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, evaluation and 3D-QSAR analysis
of benzosulfonamide benzenesulfonates as potent
and selective inhibitors of MMP-2

Han-Yue Qiu,† Zhong-Chang Wang,† Peng-Fei Wang,† Xiao-Qiang Yan,
Xiao-Ming Wang,* Yong-Hua Yang* and Hai-Liang Zhu*

A novel series of MMPIs was designed, synthesized and purified using a scaffold modification strategy. The

new compounds were also evaluated for biological activity against A549, MCF-7, HepG2 and Hela as

potential inhibitors of MMP-2. The most potent inhibitor against MMP-2 was compound 19 (IC50 ¼ 0.38

mM). Its antitumor effect is believed to be due to the induction of apoptosis, which is further confirmed

by Annexin V-FITC/PI staining assay using flow cytometry analysis. Furthermore, all the compounds were

evaluated for cytotoxicity against 293T. In addition, 3D-QSAR studies were conducted. The result

showed that the benzosulfonamide benzenesulfonate MMPIs may prove interesting lead candidates to

target MMP-2 associated tumor, where the MMP-2 domain is located extracellularly.
1 Introduction

Matrix metalloproteinases (MMPs) are a family of more than 28
subtypes of zinc- and calcium-dependent endopeptidases
involved in the degradation of all components of the extracel-
lular matrix (ECM).1–3 MMPs play a crucial role in physiological
tissue remodeling and repair and continue to be an interesting
target for drug discovery.4–6 However, aberrant recruitment of
MMPs can lead to tissue degradation, which has been linked to
several disease states, such as tumor growth and metastasis.6

Under normal physiological conditions, endogenous tissue
inhibitors of MMPs (TIMPs) could serve as effective anticancer
agents.7,8 In addition to other direct TIMP/MMP interactions,
the TIMPs also coordinate to the catalytic zinc ion of the MMPs
and as a result control their activity.9 Overexpression of MMPs,
or inadequate control by TIMPs, has been observed and impli-
cated with a variety of chronic diseases including cancers,
arthritis and other illnesses.10 Therefore, there has been
signicant interest in the development of specic inhibitors to
deal with this problem.11

The development of low molecular weight synthetic inhibi-
tors of MMPs is an attractive approach to the therapeutic
treatment of a variety of diseases, such as arthritis and
cancer.12–17 Especially, inhibitors of MMP-2 are sought for
prevention of cancer tumor growth.18 Consequently, many
potent and orally active broad-spectrum MMP inhibitors, active
against a range of different enzymes, or of selective inhibition,
otechnology, Nanjing University, Nanjing
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were discovered during the past decade, some of which having
been in clinical trials. MMP inhibitors A–H (ref. 8,19–21) were
tested against cancers; MMP inhibitors I (cipemastat)22 and J
(illomastat)23 were tried in the clinics for inammation (Fig. 1).
Unfortunately, these broad-spectrum MMP inhibitors have
been limited by non-specicity and thus non-selective toxicity
and dose-limiting efficacy.24 Still, it was thought that the inhi-
bition of MMPs may cause undesirable side effects.25 As a
consequence, no MMP inhibitor has emerged on the market.8

To solve this problem, we targeted our efforts toward the
discovery of new chelating groups suitable for MMP inhibitor
templates.26,27 Structural studies have revealed that most
inhibitors interact with the MMP active site residues through an
elaborate hydrogen-bond network and chelation of the active-
site zinc.2 Several zinc binding groups (ZBG) have been discov-
ered, which include secondary amines, amides, imines, imid-
azoles, carboxylates, aminocarboxylates, sulydryls,
hydroxamates, phosphonates and phosphinates.28–32 In recent
years, interest in benzosulfonamides has been increased due to
their high biological activity, however the broad-benzosulfona-
mides as MMP inhibitors,33 hitherto have not been recognized.

Our work has been focused on metastasis formation in
which MMPs (especially MMP-2) have a vital role by mediating
tumor cell dissemination. Efficient inhibition to MMPs is,
therefore, an important therapeutic approach, which has
attracted considerable attention within academia and industry
for the last two decades or so. We now describe the structure-
based design and synthesis of novel, potent, and selective MMP-
2 inhibitors that utilize benzosulfonamide benzenesulfonates
as a scaffold.
This journal is © The Royal Society of Chemistry 2014
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Fig. 1 Selected MMP inhibitors.

Scheme 1 General synthesis of compounds (10–36). Reagents and conditions: (a)1.0 equiv. p-R1NHSO2PhNH2, CH3CH2OH, reflux 2–4 h, 80.3–
87.8%; (b)1.0 equiv., NaBH4, CH3CH2OH, 0 �C 2 h, 83.2–87.4%; (c) 2.0 equiv., ArSO2Cl, 0 �C 10 h, 41.9–66.3% .
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2 Results and discussion
2.1 Chemistry

The synthetic route followed for the synthesis of twenty-seven
target compounds is depicted in Scheme 1. To a stirred solution
This journal is © The Royal Society of Chemistry 2014
of the sulfonamide derivative and salicylaldehyde in ethanol,
glacial acetic acid was added as catalyst. The reaction mixture
was stirred for 4 h to give the Schiff bases 2–5, in high yields
(80.3–87.8%). The Schiff bases were then treated with NaBH4 to
afford compounds 6–9 and subsequently these compounds
RSC Adv., 2014, 4, 39214–39225 | 39215
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Table 1 Crystal data for compound 10 and 16

Compound 10 16

Empirical formula C19H18N2O5S2 C21H19BrN2O6S2
Formula weight 418.1 538.0
Temperature (K) 273(2) 296(2)
Crystal system Monoclinic Trclinic
Space group P21/c P�1
a (Å) 8.2199(10) 20.976(2)
b (Å) 11.2497(14) 7.4910(9)
c (Å) 11.8661(14) 13.8228(14)
a (�) 70.477(3) 90.00
b (�) 71.107(3) 109.011(3)
g (�) 82.365(4) 90.00
V (Å) 978.1(2) 2053.5(4)
Z 13 27
Dcalcd/g cm�3 1.657 1.639
q Rang (deg) 2.62–27.57 2.05–25.09
F(000) 494 1026
Reections collected 10313

(Rint ¼ 0.0237)
18744
(Rint ¼ 0.0315)

Data/restraints/parameters 4379/0/261 3649/0/288
Absorption coefficient (mm�1) 0.792 0.784
R1; wR2 [I > 2s(I)] 0.0407/0.1027 0.0353/0.0891
R1; wR2 (all data) 0.0528/0.1101 0.0458/0.0956
GOF 1.038 1.039
Larg. peak/hole (e Å) 0.350/�0.326 0.255/�0.286
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were coupled with the appropriate substituted benzenesulfonyl
chloride to give the target compounds, using triethylamine
(TEA) as the deacid reagent. All of the target compounds 10–36
are reported for the rst time, and gave satisfactory analytical
and spectroscopic data. 1HNMR and ESI-MS spectra were
consistent with the assigned structures.

2.2 Crystal structures of compound 10 and 16

Among these compounds, the crystal structures of compound
10 and 16 were determined by X-ray diffraction analysis. The
crystallographic data for the structural analysis are presented in
Table 1, and their 3D images with the atomic labeling system
are shown in Fig. 2.

