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a b s t r a c t

The close structural similarity between the two cyclooxygenase (COXs) isoforms and the absence of
selective inhibitors without side effects continues to stimulate the development of novel approaches
towards selective anti-inflammatory drugs. In the present study a small library of new indolic
compounds involving two different substitutions patterns at the indole scaffold was synthesized. In
order to establish a relation between the spatial distribution of known functional groups related with
inhibitory activity, two substitution patterns were explored: one with substituents at N-1, C-3, C-5
positions and another at C-2, C-3 and C5 positions. Accordingly, indole positions C-5, C-3 and N-1 were
substituted with: sulfonamide or methylsulfone at C-5, p-halo-benzyl group at C-3, and an alkyl chain
with a trifluoromethyl group at N-1. Alternatively, a p-halo-benzyl group was introduced at C-2, leaving
the indolic nitrogen free. Inhibitory studies were performed and the activity results obtained against
both COXs isoforms were rationalized based on docking and NMR studies. Docking studies show that
dialkyation at C-2 and C-3 favors a binding with an orientation similar to that of the known selective
inhibitor SC-558. From the tested compounds, this substitution pattern is correlated with the highest
inhibitory activity and selectivity: 70% COX-2 inhibition at 50 mM, and low COX-1 inhibition (18 � 9%).
Additionally, Saturation Transfer Difference NMR experiments reveal different interaction patterns with
both COXs isoforms that may be related with different orientations of the sulfonamide group in the
binding pocket. Despite the moderated inhibitory activities found, this study represents an innovative
approach towards COXs inhibitory activity rationalization and to the design of anti-inflammatory drugs.

� 2012 Elsevier Masson SAS. All rights reserved.
1. Introduction

The use of aspirin for the treatment of inflammation, fever and
pain, dates back to 1897. Since then many non-steroidal anti-
inflammatory drugs (NSAIDs) were developed for the treatment of
inflammation, such as ibuprofen (1), flurbiprofen (2), indomethacin
(3) and diclofenac (4) (Fig. 1 A). Cyclooxygenase (COX) was only
identified in 1971, as the enzyme involved in the conversion of the
arachidonic acid to prostaglandins [1]. NSAIDs were found to
inhibit prostaglandin synthesis through COX inhibition and became
widely accepted as therapeutic drugs for the treatment of rheu-
matoid osteoarthritis, arthritis, and pain. Nevertheless, the side
effects of these drugs represent amajor drawback of its chronic use,
involving gastric and intestinal toxicity as well as renal insuffi-
ciency. The cause of undesirable side effects of inflammatory drugs
B. Marques).
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was unraveled by the identification of two COX isoforms [2]: COX-1
(performs desirable roles in the protection of gastrointestinal wall)
and COX-2 (responsible for various inflammatory diseases [3],
promotion of cancer [4] and induction of multi-drug resistance [5]).
Both COX isoforms have similar active sites that differ in the pres-
ence of a side pocket in COX-2 located above the Arg-120/Tyr-355/
Glu-524 constriction [6]. In COX-2 this side pocket is surrounded by
Val-523 (Ile-523 in COX-1), and at the bottom of the pocket an Arg-
513 (His-513 in most COX-1). The lack of COXs selectivity by the
traditional NSAIDs stimulated the development of selective COX-2
inhibitors, taking advantage of these small structural differences
between COX-1 and COX-2. A new class of COX-2 inhibitors was
developed, the diarylheterocycle derivatives designated as “cox-
ibs”, such as celecoxib (5), rofecoxib (6), valdecoxib (7), etoricoxib
(8) and the coxib-like structure SC-558 (9) (Fig. 1 B) [7].

Although coxib compounds benefit from the lack of gastroin-
testinal toxicity, this risk/benefit balance was recently considered
negative following the finding of increased incidence of adverse
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Fig. 1. Chemical structure of some NSAIDs and selective COX-2 inhibitors.
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cardiovascular events [8]. Consequently rofecoxib (6) was removed
from the market due to its cardiac toxicity, limiting the use of these
drugs for the treatment of inflammatory diseases. Thus, the
discovery of new COX-2 selective inhibitors without cardiac
adverse effects, are deemed necessary in the future of anti-
inflammatory therapies.

For the development of a new class of inhibitors the choice of
a scaffold and of its substitution pattern are of almost importance.
When considering the vast amount of work published concerning
specific COX-2 inhibitors, several scaffolds have been investigated,
such as benzopyran [9], pyrrole [10], imidazole [11], thiazolidine
[12], pyrazole (celecoxib) [13] and indole (in particular indometh-
acin derivatives) [14] (Fig. 1C). From these, the indole ring is
considered a privileged structure and an attractive scaffold for drug
discovery. Structural diversity can easily be achieved via ring
substitution and consequently diverse biological activities are
associated with indole-derived drug-like molecules, including
COX-1 and COX-2 inhibition.

X-ray crystal structures have been crucial to reveal the key
interactions between COX-2 residues and important inhibitor
functional groups. The crystal structure of mouse COX-2 with the
selective inhibitor SC-558 (9) (Fig. 1 B) [6a,15], reveals an overall
difference between the size and shape of the COX-2 and COX-1
active sites [16]. Several interactions between COX-2 and func-
tional groups present in SC-558 (9) and indomethacin (3) were
identified and are resumed in Fig. 2.

While SC-558 (9) penetrates deep in the selective pocket,
traditional NSAIDs do not use this pocket [17,18]. Indomethacin (3),
a non-selective inhibitor of COXs, has an interaction with Arg120
through its carboxylate group at the hydrophobic channel
entrance (Fig. 2 b) [15]. This salt bridge is responsible for the
traditional NSAIDs anchor for both COX-1 and COX-2, though
restricting their selectivity due to limitation of flexibility. Some
authors claim that a proper substitution at the C-5 and/or C-6 of
the indole ring can increase the steric hindrance with Ile523 (COX-
1), while establishing stronger hydrogen bond with Arg513 at the
selective pocket of COX-2, and consequently increasing selectivity
[14b].

In the present study, the initial strategy envisaged the prepa-
ration of an indole library involving substitution of the ring in order
to generate a “Y shape” structure similar to indomethacin (3)
(Fig. 3). Two substitution patterns were considered (A and B, Fig. 3),
concerning the inclusion of 3 substituents to afford 3 different
interaction regions and relying on modification at Region III.
Following detailed analysis of the reported inhibitor structures and
theoretical studies, the pattern included substitutions at positions:
C-3 (Region I) by a p-halobenzyl group in order to fill the hydro-
phobic channel while exploring other possible hydrophobic inter-
actions with residues at this cavity; C-5 position of the indole ring
(Region II). According to previous reports, a methylsulfone [15b] or
a sulfonamide seem to be crucial for selectivity, and [6a,16a,15]
comparing to indomethacin (3) (methoxy group at C-5) would
allow an extension of this ring, long enough to fill properly the
selective pocket and allowing interaction with key residues (His90,
Gln192 and Arg513). Additionally, we planned modification on the
nitrogen atom (Region III, pattern A) by an allyl chain carrying
a trifluoromethyl group at the end of the chain, on the expectation
of getting higher mobility and chain extension. The N-substitution



Fig. 2. Schematic representation of SC-558 (COX-2 selective inhibitor) binding to COX-2 (a) and indomethacin (non-selective inhibitor) (b).
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intended to increase the selectivity for COX-2 by establishing
unfavourable interactions with Arg120 (important for COX-1 inhi-
bition), while enhancing the steric interaction with Ile523 (COX-1).
Finally, C-2 substitution was also considered (Region III, pattern B),
since we envisaged that a p-halobenzyl chain at C-2 would have the
ideal shape for filling the hydrophobic pocket.

