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Abstract

XK469 is identified as a potent quinoxaline antiplastic agent based on its significant clinicalozafty. It
probably exerts its activityia DNA topoisomerase Il (topo Il) inhibition. To olmamore effective
antineoplastic agents, a spectrum of peptidominrtgie quinoxaline analogues of XK469 was herein
designed, synthesized, and evaluated. Few compdergisl3a and 13b) exhibited obvious cytotoxicity
indicated byin vitro anti-proliferative assay. SAR investigation reeshthat introducing of hydrophobic
tert-butylamine or dodecylamine moiety at the 3-positid quinoxaline core is favorable for achieving a
better anti-proliferative potency, while peptidoneitic derivatives only yielded moderate cytotoxicity
Compounds with improved anti-proliferative actig#ialso demonstrated decent anti-metastatic petenci
comparable with that of doxorubicin (Doxo) basedimmvivo mouse model study. The topo lI-mediated
kinetoplast DNA KDNA) decatenation assay as well as molecular dgckindies implicated that these
compounds tend to be potent topo Il inhibitors. @ilecompound4d.3a and13b, 13b in particular, standed

out from various assessments and might be promésingidates for further chemical optimization.

Keywords XK469; quinoxaline peptidomimetic analogues; lomhobic chain; topoisomerase Il inhibitor;

antineoplastic agents.
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1. Introduction

Almost all anticancer chemotherapeutics exert ttierapeutic efficacies by killing fast dividinglise
and cause severe side effects. Cancer cells alelyguevelop multidrug resistance (MDR) through
different mechanisms. The synthetic quinoxaline ivdg¢ive XK469 (NSC 697887), or
(+)-2-[4-(7-chloro-2-quinoxaliny)oxy]phenoxypropioniacid, is a promising lead compound, due to its
significant therapeutic efficacy against a broadcsum of solid tumors and high activity towards
numerous types of MDR cancers. More importantexhibited relatively low toxicity and side effects

compared with many conventional antineoplastic tgesuch as camptothecin [1, 2].

Despite its significant antitumor potency, the éxziotarget(s) and action mechanism of XK469 have
not been clearly elucidated. At present, the preggsutative mechanisms are related to the induafon
G,-M cell cycle arrest by p53-dependent and -indepehdpathways [3], apoptosis regulation [4],
MEK/MAPK signaling pathway [5], inhibition of cyali B1 ubiquitination [6], or mixed autophagy [7].
Recently, more evidences have supported that XKidGa@ore likely to function as a selective topo I

inhibitor, while has no or weak effect on topo 118].

Sustained efforts from Horwitz's group have cleaghaborated the structure-activity relationship
(SAR) of XR469 [11-15]. The parent structure of X8®4 can be dissected into three parts (Fig. 1):
quinoxaline core (part A), hydroquinone linker @pBJ, and the lactic acid portion (part C). Fortpaythe
bicyclic quinoxaline framework generated the highastivity, while replacement of quinoxaline frame
with other rigid cyclic structures, in contrast, wld lead to considerably decreased potency. Asgahe
impact of substitution on quinoxaline ring was cemed, the 7-halogen substitution eventually géree t
best potency, with an activity order of<FCl = Br > |, followed by compounds without any substitti at
this site. Other substituents, such as methyl, mgthnitro, amino or azido, generated much lesiwisies.
When halogen was added to other sites, all deviestivere inactive against cancer cells. For paditBer
a resorcinol or a catechol replacement resultedhe loss of antineoplastic activity, suggesting the
hydroquinone connecting motif is essential for rteimng the antineoplastic potency. For part Ghalgh
R(+)- and Sf)-isomers have equal toxicity in animal tumor medét(+) stereocisomer (NSC 698215) is
slightly more potent than Sf-isomer (NSC 698216) [8]. Moreover, when carboxycid was replaced by
other groups, such as CONHCONHCH;, CON(CH),, CONHOH, CONHNH, CN, or CNH (tetrazole),
the corresponding derivatives displayed impairetthaoplastic activities, compared with that of fragd
counterparts. Only when carboxylic acid was coraceihto carboxylic ester d¥,N-dimethylamide motif,
these derivatives exhibited slightly decreaseddtigidies, implying an intact 2-oxypropionic acicaime is
a prerequisite for maintaining maximum antitumotemey as well as optimal water solubility. Colleetl,
based on the SAR analysis of XK469, we can drawrglasion that the quinoxaline ring with 7-halogen
substitution (or without substitution), hydroquiromode, and R(+)-form 2-oxypropionic acid motif are

favorable contributors for achieving a higher amtiplastic efficacy.

