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a b s t r a c t

Nimesulide analogs bearing a methoxy substituent either at the ortho-,meta- or para-position on the phe-
nyl ring, were designed, synthesized, and evaluated for potential as radioligands for brain cyclooxyge-
nase-2 (COX-2) imaging. The synthesis of nimesulide and regioisomeric methoxy analogs was based
on the copper-mediated arylation of phenolic derivatives for the construction of diaryl ethers. These iso-
meric methoxy analogs displayed lipophilicity similar to that of nimesulide itself, as evidenced by their
HPLC logP7.4 values. In vitro inhibition studies using a colorimetric COX (ovine) inhibitor-screening assay
demonstrated that the para-methoxy substituted analog retains the inhibition ability and selectivity
observed for parent nimesulide toward COX-2 enzyme, whereas the meta- and ortho-methoxy sub-
stituents detrimentally affected COX-2-inhibition activity, which was further supported by molecular
docking studies. Bidirectional transport cellular studies using Caco-2 cell culture model in the presence
of the P-glycoprotein (P-gp) inhibitor, verapamil, showed that P-gp did not have a significant effect on
the efflux of the para-methoxy substituted analog. Further investigations using the radiolabeled form
of the para-methoxy substituted analog is warranted for in vivo characterization.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Cyclooxygenase (COX) is a critical enzyme that catalyzes the
biosynthesis of prostaglandin from arachidonic acid. It has at least
two isoforms (COX-1 and COX-2). COX-2 enzyme is expressed in
response to inflammatory stimuli. While COX-2 is not expressed
in most tissues, high levels of COX-2 were reported in lung, colon,
and breast cancer.1–3 The brain is one of the organs that constitu-
tively expresses COX-2. COX-2 was reported to play a role in phys-
iological control of synaptic plasticity and neurological disorders
including cerebrovascular and neurodegenerative disorders such
as Alzheimer’s and Parkinson’s diseases.4,5 While COX-2 was
reported to regulate physiologic functions, role of COX-2 in patho-
genic mechanisms is largely unclear.6 To investigate the expression
and activity of COX-2 in related disorders in vivo, considerable
interest was focused on nuclear imaging technology such as posi-
tron emission tomography (PET) or single photon emission com-
puted tomography (SPECT), both for diagnostic and research
purposes.7 As reviewed by Laube et al.,8 arachidonic acid (substrate
of COX) was labeled with 11C by Channing et al. in 1993.9 In 2002,
McCarthy et al. reported synthesis and in vitro/in vivo evaluations
of the 18F labeled COX-2 inhibitor, SC58125.10 Since then, tradi-
tional anti-inflammatory drugs (classical NSAIDS) and selective
COX-2 therapeutic agents were considered as candidate radioli-
gands for detecting COX-2 expression in vivo by using PET and/or
SPECT, and their potential was extensively investigated. In 2005,
Toyokuni et al. performed a PET study in vervet monkeys,11 and
in 2006, Tanaka et al. evaluated in vitro transcellular transport in
human cells.12 In these ways, radioligand candidates for COX-2
imaging were evaluated from various perspectives in the late
2000s. Prabhakaran et al. performed PET studies in Sprague–Daw-
ley rats and in a baboon in 2007.13 They reported penetration of the
blood–brain barrier and the lower de-18F-fluorination rates in
baboons compared to rodents; however, their radioligand candi-
date showed fast metabolism. As reported in their study and in

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bmc.2015.10.007&domain=pdf
http://dx.doi.org/10.1016/j.bmc.2015.10.007
mailto:yumi-y@tohoku-pharm.ac.jp
http://dx.doi.org/10.1016/j.bmc.2015.10.007
http://www.sciencedirect.com/science/journal/09680896
http://www.elsevier.com/locate/bmc


6808 Y. Yamamoto et al. / Bioorg. Med. Chem. 23 (2015) 6807–6814
another recent review,8,14 radioligand candidates do not have sig-
nificant in vivo application owing to commonly reported problems
including poor brain penetration, non-specific uptake in the brain,
and rapid radioligand metabolism. However, despite these short-
comings, some beneficial role of COX-1 and/or COX-2 was revealed
gradually. For example, studies about microglia using 11C-PK11195
suggested that COX-1 and/or COX-2 play a role in neuroinflamma-
tion.15,16 There are no satisfactory PET and SPECT ligands for
imaging COX-2 even now; however, several radiolabeled COX-2
inhibitors are being synthesized, evaluated, and reported
constantly. In 2015, Kaur et al. synthesized and evaluated 18F-cele-
coxib derivatives.17

N-(4-Nitro-2-phenoxyphenyl)methanesulfonamide (nimesulide)
is a well-known COX inhibitor with increased selectivity for
COX-2. It exhibits potent analgesic and antipyretic properties with
an effect on aromatase suppression; however, it might lead to sig-
nificant hepatic damage.18–20 Nimesulide was reported to possess
brain penetration activity, as evidenced from pharmacokinetic
and tissue distribution studies after systemic administration in
animals.21–24 In addition, the reported logP value lies in the
lipophilicity range of brain-targeted nuclear imaging agents. More-
over, in an in vitro study with Caco-2 cells, reported nimesulide as
a non-substrate for brain efflux transporter, P-glycoprotein (P-gp)
(also called as ABCB1), which restricts the uptake of intravenously
injected radioligands in the brain.25 The structural analysis of
nimesulide-based analogs revealed the importance of the nitro
group and methanesulfonamide group for COX-inhibition activity
and selectivity.26,27 Based on the pharmacological and physio-
chemical characteristics, we believed that modification of nime-
sulide would yield an effective radioligand for imaging brain
COX-2 with PET or SPECT. Thus, as a next step of our research on
COX-targeted radiopharmaceuticals,28 we became involved in the
development of nimesulide analogs with a methoxy substituent
as a potential labeling site with the positron-emitter carbon-11
(T1/2 = 20.4 min), attached to the phenyl ring of the molecule
(Fig. 1). The insertion of a hydrophilic methoxy group into mole-
cules with COX-2-inhibitory activity was often regarded as one of
the molecular modification strategies to alter the pharmacological
properties of a molecule.29 This article describes the synthesis and
lipophilicity of methoxy-substituted analogs of nimesulide. The
COX-1/COX-2-inhibitory activities in an in vitro assay and their
interaction with P-gp in Caco-2 cell line are characterized in this
study.