2.3 Biological activity

2.3.1 MMP-2 inhibitory activity. All the compounds were
tested for their inhibition to MMP-2, with CMT-1 as the positive
Fig. 2 Crystal structure diagrams of compound 10 and 16.

39216 | RSC Adv., 2014, 4, 39214–39225
control drug. In this assay, the IC50 values of the new
compounds, possessing sufficiently potent anticancer activity,
are shown in Table 2; the results were compared with that
shown by the anticancer drug CMT-1, under identical condi-
tions, and it was revealed that most of the synthesized
compounds exhibited signicant anticancer activities.

The MMP-2 was inhibited by compounds 10–36 with IC50 in
the range of 0.38–68.23 mM. Compound 19 was the most active
having an IC50 value of 0.38 mM, whereas compound 22 was the
least active with IC50 value of 68.23 mM (Table 2). Different
substituents of benzoic acid benzene ester have been chosen as
the research object and the results showed that the compounds
with substituents at the para-position are more potent than
those bearing meta-position substituents (such as 12 and 16); it
was also found that the electron-withdrawing group of R2 was
essential to improve the inhibitory activity, and the inhibitory
activities increased in the following order: CH3 < H < Br < Cl < F
< NO2. Provided that the benoic acid methyl ester group was
kept unchanged, the effect of changing different sulfanilamide
derivatives was subtle, and compounds 12 and 19 were identi-
ed as the most potent inhibitors.

In comparison, we found that these compounds, with bulky
and electron-withdrawing groups on the benzene ring (such as
NO2), exhibited more potent anticancer activities than those
having electron-donating substituents (such as CH3). From the
abovementioned observation, it was concluded that the
compounds with a nitro or halogen substituted benzene ring
were the most potent.

2.3.2 Antiproliferation assay. In order to test the anti-
proliferation activity of the new compounds, we evaluated them
against A549, MCF-7, HepG2 and Hela in comparison to the
known anticancer drugs, Getinib and Celecoxib. The results
are summarized in Table 2. Most of the new synthetic salicy-
laldehyde sulfonamide derivatives, containing the benzene
sulfonic acid benzyl ester group exhibited remarkable anti-
proliferative activity. Especially on antiproliferation against
Hela cells, compounds 19, 25, 32 and 33 showed better activity
than the positive control. From the analysis of these test results,
a conclusion can be drawn: strong R2 electron-withdrawing
substituents on the benzene ring, (NO2 and F, for example)
endow compounds with more potent activities than those with
electron-donating groups.
This journal is © The Royal Society of Chemistry 2014
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Table 2 Biological activities (IC50, mM) of target compounds (10–36)

Compounds R1 R2

IC50
a (mM) IC50

a (mM) IC50
a (mM) IC50

a (mM) IC50
c (mM)

MCF-7b HepG2b Helab A549b MMP-2d

10 H p-H 12.04 13.83 6.21 8.28 50.82
11 H p-CH3 13.21 17.61 8.55 11.2 23.43
12 H p-NO2 9.45 2.02 2.69 4.23 1.22
13 H p-F 9.87 4.21 7.11 6.73 6.80
14 H p-Cl 11.26 4.52 10.13 5.47 29.24
15 H p-Br 17.91 7.27 14.41 8.11 49.63
16 H m-NO2 20.41 8.38 10.95 12.9 18.26

17 p-H 4.46 12.0 4.33 3.41 5.26

18 p-CH3 8.27 16.88 5.89 4.42 11.63

19 p-NO2 1.78 2.62 0.63 1.17 0.38

20 p-F 2.99 4.68 1.78 2.31 16.20

21 p-Cl 4.51 7.21 3.45 6.14 24.54

22 p-Br 5.38 8.78 5.1 8.17 68.23

23 m-NO2 10.9 11.9 8.42 10.1 12.32

24 p-CH3 5.11 21.7 1.16 7.4 62.60

25 p-NO2 0.99 3.61 0.96 2.11 13.24

26 p-F 1.71 6.63 3.72 5.75 28.10

27 p-Cl 4.12 8.2 6.11 8.34 36.81

28 p-Br 8.17 9.91 5.09 10.1 49.83

29 m-NO2 10.11 16.53 7.02 11.2 34.20

30 p-H 6.31 6.7 5.71 3.32 26.53

31 p-CH3 7.11 6.81 7.85 2.91 56.61

This journal is © The Royal Society of Chemistry 2014 RSC Adv., 2014, 4, 39214–39225 | 39217
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Table 2 (Contd. )

Compounds R1 R2

IC50
a (mM) IC50

a (mM) IC50
a (mM) IC50

a (mM) IC50
c (mM)

MCF-7b HepG2b Helab A549b MMP-2d

32 p-NO2 1.53 0.81 0.44 1.19 9.83

33 p-F 2.72 4.93 0.97 3.53 11.62

34 p-Cl 4.95 5.82 1.78 6.91 9.88

35 p-Br 8.31 5.06 4.23 7.53 42.36

36 m-NO2 11.6 9.21 3.21 10.33 16.54

Getinib — — 6.70 — 1.59 2.78 —
Celecoxib — — 7.01 0.68 7.51 2.21 —
CMT-1 — — — — — — 1.20

a Biological activity was measured using the MTT assay. Values are the average of three independent experiments run in triplicate. Variation was
generally 5–10%. b Cancer cells kindly supplied by State Key Laboratory of Pharmaceutical Biotechnology, Nanjing University. c Errors were in the
range of 5–10% of the reported values, from three different assays. d Human recombinant enzymes, by the esterase assay (4-nitrophenylacetate as
substrate).
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2.3.3 Cytotoxicity. All of the new compounds were evalu-
ated for their toxicity against the human kidney epithelial cell
293T (median cytotoxic concentration (CC50) data) using the
MTT assay. As shown in Table 3, these compounds were tested
at multiple doses to study the viability of 293T and demon-
strated almost no cytotoxic activities in vitro against human
kidney epithelial cell 293T.

2.3.4 Apoptosis assay. In order to decipher whether the
inhibition of cell growth of Hela is related to cell apoptosis, Hela
cell line apoptosis induced by compound 19 was determined
using ow cytometry. The results are shown in Fig. 3; the
percentage of apoptotic cells was markedly elevated in a dose-
dependent manner. The percentages of cell apoptosis 3.12%,
8.12%, 16.81%, 62.74% correspond to the concentration of
compound 19 0, 2, 8 and 32 mM, respectively.
2.4 Molecular docking

Docking study was performed aiming at tting compound 19
into the active center of the matrix metalloproteinases MMP-2
(PDB code: 1QIB).34 The results obtained are presented in the
two groups of pictures: Fig. 4 and 5 show that the binding mode
of compound 19 results from its interaction with 1QIB protein.
The docking results revealed that four amino acids TYR155,
GLY152, ARG148 and GLU150 located in the binding pocket of
39218 | RSC Adv., 2014, 4, 39214–39225
protein played major roles in binding to compound 19, via two
hydrogen bonds and two charge interactions (2D diagram).
Compound 19 forms hydrogen bonds with the backbone NH of
TYR155 (angle O/H–N ¼ 166.0�, distance ¼ 2.2 Å), GLY152
(angle O/H–H ¼ 161.6�, distance ¼ 2.9 Å); the atom on nitryl
contributes to the two charge interactions. Moreover, two
coordinate bonds are formed between the zinc cation and
oxygen atoms, as shown in Fig. 5, which seem to drastically
increase the binding affinity. The molecular docking results,
along with the biological assay data, suggest that compound 19
is a potential inhibitor of MMP-2.
2.5 3D-QSAR model

