
c Selected mapping and, in parentheses, the conformer number
used in this mapping. d Dihedral angle between the indole and
the phenyl ring planes (A and B) in the selected conformer
mapping the pharmacophore.

Table 4. Chemical Structure of Compounds 8-10 and in Vitro COX-1 and COX-2 Activities

compd benzoyl or benzyla R1 R2 R3 COX-2b,c (IC50, µM) COX-1d (% inhibition @ 10 µM)

8a 11a CH3 H2 Cl 0.65 ( 0.26 19
8b 11b CH3 H2 Br 3.72 ( 4.16 25
8c 11c CH3 H2 NO2 >20 0
8d 11d CH3 H2 OCH3 0.78 ( 0.58 15
9a 12a CH3 dO Cl 0.73 ( 0.09 16
9b 12b CH3 dO Br >20 15
9c 12c CH3 dO NO2 >20 n.t.
10 H H2 Cl >20 37
1 (Celecoxib) 0.12 ( 0.04 IC50 ) 2c

3 (Rofecoxib) 0.21 ( 0.11 IC50 > 10c

6 (indomethacin) 0.0059 ( 0.0005 IC50 ) 0.0030 ( 0.002c

a See Scheme 1. b PGE2 generation by LPS-stimulated human monocytes. c Dose-response curves were analyzed by nonlinear regression
using the Hill equation as implemented in the GraphPad software Prism,32 and the IC50 values were the concentration of the drug producing
50% cyclooxygenase inhibition. Values are the mean ( SD of at least three independent determinations. d % inhibition produced by tested
compounds (10 µM concentration) on human platelets TxB2 generation in the presence of 1 µM arachidonic acid.

Figure 3. Overlay of the modeled complexes of 8a (colored
by atom) and 2 (yellow) docked into the active site of COX-2.
Note the superimposition of the pharmacophore chemical
features (S atom, aromatic rings A and B and excluded volume)
observed in this overlay.
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effect on COX-1 (IC50
COX-1 . 10 µM; see Table 4 and

Figure 4). In addition, both series of N-benzyl and
N-benzoyl compounds exemplified by 8 and 9 produced
consistent structure-activity relationships. Thus, both
series produced parallel inhibition (compare 8a-c to
9a-c, respectively, in Table 4) in accordance with the
results obtained for the modeled structures A and D.
Meanwhile, not all the assayed compounds that satisfy
the pharmacophore features showed inhibition of the
COX-2; i.e., the N-benzyl or N-benzoyl-5-sulfonylindole
compounds having an additional nitro (8c and 9c) or
carboxylic acid groups (10) showed no production of
cyclooxygenase inhibition (IC50

COX-2 > 20 µM). These
results are in agreement with the general knowledge
of COX inhibition23 as well as with the pharmacophore
concept. The latter embodies the notion that molecules
are active at a particular receptor because they possess
the adequate ensemble of chemical features in a defined
geometric disposition complementary with the receptor.
However, the pharmacophore may reflect an incomplete
picture of the interactions with the receptor or, most
frequently, may not account for features that cause the
activity to plummet. In this sense, the inactivity of 10
may arise from the unfavorable simultaneous presence
of a carboxylic acid and a sulfonyl group in the molecule,
a fact that is known to decrease activity. Meanwhile,
the inactivity of 8c and 9c may be due to the substitu-
tion with the polar NO2 group in the phenyl oriented
toward the hydrophobic gap near Trp-386 and Tyr-385.
Certainly, such chemical features unfavorable for activ-
ity are not present in the pharmacophore.

The selectivity of the most effective compounds as far
as COX-2 inhibition is concerned (8a, 8d, and 9a) was
established using the human whole blood assay (results
are summarized in Table 5). In this suite of assays, 8a
showed interesting COX-2 inhibition results. Mean-
while, 8d and 9a were found to be more discrete.