2. Results and discussion

2.1. Synthesis of nimesulide and methoxy-substituted analogs

The synthesis of nimesulide by nitration of N-(2-phenoxy-
phenyl)-methanesulfonamide was described in the US patent
literature.30 With a view to develop a radiolabeled molecule, our
synthetic approach was developed to obtain the target compounds,
nimesulide 1a and its analogs 1b–d, bearing a single methoxy sub-
stituent at either ortho-, meta- or para-position of the phenyl ring,
NHSO2CH3
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Figure 1. Representation of chemical structures of compounds (1a–d).
based on the copper-mediated arylation of phenols, as outlined in
Scheme 1. The synthesis was initiated with 2-amino-5-nitrophe-
nol, which was converted into the N-phthalimide derivative 2 by
reaction with phthalic anhydride according to the described proce-
dure, to protect the amino group.31 Cu(OAc)2-catalyzed coupling of
2 with aryl boronic acid in the presence of pyridine as base and
pyridine N-oxide as oxidant yielded satisfactory yields of diaryl
ethers 3a–d.32,33 The use of pyridine N-oxide as an additive led
to more facile coupling. The coupling reaction with ortho-methox-
yphenyl boronic acid was difficult owing to steric effect. The sub-
sequent de-protection by reduction with hydrazine monohydrate
resulted in the 4-nitroaniline derivatives 4a–d with a quantitative
yield. Finally, treatment of 4a–d with excess methanesulfonyl
chloride in triethylamine–CH2Cl2, followed by refluxing in 3 M
NaOH, led to the requisite compounds 1a–d at 66–73% yields.
The structures of all compounds were characterized by 1H NMR
and high-resolution mass spectrometry.

2.2. Lipophilicity

Lipophilicity is an important factor that influences passive brain
entry of intravenously administered compounds. It was reported
that compounds with logP7.4 values (logarithm of the n-octanol/
water partition coefficient, at pH 7.4) in the range of 2.0–3.5
exhibit optimal passive brain entry in vivo.34 Nimesulide molecule
1a with a weak acidic sulfonamide group has a pKa value of
6.4–6.8;18,35,36 therefore its lipophilicity is pH-dependent. Previous
studies reported that nimesulide 1a exhibited lipophilicity with a
logP7.4 value of 1.48 in octanol/water system36 and logD7.4 value
of 1.58 as analyzed by HPLC C18 methodology.36 In this study, we
estimated the partition coefficients (logP7.4) of compounds 1a–d
at pH 7.4 according to the OECD guidelines for testing of chemicals
117, using reversed-phase HPLC method37 owing to its high repro-
ducibility and resistance to impurities present in the samples. The
results are shown in Table 1, including the logP7.4 value of the ref-
erence, nimesulide for comparison. The estimated logP7.4 values of
three methoxy regioisomers are quite similar (logP7.4 = 1.26–1.65)
and comparable to that for nimesulide itself (logP7.4 = 1.61), thus
supporting their relatively low hydrophobicity.

In this study, only the partition coefficient of the compounds at
pH 7.4 were considered according to the previously reported logP
values of the neutral and anion forms of nimesulide by Tsantili-
Kakoulidou et al., the neutral form was calculated to be only
480-fold as lipophilic as its anion form.37 A similar logD/pH profile
could be expected in the case of its methoxy substituted analogs.
Mazak et al. recently demonstrated dominance of the ionic species
in the lipophilicity profile.38,39 Thus, it is conceivable that the con-
tribution of the charged species to the overall lipophilicity for the
isomeric methoxy analogs might be crucial for the biological
lipophilicity-related processes.

2.3. In vitro COX-inhibitory potency

The selectivity and affinity toward COX-2 were considered as
the initial criteria for a prospective imaging agent. Compounds
1a–d are derivatives of nimesulide and expected to bind at the
COX-2 active site. COX-2 inhibitory potency may correlate with
COX-2 binding affinity if the compounds bind at the active site.
The inhibitory potency of the compounds (1a–d) for the COX
enzyme and selectivity was determined in vitro by using a colori-
metric COX (ovine) inhibitor-screening assay (pH = 8.0). The activ-
ity of reference compounds celecoxib and indomethacin was also
included. The IC50 value was calculated from the concentration–
inhibition response curve.

As shown in Table 2, the para-methoxy isomeric analog 1d
displayed moderate inhibitory activity against COX-2 with an
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Scheme 1. Reagents and conditions: (a) phthalic anhydride, AcOH, reflux, 6 h; (b) Cu(OAc)2, dry pyridine, MS 4 Å, dry CH2Cl2, O2, rt, 72 h; (c) hydrazine monohydrate, MeOH,
reflux, 6 h; (d) (1) CH3SO2Cl, dry Et3N, dry CH2Cl2, rt, 23 h, (2) 3 M NaOHaq, 90 �C, 16 h.

Table 1
Lipophilicity of compounds 1a–d measured by using HPLC method

Compounds logP7.4

Nimesulide (1a) 1.61 ± 0.02
o-OCH3 (1b) 1.26 ± 0.01
m-OCH3 (1c) 1.65 ± 0.01
p-OCH3 (1d) 1.41 ± 0.00

Average ± SD (n = 3).
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IC50 value of 2.31 lM and a selectivity index of 43 for COX-2,
indicating equipotency to the parent nimesulide. However, the
para-isomer 1d displayed both reduced inhibitory activity and
selectivity for COX-2 compared with the known COX-2 inhibitor,
celecoxib. In contrast to the inhibitory activity of the para-methoxy
isomer 1d, interestingly, the great loss of inhibitory activity toward
COX-2 was displayed by ortho- and meta-methoxy isomers 1b and
1c. Thus, the position of the methoxy substituent on the phenyl
ring is crucial for COX-2-inhibition activity. Meanwhile, none of
the tested compounds showed inhibitory activity on COX-1
enzyme down to IC50 values of 100 lM.

