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Abstract

A series of dehydroabietic acid (DHAA) dipeptideridatives containing the sulfonamide
moiety were designed, synthesized and evaluateihlidsition of MMPs as well as the effects of
in vitro cell migration. These compounds exhibited rel&ivgood inhibition activity against
MMPs with IG values in low micromolar range. A docking studytleé most active compound
8k revealed key interactions betwegk and MMP-3 in which the sulfonamide moiety and the
dipeptide group were important for improving adivilt is noteworthy that further antitumor
activity screening revealed that some compoundsbieti better inhibitory activity than the
commercial anticancer drug 5-FU. In particular, poomd 8k appeared to be the most potent
compound against the HepG2 cell line, at leastypdy inhibition of the activity of MMP-3 and
apoptosis induction. The treatment of HepG2 celth wompoundBk resulted in inhibition ofn
vitro cell migration through wound healing assay andp@dse of cell cycle arrested. In addition,
8k-induced apoptosis was significantly facilitatedHapG2 cells. Thus, we conclude that DHAA
dipeptide derivatives containing the sulfonamideiatyomay be the potential MMPs inhibitors

with the ability to suppress cells migration.
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1. Introduction

Cancer metastasis, the essential hallmarks of gaiscimitiated by migration and invasion of
cancer cells [1]. Metastasis has been a major impad to effective cancer treatment with
conventional chemotherapeutic drugs and has beeledlding cause of cancer-associated death in
several cancers including liver, breast and luncees. Notably, several proteins play important
role to initiate or repress cancer metastasis @aghmatrix metalloproteinases (MMPs) [2].
Therefore, targeting pivotal inhibition of metas$agssociated proteins or signaling pathways are
the critical point for efficient cancer treatment.

The MMPs, which play a crucial role in many normalsiological functions, are a group of
structurally related zinc-dependent endopeptidasesived in the degradation of extracellular
matrix (ECM) components and a diverse array of B@M proteins [3]. Recent studies revealed
that MMPs frequently up-regulated in cancer cdlgjlitated migration and have a significant
effect on the ability of cancer cells to grow irsecondary site [4-6]. It is also well-known that
MMPs participate in several steps of cancer pragpes including cancer cell growth, apoptosis,
migration, invasion, and angiogenesis, therebyiptag key role in the development of human
breast, colon, thyroid, lung, and prostate cangg&r8]. In particular, stromelysin-1 (MMP-3) has
been the subject of intense research due to isepeoe in the vicinity of melanomas and metastatic
tumors associated with breast cancer; it also fomstas an active precursor to the action of other
endopeptidases [9-11]. Therefore, MMPs could sas/promising targets for the development of
new therapeutics to suppress cancer metastasisi@amal-regulation the expressions of MMPs
may have benefits in enhancing the efficacy ofcamiter drugs. Some MMPs inhibitors have
been employed as sensitizers in the establishezkc#imerapy over recent years. Despite evident
and convincing data, indicating that MMP inhibitdiave a high potential in clinical trial for
cancer [12], their use in the clinic has been exlatiue to their limited proof of efficacy and their
adverse side effects, which might be related toffitgent target validation [13-15]. In this reason
gaining selectivity between the metalloproteasethanit decreasing inhibitory potency is a
primary goal in the development of MMP inhibitovghich would help to improve their efficacy
and avoid undesirable side effects.

Dehydroabietic acid (DHAA) is a naturally occurridgerpenic resin acid and has been found

to exhibit a broad spectrum of biological acti\stieespecially anticancer activities [16-19].
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Moreover, previous research has shown that DHAAvdBves could act at various stages of
tumor development to inhibit tumor initiation andomotion, as well as to induce tumor cell
differentiation and apoptosis [20-22]. These figdinsuggest that DHAA may be a promising
starting tool for the discovery of new anticancgers. On the other hand, sulfonamides are
currently an important group of organic compoundd have been reported for potent antitumor
activity against numerous types of cancers [23, R4fivatives containing sulfonamides moiety
have been widely used as MMPs or carbonic anhydréniieitors, some of which are already in
clinical trial [25-28] (Fig.1). Also, from the litature survey it was found that aryl sulfonamides
might act as antitumor agents through several nmésims [29]. Furthermore, peptides, which are
among the most versatile bioactive molecules, lien reported to act as the inhibitors of some
proteins and to exert their action by binding tombeane receptors [30-32]. In the present work,
we designed and synthesized a series of DHAA digemulfonamides derivatives as selective
MMPs inhibitors which suppress the migration oklivcancer cells. A docking analysis using the
crystal structure of the MMP-3 was performed torifjfathe binding mode of the designed
inhibitors. Moreover, growth inhibitory effects ttiese compounds were evaluated against four
human tumor cell lines. The migration inhibitiomo@tosis inducing effects and cell cycle arrest
in HepG2 cells by the representative target comp@&@unwvas also investigated.
2. Resultsand Discussion
2.1 Chemistry

The general procedures for the synthesis of DHApepiide sulfonamides derivatives are
shown in Scheme 1. As shown in Scheme 1, comp8uwds synthesized by the treatment of
phenylalaninel with phthalic anhydride2) in the presence of acetic acid according to the
literature [33]. Compound was then obtained by the condensation of comp@uadd oxalyl
chloride, followed by treatment with series of amdim primary amines. Compounds were
synthesized by the treatment of compouhdgth hydrazine hydrate in the presence of ethanol
room temperature. Compouridwas synthesized by the treatment of dehydroabaatid with
vitriol at room temperature [34]. Compoufidvas treated with oxalyl chloride to offer compound
7. Compounds$ were finally acquired by the condensation of commb7 and compounds (1:2)
for 18 h in the presence of triethylamine at roemperature. Compoun@swere finally acquired

by the condensation of compourtl and compound$ (1:1) for 6 h in the presence of
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triethylamine at room temperature. The structurédaeget compounds8 and 9 were then
confirmed by*H NMR, **C NMR and high resolution mass spectrometry (HRMS).

2.2 Biological evaluation

2.2.1In Vitro MMPs Assays

The synthesized DHAA derivatives containing sulfmide dipeptide moiety were assayed in
vitro against human recombinant MMP-3, MMP-8 and RHWIl using synthetic fluorogenic
substrates according to a previously reported piuree [35]. The broad spectrum inhibitor
CGS-27023A was taken as positive control. The Malues obtained in the performédvitro
inhibition assays of DHAA derivatives are summadiie Table 1.

As shown in Table 1, the newly synthesized DHAAId#iIves are potent MMPs inhibitors,
with 1Csq values mostly in micromolar or submicromolar levels can be seen from Table 1, the
sulfonic acid group in compound@sformed a sulfonamide to give compourgjssubstantially
increased MMPs inhibitory activities, which may thee to sulfonamides derivatives were more
active than sulfonic acid derivatives. Notably, wheomparing the inhibitory activities of the
different DHAA derivatives toward the investigateMPs, most of the compounds were found to
preferentially inhibit MMP-3. It was establishedatithe structure of the lipophilic group as well
as the configuration of the dipeptide scaffold gigantly affected MMP inhibitory activity and
selectivity. Among them, the most potent MMP-3 bitdr, compoundBk bearing a lipophilic
methyl, effectively inhibited MMP-3 in the submiecnolar range (I = 0.4 uM), with
selectivities over the other tested MMPs rangimmgnfi6.6 to 8.8. The effects of the configuration
of amino acid showed that the amino acid group generally enhanced MMP-3 intobiti
compared with &. amino acid. Thus, compourh showed weak inhibition against MMP-3,
MMP-8 and -9 in the micromolar range. In contrast,diastereome8o, possessing an amino
acid scaffold, was strikingly 2.5-33.5-fold mordiee toward all three tested MMPs withsi1.0,
17.7, 20.9uM against MMP-3, MMP-8, MMP-9, respectively. On tbiher hand, analysis of the
effects of the terminal substituents at thep®sition of dipeptide moiety showed that a methyl
group generally enhanced MMP-3 inhibition, compaseith a bromine or fluorine group
substitution. When the bromine of compouBid was replaced with a methyl group at the
3-position on the phenyl ring (compouBHl), the inhibitory potency was increased by 90-fold

against MMP3 when compared 8e. Replacing the 4-position on the phenyl ring vatimethyl
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group at R to yield compound@n and8o, respectively, resulted in a marked increase ierpry,
thus demonstrating that the lipophilic propertiéshe substituents may play a critical role in the
inhibitory activities against MMP-3. However, thatroduction of a fluorine group hindered the
inhibitory activity. Moreover, analogs with a chilwe and fluorine fragments at Riere much less
active or completely inactive. A variation at Bould cause a substantial difference in inhibitory
potency, presumably due to different affinity te thinding pocket. Moreover, by the comparison
of ICgq values of different position substituent, it allEmonstrated thaeta- or para-substituent
at R will enhance inhibition activities.
2.2.2. Molecular docking

To understand the interactions between the mosteacompoundk and the target of interest
(MMP-3), we performed molecular docking calculatoan the active site of MMP-3 using
SYBYL-X 2.0 software and the results are summarizedrig. 2 and Table 2. The interacting
mode of compoun@k (docking score 11.09), with the best docking saoré interaction in the
binding site of the MMP-3 receptor, is described ahown in Fig. 2a. Some key residues, such as
LEU164, ALA165, HIS205, TYR223 and PRO221, as wasl hydrogen bonds between the
selected compound and the residues are also lab&edhown in Fig. 2a, compour8k was
stabilized predominantly by hydrogen-bond formatidgth the hydrophilic or hydrophobic groups
of TYR155, LEU164, VAL198, TYR220 and PRO221. Thdf@namide group, which is the
primary important moiety, formed a hydrogen-bondhwihe HIS166 carbonyl oxygen of the
active site. More important, the sulfonamide moietordinates the catalytic zinc atom in a
monodentate fashion (Fig. 2a). Furthermore, théaad oxygen of the dipeptide group in the
sulfonamide chain as an acceptor established odeodggn bond with LEU164. In addition, the
polar hydrogen of the amide moiety formed a hydmogend with the backbone carbonyl of
PRO221, which confirmed that this moiety is alsaca@l for binding. The benzyl group of
compound8k plunge deeply into S1'pocket, the enzyme’s speitjfipocket of MMP-3 in the
same fashion as the binding mode of the ligandheire, the benzyl ring is engaged in multiple
hydrophobic interactions with VAL198, HIS201, TYRR2PRO221, LEU222 and TYR223 side
chains. The methyl-aniline group is found sandwitbetween ASN162 and LEU222, whereas
the DHAA moiety is flanked by lipophilic residuesch as HIS205 and PHE210. Clearly, all these

interactions endovBk with a low micromolar inhibitory activity toward MP-3. The binding
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mode of 1SLN-ligand in the MMP-3 binding pocketsisown in Fig. 2b. Hydrogen bonds with
LEU164, GLU202, PRO221 and TYR223 of MMP-3 wereeaslied in the docked structure.
2.2.3 Cytotoxicity Measurement

The in vitro antiproliferative activity of the DHAA derivativewas evaluated by MTT assay
against NCI-H46, HepG2, SKOV-3 and MCF-7 tumor tieks, with doxorubicin (DOX) as the
positive control. The results are shown in Table 3.

