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Abstract—Resveratrol ((E)-3,4 0,5-trihydroxy-stilbene), a phytoalexin found in various plants, shows non-selective cyclooxygenase-1
(COX-1) and cyclooxygenase-2 (COX-2) inhibition. In order to find more selective COX inhibitors a series of bridged stilbene deriv-
atives was synthesized and evaluated for their ability to inhibit both COX-1 and COX-2 in vitro. The compounds showed a high rate
of COX-1 inhibition with the most potent compounds exhibiting submicromolar IC50 values and high selectivity indices. A predic-
tion model for COX-inhibiting activity was also developed using the classical LIE approach resulting in consistent docking data for
our molecule sample. Phenyl substituted 1,2-dihydronaphthalene derivatives and 1H-indene derivatives therefore represent a novel
class of highly selective COX-1 inhibitors and land promising candidates for in vivo studies.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Resveratrol ((E)-3,4 0,5-trihydroxy-stilbene) is a phyto-
alexin found in various plants, especially in the skin of
grapes and in consequence also in red wine. This stilbene
derivative demonstrates anti-inflammatory, cardiovas-
cular protective, and cancer chemopreventive proper-
ties.1 Resveratrol has been reported to play a role in
the prevention of heart diseases associated with red wine
consumption because it inhibits platelet aggregation,2

alters eicosanoid synthesis,2,3 and modulates lipid and
lipoprotein metabolism.4,5 Further it was found to be
a non-selective inhibitor of COX-1 and COX-2.6

The enzymes COX-1 and COX-2 catalyze the first two
steps in the synthesis of all vasoactive prostaglandins
(PGs). Two distinct active sites on these enzymes are
responsible for the conversion of arachidonic acid to
PGH2.7–9 This bicyclic peroxide is the starting com-
pound in the biosynthesis of other PGs and thrombox-
anes (Tx). Among others, PGs are mediators of the
vascular homeostasis. Though, thromboxane TxA2 acts
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as a potent vasoconstrictor and platelet aggregator and
it is synthesized in activated platelets by COX-1. In con-
trast, PGI2 is a potent vasodilator and an antiplatelet
aggregator and is synthesized in the vascular endothelial
cells by COX-2.9–11 Selective inhibition of COX-1 offers
an opportunity for developing a new class of cardiopro-
tective agents by tilting the TxA2-PGI2 balance in favor
of PGI2, a way, that low-dose aspirin exerts its cardio-
protective effects.12–15

Furthermore, experimental and clinical results have sug-
gested a possible involvement of COX-1 in cancer and
pain development.16–20 In fact, epidemiological data
showed that regular use of low-dose aspirin, which
inhibits selective platelet COX-1 activity, can reduce co-
lon cancer incidence and mortality.21–23 Thus, selective
COX-1 inhibitors might be useful cardioprotective, che-
mopreventive, and analgesic agents.

Concerning the serious gastrointestinal adverse effects of
non-selective NSAIDs, the following matter of fact
could be stated: selective COX-2 inhibitors as well as
selective COX-1 inhibitors are more efficacious as non-
selective NSAIDs for the therapy of different diseases.
Both selective inhibitors show the advantage of reduced
gastrointestinal toxicity associated with the administra-
tion of non-selective NSAIDs.24
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Figure 1. General structure of ‘‘bridged’’ stilbene derivatives.
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The simplicity of resveratrol, associated with its interest-
ing biological activities, offers pathways for rational
design of new therapeutic agents, and in this context,
recent efforts have been devoted to the detailed study of
structure–activity relationships (SAR) of this type of
substituted stilbene derivatives.25–27 In this paper, we
want to present the synthesis of novel stilbene derivatives
and their influence on the COX-1/COX-2 system.

As demonstrated before, some hydroxylated or meth-
oxylated resveratrol analogues exhibited a several fold
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Scheme 1. Synthesis and chemical structures of provided compounds.
higher COX-2 selectivity than resveratrol28 and in con-
tinuation we investigated in this paper whether bridged
resveratrol analogues might favor a better and more
selective COX-1 inhibition than resveratrol.

As part of our ongoing program to design novel selec-
tive COX-1 inhibitors, we present herein the synthesis
and biological evaluation of a new class of stilbenes
bridged by a methylene or ethylene group or usually
named 1,2-dihydronaphthalene derivatives and 1H-in-
dene derivatives as shown in Figure 1.

Five dihydronaphthalene derivatives and three 1H-in-
dene derivatives were therefore synthesized using stan-
dard chemical methods. Each analogue was then tested
for COX-1 and COX-2 inhibition in an in vitro model
and the resulting inhibition values were compared with
that of resveratrol, with the clinically established selec-
tive COX-2 inhibitor celecoxib and with aspirin. In addi-
tion, as resveratrol exerts vasodilating effects on blood
vessels,29 selected compounds were investigated for their
relaxing effect on smooth muscles. Structure–activity
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relationship (SAR) studies were conducted to evaluate
the effects of various structural parameters of the mole-
cules on COX-1 and COX-2 inhibition.
2. Results and discussion

2.1. Chemistry

The 1,2-dihydronaphthalene derivatives (3–7) and 1H-
indene derivatives (9–11) were synthesized using stan-
dard chemical methodologies (resveratrol was obtained
from a commercial supplier and was of analytical grade)
(Scheme 1).