In order to further understand the structure–activity relation-
ship of compounds 1a–d at COX-2 active site, we performed the
docking simulations using Discovery Studio 4.0 software program.
The molecular docking studies were performed using the CDOCKER
protocol, the receptor–ligand interaction protocol that employs the
CHARMm force field.40 The results of the docking procedure with
two poses of compounds 1a and 1d are shown in Figure 2.

According to the docking studies of nimesulide and COX-2
active site in the literature, there are two docking poses; ‘lateral
mode’ and ‘inverse mode’.41–43 In the ‘‘lateral mode” (also called
Table 2
COX inhibitory potency of four compounds (1a–d) and two reference drugs

Compounds IC50
a (lM) Selectivityb

COX-1 COX-2

Nimesulide (1a) >100 1.92 >52
o-OCH3 (1b) >100 >100 —
m-OCH3 (1c) >100 >100 —
p-OCH3 (1d) >100 2.31 >43
Indomethacin 0.79 11.8 0.067
Celecoxib >100 0.56 >178

a Data derived from colorimetric inhibition screening assay, average of inde-
pendent 2 assays.

b Ratio of IC50(COX-1)/IC50(COX-2).
as ‘orientation A’ or ‘pose P1’), the nitro group of nimesulide was
located close to Arg120 and Ile345, and the methanesulfonamide
group was located close to Phe518, Arg513, and His90. On the
other side, in the ‘inverse mode’ (also called as ‘orientation B’ or
‘pose P9’), the nitro group of nimesulide was located close to the
Phe518, Arg513 and His90, and the methanesulfonamide group
was located close to the Arg120 and Ile345. Garcia-Nieto et al. ana-
lyzed the molecular dynamic simulations and reported that both
binding poses equally contributed to COX-2-inhibitory activity of
nimesulide, with similar interaction energies.43 In addition, our
docking simulations of nimesulide (1a) and COX-2 yielded two
poses, which was in agreement with these studies.

Considering the docking poses of compounds (1b–d), 1d dis-
plays two poses similar to that of nimesulide, especially the active
orientation of the COX-2 pharmacophore (NO2, SO2NH) on the
nitrophenyl ring (Fig. 2), although 1b and 1c were not positioned
to accommodate the pharmacophore. According to our calculation,
appropriate free binding energies predicting abundance ratio of
each poses and COX-2-inhibitory potency were not analyzed
because of rigid structure of protein. However, 1b and 1c did not
show even local minima with favorable pose. A molecular model-
ing study of nimesulide by Pattabhi et al. suggested that the phenyl
ring is present in a hydrophobic cavity comprising several amino
acid residues within the COX-2 binding site.27 This hydrophobic
pocket appears large enough to accommodate the methoxy-substi-
tuted phenoxy fragment of the molecule. Moreover, Julemont et al.
have proposed, based on the structure–activity studies, that for
nimesulide, the inhibition of COX enzymes requires anionic sulfo-
nanimde species.26 A possible explanation for the observed posi-
tional influences of the methoxy substituent could be that the
ortho- and meta-methoxy moiety could distort the active orienta-
tion of the COX-2 pharmacophore (NO2, SO2NH) on the nitrophenyl
ring, thereby reducing the COX-2-inhibitory activity. Further stud-
ies are required to understand the interaction mechanism between
these compounds and COX-2 enzyme.

2.4. In vitro transport studies in Caco-2 cells

It is well established that the blood–brain barrier (BBB) contains
efflux pumps including the P-gp, which acts as a main barrier for
brain-targeted radioligands for in vivo imaging as well as pharma-
ceutical agents.44,45 In this study, the cellular transport of nime-
sulide 1a and its regioisomeric methoxy analogs 1b,c,d were
evaluated in a Caco-2 cell culture model at pH 7.2 and 37 �C.
Caco-2 cells, the most widely used model for estimation of drug
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Figure 2. Depiction of ‘lateral mode’ and ‘inverse mode’ of nimesulide (1a, blue) and 1d (pink) docked at COX-2 active site.
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intestine permeability, are often utilized as an in vitro alternative
approach for studying drug efflux characteristics. However, there
are some limitations to the use of Caco-2 cells as in vivo BBB mod-
els.46–50 In the Caco-2 cells used in this study, a 3.4-fold increase in
mRNA expression of P-gp was confirmed at the end of the culture
period (data not shown).
Apparent bidirectional permeability (Papp, A?B and Papp, B?A) as
well as efflux ratio (Papp, B?A/Papp, A?B) were initially determined
for all the compounds (1a–d) with two different concentrations
(1 lM and 10 lM) in the absence of P-gp inhibitor. In general, com-
pounds displaying efflux ratio below or close to 1 were considered
to be transported by passive diffusion or undergo an effective
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influx, whereas high ratios (double) were considered as indicative
of compounds undergoing effective efflux.51,52 In this study,
slightly higher permeation coefficients in the apical-to-basolateral
direction (Papp, A?B > Papp, B?A), than those in the reverse direction
were observed for all test compounds, thus resulting in the efflux
ratios values of <1.0.