To obtain the systematic SAR prole of benzosulfonamide
benzenesulfonates, as antitumor agents and to explore more
powerful and selective inhibitors of MMP-2, a 3D-QASR model
was built. By this effort, we intended to discuss the relationship
of structure and activity, and cast a light on the discovery of
more potent novel antagonists against MMP-2. This model was
performed by built-in QSAR soware of DS 3.5 (Discovery Studio
3.5, Accelrys, Co. Ltd), with all molecules converted to the active
conformation and corresponding pIC50 (mM) values, which were
converted from the obtained IC50 (mM) values of MMP-2 inhi-
bition. These compounds were divided into a test set and a
This journal is © The Royal Society of Chemistry 2014
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Table 3 The median cytotoxic concentration (CC50) data of all
compounds

Compounds CC50
a, mM

10 59.00
11 62.29
12 56.43
13 56.76
14 49.28
15 74.63
16 52.49
17 51.30
18 46.79
19 51.90
20 59.25
21 58.31
22 57.75
23 50.09
24 53.31
25 50.74
26 45.19
27 66.49
28 57.34
29 49.76
30 57.48
31 63.93
32 49.19
33 49.91
34 54.67
35 47.60
36 44.76
Celecoxib 55.06

a The cytotoxicity of each compound was expressed as the concentration
of compound that reduced cell viability to 50% (CC50).

Fig. 3 Compound 19 induced apoptosis in Hela cells with the density of 0
mean � S.D, n ¼ 3. P < 0.05 versus control. The percentage of cells in e

This journal is © The Royal Society of Chemistry 2014

Paper RSC Advances

Pu
bl

is
he

d 
on

 2
9 

A
ug

us
t 2

01
4.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

Il
lin

oi
s 

at
 C

hi
ca

go
 o

n 
25

/1
0/

20
14

 1
1:

33
:3

1.
 

View Article Online
training set, randomly. The test set composed of 22 agents and 5
agents were consisted of the relative training set, which are
summarized in Table 4.

By default, the alignment conformation of each molecule
possessed the lowest CDOCKER_INTERACTION_ENENGY
among all of the docked poses. The critical regions (steric or
electrostatic) affecting the binding affinity was gained by this
3D-QSAR model. Exerting CHARMm force led and PLS
regression, the model was set up with conventional R2 of 0.852,
indicating that this model possesses good predicting capability.
The relationship between observed and predicted values is
shown graphically in Fig. 6.

All of the newmolecules were aligned with the iso-surfaces of
the 3D-QSAR model coefficients on electrostatic potential grids
Fig. 7 (a) and van der Waals grids were listed (Fig. 7 (b)). The
electrostatic map, depicted below, displays the favorable (in
blue) or unfavorable (in red) electrostatic eld regions in a
contour plot, while the energy grids corresponding to the
favorable (in green) or unfavorable (in yellow) steric effects are
also marked out. Compounds showing strong van der Waals
attraction in the green areas and a polar group in the blue
electrostatic potential areas, are characterized as active. This
model is in accordance with the actual situation for compounds
under study. Thus, this model could provide a guideline to
design and optimize more effective tubulin inhibitors and pave
the way for us in further studies.
, 2, 8, 32 mM. Hela cells were treated with for 24 h. Values represent the
ach part was indicated.

RSC Adv., 2014, 4, 39214–39225 | 39219
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Fig. 4 Molecular docking 2D modeling of compound 19with MMP-2:
for clarity, only interacting residues are displayed.

Fig. 5 Molecular docking 3D modeling of compound 19 with the
MMP-2 binding site: for clarity, only interacting residues are displayed.

Table 4 Experimental, predicted inhibitory activity of compounds 10–
36 by 3D-QSAR models based upon active conformation achieved by
molecular docking

Compounda

MMP-2

Residual errorActual pIC50 Predicted pIC50

10 4.29 4.50 �0.21
11 4.63 4.90 �0.27
12 5.92 5.89 0.03
13 5.17 5.00 0.17
14 4.53 4.78 �0.44
15 4.3 4.26 0.04
16 4.74 4.78 �0.04
17 5.28 5.04 0.24
18 4.94 4.96 �0.02
19 6.42 6.50 �0.08
20 4.79 4.77 0.02
21 4.61 4.42 0.19
22 4.17 4.72 �0.55
23 4.91 4.91 0.00
24 4.2 4.68 �0.48
25 4.88 4.92 �0.04
26 4.55 4.59 �0.04
27 4.43 4.43 0.00
28 4.3 4.21 0.09
29 4.47 4.42 0.05
30 4.58 4.59 �0.01
31 4.25 4.29 �0.04
32 5.01 5.14 �0.13
33 4.94 4.80 0.14
34 5.01 4.97 0.04
35 4.37 4.35 0.02
36 4.78 4.85 �0.07

a The underlined for the test set, and the rest for training.
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3 Conclusion

In a nutshell, a series of novel MMP-2 inhibitors (10–36) bearing
the benzenesulfonate sulfonamide skeleton has been synthe-
sized and evaluated for their biological activity. All of these
compounds exhibited potent anproliferation activities against
Hela and A549 cells and MMP-2 enzymatic inhibitory activities.
Among them, 19 showed the highest inhibition activity against
the growth of Hela and A549 cell lines, with IC50 values of 0.63
and 1.17 mM and for MMP-2 the IC50 is 0.38 mM. More impor-
tantly, compound 19 exhibited almost no toxicity towards the
human kidney epithelial cell 293T. In addition, the docking
simulations which were performed, to nd the probable
binding models and poses, indicated that compound 19 can
bind well with the MMP-2 active site. QSAR models were built
with previous activity data and binding conformations and used
as a reliable tool for the rational design of MMP-2 inhibitors.
Fig. 6 Plot of experimental vs. predicted MMP-2 inhibitory activities of
training set and test set.
4 Experiments
4.1 Materials and measurements

All chemicals and reagents used in current study were analytical
grade. All the 1HNMR spectra were recorded on a Bruker DPX
300 or 400 model Spectrometer in DMSO-d6 and chemical shis
(d) were reported as parts per million (ppm). ESI-MS specra were
recorded a Mariner System 5304 Mass spectrometer. Melting
points were determined on a XT4 MP apparatus (Taike Corp,
39220 | RSC Adv., 2014, 4, 39214–39225
Beijing, China). Thin layer chromatography (TLC) was per-
formed on silica gel plates (Silica Gel 60 GF254) and visualized
in UV light (254 nm). Column chromatography was performed
using silica gel (200–300 mesh) eluting with ethyl acetate and
petroleum ether.
This journal is © The Royal Society of Chemistry 2014
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Fig. 7 (a) 3D QSAR model coefficients on electrostatic potential grids.
Blue represents positive coefficients; red represents negative coeffi-
cients. (b) 3D QSAR model coefficients on van der Waals grids. Green
represents positive coefficients; yellow represents negative
coefficients.
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4.2 General procedure for the synthesis of compounds 6–9

To a solution of sulfonamide derivatives (10 mmol) in ethanol
(100 mL) was added salicylaldehyde (10 mmol). The reaction
mixture was reuxed for 4 h, and monitored by TLC. Aer
completion of the reaction, the precipitate was ltered and
washed with ethanol for three times. The crude product was
recrystallized from ethanol to furnish compounds 2–5. Without
further purication, to a mixture of synthesized Schiff bases (10
mmol) in ethanol (100 mL), NaBH4 (10 mmol) was slowly added
in an ice bath with stirring. The reaction mixture was stirred for
4 h, then the solvent was concentrated and water (10 mL) was
added. The product extraction was carried out with CH2Cl2.
Dried over Na2SO4, the organic layer was then concentrated in
vacuo. The residue was recrystallized form ethanol to afford
pure compounds 6–9.