In order to establish a relation between the spatial distribution of
the previously described functional groups, related with COX inhi-
bition, activity studies were performed against both COXs isoforms
and the resultswere rationalizedbasedondockingandNMRstudies.

2. Results and discussion

2.1. Chemistry

The first library (Pattern A, Fig. 3) was divided in two groups,
those carrying a methylsulfone at C-5 and thosewith a sulfonamide
group at the same position. The library synthesis involved three
main steps: the introduction of a sulfonamide/methylsulfone at
C-5, for which no direct sulfonylation has yet been reported for the
indole nucleus; regioselective alkylation at C-3 and alkylation of
N-1. The preparation of sulfones is generally achieved by oxidation
of the corresponding sulfides/sulfoxides or via displacement of
sodium arenesulfinate with a suitable alkyl halide [19].

The 1H-indole-5-sulfonamide (10) [20] was prepared according
to a reported procedure [20], consisting on the chlorosulfonation of
1-acetylindoline (11), followed by oxidation and amide hydrolysis
in 33% (overall yield). The 5-methylsulfone derivatives 12, we used
A

Fig. 3. Proposed substitution pa
5-iodo-1H-indole (13a) applying a method reported byMa and Zhu
[21], for the synthesis of aryl sulfones via L-proline-promoted CuI-
catalyzed coupling reaction of aryl halides with sulfinic acid salts.
Thus 5-(methylsulfonyl)-1H-indole (12) was prepared in 90% yield
(based on recovered 5-iodo-1H-indole) (Scheme 1).

The second library (pattern B, Fig. 3) relied on the exploration of
substitution at C-2 position of indole which was achieved via dia-
lkyaltion of compounds 10 and 12. Next step consisted on the
regioselective alkylation at C-3 of 10 and 12 with different p-hal-
obenzyl bromides.

Applying a one-pot procedure [22], compounds 14aef were
obtained, in moderate yields, by treatment of 10 or 12 [23] with
zinc triflate and the corresponding p-halobenzyl bromide, in the
presence of Hünig’s base and tetrabutylammonium iodide. Several
attempts were made to improve the yield of compounds 14aef,
such as solvent and reaction temperature.

In order to proceed to N-alkylation, the sulfonamide derivatives
would require additional protection-deprotection steps of the
amine group. Celecoxib (5) and valdecoxib (7) possess a sulfon-
amide group while rofecoxib (6) and etericoxib (8) have a meth-
ylsulfone group (Fig. 1). Thus, at this stage we decided to focus
on the methylsulfone derivatives for further functionalization
at N-1. To perform the N-alkylation of compounds 14aec,
different approaches were tested such as the classic Mitsunobu
reaction conditions [24], using the commercial alcohol (E)-
4,4,4-trifluorobut-2-en-1-ol, and also the modified Mitsunobu
reaction which has been reported for N-alkylation of indoles,
involving the use of a phosphorane derivative - (cyanomethylene)
B

ttern for the indole library.



Scheme 1. Synthesis of the indole library: (i) CuI(I), L-proline, MeSO2Na, DMSO, 80 �C, 3 days, 90%; (ii) p-halobenzyl bromide (F, Cl, Br) (1 equiv.), Zn(OTf)2, TBAI, DIPEA, toluene,
50 �C, overnight; (iii) p-halobenzyl bromide (F, Cl, Br) (3 equiv.), Zn(OTf)2, TBAI, DIPEA, toluene, 70 �C, overnight; (iv) NaH, THF, 0 �C, 45 min, (2,2,2-trifluoro-ethyl)-oxirane, reflux,
2 h; (v) TEA, MsCl, THF, 0 �C, room temperature, 1 h 30 min; (vi) DBU, THF, reflux, 30 min.

M.S. Estevão et al. / European Journal of Medicinal Chemistry 54 (2012) 823e833826
trimethylphosphorane [25]. However, these approaches failed to
work with indole derivatives 14aec. Next approach consisted on
the introduction of the alkyl chain via epoxide opening, using
the commercial (2,2,2-trifluoro-ethyl)-oxirane, that afforded
compounds 16aec, followed by mesylation and elimination by
treatment with DBU (Scheme 1). Nevertheless, the products iso-
lated, compounds 17aec, presented a double bond conjugated
with the indole ring instead of the desired allylic chain (see Fig. 3).

For the preparationof pattern B (compounds15aef), compounds
10 and 12 were dialkylated using the same procedure used to
prepare 14aef, but using an excess of 3 equivalents of the different
p-halobenzyl bromides. Formation of compounds 15aef was also
observed in small amount during mono-alkylation reaction of 10
and 12. Inversion of the substituents at indole scaffold was also
investigated, and compound 18 was prepared in 79% yield. The
commercial 5-bromo-1H-indole (13b) was alkylated at C-3, by
applying the same procedure as described above for compounds
14aef, using (4-aminosulfonyl)benzyl bromide.
2.2. Inhibition of COX-1 and COX-2e biological assays

Inhibition of COX-1 and COX-2 by the synthesized compounds is
expressed as the percent inhibition of control COX-1 or COX-2
activity as displayed in Table 1. The known COX inhibitors indo-
methacin (3) and celecoxib (5) were used as positive controls. The
inhibitory activity of the studied compounds was first tested at
50 mM, however since some compounds were not active at this
concentration the inhibitory activity was also tested at 100 mM. The
solubility of the studied compounds, at the tested concentrations,
was analyzed before and, as reported in Table 1, some compounds
were insoluble at both concentrations and others were only
insoluble at 100 mM. Some compounds, like 16b or 17a (50 mM,
COX-1) displayed inhibition values less than 10%, which we
consider to be not significant. Nevertheless, most of the obtained
results were well above this percentage. Additionally we observed
that some compounds such as 14d, inhibit both isoforms at the
higher concentration to a lesser extent than at the lower. In fact, in



Table 1
Percent inhibition of control COX-1 or COX-2 activity by the 19 synthesized
compounds, determined by EIA. Each value represents mean � SEM of at least 4
experiments performed in duplicate.

Compound COX-1 COX-2 COX-1 COX-2

100 mM 50 mM

14a INS INS INS INS
14b 28 � 7 24 � 16 NA NA
14c 13 � 7 26 � 16 NA 9 � 5
14d 31 � 8 20 � 10 40 � 9 32 � 9
14e 19 � 5 31 � 8 21 � 4 32 � 11
14f INS INS 19 � 7 23 � 5
15a NA NA e e

15b 42 � 1 NA 25 � 4 24 � 4
15c NA NA NA NA
15d INS INS 18 � 9 67 � 5
15e INS INS 41 � 6 46 � 1
15f 84 � 5 NA 35 � 8 8 � 4
16a 41 � 10 9 � 2 14 � 11 16 � 7
16b NA 34 � 8 8 � 4 20 � 8
16c 20 � 6 15 � 9 12 � 8 23 � 5
17a 48 � 11 18 � 28 8 � 5 12 � 7
17b 26 � 15 23 � 22 11 � 10 NA
17c 10 � 6 19 � 10 20 � 9.9 21 � 6
18 33 � 8 27 � 2 11 � 6 22 � 1
Positive Controls 10 mM 1 mM
Celecoxib e 75 � 8 NA e

Indomethacin e e 46 � 5 78 � 3

NA No activity was found. INS Insoluble compound.
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some compounds with low activities, it was difficult to achieve
a concentration-dependent effect, due to the high values of SEM
obtained.