The corresponding phenyl substituted 1,2-dihydronaph-
thalene derivatives were obtained from 3-bromo-1,2-
dihydronaphthalene (1)46 via Suzuki reaction with the
appropriate phenylboronic acid derivative. Compound
1 was synthesized starting with the bromination of
1-tetralone with bromine, reduction with NaBH4, and
elimination of H2O. The following Suzuki coupling
reactions with the substituted boronic acids were carried
out at 90 �C in the presence of potassium carbonate and
tetrakis(triphenylphosphine)palladium(0) as catalyst to
afford the desired methoxy compounds 3–7 in good
yields. The corresponding phenyl substituted 1H-indene
derivatives were synthesized in the same manner starting
from 1-indanone to yield 2-bromo-1H-indene47 and
finally molecules 9–11 smoothly.

2.2. Inhibition of COX-1 and COX-2

Inhibition of COX-1 and COX-2 by the compounds de-
scribed above was analyzed in a cell-free immunoassay
Table 2. Relaxing effect of resveratrol and selected compounds 2, 6, 7, and

Compound Terminal ileum

(decrease of fc at 100 lM, n = 3)

Aorta ri

(decreas

4 �45.34 ± 10% �15.97 ±

9 �51.74 ± 7% �28.08 ±

10 �40.89 ± 12% �35.72 ±

11 �35.94 ± 14% �3.45 ±

Resveratrol �64.77 ± 2% (n = 5) �55.15 ±

Table 1. Inhibitory effect of 3–7, 9–11 and the reference compounds

resveratrol, celecoxib, and aspirin on COX-1 and COX-2 activity

Compound IC50 (COX-1)

(lM)

IC50 (COX-2)

(lM)

Selectivity index

COX-2/COX-1

3 0.48 0.66 1.38

4 61.1 >100 >1.63

5 >100 >100 —

6 0.38 0.03 0.079

7 0.015 >100 >6666

9 12.8 >100 >7.8

10 0.46 62.3 135

11 0.03 1.33 44.3

Resveratrol 0.535 0.996 1.86

Celecoxib 19.03 0.035 0.0018

Aspirin 90–100 100–110 1
system. Purified ovine enzyme served as the source of
COX-1, while the human recombinant enzyme formed
the source of COX-2. The inhibition of COX-1 and
COX-2 is shown in Table 1 with IC50 values given in
lM and corresponding selectivity indices compared to
resveratrol, celecoxib and aspirin.

The data presented herein pointed out that aspirin was
a weak, non-selective inhibitor of both isoenzymes
(IC50 for COX-1 and COX-2 about 100 lM), whereas
reseveratrol possessed micromolar, non-selective inhib-
itory action (IC50 for COX-1 and COX-2 about
1 lM). On the other hand, celecoxib showed potent
and selective COX-2 inhibition (IC50(COX-2) =
0.035 lM).

Concerning our molecules, a clear SAR could be
achieved, since only polymethoxylated molecules exhib-
ited selective and potent COX-1 inhibition. The dioxo-
lane derivatives 5 and 9 possessed no relevant
inhibitory effects on both isoenzymes with IC50 values
from 12.5 and 63 lM to >100 lM. In contrast, the
methoxy derivatives, especially compounds 7 and 11,
were potent inhibitors of COX-1 exhibiting IC50 values
of 0.015 lM for 7 and 0.03 lM for 11, respectively.
In general, the inhibitory effect toward COX-1 could
be improved by adding an increasing number of
methoxy-groups as shown for both 1,2-dihydronaphtha-
lene and 1H-indene. Thus, compound 7 exhibited a
10-fold higher inhibitory action than molecule 6
(IC50 (COX-1) = 0.015 lM vs 0.38 lM) and the same
trend could be observed for the 1-H-indene derivatives
11 and 10 (IC50(COX-1) = 0.03 lM vs 0.46 lM).

Based on the IC50 values for COX-1 and COX-2, the rel-
ative ratios of IC50 COX-2/ IC50 COX-1 were calculated
and the data are also presented in Table 1. The selectiv-
ity indices for the novel compounds ranged from 0.079
(compound 6) representing a COX-2-selective molecule
and 135 (compound 10) representing a COX-1-selective
molecule to a ratio of >6666 for compound 7, hence
showing no affinity toward COX-2.

