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Introduction

Cyclooxygenases (COXs) are key enzymes in the synthesis of
prostaglandin H2, which is a precursor for the biosynthesis of
prostaglandins (PGs), thromboxanes, and prostacyclin.[1] COX
enzymes are present in two isoforms: cyclooxygenase-1 (COX-
1) and cyclooxygenase-2 (COX-2).[2] Both COX-1[3] and COX-2[4]

are constitutively expressed. COX-1 is essential for the protec-
tion of gastric mucosa, platelet aggregation, and renal blood
flow, whereas COX-2 is expressed during inflammation, pain,
and oncogenesis.[3] Because COX-2 is involved in inflammation
and pain, molecules that inhibit its activity would be of thera-
peutic value. Many nonsteroidal anti-inflammatory drugs
(NSAIDs) have been found to interact with these enzymes and
inhibit their activity.[5] NSAIDs include aspirin and indometha-
cin, which are nonselective and inhibit both COX-1 and COX-2.
Aspirin inhibits COX-1 more strongly than it does COX-2,[5] and
the inhibition of COX-1 by aspirin decreases the production of
PGE2 and PGI2, leading to an adverse ulcerogenic effect.[6]

Current research has focused on the development of safer
NSAIDs: selective COX-2 inhibitors. Several COX-2 inhibitors
such as celecoxib,[7] rofecoxib (Vioxx),[8, 9] and valdecoxib[10]

have been marketed as a new generation of NSAIDs (Figure 1).
The indole ring constitutes an important template for drug

design, as exemplified by the classical NSAIDs indomethacin
and indoxole.[11] We recently reported novel COX-2-selective in-
hibitors by using pharmacophore models with the basic struc-
ture of esters of 1-benzyl- or 1-benzoyl-5-sulfonylindoles i (Fig-
ure 1).[12a] Structures similar to i that bear a 2-(heterocycle–
alkyl) substituent were reported by Matsuoka et al,[12b] and 1,2-

diarylindoles were previously patented[12c] as COX-2 inhibitors.
3-Substituted-1-(4-fluorophenyl)-1H-indoles were described as
centrally acting dopamine D2 and serotonin 5-HT2 antago-
nists.[12d] Herein we report the development of a series of 5-sul-
fonylindole COX-2 inhibitors, in which the benzoyl or benzyl
fragments and the ester group of i have been replaced with
para-substituted phenyl rings and other carboxylic acid func-
tional groups, respectively. These changes have allowed us to
synthesize and biologically evaluate the following four families
of compounds: family A (alkyl 1-phenyl-5-sulfonyl-1H-indole-2-
carboxylates), 1–6 ; family B (5-methylsulfonyl-1H-indole-1-
phenyl-2-carbonitriles), 7–13 ; and family C (5-methylsulfonyl-1-
phenyl-1H-indole-2-carboxamides), 14–27 (Figure 1 and
Table 1). Family D (2-benzoyl-5-methylsulfonyl-1-phenyl-1H-in-
doles), 28–31 (Figure 1 and Table 1) were designed from the

[a] Dr. O. Cruz-L
pez, Dr. J. J. D�az-Moch
n, Prof. J. M. Campos,
Prof. A. Entrena, Prof. M. A. Gallo, Prof. A. Espinosa
Departamento de Qu�mica Farmac$utica y Org'nica
Facultad de Farmacia, c/Campus de Cartuja s/n, 18071 Granada (Spain)
Fax: (+34) 958 243845
E-mail : aespinos@ugr.es

[b] Dr. M. T. NfflÇez, Dr. L. Labeaga, Dr. A. Orjales
FAES FARMA, S.A. , Departamento de Investigaci
n
Apartado 555, 48080 Bilbao (Spain)

Supporting information for this article is available on the WWW under
http://www.chemmedchem.org or from the author: docking and binding
energies, 1H NMR data, and elemental analyses of final compounds 1–31,
45 and intermediates 33 and 44, and elemental analyses of all new com-
pounds.

Four series of 5-methylsulfonyl-1-phenyl-1H-indole-2-carboxylic
acid alkyl esters (family A), -2-carbonitriles (family B), -2-carboxa-
mides (family C), and 2-benzoyl-5-methylsulfonyl-1-phenyl-1H-in-
doles (family D) were prepared and evaluated for their ability to
inhibit purified cyclooxygenase-2 (COX-2) and cyclooxygenase-1
(COX-1). Family D compounds have the best COX-1/COX-2 inhibi-
tion ratios and potencies. According to docking studies, these
molecules appear to bind the COX-2 binding site differently than

indomethacin, with the insertion of the substituent at the 2-posi-
tion in the hydrophobic pocket of the enzyme and the 1-position
phenyl ring in the trifluoromethyl zone. Among the group of
compounds evaluated, 2-(4-chlorobenzoyl)-1-(4-chlorophenyl)-5-
methylsulfonyl-1H-indole and 2-(4-chlorophenyl)-5-methylsulfon-
yl-1-(4-trifluoromethylphenyl)-1H-indole emerged as the most
potent (respective IC50 values: 46 and 43 nm), and selective (re-
spective selectivity indexes: >2163 and >2331) COX-2 inhibitors.
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docking studies and biological assays performed on com-
pounds belonging to families A–C, and they have demonstrat-
ed higher values in terms of both selectivity and potency.

Design strategy

It is well known that COX-1/COX-2 substrate selectivity[13] is
due to amino acid side chain variation at two positions: Ile 523
in COX-1 and Val 523 in COX-2, and His 513 in COX-1 and
Arg 513 in COX-2. The smaller volume of the Val residue at po-
sition 523 opens an additional pocket in COX-2 (the so-called
selectivity pocket) to ligand binding, whereas the larger
volume of the Ile 523 in COX-1 prevents the ligand from reach-
ing this pocket. Arg 513 is situated at the end of the selectivity
pocket in COX-2 and forms additional hydrogen bonds with
the ligand, thus reinforcing the binding. Figure 2 shows the
binding sites of both enzymes and compares the binding
modes of SC558 and indomethacin. Compound SC558 is a se-
lective inhibitor and fills the COX-2 selectivity pocket, whereas
indomethacin is a nonselective inhibitor and remains in the en-
trance to the selectivity pocket.[13] Two crystal structures of the
4-iodo analogue of indomethacin (iodoindomethacin) in com-
plex with the COX-1 isoenzyme have been published,[14] show-
ing two indistinguishable binding modes for the ligand (cis
and trans models). In both cases, the N-benzoyl moiety is in-
serted into the hydrophobic pocket, yet the orientation of the
indole ring is different (Figure 2).[14] Nevertheless, in both com-
plexes, iodoindomethacin adopts a slightly different geometry
from that of indomethacin in the COX-2 isoform, remaining
even more distant from the narrow binding pocket (Figure 2).
SC558 is too large to be accommodated into the COX-1 bind-
ing site.

Previously we demonstrated the importance of the 5-meth-
ylsulfonyl moiety in compounds of general formula i in the

Figure 1. Structures of celecoxib, rofecoxib, and valdecoxib. Structure i is the starting point for the modifications carried out on the molecules reported
herein, which give rise to families A, B, C, and D.

Table 1. In vitro inhibition of purified COX-2 and COX-1 by compounds
1–31.

Compd R1 R2 R3 Inhibition [%][a]

COX-2 COX-1

1 4-Me Me – 23.97�3.83 9.72�2.20
2 4-Cl Me – 25.68�2.59 0
3 3,5-dichloro Me – 22.02�7.16 3.91�3.93
4 4-SMe Me – 32.48�3.28 11.83�4.58
5 4-SO2Me Me – 27.63�3.13 27.63�2.20
6 4-SMe nBu – 31.85�3.66 27.47�6.75
7 Me – – 10.01�4.68 3.90�6.55
8 Et – – 6.48�5.62 �4.79�13.44
9 Cl – – 7.17�3.28 8.93�3.62
10 Br – – 7.30�2.15 35.44�2.72
11 I – – 26.93�1.90 44.50�6.03
12 SMe – – 0 31.20�8.14
13 SO2Me – – 13.06�3.17 16.76�3.98
14 4-Me H nBu 27.90�5.66 23.77�1.37
15 4-Cl H nBu 19.82�3.13 0
16 3,5-dichloro H nBu 0 0
17 4-OMe H nBu 37.50�2.08 19.72�2.84
18 4-SMe H nBu >40 0
19 4-SO2Me H nBu 14.92�1.85 19.51�3.62
20 4-SMe H nPr 39.43�2.76 12.71�3.04
21 4-SMe H iBu 36.76�5.26 22.23�4.86
22 4-SMe H nPen >40 0
23 4-SMe H cPen 33.48�0.96 13.58�5.64
24 4-SMe H cHex 27.34�2.47 4.71�3.29
25 4-Me Me 4-(C6H4)OH 19.18�6.38 9.46�3.10
26 4-SMe nBu 4-(C6H4)SMe 31.03�3.75 28.26�7.18
27 4-SMe Me nBu 34.99�11.83 6.31�4.80
28 SMe Cl – >40 0
29 Cl Cl – >40 0
30 Cl F – >40 0
31 CF3 Cl – >40 0

[a] Data reported as percent �SEM (n=4) at an inhibitor concentration
of 10 mm.
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preparation of COX-2-selective inhibitors.[12] These compounds
are derived from the indomethacin structure, but they act as
COX-2-selective inhibitors, especially compound i a (R1=Cl,
R2=H,H). The high selectivity of compound i a could be due to
two factors: 1) the presence of the 5-methylsulfonyl moiety
and 2) the greater flexibility of the molecule that results from
the presence of a CH2 group in place of the carbonyl group
and the loss of conjugation between the indole and benzene
rings. Because i b still bears a benzoyl moiety and also shows a
good COX-1/COX-2 selectivity ratio, it seems that selectivity is
due to the presence of the 5-methylsulfonyl group.