4.2.1 4-((2-Hydroxybenzyl)amino)benzenesulfonamide (6).35

4.2.2 N-Carbamimidoyl-4-(2-hydroxybenzylamino)benzene-
sulfonamide (7).White crystal, yield 87.4%, m.p. 205–207 �C. 1H
NMR (DMSO-d6, 300MHz) d: 9.62 (s, 1H, OH), 7.40 (d, 2H, J¼ 8.8
Hz, ArH), 7.34–7.28 (m, 3H, ArH), 7.11–7.08 (m, 1H, NH), 6.82 (s,
1H, ArH), 6.57 (s, 4H, NH2 and NH), 6.36 (d, 2H, J¼ 8.7 Hz, ArH),
4.10 (s, 2H, CH2).

4.2.3 N-(4-(2-Hydroxybenzylamino)phenylsulfonyl)acetamide
(8).White crystal, yield 84.6%, m.p. 175–177 �C. 1H NMR (DMSO-
d6, 300MHz) d: 11.70 (s, 1H, SO2NH), 9.62 (s, 1H, OH), 7.55 (d, 2H,
J ¼ 9.0 Hz, ArH), 7.34–7.28 (m, 3H, ArH), 7.22 (t, 1H, J ¼ 6.0 Hz,
ArH), 7.13–7.11 (m, 1H, NH), 6.45 (d, 2H, J¼ 8.8 Hz, ArH), 4.15 (d,
2H, J ¼ 5.9 Hz, CH2), 1.86 (s, 3H, CH3).

4.2.4 4-(2-Hydroxybenzylamino)-N-(4-methylpyrimidin-2-yl)
benzenesulfonamide(9). White crystal, yield 85.2%, m.p. 208–
201 �C. 1H NMR (DMSO-d6, 300 MHz) d: 11.18 (s, 1H, SO2NH),
9.62 (s, 1H, OH), 8.32 (d, 1H, J ¼ 5.1 Hz, ArH), 7.34–7.27 (m, 3H,
ArH), 7.09–7.04 (m, 2H, ArH), 6.90 (d, 1H, J ¼ 5.1 Hz, NH), 6.42
(d, 2H, J¼ 5.1 Hz, ArH), 4.10 (d, 2H, J¼ 5.8 Hz, CH2), 2.31 (s, 3H,
CH3).
4.3 General procedure for the synthesis of compounds 10–36

Triethylamine (10 mmol) was slowly added into a stirred solu-
tion of 6–9 (5 mmol), benzene sulfonyl chloride derivatives (10
This journal is © The Royal Society of Chemistry 2014
mmol) in methanol (40 mL), DMF (5 mL). The reaction was
stirred at ice bath for 10 h and monitored by TLC. Aer the
completion of the reaction, the mixture was evaporated under
reduced pressure to give a residue. Then the residue was puri-
ed by silica gel chromatography and recrystallized from
ethanol to obtain pure compounds 10–36.

4.3.1 2-((4-Sulfamoylphenylamino)methyl)phenyl benzene-
sulfonate (10). White crystal, yield 52.2%, m.p. 140–141 �C. 1H
NMR (DMSO-d6, 400 MHz) d (ppm): 7.97 (d, 2H, J¼ 7.4 Hz, ArH),
7.89 (d, 1H, J¼ 7.5 Hz, ArH), 7.73 (d, 2H, J¼ 7.8 Hz, ArH), 7.47 (d,
2H, J ¼ 8.8 Hz, NH2), 7.34–7.26 (m, 3H, ArH), 7.10–7.08 (m, 1H,
NH), 6.94 (m, 3H, ArH), 6.41 (d, 2H, J¼ 8.7 Hz, ArH), 4.13 (d, 2H,
J ¼ 6.0 Hz, CH2). MS (ESI): 419.1 ([M + H]+).

4.3.2 2-((4-Sulfamoylphenylamino)methyl)phenyl 4-methyl-
benzenesulfonate (11). White crystal, yield 58.0%, m.p. 122–
124 �C. 1H NMR (DMSO-d6, 400 MHz) d (ppm): 7.83 (d, 2H, J ¼
8.3 Hz, ArH), 7.53 (d, 2H, J¼ 8.1 Hz, ArH), 7.45 (d, 2H, J¼ 8.8 Hz,
NH2), 7.33–7.24 (m, 3H, ArH), 7.12–7.10 (m, 1H, NH), 6.93 (s, 3H,
ArH), 6.38 (d, 2H, J ¼ 8.8 Hz, ArH), 4.11 (d, 2H, J ¼ 6.0 Hz, CH2),
2.45 (s, 3H, CH3). MS (ESI): 433.5 ([M + H]+).

4.3.3 2-((4-Sulfamoylphenylamino)methyl)phenyl 4-nitro-
benzenesulfonate (12). Yellow crystal, yield 54.2%, m.p. 166–
168 �C. 1H NMR (DMSO-d6, 300 MHz) d (ppm): 8.49 (d, 2H, J ¼
8.7 Hz, ArH), 8.26 (d, 2H, J ¼ 8.8 Hz, ArH), 7.48 (d, 2H, J ¼ 8.5
Hz, NH2), 7.33–7.30 (m, 3H, ArH), 7.08–7.06 (m, 1H, NH), 6.91
(s, 3H, ArH), 6.50 (d, 2H, J¼ 8.6 Hz, ArH), 4.22 (d, 2H, J¼ 5.8 Hz,
CH2). MS (ESI): 464.1 ([M + H]+).

4.3.4 2-((4-Sulfamoylphenylamino)methyl)phenyl 4-bromo-
benzenesulfonate (13). White crystal, yield 60.1%, m.p. 148–
150 �C. 1H NMR (DMSO-d6, 300 MHz) d (ppm): 7.96–7.86 (m, 4H,
ArH), 7.48 (d, 2H, J¼ 8.7 Hz, NH2), 7.34–7.28 (m, 3H, ArH), 7.11–
7.10 (m, 1H, NH), 6.91 (m, 3H, ArH), 6.43 (d, 2H, J¼ 8.7 Hz, ArH),
4.15 (d, 2H, J ¼ 6.0 Hz, CH2). MS (ESI): 497.0 ([M + H]+).