2.3. Effects on smooth muscles

The effects of the compounds 3, 4, 9, 10, and 11 on ter-
minal ilea, aortic, and arteria pulmonalis rings were
investigated in concentrations between 0.3 and
100 lmol/L (Table 2). Compound 3 did not change force
of contraction (fc) in terminal ilea (n = 3, 100 lmol/L)
and in aortic (n = 3, 100 lmol/L) but slightly reduced
fc in arteria pulmonalis rings to �11.01 ± 6.72% (n = 3,
8 on smooth muscle preparations

ngs

e of fc at 100 lM, n = 3)

Arteria pulm. rings

(decrease of fc at 100 lM, n = 3)

14% �41.45 ± 9%

2% �19.82 ± 3%

2% �26.08 ± 3%

10% �11.92 ± 11%

7% (n = 5) �53.56 ± 7% (n = 5)
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100 lmol/L). Compound 4 exerted a more potent effect.
Reduction of fc in terminal ilea was �45.34 ± 10.80%
(n = 3, 100 lmol/L), in aortic rings �15.97 ± 14.61%
(n = 3, 100 lmol/L), and in arteria pulmonalis rings
�41.45 ± 9.36% (n = 3, 100 lmol/L). Compound 9 de-
creased fc in terminal ilea to �51.74 ± 7.93% (n = 3,
100 lmol/L), in aortic rings to �28.08 ± 1.71% (n = 3,
100 lmol/L), and in arteria pulmonalis rings to
�19.82 ± 3.59% (n = 3, 100 lmol/L). Compound 10
showed similar effects with a reduction of fc in terminal
ilea to �40.89 ± 11.90% (n = 3, 100 lmol/L), in aortic
rings to �35.7 ± 2.54% (n = 3, 100 lmol/L), and in arte-
ria pulmonalis rings to �26.08 ± 3.58% (n = 3,
100 lmol/L). Compound 11 was less effective. It lowered
fc in terminal ilea to �35.94 ± 14.29% (n = 3, 100 lmol/
L), in aortic rings to �3.45 ± 10.61% (n = 3, 100 lmol/
L), and in arteria pulmonalis rings to �11.92 ± 11.17%
(n = 3, 100 lmol/L).

All compounds studied did not show a significant vasod-
ilatory effect which has been reported for resveratrol
before, indicating that there is no difference between
compounds with an 1H-indene moiety or a 1,2-dihydro-
naphthalene moiety.

2.4. Docking simulation

2.4.1. Theoretical methods. Rigorous computational
methods such as FEP (free energy perturbation) have
shown to predict experimental binding affinities of
COX-1 and COX-2 well.30,31 FEP is able to predict
accurate relative free energies of binding but is limited
in the number of inhibitor–protein complexes investi-
gated due to the high computational demands. As a
compromise between accuracy and computational
speed, Aquist and Marelius32 have developed the linear
interaction energy (LIE) approach, which has been
applied to many systems with very good results (in
the order of 1 kcal/mol). Underlying this method is
the assumption, that the free energy of binding can be
modeled by the two endpoints of the thermodynamic
cycle of ligand binding. These endpoints are the free
ligand solvated and the bound ligand solvated. For
these two models simulations are carried out. Aquist
and Marelius used molecular dynamic simulations to
obtain ensemble averages (denoted by h i) of the inter-
molecular van der Waals (vdw) and electrostatic (elec)
interactions. The binding free energy of interaction
was then derived by the following formula:

DGbind ¼ a DU vdwh i þ 0:5 DU elech i Formula 1

The D term indicates the energy difference between li-
gand bound and free states. The van der Waals term is
included to account for the non-electrostatic contribu-
tions to the free energy of binding. The non-polar terms
are assumed to be correlated to the van der Waals inter-
actions. As a result the parameter a is added, which can
be adjusted by linear regression using experimental data.

In later publications, Aquist proposed an adjustable b
parameter based on charges and number of hydroxyl
groups.
Other groups proposed a third parameter to fit to exper-
imental data. Carlson and Jorgensen proposed the intro-
duction of the Solvent Accessible Surface Area as a third
parameter.33 The formula results to:

DGbind ¼ a DU vdwh i þ b DU elech i
þ c DSASAh i Formula 2
DSASA represents the change in the solvent accessible
surface area. Other variants of the LIE methodology
have also been published.34 The inclusion of the SASA
term was rationalized as accounting for the cost of cav-
itations and allowing for positive free energies of
hydration.

In this paper, we performed LIE calculation for a series
of eight COX-1/COX-2 inhibitors. We tried to show the
reason for substrate specificity of the inhibitors under
investigation.

2.4.2. Docking. Docking simulations were carried out
using package Autodock 3.0.535 and DOCK 5.4.36,37

Ligands were modeled using program MOE and energy
minimized with MMF94x force field as implemented by
MOE (Chemical Computing Group, 1010 Sherbrooke
Street West, Suite 910, Montreal, Quebec, H3A 2R,
Canada) and a dielectric constant of 1.5. We performed
a full conformational search on each of the ligands and
retained only conformers having an energy difference of
not more than 5 kcal/mol regarding the found global
minimum conformation and a RMSD (root mean
square distance of all atoms of the conformer in regard
to all other conformers in the database) value greater
than 0.1 Å. The charges for each conformer were
derived by fitting to an electrostatic potential surface from
a quantum mechanical calculation at a 6-31G*(2d,2p)
level of theory with GAMESS.38,39 Every conformation
of a ligand was used in turn as a starting point for a
docking run with AutoDock 3.0 and DOCK 5.4,
respectively.