The para-methoxy isomer 1d and nimesulide 1a exhibiting
COX-2-inhibitory potency and selectivity, were chosen for further
transport studies using the same cells in the presence of the P-gp
inhibitor, verapamil at a higher concentration (500 lM). Concur-
rently, the functionality of P-gp expressed in the Caco-2 cells was
determined by using P-gp substrate rhodamine123 as a positive
control. Rhodamine123 displayed an efflux ratio of 17.16 under
normal conditions, which decreased significantly to 0.71 in the
presence of verapamil (500 lM). This indicates the presence of
active P-gp in Caco-2 cells and the ability of verapamil to modulate
the P-gp-mediated efflux transport. As shown in Table 4, compared
to control, the addition of verapamil did not induce significant
effect on the efflux ratios for each compound (1d,1a), suggesting
that P-gp-mediated efflux was not involved in the transport of
1d and 1a across the Caco-2 cells. This feature might be beneficial
for the development of a brain COX-2-targeted radioligand. Our
in vitro results for nimesulide 1a are in agreement with those
reported in a previous study by Zrieki et al.25 The study reported
that the exposure of Caco-2 cells to COX inhibitors including
nimesulide, although with long-term treatment (14 days), led to
down-regulation of P-gp. This could indicate the existence of an
interaction or binding sites on P-gp for these COX inhibitors.

The Caco-2 cell lines express other transporters,53,54 which
potentially contribute to the Caco-2 permeability for the com-
pounds used in this study. The organic anion transporter system
carrying organic anion species to brain is one of the transporters
functionally expressed at the BBB at much lower levels than
P-gp.55 It was found that lumiracoxib, a weakly acidic COX-2 inhi-
bitor, exhibited an inhibitory effect on organic anion transporters
(hOAT1 and hOAT3).56 A similar interaction might be responsible
for permeability of nimesulide-related compounds owing to their
negative charge.
3. Conclusions

We designed and synthesized three isomeric methoxy-substi-
tuted analogs of nimesulide for the development of brain COX-2-
imaging radiotracer. Only para-methoxy analog 1d displayed a
moderate inhibitory potency and selectivity for COX-2 enzyme,
equipotent to the parent nimesulide, whereas the other two ana-
logs 1b and 1c displayed robust decrease in COX-2-inhibitory
activity. Transport studies using Caco-2 cells showed that P-gp
was not involved in the cellular transport of para-methoxy isomer
1d and nimesulide 1a. However, a poor correlation between con-
ventional in vitro Caco-2 permeability and in vivo brain penetra-
tion of radiotracers was recently described in the literature;57

further studies are warranted to clarify the in vivo characteristics
of para-methoxy analog 1d in the radiolabeled form.
4. Experimental

4.1. Synthesis

All chemicals, reagents, and solvents were of the highest purity
available and used without further purification. The progress of the
reactions was monitored by TLC on Silica Gel 60 F254 glass plates
(Merck Millipore, Darmstadt, Germany) and spots were visualized
under UV light. Column chromatography was performed with
Silica gel 60 Å, 200–400 mesh (Sigma–Aldrich Inc., St. Louis, MO,
USA). All melting points were determined on a Yanaco melting
point apparatus (Yanagimoto Ind. Co., Kyoto, Japan) and are
uncorrected. 1H NMR spectra were recorded on JNM-LA600 (JEOL
Ltd, Tokyo, Japan) NMR spectrometer using TMS as an internal
standard in DMSO-d6 and the chemical shifts are reported in d
(ppm). IR spectra were recorded with Spectrum One FT-IR
Spectrometer (PerkinElmer, Inc., Waltham, MA, USA). EI-MS and
High-resolution EI-MS spectra were recorded on JMS-700 (JEOL
Ltd, Tokyo, Japan).

4.1.1. Synthesis of 2-(2-hydroxy-4-nitrophenyl)isoindoline-1,3-
dione (2)

A solution of 2-amino-5-nitrophenol (3000 mg, 19.5 mmol) and
phthalic anhydride (2880 mg, 19.5 mmol) in glacial acetic acid
(30 mL) was heated under reflux for 4 h. After cooling, distilled
water was added to the reaction mixture and filtered by suction fil-
tration. The solid residue was recrystallized from EtOH to provide 2
(4989 mg, 90.2%) as a beige powder: mp: 322–324 �C; 1H NMR
(600 MHz, DMSO-d6) d ppm: 10.97 (s, 1H), 7.99 (dd, J = 3.1,
5.5 Hz, 2H), 7.92 (dd, J = 3.1, 5.2 Hz, 2H), 7.81 (dd, J = 2.4, 8.3 Hz,
1H), 7.78 (d, J = 2.4 Hz, 1H), 7.61 (d, J = 8.3 Hz, 1H); FTIR(KBr)
cm�1: 3379, 1713; EI-MS m/z: 284 [M]+; HR-MS: Calcd for
C14H8N2O5 [M]+: 284.0433. Found 284.0432.

4.1.2. Synthesis of 2-(4-nitro-2-phenoxyphenyl)isoindoline-1,3-
dione (3a)

To a reaction mixture containing 2 (1000 mg, 3.5 mmol), phenyl
boronic acid (1287 mg, 10.6 mmol), Copper(II) acetate (1278 mg
7.0 mmol) and molecular sieves 4 Å (6.0 g) was added anhydrous
CH2Cl2 (35.2 mL) containing pyridine N-oxide (368 mg, 3.9 mmol).
After further addition of dry pyridine (1.4 mL, 17.6 mmol), the
resulting mixture was allowed to stir at room temperature in an
atmosphere of O2 for 72 h. The reaction was then quenched with
distilled water and filtered by suction filtration. The filtrate was
washed with 10% HCl, dried and filtered, and the solvent was
removed in vacuo. The residue was purified by chromatography
on silica gel with CHCl3/hexane/acetone = 2:21:2 to provide 3a
(778.4 mg, 61.4%) as a pale brown powder: mp: 149–150 �C; 1H
NMR (600 MHz, DMSO-d6) d ppm: 8.16 (dd, J = 2.6, 8.6 Hz, 1H),
7.98 (dd, J = 2.9, 5.6 Hz, 2H), 7.91 (dd, J = 3.1, 5.5 Hz, 2H), 7.88 (d,
J = 8.8 Hz, 1H), 7.69 (d, J = 2.4 Hz, 1H), 7.39 (t, J = 8.0 Hz, 2H), 7.20
(t, J = 7.4 Hz, 1H), 7.07 (d, J = 8.0 Hz, 2H); FTIR(KBr) cm�1: 1736,
1716, 1589; EI-MS m/z: 360 [M]+; HR-MS: Calcd for C20H12N2O5

[M]+: 360.0746. Found 360.0748.