As shown in Table 3, most of the test compounddbéri inhibitory activity against the tested
tumor cell lines, indicating that the introductiof sulfonamide and dipeptide moiety on the
DHAA skeleton markedly increased anti-tumor acyivMoreover, the antiproliferative activities
of the tested compounds correlated well with treility to inhibit MMP-3, with activities
depending on the substituents at thepBsition, and followed the order -GH-H > -OCH:> -Br>
-F. Most of these compounds possessed methyl miietgta- or para-positions of the benzene
ring which may have had certain steric electrom@pprties which enhanced lipophilicity and the
ability to penetrate the cellular membrane leadiogan increased antiproliferative effect. In
addition, the activities of the sulfonamide derives 8 were better than those of the sulfoacid
derivatives9. In this regard, compourk with a methyl moiety atneta-positions of the benzene
ring was the most potent compound, depending onc#ikeline tested, with 16 values of
10.6+0.8, 4.2+1.1, 7.6+£0.3 and 8.5+1uM against NCI-H460, HepG2, SKOV-3 and MCF-7
cancer cells, respectively, and thus was more pataheffective than DHAA.

As the selectivity of antitumor agents for canceliscover non-malignant cells is important to
avoid numerous severe side effects, all compourete wested using a non-cancerous liver cell
line (HL-7702). As shown in Table 3, the cytotogycactivities of most compounds against cancer
cells was much higher than that against HL-7702mabrcells, making them good candidates as
anticancer drugs. It was worth noting that all th&lAA derivatives demonstrated lower
cytotoxicity on HL-7702 than the commercial anticandrug DOX. These results showed that the

targeted compounds had selective and significdettedn the cell lines.

2.2.4. Compound 8k inhibited the migration of HepG2 cell in vitro
Metastasis plays an important role in later pedbdancer progression. Thus, the inhibition of

metastasis is vital for efficient cancer treatméiggration of cells is a key attribute of practigal
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each biological process, particularly cancer ceffere it is known to connect with the tumor
progression and metastatic cascade [36]. As caliration is connected with the metastatic
activity of cancer cells, therefore we have ingeted the effect of compourdt on HepG?2 cells
using wound healing assay. The migration of Hep@Hscwas recorded by microscopic
observations at O h, 24 h and 48 h after treatnéht5 M and 10uM of compoundBk. Results
from Fig. 3 clearly showed that there was almoshglete healing of wound in control after 48 h,

however healing was strongly suppressed in the telhted witt8k.

2.2.5 Cdl cycle analysis

To determine the possible role of cell cycle arnegk-induced growth inhibition, HepG2 cells
were treated with different concentrations of coommb 8k. Cell cycle distribution was
investigated by flow cytometric analysis followisgaining of DNA with propidium iodide (PI).
After treatment with compounék at different concentrations for 24 h, it was obedrthat S
phase cells gradually decreased and G2 phasedali®ot change significantly, while G1 phase
cells compared with the control cells graduallyréased, respectively (Fig. 4). These results

suggest that target compoukl mainly arrested HepG2 cells in the G1 phase.

2.2.6 Compound 8k induces apoptosisin HepG2 cells

In order to confirm whethe8k-induced reduction in cell viability was responsilfbr the
induction of apoptosis, HepG2 cells were co-staiméth Pl and Annexin-V/FITC, and the
number of apoptotic cells was estimated by flowonytry (Fig. 5). Four quadrant images were
observed by flow cytometry analysis: the Q1 argaresented damaged cells which appeared
during the process of cell collection, the Q2 regihowed necrotic cells and later stage apoptotic
cells; early apoptotic cells were located in the &&a and the Q4 area showed normal cells. A
dose-dependent increase in the percentage of djpopetis was noted after the cells were treated
with compound8k at the concentrations of M and 10uM for 24 h. As shown in Fig. 5, few
(5.07%) apoptotic cells were present in the corgeolel, in contrast, the percentage rose to 13.30%
at the concentration of @M after treatment witt8k for 24 h. At concentrations of 1M, there
was a further increase to 50.30% after treatmetit 8k. These results clearly confirmed that

compared with the control, compoult effectively induced apoptosis in HepG2 cells in a
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dose-dependent manner.

2.2.7 Apoptosis assay by acridine orange/ethidium bromide (AO/EB) staining

To further characterize the cell apoptosis indungdompoundk, AO/EB staining was carried
out to evaluate the accompanying changes in moogkiolThe cytotoxicity of compoungk was
evaluated in HepG2 cells following treatment witlu and 10uM for 24 h. HepG2 cells not
treated with8k were 24 h controls. The results (Fig. 6) showeat #i both concentrations, the
morphology of8k-treated HepG2 cells had changed significantly. €&k nuclei were stained
yellow green or orange, and the morphology showgth@sis, membrane blebbing and cell
budding characteristic of apoptosis. The nearlymete absence of red-stained cells showed that
8k treatment was associated with low toxicity. Theutes thus demonstrated that compo@kd

induced apoptosis with low toxicity.

3. Conclusion

A series of DHAA sulfonamide dipeptide derivativagere designed and synthesized as
migration inhibitors which targeted MMPs with golgg, values in low micromolar range. These
compounds exhibited better inhibitory activitiesvesd MMP-3 than MMP-8 and MMP-9, with
ICso values range from 0.4-59,M. A docking study of the most active compouwidrevealed
key interactions betweek and MMP-3 in which the sulfonamide moiety and dieptide group
was important for improving activity. It is notewvibby that further antitumor activity screening
revealed that some compounds exhibited betteritohybactivity than the commercial anticancer
drug 5-FU. In particular, compourtk (ICsq = 4.18 + 1.08uM) exhibited the best anticancer
activity against the HepG2 cell line and displaygdjhtly weaker inhibitory activity than
doxorubicin. The exposure of compoudkito HepG2 cells resulted in inhibition of vitro cell
migration through wound healing assay. The apogiosiucing activity investigated by flow
cytometry revealed that compouBl markedly induced HepG2 cells apoptosis. The apsipto
inducing effect of8k was further analysed by AO/EB staining. In addificell cycle analysis
indicated that compoungk arrested the HepG2 cell line in G1 phase. Consety¢he rational
design of DHAA sulfonamide dipeptide derivativefeod significant potential for the discovery of

a new class of MMPs inhibitors with the ability $oppress cancer cells migration. The precise



mechanism of this action requires further invesiiga

4. Experimental
4.1 General information

Compound3 was synthesized according to the literature [83jmpound6 was synthesized
according to the literature [34]. All the chemicahgents and solvents used were of analytical
grade. Silica gel (200-300 mesh) used in columromiatography was provided by Tsingtao
Marine Chemistry Co. Ltd"H NMR spectra were recorded on a BRUKER AV-400 speteter
with TMS as an internal standard in CRCMass spectra were determined on an FTMS ESI

spectrometer.

4.2. Synthesis: general procedure for compounds 8a-8u

Compound3 (1 mmol) added to dry Ci€l, (15 mL) and stirred at[0. After that, oxalyl
chloride (1.5 mmol) was dripped into the mixturedatirred at room temperature for 6 h. After
the reaction, the solvent and excess oxalyl chdorichs evaporated under reduced pressure.
Aromatic primary amines (1 mmol) and triethylami{i®e5 mmol) were added to the mixture and
stirred at room temperature for 0.5 h. After thact®n, the solvent was evaporated under reduced
pressure, and the crude product was purified byrohtography on silica gel eluted with
petroleum ether/ethylacetate (V:V = 6:1) to offampound4. Compound4 (1 mmol) and
hydrazine hydrate (3 mmol) were added to ethar®Inl) and the mixture was stirred at room
temperature for 8 h. After the reaction was congulethe solvent was evaporated under reduced
pressure, and the crude product was purified byrohtography on silica gel eluted with
petroleum ether/ethyl acetate (V: V = 3: 1) to @btaompound®. Compound$ (1 mmol) added
to dry HCl, (15 mL) was stirred at 01 and oxalyl chloride (2.0 mmol) was dripped int@ th
mixture and stirred at room temperature for 6 lteAthe reaction, the solvent and excess oxalyl
chloride was evaporated under reduced pressurep@amis5 (2 mmol) and triethylamine (1
mmol) were added to the mixture and stirred at ro@mperature for 18 h. After the reaction, the
solvent was evaporated under reduced pressure,ttadcrude product was purified by
chromatography on silica gel eluted with petroleather/ethyl acetate (V: V = 6:1) to offer

compounds8a-8u. The structures were confirmed By NMR, **C NMR and HR-MS (see
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Supporting information).

CompoundBa: Yields 80.1%, as a white solid. Mp: 143.1-14822 )= +61 € 0.1, AcOEt)'H
NMR (400 MHz, CDCY) § 8.94 (s, 1H), 7.81 (s, 1H), 7.72 (s, 1H), 7.29671, 3H), 7.21-7.15
(m, 8H), 7.14-7.10 (m, 2H), 7.08-7.03 (m, 2H), 6(991H), 6.89-6.79 (m, 4H), 6.63 @@= 7.3
Hz, 1H), 5.61 (dJ = 7.3 Hz, 1H), 4.95-4.89 (m, 1H), 4.22-4.17 (m,),18166-3.60 (m, 1H),
3.25-3.12 (m, 2H), 3.10-3.04 (m, 1H), 2.98-2.931H), 2.73—2.67 (m, 1H), 2.58-2.51 (m, 1H),
2.19 (d,J = 12.4 Hz, 1H), 1.96 (d) = 12.5 Hz, 1H), 1.73-1.58 (m, 3H), 1.41-1.31 (H),3
1.26-1.20 (m, 6H, 2 x CH3), 1.17 (s, 3H, CH3), (808H, CH3).*C NMR (100 MHz, CDGJ)

8 179.30, 169.68, 168.55, 159.59(C,F) = 242.9 Hz), 159.29'(C,F) = 242.3 Hz), 147.47,
145.04, 141.26, 136.39, 135.46, 134.05, 133'8(C(F) = 2.8 Hz), 132.87°J(C,F) = 2.9 Hz),
129.32, 129.17, 128.95, 128.73, 127.42, 127.14,142322.05Y(C,F) = 7.9 Hz), 121.60(C,F)

= 7.8 Hz), 115.47%)(C,F) = 22.3 Hz), 115.38J(C,F) = 22.3 Hz), 58.38, 55.40, 47.23, 45.00,
39.41, 38.04, 37.58, 37.06, 36.63, 29.71, 29.56B5%4.79, 24.28, 24.10, 20.46, 18.26, 16.29.

HR-MS (12) (ESI): calcd for GoHs4F.N4NaG;S[M + Na]*: 883.3675; found: 883.3665.