In our pharmacophore model derived from molecules of
type i,[12] the 5-methylsulfonyl group can be perfectly superim-
posed over the celecoxib sulfanilide moiety. Moreover, the
phenyl ring of i superimposes over the p-tolyl fragment of cel-
ecoxib, and the 2-methoxycarbonyl group of i onto the cele-
coxib trifluoromethyl moiety. Consequently, compounds i a and
i b probably bind COX-2 with the 5-methylsulfonyl group
deeply inserted into the COX-2 selectivity pocket in a manner
similar to SC558, celecoxib, and other selective inhibitors.

Almost all known COX-2-selective inhibitors have a relatively
rigid tricyclic structure (an important exception is lumiracoxib,
the most COX-2-selective inhibitor on the market[15]), inhibitors
of general structure i are more flexible. The design strategy for
the preparation of all compounds described herein was to
impart rigidity in the molecule by removing the carbon atom
(CO or CH2) between the indole and phenyl moieties. All com-
pounds described herein have a 1-phenyl substituent and sev-
eral diverse substituents at C2.

Chemistry

The key step in the synthesis of all the compounds described
herein is the N-arylation reaction performed on the appropri-
ate 5-methylsulfonylindole derivatives. Scheme 1 shows the
preparation of all intermediates from the commercially avail-
able methyl 5-methylsulfonyl-1H-indole-2-carboxylate 32.

The syntheses of compounds belonging to families A and B
were carried out under the same reaction conditions as those
described by Chan et al.[16a] and Lam and co-workers.[16b] Phe-
nylboronic acids, used for the coupling reaction, were obtained
from a commercially available source.

Compound 32 was used as an intermediate in the syntheses
of compounds 1–4, while 33 was the precursor for compound
6. Compound 5 was obtained from 4 by oxidation of the sulfur
atom to a sulfone group with monosulfate potassium perman-

Figure 2. a) The binding site of COX-2 showing the amino acids that interact
with the selective inhibitor SC558 (blue-green), taken from the crystal struc-
ture (PDB ID: 6COX);[13] four zones can be clearly defined: 1) a hydrophobic
pocket allocated to the bromophenyl moiety (blue), 2) a zone that surrounds
the trifluoromethyl group (red), 3) the phenyl zone (yellow) that is responsi-
ble for the COX-2 selectivity, and 4) the selectivity pocket (green) that is
filled by the selective ligands. Indomethacin (magenta), a nonselective inhib-
itor, does not fill the selectivity pocket (PDB ID: 4COX).[13] b) Comparison of

the crystal structures of both complexes COX-2–indomethacin (green, PDB
ID: 4COX) and COX-1–iodoindomethacin (blue, cis model, PDB ID: 1PGF);[14]

COX-1 and COX-2 residues are represented in yellow and red, respectively.
Side chain variation at two positions determines selectivity: Ile 523 in COX-1
and Val 523 in COX-2, and His 513 in COX-1 and Arg 513 in COX-2. The great-
er steric bulk of Ile 523 in COX-1 prevents the ligand from interacting with
the end of the selectivity pocket. c) Comparison of the alternative and indis-
tinguishable binding modes of iodoindomethacin in the COX-1 binding
pocket (blue: cis model, blue-green: trans model; PDB ID: 1PGG); His 513
and Ile 523 are highlighted in yellow, and remaining COX-1 residues are in
blue.[14]
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ganate (Oxonetm) and a methodology previously reported by
us.[17]

Nitrile derivative 35 was treated with the Grignard reagents
p-chlorophenylmagnesium bromide and p-fluorophenylmagne-
sium bromide to produce the 2-benzoyl-5-methylsulfonyl-1H-
indoles 43 and 44. 5-Methylsulfonyl-1-phenyl-1H-indole-2-car-
bonitriles 7–13 (family B) and 2-benzoyl-5-methylsulfonyl-1-
phenyl-1H-indoles 28–31 (family D) were obtained by arylating
the indole NH group from the intermediates 35, 43, and 44
using the same strategy followed in the preparation of com-
pounds 1–4 and 6 (family A) (Scheme 2).

Compound 13 was obtained by oxidation of 12 with ZnCl2
and KMnO4 using the procedure previously reported by Xie
et al.[18] The preparation of the bis(methylsulfonyl) derivative
13 was attempted according to the procedure followed for the
preparation of 5 which used Oxonetm as the oxidant, but the
yield was lower (50 %).

We also tried to synthesize compounds 7–10 by means of
the Ullmann coupling conditions (CuBr, DBU, NMP, 150 8C)[19]

by using 35 and several 4-disubstituted benzene derivatives
(4-methylphenyl iodide, 4-ethylphenyl bromide, and 4-chloro-
phenyl bromide) as starting materials. In this way, 7 and 8
were obtained in very low yields (10 and 7 %, respectively),
whilst the reaction between 35 and 4-chlorophenyl bromide
produced an inseparable 50 % mixture of 9 and 10 (overall
yield 5 %). This fact may be explained by the similar reactivity
of the two halogens (chlorine and bromine) under the harsh
conditions of the Ullmann reaction, which would justify the
formation of the two possible 1-phenylindole derivatives.

The chemistry involved in the synthesis of compounds that
belong to family C is also shown in Scheme 2. Compounds 14–
18 and 20–24 were obtained from the corresponding inter-
mediates 36–41 under the Ullmann coupling reaction condi-

tions. Reaction times and yields
were variable, with the lower
yields obtained for 15, 20 and
24. The remaining compounds
were synthesized with medium
yields. The low yield of 20 (14 %)
could be due to the long reac-
tion time (96 h) at an elevated
temperature (150 8C). In all cases
the duration of the reaction was
determined until no starting ma-
terial remained, as determined
by TLC. Compound 18 was also
obtained with 37 and 4-methyl-
thiophenylboronic acid in a
higher yield (85 %) than that ob-
tained using the Ullmann pro-
cess (52 %). Slight impurities
(~5 %) were observed in the 1H
and 13C NMR spectra of com-
pounds 15 and 16, the synthe-
ses of which were carried out
under Ullmann conditions with

Scheme 1. Syntheses of intermediates needed for the preparation of all compounds in families A, B, C, and D:
a) nBuOH, H2SO4; b) NH4OH, NH4Cl; c) POCl3; d) R2NH2, MeOH/THF, 50 8C, 48–72 h.

Scheme 2. Syntheses of all target molecules belonging to families A, B, C,
and D from the corresponding intermediates: a) Cu ACHTUNGTRENNUNG(OAc)2, py, CH2Cl2, molec-
ular sieves (4 Q), room temperature; b) Oxonetm ; c) CuBr, DBU, NMP, 150 8C,
12–96 h; d) ZnCl2, KMnO4, (CH3)2CO (anhyd); e) MeI, KOH, Bu4NBr. DBU=1,8-
diazabicyclo ACHTUNGTRENNUNG[5.4.0]undec-7-ene, NMP=N-methyl-2-pyrrolidinone.
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4-chlorophenyl bromide and 1-bromo-3,5-dichlorobenzene, re-
spectively. These impurities could correspond to the analogous
products as a consequence of the 1-arylation coupling process-
es through the chlorine atoms of the phenyl halides. It has to
be pointed out that these side-reactions are far less important
for the 1-arylation of the indole-2-carboxamides than for the
indole-2-carbonitriles (compare the syntheses of 15 and 16
(family B) versus 7–10 (family C)). Compound 19 was obtained
from 18 following the same procedure used for the prepara-
tion of 12 under previously reported conditions.[19] Finally, N-ar-
ylation of 42 under these conditions gave rise to 25 and 45,
which correspond to the doubly arylated indole and amidic ni-
trogen atoms (compound 25), and the monoarylation product
on the amidic nitrogen atom (compound 45).