4.1.3. Synthesis of 2-(2-(2-methoxyphenoxy)-4-nitrophenyl)
isoindoline-1,3-dione (3b)

Compound 3b was obtained in a similar manner to the synthe-
sis of 3a from 2 using 2-methoxy phenyl boronic acid. The crude
product was purified by chromatography on silica gel with CHCl3/
hexane/acetone = 1:8:1 to provide 3b (55.7 mg, 40.6%) as a pale
brown powder: mp: 198–199 �C; 1H NMR (600 MHz, DMSO-d6) d
ppm: 8.10 (dd, J = 2.6, 8.8 Hz, 1H), 8.02 (dd, J = 2.9, 5.5 Hz, 2H),
7.95 (dd, J = 2.9, 5.5 Hz, 2H), 7.85 (d, J = 8.4 Hz, 1H), 7.45 (d,
J = 2.7 Hz, 1H), 7.26 (t, J = 7.9 Hz, 1H), 7.16 (d, J = 8.2 Hz, 1H), 7.14
(d, J = 8.1 Hz, 1H), 7.00 (t, J = 7.7 Hz, 1H), 3.67 (s, 3H); FTIR(KBr)
cm�1: 1715, 1527, 1499; EI-MS m/z: 390 [M]+; HR-MS: Calcd for
C21H14N2O6 [M]+: 390.0852. Found 390.0853.

4.1.4. Synthesis of 2-(2-(3-methoxyphenoxy)-4-nitrophenyl)
isoindoline-1,3-dione (3c)

Compound 3cwas obtained in a similar manner to the synthesis
of 3a from 2 using 3-methoxy phenyl boronic acid. The crude
product was purified by chromatography on silica gel with CHCl3/
hexane/acetone = 1:8:1 to provide 3c (89.5 mg, 65.2%) as a pale
yellow powder: mp: 172–173 �C; 1H NMR (600 MHz, DMSO-d6) d
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ppm: 8.18 (dd, J = 2.4, 8.6 Hz, 1H), 7.99 (dd, J = 3.1, 5.3 Hz, 2H), 7.93
(dd, J = 2.9, 5.5 Hz, 2H), 7.88 (d, J = 8.8 Hz, 1H), 7.76 (d, J = 2.6 Hz,
1H), 7.28 (t, J = 7.7 Hz, 1H), 6.76 (m, 1H), 6.62 (m, 2H), 3.69 (s,
3H); FTIR(KBr) cm�1: 1736, 1716, 1605; EI-MS m/z: 390 [M]+;
HR-MS: Calcd for C21H14N2O6 [M]+: 390.0852. Found 390.0853.

4.1.5. Synthesis of 2-(2-(4-methoxyphenoxy)-4-nitrophenyl)
isoindoline-1,3-dione (3d)

Compound 3d was obtained in a similar manner to the synthe-
sis of 3a from 2 using 4-methoxy phenyl boronic acid. The crude
product was purified by chromatography on silica gel with CHCl3/
hexane/acetone = 1:8:1 to provide 3d (87.5 mg, 63.7%) as a pale
yellow solid: mp: 62–64 �C; 1H NMR (600 MHz, DMSO-d6) d
ppm: 8.12 (dd, J = 2.4, 8.6 Hz, 1H), 8.02 (dd, J = 3.1, 5.7 Hz, 2H),
7.95 (dd, J = 2.9, 5.5 Hz, 2H), 7.86 (d, J = 8.8 Hz, 1H), 7.57 (d,
J = 2.6 Hz, 1H), 7.08 (d, J = 6.8 Hz, 2H), 6.99 (d, J = 6.8 Hz, 2H),
3.75 (s, 3H); FTIR(KBr) cm�1: 1738, 1534, 1505; EI-MS m/z: 390
[M]+; HR-MS: Calcd for C21H14N2O6 [M]+: 390.0852. Found
390.0853.

4.1.6. Synthesis of 4-nitro-2-phenoxyaniline (4a)
A solution of 3a (500 mg, 1.4 mmol) in MeOH (13.9 mL) was

treated with hydrazine monohydride (344 lL, 7.1 mmol). After-
wards, the mixture was heated under reflux for 6 h. The resulting
mixture was concentrated in vacuo. The residue was diluted with
10% NaOHaq and extracted with CHCl3. The combined organic
phases were dried and filtered, and the solvent was removed in
vacuo. The residue was purified by chromatography on silica gel
with CHCl3/hexane/acetone = 1:8:1 to provide 4a (310.2 mg,
97.0%) as a yellow solid: mp: 111–112 �C; 1H NMR (600 MHz,
DMSO-d6) d ppm: 7.85 (dd, J = 2.2, 9.8 Hz, 1H), 7.45 (d, J = 2.4 Hz,
1H), 7.41 (t, J = 7.8 Hz, 2H), 7.17 (t, J = 7.2 Hz, 1H), 7.06 (d,
J = 8.0 Hz, 2H), 6.83 (d, J = 8.4 Hz, 1H), 6.64 (s, 2H); FTIR(KBr)
cm�1: 3476, 3352, 1624; EI-MS m/z: 230 [M]+; HR-MS: Calcd for
C12H10N2O3 [M]+: 230.0691. Found 230.0687.