“Enhancing protein backbone-binding” concept hasrbealidated as an effective mean to combat



drug resistance [16], which was thereby utilizedhis work with an expectation of confronting MDR i
cancer cells. According to the 3D structure of tdpgdPDB entry: 1ZXM), it clearly evinced that the
protein backbone possesses three important birdbngains,via pocketl, 1l and Ill, as evinced in Fig. 1.
The binding pattern of XK469 with topo Il revealitdt the quinoxaline ring of XK46®#ért A) locates in
pocket I, a relatively wide hydrophobic area, amel 1-N of XK469 forms a H-bonding interaction witie
lateral phenolic hydroxyl H of Tyr34, with a distanof 2.16A. The polar carboxylic acid portigra(t C)
inserts into pocket Ill, and the hydroxyl O, as ld#bond acceptor, interacts with the skeletal NHs of
Gly166 (2.58A), Tyr165 (2.01A) and Gly164 (1.82A%spectively. In regard to the hydroquinone
connecting motif gart B), although the adjacent O of quinoxaline corerdseoward the pocket Il by
forming a H-bond with Ser149 (2.18A), a hydrophoside chain seems to be preferably introduced into

this relatively narrow cavity, resulting in enhadgerotein backbone-binding effeeta the formation of

effective hydrophobic interaction.
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Fig. 1. Crystal structure of topo Il (left) and binding neodf XK469 with topo Il (right). H-bonding

interactions are represented as dot lines.

Hydrophobictert-butyl chain was initially selected since it hasberequently found in topo I
inhibitor design. For instance, Kundu and co-woskdrave developed an array of 2-awyfused
aminoimidazole derivatives as potent topo Il intdks [17]. SAR exploration suggested the
tert-butylamine group at the 3-position is crucial fetaining high affinity for topo Il. Binding modd the
most potent inhibitor (compourld Fig. 2) against the ATPase domain of human toparitlicated that the
substituted 3ert-butyl group not only provided a hydrophobic intgran through occupying a
hydrophobic pocket surrounded by Asn91, Asp94 angb residues, but participated in an additional
CH:--O type contact with the side chains of AspBd Asn9l1. This weak H-bonding interaction was
presumed to offer an extra stability and make dtipescontribution to the association of proteigeind
adducts [18]. Moreover, other tweert-butyl-containing topo Il inhibitors, quinoline an@purine
compound| [19] and ATP-competitive purine analogdé [20], as shown in Fig. 2, were also proved to fit

well in the hydrophobic pocket and form effectivgdtophobic contacts with surrounding amino acid



residues.
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Fig. 2. Examples of topo Il inhibitors that contain hyphobictert-butyl functional group.

Recently,_long-chain fatty acids (LCFAs), includidgdecanoic acid (lauric acid), octadecanoic acid,
arachidic acid,etc have emerged as powerful tools for constructiffggient drug delivery system in
conjunction with albumins [21-24]. Accordingly, L&Farrier, such as human serum albumin (HSA) [22,
24], may efficiently deliver LCFA-conjugated antitor drugs to tumor sites where payloads can be
released and exert their bioactivities, and achgeferred pharmacokinetic profiles as well [25]. 26
addition, LCFAs are normally highly accumulatectancer cells, in which LCFAs may not only serveaas
crucial energy resource for cell growth, but fumigssential substances for rapid proliferation,
development, and invasion [27, 28]. Therefore, LGH##ain is also chosen to fit the pocket Il to for

enhanced topo Il binding affinity as well as albnmiediated drug delivery and formulation.

Based on the above SAR analysis and also as askanging interest in engaging in the research of
peptidomimetic-derived medicinal chemistry [29-38}e hereby aimed to exploit a novel series of
guinoxaline analogues of XK469 by incorporatingsieuseful pharmacophoric groups and antitumor
inducements €.g, tert-butyl and LCFA moieties) into a single peptidomtinemolecule for achieving
potent antineoplastic activity. Specifically, thestyn concepts of these novel XK469 analogues are
described as followings (Fig. 3): (i) The quinoxalibackbonep@art A) is kept, and Cl and H atoms are
selected as Rsubstituent at the 7-position. To better undetstamw the disposition of substituents on the
quinoxaline core affect the bioactivity, substitutiat the 6-position was also explored; (i) THegRoup at
the 3-positioris attached with hydrophobic methtdrt-butylamine or dodecylamine fragments, aiming to
acquiring both effective hydrophobic contacts andgible enhanced affinity by penetrating into podke
of topo Il. Besides, the basic amine motif in thegbstitutions is also believed to benefit the drptake of
cancer cells [39]; (iii) The essential hydroquinanecting partpart B) remains unchanged, and the
naturally available-propionic acid is directly incorporated to constrthe R(+) free acid portiopért C),
with an intention to avoid chiral synthesis or sggian, and thus simplifying the synthetic procestur
More importantly, the amino group of incorporategropionic acid can readily react with another
carboxylic acid to build a desirable peptidomimédtinction. As a surrogate for the O atom of XK4&%
integrated amide bond might produce better bindaffinity for biotarget through offering potential
H-bonding donor (NH) and acceptor (C=0), and subsetly gain an elevated activity. Additionally, to
further expand the SAR investigation as well asdgjizal scope of quinoxaline peptidomimetic derives,