4.3.5 2-((4-Sulfamoylphenylamino)methyl)phenyl 4-chloro-
benzenesulfonate (14). White crystal, yield 56.3%, m.p. 139–
141 �C. 1H NMR (DMSO-d6, 300 MHz) d (ppm): 7.97 (d, 2H, J ¼
5.1 Hz, ArH), 7.80 (d, 2H, J ¼ 5.1 Hz, ArH), 7.47 (d, 2H, J ¼ 5.1
Hz, NH2), 7.32–7.29 (m, 3H, ArH), 7.09 (d, 1H, J ¼ 4.2 Hz, NH),
6.91 (s, 3H, ArH), 6.43 (d, 2H, J ¼ 5.0 Hz, ArH), 4.15 (d, 2H, J ¼
3.5 Hz, CH2). MS (ESI): 454.0 ([M + H]+).

4.3.6 2-((4-Sulfamoylphenylamino)methyl)phenyl 4-uoro-
benzenesulfonate (15). White crystal, yield 49.7%, m.p. 148–
150 �C. 1H NMR (DMSO-d6, 300 MHz) d (ppm): 8.07–8.02 (m, 2H,
ArH), 7.56 (t, 2H, J ¼ 8.7 Hz, ArH), 7.47 (d, 2H, J ¼ 8.8 Hz, NH2),
7.32–7.28 (m, 3H, ArH), 7.12–7.07 (m, 1H, NH), 6.91 (s, 3H, ArH),
6.44 (d, 2H, J ¼ 8.8 Hz, ArH), 4.15 (s, 2H, CH2). MS (ESI): 437.1
([M + H]+).

4.3.7 2-((4-Sulfamoylphenylamino)methyl)phenyl 3-nitro-
benzenesulfonate (16). Yellow crystal, yield 64.2%, m.p. 173–
175 �C. 1H NMR (DMSO-d6, 300 MHz) d (ppm): 8.66 (d, 1H, J ¼
8.2 Hz, ArH), 8.56 (t, J ¼ 1.8 Hz, 1H), 8.41 (d, 1H, J ¼ 8.0 Hz,
ArH), 7.99 (t, 1H, J ¼ 8.1 Hz, ArH), 7.47 (d, 2H, J ¼ 8.7 Hz, NH2),
7.35–7.29 (m, 3H, ArH), 7.12–7.09 (m, 1H, NH), 6.92 (s, 3H, ArH),
6.49 (d, 2H, J ¼ 8.8 Hz, ArH), 4.22 (d, 2H, J ¼ 5.9 Hz, CH2). MS
(ESI): 464.1 ([M + H]+).

4.3.8 2-((4-(N-Carbamimidoylsulfamoyl)phenylamino)methyl)-
phenyl benzenesulfonate (17). White crystal, yield 50.1%, m.p.
RSC Adv., 2014, 4, 39214–39225 | 39221

http://dx.doi.org/10.1039/c4ra06438k


RSC Advances Paper

Pu
bl

is
he

d 
on

 2
9 

A
ug

us
t 2

01
4.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

Il
lin

oi
s 

at
 C

hi
ca

go
 o

n 
25

/1
0/

20
14

 1
1:

33
:3

1.
 

View Article Online
254–257 �C. 1H NMR (DMSO-d6, 400 MHz) d (ppm): 7.97 (d, 2H, J
¼ 8.4 Hz, ArH), 7.88 (t, 1H, J ¼ 7.5 Hz, ArH), 7.72 (t, 2H, J ¼ 7.9
Hz, ArH), 7.40 (d, 2H, J ¼ 8.8 Hz, ArH), 7.34–7.28 (m, 3H, ArH),
7.11–7.08 (m, 1H, NH), 6.82 (s, 1H, ArH), 6.57 (s, 4H, NH2 and
NH), 6.36 (d, 2H, J ¼ 8.7 Hz, ArH), 4.10 (s, 2H, CH2). MS (ESI):
461.1 ([M + H]+).

4.3.9 2-((4-(N-Carbamimidoylsulfamoyl)phenylamino)methyl)-
phenyl 4-methylbenzenesulfonate (18). White crystal, yield
59.9%, m.p. 182–184 �C. 1H NMR (DMSO-d6, 300 MHz) d (ppm):
7.82 (d, 2H, J ¼ 8.3 Hz, ArH), 7.51 (d, 2H, J ¼ 8.2 Hz, ArH), 7.38
(d, 2H, J ¼ 8.7 Hz, ArH), 7.31–7.26 (m, 3H, ArH), 7.12–7.09 (m,
1H, NH), 6.78 (t, 1H, J ¼ 5.9 Hz, ArH), 6.54 (s, 4H, NH2 and NH),
6.32 (d, 2H, J ¼ 8.7 Hz, ArH), 4.07 (d, 2H, J ¼ 6.0 Hz, CH2), 2.43
(s, 3H, CH3). MS (ESI): 475.1 ([M + H]+).

4.3.10 2-((4-(N-Carbamimidoylsulfamoyl)phenylamino)-
methyl)phenyl 4-nitrobenzenesulfonate (19). Yellow crystal,
yield 58.5%, m.p. 132–134 �C. 1H NMR (DMSO-d6, 300 MHz) d
(ppm): 8.49 (d, 2H, J¼ 8.8 Hz, ArH), 8.25 (d, 2H, J¼ 8.8 Hz, ArH),
7.40 (d, 2H, J ¼ 8.6 Hz, ArH), 7.33–7.29 (m, 3H, ArH), 7.08–7.05
(m, 1H, NH), 6.80 (t, 1H, J ¼ 5.7 Hz, ArH), 6.55 (s, 4H, NH2 and
NH), 6.43 (d, 2H, J ¼ 8.7 Hz, ArH), 4.18 (d, 2H, J ¼ 5.6 Hz, CH2).
MS (ESI): 506.1 ([M + H]+).

4.3.11 2-((4-(N-Carbamimidoylsulfamoyl)phenylamino)-
methyl)phenyl 4-bromobenzenesulfonate (20). White crystal,
yield 41.9%, m.p. 108–110 �C. 1H NMR (DMSO-d6, 400 MHz) d
(ppm): 7.94 (d, 2H, J¼ 8.7 Hz, ArH), 7.87 (d, 2H, J¼ 8.8 Hz, ArH),
7.40 (d, 2H, J ¼ 8.6 Hz, ArH), 7.34–7.26 (s, 3H, ArH), 7.12–7.10
(m, 1H, NH), 6.85 (t, 1H, J ¼ 6.1 Hz, ArH), 6.56 (s, 4H, NH2 and
NH), 6.34 (d, 2H, J ¼ 8.7 Hz, ArH), 4.10 (d, 2H, J ¼ 6.0 Hz, CH2).
MS (ESI): 539.1 ([M + H]+).

4.3.12 2-((4-(N-Carbamimidoylsulfamoyl)phenylamino)-
methyl)phenyl 4-chlorobenzenesulfonate (21). White crystal,
yield 48.3%, m.p. 98–100 �C. 1H NMR (DMSO-d6, 400 MHz) d
(ppm): 7.96 (d, 2H, J¼ 8.6 Hz, ArH), 7.79 (d, 2H, J¼ 8.7 Hz, ArH),
7.40 (d, 2H, J ¼ 8.6 Hz, ArH), 7.33–7.28 (m, 3H, ArH), 7.12–7.09
(m, 1H, NH), 6.85 (t, 1H, J ¼ 6.0 Hz, ArH), 6.56 (s, 4H, NH2 and
NH), 6.43 (d, 2H, J ¼ 8.7 Hz, ArH), 4.11 (d, 2H, J ¼ 6.0 Hz, CH2).
MS (ESI): 495.1 ([M + H]+).