We used the Lamarckian Genetic Algorithm global opti-
mizer and the Solis and Wets local optimizer as imple-
mented in AutoDock 3. for the subsequent docking
runs with Autodock 3.0.40

With the DOCK 5.4 package we used the default values
for ligand flexibility and ligand scoring.

The best docking results from each run were taken as the
starting conformations for the subsequent molecular
dynamics study (Tables 3 and 4).

Figures 2 and 3 show the docked conformers of com-
pound 7 to COX-1 and COX-2, respectively. Compound
7 exhibits a hydrogen bond to SER 530 of COX-1
whereas it does not form a hydrogen bond to COX-2.
It is our hypothesis that this is one of the reasons for
the COX-1 selectivity of 7. As this cannot be the only
reason we tried to correlate the binding of all com-
pounds to the calculated linear interaction energies.



Figure 3. Compound 7 docked to COX-2.

Figure 2. Compound 7 docked to COX-1.

Table 3. Results of docking with COX-1

Compound DUelec

(kJ mol�1)

DULJ

(kJ mol�1)

DG(COX-1)

(kJ mol�1)

3 �5.408 �77.042 �35.68

4 �2.231 �74.176 �23.79

5 7.188 �64.333 <�22.59

6 �9.456 �80.721 �36.25

7 �11.818 �83.208 �44.10

9 �7.406 �68.446 �27.63

10 �1.950 �78.737 �35.78

11 �7.988 �80.595 �42.48

Table 4. Results of docking with COX-2

Compound DUelec

(kJ mol�1)

DULJ

(kJ mol�1)

DG(COX-2)

(kJ mol�1)

3 �3.563 �78.206 �34.91

4 �1.754 �76.349 <�22.59

5 �1.702 �75.161 <�22.59

6 �2.567 �87.202 �42.29

7 �0.628 �78.681 <�22.59

9 �0.436 �75.686 <�22.59

10 �1.595 �79.138 �23.75

11 �2.790 �83.338 �33.19
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2.4.3. Molecular dynamics. Average LIE Energies were
derived by molecular dynamics simulation using pro-
gram GROMACS 3.041 with the GROMACS force
field. Input topology files of ligand structures for GRO-
MACS were generated with PRODRUG.42 Charges
were fitted to the electrostatic potential calculated at a
B3LYP/6-31G* level of theory with GAMESS.

Input topologies of the macromolecules were prepared
from the structures used for docking with pdb2gmx as
provided by the GROMACS package. Histidine resi-
dues were modeled as protonated states. This resulted
in a overall charge of +6. This charge was neutralized
by adding 6 chloride ions. The SPC water model43 was
used as solvent. The solvent box was chosen to be a
octahedral periodic box with the box edges 10 Å away
from the drug receptor complex.

Each drug receptor complex was energy minimized with
the GROMACS force field to a maximum force of
2000 kJ mol�1 nm�1 using a steepest decent algorithm.

Subsequently we performed a dynamics simulation for
50 ps with a time step of 0.0025 ps leaving the position
of the protein immobile and only ligand molecule and
solvent molecules flexible.

After this simulation we carried out a 250 ps NVT
molecular dynamics simulation using a time step of
0.002 ps. The NVT ensemble (canonical ensemble)
keeps the number of moles, the volume, and the tem-
perature via the Berendsen algorithm fixed. The con-
formations and energy values were sampled every
0.01 ps. Only conformations and energies between
100 and 150 ps were stored in order to sample only
trajectories at equilibrium state. The non-bonded cut-
off was chosen to be 10 Å. Figures 4 and 5 show the
electrostatic and Lennard–Jones interaction energy of
compound 4 solvated and complexed with COX-1.
Figures 6 and 7 depict the electrostatic and Len-
nard–Jones interaction energy of solvated, uncom-
plexed compound 4 with SPC216 water.
Figure 4. Electrostatic interaction energy of 4 with COX-1.



Figure 7. Lennard–Jones interaction energy of 4 with SPC216 water

(solvent).

Figure 6. Electrostatic interaction energy of 4 with SPC216 water

(solvent).

Figure 5. Lennard–Jones interaction energy of 4 with COX-1.
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As published by Tounge and Reynolds,44 especially the
electrostatic term of the LIE equation is very susceptible
to different computational preparation methods of the
protein and the choice of the non-bonded cutoff. We
decided to choose a 10 Å non-bonbed cutoff.

We decided to use the classical two-parameter LIE
equation using DUelec and DULJ because the number
of compounds to study is rather small and the cross-val-
idated r2 (q2) indicated a better prediction ability of the
two-parameter model in both COX-1 and COX-2 re-
sults. Furthermore, the F-value of the DSASA (Solvent
Accessible Surface Area) in the regression analysis was
not statistically significant.

All statistical analyses were done with SPSS 10.0 (Win-
dows) and Leave-one-out cross-validation was per-
formed with MOE (Chemical Computing Group, 1010
Sherbrooke Street West, Suite 910, Montreal, Quebec,
H3A 2R, Canada). Figures 8 and 9 show the fitting of
Figure 8. COX-1 regression.