4.1.7. Synthesis of 2-(2-methoxyphenoxy)-4-nitroaniline (4b)
Compound 4b was obtained in a similar manner to the synthe-

sis of 4a from 3b. The product was obtained without purification
(26.5 mg, 99.4%) as a yellow solid: mp: 133–134 �C; 1H NMR
(600 MHz, DMSO-d6) d ppm: 7.78 (dd, J = 2.6, 9.2 Hz, 1H), 7.28
(dt, J = 1.5, 7.7 Hz, 1H), 7.23 (dd, J = 1.6, 8.2 Hz, 1H), 7.13 (dd,
J = 1.6, 7.9 Hz, 1H), 7.09 (d, J = 2.6 Hz, 1H), 7.03 (dt, J = 1.6, 7.6 Hz,
1H), 6.78 (d, J = 8.8 Hz, 1H), 6.70 (s, 2H), 3.77 (s, 3H); FTIR(KBr)
cm�1: 3473, 3352, 1624; EI-MS m/z: 260 [M]+; HR-MS: Calcd for
C13H12N2O4 [M]+: 260.0797. Found 260.0791.

4.1.8. Synthesis of 2-(3-methoxyphenoxy)-4-nitroaniline (4c)
Compound 4cwas obtained in a similar manner to the synthesis

of 4a from 3c. The product was obtained without purification
(33.3 mg, 99.9%) as a yellow solid: mp: 122–123 �C; 1H NMR
(600 MHz, DMSO-d6) d ppm: 7.87 (dd, J = 2.6, 9.2 Hz, 1H), 7.49 (d,
J = 2.6 Hz, 1H), 7.31 (t, J = 8.2 Hz, 1), 6.83 (d, J = 9.2 Hz, 1H), 6.77
(dd, J = 2.4, 8.2 Hz, 1H), 6.67 (s, 2H), 6.66 (t, J = 2.4 Hz, 1H), 6.59
(dd, J = 2.4, 8.2 Hz, 1H), 3.76 (s, 3H); FTIR(KBr) cm�1: 3455, 3351,
1630; EI-MS m/z: 260 [M]+; HR-MS: Calcd for C13H12N2O4 [M]+:
260.0797. Found 260.0793.

4.1.9. Synthesis of 2-(4-methoxyphenoxy)-4-nitro aniline (4d)
Compound 4d was obtained in a similar manner to the synthe-

sis of 4a from 3d. The product was obtained without purification
(279.0 mg, quant.) as a yellow solid: mp: 89–91 �C; 1H NMR
(600 MHz, DMSO-d6) d ppm: 7.81 (dd, J = 2.6, 9.2 Hz, 1H), 7.30
(d, J = 2.6 Hz, 1H), 7.07 (d, J = 9.2 Hz, 2H), 7.00 (d, J = 9.2 Hz, 2H),
6.80 (d, J = 8.8 Hz, 1H), 6.70 (s, 2H), 3.77 (s, 3H); FTIR(KBr) cm�1:
3467, 3365, 1627; EI-MS m/z: 260 [M]+; HR-MS: Calcd for
C13H12N2O4 [M]+: 260.0797. Found 260.0802.

4.1.10. Synthesis of N-(4-nitro-2-phenoxyphenyl)
methanesulfonamide (1a)

A solution of 4a (500 mg, 2.2 mmol) in anhydrous CH2Cl2
(2.2 mL) was treated with dry Et3N (484 lL, 3.5 mmol) and the
mixture was allowed to stir for 1 min at room temperature. To
the reaction mixture, CH3SO2Cl (840 lL, 10.9 mmol) was added
drop-wise at ice-cold temperature. The resulting mixture was stir-
red for 23 h and the reaction was quenched with distilled water.
After extraction with CHCl3, the combined organic phases were
dried and filtered, and the solvent was removed in vacuo. To the
residue 3 M NaOHaq (10 mL) was added and the mixture stirred
at 80–90 �C for 16 h. Afterwards, 5 M HCl was added and it was
extracted with CHCl3. The combined organic phases were dried
and filtered, and the solvent was removed in vacuo. The residue
was purified by chromatography on silica gel with CHCl3/hexane/
acetone = 1:8:1 to provide 1a (497.4 mg, 74.3%) as a pale yellow
solid: mp: 142–144 �C (lit16 mp: 143–144.5 �C); 1H NMR
(600 MHz, DMSO-d6) d ppm: 10.16 (s, 1H), 8.03 (dd, J = 2.7,
9.0 Hz, 1H), 7.74 (d, J = 8.8 Hz, 1H), 7.54 (d, J = 2.6 Hz, 2H), 7.49
(t, J = 8.1 Hz, 2H), 7.28 (t, J = 7.0 Hz, 1H), 7.17 (d, J = 8.2 Hz, 2H),
3.20 (s, 3H); FTIR(KBr) cm�1: 3285, 1589, 1521; EI-MS m/z: 308
[M]+; HR-MS: Calcd for C13H12N2O5S [M]+: 308.0467. Found
308.0468.

4.1.11. Synthesis of N-(2-(2-methoxyphenoxy)-4-nitrophenyl)
methanesulfonamide (1b)

Compound 1b was obtained in a similar manner to the
synthesis of 1a from 4b. The crude product was purified by chro-
matography on silica gel with CHCl3/hexane/acetone = 1:8:1 to
provide 1b (91.9 mg, 70.7%) as a yellow solid: mp: 133–134 �C;
1H NMR (600 MHz, DMSO-d6) d ppm: 10.07 (s, 1H), 7.95 (dd,
J = 2.6, 8.8 Hz, 1H), 7.69 (d, J = 8.8 Hz, 1H), 7.34 (dt, J = 1.7, 7.9 Hz,
1H), 7.27 (dd, J = 1.5, 8.1 Hz, 1H), 7.24 (dd, J = 1.6, 7.9 Hz, 1H),
7.21 (d, J = 2.6 Hz, 1H), 7.08 (dt, J = 1.5, 7.7 Hz, 1H), 3.75 (s, 3H),
3.23 (s, 3H); FTIR(KBr) cm�1: 3342, 3269, 1602; EI-MS m/z: 338
[M]+; HR-MS: Calcd for C14H14N2O6S [M]+: 338.0573. Found
338.0578.