From the C-5, C-3 disubstituted compounds (14aef) only the
sulfonamides derivatives 14def showed to be active at 50 mM,
although not selective. N-1 alkylation, in compounds 16aec and
17aec, did not result in an improved activity/selectivity. At 100 mM,
compounds 16a and 17a (with a methylsulfone at C-5) showed
inhibitory activity against COX-1 (41 � 10% and 48 � 11%, respec-
tively). Compounds 15aef allowed investigating the C-5, C-3, C-2
substitution pattern. Compound 15f showed the strongest inhibi-
tion of COX-1 enzyme’s activity at the concentration of 100 mM
(84 � 5%). In addition, 15d resulted in 67 � 6% (50 mM) of COX-2
Fig. 4. Docking of compound 15d (A) and sel
inhibition and 18.2 � 8.5% of COX-1 inhibition, revealing its rela-
tive selectivity to inhibit COX-2.

Additionally, compound 18was evaluated for understanding the
relevance of the sulfonamide position within the structure and
orientation of themolecule in the binding pocket. However, besides
a lower inhibition, no selectivity was found for this compound. Due
to solubility issues, some compounds were not tested within the
same range of concentrations. Indomethacin (3) (1 mM) inhibited
COX-1 (46 � 5%) and COX-2 (78 � 4%) and the selective COX-2
inhibitor celecoxib (5) (10 mM) only inhibited this isoenzyme
(75 � 8%).

2.3. Docking study

All molecules were docked to the active site of both COX-1 and
COX-2 using the docking program Autodock4. The docking study
suggested that most studied compounds are more active for COX-1
which is in agreementwith the observed inhibitory activity. Indeed,
compounds 14aef were all found to be COX-1 selective. They
docked inside the binding pocket for both COXs isoforms. Overall,
compounds 14aef bind less strongly to COX-2 than to COX-1. This
can be explained by the fact that they use the existing space in COX-
1 binding pocket, with the sulfonamide/methylsulfone close to
Arg120 and Tyr355, similar to the binding of the acid group in
indomethacin (3), while the benzyl chain binds in the hydrophobic
pocket. The selectivity is reversed for the dialkylated compounds
15aef when compared to the mono-alkylated ones 14aef.
Compounds 15aef were the most promising compounds by
computational studies, which is almost consistent with the COX-2
inhibition evaluation assays. Due to the increased flexibility intro-
duced by the benzyl group the 2,3-dibenzyl substituted indoles
show a potential higher affinity to COX-2. According to the docking
results, compounds 15def, with a sulfonamide at C-5, are more
active than the corresponding methylsulfones 15aec, what is in
accordance with the experimental data. From the 15 series, the
computational study indicated that the most promising
compounds are the fluorinated compounds 15a and 15d, with
a methylsulfone and a sulfonamide, respectively. In both cases
these compounds strongly bind to COX-2, but not COX-1. Also they
do bind in the same orientation as the selective SC-558 inhibitor
ective inhibitor SC-558 (9) (B) in COX-2.



M.S. Estevão et al. / European Journal of Medicinal Chemistry 54 (2012) 823e833828
(9), such as 15d in which the sulfonamide group binds to the side
pocket next to Val523 and might establish hydrogen bonding via
the oxygens with Arg513 (Fig. 4 A).

Although compounds 15 only binds inside the COX-2 binding
pocket, some very strong interactions in the region of the entrance
channel can occur with COX-1. Thus, their strong binding close to
the entrance channel suggests that they have the potential to block
COX-1 effectively. Moreover, it was found that the binding affinities
for COX-2 do not strongly depend on the type of halogen present in
the aromatic ring. Nevertheless the same was not observed in the
docking for COX-1, where stronger binding is observed for heavier
halogens.

For compounds 16aec and 17aec, the biological screening
results show only low activity. Additionally the docking predicts
that they do not fit inside the binding pocket, due to their bulkiness.

2.4. NMR study

In order to have a deeper insight about the mode of interaction
of the mono-alkylated (14aef) and the di-alkylated compounds
(15aef) with both enzyme isoforms we have performed saturation-
transfer difference NMR (STD-NMR) experiments [26]. We have
recently demonstrated that STD-NMR can be effectively used to
characterize the binding of the anti-inflammatory drugs ibuprofen,
diclofenac and ketorolac to COX-1 and COX-2 [27]. The STD-NMR
experiment is based on the nuclear Overhauser effect and in the
observation of the ligand resonance signals [26,28]. This technique
can be used not only for screening ligands with dissociation
constants KD ranging from ca. 10�8 to 10�3 M but also to provide
insight about the moieties of the ligand that are most important for
binding, since it is expected that the regions of the ligand having
the strongest contact to the proteinwill show the most intense STD
NMR signals [28].

Due to solubility reasons and considering the percentage of
inhibition presented in Table 1 and the results of the docking
studies, compounds 14d and 15d were chosen for this study. 14d is
a mono-alkylated compound with a higher selectivity for COX-1
and 15d is, from the di-alkylated series, the one that shows the
highest selectivity to COX-2, binding well inside the COX-2 pocket,
according to the docking studies. The STD-NMR results are
Fig. 5. Expansions of the aromatic region of the STD-NMR spectra of compounds 14d and
assignments). STD intensities relative to the corresponding reference intensities are shown
presented in Fig. 5. STD signals were observed for both compounds
and for both enzyme isoforms. The fact that STD responses were
obtained for all cases is in accordance with 14d and 15d binding
reversibly to COX-1 and COX-2, as well as with the inhibition and
docking results.

When considering the interaction of 14d, from the comparison
of the STD spectra with the reference spectra it can be seen that not
all protons gave identical STD responses. For this compound, the
most intense STD signals originate from the aryl moiety and the
response of protons 6 and 7 of the indole ring is higher in COX-1
than in COX-2. These results may be indicative of a more
extended and uniform interaction of 14d with COX-1 than with
COX-2. When considering 15d, the most intense STD signals origi-
nate also from the aryl moieties. In COX-1 there is an appreciable
decrease in STD response from proton 4 of the indole ring. This may
evidence that the sulfonamide moiety in 15d may be more
important to promote the association with COX-2 than with COX-1
and partly responsible for the selectivity observed in the inhibition
and docking studies. Also, contrary to 14d, it is clear that protons 6
and 7 from the indole ring receive less saturation from the protein,
what can be indicative of a different conformation in the binding
site. These results are in good agreement with the inhibition and
docking studies and they provide an experimental validation of the
methodology. This also represents the first NMR study on COXs
selectivity with non-commercial compounds.

From the library of 19 new indole based compounds synthe-
sized, the biological tests revealed that the presence of a sulfon-
amide (14def) was more favorable for interaction with both COXs,
being more active than the corresponding methylsulfones (14aec).
These sulfonamides 14def when docked have a similar binding
mode as the selective inhibitor SC-558 (9), but the docking studies
predicted a slight preference for COX-1 binding. Indeed 14d
demonstrated a percent of inhibition higher for COX-1 (40� 9) than
for COX-2 (32 � 10) at 50 mM. This observation was further sup-
ported by the STD-NMR study that demonstrated that compound
14d, despite interacting with both COX isoforms, displays a more
extended STD response for COX-1, confirming a superior interaction
with this enzyme.

These results indicate that the selective inhibitory activity
associated with the introduction of a sulfonamide group is
15d with COX-1 and COX-2 (bottom: reference spectra of 14d and 15d with spectral
in each signal as percentage.
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dependent on the overall geometry of the molecule. The orienta-
tion of the sulfonamide group towards the selective pocket is
determined by the shape of the molecule. Thus, the Y shape is
necessary for the correct positioning of the groups in the pocket.