Figure 9. COX-2 regression.
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the experimental values by the obtained regression
equations.

The best regression equation obtained for COX-1 was

DGcalc ¼ 0:251 DEelech i þ 0:922 DELJh i þ 37:703

yielding a correlation coefficient r2 of 0.80 and a RMSE
(root mean square error) of 3.39.

The best regression equation for COX-2 was

DGcalc ¼ 3:370 DEelech i þ 1:186 DELJh i þ 72:191

yielding a correlation coefficient r2 of 0.89 and a RMSE
(root mean square error) of 2.43.

The Leave-one-out cross-validation procedure yielded
for COX-1 a cross-validated r2 (q2) of 0.64 and a cross-val-
idated RMSE of 5.50.

The Leave-one-out cross-validation procedure yielded
for COX-2 a cross-validated r2 (q2) of 0.59 and a cross-val-
idated RMSE of 4.78.

These results show a good fit of both the COX-1 and
COX-2 model to the measured biological data and a rea-
sonable predictivity of the model.

The slightly lower predictivity of the COX-2 model
might be due to an underrepresentation of biologically
active compounds and the few overall number of tested
and studied compounds.

Due to the small number of conformers and the struc-
tural similarity of the compounds the predictive value
of the model is limited.
3. Conclusions

In summary, we have demonstrated that bridged stil-
bene derivatives especially compounds 7 and 11 were
selective COX-1 inhibitors with only poor COX-2
affinity. This should result in lower doses necessary to
achieve a good efficacy for COX-1 inhibitors in clinical
studies. Compared to resveratrol the selected com-
pounds had no or just moderate effects on terminal ilea
and vascular smooth muscle. Additionally, a prediction
model for inhibitors of COX-1 and COX-2 was devel-
oped using the classical LIE approach. The model was
able to discriminate between COX-1 and COX-2 inhibi-
tion and reproduced the trends in experimental activity
in a series of bridged stilbene derivatives well.
4. Experimental

4.1. Cyclooxygenase assay

The effect of the test compound on COX-1 and COX-2
was determined by measuring prostaglandin E2 (PGE2)
using a COX Inhibitor Screening Kit (Catalog No.
560131) from Cayman Chemicals, Ann Arbor, Michi-
gan, USA. Reaction mixtures were prepared in
100 mM Tris–HCl buffer, pH 8.0, containing 1 lM heme
and COX-1 (ovine) or COX-2 (human recombinant)
and preincubated for 10 min in a waterbath (37 �C).
The reaction was initiated by the addition of 10 lL ara-
chidonic acid (final concentration in reaction mixture
100 lM). After 2 min the reaction was terminated by
adding 1 M HCl and PGE2 was quantitated by an ELI-
SA method. The test compounds were dissolved in
DMSO and diluted to the desired concentration with
100 mM potassium phosphate buffer (pH 7.4). Follow-
ing transfer to a 96-well plates coated with a mouse
anti-rabbit IgG, the tracer prostaglandin acetylcholine
esterase and primary antibody (mouse anti-PGE2) were
added. Plates were then incubated at room temperature
overnight, reaction mixtures were removed, and wells
were washed with 10 mM potassium phosphate buffer
containing 0.05% Tween 20. Ellman’s reagent (200 lL)
was added to each well and the plate was incubated at
room temperature (exclusion of light) for 60 min, until
the control wells yielded an OD = 0.3–0.8 at 412 nm.
A standard curve with PGE2 was generated from the
same plate, which was used to quantify the PGE2 levels
produced in the presence of test samples. Results were
expressed as a percentage relative to a control (sol-
vent-treated samples). All determinations were per-
formed in duplicate, and values generally agreed
within 10%. Dose–response curves were generated for
the calculation of IC50 values.

4.2. Electromechanical studies on smooth muscle
preparations

Guinea pigs of both sexes (340–480 g) were killed with a
blow on the neck. After excision of the heart the aorta
and the ileum were dissected. The aorta was stored at
room temperature in gassed (95% O2–5% CO2), modi-
fied Krebs–Henseleit solution with the following compo-
sition (in mmol/L): NaCl 118.0, KCl 4.7, CaCl2 1.8,
MgSO4 5.8, KH2PO4 1.4, NaHCO3 11.9, and glucose
10. The aorta was cleaned of loosely adhering fat and
connective tissue and cut into rings of 2 mm width. Aor-
tic rings were precontracted with 90 mmol/L KCl.

The terminal portion of the ileum was removed and the
10 cm nearest to the caecum was discarded. The intes-
tine was placed in a nutrient solution. The intestine
was cleaned by flushing with nutrient solution and cut
into pieces of 1–2 cm length.

The arteria pulmonalis was dissected close to the heart,
cleaned, and cut into rings of 2 mm width. After the isola-
tion the preparations (terminal ilea, aortic, and arteria
pulmonalis rings) were stored at room temperature in
gassed (95% O2–5% CO2) Krebs–Henseleit solution with
the following composition (in mmol/L): NaCl 114.9, KCl
4.73, CaCl2 3.2, MgSO4 1.18, NaHCO3 24.9, KH2PO4

1.18, and glucose 10, pH 7.2–7.4.