The doubly arylated derivate 26 was obtained (12 %) when
the Ullmann reaction was carried out with 37 and 4-methyl-
thiophenyl bromide using K2CO3 as the base (instead of DBU).
From 18, N-methylation of the secondary amidic nitrogen
atom was undertaken with MeI, KOH, and Bu4NBr under the
phase-transfer conditions reported by Stauffer et al.[20] to pro-
duce 27.

The structures of all compounds were established by 1H and
13C NMR spectroscopy, high resolution liquid secondary ion
mass spectrometry (HR LSIMS) and elemental analyses.

Docking studies

Docking studies were performed on the binding site of COX-2
using all compounds described herein. A table containing the
number of clusters found for each compound, the number of
the more populated clusters, and the binding and docking en-
ergies of each complex found for each compound is available
in the Supporting Information.

In general, two main types of orientation inside the binding
pocket were found for compounds 1–27: complexes a and b.
Figure 3 shows both orientations for compound 18 (one of the
more potent compounds of family C) and compares them with
the orientation of the known inhibitor SC558 co-crystallized
with the enzyme.

In the complex type a, the 4-methylthiobenzene moiety of
18 is accommodated inside the hydrophobic pocket of COX-2
in an orientation similar to that of the bromophenyl moiety of
SC550; the N-butylcarboxamide group is oriented toward the
trifluoromethyl zone. In complex type b, the relative positions
of both the 4-methylthiobenzene and N-butylcarboxamide
groups are exactly opposite to that of complex a. In both com-
plexes, the 5-methylsulfonyl group is deeply inserted into the
COX-2 selectivity pocket, similarly to the sulfonamide moiety
of SC558, and the indole ring is situated in the COX-2 zone
that accommodates the SC558 phenyl group.

The hydrophobic pocket seems to be large enough to ac-
commodate both fragments (4-methylthiobenzene and N-bu-
tylamide) of 18 in both of the complexes. Nevertheless, there
is an important difference between the general shape of
SC558 and those of the molecules reported herein. In SC558,
the angle between the axes of both phenyl rings is about 758,
whereas in compounds 1–27 the angle between the indole

and benzene axes is considerably larger, about 1208. Conse-
quently, the benzene moiety of compounds 1–27 adopts a
quite different orientation inside the COX-2 hydrophobic
pocket relative to the SC558 bromophenyl moiety, as can be
observed in the geometry of complex a. Due to this fact, the
4-substituent is oriented toward the lateral of the hydrophobic
pocket, and an increase in its volume should destabilize com-
plex a. In complex b the 4-methylthiophenyl group seems to
be better accommodated in the trifluoromethyl zone. On the
other hand, the flexible 2-N-butylcarboxamide group seems to
be well accommodated in both complexes. For compound 18
complex b is dominant, and there are three different clusters
for this complex owing to the flexibility of the N-butylcarboxa-
mide substituent (see Supporting Information).

In compounds 1–5 (family A), the influence of the 4-substitu-
ent is clear, as an increase in its volume clearly favors the pop-
ulation of complex b. Thus, in compounds 1 and 2 (4-Me and
4-Cl, respectively) complex a is the more populated, whereas
in compounds 4 and 5, (4-SMe and 4-SO2Me) complex b be-
comes practically unique. It is interesting to note that in com-
pound 3 (3,5-dichloro) only complex a is observed, and this
could be due to the fact that the 3-chloro substituent is orient-
ed toward the end of the hydrophobic pocket, and hence can
be better accommodated in complex a.

In compounds 7–13 (family B), similar behavior is observed:
a greater volume of the 4-substituent favors the population of
complex b. This trend is clearly observed in the case of com-
pounds 9–11: a 4-chloro substituent stabilizes only complex a,
while a 4-iodo substituent favors only complex b. Similarly, for
compound 7 (4-Me) only complex a is found, while for com-
pound 8 (4-Et) complex b dominates.

Compounds belonging to family C bear an N-substituted or
N,N-disubstituted 2-carboxamide group, and it is more difficult
to generalize its behavior because the volume of the 2-sub-
stituent also varies widely within this family. Nevertheless,
some tendencies can be observed:

1. Compounds 14–19 bear a flexible 2-CONH-nBu group, and
in all of them an increment of the complex b population is
observed when the volume of the 4-substituent grows.

2. Compound 24 bears a 2-CONH-C6H11 moiety, and this sub-
stituent is so large that it can be accommodated into the
trifluoromethyl zone; thus complex b is not found for this
molecule. Two new types of complexes have been ob-
served (Figure 3, Supporting Information) for compound
24. In complex c the 2-N-cyclohexylcarboxamide group is
situated in the selectivity pocket, while in complex d the 2-
substituent fills the hydrophobic pocket. Similar solutions
have also been found for 21 and 25.

3. Finally, for compound 26 only complex types a and b have
been found, but the low values of both binding and dock-
ing energies seem to indicate that these solutions are prob-
ably more an artifact of the program than real solutions to
the problem.

Regarding family D, compounds 28–31 are characterized by
the presence of a 4-substituted 2-benzoyl moiety. In these mol-
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ecules complex b (Figure 4) is the more populated in all cases,
probably owing to the fact that the aromatic moiety is inserted
into the COX-2 hydrophobic pocket. On the other hand, the
size and shape of the 2-substituent is not appropriate for its in-
sertion into the trifluoromethyl zone, and complex a is no
longer present for these molecules. Instead, two new types of
complex were found. In complex e (Figure 4) the N-phenyl
group is inserted into the hydrophobic pocket as in complex
type a, but the 2-benzoyl moiety is rotated and is accommo-
dated between the hydrophobic pocket and the trifluorometh-
yl zone. In complex f (Figure 4) the N-phenyl group is inserted
into the COX-2 trifluoromethyl zone (as in complex b) and the
2-benzoyl moiety is rotated.

Results and Discussion

The compounds reported herein were evaluated for their abili-
ty to inhibit purified enzymes COX-1 and COX-2 with exoge-

nous substrate (arachidonic acid).[21, 22] The details of these
assays are described in the Experimental Section. The activity
results are expressed as a percentage of the inhibition of the
purified enzymes at 10 mm in comparison with the vehicle
(DMSO) and are shown in Table 1. The negative values ob-
tained are not significant because these mean that DMSO
shows an inhibition percentage higher than the tested com-
pound. For compounds that exhibit inhibition >40 %, the IC50

values and their selectivity indexes were calculated, establish-
ing the concentration curves and responses by means of the
PRISM program.[23]

To systematize the research, only one structural characteris-
tic of our initial derivatives of the general formula i (Figure 1)
was modified at a time. Hence, the first modification we car-
ried out was the introduction of rigidity in the molecule by re-
placing the 1-benzyl or 1-benzoyl group with a 1-phenyl ring
bearing several electronic groups. This transformation led to
the family A of compounds in which the 2-alkoxycarbonyl

Figure 3. Complexes type a (a) and b (b) found for 18, and complexes type c (c) and d (d) found for 24, in comparison with the crystal structure of the COX-2
complex with SC558 (dark).
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moiety is conserved. Unfortunately, neither the indole-2-car-
boxylic acid methyl esters 1–5 nor the n-butyl compound 6
proved to be very active or selective (Table 1). These results
could suggest that the 1-benzyl or 1-benzoyl substitutions at
the 5-methylsulfonyl-1H-indole-2-carboxylic acid methyl
ester[12] play a very important role in activity. It can be argued
that the greater mobility of the benzyl or benzoyl groups in
compounds type i would allow a better binding of the ben-
zene ring into the hydrophobic pocket of the enzyme, as can
be deduced from our pharmacophore model and from the

study of the COX-2–indomethacin complex crystal structure.
Nevertheless, the n-butyl ester 6 shows about 32 % inhibition
(even if it is not selective), near the threshold value of 40 % es-
tablished for further studies, and our docking studies indicate
that these compounds can bind into the binding pocket in a
manner similar to that of SC558 or other selective inhibitors.
Because this compound is neither too potent nor too selective,
two interesting findings can be drawn from the biological
assays performed in this family. The first is that the 4-methyl-
thiophenyl substituent at the indole nitrogen atom is better in
terms of activity. The second is that a high-volume substituent
is preferred in the indole 2-position.