Compound3b: Yields 87.5%, as a white solid. Mp: 148.8-152C1 p]?= +56 € 0.1, AcOEt)'H
NMR (400 MHz, DMSOds) & 10.28 (s, 1H), 9.96 (s, 1H), 8.16 (s 9.2 Hz, 1H), 7.90-7.88 (m,
1H), 7.62 (dJ = 7.6 Hz, 1H), 7.58 (s, 1H), 7.42—7.46 (m, 1HR77(d,J = 9.1 Hz, 1H), 7.35-7.31
(m, 1H), 7.28-7.17 (m, 11H), 7.05 (s, 1H), 7.01760®, 1H), 4.69-4.57 (m, 1H), 4.17-4.11 (m,
1H), 3.81-3.59 (m, 1H), 3.04-2.81 (m, 4H), 2.6252(%, 1H), 2.46—2.39 (m, 1H), 2.08 @z
11.8 Hz, 1H), 1.86-1.79 (m, 1H), 1.59 (s, 2H), A&6LH), 1.34—1.24 (m, 6H), 1.12-1.08 (M, 4H),
1.03 (s, 3H, Ch), 0.78 (s, 3H, Ch).*C NMR (100 MHz, DMSQd,) & 177.61, 170.82, 168.96,
153.21 tJ(C,F) = 241.5 Hz), 153.09J(C,F) = 241.2 Hz), 146.60, 144.41, 140.02, 137196.77,
136.14 {J(C,F) = 2.8 Hz), 135.65, 135.28)(C,F) = 3.0 Hz), 129.30, 129.02, 128.07, 127.97,
127.71, 126.50, 126.30, 124.15, 121.48, 120.51,002€0(C,F) = 7.1 Hz) , 119.43J(C,F) = 6.6
Hz), 119.12 {J(C,F) = 18.2 Hz), 118.72](C,F) = 18.3 Hz), 116.96(C,F) = 21.6 Hz), 116.53
(3J(C,F) = 21.8 Hz), 58.11, 55.29, 46.23, 44.04, 38%629, 36.73, 36.56, 35.92, 28.66, 28.22,
24.89, 23.67, 23.05, 19.77, 18.00, 16.13. HR-Mi&)((ESI): calcd for GoHs;ClLF.NsNaGsS [M

+ NaJ": 951.2895; found: 951.2883.
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Compoundsc: Yields 62.4%, as a white solid. Mp: 147.2-151C7 fu]®= +65 (c 0.1, AcOEtjH
NMR (400 MHz, DMSOds) & 10.27 (s, 1H), 9.99 (s, 1H), 8.13 (s 9.3 Hz, 1H), 7.65-7.54 (m,
3H), 7.35-7.32 (m, 1H), 7.29-7.18 (m, 12H), 7.1607m, 1H), 7.04 (s, 1H), 6.93-6.78 (m, 3H),
4.74-4.56 (m, 1H), 4.23-4.14 (m, 1H), 3.71-3.661ht), 3.10-2.92 (m, 3H), 2.89-2.84 (m, 1H),
2.58-2.51 (m, 1H), 2.44-2.35 (m, 1H), 2.08J¢; 11.8 Hz, 1H), 1.85-1.77 (m, 1H), 1.58 (s, 2H),
1.43 (s, 1H), 1.30-1.25 (m, 7H), 1.11 {d= 6.6 Hz, 3H, CH), 1.03 (s, 3H, Ch), 0.81 (s, 3H,
CHs). ®C NMR (100 MHz, DMSOdg) 5 177.59, 170.94, 169.15, 162.19(C,F) = 240.0 Hz),
161.85 tJ(C,F) = 239.6 Hz), 146.66, 144.28, 140.8XC,F) = 10.9 Hz), 139.9CG)(C,F) = 9.7
Hz), 137.93, 136.80, 135.78, 130.39(C,F) = 9.5 Hz), 129.96{(C,F) = 9.5 Hz), 129.31, 129.02,
128.04, 127.95, 127.73, 126.46, 126.29, 123.90,3618)(C,F) = 2.2 Hz), 114.88'J(C,F) = 2.2
Hz), 109.84 {J(C,F) = 21.0 Hz), 109.73J(C,F) = 21.0 Hz), 106.54J(C,F) = 26.0 Hz), 105.92
(J(C,F) = 26.1 Hz), 58.14, 55.28, 46.22, 44.04, 383628, 36.75, 36.56, 35.94, 28.61, 28.22,
24.75, 23.75, 23.16, 19.76, 17.98, 16.12. HR-M®&)((ESI): calcd for GHsFN,NaQ;S [M +

NaJ": 883.3675; found: 883.3665.

CompoundBd: Yields 51.6%, as a white solid. Mp: 155.4-1589 [x]®= +58 ¢ 0.1, AcOEt)'H
NMR (400 MHz, DMSO€) § 10.25 (s, 1H), 9.93 (s, 1H), 8.16 (b= 9.3 Hz, 1H), 7.94 (s, 1H),
7.63 (d,J = 7.8 Hz, 1H), 7.59 (s, 1H), 7.47 @5 7.8 Hz, 1H), 7.43 (s, 1H), 7.30-7.15 (m, 12H),
7.18-7.13 (m, 2H), 7.06—7.02 (m, 2H), 4.73-4.591Ht), 4.20—4.14 (m, 1H), 3.73-3.66 (m, 1H),
3.07-2.89 (m, 4H), 2.63-2.57 (m, 1H), 2.44-2.351Ht), 2.08 (d,J = 11.9 Hz, 1H), 1.82 (d] =
13.6 Hz, 1H), 1.61 (dJ = 9.1 Hz, 2H), 1.46 (s, 1H), 1.36-1.23 (m, 7H}21(d,J = 6.6 Hz, 3H,
CHa), 1.03 (s, 3H Ch), 0.78 (s, 3H, ChH). *C NMR (100 MHz, DMSOdg) 5 177.62, 170.93,
169.05, 146.59, 144.31, 140.49, 140.02, 139.62,94371.36.80, 135.62, 130.77, 130.28, 129.32,
129.02, 128.05, 127.95, 127.70, 126.48, 126.29,0824.25.89, 124.11, 122.41, 121.54, 121.45,
121.12,118.41, 117.90, 58.11, 55.34, 46.24, 488%5, 37.29, 36.71, 36.57, 35.94, 28.71, 28.23,
24.92, 23.74, 23.06, 19.79, 18.01, 16.15. HR-M&)((ESI): calcd for GHs4BrN,NaGsS [M +

Na]": 1005.2053; found: 1005.2048.

CompoundBe: Yields 52.4%, as a white solid. Mp: 155.6-15834 fu]®= +28 ¢ 0.1, AcOEt)'H
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NMR (400 MHz, DMSO€g) & 10.23 (s, 1H), 10.07 (s, 1H), 8.25 (d= 8.8 Hz, 1H), 7.93 (s, 1H),
7.79 (s, 1H), 7.70-7.61 (m, 2H), 7.53-7.49 (m, TH}3-7.24 (m, 6H), 7.22-7.15 (m, 9H), 7.03
(d, J = 14.4 Hz, 1H), 4.73-4.67 (m, 1H), 4.33-4.15 (iH),13.73-3.66 (m, 1H), 3.09-2.94 (m,
3H), 2.90-2.84 (m, 1H), 2.71-2.58 (m, 2H), 2.18)&, 11.9 Hz, 1H), 1.88 (d] = 13.3 Hz, 1H),
1.61-1.54 (m, 3H), 1.49-1.37 (m, 1H), 1.31-1.232H), 1.17 (d,] = 6.7 Hz, 3H, CH), 1.11 (d,

J = 6.7 Hz, 3H, Ch), 1.04 (s, 3H, Ch), 0.97 (s, 3H, Ch). *°C NMR (100 MHz, DMSOdg) &
177.37, 171.00, 169.36, 146.92, 143.81, 140.45,7834.39.75, 137.85, 136.61, 136.50, 130.73,
130.48, 129.18, 129.13, 128.00, 127.95, 127.78,4126.26.26, 126.12, 125.89, 123.34, 121.72,
121.52, 121.48, 121.30, 118.02, 117.98, 58.22,25518.20, 46.17, 43.84, 38.90, 36.88, 36.67,
36.65, 35.67, 28.98, 28.07, 24.50, 24.06, 23.76519.8.16, 16.21. HR-MS31(2) (ESI): calcd for

CsoHs4BroN4,NaGsS [M + Na]+: 1005.2053; found: 1005.2044.

CompoundBf: Yields 88.9%, as a white solid. Mp: 150.7-154C1 fx]®= +65 € 0.1, AcOEt)'H
NMR (400 MHz, CDCY) & 8.53 (s, 1H), 7.78 (s, 1H), 7.65 (s, 1H), 7.40dd 7.7 Hz, 2H),
7.30-7.24 (m, 15H), 7.09 @,= 7.0 Hz, 4H), 7.04 (s, 1H), 6.60 (@= 7.6 Hz, 1H), 5.57 (d] =

7.3 Hz, 1H), 4.91-4.97 (m, 1H), 4.16-4.13 (m, 1B)72-3.63 (m, 1H), 3.24-3.16 (m, 3H),
3.04-2.99 (m, 1H), 2.70 (@,= 15.8 Hz, 2H), 2.27 (d} = 12.2 Hz, 1H), 1.97 (d] = 11.8 Hz, 1H),
1.90 (s, 1H), 1.65-1.43 (m, 5H), 1.25 Jc 6.7 Hz, 6H, 2 x Ch), 1.19 (s, 3H, Ch), 1.10 (s, 3H,
CHs). °C NMR (100 MHz, CDGJ) § 179.19, 169.71, 168.35, 147.66, 145.03, 141.43,503
136.90, 136.83, 135.73, 134.07, 129.45, 129.42,072929.03, 128.88, 127.53, 127.22, 125.37,
124.94, 124.61, 120.29, 120.17, 58.63, 55.58, 443076, 39.58, 37.98, 37.50, 37.21, 36.91,
29.82, 29.41, 25.11, 24.47, 24.15, 20.36, 18.4046l6 HR-MS (w2 (ESI): calcd for

CsoHseNuNaGsS [M + NaJ': 847.3863; found: 847.3857.

CompoundBg: Yields 85.7%, as a white solid. Mp: 151.2-1543 )%= +37 € 0.1, AcOEt)'H
NMR (400 MHz, CDCJ) & 8.68 (s, 1H), 7.74 (d) = 1.8 Hz, 2H), 7.36 (dJ = 7.7 Hz, 2H),
7.28-7.17 (m, 15H), 7.09-7.03 (m, 4H), 6.99 (s,, B85 (d,J = 7.7 Hz, 1H), 5.67 (d] = 7.4 Hz,
1H), 4.99-4.94 (m, 1H), 4.16-4.11 (m, 1H), 3.67831®, 1H), 3.22-3.12 (m, 3H), 3.01-2.96 (m,
1H), 2.71-2.53 (m, 2H), 2.21 (d,= 12.1 Hz, 1H), 2.03 (s, 1H), 1.94 @ = 12.4 Hz, 1H),

1.61-1.39 (m, 5H), 1.20 (d,= 6.7 Hz, 6H, 2 x CH}, 1.15 (s, 3H, Ch), 1.04 (s, 3H, Ch). *C
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NMR (100 MHz, CDC}) & 179.19, 169.85, 168.41, 147.60, 144.96, 141.39,588 136.90,
136.79, 135.70, 134.09, 129.42, 129.40, 128.98,802827.46, 127.15, 125.26, 124.89, 124.56,
120.29, 120.17, 58.61, 55.54, 47.25, 44.68, 38815, 37.42, 37.17, 36.86, 29.79, 29.36, 25.10,
24.48, 24.09, 20.32, 18.35, 16.44. HR-M&Z (ESI): calcd for €HssN,NaGsS [M + NaJ:

847.3863; found: 847.3857.

Compounddh: Yields 76.3%, as a white solid. Mp: 128.6-133C7 fx]®= +62 € 0.1, AcOEt)H
NMR (400 MHz, CDCY) & 8.74 (s, 1H), 7.74 (s, 1H), 7.65 (s, 1H), 7.2997(th, 9H), 7.16 (s,
1H), 7.13-7.09 (m, 3H), 7.07 (d,= 6.8 Hz, 1H), 7.01 (s, 1H), 6.92 (s, 1H), 6.85)¢ 8.0 Hz,
1H), 6.67 (d,J = 8.1 Hz, 1H), 6.63-6.61 (M, 3H), 5.56 (= 7.6 Hz, 1H), 4.97-4.88 (m, 1H),
4.28-4.18 (m, 1H), 3.74 (s, 6H, 2 x OgH3.69-3.69 (M, 1H), 3.26-3.17 (M, 2H), 3.15-3109
1H), 3.02-2.97 (m, 1H), 2.74-2.68 (m, 1H), 2.65821H, 1H), 2.23 (dJ = 13.3 Hz, 1H), 2.00 (d,
J=12.6 Hz, 1H), 1.93 (s, 1H), 1.68-1.56 (m, 3HR6L(d,J = 11.8 Hz, 2H), 1.28-1.23 (m, 6H, 2
x CH), 1.19 (s, 3H, Ch), 1.01 (s, 3H, Ch). °C NMR (100 MHz, CDGJ) § 179.27, 169.43,
168.33, 160.24, 160.14, 147.72, 145.04, 141.59,753838.02, 136.60, 135.59, 133.97, 129.76,
129.69, 129.49, 129.37, 129.23, 128.98, 128.88,6627127.34, 125.42, 112.43, 112.23, 110.70,
110.52, 106.08, 105.75, 58.65, 55.43, 47.37, 489%0, 37.80, 37.73, 37.21, 36.91, 29.66, 29.54,
24.84, 24.41, 24.30, 20.69, 18.39, 16.42. HR-M®%)( (ESI): calcd for GHsNsNaO;S[M +

Na]": 907.4074; found: 907.4067.