Compound 8a was almost 1 order of magnitude more
potent than 8d. In addition, 8a inhibited COX-2 in a
similar range as the reference compounds Celecoxib (1)
and Rofecoxib (3) (IC50

COX-2 ) 4.3 ( 0.3, 3.6 ( 1.2, and
3.4 ( 2.3, respectively), and more interestingly, 8a
showed a clearly favorable COX-1/COX-2 ratio compared
to the same reference compounds (IC50

COX-1/ IC50
COX-2

) >20, 7.3, and 8.4, respectively).
The strategy followed in the present study to obtain

the pharmacophore model was based on the use of the
available information on the tricyclic COX-2 selective
inhibitors related to Celecoxib (1) and Rofecoxib (3);
therefore, the resulting selectivity is derived from the
use of this structural information rather than the
systematic modification of the arylalkanoate framework
of the NSAID indomethacin (6). Moreover, aside from
its COX-2 inhibitory potency and selectivity, 8 and 9
are simple structures with limited similarity to existing

Figure 4. In vitro intact cell inhibition of COX-1 (9) and COX-2 (b) by 8a (plot a) and the reference compounds Celecoxib (1; plot
b), Rofecoxib (3; plot c), and indomethacin (6; plot d) (see also Table 4). The data shown are the mean of at least two experiments
with the vertical lines indicating the standard deviation. The lines drawn through the data points are the result of fitting them
to the Hill equation (for details, see footnote c in Table 4).

Table 5. Inhibitory Effect on COX-2 and COX-1 Activities
Determined in Human Whole Blood

compd
COX-2a

(IC50, µM)

COX-1b

(% inhibition
@ 100 µM) COX-1/COX-2

8a 4.3 ( 0.3 25 >20
8d 51.3 ( 9.1 54 2
9a <25% at 10 µM not tested
1 (Celecoxib) 3.6 ( 1.2 IC50 ) 26.4 ( 12.7 7.3
3 (Rofecoxib) 3.4 ( 2.3 IC50 ) 28.7 ( 13.1 8.4
6 (indomethacin) 0.63 ( 0.08 IC50 ) 0.23 ( 0.12b 0.37

a COX-2 activity was evaluated in human whole blood as LPS-
induced PGE2 generation. IC50 values were estimated from dose-
response curves analyzed by nonlinear regression using the Hill
equation as implemented in the GraphPad software Prism32 and
mean the concentration of the drug causing 50% reduction of
cyclooxygenase activity measured in the absence of compound. IC50
values are the mean ( SD of at least three independent determi-
nations. b % inhibition produced by tested compounds at 100 µM
concentration on TxB2 production by human whole blood according
to the procedures described in the Experimental Section.
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selective COX-2 inhibitors, and their physical proper-
ties, such as molecular weight and log P, are presumably
within the range expected for good drugs. This latter is
reinforced by the interesting anti-COX-2 activity ob-
tained for 8a in the in vitro human whole blood assay.

Conclusions

In the present work we describe the obtention of
selective COX-2 inhibitors evolved from the known
potent nonselective COX inhibitor indomethacin (6). Our
computer-aided strategy is based on the construction
of a pharmacophore model from the 3D structure of four
COX-2 selective inhibitors of the tricyclic class together
with the knowledge of the X-ray crystal structures of
COX-2 complexed with inhibitors. The compounds used
for pharmacophore development were SC-558 (2; struc-
tural analogue of Celecoxib (1)) and Rofecoxib (3)
together with the restrained analogues 5 (DFU) and 4.
Meanwhile, we used the 3D crystal structures of COX-2
complexed with the selective inhibitor SC-558 (2) and
the nonselective NSAIDs indomethacin (6) and flurbi-
profen (7). The resulting pharmacophore was then
applied to the design of indomethacin analogues having
the basic N-benzyl- or N-benzoyl-5-sulfonylindole frame-
work exemplified by the modeled structures A-D.
Finally, the synthesis of compounds 8-10 allowed us
to identify the compounds 8a, 8d, and 9a as being
potent inhibitors of the COX-2 from human monocytes
(IC50

COX-2 ) 0.65, 0.78, and 0.73 µM, respectively) with
hardly any effect on the COX-1 from human platelets
(IC50

COX-1 . 10 µM). After the inhibitory effect and
selectivity of these compounds in whole blood were
analyzed, 8a was confirmed as a promising candidate
for further evaluation.