In spite of these discouraging results we decided to modify
the functional group at position 2 of the heterocycle, introduc-
ing a cyano group to give compounds 7–13. This provided the
possibility of studying the influence of a small electron-with-
drawing group such as the nitrile fragment. The results turned
out to be negative again (Table 1), as none of the compounds
7–13 inhibited at least 40 % of the COX-2 enzyme. Also the
percentage of COX-2 inhibition for these molecules is lower
than those of compounds 1–5, supporting the previous hy-
pothesis regarding the volume of the 2-substituent, which
must have greater steric bulk than CN.

Recent studies concerning ester and amide derivatives of in-
domethacin have found very highly potent and selective com-
pounds.[24] On the basis of this background, we decided to in-
troduce a 2-carboxamide moiety in the 5-methylsulfonyl-1-
phenyl-1H-indole scaffold to obtain family C of our compounds
that have shown better results as selective COX-2 inhibitors.
Within this family, compounds 18 and 22 were the only two
that showed >40 % COX-2 inhibition, but other compounds
(17, 20, 21, and 23) also showed a percentage of inhibition
close to this value. The IC50 value against purified COX-1 and
COX-2 enzymes was determined for compounds 18 and 22,
showing some selectivity for the COX-2 isoform, although
none of these compounds are potent inhibitors (Table 2).

Almost all compounds 1–27 showed only a low activity and
this fact must be attributed to a inappropriate shape of the
molecules. Our docking studies indicate that these compounds
can bind COX-2 mainly in two different modes. In complex a,
the 1-phenyl moiety is inserted in the COX-2 hydrophobic
pocket, but does not seem appropriate for the fulfillment of

Figure 4. Complexes type e (a) and f (b) for compound 29, and complex b
(c) for compound 31, in comparison with the crystal structure of the COX-2
complex with SC558 (dark). Table 2. In vitro IC50 values of compounds 18, 22, 28–31, indomethacin,

and rofecoxib toward COX-1 and COX-2.

Compd IC50 [mm] SI[a]

COX-1 COX-2

18 101 1.11 91.0
22 101 1.83 55.2
28 >100 0.223 >449
29 >100 0.046 >2163
30 >100 0.086 >1162
31 >100 0.043 >2331

indomethacin 0.0692 0.54 0.128
rofecoxib 101 0.40 252

[a] Selectivity index: ratio of [IC50 ACHTUNGTRENNUNG(COX-1)]/ACHTUNGTRENNUNG[IC50 ACHTUNGTRENNUNG(COX-2)] .
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this zone of the binding site. On the other hand, in complex b,
the 2-substituent is inserted into the hydrophobic pocket and
almost all compounds that show some degree of inhibition
prefer this binding mode in the enzyme. In fact, for com-
pounds 18 and 22, complex b shows a population of 53 % and
71 %, respectively (Supporting Information), and complex b is
also important in compounds 6, 17, 20, and 21, which show a
relatively high percent inhibition. Hence, it seems that these
molecules can inhibit COX-2 by binding in this second binding
mode (complex b) rather than in that of indomethacin (com-
plex a).

It is significant that compounds 18 and 22 bear a flexible 2-
CONH-R substituent (for which R is an alkyl chain of 4 and 5
carbon atoms, respectively) that is inserted into the COX-2 hy-
drophobic pocket. Compounds 17, 20, and 21 also bear such a
substituent, and compound 6 (the most potent in family A)
has a 2-COO-nBu group. Hence, it seems that a functional
group of the general formula CO-Y-C3–5 (where Y=O or NH) is
the best substituent in this position of the molecule. Neverthe-
less, four of the six residues that form the hydrophobic pocket
are aromatic (Phe 381, Tyr 385, Trp 387, and Phe 518), and this
fact suggests that an aromatic moiety in the 2-carboxamide
substituent should be more suitable for a strong stabilization
of complex b. Such an aromatic substituent is present only in
compounds 25 and 26 ; the former is almost inactive and the
latter shows only 30 % inhibition, probably due to the fact that
26 has an N,N-disubstituted 2-carboxamide group, and the
steric bulk of the substituent is too great.

Compounds 28–31 were designed with the objective of fa-
voring the stability of complex b. In these compounds, the 2-
substituent bears an aromatic moiety that should be interact
favorably with the hydrophobic pocket of the binding site, and
there is only one carbon atom linking the indole system and
the aromatic moiety. Consequently, the 2-substituent occupies
a smaller volume than that of compounds 25 and 26 and also
has a more appropriate shape to fill the hydrophobic pocket,
giving rise to a very stable complex b in all cases.

Compounds 28–31 have proven to be potent and selective
COX-2 inhibitors. Inhibition in all cases is >40 % (Table 1). For
each compound the in vitro IC50 value is in the nanomolar
range, and the selectivity index is considerably higher than
that of rofecoxib (Table 2).

A 1-(4-methylthiophenyl) substituent is present in com-
pound 28 as in compounds 18 and 22, and hence its high po-
tency and selectivity is clearly due to the 2-(4-chlorobenzoyl)
substituent, supporting the hypothesis of the formation of
complex b. Compounds 29 and 30 bear a 1-(4-chlorophenyl)
substituent, and the selectivity index for both molecules is
higher than that of compound 28, indicating that a electroneg-
ative substituent is preferred in the phenyl ring. Finally, com-
pound 31 is the best of all these new inhibitors. This molecule
bears 2-(4-chlorobenzoyl) group that is very well suited for the
filling of the hydrophobic pocket and a polar 1-(4-trifluorome-
thylphenyl) moiety (similar to SC558) that is accommodated in
the polar COX-2 trifluoromethyl zone.

Conclusions

2-Substituted-5-methylsulfonyl-1-phenyl-1H-indoles constitute
a new template for the development of COX-2-selective inhibi-
tors. As reported in our previous paper,[12a] the presence of the
5-methylsulfonyl moiety in these molecules is crucial for both
selectivity and potency. Docking studies suggest that these
molecules could bind to the COX-2 binding site in a manner
different to that of indomethacin, by inserting the 2-substitu-
ent into the hydrophobic pocket and the 1-phenyl ring into
the trifluoromethyl zone. All compounds that have shown
some selectivity and potency prefer this binding mode, repre-
sented by complex b. The more potent and selective inhibitors
(compounds 28–31) were designed to favor the stability of
this binding mode. All of them bear a para-substituted benzoyl
substituent at position 2, as its volume, nature, and shape are
most appropriate for stable binding inside the COX-2 hydro-
phobic pocket. The most potent and selective compound 31
bears a 1-(4-trifluoromethylphenyl) substituent on the indole
ring, as this electronegative group is better stabilized by the
polar COX-2 trifluoromethyl zone, similar to the case of the in-
hibitor SC550. Compounds 28–31 show higher in vitro potency
and selectivity indexes than rofecoxib.

Experimental Section

Computational methodology. Ligand preparation. Ligands were
built and optimized using the Sybyl program.[25] For this purpose,
appropriate fragments from the Sybyl libraries were used to build
each molecule, and partial atomic charges were calculated by
the Gasteiger–Marsili method.[26] The Tripos force field[27] was used
in the calculations, and each molecule was optimized by the
method of Powell[28] until the energy gradient was less than
0.05 kcal mol�1 Q�2. The optimized geometry was transferred to the
Autodock Tools (ADT) program[29] to prepare the appropriate file
needed for the docking study. For this purpose, the nonpolar hy-
drogen atoms were deleted, and their partial atomic charges were
merged onto the heavy atom to which they were bonded.

Enzyme setup. Chain A of the crystal structure of COX-2 in complex
with SC558 (PDB code: 6COX)[13] was selected for the docking stud-
ies. The ligand and heme group were deleted, and polar hydrogen
atoms, partial atomic charges, and solvation parameters were
added using the ADT program.

Docking procedure. Potential maps were generated using the AU-
TOGRID program,[30] available in the AUTODOCK package, using a
grid centered in the SC558 binding pocket with a size of 60 S 60 S
60 points and a grid spacing of 0.375 Q. 100 runs of GA (genetic al-
gorithm) were performed for each ligand using the standard condi-
tions defined in the Autodock program.
Final geometries of each run were compared with the initial geom-
etry and clustered as a function of the free energy of binding.
Table 1 summarizes the total number of clusters found for each
compound, the order of the more populated clusters, the number
of conformations in the more populated clusters, and the docking
and binding energies of the more favored conformation of each
cluster.