4.3.13 2-((4-(N-Carbamimidoylsulfamoyl)phenylamino)-
methyl)phenyl 4-uorobenzenesulfonate (22). White crystal,
yield 46.4%, m.p. 112–114 �C. 1H NMR (DMSO-d6, 400 MHz) d
(ppm): 8.06–8.02 (m, 2H, ArH), 7.59–7.54 (m, 2H, ArH), 7.39 (d,
2H, J ¼ 8.8 Hz, ArH), 7.33–7.28 (m, 3H, ArH), 7.09–7.07 (m, 1H,
NH), 6.85 (t, 1H, J¼ 6.0 Hz, ArH), 6.56 (s, 4H, NH2 and NH), 6.36
(d, 2H, J ¼ 8.7 Hz, ArH), 4.11 (d, 2H, J ¼ 5.9 Hz, CH2). MS (ESI):
479.1 ([M + H]+).

4.3.14 2-((4-(N-Carbamimidoylsulfamoyl)phenylamino)-
methyl)phenyl 3-nitrobenzenesulfonate (23). Yellow crystal,
yield 61.1%, m.p. 214–216 �C. 1H NMR (DMSO-d6, 400 MHz) d
(ppm): 8.68–8.65 (m, 1H, ArH), 8.56 (t, 1H, J¼ 2.0 Hz, ArH), 8.41–
8.39 (m, 1H, ArH), 7.98 (t, 1H, J¼ 8.0 Hz, ArH), 7.39 (d, 2H, J¼ 8.8
Hz, ArH), 7.35–7.29 (m, 3H, ArH), 7.13–7.08 (m, 1H, NH), 6.82 (t,
1H, J ¼ 5.8 Hz, ArH), 6.56 (s, 4H, NH2), 6.42 (d, 2H, J ¼ 8.8 Hz,
ArH), 4.19 (d, 2H, J ¼ 5.5 Hz, CH2). MS (ESI): 506.1 ([M + H]+).

4.3.15 2-((4-(N-Acetylsulfamoyl)phenylamino)methyl)phenyl
4-methylbenzenesulfonate (24).White crystal, yield 55.7%, m.p.
120–122 �C. 1H NMR (DMSO-d6, 400 MHz) d (ppm): 11.70 (s, 1H,
39222 | RSC Adv., 2014, 4, 39214–39225
SO2NH), 7.82 (d, 2H, J ¼ 8.3 Hz, ArH), 7.53–7.49 (m, 4H, ArH),
7.33–7.27 (m, 3H, ArH), 7.20 (t, 1H, J ¼ 5.9 Hz, ArH), 7.13–7.10
(m, 1H, NH), 6.39 (d, 2H, J ¼ 8.3 Hz, ArH), 4.10 (d, 2H, J ¼ 5.8
Hz, CH2), 2.43 (s, 3H, CH3), 1.86 (s, 3H, CH3). MS (ESI):
475.1 ([M + H]+).

4.3.16 2-((4-(N-Acetylsulfamoyl)phenylamino)methyl)phenyl
4-nitrobenzenesulfonate (25). Yellow crystal, yield 66.3%, m.p.
160–162 �C. 1H NMR (DMSO-d6, 400 MHz) d (ppm): 11.71 (s, 1H,
SO2NH), 8.47 (d, 2H, J ¼ 8.9 Hz, ArH), 8.24 (d, 2H, J ¼ 8.9 Hz,
ArH), 7.54 (d, 2H, J ¼ 8.9 Hz, ArH), 7.35–7.32 (m, 3H, ArH), 7.19
(t, 1H, J ¼ 5.9 Hz, ArH), 7.09–7.07 (m, 1H, NH), 6.51 (d, 2H, J ¼
8.8 Hz, ArH), 4.19 (d, 2H, J ¼ 5.8 Hz, CH2), 1.86 (s, 3H, CH3). MS
(ESI): 506.1 ([M + H]+).

4.3.17 2-((4-(N-Acetylsulfamoyl)phenylamino)methyl)phenyl
4-bromobenzenesulfonate (26). White crystal, yield 59.2%, m.p.
190–193 �C. 1H NMR (DMSO-d6, 400 MHz) d (ppm): 11.70 (s, 1H,
SO2NH), 7.93–7.86 (m, 4H, ArH), 7.55 (d, 2H, J ¼ 9.0 Hz, ArH),
7.36–7.30 (m, 3H, ArH), 7.22 (t, 1H, J ¼ 5.9 Hz, ArH), 7.12–7.10
(m, 1H, NH), 6.45 (d, 2H, J ¼ 9.0 Hz, ArH), 4.14 (d, 2H, J ¼ 5.9
Hz, CH2). MS (ESI): 538.0 ([M + H]+).

4.3.18 2-((4-(N-Acetylsulfamoyl)phenylamino)methyl)phenyl
4-chlorobenzenesulfonate (27). White crystal, yield 54.2%, m.p.
184–186 �C. 1H NMR (DMSO-d6, 400 MHz) d (ppm): 11.70 (s, 1H,
SO2NH), 7.96 (d, 2H, J ¼ 8.7 Hz, ArH), 7.78 (d, 2H, J ¼ 8.7 Hz,
ArH), 7.55 (d, 2H, J ¼ 9.0 Hz, ArH), 7.34–7.28 (m, 3H, ArH), 7.22
(t, 1H, J ¼ 6.0 Hz, ArH), 7.13–7.11 (m, 1H, NH), 6.45 (d, 2H, J ¼
8.8 Hz, ArH), 4.15 (d, 2H, J ¼ 5.9 Hz, CH2), 1.86 (s, 3H, CH3). MS
(ESI): 495.0 ([M + H]+).

4.3.19 2-((4-(N-Acetylsulfamoyl)phenylamino)methyl)phenyl
4-uorobenzenesulfonate (28). White crystal, yield 51.7%, m.p.
140–141 �C. 1H NMR (DMSO-d6, 400 MHz) d (ppm): 11.70 (s, 1H,
SO2NH), 8.07–8.03 (m, 2H, ArH), 7.58–7.54 (m, 4H, ArH), 7.35–
7.31 (m, 3H, ArH), 7.22 (t, 1H, J¼ 6.0 Hz, ArH), 7.11–7.10 (m, 1H,
NH), 6.48 (d, 2H, J ¼ 8.7 Hz, ArH), 4.17 (d, 2H, J ¼ 5.9 Hz, CH2),
1.87 (s, 3H, CH3). MS (ESI): 479.1 ([M + H]+).