Experimental Section

1. Chemistry. All solvents were used dried and freshly
distilled. All evaporations were carried out in vacuo with a
rotary evaporator. Solutions were dried over MgSO4 before
concentration under reduced pressure. Analytical samples
were normally dried in vacuo over P2O5 at 40-50 °C for 16 h.
Analytical thin-layer chromatography (TLC) was done on
Merck silicagel F-254 plates with detection with iodine and a
UV lamp or by charring with dilute sulfuric acid, using
mixtures of CH2Cl2/MeOH (10:0.1) as the developing solvent.
All analytical samples were TLC homogeneous. For normal
column chromatography Merck silica gel 60 was used with a
particle size of 0.063-0.200 mm (70-230 mesh ASTM). For
flash chromatography Merck silica gel 60 was used with a
particle size of 0.040-0.063 mm (230-400 mesh ASTM).
Melting points (mp) were obtained on an Electrothermal
melting point apparatus and are uncorrected. NMR spectra
were recorded on 400.1 MHz 1H and 100.03 MHz 13C NMR
Bruker ARX 400 and 300.13 MHz 1H and 75.78 MHz 13C NMR
Bruker AM-300 spectrometers, and chemical shifts are re-
ported relative to the solvent peak. Chemical shifts (δ) quoted
in the case of multiplets were measured from the approximate
center. Signals are designated as follows: s, singlet; d, doublet;
dd, doublet of doublets; m, multiplet. Coupling constants are
expressed in hertz. High-resolution liquid secondary ion mass
spectra (HR LSIMS) were carried out on a VG AutoSpec Q
high-resolution mass spectrometer (Fisons Instruments). The
compounds gave accurate mass spectra, having no extraneous
peaks. All products had satisfactory (within (0.4% of the
theoretical values) C, H, and N analyses results. The yields
reported are of the isolated purified compounds and are not
optimized for 9b and 9c.

General Procedure for the Preparation of Methyl
[5-Methylsulfonyl-1-(4-substituted benzyl)-1H-2-indolyl]-
carboxylate (8a-d) and Methyl [5-Methylsulfonyl-1-(4-
substituted benzoyl)-1H-2-indolyl]carboxylate (9a-c). To
a solution of methyl (5-methylsulfonyl-1H-2-indolyl)carboxy-
late (2.2 mmol) in methanol (20 mL) at room temperature,
KOH pellets were added (2.7 mmol), and the mixture was
stirred until total solubilization was attained. The methanol
was completely removed in vacuo, and acetone (20 mL) was
added followed by the 4-substituted benzyl bromide (11a-d)
(2.2 mmol) or the 4-substituted benzoyl chloride (12a-c) (2.2
mmol). The mixture was left overnight, concentrated in a
vacuum, and purified by flash chromatography, yielding 8a-d
or 9a-c as white solids.

Methyl [5-methylsulfonyl-1-(4-chlorobenzyl)-1H-2-in-
dolyl]carboxylate (8a): yield 57%; mp 177-179 °C; 1H NMR
(300.13 MHz, DMSO-d6) δ 8.38 (s, 1H, H-4), 7.84 (d, J ) 8.9
Hz, 1H, H-7), 7.80 (dd, J1 ) 8.9, J2 ) 1.6 Hz, 1H, H-6), 7.60 (s,
1H, H-3), 7.32 (d, J ) 8.5 Hz, 2H, benzyl), 7.03 (d, J ) 8.5 Hz,
2H, benzyl), 5.80 (s, 2H, N-CH2-), 3.83 (s, 3H, CH3O-), 3.19
(s, 3H, CH3SO2-); 13C NMR (75.78 MHz, DMSO-d6) δ 161.09
(CdO), 140.09, 136.81, 133.56, 131.81, 129.22, 128.52, 128.10,
124.79, 123.21, 123.01, 112.27, 112.20, 52.10 (CH3O-), 46.92
(N-CH2-), 44.07 (CH3SO2-); HR LSIMS calcd for C18H16O4-
NaNSCl [M + Na]+ 400.0386, found 400.0386. Anal. (C18H16O4-
NSCl) C, H, N.