Chemistry. Melting points (mp) were taken in open capillaries on
an electrothermal melting point apparatus and are uncorrected. All
moisture-sensitive reactions were performed in flame-dried glass-

ChemMedChem 2007, 2, 88 – 100 K 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemmedchem.org 95

2-Substituted 5-Methylsulfonyl-1-Phenyl-1H-Indoles

www.chemmedchem.org


ware equipped with rubber septa under a positive pressure of dry
argon. Organic extracts were dried over MgSO4 and Na2SO4. Thin
layer chromatography (TLC) was performed on Merck Kieselgel
60 F254, and the spots were observed under UV light. 1H NMR spec-
tra were recorded on a Bruker instrument at 300.13 and
400.1 MHz, in CDCl3, [D6]DMSO, and CD3COCD3. Chemical shifts are
reported in d and referenced to CDCl3 (d=7.25 ppm), [D6]DMSO
(d=2.50 ppm), and CD3COCD3 (d=2.05 ppm). Accurate mass de-
termination was carried out in an AutoSpec-Q mass spectrometer
arranged in a EBE geometry (Micromass Instruments, Manchester,
UK) and equipped with a liquid secondary ion mass spectra
(LSIMS) source. The instrument was operated at 8 kV accelerating
voltage and Cs+ cations were used as primary ions. Solvents were
obtained dry as follows: THF was distilled from benzophenone
ketyl, toluene was distilled from CaH2, CH2Cl2 was refluxed over
and distilled from P2O5 and then stored over molecular sieves (4 Q),
methanol and ethanol were refluxed from Mg/I and distilled. Ace-
tone was dried with anhydrous CaSO4, filtered, and fractionated.

5-Methylsulfonyl-1H-indole-2-carboxylic acid n-butyl ester 33.
Concentrated H2SO4 (1 mL) was added to a suspension of 5-meth-
ylsulfonyl-1H-indole-2-carboxylic acid[31] obtained from 32 (500 mg,
2.09 mmol) in n-butanol (14 mL), and the resulting solution was
held at reflux (100 8C) for 20 h. The solvent was evaporated under
vacuum and neutralized with a solution of 1n NaOH. After extrac-
tion (EtOAc) the organic phase was dried (Na2SO4), filtered, and
concentrated to give a solid that was recrystallized from a mixture
of EtOH and hexanes to give 33 as a white solid (522 mg, 85 %);
mp: 109–110 8C; HR LSIMS calcd for C14H18NO4S [M+H]+ 296.0959,
found 296.0958; anal. (C14H17NO3S) C, H, N.

5-Methylsulfonyl-1H-indole-2-carboxamide 34. A suspension of
32 (600 mg, 2.37 mmol), a 32 % aqueous solution of NH4OH
(10 mL) and NH4Cl (40 mg) was warmed at 30 8C for 12 h. The solid
was filtered and purified by flash chromatography (CH2Cl2/MeOH,
9:1) to give 34 as a light-yellow solid (450 mg, 80 %); mp: 270–
271 8C; HR LSIMS calcd for C10H10N2O3SNa [M+Na]+ 261.0308,
found 261.0309; anal. (C10H10N2O3S) C, H, N.

5-Methylsulfonyl-1H-indole-2-carbonitrile 35. POCl3 (0.8 mL,
8.49 mmol) was added to a suspension of 34 (185 mg, 0.78 mmol)
in anhydrous toluene (6 mL) at room temperature, under an argon
atmosphere. It was held at reflux (120 8C) for 5 h. Then the suspen-
sion was concentrated and extracted with EtOAc and a saturated
solution of NaHCO3. The organic phase was dried (Na2SO4), filtered,
and concentrated. The solid obtained was purified by flash chro-
matography (hexanes/EtOAc, 1:1) to give 34 as a white solid
(160 mg, 94 %); mp: 231–232 8C; HR LSIMS calcd for C10H8N2O2SNa
[M+Na]+ 243.0204, found 243.0204; anal. (C10H8N2O2S) C, H, N.

General procedure for the preparation of N-alkyl-5-methylsul-
fonyl-1H-indole-2-carboxamides 36–42. 32 (300 mg, 1.18 mmol)
was placed in a round-bottomed flask into which a septum was
placed. Anhydrous MeOH (4 mL), anhydrous THF (3 mL), and an
excess of the corresponding amine were added under argon. The
reaction mixture was warmed at 50 8C for 48–72 h while stirring.
The mixture was cooled, concentrated (except for 39, which was
filtered), and purified to give the corresponding amides with yields
of 32–73 %.

N-n-Propyl-5-methylsulfonyl-1H-indole-2-carboxamide 36. It was
obtained from 32 and n-propylamine (5 mL), reaction time 48 h,
and purified by flash chromatography (hexanes/EtOAc, 1:1) to give
36 as a white solid (280 mg, 64 %); mp: 258–260 8C; HR LSIMS
calcd for C13H16N2O3SNa [M+Na]+ 303.0776, found 303.0776; anal.
(C13H16N2O3S) C, H, N.

N-n-Butyl-5-methylsulfonyl-1H-indole-2-carboxamide 37. It was
obtained from 32 and n-butylamine (5 mL), reaction time 72 h, and
purified by flash chromatography (hexanes/EtOAc, 1:1) to give 37
as a white solid (255 mg, 73 %); mp: 227–228 8C; HR LSIMS calcd
for C14H18N2O3SNa [M+Na]+ 317.0934, found 317.0935; anal.
(C14H18N2O3S) C, H, N.

N-Isobutyl-5-methylsulfonyl-1H-indole-2-carboxamide 38. It was
obtained from 32 and isobutylamine (4 mL), reaction time 72 h,
and purified by recrystallization from acetone to give 38 as a white
solid (250 mg, 72 %); mp: 287–288 8C; HR LSIMS calcd for
C14H18N2O3SNa [M+Na]+ 317.0935, found 317.0935; anal.
(C14H18N2O3S) C, H, N.

N-n-Pentyl-5-methylsulfonyl-1H-indole-2-carboxamide 39. It was
obtained from 32 and n-pentylamine (6 mL), reaction time 48 h, fil-
tered, and washed thoroughly several times with Et2O to give 39
as a white solid (250 mg, 69 %); mp: 213–214 8C HR LSIMS calcd for
C15H21N2O3S [M+H]+ 309.1273, found 309.1273; anal. (C15H20N2O3S)
C, H, N.

N-Cyclopentyl-5-methylsulfonyl-1H-indole-2-carboxamide 40. It
was obtained from 32 and cyclopentylamine (4 mL), reaction time
72 h, filtered, and purified by recrystallization from MeOH to give
40 as a white solid (130 mg, 36 %); mp: >300 8C; HR LSIMS calcd
for C15H18N2O3SNa [M+Na]+ 329.0939, found 329.0939; anal.
(C15H18N2O3S) C, H, N.

N-Cyclohexyl-5-methylsulfonyl-1H-indole-2-carboxamide 41. It
was obtained from 32 and cyclohexylamine (6 mL), reaction time
72 h, and purified by flash chromatography (hexanes/EtOAc, 2:1)
to give 41 as a white solid (120 mg, 32 %); mp: 295–296 8C; HR
LSIMS calcd for C16H20N2O3SNa [M+Na]+ 343.1093, found 343.1092;
anal. (C16H20N2O3S) C, H, N.

N-Methyl-5-methylsulfonyl-1H-indole-2-carboxamide 42. It was
obtained from 32 and methylamine in THF (2m), reaction time
48 h, and purified by flash chromatography (hexanes/EtOAc, 1:1) to
give 42 as a white solid (184 mg, 62 %); mp: >300 8C; HR LSIMS
calcd for C11H12N2O3S 252.0564, found 252.0564; anal. (C12H12N2O3S)
C, H, N.

General procedure for the preparation of 2-benzoyl-5-methylsul-
fonyl-1H-indoles 43 and 44 : The corresponding phenylmagnesium
bromide solution (3 equiv) was added dropwise to a solution of 35
(1 equiv) in anhydrous THF (4 mL mmol�1), under an argon atmos-
phere and at 0 8C, and the resulting solution was left for 2 h. The
mixture was treated with HCl (2n), left to stir at room temperature
overnight, extracted with CH2Cl2, washed several times (HCl 2n
and H2O), dried (Na2SO4), filtered, and concentrated. The crude
product obtained was purified by flash chromatography using mix-
tures of hexanes/EtOAc.

2-(4-Clorobenzoyl)-5-methylsulfonyl-1H-indole 43. It was ob-
tained from 35 (100 mg, 0.45 mmol) and 4-chlorophenylmagnesi-
um bromide, purified by flash chromatography (hexanes/EtOAc,
3:1) to give 43 as a white solid (130 mg, 86 %); mp: 246–248 8C;
HR LSIMS calcd for C16H12ClNO3SNa [M+Na]+ 356.0124, found
356.0124; anal. (C16H12ClNO3S) C, H, N.