Compoundi: Yields 79.8%, as a white solid. Mp: 129.1-1342 fu]®= +44 ¢ 0.1, AcOEt}H
NMR (400 MHz, CDCJ) 5 8.51 (s, 1H), 7.71 (s, 1H), 7.58 (s, 1H), 7.2567rh, 9H), 7.10-7.01
(m, 5H), 6.98 (s, 1H), 6.93 (@,= 2.1 Hz, 1H), 6.83 (d] = 8.0 Hz, 1H), 6.65 (d] = 8.0 Hz, 1H),
6.59-6.56 (m, 2H), 6.53 (dl = 7.6 Hz, 1H), 5.46 (dJ = 7.2 Hz, 1H), 4.90-4.84 (m, 1H),
4.09-4.04 (m, 1H), 3.69 (d,= 1.0 Hz, 6H, 2 x OCl), 3.62—3.53 (m, 1H), 3.22-3.05 (m, 3H),
2.97-2.91 (m, 1H), 2.68-2.56 (m, 2H), 2.19Jc 12.3 Hz, 1H), 1.89-1.83 (m, 2H), 1.48-1.41
(m, 3H), 1.30-1.21 (m, 2H), 1.19-1.16 (m, 6H, 2h31.12 (s, 3H, Ch), 1.04 (s, 3H, Ch).C
NMR (100 MHz, CDCJ) 6 179.23, 169.74, 168.32, 160.17, 160.09, 147.68.0P4 141.47,
138.82, 138.10, 136.84, 135.68, 134.04, 129.70,4P2929.38, 129.07, 128.87, 127.52, 127.19,

125.41, 112.44, 112.34, 110.87, 110.43, 105.93,880%8.64, 55.64, 55.39, 55.36, 47.31, 44.85,
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39.50, 37.88, 37.47, 37.23, 36.86, 29.82, 29.40,224.50, 24.11, 20.32, 18.42, 16.45. HR-MS

(mV2) (ESI): calcd for GHedN4NaO;S [M + NaJ: 907.4074; found:907.4068.

Compoundj: Yields 76.8%, as a white solid. Mp: 135.8-1392 p]%= +63 € 0.1, ACOEt)'H
NMR (400 MHz, CDC}) & 8.55 (s, 1H), 7.64 (s, 1H), 7.51 (s, 1H), 7.2487rh, 10H), 7.11-7.02
(m, 6H), 6.98-6.95 (m, 2H), 6.78 {t= 7.2 Hz, 2H), 6.53 (d] = 7.4 Hz, 1H), 5.43 (d] = 7.5 Hz,
1H), 4.98-4.88 (m, 1H), 4.20—4.15 (m, 1H), 3.67431®, 1H), 3.24-3.08 (M, 3H), 3.00-2.94 (m,
1H), 2.66—2.42 (m, 2H), 2.15 (d,= 6.8 Hz, 6H, 2 x Ck), 1.92 (d,J = 11.5 Hz, 1H), 1.66-1.53
(m, 5H), 1.41-1.34 (m, 2H), 1.26-1.22 (m, 6H, 2 Mz 1.09 (s, 3H, Ck), 0.93 (s, 3H, Ch).

¥C NMR (100 MHz, CDQJ) 6 179.11, 169.56, 168.28, 147.52, 144.89, 141.38,783 138.73,
137.47, 136.72, 136.50, 135.55, 134.05, 129.41,2¥2929.00, 128.73, 128.66, 127.43, 127.11,
125.57, 125.20, 125.15, 120.83, 120.63, 117.27.101B8.49, 55.30, 47.24, 45.00, 39.53, 37.95,
37.60, 37.08, 36.65, 29.73, 29.60, 29.37, 24.783421.42, 20.48, 18.25, 16.31. HR-M#/3)

(ESI): calcd for GHeiN4OsS [M + H]™: 853.4357; found:853.4363.

CompoundBk: Yields 78.9%, as a white solid. Mp: 136.6-13938 )= +36 € 0.1, ACOEt)'H
NMR (400 MHz, CDC}) & 8.62 (s, 1H), 7.74 (s, 1H), 7.66 (s, 1H), 7.240713, 10H), 7.16-7.07
(m, 6H), 6.99 (dJ = 8.5 Hz, 2H), 6.87 (t) = 6.3 Hz, 2H), 6.63 (s, 1H), 5.68-5.56 (m, 1H),
5.02-4.89 (m, 1H), 4.11 (d,= 3.9 Hz, 1H), 3.64-3.61 (m, 1H), 3.23-3.13 (m),3401-2.95 (m,
1H), 2.66 (dJ = 6.3 Hz, 2H), 2.25 (d] = 7.4 Hz, 6H, 2 x Ck), 2.04-1.94 (m, 2H), 1.57-1.42 (m,
6H), 1.20 (d,J = 5.4 Hz, 6H, 2 x Ck}, 1.16 (s, 3H, Ch), 1.06 (s, 3H, Ch). **C NMR (100 MHz,
CDCl) 5 179.11, 169.71, 168.24, 147.55, 144.87, 141.38,813 138.77, 137.43, 136.78, 136.75,
135.63, 134.01, 129.35, 129.33, 128.94, 128.73,712827.38, 127.06, 125.63, 125.27, 120.78,
120.69, 117.25, 117.15, 58.52, 55.51, 47.18, 488418, 37.94, 37.40, 37.11, 36.80, 29.73, 29.28,
25.05, 24.50, 23.96, 21.43, 20.26, 18.30, 16.41-M8R(m/2) (ESI): calcd for GHeiN4OsS [M +

H]": 853.4357; found:853.4363.

Compounddl: Yields 81.4%, as a white solid. Mp: 135.9-140.1fg*= +67 ¢ 0.1, ACOEt)'H
NMR (400 MHz, CDC}) § 8.32—8.29 (m, 1H), 8.16-8.14 (m, 1H), 8.00 (s,,TH33 (s, 1H), 7.70

(s, 1H), 7.35-7.18 (m, 9H), 7.12-7.09 (m, 2H), 789 (m, 3H), 6.97-6.88 (m, 2H), 6.84-6.82
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(m, 1H), 6.79-6.74 (m, 1H), 6.48 @= 7.3 Hz, 1H), 5.43 (d] = 7.5 Hz, 1H), 4.88-4.79 (m, 1H),
4.15-4.10 (m, 1H), 3.73 (s, 3H, OQH3.67 (s, 3H, OCH, 3.66-3.61 (m, 1H), 3.27-3.22 (m,
1H), 3.14 (dJ = 7.1 Hz, 2H), 2.98-2.93 (m, 1H), 2.71Jt= 8.3 Hz, 2H), 2.27 (d] = 12.1 Hz,
1H), 2.04-2.00 (m, 1H), 1.68-1.60 (m, 5H), 1.51Xd, 6.3 Hz, 1H), 1.38 (d] = 15.4 Hz, 2H),
1.28 (d,J = 6.7 Hz, 3H, Ch), 1.23 (d,J = 6.7 Hz, 3H, CH), 1.20 (s, 3H, Ch), 1.05 (s, 3H, Ch).

3C NMR (100 MHz, CDGJ) 5 178.30, 169.13, 167.96, 148.13, 148.08, 147.58,044 141.26,
136.56, 135.63, 134.29, 129.49, 129.40, 129.01,822828.74, 127.37, 127.16, 127.09, 126.74,
124.96, 124.41, 124.27, 121.11, 120.98, 119.90,8419110.09, 110.06, 58.98, 55.72, 55.71,
55.42, 47.26, 44.93, 40.19, 38.63, 37.77, 37.2Q,3729.69, 29.58, 24.70, 24.33, 24.30, 20.71,

18.43, 16.51. HR-MSni/z) (ESI): calcd for §HeKN4O-S [M + K]*: 923.3814; found: 923.3816.

Compound3m: Yields 82.4%, as a white solid. Mp: 136.8-1404 f]%= +32 ¢ 0.1, AcOEt)'H
NMR (400 MHz, CDC}) 6 8.60 (s, 1H), 7.77 (s, 1H), 7.72 (s, 1H), 7.282718, 11H), 7.13-7.09
(m, 4H), 7.03 (s, 1H), 6.82—6.70 (m, 5H), 5.72J&; 7.5 Hz, 1H), 5.00-4.95 (m, 1H), 4.17-4.12
(m, 1H), 3.76 (s, 6H, 2 x OG) 3.76-3.61 (m, 1H), 3.25-3.12 (m, 3H), 3.03-2(88 1H),
2.69-2.65 (m, 2H), 2.23 (d, = 13.7 Hz, 2H), 1.98 (dJ = 12.5 Hz, 1H), 1.58-1.46 (m, 5H),
1.24-1.21 (m, 6H, 2 x CH{ 1.18 (s, 3H, Ch), 1.07 (s, 3H, CH). *C NMR (100 MHz, CDGJ) &
178.97, 169.54, 168.18, 156.72, 156.50, 147.53,914441.32, 136.83, 135.73, 134.04, 130.57,
129.88, 129.39, 129.37, 128.89, 128.71, 127.35,0627125.22, 122.13, 121.92, 114.07, 114.05,
58.40, 55.47, 55.33, 47.15, 44.58, 39.57, 38.18353737.08, 36.77, 29.76, 29.28, 25.03, 24.38,
24.06, 20.27, 18.30, 16.38. HR-M8VE) (ESI): calcd for GHegKN4O;S [M + K]*: 923.3814;

found: 923.3810.

Compound3n: Yields 79.5%, as a white solid. Mp: 139.0-1443% fu]%= +59 € 0.1, AcOEt)H
NMR (400 MHz, CDC)) § 8.76 (s, 1H), 7.71 (s, 2H), 7.34-7.12 (m, 11H)L1%7.06 (m, 2H),
7.03 (d,J = 8.5 Hz, 2H), 6.96 () = 8.6 Hz, 5H), 6.69 (dJ = 7.0 Hz, 1H), 5.80-5.56 (m, 1H),
5.02-4.85 (m, 1H), 4.25-4.11 (m, 1H), 3.74-3.59 1ht), 3.12 (m, 3H), 2.98 (m, 1H), 2.71-2.50
(m, 2H), 2.26 (s, 6H, 2 x G 2.18 (d,J = 11.3 Hz, 1H), 1.96 (d] = 16 Hz, 1H), 1.67-1.46 (m,
4H), 1.39-1.29 (m, 2H), 1.24-1.20 (m, 6H, 2 x4LH.14 (s, 3H, Ch), 0.97 (s, 3H, ChH.C

NMR (100 MHz, CDC}) ¢ 179.16, 169.76, 168.40, 147.55, 144.93, 141.38,6563 135.73,
16



135.09, 134.44, 134.37, 134.32, 134.02, 129.49,362428.95, 128.72, 127.40, 127.09, 125.09,
120.39, 120.17, 58.51, 55.40, 47.26, 45.03, 38808, 37.60, 37.13, 36.67, 29.66, 29.38, 24.84,
24.35, 24.23, 20.95, 20.51, 18.32, 16.35. HR-M&)((ESI): calcd for ©HgiNOsS [M + H]":

853.4357; found:853.4360.