Isometric contraction force of terminal ilea precon-
tracted by 60 mmol/L KCl, aortic and arteria pulmo-
nalis rings precontracted by 90 mmol/L KCl was
measured by the method described by Reiter.45 The
preparations were placed in a continuously oxygenated
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(95% O2 and 5% CO2) bath of 28 mL nutrient solution
to guarantee sufficient oxygen supply and appropriate
pH as well as circulation of nutrient solution with
and without test compound. The experiments were per-
formed at a temperature of 37 ± 1 �C. The smooth
muscle preparations were connected with one end to
a tissue holder and the other to a force transducer
(TransbridgeTM, 4-Channel Transducer Amplifier,
World Precision Instruments, Sarasota, FL, USA).
Resting tension of 19.6 mN (aortic rings), 4.9 mN (ter-
minal ileum) or 9.8 mN (arteria pulmonalis rings) was
kept constant throughout the experiments.

After a control period of 45 min the different concentra-
tions of the compounds were added to the bathing solu-
tion cumulatively, until a steady state was reached.

Signals were recorded with a chart recorder (BD 112
Dual Channel, Kipp & Zonen) and evaluated. For sta-
tistical analyses the arithmetic means and standard error
of the mean (SEM) of n experiments were calculated.
Statistical significance of the results was evaluated by
Student’s t test for paired observations.

Due to insolubility of the test compounds in aqueous
nutrient solution, stock solutions of the compounds 3,
4, and 9–11 were dissolved in dimethylsulfoxide
(DMSO) every day and were further diluted with mod-
ified Krebs–Henseleit solution to the required concen-
trations. To exclude the DMSO effect, a series of
experiments with DMSO only was performed at the
same experimental conditions. The DMSO effect was
subtracted from the results of the compounds.

4.3. Chemistry

All chemicals obtained from commercial suppliers were
used as received and were of analytical grade. Melting
points were determined on a Kofler hot stage apparatus
and are uncorrected. The 1H and 13C NMR spectra
were recorded on a Bruker Avance DPx200 (200 and
50 MHz). Chemical shifts are reported in d values
(ppm) relative to Me4Si line as internal standard and
J values are reported in Hertz. Mass spectra were ob-
tained by a Hewlett Packard (GC: 5890; MS: 5970)
spectrometer. Solutions in organic solvents were dried
over anhydrous sodium sulfate.

4.3.1. 3-Bromo-1,2-dihydronaphthalene (1). 3-Bromo-1,2-
dihydronaphthalene (1) was synthesized as reported by
Napolitano et al.46

4.3.2. 3-Bromo-1,2-dihydro-7-methoxynaphthalene (2). 3-
Bromo-1,2-dihydro-7-methoxynaphthalene (2) was syn-
thesized as reported by Bhattacharya et al.47

4.3.3. General procedure for synthesis of compounds 3–7
and 9–11. General procedure for synthesis of compounds
3–7 and 9–11: In a 50-ml three-necked flask the bromi-
nated 1,2-dihydronaphthalene or 1H-indene (2 mmol)
was mixed with the corresponding phenyl boronic acid
(2.2 mmol), potassium carbonate (0.552 g, 4 mmol,
2.0 M solution in water), 12 mL toluene, and 0.8 mL eth-
anol. The suspension was stirred under argon for 30 min
at room temperature. Then tetrakis(triphenylphos-
phine)palladium(0) (0.068 g, 0.06 mmol) with 0.6 mL eth-
anol was added and the mixture was heated to 90 �C
under argon. After cooling to room temperature the mix-
ture was extracted with 5% NaHCO3 solution, saturated
NaHCO3 solution, saturated brine, and water several
times, then the organic layer was dried over anhydrous
sodium sulfate and the solvent was removed under re-
duced pressure. The raw products were recrystallized to
yield compounds 3–7 and 9–11, respectively.

4.3.4. 1,2-Dihydro-3-(2,3,4-trimethoxyphenyl)naphthalene
(3). 1,2-Dihydro-3-(2,3,4-trimethoxyphenyl)naphthalene
(3) was synthesized from 3-bromo-1,2-dihydronaphtha-
lene (1) (0.416 g, 2 mmol) and 2,3,4-trimethoxyphenyl
boronic acid (0.466 g, 2.2 mmol). The raw product was
recrystallized from methanol. Yield: 0.315 g (53%); mp
105–107 �C; 1H NMR (CDCl3): d 2.60–2.75 (m, 2H),
2.83–2.97 (m, 2H), 3.83 (s, 3H), 3.88 (s, 3H), 3.90 (s, 3H),
6.56–6.72 (m, 2H), 6.95–7.21 (m, 5H); 13C NMR (CDCl3):
d 28.1, 28.5, 56.0, 61.0, 107.2, 123.0, 125.9, 126.2, 126.5,
126.7, 127.2, 129.7, 134.8, 134.9, 138.4, 142.5, 151.6,
153.1; MS: m/z 83 (49%), 117 (22%), 125 (20%), 166
(14%), 181 (20%), 296 (M+, 100%). Anal. calcd for
C19H20O3Æ0.2 mol H2O: C, 76.08; H, 6.85. Found: C,
75.91; H, 6.80.