2-(4-Fluorobenzoyl)-5-methylsulfonyl-1H-indole 44. It was ob-
tained from 35 (500 mg, 2.27 mmol) and 4-fluorophenylmagnesium
bromide, purified by flash chromatography (hexanes/EtOAc, 3:2) to
give 44 as a yellow solid (500 mg, 70 %); mp: 222–223 8C; HR
LSIMS calcd for C16H12FNO3SNa [M+Na]+ 340.0420, found
340.0419; anal. (C16H12FNO3S) C, H, N.
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General procedure for the preparation of N-alkyl-5-methylsul-
fonyl-1-phenyl-1H-indole-2-carboxylates 1–6. A spatula end con-
taining molecular sieves (4 Q) was added to an oven-dried round-
bottomed flask. A septum was inserted, the flask was left to cool
down, and indole derivative (1 equiv), the corresponding phenyl-
boronic acid (3 equiv), and anhydrous copper(II)acetate were
added. Next, anhydrous THF or anhydrous CH2Cl2 were added de-
pending on the solubility of the starting materials, and finally pyri-
dine (4 equiv) was added to the previous solution. The reaction
was left at room temperature for 22–48 h. Afterward, the mixture
was filtered on Celitetm and washed with CH2Cl2 and acetone. The
filtrate was concentrated, and the crude product obtained was pu-
rified by flash chromatography using mixtures of hexanes/EtOAc.

5-Methylsulfonyl-1-(4-methylphenyl)-1H-indole-2-carboxylic acid
methyl ester 1. It was obtained from 32 (50 mg, 0.20 mmol) and
4-methylphenylboronic acid (81.6 mg, 0.60 mmol), reaction time
28 h, and purified by flash chromatography (hexanes/EtOAc, 3:1)
to give 1 as a white solid (50 mg, 73 %); mp: 176–178 8C; HR LSIMS
calcd for C18H17NO4SNa [M+Na]+ 366.0778, found 366.0778; anal.
(C18H17NO4S) C, H, N.

5-Methylsulfonyl-1-(4-chlorophenyl)-1H-indole-2-carboxylic acid
methyl ester 2. It was obtained from 32 (50 mg, 0.20 mmol) and
4-chlorophenylboronic acid (93 mg, 0.60 mmol), reaction time 22 h,
and purified by flash chromatography (hexanes/EtOAc, 3:1) to give
2 as a white solid (64 mg, 88 %); mp: 178–180 8C; HR LSIMS calcd
for C17H14ClNO4SNa [M+Na]+ 386.0222, found 386.0222; anal.
(C17H14NO4S) C, H, N.

5-Methylsulfonyl-1-(3,5-dichlorophenyl)-1H-indole-2-carboxylic
acid methyl ester 3. It was obtained from 32 (50 mg, 0.20 mmol)
and 3,5-dichlorophenylboronic acid (114.5 mg, 0.60 mmol), reaction
time 22 h, and purified by flash chromatography (hexanes/EtOAc,
3:1) to give to give 3 as a white solid (70 mg, 88 %); mp: 228–
229 8C; HR LSIMS calcd for C17H13Cl2NO4SNa [M+Na]+ 419.9840,
found 419.9840; anal. (C17H13Cl2NO4S) C, H, N.

5-Methylsulfonyl-1-(4-methylthiophenyl)-1H-indole-2-carboxylic
acid methyl ester 4. It was obtained from 32 (100 mg, 0.40 mmol)
and 4-methylthiophenylboronic acid (202 mg, 1.20 mmol), reaction
time 48 h, and purified by flash chromatography (hexanes/EtOAc,
3:1) to give to give 4 as a white solid (95 mg, 65 %); mp: 127–
128 8C; HR LSIMS calcd for C18H17NO4S2Na [M+Na]+ 398.0495,
found 398.0495; anal. (C18H17NO4S2) C, H, N.

5-Methylsulfonyl-1-(4-methylsulfonylphenyl)-1H-indole-2-car-
boxylic acid methyl ester 5. A solution of Oxonetm (160 mg,
0.26 mmol) in H2O (1 mL) was added dropwise to a suspension of
4 (50 mg, 0.13 mmol) in MeOH (3 mL) and was left stirring for
1.5 h. MeOH was concentrated, the aqueous suspension was neu-
tralized with a saturated solution of NaHCO3, and extracted
(CH2Cl2). The organic phase was dried (Na2SO4), filtered, and con-
centrated to give 5 as a white solid (53 mg, 100 %); mp: >300 8C;
HR LSIMS calcd for C18H17NO6S2Na [M+Na]+ 430.0397, found
430.0397; anal. (C18H17NO6S2) C, H, N.

5-Methylsulfonyl-1-(4-methylthiophenyl)-1H-indole-2-carboxylic
acid n-butyl ester 6. It was obtained from 33 (100 mg, 0.34 mmol)
and 4-methylthiophenylboronic acid (171 mg, 1.02 mmol), reaction
time 40 h, and purified by flash chromatography (hexanes/EtOAc,
3:1) to give to give 6 as a white solid (102 mg, 72 %); mp: 124–
125 8C; HR LSIMS calcd for C21H23NO4S2Na [M+Na]+ 440.0971,
found 440.0971; anal. (C21H23NO4S2) C, H, N.

General procedure for the preparation of 5-methylsulfonyl-1-
phenyl-1H-indole-2-carbonitriles 7–12. CuBr (1.1 equiv), DBU

(1.1 equiv), and the corresponding phenyl halide (3 equiv) were
added to a solution of the indole derivative (1 equiv) in NMP
(6 mL mmol�1). The mixture was introduced in an oil bath at 150 8C
and was left for 12–96 h. The mixture was treated with a solution
of HCl (5 %) and EtOAc after cooling down, filtered on Celitetm, and
the filtrate was extracted. The organic phase was washed several
times with a saturated solution of NaCl, dried (Na2SO4), filtered,
and concentrated. The crude product obtained was purified by
flash chromatography using mixtures of hexanes/EtOAc.

1-(4-Methylphenyl)-5-methylsulfonyl-1H-indole-2-carbonitrile 7.
It was obtained from 35 (200 mg, 0.91 mmol) and 4-iodotoluene
(594 mg, 2.72 mmol), reaction time 22 h, and purified by flash chro-
matography (hexanes/EtOAc, 4:1) to give to give 7 as an off-white
solid (28 mg, 10 %). Compound 7 was also obtained according to
the general procedure from 35 (20 mg, 0.09 mmol) and 4-methyl-
phenylboronic acid (37 mg, 0.27 mmol). Reaction time was 6 h, and
after a flash chromatography, 7 was obtained (21 mg, 75 %); mp:
243–244 8C; HR LSIMS calcd for C17H14N2O2SNa [M+Na]+ 333.0670,
found 333.0670; anal. (C17H14N2O2S) C, H, N.

1-(4-Ethylphenyl)-5-methylsulfonyl-1H-indole-2-carbonitrile 8. It
was obtained from 35 (200 mg, 0.91 mmol) and 4-bromoethylben-
zene (414 mg, 2.72 mmol), reaction time 40 h, and purified by flash
chromatography (hexanes/EtOAc, 3.5:1) to give 8 as an off-white
solid (20 mg, 7 %). Compound 8 was also obtained according to
the general procedure from 35 (12 mg, 0.05 mmol) and 4-ethylphe-
nylboronic acid (24.5 mg, 0.16 mmol). Reaction time was 4 h and
the crude product was purified by flash chromatography (hexanes/
EtOAc, 3:1) to give 8 as a white solid (17 mg, 98 %); mp: 173–
174 8C; HR LSIMS calcd for C18H16N2O2SNa [M+Na]+ 347.0771,
found 347.0772; anal. (C18H16N2O2S) C, H, N.

1-(4-Chlorophenyl)-5-methylsulfonyl-1H-indole-2-carbonitrile 9.
It was obtained from 35 (80 mg, 0.36 mmol) and 4-chlorophenyl-
boronic acid (169 mg, 1.08 mmol), reaction time 4 h, and purified
by flash chromatography (hexanes/EtOAc, 4:1) to give 9 as a white
solid (115 mg, 97 %); mp: 228–229 8C; HR LSIMS calcd for
C16H12ClN2O2S [M+H]+ 331.0309, found 331.0309; anal.
(C16H11ClN2O2S) C, H, N.

1-(4-Bromophenyl)-5-methylsulfonyl-1H-indole-2-carbonitrile 10.
It was obtained from 35 (100 mg, 0.45 mmol) and 4-bromophenyl-
boronic acid (271 mg, 1.35 mmol), reaction time 6 h, and purified
by flash chromatography (hexanes/EtOAc, 4:1) to give 10 as a
white solid (140 mg, 83 %); mp: 226–228 8C; HR LSIMS calcd for
C16H13BrN2O2SNa [M+Na]+ 398.9774, found 398.9774; anal.
(C16H11BrN2O2S) C, H, N.