With compounds 16aec and 17aec (pattern A) we tested if
a trifluoromethyl allylic chain would introduce flexibility to the Y
shape, when compared to the benzoyl group present in indo-
methacin (3). The presence of the CF3 group was thought to
establish favorable interactions with the key residue Arg120 in
COX-2. The biological evaluation of these compounds resulted only
in low activity and no selectivity for COX-2. The docking results
show that these compounds are too bulky to enter the binding
pocket, however interactions can be established and a partial
blocking can occur, what would explain the low activity found. This
shows that the bulkiness of the substituents is important for
binding. If the substituents are too bulky the molecule will not
enter the binding site. However once in the binding pocket they
need to be bulky enough to orient the sulfonamide to the selective
pocket.

The second library prepared (pattern B) envisaged exploration
of C-2 substitution with a group that has enough volume to fill the
hydrophobic pocket interacting with residues in this region. This
substitution pattern (C-2, C-3 and C-5e compounds 15aef) also
leaves the indolic NH free allowing a possible stabilization of the
binding with the enzyme via hydrogen bonding, which was shown
by docking to be important to interact with the hydroxyl group of
with Tyr355 (Fig. 4).

As also shown by the calculations, 15aef bind to COX-2 in
a similar manner to that of SC-558 (9), and different from indo-
methacin (3). Furthermore, these studies indicate that the volume,
nature and shape of the benzyl group at C-2 are the most appro-
priate for stable binding to hydrophobic pocket. The activity results
for compounds 15aef, confirm that substitution at C-2 with
a benzyl group possessing a halogen at the para position, is
important. The results obtained also indicate that the halogen atom
at the aromatic side chain is a key substituent. Compound 15d was
found to be the most promising showing 70% COX-2 inhibition at
50 mM, demonstrating that fluorine seems to be crucial. 15d
demonstrated to have 70% inhibition of COX-2 (67 � 5.2%), close to
celecoxib (5) but in a higher concentration, and almost no inhibi-
tion for COX-1 (18 � 8.5%) at 50 mM.

The lack of activity of the methylsulfones 15a and 15c is most
probably related to the lower electronic density of the sulfone
oxygen atoms when compared with the corresponding sulphona-
mides (15def).

STD-NMR studies performed with 15d highlighted that the
sulfonamide group is indeed important to promote the interaction
with COX-2 rather than with COX-1, as evidenced by the close
proximity of the indolic proton H4 to COX-2, supporting the
observed selectivity in the inhibition evaluation.

3. Conclusion

In conclusion, the synthesized indole library was evaluated
against both COX-1 and COX-2 enzymes and compound 15d was
found to be active at 50 mM, showing 70% COX-2 inhibition and
low COX-1 inhibition (18 � 9%). The docking studies performed
were in agreement with the experimental data, suggesting that
compound 15d should be the most potent selective COX-2 inhib-
itor of this series, with a similar orientation inside the binding
pocket to the known selective inhibitor SC-558 (9). Our results
indicate that the introduction of a third substituent on the central
indole ring is mandatory to improve selectivity and activity for
COX-2. Also, the presence of a sulfonamide at C-5 when combined
with dialkyation at C-2 and C-3 favors a binding with an
orientation similar to that of the known selective inhibitor SC-558
(9). However, the correct orientation of the sulfonamide group to
achieve selectivity (towards the selective pocket) results from the
correct combination of substituents in a Y shape molecule, since
the sulfonamide group interacts preferentially with Arg120. A
bulky group at C-2, interacting preferentially with Arg120 (a
fluorine atom), prevents the interaction with sulfonamide and
directs it to the selective pocket.

These findings are supported by the STD-NMR experiments
where different interaction patterns with both COXs isoforms can
be related with different orientations of the sulfonamide group in
the binding pocket. This study represents an innovative route
involving NMR, molecular modeling, synthesis and biological
screening towards the understanding of COXs inhibition and
rationalization of anti-inflammatory drugs.

4. Experimental

4.1. Chemistry

4.1.1. General
Melting points were determined on a Reichert Thermovar

apparatus and are uncorrected. 1H- and 13C NMR spectra were
recorded in (CD3)2CO on a Bruker ARX 400 spectrometer at 400 and
100.62 MHz respectively. Chemical shifts are expressed in parts per
million (ppm) relative to tetramethylsilane (TMS). The coupling
constants (J) are reported in Hertz (Hz). High resolution mass
spectra were recorded on an AutoSpecQ spectrometer. IR spectra
were run on an FT PerkinElmer 683 instrument, with absorption
frequencies expressed in reciprocal centimeters. The progress of all
reaction was monitored by Thin-layer chromatography, which was
performed on Merck silica gel 60 F254 plates. Flash column chro-
matography was carried out on Merck silica gel 60 (230e400
mesh). Anhydrous solvents were dried as described [29] and
freshly distilled. All the tested compounds possess apurity of at
least 95% as determined by HPLC. Analytical HPLC was run on
a Merck Hitachi system consisting of an L-7100 pump, Rheodyne
type injector, a D-7000 interface and an L-7450 diode array spec-
trometric detector,equipped with LiChrospher�100 RP-18 column.
Eluent systemwas: 20% A (H2O/TFA pH 2.5), 80% B (MeOH) to 10% A,
90% B; flow rate ¼ 1 mL/min.

Compound 10 was synthesized according to a previously
described methodology [20].

4.1.2. 5-(Methylsulfonyl)-1H-indole (12)
To a solution of 5-iodoindole (1 g, 4.11 mmol) in dry DMSO

(8.2 mL) were added sodium methanesulfinate (546 mg,
5.35 mmol), copper iodide (157 mg, 0.82 mmol) and L-proline
(189 mg, 1.64 mmol) in a sealed tube under argon. The mixture was
stirred at 80 �C for 3 days. The reaction was quenched with satu-
rated aqueous NH4Cl, diluted with distilled water and extracted
with ethyl acetate. The combined organic layers were washed with
water and brine, dried over sodium sulfate anhydrous, filtered and
concentrated. The crude was purified by silica flash chromatogra-
phy.White solid; 92% yield; mp 166e170 �C; 1H NMR (400 MHz,
(CD3)2CO) d ppm 10.79 (s, 1H), 8.22 (s, 1H), 7.68e7.63 (m, 2H),
7.56e7.55 (m, 1H), 6.71e6.70 (m, 1H), 3.06 (s, 3H).

4.1.3. General procedure for the preparation of 3-p-halo-benzylated
indoles derivatives (14aef and 18) and 2,3-p-halo-benzylated
indoles derivatives (15aef)24

Procedure A: To a solution of 1H-indole-5-sulfonamide/5-
(methylsulfonyl)-1H-indole (2 equiv.), zinc triflate (1.2 equiv.) and
tetrabutylammonium iodide (1 equiv.) in dry toluene (ca. 3 mL per
mmol of indole) was added N,N-diisopropylethylamine (2.2 equiv.)
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under argon. The reaction mixture was heated at 50 �C for 30 min,
followed by addition of the p-halo-benzyl bromide (1 equiv.). The
mixture was stirred overnight at 50 �C under argon. The reaction
was quenched with saturated aqueous NH4Cl, diluted with distilled
water and extracted with ethyl acetate. The combined organic
layers were washed with water and brine, dried over sodium
sulfate anhydrous, filtered and concentrated. The samples were
further purified with silica flash chromatography then PTLC.