Methyl [5-methylsulfonyl-1-(4-bromobenzyl)-1H-2-in-
dolyl]carboxylate (8b): yield 95%; mp 185-189 °C; 1H NMR
(400.13 MHz, CDCl3) δ 8.37 (d, J ) 1.7 Hz, 1H, H-4), 7.81 (dd,
J1 ) 8.9, J2 ) 1.7 Hz, 1H, H-6), 7.49 (d, J ) 0.7 Hz, 1 Hz,
H-3), 7.46 (d, J ) 8.9, 1H, H-7), 7.37 (d, J ) 8.5 Hz, 2H, benzyl),
6.09 (d, J ) 8.5 Hz, 2H, benzyl), 5.82 (s, 2H, N-CH2-), 3.89
(s, 3H, CH3O-), 3.07 (s, 3H, CH3SO2-); 13C NMR (100.03 MHz,
CDCl3) δ 161.72 (CdO), 141.11, 136.24, 133.36, 131.98, 129.89,
128.05, 125.62, 124.12, 123.40, 121.58, 112.46, 111.70, 52.26
(CH3O-), 47.83 (N-CH2-), 45.08 (CH3SO2-); HR LSIMS calcd
for C18H16O4NaNSBr [M + Na]+ 443.9881, found 443.9881.
Anal. (C18H16O4NSBr) C, H, N.

Methyl [5-methylsulfonyl-1-(4-nitrobenzyl)-1H-2-in-
dolyl]carboxylate (8c): yield 64%; mp 222-229 °C; 1H NMR
(300.13 MHz, DMSO-d6) δ 9.23 (s, 1H, H-4), 8.96 (d, J ) 8.7
Hz, 2H, benzyl), 8.65 (m, 2H, H-6, and H-7), 8.47 (s, 1H, H-3),
8.05 (d, J ) 8.7 Hz, 2H, benzyl), 6.04 (s, 2H, N-CH2-), 3.81
(s, 3H, CH3O-), 3.20 (s, 3H, CH3SO2-); 13C NMR (75.78 MHz,
DMSO-d6) δ 161.09 (CdO), 146.70, 145.77, 140.64, 133.77,
129.27, 127.27, 124.90, 123.86, 123.39, 123.28, 112.42, 112.24,
52.20 (CH3O-), 47.36 (N-CH2-), 44.09 (CH3SO2-). Anal.
(C18H16O6N2S‚0.5H2O) C, H, N.

Methyl [5-methylsulfonyl-1-(4-methoxybenzyl)-1H-2-
indolyl]carboxylate (8d): yield 95%; mp 157-162 °C; 1H
NMR (400.13 MHz, DMSO-d6) δ 8.35 (d, J ) 1.7 Hz, 1H, H-4),
7.87 (d, J ) 8.9 Hz, 1H, H-7), 7.79 (dd, J1 ) 8.9, J2 ) 1.7 Hz,
1H, H-6), 7.58 (s, 1H, H-3), 7.02 (d, J ) 8.7 Hz, 2H, benzyl),
6.81 (d, J ) 8.7 Hz, 2H, benzyl), 5.83 (s, 2H, N-CH2-), 3.85
(s, 3H, CH3OCO-), 3.65 (s, 3H, 3.65 (s, 3H, CH3O-), 3.18 (s,
3H, CH3SO2-); 13C NMR (100.03 MHz, DMSO-d6) δ 161.27
(CdO), 158.47, 140.47, 133.38, 129.68, 129.23, 127.86, 124.81,
123.22, 122.88, 113.97, 112.54, 112.13, 55.00 (CH3O-), 52.16
(CH3O-), 46.92 (N-CH2-), 44.11 (CH3SO2-); HR LSIMS calcd
for C19H19O5NaNS [M + Na]+ 396.0882, found 396.0884. Anal.
(C19H19O5NS) C, H, N.