4.1.12. Synthesis of N-(2-(3-methoxyphenoxy)-4-nitrophenyl)
methanesulfonamide (1c)

Compound 1cwas obtained in a similar manner to the synthesis
of 1a from 4c. The crude product was purified by chromatography
on silica gel with CHCl3/hexane/acetone = 1:8:1 to provide 1c
(88.2 mg, 67.8%) as a pale yellow solid: mp: 121–123 �C; 1H NMR
(600 MHz, DMSO-d6) d ppm: 10.14 (s, 1H), 8.03 (dd, J = 2.6,
8.8 Hz, 1H), 7.73 (d, J = 9.2 Hz, 1H), 7.57 (d, J = 2.6 Hz, 1H), 7.38
(t, J = 7.6 Hz, 1H), 6.86 (dd, J = 2.2, 8.2 Hz, 1H), 6.76 (t, J = 2.2 Hz,
1H), 6.71 (dd, J = 2.0, 7.9 Hz, 1H), 3.78 (s, 3H), 3.20 (s, 3H); FTIR
(KBr) cm�1: 3244, 1600, 1526; EI-MS m/z: 338 [M]+; HR-MS: Calcd
for C14H14N2O6S [M]+: 338.0573. Found 338.0575.

4.1.13. Synthesis of N-(2-(4-methoxyphenoxy)-4-nitrophenyl)
methanesulfonamide (1d)

Compound 1d was obtained in a similar manner to the synthe-
sis of 1a from 4d. The crude product was purified by chromatogra-
phy on silica gel with CHCl3/hexane/acetone = 1:8:1 to provide 1d
(216.6 mg, 66.6%) as a pale yellow solid: mp: 128–129 �C; 1H NMR
(600 MHz, DMSO-d6) d ppm: 10.11 (s, 1H), 7.98 (dd, J = 2.6, 8.8 Hz,
1H), 7.70 (d, J = 8.8 Hz, 1H), 7.41 (d, J = 2.6 Hz, 1H), 7.16 (d,
J = 9.2 Hz, 2H), 7.05 (d, J = 9.2 Hz, 2H), 3.79 (s, 3H), 3.22 (s, 3H);
FTIR(KBr) cm�1: 3290, 1596, 1522; EI-MS m/z: 338 [M]+; HR-MS:
Calcd for C14H14N2O6S [M]+: 338.0573. Found 338.0575.
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4.2. Evaluation of lipophilicity

The lipophilicity of compounds was evaluated according to the
OECD guideline for testing of chemicals 117.37 The HPLC system is
constructed with CCPD pump and UV-8011 (TOSOH Corp., Tokyo,
Japan). HPLC analysis was performed using a reversed phase
column (COSMOSIL MS-II 4.6 ID � 10 mm guard-column and
COSMOSIL MS-II 4.6 ID � 100 mm column, nacalai tesque, Kyoto,
Japan) and methanol: phosphate buffer (1/15 mol/L, pH = 7.4)
= 70:30 as mobile phase at a flow rate of 1 mL/min, operated at
210 nm (0.005 AUFS). Thiourea, acetanilide, acetophenone, anisole,
benzophenone, biphenyl, and dibenzyl were used as reference com-
pounds and unretained organic compound. The calibration graph
was based on Y = 2.07 + 2.13X (X = logK, Y = logP7.4, r2 = 0.98). K is
capacity factor, derived by the expression: K = (Rt � t0)/t0 where,
Rt (min) is the retention time of the test compound and t0 (min)
is the dead-time measured by unretained organic compound. The
retention time of compounds (1a–d) was measured by the same
method and their logP7.4 values were calculated as shown in
Table 1.

4.2.1. In vitro COX-inhibitory potency
Inhibition of COX activity was assayed by using the Colorimetric

COX (ovine) Inhibitor Screening Assay kit (Cayman Chemical, No.
760111, Michigan, USA) according to the manufacturer instruc-
tions. This assay measures the heme-catalyzed hydroperoxidase
activity of ovine COX by monitoring the appearance of oxidized
N,N,N0,N0-tetramethyl-p-phenylenediamine (TMPD). Dimethylsul-
foxide (DMSO) (10 lL, control) or a solution of the studied
compound in DMSO (10�2–10�8 M) was added to a 96-well plate
with 0.1 M Tris–HCl assay buffer (pH 8.0) (150 lL), 4.4% solution
of heme in DMSO (10 lL) and a solution of ovine COX-1 or
COX-2 in 80 mM Tris–HCl (pH 8.0) containing 0.1% Tween 20 and
300 mM diethyldithiocarbamate. After 5 min of pre-incubation at
room temperature, a solution of TMPD (20 lL) and arachidonic
acid (20 lL) dissolved in 1.1 M ethanol containing 5 mM KOH
was added to the mixture. The mixture was incubated for an
additional 5 min and the absorbance was read using a plate reader
(iMark microplate reader, Bio-Rad Laboratories, Inc., Hercules, CA,
USA) at 590 nm. Celecoxib and indomethacin were used as the ref-
erence compounds. The IC50 values were calculated from the con-
centration–inhibition response curves. Concentration–inhibition
activities (%) were plotted and fitted with sigmoid curves (4 vari-
ables), yielding the IC50 values. The results are shown in Table 2.

4.2.2. Docking simulations of COX-2
Binding stability was calculated using Discovery Studio 4.0

(Accelrys, Inc., renamed asDassault SystemsBiovia Corp., SanDiego,
CA, USA). The protein structure of COX-2was obtained from Protein
Data Bank (PDB ID 3QMO). Docking study was performed with
CDOCKER program, which calculated protein–ligand interactions
(at pH = 8.0), and several docking poses were detected. Scoring the
detected poseswas performed by calculating intermolecular energy
Table 3
Kinetic parameters for penetration across Caco-2 monolayers

Compounds 1 lM

Papp, A?B (cm/s � 10�5) Papp, B?A (cm/s � 10�5) Efflux

Nimesulide (1a) 3.78 ± 1.3 2.21 ± 0.4 0.59
o-OCH3 (1b) 1.12 ± 0.3 0.85 ± 0.2 0.76
m-OCH3 (1c) 4.27 ± 1.6 4.04 ± 1.8 0.95
p-OCH3 (1d) 0.83 ± 0.2 0.68 ± 0.1 0.82

Average ± SD (n = 3).
* Significant decrease compared to Papp, A?B (p < 0.05).
with Generalized Bornwith Implicit Membranemodel.58 The favor-
able poses of 1a and 1d with the active orientation of the COX-2
pharmacophore at COX-2 active site are shown in Figure 2.