Procedure B: To a solution of 1H-indole-5-sulfonamide/5-
(methylsulfonyl)-1H-indole (1 equiv.), zinc triflate (1.2 equiv.) and
tetrabutylammonium iodide (1 equiv.) in dry toluene (ca. 3 mL per
mmol of indole) was added N,N-diisopropylethylamine (2.2 equiv.)
under argon. The reaction mixture was heated at 70 �C for 30 min,
followed by addition of the p-halo-benzyl bromide (3 equiv.). The
mixture was stirred overnight at 70 �C under argon. The reaction
was quenched with saturated aqueous NH4Cl, diluted with distilled
water and extracted with ethyl acetate. The combined organic
layers were washed with water and brine, dried over sodium
sulfate anhydrous, filtered and concentrated. The samples were
further purified with silica flash chromatography then PTLC.

4.1.4. 3-(4-Fluorobenzyl)-5-(methylsulfonyl)-1H-indole (14a)
Procedure A: White solid; 47% yield; mp 136-136 �C. IR (KBr) n

3370, 2928, 1503, 1283, 1132, 1090, 762 cm�1; 1H NMR (400 MHz,
(CD3)2CO) d ppm 10.65 (s, 1H), 8.13 (s, 1H), 7.67 (d, J ¼ 8.5 Hz, 1H),
7.62 (d, J¼ 8.5 Hz,1H), 7.42e7.28 (m, 3H), 7.03 (t, J¼ 8.7, 8.7 Hz, 2H),
4.17 (s, 2H), 3.04 (s, 3H); 13C NMR (100 MHz, (CD3)2CO) d ppm 162.1
(d, J¼ 240 Hz, CF), 139.9 (C), 138.0 (C), 132.6 (C), 131.0 (2� CH), 127.7
(C), 126.7 (CH), 120.7 (CH), 120.1 (CH), 117.3 (C), 115.8 (CH), 115.6
(CH), 112.9 (CH), 45.1 (CH3), 30.8 (CH2); HR-ESIMS m/z 304.0802
[M þ H]þ (calcd for C16H15FNO2S 304.0808).

4.1.5. 3-(4-Chlorobenzyl)-5-(methylsulfonyl)-1H-indole (14b)
Procedure A: White solid; 41% yield; mp 155e157 �C; IR (KBr) n

3308, 3007, 2926, 1488, 1281, 1141, 1130, 1094, 763 cm�1; 1H NMR
(400 MHz, (CD3)2CO) d ppm 10.67 (s, 1H), 8.12 (s, 1H), 7.66
(d, J ¼ 8.6 Hz, 1H), 7.62 (d, J ¼ 8.6 Hz, 1H), 7.38 (s, 1H), 7.34
(d, J ¼ 8.5 Hz, 2H), 7.30 (d, J ¼ 8.5 Hz, 2H), 4.19 (s, 2H), 3.03 (s,
3H); 13C NMR (100 MHz, (CD3)2CO) d ppm 141.0 (C), 139.9 (C),
132.7 (C), 131.0 (2� CH), 129.1 (2� CH), 127.6 (C), 126.8 (CH),
120.8 (CH and C), 120.1 (CH), 116.8 (C), 112.9 (CH), 45.1 (CH3),
30.9 (CH2); HR-ESIMS m/z 320.0507 [M þ H]þ (calcd for
C16H15ClNO2S 320.0512).

4.1.6. 3-(4-Bromobenzyl)-5-(methylsulfonyl)-1H-indole (14c)
Procedure A: White solid; 50% yield; mp 169e171 �C; IR (KBr) n

3307, 3024, 2926, 1486, 1278, 1140, 1095, 1010, 764 cm�1; 1H NMR
(400 MHz, (CD3)2CO) d ppm 10.69 (s, 1H), 8.11 (s, 1H), 7.66 (d,
J¼ 8.3 Hz,1H), 7.61 (d, J¼ 8.3 Hz,1H), 7.45 (d, J¼ 7.6 Hz, 2H), 7.38 (s,
1H), 7.29 (d, J ¼ 7.6 Hz, 2H), 4.18 (s, 2H), 3.03 (s, 3H); 13C NMR
(100 MHz, (CD3)2CO) d ppm 141.4 (C), 139.8 (C), 132.7 (C), 132.1 (2�
CH), 131.4 (2� CH), 127.6 (C), 126.8 (CH), 120.8 (CH), 120.0 (CH and
C), 116.8 (C), 112.9 (CH), 45.1 (CH3), 31.0 (CH2); HR-ESIMS m/z
364.0001 [M þ H]þ (calcd for C16H15BrNO2S 364.0007).

4.1.7. 3-(4-Fluorobenzyl)-1H-indole-5-sulfonamide (14d)
Procedure A: White solid; 39% yield; mp 153e155 �C. IR (KBr) n

3379, 3291, 3251, 1506, 1313, 1147, 1096 cm�1; 1H NMR (400 MHz,
(CD3)2CO) d ppm 10.53 (s, 1H), 8.09 (s, 1H), 7.66 (d, J ¼ 8.3 Hz, 1H),
7.53 (d, J¼ 8.3 Hz,1H), 7.41e7.25 (m, 3H), 7.02 (t, J¼ 8.0, 8.0 Hz, 2H),
6.33 (s, 2H), 4.14 (s, 2H); 13C NMR (100 MHz, (CD3)2CO) d ppm 162.1
(d, J¼ 240 Hz, CF), 139.1 (C), 138.2 (C), 135.7 (C), 131.0 (2� CH), 127.3
(C), 126.2 (CH), 120.2 (CH), 118.5 (CH), 116.9 (C), 115.7 (2� CH), 112.5
(CH), 30.8 (CH2); HR-ESIMS m/z 305.0755 [M þ H]þ (calcd for
C15H14FN2O2S 305.0760).
4.1.8. 3-(4-Chlorobenzyl)-1H-indole-5-sulfonamide (14e)
Procedure A: White solid; 46% yield; mp 205e206 �C; IR (KBr) n

3402, 3336, 3267, 1488, 1324, 1154, 1090, 1016, 806 cm�1; 1H NMR
(400 MHz, (CD3)2CO) d ppm 10.55 (s, 1H), 8.08 (s, 1H), 7.66 (d,
J ¼ 8.4 Hz, 1H), 7.53 (d, J ¼ 8.4 Hz, 1H), 7.38e7.23 (m, 5H), 6.32 (s,
2H), 4.15 (s, 2H); 13C NMR (100 MHz, (CD3)2CO) d ppm 141.1 (C),
139.1 (C), 135.8 (C), 131.9 (C), 131.0 (2� CH), 129.1 (2� CH), 127.3 (C),
126.3 (CH), 120.2 (CH), 118.5 (CH), 116.4 (C), 112.5 (CH), 32.0 (CH2);
HR-ESIMS m/z 321.0459 [M þ H]þ (calcd for C15H14ClN2O2S
321.0465).

4.1.9. 3-(4-Bromobenzyl)-1H-indole-5-sulfonamide (14f)
Procedure A: White solid; 42% yield; mp 220e221 �C. IR (KBr) n

3392, 3331, 3266, 1485, 1323, 1153, 1099, 1010, 803 cm�1; 1H NMR
(400 MHz, (CD3)2CO) d ppm 10.57 (s, 1H), 8.08 (s, 1H), 7.66
(d, J ¼ 8.5 Hz, 1H), 7.54 (d, J ¼ 8.5 Hz, 1H), 7.44 (d, J ¼ 8.1 Hz, 2H),
7.34 (s, 1H), 7.26 (d, J ¼ 8.1 Hz, 2H), 6.33 (s, 2H), 4.14 (s, 2H); 13C
NMR (100MHz, (CD3)2CO) d ppm 141.7 (C), 139.1 (C), 135.8 (C), 132.1
(2� CH), 131.4 (2� CH), 127.3 (C), 126.4 (CH), 120.2 (CH), 119.4 (C),
118.5 (CH),116.3 (C),112.5 (CH), 32.0 (CH2); HR-ESIMSm/z 364.9954
[M þ H]þ (calcd for C15H14BrN2O2S 364.9959).