4.3.20 2-((4-(N-Acetylsulfamoyl)phenylamino)methyl)phenyl
3-nitrobenzenesulfonate (29). Yellow crystal, yield 58.9%, m.p.
186–188 �C. 1H NMR (DMSO-d6, 400 MHz) d (ppm): 11.70 (s, 1H,
SO2NH), 8.64–8.62 (m, 1H, ArH), 8.56 (t, 1H, J ¼ 1.9 Hz, ArH),
8.40 (d, 1H, J¼ 7.9 Hz, ArH), 7.97 (t, 1H, J¼ 8.1 Hz, ArH), 7.54 (d,
2H, J ¼ 9.0 Hz, ArH), 7.38–7.31 (m, 3H, ArH), 7.18 (t, 1H, J ¼ 5.8
Hz, ArH), 7.13–7.11 (m, 1H, NH), 6.51 (d, 2H, J ¼ 8.8 Hz, ArH),
4.21 (d, 2H, J ¼ 5.8 Hz, CH2), 1.87 (s, 3H, CH3). MS (ESI): 506.1
([M + H]+).

4.3.21 2-((4-(N-(4-Methylpyrimidin-2-yl)sulfamoyl)phenyl-
amino)methyl)phenyl benzenesulfonate (30). White crystal,
yield 43.4%, m.p. 203–205 �C. 1H NMR (DMSO-d6, 400 MHz) d
(ppm): 11.18 (s, 1H, SO2NH), 8.32 (d, 1H, J ¼ 5.1 Hz, ArH), 7.95
(d, 2H, J ¼ 7.3 Hz, ArH), 7.85 (t, 1H, J ¼ 7.5 Hz, ArH), 7.72–7.64
(m, 4H, ArH), 7.34–7.27 (m, 3H, ArH), 7.09–7.04 (m, 2H, ArH),
6.90 (d, 1H, J ¼ 5.1 Hz, NH), 6.42 (d, 2H, J ¼ 5.1 Hz, ArH), 4.10
(d, 2H, J ¼ 5.8 Hz, CH2), 2.31 (s, 3H, CH3). MS (ESI):
511.1 ([M + H]+).

4.3.22 2-((4-(N-(4-Methylpyrimidin-2-yl)sulfamoyl)phenyl-
amino)methyl)phenyl 4-methylbenzenesulfonate (31). White
crystal, yield 48.5%, m.p. 184–186 �C. 1H NMR (DMSO-d6, 400
MHz) d (ppm): 11.21 (s, 1H, SO2NH), 8.30 (d, 1H, J ¼ 5.0 Hz,
This journal is © The Royal Society of Chemistry 2014
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ArH), 7.80 (d, 2H, J ¼ 8.2 Hz, ArH), 7.63 (d, 2H, J ¼ 8.9 Hz, ArH),
7.48 (d, 2H, J¼ 8.1 Hz, ArH), 7.33–7.24 (m, 3H, ArH), 7.10 (d, 1H,
J¼ 7.8 Hz, ArH), 7.04 (t, 1H, J¼ 5.5 Hz, ArH), 6.88 (d, 1H, J¼ 5.0
Hz, NH), 6.37 (d, 2H, J ¼ 8.6 Hz, ArH), 4.07 (d, 2H, J ¼ 5.8 Hz,
CH2), 2.39 (s, 3H, CH3), 2.29 (s, 3H, CH3). MS (ESI):
525.1 ([M + H]+).

4.3.23 2-((4-(N-(4-Methylpyrimidin-2-yl)sulfamoyl)phenyl-
amino)methyl)phenyl 4-nitrobenzenesulfonate (32). Yellow
crystal, yield 61.9%, m.p. 235–237 �C. 1H NMR (DMSO-d6, 400
MHz) d (ppm): 11.17 (s, 1H, SO2NH), 8.46 (d, 2H, J ¼ 8.9 Hz,
ArH), 8.30 (d, 1H, J ¼ 5.1 Hz, ArH), 8.23 (d, 2H, J ¼ 9.0 Hz, ArH),
7.65 (d, 2H, J ¼ 9.0 Hz, ArH), 7.31 (d, 3H, J ¼ 3.0 Hz, ArH), 7.09–
7.05 (m, 2H, ArH), 6.88 (d, 1H, J ¼ 5.1 Hz, NH), 6.48 (d, 2H, J ¼
8.8 Hz, ArH), 4.15 (d, 2H, J¼ 13.9 Hz, CH2), 2.29 (s, 3H, CH3). MS
(ESI): 556.1 ([M + H]+).

4.3.24 2-((4-(N-(4-Methylpyrimidin-2-yl)sulfamoyl)phenyl-
amino)methyl)phenyl 4-bromobenzenesulfonate (33). White
crystal, yield 44.5%, m.p. 192–194 �C. 1H NMR (DMSO-d6, 400
MHz) d (ppm): 11.16 (s, 1H, SO2NH), 8.30 (d, 1H, J ¼ 5.1 Hz,
ArH), 7.91–7.85 (m, 4H, ArH), 7.66 (d, 2H, J¼ 8.9 Hz, ArH), 7.34–
7.27 (m, 3H, ArH), 7.11 (d, 1H, J ¼ 7.5 Hz, ArH), 7.04 (t, 1H, J ¼
5.9 Hz, ArH), 6.88 (d, 1H, J¼ 5.1 Hz, NH), 6.42 (d, 2H, J¼ 8.8 Hz,
ArH), 4.11 (d, 2H, J ¼ 5.9 Hz, CH2), 2.29 (s, 3H, CH3). MS (ESI):
589.0 ([M + H]+).

4.3.25 2-((4-(N-(4-Methylpyrimidin-2-yl)sulfamoyl)phenyl-
amino)methyl)phenyl 4-chlorobenzenesulfonate (34). White
crystal, yield 51.8%, m.p. 198–200 �C. 1H NMR (DMSO-d6, 400
MHz) d (ppm): 11.16 (s, 1H, SO2NH), 8.30 (d, 1H, J ¼ 5.0 Hz,
ArH), 7.95 (d, 2H, J ¼ 8.8 Hz, ArH), 7.75 (d, 2H, J ¼ 8.8 Hz, ArH),
7.65 (d, 2H, J¼ 8.9 Hz, ArH), 7.34–7.27 (m, 3H, ArH), 7.11 (d, 1H,
J¼ 7.5 Hz, ArH), 7.04 (t, 1H, J¼ 5.8 Hz, ArH), 6.88 (d, 1H, J¼ 5.0
Hz, NH), 6.42 (d, 2H, J ¼ 8.8 Hz, ArH), 4.11 (d, 2H, J ¼ 5.9 Hz,
CH2), 2.29 (s, 3H, CH3). MS (ESI): 545.1 ([M + H]+).

4.3.26 2-((4-(N-(4-Methylpyrimidin-2-yl)sulfamoyl)phenyl-
amino)methyl)phenyl 4-uorobenzenesulfonate (35). White
crystal, yield 48.6%, m.p. 215–217 �C. 1H NMR (DMSO-d6, 400
MHz) d (ppm): 11.16 (s, 1H, SO2NH), 8.30 (d, 1H, J ¼ 5.0 Hz,
ArH), 8.04–8.01 (m, 2H, ArH), 7.65 (d, 2H, J ¼ 8.9 Hz, ArH), 7.53
(d, 2H, J ¼ 8.8 Hz, ArH), 7.34–7.27 (m, 3H, ArH), 7.09 (d, 1H, J ¼
7.5 Hz, ArH), 7.04 (t, 1H, J¼ 5.4 Hz, ArH), 6.88 (d, 1H, J¼ 5.0 Hz,
NH), 6.43 (d, 2H, J ¼ 8.8 Hz, ArH), 4.12 (d, 2H, J ¼ 5.6 Hz, CH2),
2.29 (s, 3H, CH3). MS (ESI): 529.1 ([M + H]+).