Methyl [5-methylsulfonyl-1-(4-chlorobenzoyl)-1H-2-in-
dolyl]carboxylate (9a): yield 10%. This yield was improved
to 53% using NaH to generate the indole anion: a solution of
2.5 g (8.8 mmol) of methyl (5-methylsulfonyl-1H-2-indolyl)-
carboxylate in DMF (15 mL) was stirred under an argon
atmosphere with 224 mg of NaH (60% in mineral oil; 9.3 mmol)
for 5 min and then with 1.64 g (9.3 mmol) of 4-chlorobenzoyl
chloride (11a) for 1 h. The solution was diluted with water
and extracted with EtOAc. The organic phase was washed with
brine, dried, and concentrated. The residue was purified by
flash chromatography (CH2Cl2/hexane, 1:3): mp 157-159 °C;
1H NMR (300.13 MHz, CDCl3) δ 8.36 (d, J ) 1.7 Hz, 1H, H-4),
7.91 (dd, J1 ) 8.9, J2 ) 1.7 Hz, 1H, H-6), 7.83 (d, J ) 8.9, 1H,
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H-7), 7.61 (d, J ) 8.7 Hz, 2H, benzyl), 7.46 (s, 1H, H-3), 7.45
(d, J ) 8.7 Hz, 2H, benzyl), 3.64 (s, 3H, CH3O-), 3.09 (s, 3H,
CH3SO2-); 13C NMR (75.78 MHz, CDCl3) δ 167.67 (-CdO
ester), 160.63 (CdO), 140.66, 135.92, 132.99, 132.72, 130.78,
129.51, 127.03, 125.40, 123.53, 115.22, 114.75, 52.63 (CH3O-),
44.99 (CH3SO2-); HR LSIMS calcd for C18H14O5NaNSCl [M
+ Na]+ 414.0178, found 414.0180. Anal. (C18H14O5NSCl) C, H,
N.

Methyl [5-methylsulfonyl-1-(4-bromobenzoyl)-1H-2-in-
dolyl]carboxylate (9b): yield 10%; mp 170-171 °C; 1H NMR
(400.13 MHz, CDCl3) δ 8.38 (d, J ) 1.7 Hz, 1H, H-4), 7.93 (dd,
J1 ) 8.8, J2 ) 1.6 Hz, 1H, H-6), 7.85 (d, J ) 8.8, 1H, H-7),
7.64 (d, J ) 8.6 Hz, 2H, benzyl), 7.55 (d, J ) 8.6 Hz, 2H,
benzyl), 7.48 (s, 1H, H-3), 3.65 (s, 3H, CH3O-), 3.10 (s, 3H, CH3-
SO2-); 13C NMR (100.03 MHz, CDCl3) δ 167.86 (-CdO ester),
160.63 (CdO), 140.63, 135.84, 133.42, 132.67, 132.50, 130.80,
129.31, 127.01, 125.43, 123.54, 115.30, 114.79, 52.68 (CH3O-
), 45.00 (CH3SO2-); HR LSIMS calcd for C18H14O5NaNSBr [M
+ Na]+ 457.9674, found 457.9676. Anal. (C18H14O5NSBr‚
0.1H2O) C, H, N.

Methyl [5-methylsulfonyl-1-(4-nitrobenzoyl)-1H-2-in-
dolyl]carboxylate (9c): yield 7.5%; mp 202-204 °C; 1H NMR
(400.13 MHz, CDCl3) δ 8.39 (d, J ) 1.4 Hz, 1H, H-4), 8.31 (d,
J ) 8.8 Hz, 2H, benzyl), 8.01 (d, J ) 8.9, 1H, H-7), 7.97 (dd,
J1 ) 8.9, J2 ) 1.4 Hz, 1H, H-6), 7.81 (d, J ) 8.8 Hz, 2H, benzyl),
7.52 (s, 1H, H-3), 3.61 (s, 3H, CH3O-), 3.10 (s, 3H, CH3SO2-
); 13C NMR (100.03 MHz, CDCl3) δ 167.00 (-CdO ester),
160.46 (CdO), 150.47, 140.78, 140.15, 136.46, 132.21, 130.03,
126.03, 124.12, 123.64, 116.32, 115.03, 52.79 (CH3O-), 44.95
(CH3SO2-). Anal. (C18H14O7N2S) C, H, N.