4.1.10. 4-((5-Bromo-1H-indol-3-yl)methyl)benzenesulfonamide
(18)

Procedure A: The reaction was performed at room temperature.
White solid; Yield 79%; mp 157e159 �C; IR (KBr) n 3401, 2923, 1462,
1325, 1158, 1095, 882 cm�1; 1H NMR (400 MHz, (CD3)2CO) d ppm
10.36 (s, 1H), 7.80 (d, J ¼ 7.4 Hz, 2H), 7.62 (s, 1H), 7.48 (d, J ¼ 7.4 Hz,
2H), 7.38 (d, J ¼ 8.4 Hz, 1H), 7.29 (s, 1H), 7.21 (d, J¼ 8.4 Hz, 1H), 6.49
(s, 2H), 4.19 (s, 2H); 13C NMR (100 MHz, (CD3)2CO) d ppm 146.9 (C),
142.7 (C), 136.5 (C), 130.0 (C), 129.7 (2� CH), 127.0 (2� CH), 125.8
(CH), 124.9 (CH), 121.8 (CH), 114.3 (C), 114.1 (CH), 112.5 (C), 31.6
(CH2); HR-ESIMS m/z 364.9954 [M þ H]þ (calcd for C15H14BrN2O2S
364.9959).

4.1.11. 2,3-Bis(4-fluorobenzyl)-5-(methylsulfonyl)-1H-indole (15a)
Procedure A: White solid; 9% yield; mp 165e168 �C; IR (KBr) n

3320, 3227, 2929, 1508, 1291, 1222, 1140 cm�1; 1H NMR (400 MHz,
(CD3)2CO) d ppm 10.61 (s, 1H), 8.02 (s, 1H), 7.60 (d, J ¼ 8.5 Hz, 1H),
7.50 (d, J¼ 8.5 Hz,1H), 7.29e7.18 (m, 4H), 7.09e6.89 (m, 4H), 4.24 (s,
4H), 3.01 (s, 3H); 13C NMR (100 MHz, (CD3)2CO) d ppm 139.3 (C),
138.8 (C), 138.2 (C), 135.9 (C), 132.9 (C), 131.2 (2� CH), 130.8 (2�
CH), 129.0 (C), 120.8 (C), 120.5 (CH), 120.2 (C), 119.7 (CH), 115.9 (4�
CH), 113.0 (C), 112.2 (CH), 45.2 (CH3), 32.0 (CH2), under the solvent
peak (CH2); HR-ESIMS m/z 412.1177 [M þ H]þ (calcd for
C23H20F2NO2S 412.1183).

4.1.12. 2,3-Bis(4-chlorobenzyl)-5-(methylsulfonyl)-1H-indole (15b)
Procedure A: White solid; 7% yield; mp 210e211 �C; IR (KBr) n

3310, 2918, 1491, 1290, 1142, 1113, 765 cm�1; 1H NMR (400 MHz,
(CD3)2CO) d ppm 10.61 (s, 1H), 8.03 (s, 1H), 7.61 (d, J ¼ 8.4 Hz, 1H),
7.51 (d, J ¼ 8.4 Hz, 1H), 7.35e7.12 (m, 8H), 4.25 (s, 4H), 3.01 (s, 3H);
13C NMR (100 MHz, (CD3)2CO) d ppm 141.1 (C), 139.2 (C), 138.7 (C),
138.5 (C),132.9 (C),132.6 (C),131.9 (C), 131.2 (2� CH),130.8 (2� CH),
129.3 (2� CH), 129.1 (2� CH), 128.9 (C), 120.6 (CH), 119.6 (CH), 112.8
(C), 112.2 (CH), 45.2 (CH3), 32.1 (CH2), under the solvent peak (CH2);
HR-ESIMS m/z 444.0586 [M þ H]þ (calcd for C23H20Cl2NO2S
444.0592).

4.1.13. 2,3-Bis(4-bromobenzyl)-5-(methylsulfonyl)-1H-indole (15c)
Procedure A: White solid; 15% yield; mp 189e193 �C; IR (KBr) n

3316, 2922, 1488, 1289, 1142, 1114, 1072, 1011, 765 cm�1; 1H NMR
(400 MHz, (CD3)2CO) d ppm 10.77 (s, 1H), 8.03 (s, 1H), 7.60 (d,
J ¼ 8.5 Hz, 1H), 7.52 (d, J ¼ 8.5 Hz, 1H), 7.42 (d, J ¼ 8.3 Hz, 2H), 7.38
(d, J ¼ 8.3 Hz, 2H), 7.20e7.13 (m, 4H), 4.23 (s, 2H), 4.23 (s, 2H), 3.01
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(s, 3H); 13C NMR (100 MHz, (CD3)2CO) d ppm 141.6 (C), 139.2 (2� C),
138.4 (C), 132.9 (C), 132.3 (2� CH), 132.1 (2� CH), 131.5 (2� CH),
131.2 (2� CH),128.9 (C),120.5 (CH and C),119.9 (C),119.5 (CH),112.6
(C), 112.2 (CH), 45.1 (CH3), 32.1 (CH2), under the solvent peak (CH2);
HR-ESIMS m/z 531.9576 [M þ H]þ (calcd for C23H20Br2NO2S
531.9581).

4.1.14. 2,3-Bis(4-fluorobenzyl)-1H-indole-5-sulfonamide (15d)
Procedure A: White solid; 11% yield; mp 183e185 �C; IR (KBr) n

3396, 3267, 3038, 2926, 1507, 1327, 1217, 1154 cm�1; 1H NMR
(400 MHz, (CD3)2CO) d ppm 10.46 (s, 1H), 8.01 (s, 1H), 7.61
(d, J ¼ 8.4 Hz, 1H), 7.43 (d, J ¼ 8.4 Hz, 1H), 7.22 (m, 4H), 7.08e6.91
(m, 4H), 6.29 (s, 2H), 4.22 (s, 2H), 4.20 (s, 2H); 13C NMR
(100 MHz, (CD3)2CO) d ppm 162.4 (d, J ¼ 240 Hz, CF), 162.0 (d,
J ¼ 239 Hz, CF), 138.3 (CH and C), 138.2 (C), 135.9 (CH and C),
131.2 (2� CH), 130.7 (2� CH), 128.6 (C), 119.9 (CH), 118.1 (CH),
115.8 (4� CH), 112.6 (C), 111.8 (CH), under the solvent peak (2�
CH2); HR-ESIMS m/z 413.1130 [M þ H]þ (calcd for C22H18F2N2O2S
413.1135).