4.3.27 2-((4-(N-(4-Methylpyrimidin-2-yl)sulfamoyl)phenyl-
amino)methyl)phenyl 3-nitrobenzenesulfonate (36). Yellow
crystal, yield 56.3%, m.p. 208–210 �C. 1H NMR (DMSO-d6, 400
MHz) d (ppm): 11.17 (s, 1H, SO2NH), 8.63–8.61 (m, 1H, ArH),
8.56 (t, 1H, J¼ 1.9 Hz, ArH), 8.40 (d, 1H, J¼ 7.7 Hz, ArH), 8.32 (d,
1H, J¼ 5.0 Hz, ArH), 7.96 (t, 1H, J¼ 8.0 Hz, ArH), 7.65 (d, 2H, J¼
8.8 Hz, ArH), 7.34–7.31 (m, 3H, ArH), 7.13–7.11 (m, 1H, ArH),
7.03 (t, 1H, J¼ 5.1 Hz, ArH), 6.90 (d, 1H, J¼ 4.9 Hz, NH), 6.48 (d,
2H, J ¼ 8.8 Hz, ArH), 4.19 (d, 2H, J ¼ 5.8 Hz, CH2), 2.30 (s, 3H,
CH3). MS (ESI): 556.1 ([M + H]+).
4.4 Biological assays

4.4.1 MMP-2 inhibition assay.20 First of all, the rhMMP-2
was diluted to 100 mg mL�1 and activated with 1 mM APMA in
This journal is © The Royal Society of Chemistry 2014
assay buffer. Aerwards, the reaction was incubated at 37 �C for
1 hour. Then the rhMMP-2 was diluted to 0.2 mg mL�1 in assay
buffer, while subsequently the substrate was diluted to 20 mM in
assay buffer. To each well of a 96-well plate, 50 mL diluted
rhMMP-2 was loaded along with 100 mL diverse concentration of
compounds in test. The reaction was started by adding 50 mL of
20 mM substrate to each well. The samples were read in a uo-
rescence plate reader with Ex. ¼ 320 nm and Em. ¼ 405 nm,
respectively, in kinetic mode for 5 minutes.

4.4.2 Antiproliferation activity.36 The antiproliferation
activities of the prepared compounds were evaluated using a
standard (MTT)-based colorimetric assay with some modica-
tion. Cell lines were grown to log phase in DMEM supplemented
with 10% fetal bovine serum, under a humidied atmosphere of
5% CO2 at 37 �C. Cell suspensions were prepared and 100 mL per
well dispensed into 96-well plates giving 105 cells per well.
The plates were returned to the incubator for 24 h to allow the
cells to reattach. Subsequently, cells were treated with the
target compounds at increasing concentrations in the
presence of 10% FBS for 48 h. Then, cell viability was assessed
by the conventional 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT) reduction assay and carried out
strictly according to the manufacturer instructions (Sigma). The
absorbance (OD570) was read on an ELISA reader (Tecan,
Austria).

4.4.3 Cytotoxicity test.37,38 Cells were incubated in a 96-well
plate at a density of 105 cells per well with various concentra-
tions of compounds for 48 h. For the cytotoxicity assay, 20 mL of
MTT (5 mg mL�1) was added per well 4 h before the end of the
incubation. Aer removing the supernatant, 200 mL DMSO was
added to dissolve the formazan crystals. The absorbance at l
570 nm was read on an ELISA reader (Tecan, Austria).

4.4.4 Apotosis assay.39 Approximately 105 cells per well were
plated in a 24 well plate and allowed to adhere. Subsequently,
the medium was replaced with fresh culture medium contain-
ing compounds 19 at nal concentrations of 2, 8, 32 mM. Non-
treated wells received an equivalent volume of ethanol (<0.1%).
Aer 24 h, they were trypsinized, washed in PBS and centrifuged
at 2000 rpm for 5 min. The pellet was then resuspended in 500
mL of staining solution (containing 5 mL AnnexinV-FITC and 5
mL PI in Binding Buffer), mixed gently and incubated for 15 min
at room temperature in dark. The samples were then analyzed
by a FACSCalibur ow cytometer (Becton Dickinson, San Jose,
CA, USA).
4.5 Crystal structure determination

Crystal structure determination of compound 10 and 16 were
carried out on a Nonius CAD4 diffractometer equipped with
graphite-monochromated Mo-Ka (0.7103 Å) radiation. The
structures were solved by direct methods and rened on F2 by
full-matrix least-squares methods using SHELX-97[23]. All the
non-hydrogen atoms were rened anisotropically. All the
hydrogen atoms were placed in calculated position and were
assigned xed isotropic thermal parameters at 1.2 times the
equivalent isotropic U of the atoms to which they are attached
and allowed to ride on their respective parent atoms. The
RSC Adv., 2014, 4, 39214–39225 | 39223
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contributions of these hydrogen atoms were included in the
structure-factors calculations. The crystal data, data collection,
and renement parameter for the two compounds were listed in
Table 1.
4.6 Experimental protocol of docking study

Molecular docking of compound 19 into the three dimensional
X-ray structure of Matrix metalloproteinases (PDB code: 1QIB)
was carried out using the Discovery Studio (version 3.5) as
implemented through the graphical user interface DS-
CDOCKER protocol. The three-dimensional structures of the
aforementioned compounds were constructed using Chem. 3D
ultra 12.0 soware [Chemical Structure Drawing Standard;
Cambridge So corporation, USA (2010)], then they were ener-
getically minimized by using MMFF94 with 5000 iterations and
minimum RMS gradient of 0.10. The crystal structures of
protein complex were retrieved from the RCSB Protein Data
Bank (http://www.rcsb.org/pdb/home/home.do). All bound
waters and ligands were eliminated from the protein. The
molecular docking was performed by inserting compound 19
into the binding pocket of MMP-2 based on the binding mode.
Types of interactions of the docked protein with ligand-based
pharmacophore model were analyzed aer the end of molecular
docking.
4.7 3D-QSAR23

Ligand-based 3D-QSAR approach was performed by QSAR
soware of DS 3.5 (Discovery Studio 3.5, Accelrys, Co.Ltd). The
training sets were composed of inhibitors with the corre-
sponding pIC50values which were converted from the obtained
IC50 (mM), and test sets comprised compounds of data sets as
list in Table 4. All the denition of the descriptors can be seen in
the “Help” of DS 3.5 soware and they were calculated by QSAR
protocol of DS 3.5. The alignment conformation of each mole-
cule was the one with lowest interaction energy in the docked
results of CDOCKER. The predictive ability of 3D-QSAR
modeling can be evaluated based on the cross-validated corre-
lation coefficient, which qualies the predictive ability of the
models. Scrambled test (Y scrambling) was performed to
investigate the risk of chance correlations. The inhibitory
potencies of compounds were randomly reordered for 30 times
and subject to leave-one-out validation test, respectively. The
models were also validated by test sets, in which the compounds
are not included in the training sets.
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