CompoundBo: Yields 75.2%, as a white solid. Mp: 139.7-14533 f1]®= +35 ¢ 0.1, AcOEt)'H
NMR (400 MHz, CDC}) & 8.11 (s, 1H), 7.79 (s, 1H), 7.40 (s, 1H), 7.360713, 11H), 7.14—7.04
(m, 9H), 6.52 (dJ = 7.4 Hz, 1H), 5.39 (d] = 7.1 Hz, 1H), 4.86-4.80 (m, 1H), 4.08-4.03 (m),1H
3.70-3.59 (m, 1H), 3.29-3.24 (m, 1H), 3.22-3.137H), 3.00-2.94 (m , 1H), 2.78-2.65 (m, 2H),
2.31 (d,J = 2.7 Hz, 6H, 2 x Ch), 2.03-2.00 (m, 1H), 1.73-1.68 (m, 4H), 1.60-1(#0 2H),
1.41-1.32 (m, 1H), 1.25 (m, 6H, 2 x QH1.20 (s, 3H, CH), 1.14 (s, 3H, Ch).**C NMR (100
MHz, CDCk) 5 179.08, 169.30, 168.05, 147.69, 145.03, 141.58,9B83 135.75, 134.91, 134.67,
134.32, 134.24, 133.84, 129.57, 129.56, 129.48,482929.14, 128.97, 128.85, 127.59, 127.27,
125.56, 120.32, 120.16, 58.51, 55.62, 47.32, 489%9, 37.85, 37.56, 37.22, 36.88, 29.86, 29.43,
25.13, 24.52, 24.18, 21.02, 21.00, 20.34, 18.44A46HR-MS (W2) (ESI): calcd for

Cs:HeiN4OsS [M + H]': 853.4357; found:853.4365.

Compound3p: Yields 69.4%, as a white solid. Mp: 122.4-12638 p]?= +68 € 0.1, AcOEt)'H
NMR (400 MHz, CDC}) & 8.49 (d,J = 11.9 Hz, 1H), 8.22 (dl = 8.3 Hz, 1H), 8.09 (s, 1H), 7.77
(d,J = 6.1 Hz, 2H), 7.28 (m, 9H), 7.17-6.94 (m, 9HAE5(d,J = 7.2 Hz, 1H), 5.48-5.30 (M, 1H),
5.03-4.87 (m, 1H), 4.23-4.13 (m, 1H), 3.71-3.57 Hf), 3.29-3.14 (m, 3H), 3.07—2.95 (m, 1H),
2.72 (s, 2H), 2.30 (dl = 10.8 Hz, 1H), 2.09 (d} = 9.0 Hz, 1H), 1.64 (d] = 12.1 Hz, 3H), 1.38 (s,
3H), 1.31-1.22 (m, 6H, 2 x GH 1.20 (d,J = 5.9 Hz, 3H, CH), 1.07 (s, 3H, Ch). **C NMR (100
MHz, CDCk) 5 179.12, 169.73, 168.57, 152.68(C,F) = 243.2 Hz), 152.61J(C,F) = 242.5 Hz),
147.51, 144.88, 141.52, 136.31, 135.15, 133.64,2829.29.20, 129.08, 128.84, 128.70, 127.54,
127.22, 125.87%)(C,F) = 10.3 Hz), 125.33](C,F) = 8.4 Hz), 124.61°J(C,F) = 7.5 Hz), 124.86,
124.78, 124.50°)(C,F) = 3.5 Hz), 124.42J(C,F) = 3.3 Hz), 122.06, 121.97, 114.93(C,F) =
19.4 Hz), 114.92%)(C,F) = 19.2 Hz), 58.61, 55.08, 47.25, 44.74, 393B61, 37.37, 37.04,
36.86, 29.84, 29.45, 24.70, 24.32, 24.12, 20.64301816.33. HR-MStV2) (ESI): calcd for

CsoHs4F2KN4O5S [M + K]™: 899.3414; found: 899.34009.
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Compoundsq: Yields 73.3%, as a white solid. Mp: 122.3-12635 f]?= +29 € 0.1, AcOEt)'H
NMR (400 MHz, CDC}) 6 8.41 (s, 1H), 8.13 (f] = 7.8 Hz, 1H), 7.96 (t] = 7.8 Hz, 1H), 7.69 (s,
1H), 7.63-7.60 (m, 1H), 7.27-7.12 (m, 8H), 7.064419, 9H), 6.40-6.31 (m, 1H), 5.38-5.31 (m,
1H), 4.89-4.32 (m, 1H), 4.09-4.04 (m, 1H), 3.56431%, 1H), 3.24-3.01 (m, 3H), 2.98-2.92 (m,
1H), 2.70-2.50 (m, 2H), 2.17 (d, = 12.6 Hz, 1H), 1.87-1.84 (m, 2H), 1.65-1.35 (rhH),5
1.19-1.09 (m, 9H, 3 x G| 1.04 (s, 3H, Ch). **C NMR (100 MHz, CDGJ) § 179.12, 169.75,
168.42, 152.72")(C,F) = 243.5 Hz), 152.52](C,F) = 243.6 Hz), 147.50, 144.88, 141.43, 136.55,
135.20, 133.67, 129.23, 129.20, 129.04, 128.88,782d28.69, 127.54, 127.21, 125.8XC,F)

= 10.5 Hz), 125.83%)(C,F) = 10.6 Hz), 125.33J(C,F) = 7.2 Hz), 125.17°J(C,F) = 7.4 Hz),
124.88, 124.81, 124.48)(C,F) = 3.1 Hz), 124.45°{(C,F) = 2.9 Hz), 122.04, 121.85, 115.00
(%J(C,F) = 19.0 Hz), 58.63, 55.34, 47.23, 44.42, 393627, 37.07, 37.04, 36.69, 29.74, 29.39,
25.04, 24.21, 24.18, 20.16, 18.30, 16.29. HR-M®&)((ESI): calcd for GHssFKN4OsS [M +

K]*: 899.3414; found: 899.3408.

Compoundr: Yields 83.6%, as a white solid. Mp: 120.0-125C1 fu]®= +60 € 0.1, AcOEt)'H
NMR (400 MHz, CDCY) 5 8.63 (s, 1H), 7.71 (s, 1H), 7.61 (s, 1H), 7.2757h, 11H), 7.09 (dJ

= 6.4 Hz, 2H), 7.04 (d] = 8.8 Hz, 2H), 6.98 (s, 1H), 6.75-6.65 (M, 5HES(d,J = 7.7 Hz, 1H),
4.94-4.88 (m, 1H), 4.21-4.16 (m, 1H), 3.73 (s, BB, OCH), 3.73-3.61 (m, 1H), 3.22-3.07 (m,
3H), 3.00-2.94 (m, 1H), 2.71-2.65 (m, 1H), 2.6142%, 1H), 2.19 (dJ = 12.5 Hz, 1H), 1.97 (d,
J=9.1Hz, 2H), 1.65-1.57 (m, 3H), 1.38-1.33 (m),2H25-1.19 (m, 6H, 2 x G 1.16 (s, 3H,
CHzy), 1.00 (s, 3H, cb).”c NMR (100 MHz, CDGJ) 6 179.10, 169.51, 168.29, 156.78, 156.48,
147.55, 144.99, 141.30, 136.65, 135.73, 134.26,7563029.97, 129.52, 129.36, 128.98, 128.75,
127.43, 127.13, 125.12, 122.14, 121.82, 114.08,04148.44, 55.57, 55.54, 55.31, 47.28, 45.03,
39.74, 38.25, 37.61, 37.15, 36.70, 29.67, 29.40®424.30, 24.28, 20.56, 18.35, 16.38. HR-MS

(mV2) (ESI): calcd for GHeKN4O;S [M + K]*: 923.3814; found:923.3820.

CompoundBs: Yields 82.4%, as a white solid. Mp: 120.2-1254 p]?= +29 ¢ 0.1, AcOEt) H
NMR (400 MHz, CDC}) § 8.22 (d,J = 8.0 Hz, 1H), 8.10 (s, 1H), 8.07 (¥= 8.0 Hz, 1H), 7.74 (s,

1H), 7.64 (s, 1H), 7.20-7.11 (m, 8H), 7.02—7.00 2id), 6.96-6.89 (m, 3H), 6.86-6.79 (M, 2H),
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6.74-6.68 (m, 2H), 6.39 (dl = 7.6 Hz, 1H), 5.48 (dJ = 7.2 Hz, 1H), 4.82-4.77 (m, 1H),
4.05-4.00 (m, 1H), 3.64 (s, 3H, OH3.56-3.51 (M, 4H), 3.14-3.08 (m, 3H), 3.06-J B3 1H),
2.93-2.88 (m, 2H), 2.16 (d,= 12.8 Hz, 1H), 1.86-1.79 (m, 2H), 1.57-1.38 (i),51.17-1.12

(m, 6H, 2 x CH), 1.08 (s, 3H, Ck), 0.98 (s, 3H, Ch). *C NMR (100 MHz, CDGJ) § 178.32,
169.21, 167.89, 148.11, 148.01, 147.41, 144.84,1741136.78, 135.62, 134.15, 129.33, 128.86,
128.76, 128.65, 127.24, 127.08, 127.03, 126.62,11028924.37, 124.19, 120.97, 120.90, 119.82,
119.78, 110.10, 110.07, 58.92, 55.64, 55.44, 472469, 39.95, 38.16, 37.29, 37.10, 36.78, 29.79,
29.40, 25.04, 24.22, 24.04, 20.23, 18.40, 16.40M8R(M/2) (ESI): calcd for GHegKN,O-S [M

+ K]": 923.3814; found: 923.3815.

CompoundBt: Yields 76.7%, as a white solid. Mp: 121.1-1243 fu]®= +63 € 0.1, AcOEt)H
NMR (400 MHz, CDC}) § 7.99 (s, 1H), 7.85 (d} = 7.9 Hz, 1H), 7.77 (s, 1H), 7.60 @z 7.9 Hz,
1H), 7.48 (s, 1H), 7.37-7.27 (m, 5H), 7.25-7.22 3t), 7.20—7.02 (m, 10H), 6.39 (@= 7.3 Hz,
1H), 5.24 (dJ = 7.1 Hz, 1H), 4.87—4.81 (m, 1H), 4.12—4.07 (m),1360 (m, 1H), 3.33-3.12 (m,
3H), 2.96-2.91 (m, 1H), 2.70 @,= 8.6 Hz, 2H), 2.28 (d) = 12.5 Hz, 1H), 2.07 (s, 3H, GH
1.93 (d,J = 10.1 Hz, 4H), 1.49-1.46 (r@H), 1.29-1.26 (m4H), 1.25-1.22 (m, 6H, 2 x GM
1.17 (s, 3H, Ch), 1.13 (s, 3H, CH. *C NMR (100 MHz, CDG)) 5 179.19, 169.43, 168.39,
147.73, 145.02, 141.61, 137.01, 135.69, 135.54,9834.33.72, 130.59, 130.55, 129.42, 129.37,
129.30, 129.22, 129.07, 128.82, 128.68, 127.66,3227126.79, 126.77, 125.67, 125.61, 125.15,
122.77, 122.29, 58.56, 55.65, 47.33, 44.81, 3813%1, 37.35, 37.19, 36.74, 29.83, 29.54, 25.11,
24.67, 24.05, 20.16, 18.42, 17.77, 17.37, 16.37-M8R(z) (ESI): calcd for GHgNsNaGS [M

+ NaJ: 875.4176; found: 875.4171.