4.3.5. 1,2-Dihydro-3-(3,4-dimethoxyphenyl)naphthalene (4).
1,2-Dihydro-3-(3,4-dimethoxyphenyl)naphthalene (4) was
synthesized from 3-bromo-1,2-dihydronaphthalene (1)
(0.416 g, 2 mmol) and 3,4-dimethoxyphenyl boronic acid
(0.400 g, 2.2 mmol). The raw product was recrystallized
from ethanol. Yield: 0.142 g (26%); mp 74–76 �C; 1H
NMR (CDCl3): d 2.63–2.80 (m, 2H), 2.85–3.00 (m, 2H),
3.90 (s, 3H), 3.94 (s, 3H), 6.73–6.92 (m, 2H), 7.03–7.23
(m, 6H); 13C NMR (CDCl3): d 26.4, 28.2, 55.8, 55.9,
108.3, 111.0, 117.7, 122.9, 126.3, 126.6, 126.7, 127.1,
134.0, 134.6, 134.8, 138.3, 148.6, 148.8; MS: m/z 43
(22%), 101 (34%), 202 (24%), 215 (100%), 230 (30%),
248 (20%), 266 (M+, 7%). Anal. calcd for C18H18O2: C,
80.36; H, 6.86. Found: C, 80.33; H, 6.78.

4.3.6. 5-(1,2-Dihydro-3-naphthalenyl)-1,3-benzodioxole (5).
5-(1,2-Dihydro-3-naphthalenyl)-1,3-benzodioxole (5) was
synthesized from 3-bromo-1,2-dihydronaphthalene (1)
(0.416 g, 2 mmol) and 3,4-methylenedioxyphenyl boronic
acid (0.365, 2.2 mmol). The raw product was recrystal-
lized from ethanol. Yield: 0.210 g (42%); mp 85–90 �C;
1H NMR (CDCl3): d 2.59–2.75 (m, 2H), 2.85–3.00 (m,
2H), 5.96 (s, 2H), 6.68–6.85 (m, 2H), 6.97–7.18 (m, 6H);
13C NMR (CDCl3): d 27.0, 28.6, 101.5, 106.1, 108.6,
119.2, 123.7, 126.8, 127.0, 127.2, 127.6, 135.0, 135.2,
136.0, 138.7, 147.4, 148.3; MS: m/z 82 (35%), 94 (47%),
124 (23%), 135 (59%), 189 (23%), 219 (16%), 250 (M+,
100%). Anal. calcd for C17H14O2Æ0.4 mol H2O: C, 79.29;
H, 5.97. Found: C, 79.29; H, 5.79.

4.3.7. 1,2-Dihydro-3-(3,4-dimethoxyphenyl)-7-methoxynaph-
thalene (6). 1,2-Dihydro-3-(3,4-dimethoxyphenyl)-7-metho-
xynaphthalene (6) was synthesized from 3-bromo-1,2
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dihydro-7-methoxynaphthalene (2) (0.478 g, 2 mmol) and
3,4-dimethoxyphenyl boronic acid (0.400 g, 2.2 mmol).
The raw product was recrystallized from ethanol. Yield:
0.222 g (37%); mp 123–125 �C; 1H NMR (CDCl3): d
2.64–2.75 (m, 2 H), 2.85–2.98 (m, 2H), 3.81 (s, 3H), 3.90
(s, 3H), 3.94 (s, 3H), 6.66–6.78 (m, 3H), 6.80–6.90 (m,
1H), 7.00–7.12 (m, 3H); 13C NMR (CDCl3): d 26.2, 28.7,
55.3, 55.8, 55.9, 108.2, 111.0, 111.3, 113.4, 117.4, 122.4,
127.4, 128.0, 134.3, 135.7, 136.3, 148.4, 148.8, 158.5; MS:
m/z 107 (22%), 115 (28%), 151 (27%), 165 (28%), 281
(31%), 296 (M+, 100%). Anal. calcd for C19H20O3: C,
77.00; H, 6.80. Found: C, 76.72; H, 6.69.

4.3.8. 1,2-Dihydro-7-methoxy-3-(2,3,4-trimethoxyphenyl)-
naphthalene (7). 1,2-Dihydro-7-methoxy-3-(2,3,4-trimeth-
oxyphenyl)naphthalene (7) was synthesized from 3-
bromo-1,2-dihydro-7-methoxynaphthalene (2) (0.478 g,
2 mmol) and 2,3,4-trimethoxyphenyl boronic acid
(0.466 g, 2.2 mmol). The raw product was recrystallized
from ethanol. Yield: 0.215 g (33%); mp 105–108 �C; 1H
NMR (CDCl3): d 2.62–2.70 (m, 2H) 2.85–2.94 (m, 2H),
3.81 (s, 3H), 3.83 (s, 3H), 3.87 (s, 3H), 3.90 (s, 3H),
6.51–6.75 (m, 4H), 6.92–7.08 (m, 2H); 13C NMR (CDCl3):
d 27.9, 29.0, 55.3, 56.0, 60.9, 61.0, 107.2, 111.2, 113.4,
123.0, 125.3, 127.2, 128.1, 129.9, 135.7, 136.7, 142.5,
151.5, 152.9, 158.5; MS: m/z 98 (31%), 148 (20%), 181
(25%), 271 (26%), 326 (M+, 100%). Anal. calcd for
C20H22O4: C, 73.60; H, 6.79. Found: C, 73.32; H, 6.80.