4.1.15. 2,3-Bis(4-chlorobenzyl)-1H-indole-5-sulfonamide (15e)
Procedure A: White solid; 15% yield; mp 172e173 �C; IR (KBr)

n 3317, 3066, 2909, 1703, 1489, 1317, 1156, 1014, 800 cm�1; 1H
NMR (400 MHz, (CD3)2CO) d ppm 10.48 (s, 1H), 8.01 (s, 1H), 7.62
(d, J ¼ 8.4 Hz, 1H), 7.44 (d, J ¼ 8.4 Hz, 1H), 7.33e7.12 (m, 8H),
6.31 (s, 2H), 4.23 (s, 2H), 4.20 (s, 2H); 13C NMR (100 MHz,
(CD3)2CO) d ppm 141.2 (C), 138.8 (C), 138.4 (C), 137.9 (C), 135.9
(C), 132.5 (CH), 131.8 (C), 131.1 (2� CH), 130.7 (2� CH), 129.3 (2�
CH), 129.0 (2� CH), 128.5 (C), 119.9 (CH and C), 118.0 (CH), 112.3
(CH), 111.8 (C), 32.0 (CH2), under the solvent peak (CH2); HR-
ESIMS m/z 467.0358 [M þ Na]þ (calcd for C22H18Cl2N2NaO2S
467.0364).

4.1.16. 2,3-Bis(4-bromobenzyl)-1H-indole-5-sulfonamide (15f)
Procedure B: White solid; 89% yield; mp 213e216 �C; IR (KBr) n

3406, 3336, 3270, 2924, 1487, 1320, 1157, 1011, 802 cm�1; 1H NMR
(400 MHz, (CD3)2CO) d ppm 10.49 (s, 1H), 8.01 (s, 1H), 7.62 (d,
J ¼ 8.3 Hz, 1H), 7.48e7.34 (m, 5H), 7.15 (d, J ¼ 7.3 Hz, 4H), 6.30 (s,
2H), 4.21 (s, 2H), 4.19 (s, 2H).; 13C NMR (100 MHz, (CD3)2CO) d ppm
141.6 (C), 139.3 (C), 138.4 (C), 137.8 (C), 135.9 (C), 132.3 (2� CH),
132.0 (2� CH), 131.5 (2� CH), 131.1 (2� CH), 128.5 (C), 120.6 (C),
119.9 (CH and C), 118.0 (CH), 112.3 (C), 111.8 (CH), 32.1 (CH2), under
the solvent peak (CH2); HR-ESIMS m/z 554.9348 [M þ Na]þ (calcd
for C22H18Br2N2NaO2S 554.9353).

4.1.17. General procedure for the preparation of N-alkylated-3-p-
halo-benzylated-5-(methylsulfonyl)indoles (16aec and 17aec)

To a solution of 3-p-halo-benzylated-5-(methylsulfonyl)indole
(1 equiv.) in dry THF (ca. 8 mL per mmol of indole derivative) was
added NaH (0.9 equiv.) at 0 �C under argon. The reaction mixture
was stirred at that temperature for 45 min (2,2,2-trifluoro-ethyl)-
oxirane (1.1 equiv.) was added andmixturewas refluxed for 2 h. The
reaction was quenched with distilled water and extracted with
ethyl acetate. The combined organic layers were washed with
water and brine, dried over sodium sulfate anhydrous, filtered and
concentrated. The crude was purified by PTLC (CH2Cl2/MeOH 2%)
affording compounds 16aec.

To a solution of previous compounds in dry THF (ca. 7 mL per
mmol of indole derivative), triethylamine (2 equiv.) and meth-
anesulfonyl chloride (1.3 equiv.) were added at 0 �C under argon.
The mixture was stirred at that temperature for 30 min, and then
allowed towarm at room temperature and stirred for another 1h30.
The solvent was removed under reduced pressure and the residue
was dissolved in ethyl acetate, washed with distilled water, dried
over sodium sulfate anhydrous, filtered and concentrated. The
crude was dissolved in dry THF, and DBU (1.3 equiv.) was added at
room temperature under argon. The reaction mixture was refluxed
for 30 min. After this time was performed the work-up described
above. The crude was purified by silica flash chromatography
(CH2Cl2) affording 17aec.

4.1.17.1. 1-(3-(4-Fluorobenzyl)-5-(methylsulfonyl)-indol-1-yl)-4,4,4-
trifluorobutan-2-ol (16a). White solid; 62% yield; mp 75e79 �C; IR
(KBr) n 3481, 1510, 1292, 1148, 1132 cm�1; 1H NMR (400 MHz,
(CD3)2CO) d 8.10 (s, 1H), 7.77e7.63 (m, 2H), 7.36 (m, 3H), 7.04
(t, J ¼ 8.1, 8.1 Hz, 2H), 4.53e4.37 (m, 2H), 4.37e4.25 (m, 1H), 4.18 (s,
2H), 3.04 (s, 3H), 2.68e2.36 (m, 2H); 13C NMR (100 MHz, (CD3)2CO)
d ppm 162.2 (d, J ¼ 240 Hz, CF), 141.2 (C), 137.9 (C), 132.8 (C), 131.1
(4� CH), 126.2 (C), 120.7 (CH), 120.2 (CH), 116.9 (C), 115.7 (CH), 111.5
(CH), 66.1 (CH), 52.7 (CH2), 45.1 (CH3), 39.0 (q, CH2eCF3), 30.7
(CH2); HR-ESIMS m/z 430.1095 [M þ H]þ (calcd for C20H20F4NO3S
430.1100).

4.1.17.2. 1-(3-(4-Chlorobenzyl)-5-(methylsulfonyl)-indol-1-yl)-4,4,4-
trifluorobutan-2-ol (16b). White solid; 46% yield; mp 115e117 �C; IR
(KBr) n 3484, 2926, 1741, 1408, 1290, 1148 cm�1; 1H NMR (400 MHz,
(CD3)2CO) d ppm 8.10 (s, 1H), 7.72 (d, J ¼ 8.4 Hz, 1H), 7.69 (d,
J¼ 8.4 Hz,1H), 7.46e7.22 (m, 5H), 4.53e4.37 (m, 2H), 4.37e4.25 (m,
1H), 4.18 (s, 2H), 3.04 (s, 3H), 2.74e2.30 (m, 2H); 13C NMR
(100 MHz, (CD3)2CO) d ppm 140.8 (C), 140.1 (C), 132.8 (C), 132.1 (C),
131.1 (2� CH), 131.0 (CH), 129.1 (2� CH), 128.1 (C), 120.8 (CH), 120.2
(CH), 116.5 (C), 111.5 (CH), 66.1 (CH), 52.7 (CH2), 45.1 (CH3), 39.0 (q,
CH2eCF3), 30.8 (CH2); HR-ESIMS m/z 446.0799 [M þ H]þ (calcd for
C20H20ClF3NO3S 446.0805).

4.1.17.3. 1-(3-(4-Bromobenzyl)-5-(methylsulfonyl)-indol-1-yl)-4,4,4-
trifluorobutan-2-ol (16c). White solid; 49% yield; mp 139e141 �C;
IR (KBr) n 3486, 2928, 1290, 1146, 1133 cm�1; 1H NMR (400 MHz,
(CD3)2CO) d ppm 8.11 (s, 1H), 7.74e7.67 (m, 2H), 7.44 (d, J ¼ 8.0 Hz,
2H), 7.37 (s, 1H), 7.29 (d, J ¼ 8.0 Hz, 2H), 4.54e4.37 (m, 2H),
4.37e4.24 (m, 1H), 4.16 (s, 2H), 3.05 (s, 3H), 2.76e2.35 (m, 2H); 13C
NMR (100MHz, (CD3)2CO) d ppm 141.3 (C), 140.1 (C), 132.7 (C), 132.1
(2� CH), 131.5 (2� CH), 131.0 (CH), 128.1 (C), 120.7 (CH), 120.2 (CH
and C), 116.3 (C), 111.5 (CH), 66.5 (CH), 52.7 (CH2), 45.0 (CH3), 39.0
(q, CH2eCF3), 30.9 (CH2); HR-ESIMS m/z 490.0294 [M þ H]þ (calcd
for C20H20BrF3NO3S 490.0299).