[5-Methylsulfonyl-1-(4-chlorobenzoyl)-1H-2-indolyl]-
carboxylic Acid (10). To a solution of 8a (270 mg, 0.71 mmol)
in MeOH (3 mL) was added a solution of NaOH (70 mg, 1.77
mmol) in H2O (2 mL). The resulting solution was stirred for
10 h. After being cooled in an ice-bath, it was neutralized with
concentrated HCl, rotaevaporated off, and purified by flash
chromatography (CH2Cl2/MeOH, 10:0.6). Pure acid 10 was
obtained (150 mg, 57%) as a white solid: mp 233-235 °C; 1H
NMR (400.13 MHz, CD3OD) δ 8.36 (d, J ) 1.7 Hz, 1H, H-4),
7.80 (dd, J1 ) 8.9, J2 ) 1.7 Hz, 1H, H-6), 7.65 (d, J ) 8.9, 1H,
H-7), 7.55 (s, 1H, H-3), 7.23 (d, J ) 8.4 Hz, 2H, benzyl), 7.02
(d, J ) 8.4 Hz, 2H, benzyl), 5.93 (s, 2H, N-CH2-), 3.11 (s,
3H, CH3-); 13C NMR (100.03 MHz, CD3CD) δ 164.17 (-Cd
O), 142.52, 138.10, 134.46, 133.94, 132.19, 129.70, 129.13,
127.04, 124.73, 123.98, 113.35, 113.09, 48.36 (N-CH2-), 44.94
(CH3-); HR LSIMS calcd for C17H13O4Na2NSCl [M + 2Na -
H]+ 408.0049, found 408.0049. Anal. (C17H14O4NSCl) C, H, N.

2. Molecular Modeling. 2.a. General Methodology. All
molecular modeling studies were performed on a Silicon
Graphics O2 computer running the Catalyst software (version
2.2) and the InsightII (version 97)24 andDiscover (version
2.98)24 software (Molecular Simulations, Inc., San Diego, CA).
The basic modeling methodologies leading to the pharmacoph-
ore-based alignments (e.g., conformational analysis, molecule
fitting, etc.) were performed with Catalyst using the imple-
mented chemical features25 and the energy minimization
procedure using a standard conjugate gradients minimization
algorithm and a modified version of the CHARMm molecular
mechanics force field.26 The underlying operation of the
Catalyst software has already been described in detail. Con-
formational analysis was performed as implemented in the
program using the above-described minimizer coupled to a
“poling” function to assess conformational variation27 and the
BEST algorithm, which intends to optimize the conformational
coverage versus the size of the assembly.28,29 In the calculation,
a threshold of 250 conformers per molecule and a maximum
of 20 kcal/mol was used.

2.b. Catalyst Pharmacophore Construction and Mo-
lecular Mapping. The hypothesis generation was based on
the analysis of 2-5 in their most stable conformation in order
to identify common chemical features and valid geometric
arrangement of these chemical functions to generate the
pharmacophore model. The library of chemical descriptors in
the program was used to map the chemical functionalities in

each molecule. The fitting of a molecule onto the pharmacoph-
ore was performed with Catalyst, taking into account the
chemical features present in the molecule. Fitting operations
were done using the FAST algorithm implemented in Catalyst,
which do not alter the geometry of the molecule (rigid fit) and
consist of the following steps: (1) conformational search as
described above using the implemented force field and a poling
function to ensure conformational diversity; (2) mapping of the
chemical functionalities of each molecule by superimposing
equivalent functional groups without modifying the geometry
of the molecule (rigid fit operation); (3) selection of the most
suitable alignment among the set of mappings proposed by
Catalyst. The mapping operation in Catalyst produces several
maps per molecule and reports, for each mapping, the values
of the “fit” function and the “conformational energy”. The “fit”
value reflects the number of features of the compound and how
well the features map onto the pharmacophore. Meanwhile,
the “conformational energy” value reflects the energy of the
selected conformer, referenced to the energy of the most stable
conformation. The different maps per molecule produced by
the Catalyst fit operation effectively satisfy the proposed
pharmacophore geometry. Therefore, for relatively simple
pharmacophores (less than or equal to four pharmacophoric
points) some of the proposed alignments are irrelevant, and
it is recommended that the overall superimposition onto the
reference compounds be visually inspected. The final mapping
was selected among the proposed alignments, taking into
account the “fit” values together with a visual inspection of
the overall superposition onto the reference compounds 2 and
3. The values of the “fit” function and the “conformational
energy” were reported for the selected mapping.

2.c. COX Inhibitor Complexes. The basic modeling
methodologies leading to the energy-minimized complexes
were performed using the cvff molecular mechanics force field
implemented in Discover with a dielectric constant of 4r and
a 12 Å cutoff to compute the nonbonded interactions. Energy
minimization was performed using the standard steepest
descent and conjugate gradients minimization algorithms
implemented in the program, leaving the complete structure
free to relax. For consistency with most publications in the
field, amino acid numbering throughout this work refers to
the ovine COX-1 sequence.