4.3.9. 2-Bromo-1H-indene (8). 2-Bromo-1H-indene (8)
was synthesized as reported by Mc Ewen et al.48

4.3.10. 5-(2-1H-Indenyl)-1,3-benzodioxole (9). 5-(2-1H-
Indenyl)-1,3-benzodioxole (9) was synthesized from
2-bromo-1H-indene (8) (0.390 g, 2 mmol) and 3,4-
methylenedioxyphenyl boronic acid (0.365, 2.2 mmol).
The raw product was recrystallized from ethanol. Yield:
0.295 g (62%); mp 151–153 �C; 1H NMR (CDCl3): d
3.71 (s, 2H), 5.96 (s, 2H), 6.74–6.86 (m, 1H), 7.02–7.46
(m, 7H); 13C NMR (CDCl3): d 39.2, 101.1, 105.9,
108.4, 119.4, 120.7, 123.5, 124.5, 125.2, 126.6, 130.5,
143.0, 145.4, 146.1, 147.1, 148.0; MS: m/z 76 (37%), 89
(36%), 118 (43%), 178 (28%), 205 (19%), 236 (M+,
100%). Anal. calcd for C16H12O2Æ0.1 mol H2O: C,
80.72; H, 5.17. Found: C, 80.50; H, 5.04.

4.3.11. 2-(2-Methoxyphenyl)-1H-indene (10). 2-(2-Meth-
oxyphenyl)-1H-indene (10) was synthesized from
2-bromo-1H-indene (8) (0.390 g, 2 mmol) and 2-methoxy-
phenyl boronic acid (0.330 g, 2.2 mmol). The raw product
was recrystallized from ethanol. Yield: 0.185 g (42%); mp
69 �C; 1H NMR (CDCl3): d 3.86 (s, 2H), 3.94 (s, 3H),
6.89–7.05 (m, 2H), 7.10–7.31 (m, 3H), 7.34–7.57 (m, 4H);
13C NMR (CDCl3): d 40.9, 55.3, 111.2, 120.6, 121.0,
123.3, 124.5, 125.2, 126.4, 128.3, 128.6, 130.6, 142.9,
143.1, 145.9, 157.5; MS: m/z 76 (57%), 89 (86%), 107
(66%), 119 (36%), 178 (100%), 207 (39%), 222 (M+, 73%).
Anal. calcd for C18H18O3: C, 76.57; H, 6.43. Found: C,
76.30; H, 6.47.

4.3.12. 2-(2,3,4-Trimethoxyphenyl)-1H-indene (11). 2-
(2,3,4-Trimethoxyphenyl)-1H-indene (11) was synthesized
from 2-bromo-1H-indene (8) (0.390 g, 2 mmol) and 2,3,4-
trimethoxyphenyl boronic acid (0.466 g, 2.2 mmol). The
raw product was recrystallized from ethanol. Yield:
0.240 g (42%); mp 107–110 �C; 1H NMR (CDCl3): d 3.81
(s, 2H), 3.88 (s, 3H), 3.90 (s, 3H), 3.92 (s, 3H), 6.69 (d,
J = 8.8 Hz, 1H), 7.08-7.30 (m, 3H), 7.32–7.50 (m,
3H);13C NMR (CDCl3): d 41.2, 56.4, 60.8, 61.3, 107.9,
121.2, 123.4, 123.7, 123.8, 124.8, 126.9, 129.2, 143.2,
143.3, 146.4, 152.7, 153.6; MS: m/z 115 (25%), 153 (50%),
251 (21%), 267 (23%), 282 (100%). Anal. calcd for
C16H14O: C, 86.45; H, 6.35. Found: C, 86.16; H, 6.28.

4.4. Computational details

Simulations were performed on a series of 8 ligands syn-
thesized by our group. These ligands were designed as
bridged resveratrol analogues.

Crystal structures from the Brookhaven Protein Data-
base were taken and provided Cartesian coordinates
for murine COX-2 complexed with SC-558 (1cx2).49

Hydrogen atoms were taken from file. Histidin proteins
were modeled to represent a pH of 6.5. Hydrogens were
added optimizing H-bond network.

The coordinates for COX-1 complexed with flurbiprofen
were taken from 1prh50 of the Brookhaven Protein Data-
base. Missing hydrogens where added using MolProbity.51

The resulting structures were energy minimized using
the OPLS-AA52 force field and a distance-dependent
dielectric constant of 4r. The protein backbone atoms
at this point were kept fixed. All other atoms were
allowed to relax to reduce intramolecular strain.
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