4.1.17.4. 3-(4-Fluorobenzyl)-5-(methylsulfonyl)-1-(4,4,4-trifluorobut-
1-en-1-yl)indole (17a). White solid; 66% yield (0.6:0.4, cis/trans); mp
83e86 �C; IR (NaCl) n 2928, 1674, 1509, 1303, 1137, 759 cm�1; 1H
NMR (400MHz, (CD3)2CO) d ppm 8.15 (s, 2H), 7.92e7.58 (m, 5H), 7.51
(s, 1H), 7.42e7.31 (m, 6H), 7.08e7.00 (m, 4H), 6.01e5.87 (m, 1H),
5.67e5.59 (m, 1H), 4.21 (s, 2H), 4.20 (s, 2H), 3.44e3.29 (m, 2H),
3.30e3.15 (m, 2H), 3.07 (s, 6H); 13C NMR (100MHz, (CD3)2CO) d ppm
162.2 (d, J ¼ 240 Hz, CF), 139.7, 138.9, 137.3, 134.4, 131.1, 129.7, 128.7,
128.3, 125.3, 122.3, 122.1, 120.8, 120.5, 119.5, 115.9, 115.7, 112.1, 111.7,
111.2, 103.6, 45.0 (CH3), 32.7 (q, CH2), 30.6 (CH2); HR-ESIMS m/z
412.0989 [M þ H]þ (calcd for C20H18F4NO2S 412.0994).

4.1.17.5. 3-(4-Chlorobenzyl)-5-(methylsulfonyl)-1-(4,4,4-trifluorobut-
1-en-1-yl)indole (17b). White solid; 83% Yield (0.6:0.4, cis/trans); mp
97e100 �C; IR (NaCl) n 2928, 1301, 1136 cm�1; 1H NMR (400 MHz,
(CD3)2CO) d ppm 8.15 (s, 2H), 7.92e7.59 (m, 5H), 7.54 (s, 1H),
7.45e7.27 (m,10H), 5.94 (m,1H), 5.68e5.58 (m,1H), 4.23 (s, 2H), 4.21
(s, 2H), 3.46e3.28 (m, 2H), 3.28e3.16 (m, 2H), 3.07 (s, 6H); 13C NMR
(100 MHz, (CD3)2CO) d ppm 140.3, 140.0, 139.7, 138.9, 134.5, 132.3,
131.1, 129.7, 129.3, 128.7, 128.2, 125.5, 122.3, 122.1, 120.5, 119.0, 112.2,
111.8, 111.2, 103.7, 44.9 (CH3), 35.1 (q, CH2), 32.7 (q, CH2), 30.7 (CH3);
HR-ESIMS m/z 428.0693 [M þ H]þ (calcd for C20H18ClF3NO2S
428.0699).
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4.1.17.6. 3-(4-Bromobenzyl)-5-(methylsulfonyl)-1-(4,4,4-trifluorobut-
1-en-1-yl)indole (17c). White solid; 69% yield (0.6:0.4, cis/trans); mp
94e97 �C; IR (NaCl) n 2925, 1301, 1136 cm�1; 1H NMR (400 MHz,
(CD3)2CO) d ppm 8.15 (s, 2H), 7.89e7.61 (m, 5H), 7.54 (s, 1H),
7.48e7.42 (m, 4H), 7.38e7.26 (m, 6H), 6.04e5.87 (m, 1H), 5.69e5.58
(m, 1H), 4.21 (s, 2H), 4.20 (s, 2H), 3.45e3.29 (m, 2H), 3.23 (m, 2H),
3.07 (s, 6H); 13C NMR (100 MHz, (CD3)2CO) d ppm 140.8, 139.7, 134.5,
132.2, 131.5, 129.7, 128.8, 128.7, 128.2, 125.5, 122.1, 120.5, 120.3, 118.9,
112.3,111.8,111.2, 45.0 (CH3), 32.7 (q, CH2), 30.8 (CH2); HR-ESIMSm/z
472.0188 [M þ H]þ (calcd for C20H18BrF3NO2S 472.0194).

4.2. NMR studies

4.2.1. Samples for NMR
COX-1 from ram seminal vesicles and COX-2 from sheep

placenta were purchased from Cayman Chemical (Ann Arbor, MI,
USA). The proteins are supplied in 80 mM TriseHCl, pH 8.0, 0.1%
Tween 20 and 300 mM diethyldithiocarbamate (DDC) and were
used as such. Stock solutions of compounds 14d and 15d (2 mM)
were prepared in DMSO-d6. The samples for STD-NMR experi-
ments were prepared by adding the appropriate amount of
ligand stock solution to a 3 mm NMR tube containing the
enzyme. Final concentrations were in the range of 3 mM of COX
and 300 mM of ligand(s) in a total volume of 300 mL, when
necessary volumes were corrected with 80 mM TriseHCl buffer
at pH 8.0.

4.2.2. NMR spectroscopy
All spectra were acquired at 37 �C in a Bruker Avance III spec-

trometer operating at 600.13 MHz, with a 5 mm triple resonance
cryogenic probehead. The STD-NMR spectra were acquired with
a standard pulse sequence from the Bruker library with a spin-lock
(T1r) for protein background suppression and water suppression
with excitation sculpting with gradients. 1024 transients were
acquired in a matrix of 32 k data points in t2 using a spectral
window of 12019 Hz centered at 2812.4 Hz. A 2 kHz spin lock filter
with a length of 20 ms was used. Selective saturation of protein
resonances was performed by irradiating at�300 Hz (on resonance
spectrum) using a series of 51 Eburp2.1000 shaped 90� pulses
(50 ms, 1 ms delay between pulses), for a total saturation time of
2.5 s. For the off resonance spectrum irradiation was performed at
20,000 Hz. All data was processed with Bruker Topspin 2.1 and the
STD spectra were obtained after subtraction of the on-resonance
spectra from the off-resonance spectra.

The relative STD effect for a given hydrogen - (ISTD/I0) � 100,
where I0 and ISTD are the intensities of the reference (off resonance)
and difference (STD-NMR) spectra respectively e was normalized
using the highest intensity STD response as a reference for every
spectrum.

4.3. COXs inhibition tests

4.3.1. Reagents
The COX-1 and COX-2 assay kit was obtained from Cayman

Chemical Co., Ann Arbor, MI, USA.

4.3.2. Equipment
Amicroplate reader (Synergy HT, BIO-TEK), was used to perform

the spectrophotometric readings in COX-1 and COX-2 inhibition
assays.

4.3.3. COX-1 and COX-2 inhibition assays
The inhibition of COX-1 (ovine) and COX-2 (human recombi-

nant), by the synthesized compounds was determined in a cell-free
system by quantifying the levels of PGF 2a, produced by catalysis of
arachidonic acid, using an Enzyme Immunoassay (EIA) kit (COX
Inhibitor Screening Assay) supplied by Cayman Chemical Co., Ann
Arbor, MI, USA. The known COX inhibitors indomethacin and cel-
ecoxib were used as positive controls. The results are expressed as
the percent inhibition of control COX-1 or COX-2 activity. For each
experimental condition, were performed at least four independent
assays, in duplicate.

4.4. Docking studies

For all docking calculations Autodock 4.2 [30] (Release 4.2.2.1 in
combination with Autogrid 4.2.2.) was used for the flexible ligand
docking into two X-ray crystal structures 2AYL [31] and 3PGH [32]
for COX-1 and COX-2, respectively.
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