4.3. In vitro transport studies in Caco-2 cells

In vitro transport study was performed according to the litera-
ture.49,50 Caco-2 cell was purchased from ECACC and grown in
Eagle’s minimal essential medium (Wako Pure Chemical Ind., Ltd,
Osaka, Japan) supplemented with 10% fetal bovine serum (Gibco�,
Life Technologies, Carlsbad, CA, USA), 1% antibiotic–antimycotic
mixed solution (stabilized) and 1% non-essential amino acids
(nacalai tesque, Inc., Kyoto, Japan), and incubated at 37 �C in 5%
CO2. Caco-2 cells were seeded at a density of 3.0 � 104 cells/well
on porous polyethylene terephthalate membrane filters (3-lm
pore size, high density, 0.3 cm2 filter area, Falcon� cell culture
insert, Becton Dickinson, renamed Corning Inc., NY, USA). Cells
were cultured in 24-well plates and culture medium was replaced
every 2–3 days until using for the assay after seeding 21 days.

TEER of Caco-2 cell monolayers was monitored before assay
using Millicell ERS-2 (Merck Millipore, Darmstadt, Germany), and
the monolayers with TEER greater than 350X cm2 were utilized
for the assays. For in vitro transport studies, each cell monolayer
was washed with phosphate-buffered saline (pH = 7.4) before
pre-incubation for 1 h in Hank’s balanced salt solution containing
Ca, Mg and Phenol Red (HBSS(+)). These assays were initiated by
adding the solution of test compounds to the apical (250 lL) or
basolateral (950 lL) side at 37 �C. At 1 and 2 h, respectively, after
starting the transport experiments, aliquots (50 lL) of medium in
the receiver side were collected to determine the transported
amount of each compound.

Quantification of test compounds was performed by LC–MS/MS
system (TSQ Quantum Discovery, Thermo Fisher Scientific Inc.,
Waltham, MA, USA). LC condition was as follows: a reverse-phase
column (COSMOSIL MS-II 2.0 ID � 150 mm, nacalai tesque, Inc.,
Kyoto, Japan) was used; the mobile phase was 40% distilled water
and 60% acetonitrile containing 0.5% formic acid; and the flow rate
was 200 lL/min. Then, the eluent of LC was ionized using the
electrospray interface. Full-scan and SRM MS/MS spectra were
obtained at negative mode, and parent m/z, product m/z and
Collision Energy was as follows: 1a (307.0m/z, 229.06m/z, 21 V),
1b (337.1m/z, 259.12m/z, 21 V), 1c (337.1m/z, 259.13m/z, 22 V),
and 1d (337.1m/z, 259.10m/z, 21 V).

The apparent permeability coefficients (Papp)(cm/s) were deter-
mined according to the following equation:50

Papp ¼ DQ=Dt
AC0

where, DQ/Dt, A, and C0 represent the linear appearance rate of the
compound on the receiver (transported amount/s), the membrane
surface area (cm2), and the initial concentration of compounds in
the donor side, respectively. The efflux ratio was calculated using
the following equation: efflux ratio = Papp, B?A/Papp, A?B; Papp, B?A
10 lM

ratio Papp, A?B (cm/s � 10�5) Papp, B?A (cm/s � 10�5) Efflux ratio

3.89 ± 0.3 2.41 ± 0.1* 0.62
3.81 ± 1.1 2.54 ± 0.3 0.67
5.23 ± 1.1 5.19 ± 1.1 0.99
1.82 ± 0.6 0.31 ± 0.2* 0.17



Table 4
Kinetic parameters for penetration across Caco-2 monolayers with inhibitor (500 lM verapamil)

Compounds 1 lM 10 lM

Papp, A?B (cm/s � 10�5) Papp, B?A (cm/s � 10�5) Efflux ratio Papp, A?B (cm/s � 10�5) Papp, B?A (cm/s � 10�5) Efflux ratio

Nimesulide (1a) 2.82 ± 0.6 3.95 ± 0.7 1.40 4.71 ± 1.6 6.70 ± 2.0 1.42
p-OCH3 (1d) 3.19 ± 1.2 1.69 ± 0.6 0.53 4.35 ± 0.3 4.18 ± 1.0 0.96

Average ± SD (n = 3).
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and Papp, A?B represent the Papp in the basolateral-to-apical direc-
tion and the apical-to-basolateral direction, respectively. The result
was shown in Table 3.

The transported amounts of Lucifer yellow (1 mg/mL) and
rhodamine123 (5 lM) were also evaluated in parallel. Each quan-
tification was measured on a plate reader (Powerscan� HT, DS
Pharma Biomedical Co., Ltd, Osaka, Japan) at 468 nm (kex),
530 nm (kem) for Lucifer yellow and at 485 nm (kex), 528 nm
(kem) for rhodamine123. The transported amounts of Lucifer yellow
as a para-cellular marker was calculated at % transported amount
per hour, confirming to be lower than 0.15%/h,59 whereas that of
rhodamine123 was used as a positive control, calculated according
to the same procedure as test compounds.60 To investigate the
effects of verapamil, P-gp inhibitor, on efflux of compounds across
the Caco-2 cell,61,62 500 lM verapamil was loaded into the med-
ium on both sides of the monolayer and pre-incubated for 15 min.
The result was shown in Table 4.
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