3. Pharmacology. 3.a. TxB2 Production by Human
Platelets. COX-1 activity was evaluated as tromboxane B2

(TxB2) generation in human platelets as described elsewhere.30

Washed human platelets were suspended in H.H. buffered
solution (Hank’s balanced salt solution containing 1 mM CaCl2

and 0.5 mM MgCl2, pH 7.4) at 8 × 106 platelets/mL final
concentration. A total of 400 µL of platelet suspension was
preincubated for 15 min at 37 °C with a solvent or drug
solution and then incubated for another 10 min with 1 µM
arachidonic acid in a final volume of 1 mL. The reaction was
stopped by the addition of 0.5 mL of 2% formic acid followed
by centrigugation at 10 000 rpm for 2 min. Supernatants were
stored at -80 °C until assayed for their content on TXB2 using
a competitive enzyme immunoassay.

3.b. PGE2 Generation by LPS-Stimulated Human
Monocytes. Induction and inhibition of COX-2 activity in
human monocytes were conducted in accordance to previously
reported procedures.31 Mononuclear cells were separated from
buffy coats by Ficoll-Paque. After centrifugation (400g for 40
min at room temperature), lymphomonocytes were layered at
the gradient interface while PMN were in the bottom fraction.
Mononuclear cells were carefully removed, washed three times,
and resuspended in Dulbecco’s modified Eagle’s medium
(DMEM) buffered with 0.05 M HEPES, pH 7.4, supplemented
with 0.5% heat-inactivated FCS and 4 mM l-glutamine. This
will be referred to as a complete medium (CDMEM). Aliquots
of 10 mL were seeded into plastic Petri dishes and incubated
at 37 °C in 5% CO2-humifidied atmosphere for 60 min. The
adherent cells were recovered by gently scraping with a rubber
policeman and resuspended in CDMEM (3 × 106 cells/mL),
and their viability (>96%) was examined by trypan blue
exclusion. The cell suspension was constituted of >90% mono-
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cytes. Isolated monocytes were incubated in CDMEM for 24 h
at 37 °C in 5% CO2-humidified atmosphere in the absence and
in the presence of LPS (10 µg/mL). The effect of inhibitors was
studied by incubating the monocytes suspension with each
drug at different concentrations in the presence of LPS. The
supernatant was separated by centrifugation (10 min at 2000
rpm) and kept at -80 °C until it was assayed for PGE2 by
specific enzyme immunoassay. Blanks and vehicle controls
were included in each experiment. All tests and controls were
performed in triplicate.

3.c. COX-2 Activity in Human Whole Blood. Fresh blood
was collected in heparinized tubes by venipuncture from
volunteers with consent. The subjects had no apparent inflam-
matory conditions and had not taken any NSAID for at least
7 days prior to blood collection. A total of 10 mL of blood was
mixed with 100 µL of LPS (1 mg/mL), and the mixture was
gently stirred for 10 min. Aliquots of this mixture were
incubated for 24 h at 37 °C with either vehicle (0.2% DMSO
in saline as the final concentration) or test compound at
different selected concentrations. Appropriate controls, blood
incubated with only vehicle, were used as blanks. The incuba-
tion was interrupted by centrifugation. The supernatant,
plasma, was divided into two aliquots and stored at -80 °C
until analysis for PGE2 levels using enzyme immunoassay.

3.d. COX-1 Activity in Human Whole Blood. Fresh blood
was collected as described above. Aliquots were transferred
to microcentrifuge tubes preloaded with either DMSO or the
test compound at different selected concentrations. Mixtures
were gently stirred for 40 min at 37 °C. Then calcium
ionophore A23187 (final concentration of 25 µM) was added
to all tubes except blanks, which received DMSO. Samples
were vortexed and incubated 20 min more at 37 °C. The
process was stopped by introducing the tube into an ice bath
(4 °C) followed by centrifugation. As in the COX-2 assay, two
aliquots of the supernatant were stored at -80 °C until TxB2

analysis by means of enzyme immunoassay.
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