CompoundBu: Yields 74.5%, as a white solid. Mp: 120.9-124C3 fu]¥= +31 € 0.1, AcOEt)H
NMR (400 MHz, CDC}) & 8.08 (s, 1H), 7.84 (dl = 8.0 Hz, 1H), 7.79 (s, 1H), 7.60 @z 8.0 Hz,
1H), 7.56 (s, 1H), 7.36-7.24 (m, 9H), 7.20—7.07 9i), 6.47 (d,) = 7.3 Hz, 1H), 5.36 (d] = 7.1
Hz, 1H), 5.00-4.80 (m, 1H), 4.17—4.12 (m, 1H), 3860 (m, 1H), 3.32-3.16 (M, 3H), 3.01-2.92
(m, 1H), 2.73 (tJ = 8.6 Hz, 2H), 2.30 (d] = 12.7 Hz, 1H), 2.09 (s, 3H, GH 1.95 (s, 3H, Ch),
1.74-1.61 (m, 3H), 1.52-1.45 (m, 2H), 1.37 (s, 2HP7-1.27 (m, 6H, 2 x Gj}{ 1.19 (s, 3H,

CHsy), 1.15 (s, 3H, CH). *C NMR (100 MHz, CDGJ) § 179.17, 169.53, 168.45, 147.71, 145.01,
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141.57, 137.00, 135.65, 135.58, 134.93, 133.80,5830.30.53, 129.43, 129.36, 129.16, 129.01,
128.89, 128.80, 127.60, 127.27, 126.73, 125.61,2125122.85, 122.46, 58.56, 55.61, 47.31,
44.79, 39.12, 37.49, 37.42, 37.18, 36.75, 29.86@P5.09, 24.66, 24.01, 20.17, 18.41, 17.75,
17.36, 16.36. HR-MSnf{2) (ESI): calcd for GHgNsNaGsS [M + NaJ: 875.4176; found:

875.4171.

4.3. Synthesis. general procedure for compounds 9a-9i

Compounds$ (1 mmol) and triethylamine (0.5 mmol) were addedhte mixture and stirred at
room temperature for 2 h. After the reaction, tblvent was evaporated under reduced pressure,
and the crude product was purified by chromatograph silica gel eluted with petroleum
ether/ethyl acetate (V : V = 6:1) to offer composi8d-9i. The structures were confirmed by

NMR, *C NMR and HR-MS (see Supporting information).

Compoundda: Yields 61.8%, as a white solid. Mp: 164.8-169C7 fu]®= +43 ¢ 0.1, AcOEt)'H
NMR (400 MHz, CDCJ) § 9.18 (s, 1H), 7.87 (s, 1H), 7.33 @z= 10.6 Hz, 1H), 7.28-7.25 (m,
3H), 7.20-7.16 (m, 2H), 7.13 (s, 1H), 7.03—6.97 2i1), 6.70 (tJ = 7.6 Hz, 1H), 6.62 (d] = 7.0

Hz, 1H), 4.98-4.93 (m, 1H), 4.00-3.94 (m, 1H), 3:2@1 (m, 1H), 3.14-3.09 (m, 1H), 2.89-2.83
(m, 1H), 2.74-2.64 (m, 1H), 2.35 @@= 12.8 Hz, 1H), 2.11 (d] = 12.4 Hz, 1H), 1.79-1.75 (m,
5H), 1.57-1.43 (m, 2H), 1.32 @,= 6.5 Hz, 6H, 2 x CH}, 1.27 (s, 3H, Ch), 1.21 (s, 3H, Ch).

%C NMR (100 MHz, CDG)) § 179.47, 169.84, 162.90)(C,F) = 243.2 Hz), 148.13, 145.69,
143.99, 140.05, 139.28)(C,F) = 10.8 Hz), 136.32, 129.88)(C,F) = 9.2 Hz), 129.57, 129.24,
128.90, 127.35, 124.76, 115.13(C,F) = 2.5 Hz), 111.03{(C,F) = 21.3 Hz), 107.36J(C,F) =
26.0 Hz), 55.63, 47.39, 44.87, 38.01, 37.63, 373882, 29.73, 28.67, 25.01, 23.89, 23.85, 20.51,

18.38, 16.40. HR-MSni/z) (ESI): calcd for GsHagFN,0sS [M — HJ: 619.2647; found: 619.2657.

Compounddb: Yields 68.9%, as a white solid. Mp: 121.8-12634 f]?®= +12 € 0.1, AcOEt)'H
NMR (400 MHz, CDC}) § 8.32 (d,J = 8.0 Hz, 1H), 8.15 (s, 1H), 7.87 (s, 1H), 7.3@37(m, 5H),
7.18 (s, 1H), 7.06 (] = 7.8 Hz, 1H), 6.96 () = 7.8 Hz, 1H), 6.85 (d] = 8.0 Hz, 1H), 6.51 (d]
= 7.5 Hz, 1H), 4.93-4.88 (m, 1H), 4.05-3.91 (m, 1B{Y7 (s, 3H, -OCH}, 3.27-3.15 (m, 2H),

2.87-2.72 (m, 2H), 2.34 (d, = 12.8 Hz, 1H), 2.09 (dJ = 12.6 Hz, 1H), 1.91-1.70 (m, 4H),
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1.63-1.49 (m, 3H), 1.32 (§,= 7.2 Hz, 6H, 2 x Ch), 1.25 (s, 3H, Ch), 1.21 (s, 3H, Ch.*C
NMR (100 MHz, CDC}) & 178.23, 169.17, 148.34, 148.21, 145.57, 144.39,9P3 136.84,
129.53, 129.43, 128.86, 127.14, 124.78, 124.29,0621119.93, 110.17, 55.72, 55.55, 47.23,
44,53, 38.37, 37.69, 37.39, 36.99, 29.92, 28.64624£3.91, 23.83, 20.14, 18.45, 16.46. HR-MS

(m/2) (ESI): calcd for GeH43N-O6S [M — H]: 631.2847; found: 631.2855.

Compounddc: Yields 63.7%, as a white solid. Mp: 160.6-16638 f]¥= +40 ¢ 0.1, AcOEt)'H
NMR (400 MHz, CDCI3)s 8.87 (s, 1H,), 7.87 (s, 1H), 7.37 @= 8.0 Hz, 2H), 7.29-7.24 (m,
3H), 7.21 (d,J = 7.6 Hz, 2H), 7.17-7.09 (m, 3H), 7.02J& 8.0 Hz, 1H), 6.70 (d] = 8.0 Hz, 1H),
5.03-4.98 (m, 1H), 4.01-3.95 (m, 1H), 3.25-3.13ZH), 2.85-2.79 (M, 1H), 2.72-2.61 (m, 1H),
2.34 (d,J = 12.8 Hz, 1H), 2.12 (d] = 10.7 Hz, 1H), 1.91-1.67 (m, 5H), 1.47-1.43 (id),21.32
(d,J = 6.7 Hz, 6H, 2 x Ch}, 1.27 (s, 3H, Ch), 1.21 (s, 3H, Ch). **C NMR (100 MHz, CDG)) 5
179.03, 169.67, 148.21, 145.61, 144.07, 140.02,6832136.48, 129.55, 129.41, 128.89, 128.81,
127.26, 124.76, 124.50, 120.09, 55.35, 47.37, 443885, 37.64, 37.38, 36.91, 29.75, 28.66,
25.00, 23.89, 23.88, 20.50, 18.39, 16.41. HR-M®&)((ESI): calcd for GsHaN,0sS [M — HJ;

601.2741, found: 601.2752.

Compounddd: Yields 67.9%, as a white solid. Mp: 121.3-125% f]®= +38 € 0.1, AcOEt)'H
NMR (400 MHz, CDC}) 6 8.33 (d,J = 7.9 Hz, 1H), 8.07 (s, 1H), 7.88 (s, 1H), 7.2@57(m, 5H),
7.17 (s, 1H), 7.08 (] = 7.7 Hz, 1H), 6.97 (t = 7.7 Hz, 1H), 6.86 (d] = 8.0 Hz, 1H), 6.56 (d]

= 7.2 Hz, 1H), 4.90-4.85 (m, 1H), 4.01-3.95 (m, 1Bi¥7 (s, 3H), 3.18 (d] = 7.0 Hz, 2H),
2.94-2.72 (m, 2H), 2.35 (d, = 12.4 Hz, 1H), 2.10 (dJ = 12.4 Hz, 1H), 1.88-1.68 (m, 5H),
1.50-1.45 (m, 2H), 1.34-1.31 (m, 6H, 2 x {HHL.29 (s, 3H, Ch), 1.23 (s, 3H, ChH.*C NMR
(100 MHz, CDC}) & 178.15, 169.16, 148.38, 148.14, 145.60, 144.29,953 136.56, 129.50,
129.40, 128.82, 127.16, 127.10, 124.78, 124.31,1121119.91, 110.14, 55.73, 55.44, 47.20,
44.67, 38.62, 37.70, 37.44, 37.13, 29.80, 28.69624£3.92, 23.83, 20.54, 18.47, 16.53. HR-MS

(m/2) (ESI): calcd for GeH43N-O6S [M — H]: 631.2847; found: 631.2855.

Compound9e: Yields 66.1%, as a white solid. Mp: 178.5-183% [u]?¥= +9 (c 0.1, AcOEt)'H

NMR (400 MHz, CDCY) & 8.50 (s, 1H), 8.18 (i = 7.7 Hz, 1H), 7.86 (s, 1H), 7.33-7.21 (m, 5H),
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7.15 (s, 1H), 7.12-6.99 (m, 3H), 6.43 Jc; 7.1 Hz, 1H), 4.96 (d] = 7.1 Hz, 1H), 4.01-3.95 (m,
1H), 3.30-3.25 (m, 1H), 3.19-3.14 (m, 1H), 2.886m, 2H), 2.32-2.28 (m, 1H), 2.10 @=
12.1 Hz, 1H), 1.84-1.69 (m, 5H), 1.46-1.41 (m, 2H33 (d,J = 6.7 Hz, 6H, 2 x CHJ, 1.24 (s,
3H, CHy), 1.20 (s, 3H, ChH. C NMR (100 MHz, CDGJ) § 178.99, 169.78, 152.85J(C,F) =
243.4 Hz), 148.26, 145.58, 144.25, 139.97, 136138.52, 129.30, 128.93, 127.33, 125.92
(%J(C,F) = 10.6 Hz), 124.971(C,F) = 7.5 Hz), 124.78, 124.58)(C,F) = 3.6 Hz), 122.27, 115.05
(%J(C,F) = 19.0 Hz), 55.19, 47.31, 44.61, 37.64, 373038, 36.98, 29.73, 28.66, 25.02, 23.91,
23.87, 20.59, 18.41, 16.45. HR-M8VE) (ESI): calcd for GHaoFN,OsS [M — HJ: 619.2647;

found: 619.2649.

Compounddf: Yields 51.4%, as a white solid. Mp: 180.3-1878 [u]®= +7 (c 0.1, AcOEt/H
NMR (400 MHz, DMSO#€g) § 9.37 (s, 1H), 7.90-7.75 (m, 2H), 7.69-7.61 (m,,2H)3-7.36 (m,
1H), 7.34-7.28 (m, 2H), 7.27—7.19 (m, 3H), 7.1697(®, 1H), 6.89 (s, 1H), 4.88—4.79 (m, 1H),
4.03-3.98 (M, 1H), 3.22-3.18 (m, 1H), 3.09-3.031H), 2.61-2.55 (m, 1H), 2.44-2.31 (m, 1H),
2.17 (d,J = 11.9 Hz, 1H), 1.90-1.86 (m, 1H), 1.68—1.51 (id),41.46—1.24 (m, 3H), 1.14-1.08
(m, 12H, 4 % CH).13C NMR (100 MHz, DMSOdg) 6 178.53, 171.14, 146.04, 143.70, 142.57,
138.55, 136.40, 136.23, 133.14, 129.74, 129.53,682828.47, 126.96, 126.76, 126.73, 125.48,
122.72, 116.48, 55.50, 46.97, 44.85, 38.02, 3B6M9, 36.71, 28.99, 28.05, 25.14, 24.68, 24.40,
20.73, 18.71, 16.78. HR-M3n(2) (ESI): calcd for GsH40BrN,OsS [M — H]: 679.1846; found:

679.1857.