1-(4-Iodophenyl)-5-methylsulfonyl-1H-2-indole-2-carbonitrile 11.
It was obtained from 35 (20 mg, 0.09 mmol) and 4-iodophenylbor-
onic acid (67.4 mg, 0.27 mmol), reaction time 6 h, and purified by
flash chromatography (hexanes/EtOAc, 3:1) to give 11 as a white
solid (36 mg, 95 %); mp: 248–249 8C; HR LSIMS calcd for
C16H11IN2O2SNa [M+Na]+ 444.9485, found 444.9485; anal.
(C16H11IN2O2S) C, H, N.

5-Methylsulfonyl-1-(4-methylthiophenyl)-1H-indole-2-carboni-
trile 12. It was obtained from 35 (20 mg, 0.09 mmol) and 4-methyl-
thiophenylboronic acid (45.7 mg, 0.27 mmol), reaction time 5 h,
and purified by flash chromatography (hexanes/EtOAc, 3:1) to give
12 as a white solid (22 mg, 72 %); mp: 207–208 8C; HR LSIMS calcd
for C17H14N2O2S2Na [M+Na]+ 365.0397, found 365.0397; anal.
(C17H14N2O2S2) C, H, N.

5-Methylsulfonyl-1-(4-methylsulfonylphenyl)-1H-indole-2-car-
bonitrile 13. A suspension of 12 (95 mg, 0.28 mmol) and ZnCl2
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(76 mg, 0.56 mmol) in anhydrous acetone (5 mL) under an argon
atmosphere was cooled to �25 8C. Next, KMnO4 (88 mg,
0.56 mmol) was added, and the resulting suspension was left stir-
ring for 4 h. After concentrating, the solid residue was washed
(H2O) and extracted (EtOAc). The organic phase was dried (Na2SO4),
filtered, and concentrated. The solid obtained was washed with
Et2O, CH2Cl2, and acetone to give 13 as a white solid (73 mg, 70 %);
mp: >300 8C; HR LSIMS calcd for C17H14N2O4S2Na [M+Na]+

397.0289, found 397.0289; anal. (C17H14N2O4S2) C, H, N.

General procedure for the preparation of N-alkyl 5-methylsul-
fonyl-1-phenyl-1H-indole-2-carboxamides 14–18, 20–27, and 45.
CuBr (1.1 equiv), DBU (1.1 equiv), and the corresponding phenyl
halide (3 equiv) were added to a solution of the indole derivative
(1 equiv) in NMP (6 mL mmol�1 of the indole derivative). The mix-
ture was introduced in an oil bath at 150 8C and maintained at this
temperature for 12–96 h. Afterward, it was cooled and treated with
5 % aqueous HCl and EtOAc. The mixture was filtered on Celitetm,
and the filtrate was extracted (EtOAc). The organic layer was
washed with brine, dried (Na2SO4), filtered, and concentrated, and
the crude product was purified by flash chromatography by using
mixtures of hexanes/EtOAc.

N-n-Butyl-1-(4-methylphenyl)-5-methylsulfonyl-1H-indole-2-car-
boxamide 14. It was obtained from 37 (200 mg, 0.68 mmol) and 4-
iodotoluene (445 mg, 2.04 mmol), reaction time 14 h, and purified
by flash chromatography (hexanes/EtOAc, 2:1) to give 14 as a
white solid (200 mg, 77 %); mp: 175–176 8C; HR LSIMS calcd for
C21H25N2O3S [M+H]+ 385.1583, found 385.1583; anal. (C21H24N2O3S)
C, H, N.

N-n-Butyl-1-(4-chlorophenyl)-5-methylsulfonyl-1H-indole-2-car-
boxamide 15. It was obtained from 37 (295 mg, 1.00 mmol) and 4-
bromochlorobenzene (574 mg, 3.00 mmol), reaction time 18 h, and
purified by flash chromatography (hexanes/EtOAc, 2:1) to give 15
as a white solid (110 mg, 14 %); mp: 170–173 8C; HR LSIMS calcd
for C20H21ClN2O3SNa [M+Na]+ 427.0858, found 427.0858; anal.
(C20H21ClN2O3S) C, H, N.

N-n-Butyl-1-(3,5-dichlorophenyl)-5-methylsulfonyl-1H-indole-2-
carboxamide 16. It was obtained from 37 (200 mg, 0.68 mmol)
and 3,5-dichloro-5-iodobenzene (557 mg, 2.04 mmol), reaction time
12 h, and purified by flash chromatography (hexanes/EtOAc, 2:1)
to give 16 as a white solid (100 mg, 35 %); mp: 194–195 8C; HR
LSIMS calcd for C20H20Cl2N2O3SNa [M+Na]+ 461.0470, found
461.0469; anal. (C20H20Cl2N2O3S) C, H, N.

N-n-Butyl-1-(4-methoxyphenyl)-5-methylsulfonyl-1H-indole-2-
carboxamide 17. It was obtained from 37 (200 mg, 0.68 mmol)
and 4-bromoanisol (0.26 mL, 2.04 mmol), reaction time 41 h, and
purified by flash chromatography (CH2Cl2/MeOH, 100:0.2) to give
17 as a white solid (80 mg, 30 %); mp: 167–168 8C; HR LSIMS calcd
for C21H24N2O4SNa [M+Na]+ 423.1356, found 423.1356; anal.
(C21H24N2O4S) C, H, N.

N-n-Butyl-5-methylsulfonyl-1-(4-methylthiophenyl)-1H-indole-2-
carboxamide 18. It was obtained from 37 (200 mg, 0.68 mmol)
and 4-bromothioanisol (414 mg, 2.04 mmol), reaction time 40 h,
and purified by flash chromatography (hexanes/EtOAc, 2:1) to give
18 as an off-white solid (145 mg, 52 %). Compound 18 was also ob-
tained from 37 (76 mg, 0.26 mmol) and 4-methylphenylboronic
acid (131 mg, 0.78 mmol), reaction time 36 h, and 18 was obtained
(92 mg, 85 %); mp: 172–173 8C; HR LSIMS calcd for C21H25N2O3S2

[M+H]+ 417.1307, found 417.1307; anal. (C21H24N2O3S2) C, H, N.

5-Methylsulfonyl-1-(4-methylthiophenyl)-N-n-propyl-1H-indole-
2-carboxamide 20. It was obtained from 36 (150 mg, 0.54 mmol)

and 4-bromothioanisol (329 mg, 1.62 mmol), reaction time 96 h,
and purified by flash chromatography (hexanes/EtOAc, 2:1) to give
20 as a yellow solid (30 mg, 14 %); mp: 191–192 8C; HR LSIMS calcd
for C20H22N2O3S2Na [M+Na]+ 425.0971, found 425.0971; anal.
(C20H22N2O3S2) C, H, N.

N-isoButyl-5-methylsulfonyl-1-(4-methylthiophenyl)-1H-indole-2-
carboxamide 21. It was obtained from 38 (200 mg, 0.68 mmol)
and 4-bromothioanisol (414 mg, 2.04 mmol), reaction time 46 h,
and purified by flash chromatography (hexanes/EtOAc, 2:1) to give
21 as an off-white solid (160 mg, 57 %); mp: 204–205 8C; HR LSIMS
calcd for C21H24N2O3S2Na [M+Na]+ 439.1126, found 439.1126; anal.
(C21H24N2O3S2) C, H, N.

5-Methylsulfonyl-1-(4-methylthiophenyl)-N-n-pentyl-1H-indole-2-
carboxamide 22. It was obtained from 39 (100 mg, 0.32 mmol)
and 4-methylthiophenylboronic acid (163 mg, 0.73 mmol), reaction
time 46 h, and purified by flash chromatography (CH2Cl2/MeOH,
100:0.1) to give 22 as a white solid (92 mg, 65 %); mp: 205–206 8C;
HR LSIMS calcd for C22H26N2O3S2Na [M+Na]+ 453.1286, found
453.1286; anal. (C22H26N2O3S2) C, H, N.

N-Cyclopentyl-5-methylsulfonyl-1-(4-methylthiophenyl)-1H-
indole-2-carboxamide 23. It was obtained from 40 (110 mg,
0.36 mmol) and 4-bromothioanisol (219 mg, 1.08 mmol), reaction
time 22 h, and purified by flash chromatography (hexanes/EtOAc,
2:1) to give 23 as a white solid (65 mg, 42 %); mp: 204–205 8C; HR
LSIMS calcd for C22H24N2O3S2Na [M+Na]+ 451.1123, found
451.1123; anal. (C22H24N2O3S2) C, H, N.

N-Cyclohexyl-5-methylsulfonyl-1-(4-methylthiophenyl)-1H-
indole-2-carboxamide 24. It was obtained from 41 (90 mg,
0.28 mmol) and 4-bromothioanisol (171 mg, 0.84 mmol), reaction
time 44 h, and purified by flash chromatography (hexanes/EtOAc,
2.5:1) to give 24 as a white solid (20 mg, 16 %); mp: 203–205 8C;
HR LSIMS calcd for C23H26N2O3S2Na [M+Na]+ 465.1287, found
465.1287; anal. (C23H26N2O3S2) C, H, N.

N-Methyl-5-methylsulfonyl-N,1-bis(4-methylphenyl)-1H-indole-2-
carboxamide 25 and N-methyl-5-methylsulfonyl-N-(4-methyl-
phenyl)-1H-indole-2-carboxamide 45. Compounds 25 and 45
were obtained from 42 (200 mg, 0.79 mmol) and 4-iodotoluene
(519 mg, 2.38 mmol), reaction time 36 h, and purified by flash chro-
matography (hexanes/EtOAc, 2.5:1) to produce 25 and 45. 25 was
isolated as a white solid (67 mg, 20 %); mp: 205–206 8C; HR LSIMS
calcd for C25H24N2O3SNa [M+Na]+ 455.1404, found 455.1404; anal.
(C25H24N2O3S) C, H, N. Compound 45 was isolated as a white solid
(60 mg, 22 %); mp: 258–259 8C; HR LSIMS calcd for C18H19N2O3S
[M+H]+ 343.1112, found 343.1112; anal. (C18H18N2O3S) C, H, N.

N-n-Butyl-5-methylsulfonyl-N,1-bis(4-methylthiophenyl)-1H-
indole-2-carboxamide 26. It was obtained from 37 (200 mg,
0.68 mmol) and 4-bromothioanisol (414 mg, 2.04 mmol), reaction
time 55 h, and purified by flash chromatography (CH2Cl2/MeOH,
100:0.1) to give 26 as a white solid (44 mg, 12 %); mp: 258–260 8C;
HR LSIMS calcd for C28H30N2O3S3Na [M+Na]+ 561.1323, found
561.1323; anal. (C28H30N2O3S3) C, H, N.

N-n-Butyl-N-methyl-5-methylsulfonyl-1-(4-methylthiophenyl)-1H-
indole-2-carboxamide 27. A solution of MeI (22 mL, 0.36 mmol) in
anhydrous toluene (1.5 mL) was added dropwise to a suspension
of 18 (48 mg, 0.12 mmol), KOH (13 mg, 0.24 mmol) and n-tetrabu-
tylammonium bromide (1.8 mg, 0.006 mmol) in anhydrous toluene,
at room temperature and under an argon atmosphere. The mixture
was warmed at 80 8C for 12 h. After cooling, the mixture was
washed (H2O) and the organic phase was washed with a saturated
solution of NaCl, dried (Na2SO4), filtered, and concentrated. The re-
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sulting mixture was purified by flash chromatography (hexanes/
EtOAc, 2:1) and 27 was obtained as a colorless oil (26 mg, 53 %).
HR LSIMS calcd for C22H26N2O3S2Na [M+Na]+ 453.1292, found
453.1292; anal. (C22H26N2O3S2) C, H, N.

N-n-Butyl-5-methylsulfonyl-1-(4-methylsulfonylphenyl)-1H-
indole-2-carboxamide 19. A suspension of 18 (95 mg, 0.23 mmol)
and ZnCl2 (62 mg, 0.46 mmol) in anhydrous acetone (5 mL) under
an argon atmosphere, was cooled to �25 8C. Next, KMnO4 (72 mg,
0.46 mmol) was added, and the resulting suspension was left stir-
ring for 30 min. After concentrating, the solid residue was washed
(H2O) and extracted (CH2Cl2). The organic phase was dried
(Na2SO4), filtered, and concentrated. This crude product was puri-
fied by flash chromatography (hexanes/EtOAc, 1:3) to give 19 as a
white solid (95 mg, 93 %); mp: 227–228 8C; HR LSIMS calcd for
C21H24N2O5S2Na [M+Na]+ 471.1025, found 471.1025; anal.
(C21H24N2O5S2) C, H, N.

2-(4-Chlorobenzoyl)-5-methylsulfonyl-1-(4-methylthiophenyl)-
1H-indole 28. It was obtained from 43 (82 mg, 0.25 mmol) and 4-
methylthiophenylboronic acid (124 mg, 0.75 mmol) as described
for the preparation of 1–6, reaction time 5 h, and purified by flash
chromatography (hexanes/EtOAc, 4:1). Compound 28 was ob-
tained as a microcrystalline white solid (114 mg, 100 %); mp: 103–
104 8C; HR LSIMS calcd for C23H18ClNO3S2Na [M+Na]+ 478.0314,
found 478.0313; anal. (C23H18ClNO3S2) C, H, N.

2-(4-Chlorobenzoyl)-1-(4-chlorophenyl)-5-methylsulfonyl-1H-
indole 29. It was obtained from 43 (100 mg, 0.30 mmol) and 4-
chlorophenylboronic acid (140 mg, 0.90 mmol) as described for the
preparation of 1–6, reaction time 4 h, and purified by flash chro-
matography (hexanes/EtOAc, 4:1). Compound 29 was obtained as
a microcrystalline white solid (133 mg, 100 %); mp: 152–153 8C; HR
LSIMS calcd for C22H15Cl2NO3SNa [M+Na]+ 466.0043, found
466.0043; anal. (C22H15Cl2NO3S) C, H, N.

1-(4-Chlorophenyl)-2-(4-fluorobenzoyl)-5-methylsulfonyl-1H-
indole 30. It was obtained from 44 (100 mg, 0.32 mmol) and 4-
chlorophenylboronic acid (150 mg, 0.96 mmol) as described for the
preparation of 1–6, reaction time 5 h, and purified by flash chro-
matography (hexanes/EtOAc, 4:1). Compound 30 was obtained as
a microcrystalline white solid (136 mg, 100 %); mp: 90 8C
(decomp); HR LSIMS calcd for C22H16ClFNO3S [M+H]+ 428.0526,
found 428.0525; anal. (C22H15ClFNO3S) C, H, N.

2-(4-Chlorophenyl)-5-methylsulfonyl-1-(4-trifluoromethylphen-
yl)-1H-indole 31. It was obtained from 44 (100 mg, 0.30 mmol)
and 4-trifluoromethylphenylboronic acid (170 mg, 0.90 mmol) as
described for the preparation of 1–6, reaction time 7 h, and puri-
fied by flash chromatography (hexanes/EtOAc, 4:1). Compound 31
was obtained as a microcrystalline white solid (143 mg, 100 %);
mp: 191–192 8C; HR LSIMS calcd for C23H16ClF3NO3S [M+H]+

478.0490, found 478.0488; anal. (C23H15ClF3NO3S) C, H, N.

Pharmacology. In vitro assay of purified COX-1 and COX-2 with
exogenous substrate (arachidonic acid). The method described by
Futaki et al.[21] and by Janusz et al.[22] was followed with some
modifications. Briefly, the assay was carried out in a final volume of
0.5 mL with Tris-HCl buffer (100 mm, pH 8) as the reaction medium
containing hematin (1 mm) and phenol (2 mm) as cofactors, and
EDTA (5 mm). After adding 50 mL of the test compound (10 mm),
the reference compound (1 or 100 mm) or the vehicle (DMSO, 1 %),
a unit of ovine purified COX-1 or COX-2 (Cayman Chemical) was
suspended in the reaction medium and preincubated at 37 8C with
continuous stirring for 10 min. The reaction was initiated with
50 mL of arachidonic acid (100 mm). After 5 min incubation in the

same conditions, the reaction was stopped by the addition of
50 mL 1n HCl followed by neutralization with 50 mL of Tris base
(1m). 50 mL of the final solution were diluted to a final volume of
500 mL with the immunoenzymatic assay buffer, and 50 mL of the
diluted sample were taken to test prostaglandin E2 (PGE2) by
enzyme immunoassay (EIA) (Amersham). Detection was carried out
in a microplate reader (Labsystems multiscan MS) at l=450 nm,
and data were processed by means of GENESIS-LITE program (Win-
dows-based Microplate Software). Results were expressed as the
percent COX-1 or COX-2 inhibition relative to vehicle and calculat-
ed by:

([PGE2]vehicle� ACHTUNGTRENNUNG[PGE2]drug) S 100/ ACHTUNGTRENNUNG[PGE2]vehicle

For compounds with which COX-2 inhibition exceeded 40 %, IC50

values were calculated by the GraphPad software PRISM.[23] Selec-
tivity indexes were defined as the ratio: [IC50 ACHTUNGTRENNUNG(COX-1)]/ ACHTUNGTRENNUNG[IC50 ACHTUNGTRENNUNG(COX-2)] .
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