Compounddg: Yields 52.7%, as a white solid. Mp: 181.1-1872 fu]¥= +38 ¢ 0.1, AcOEt)'H
NMR (400 MHz, DMSOdg) 5 14.50 (s, 1H), 9.41 (s, 1H), 7.93-7.75 (m, 1H§8%7.62 (m, 1H),
7.63 (d,J = 3.4 Hz, 1H), 7.40 (dJ = 7.6 Hz, 1H), 7.37-7.34 (m, 1H), 7.32-7.18 (m,),3H
7.16-7.10 (m, 1H), 6.87 (d,= 4.1 Hz, 1H), 4.90—4.72 (m, 1H), 4.05-3.98 (m),1322-3.17 (m,
1H), 3.10-3.01 (m, 1H), 2.63-2.53 (m, 1H), 2.4422(8, 1H), 2.17 (dJ = 12.0 Hz, 1H),
2.02-1.86 (m, 1H), 1.59-1.50 (m, 2H), 1.41-1.28 3M), 1.13-1.08 (m, 12H)*C NMR (100
MHz, DMSO-ds) & 178.56, 171.17, 145.98, 143.69, 142.88, 138.5%,413 136.04, 133.17,

129.76, 129.54, 128.66, 128.49, 126.98, 126.75,5P25122.72, 116.50, 55.50, 46.98, 44.87,
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38.04, 37.00, 36.71, 36.42, 28.98, 28.02, 25.15/12824.42, 20.74, 18.72, 16.79. HR-M&3)

(ESI): calcd for GsH4oBrN2OsS [M — H]: 679.1846; found: 679.1858.

Compounddh: Yields 69.9%, as a white solid. Mp: 178.0-1829 f]?®= +43 € 0.1, AcOEt)'H
NMR (400 MHz, CDC}) & 8.29 (s, 1H), 8.19 (t] = 7.9 Hz, 1H), 7.84 (s, 1H), 7.37-7.31 (m, 2H),
7.29 (d,J = 5.0 Hz, 3H), 7.15 (s, 1H), 7.13-7.09 (m, 1HP6%7.02 (m, 2H), 6.33 (d,= 7.2 Hz,
1H), 4.90-4.84 (m, 1H), 3.98-3.91 (m, 1H), 3.3053/®, 1H), 3.18-3.12 (m, 1H), 2.79-2.75 (m,
2H), 2.31 (dJ = 13.0 Hz, 1H), 2.05 (dl = 10.6 Hz, 1H), 1.76-1.64 (m, 5H), 1.56—1.44 (id),2
1.30 (t,J = 7.2 Hz, 6H, 2 x Ch), 1.19 (s, 3H, Ch), 1.17 (s, 3H, CH.*C NMR (100 MHz,
CDCl) & 178.94, 169.48, 152.68)(C,F) = 243.3 Hz), 148.14, 145.49, 144.08, 13918K.52,
129.41, 129.22, 128.94, 127.26, 125.8KQ,F) = 10.3 Hz), 124.82](C,F) = 7.4 Hz), 124.69,
124.47 YJ(C,F) = 3.7 Hz), 121.92, 114.97)(C,F) = 19.0 Hz), 55.40, 47.19, 44.35, 37.49, 37.31
37.25, 36.76, 29.77, 28.55, 24.85, 23.82, 23.799198.27, 16.31. HR-M3r(2) (ESI): calcd for

CssH4oFN,OsS [M — H] 1 619.2647; found: 619.2653.

Compounddi: Yields 65.9%, as a white solid. Mp: 124.5-12823 p]?®= +46 ¢ 0.1, ACOEt)'H
NMR (400 MHz, CDC}) & 8.87 (s, 1H), 7.86 (s, 1H), 7.29-7.24 (m, 7H) 374, 1H), 6.83 (dJ =

7.5 Hz, 1H), 6.75 (d] = 9.0 Hz, 2H), 5.15-5.02 (m, 1H), 3.96 (m, 1HY (s, 3H), 3.24 (m, 1H),
3.15 (m, 1H), 2.64-2.80 (m, 2H), 2.32 {ds 11.9 Hz, 1H), 2.10-2.00 (m, 1H), 1.68—1.39 (i), 7
1.31 (m, 6H, 2 x Ch), 1.23 (s, 3H, Ch), 1.17 (s, 3H, Ch. *C NMR (100 MHz, CDGJ) &
178.91, 169.73, 156.51, 148.19, 145.46, 144.08,8P3936.93, 130.63, 129.46, 129.36, 128.62,
126.99, 124.65, 121.88, 114.01, 55.45, 55.42, 44417, 38.30, 37.57, 37.28, 36.75, 29.82,
28.55, 24.92, 23.82, 23.76, 20.05, 18.28, 16.37-M8R(2) (ESI): calcd for GHasN,06S [M —

H] : 631.2847; found: 631.2850.

4.4 Inhibition of Matrix Metalloproteinase Activity assay

MMPs inhibition assays were carried out in 50 mNs/HCI buffer, pH 6.8, 10 mM Caght
25 °C as described previously [37]. Assays werefopmed with a fluorogenic substrate
McaPro-Leu-Gly-Leu-Dpa-Ala-Arg-NH2 (13uM) and human MMPs (nanomolar range

concentration) from R&D Systems, except for humalmP43, MMP-8, and MMP-9 described
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above. Substrate and enzyme concentrations wettewapbelow 10% substrate utilization to
ensure evaluation of initial rates. Briefly, MMP-3&, or -9 and test complexes at varying
concentrations were pre-incubated at 37 °C for 30. @ontinuous assays were performed by
recording the increase in fluorescence inducedhbycteavage of fluorogenic substrates. Black,
flat-bottomed, 96-well nonbinding surface plate®riting-Costar, Schiphol-RijK, Netherlands)
were used for this test. Fluorescence changes wemeitored using a Fluoroskan Ascent
microplate reader (Infinite M1000 Pro, Tecan US ridwille, NC) equipped with excitation and
emission wavelengths of 325 and 393 nm, respeygtiv€lk, values of inhibitors were obtained

with iterative fitting package (GraphPad Prismwsaite).

4.5 Molecular docking

All the docking studies were carried out using 3y6y2.0 on a windows workstation. The
crystal structure of the MMPs proteins were regkfrom the RCSB Protein Data Bank (MMP-3:
1SLN) [38]. The synthetic analogue® and 9 were selected for the docking studies. The 3D
structures of these selected compounds were firdt Wsing Sybyl-X 2.0 sketch followed by
energy minimization using the MMFF94 force fieldda@asteiger-Marsili charges. We employed
Powell's method for optimizing the geometry witldigtance dependent dielectric constant and a
termination energy gradient of 0.005 kcal/mol. &l& selected compounds were automatically
docked into the binding pocket of MMPs by an engairiscoring function and a patented search
engine in the Surflex docking program. Before tlweking process, the natural ligand was
extracted; the water molecules were removed frarctiistal structure. Subsequently, the protein
was prepared by using the Biopolymer module implaee in Sybyl. The polar hydrogen atoms
were added. The automated docking manner was dpplithe present work. Other parameters
were established by default to estimate the bindifimpity characterized by the Surflex-Dock
scores in the software. Surflex-Dock total scovdsich were expressed in -log10 (Kd) units to
represent binding affinities, were applied to eatenthe ligand-receptor interactions of newly
designed molecules. A higher score representsgerdrinding affinity. The optimal binding pose
of the docked compounds was selected based onuifflexSscores and visual inspection of the

docked complexes.
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4.6 Cytotoxicity assay

The cell lines NCI-H460, HepG2, SKOV-3, MCF-7 and.-H702 were obtained from the
Shanghai Cell Bank in the Chinese Academy of SeignblCI-H460, HepG2, SKOV-3, MCF-7
and HL-7702 cell lines were grown on 96-well midret plates at a cell density of 10 x°10
cells/well in DMEM medium with 10% FBS. DMEM and BBwvere obtained from Gibco-Thermo
(BRL Co. Ltd., USA). The plates were incubated @@ in a humidified atmosphere of 5%
CO,/95% air for overnight. Therewith, the cells werpesed to different concentrations of target
compounds, 5-FU and DOX, and incubated for anctBen. The cells were stained with 10of
MTT at incubator for about 4 h. The medium was wraway and replaced by 100 mL DMSO.

The O. D. Value was read at 570/630 nm enzymeitapé&istrument.

4.7 In vitro cell migration assay/wound healing assay

HepG2 cells (5x10cells/well) were cultured in 6 well plates as doefit monolayers for 24 h.
Then artificial scratch on the monolayers were te@avith 200 mL sterile pipette tip and washed
twice with PBS to remove non-adherent cells. Thalimecontaining 5uM and 10 uM of
compoundk or without compoun@k were added to each well. The migration of cellosg the
scratched area were photographed by using phast&rasbrmicroscope (Nikon) at 0 h
(immediately), 24 h and 48 h time interval aftezatment in three or more randomly selected

fields.

4.8 Cell cycle analysis

The HepG2 cells line were treated with differemi@entrations of compourgk. After 24 h of
incubation, cells were washed twice with ice-coRISP fixed and permeabilized with ice-cold 70%
ethanol at -20°C overnight. The cells were treatét 100 ug /ml RNase A at 37°C for 30 min
after washed with ice-cold PBS, and finally staineith 1 mg/ml propidium iodide (PI) (BD,
Pharmingen) in the dark at 4°C for 30 min. Analysiss performed with the system software

(Cell Quest; BD Biosciences).

4.9 Apoptosis analysis

HepG2 cells were seeded at the density of Zcels/mL of the DMEM medium with 10%
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FBS on 6-well plates to the final volume of 2 mlheTplates were incubated for overnight and
then treated with different concentrations compo8kdor 24 h. Briefly, after treatment with
compoundBk for 24 h, cells were collected and washed with RBiSe, and then resuspend cells
in 1xBinding Buffer (0.1 M Hepes/NaOH (pH 7.4), M4NacCl, 25 mM CaG) at a concentration
of 1x 10 cells /ml. The cells were subjected tqu5 of FITC Annexin V and 5uL propidium
iodide (PI) staining using annexin-V FITC apoptdsigBD, Pharmingen) followed the 1QQ of

the solution was transfer to a 5 mL culture tube imcubate for 30 min at RT (25°C) in the dark.

The apoptosis ratio was quantified by system sot#i@ell Quest; BD Biosciences).

4.10 AO/EB Saining

The AO/EB molecular probes were also used to deteaptotic cells. HepG2 cells (1:¢idlls)
were seeded in six-well tissue culture plates.owatlg incubation, the medium was removed and
replaced with fresh medium plus 10% fetal bovineiseand treated with pM and 10uM of
compoundBk for 24 h. After the treatment period, briefly, tbells were harvested, suspended in
PBS, stained with 1L of AO/EB stain (100 mg/mL) at room temperatureg 0 minutes.
Fluorescence was read on a Nikon ECLIPSETE20003dscence microscope (OLYMPUS Co.,

Japan).
4.11 Satistics

The data were processed by the Student' st -té@sthé significance level$®.05 using SPSS.
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Table 1. Inhibitory activities against MMP-3, -8 and -9tafget compounds

Compd. 1Go (uM)?

L- and D- R MMP-3 MMP-8 MMP-9
8a D- 4-F 59.7+0.5 92.1+0.6 >100
8b D- 4-F-3-Cl >100 >100 >100
8c D- 3-F >100 >100 >100
&d D- 3-Br >100 >100 >100
8e L- 3-Br 39.7+0.6 87.5+0.3 93.1+0.9
8f D- H 19.6+0.5 52.5+0.2 53.6+0.7
8g L- H 8.8+0.3 28.2+0.2 24.3+0.9
8h D- 3-OCH; 40.8+0.6 76.5+0.1 83.4+0.2
8i L- 3-OCH; 22.6+0.2 55.1+0.9 51.9+0.6
8 D- 3-CHs 10.2+0.9 40.4+0.9 34.8+0.7
8k L- 3-CH; 0.4+0.1 6.6+0.1 8.8+0.6
8l D- 4-OCH; 24.9+0.5 56.1+0.6 57.8+0.5
8m L- 4-OCH; 21.3+0.7 52.1+1.0 54.6+0.6
8n D- 4-CH; 12.8+1.4 46.7+1.0 51.6+0.53
80 L- 4-CH; 1.0+0.3 17.7+0.5 20.9+1.2
8p D- 2-F 35.3+0.4 64.5+0.8 66.6+0.9
8q L- 2-F 25.5+0.1 41.5+0.6 48.3+0.3
8r D- 2-0OCH; 30.2+0.4 52.5+0.4 56.2+0.4
8s L- 2-OCH; 23.840.2 43.0+£0.9 43.9+0.1
8t D- 2-CHs 21.5+0.6 33.4+1.1 33. 6+0.7
8u L- 2-CH; 6.7+0.2 24.3+0.8 27.4+0.5
%9a L- 3-F 47.2+0.3 77.4+0.4 72.610.1
9b D- 2-0OCH; 52.8+0.5 90.2+1.3 >100
9c D- H 26.9+0.8 89.3+0.6 95.9+0.3
aod L- 2-OCH; >100 >100 >100
%e D- 2-F >100 >100 >100
of L- 2-Br 58.3+0.9 84.0+0.9 82.6+0.6
9g D- 2-Br >100 >100 >100
%h L- 2-F >100 >100 >100
9i L- 4-OCH; 28.0+0.3 39.4+0.4 36.3+0.2

CGS-27023A 0.03+0.04  0.01+0.02  0.01+0.03
DHAA - - n.i’ n.i. n.i.

% ICso against MMP-3, MMP-8 and MMP-4.n.i. = no inhibition. Each value is the mean + SD
from triplicate assay in a single experiment.



Table 2. Docking scores (kcal/mol) for all studied compdsin

Comd. Total Crash Polar D_score PMF _score G_score Chefdscore
score score
8a 6.02 357 185 -17896  -81.77  -386.39 -42.98 5
8b 349 534 405 -166.26  -83.23  -342.73 -44.49 5
8c 490 459 241 -180.80 -77.86  -357.83 -43.53 4
&d 341 445 432 -18536  -69.74  -331.28 -46.11 5
8e 597 292 024 -13788 -10651 -313.38 -35.42 3
8f 669 301 119 -179.10 -87.24  -37456 -40.16 5
89 783 413 242 -184.08 -106.58  -380.48 -44.04 5
8h 568 293 287 -188.87 853  -393.74 -41.09 4
8i 6.64 303 215 -15225  -46.37  -324.78 -36.94 4
8] 721 350 359 -180.04  -66.33  -375.93 -41.65 5
8k 1109 2854 463 -21341 -107.42 -382.35 -53.08 5
8l 689 275 262 -17441  -40.03  -368.96 -38.95 4
8m 693 260 1.32 -179.72 5226  -359.93 -38.17 3
8n 782 255 105 -176.68  -76.47  -358.94 -37.44 5
8o 10.33 268 379 -185.09  -60.00  -357.67 -46.05 4
8p 586 471 166 -21608 -67.85  -387.08 -3879 5
8q 638 251 204 -17391  -104.60 -321.34 -41.46 5
8r 616 266 -1.44 -153.92  -3862  -396.93 -38.87 4
8s 690 426 211 -17994 7019  -406.50 -41.46 5
8t 660 370 355 -17742 6544 36469 -4583 5
8u 976 445 553 -19575  -71.06  -388.37 -51.08 5
9a 593 324 304 -150.19  -39.03  -282.67 -34.03 4
% 565 2090 247 -12749 2911  -260.77 -30.73 4
9% 621 211 094 -14111 5755  -276.69 -30.07 4
od 488 264 217 -11416 4152  -226.97 -28.31 5
% 527 223 138 -14251  -4473  -291.83 -30.99 3
of 562 319 232 -15764 5417  -309.83 -36.24 5
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%
o

1SL N-ligand

4.96 1.65

4.32 -3.60
6.52 -3.07
12.85

-2.08

1.14 -130.09 -59.65
3.93 -185.49 -68.48
492 -198.41 -88.30
7.41 -29.69 -62.58

-238.09

-320.07

-371.35

-301.85

2916 5
4444 3
50.99 4
3328 3

Table 3. Biological activity of compound®a-8u and9a-9i against different cancer cell lines

Compd. 1Go (uM)?

NCI-H460 HepG2 SKOV-3 MCF-7 HL-7702
8a >50 >50 >50 >50 >50
8b >50 >50 >50 >50 >50
8c >50 >50 >50 >50 >50
&d >50 >50 >50 >50 >50
8e 39.9+0.9 26.6+0.7 35.9+0.4 38.6+0.8 >50
8f 20.6+0.5 17.3+0.8 19.6+0.2 18.2+0.2 >50
8g 17.5+£0.3 11.9+1.1 15.8+0.5 16.8+0.3 >50
8h 22.4+0.9 18.4+1.3 20.5+1.0 21.240.5 >50
8i 20.5+1.2 14.8+1.2 18.3+0.3 18.1+0.4 >50
8 16.5+0.8 10.8+1.1 13.4+0.2 14.2+0.2 >50
8k 10.6+0.8 42+1.1 7.6+0.3 8.5+1.1 >50
8l 28.91+0.6 20.4+0.9 23.6+0.5 26.5+0.7 >50
8m 24.1+0.9 16.1+0.5 19.4+0.4 21.840.7 >50
8n 30.1+0.4 24.2+0.3 18.4+1.3 14.3+0.4 >50
8o 13.1+1.1 7.1+0.9 9.810.4 10.0+£0.6 >50
8p 45.00.7 35.5+0.2 38.4+0.6 41.4+0.3 >50
8q 43.910.9 31.5+0.7 36.8+0.8 37.740.5 >50
8r 36.6+0.8 29.8+0.4 35.5+0.6 35.7+1.1 >50
8s 36.0+0.8 27.5+1.5 31.3+0.6 32.0+1.4 >50
8t 30.7+0.9 17.6+0.6 24.9+0.9 27.0+0.9 >50
8u 12.9+0.6 9.2+1.2 10.3+0.5 9.940.8 >50
%9a >50 40.4+0.8 45.7+0.8 48.3+0.3 >50
9b 47.4+1.0 43.4+0.9 47.4+0.9 45.3+1.2 >50
9c 37.1+0.7 33.1+0.6 37.9+0.8 36.7+1.1 >50
od 46.3+0.7 42.3+x0.5 45.520.7 45.3+1.2 >50
% >50 >50 >50 >50 >50
of 47.6+1.4 42.8+1.3 >50 >50 >50
9g >50 46.9+0.8 >50 >50 >50
%h >50 >50 >50 >50 >50
9i 34.6+1.2 25.2+1.6 28.9+0.7 32.4+1.3 >50

DHAA >50 >50 >50 >50 >50
5-FU 36.0+0.9 28.8+0.8 32.5+1.1 38.5+0.7 46.0+1.4




DOX 2.5+0.7 1.5+0.5 1.7+0.8 0.7+£0.7 10.4+0.9

*1Csp values are presented as the mean + SD (standardoérthe mean) from three separated

experiments.



Figures captions
Fig. 1 Chemical structures of sulfonamide-based MMP aAdn@ibitors.

Fig. 2 Binding modes of compourk and ligand in the active site of 1SLN, respectiveigands
and the important residues for binding interactiares represented by stick and line models. The
hydrogen bonds are shown as yellow dotted linesi(digure online).

Fig. 3 In vitro cell migration assay. HepG2 cells wereated with compounék (5 uM and 10
uM) and artificial scratches were done with stePi® mL pipette. The images were captured by
using a Nikon Te2000 deconvolution microscope (nfagion 200x) at 0 h, 24 h and 48 h.

Fig. 4 CompoundBk induced cell cycle arrest at G1/S phase. HepG2 walre treated with 5 or
10 uM compound8k for 24 h. Cells were fixed, stained with propididodide (PI), and were
assessed by flow cytometry. Cells untreated weed tr comparison.

Fig. 5 Annexin V-FITC and PI staining to evaluate apojtas HepG2 cells following compound
8k treatment. HepG2 cells were treated vikh(5 and 10uM, for 24 h), incubated with annexin
V-FITC and Pl and analyzed using flow cytometry.

Fig. 6. Compoundk induced apoptotic in HepG2 cells were determingd®/EB staining and
were photographed via fluorescence microscopy. 2egls were treated witBk (5 and 1QuM,
for 24 h), incubated with AO/EB. Images were acegiiusing a Nikon Te2000 deconvolution

microscope (magnification 200x).
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Fig. 1 Chemical structures of sulfonamide-based MMP aAdn@ibitors.

(a) 8k

(b) Ligand
Fig. 2 Binding modes of compoun8k, and ligand in the active site of 1SLN, respedyive
Ligands and the important residues for binding ratBons are represented by stick and line
models. The hydrogen bonds are shown as yellowedidities (color figure online).



Control 10 uM

Fig. 3 In vitro cell migration assay. HepG2 cells wereated with compounék (5 uM and 10
uM) and artificial scratches were done with steBi® mL pipette. The images were captured by
using a Nikon Te2000 deconvolution microscope (nfagion 200x) at 0 h, 24 h and 48 h.

3—_ M Dpp Gt §-—- I Dip G1 }‘) 1m DipG1 N
E § 318 & | G1: 52.04% ] = 3:; & I G1: 60.06% & = g:ggz ! G1:70.09%
] | G2: 6.77% \ G2: 8.18% 1 G2: 6.79%
& ! S: 41.19% 8 S:31.76% s S:23.12

Number

Number
P f
u

60

40 50 120 160
Channels (Propidium lodide-A-Propidium lodide-A)

Control

Fig. 4 CompoundBk induced cell cycle arrest at G1/S phase. HepG2 walre treated with 5 or
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10 uM compound8k for 24 h. Cells were fixed, stained with propididodide (PI), and were
assessed by flow cytometry. Cells untreated weed t comparison.
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Fig. 5 Annexin V-FITC and PI staining to evaluate apojtas HepG2 cells following compound
8k treatment. HepG2 cells were treated vikh(5 and 10uM, for 24 h), incubated with annexin
V-FITC and Pl and analyzed using flow cytometry.
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Fig. 6. Compoundk induced apoptotic in HepG2 cells were determingd®/EB staining and

were photographed via fluorescence microscopy. 2egls were treated witBk (5 and 1QuM,
for 24 h), incubated with AO/EB. Images were acegiiusing a Nikon Te2000 deconvolution
microscope (magnification 200x).



Highlights

A novel series of DHAA dipeptide derivatives containing the sulfonamide moiety were
synthesized.

Compound 8k exhibited potential inhibitory activity against MM P-3.

Molecular modeling suggested that 8k tightly binds to the active site of MMP-3.

The inhibitors efficiently inhibit the cell migration of human liver cancer cells.

8k induced apoptosis and arrested cell cycle at G1 phasein HepG2 célls.