we have explored the chemical diversification byrdducing otherL-amino acids €.g leucine,



phenylalanine, isoleucine, glycine), in additioratanine.

Part A: Basic scaffold is fixed Part B: hydroquinone linking pattern is kept,
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Fig. 3. The design concepts of quinoxaline peptidomimetal@gues of XK469.

To test the above assumption, a spectrum of quiimexpeptidomimetics were synthesized, and
vitro andin vivo antitumor activities were consequently evaluatedrédver, preliminary SAR
investigation, mechanism of action, and moleculadeting study of these derivatives were also exathin
All together, we hoped the present explorationftanXK469 analogues might provide a clue for further

development of diversified peptidomimetic derivaigth antineoplastic potentials.
2. Resultsand discussion

2.1. Chemistry

To obtain series | compoun8a-e & 6a-g (R°=methyl), the general synthetic steps outlineddhene
1 were adopted. Briefly, the condensation of conuiadly availableo-phenylenediamine with ethyl
pyruvate led to the formation of quinoxalinone cbré& should be noted that when 4-chloro
o-phenylenediamine was used as starting materakehction with ethyl pyruvate gave a mixture of tw
positional isomers, 6-chloro-3-methylquinoxalin-Rjione (b) and
7-chloro-3-methylquinoxalin-2{)-one (Lc), under the same reaction condition. The isotbewhich has
slightly lower polarity (higheR; value on the TLC plate), can also be regioseleliprepared according
to our previously reported method [40]. After segtimn through flash column chromatography, the
chemical structures of these two isolated isonmHysaid1c), can be easily distinguished based on
respectivéH NMR spectrum information (see Experimental sentiS@ubsequent chlorination followed by
nucleophilic substitution by using methyl 4-hydroeyzoate in the presence ogfdO; gave the
O-substituted ester compouBdvith relatively high yield (>80%). After purificetn with conventional
column chromatography method, the ester interme8iatas then subjected to hydrolysis under alkaline
condition to generate the corresponding carboxadids4a-c. This was followed by coupling with various
L-amino acid methyl ester hydrochlorides in thestetice of isobutyl chloroformate and
N-methylmorpholine (NMM) iranhydrousTHF to yield the quinoxaline peptidomimetic estesse. In
this reaction, apart from THF, other aprotic paalventsge.g dichloromethane (C}€l,) and



N,N-dimethylformamide (DMF), are possible alternativElse quinoxaline peptidomimetic estefs-Q)

were further subjected to hydrolysis process tordfthe final productéa-g.
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1a: R'=H; R?=CH; 2a: R'=H; R?%=CH; 3a: R'=H; R2=CH;
1b: R'=6-Cl; R*=CH; 2b: R'=6-Cl; R?=CH, 3b: R'=6-Cl; R>=CHj
1c: R'=7-CR?=CH; 2c: R'=7-Cl; R%=CHj 3c: R'=7-Cl; R?=CHj
S Ne) o N 0 o N._O
— IWOR — N"R? j/mo/ d N7 R? N%OH
o O R O R
4a: R'=H; R?=CHj 5a: R'=H; R2=CHa; R®%=CHj 6a: R'=H; R?=CHj3; R®=CH;
4b: R'=6-Cl; R?>=CH3 5b: R'=H; R%=CHj; R®=CH,CH(CH3), 6b: R'=H; R?=CHa; R®=CH,CH(CH3),
4c: R'=7-Cl; R?>=CHj, 5¢: R'=H; R2=CHy; R®%=CH(CH3)CH,CHs 6¢: R'=H; R?=CHj; R®=CH(CH3)CH,CH3
5d: R'=6-Cl; R?=CHs; R%=CH, 6d: R'=6-Cl; R*=CHs; R°=CHj
5e: R'=6-Cl; R?=CHa; R®=CH,CH(CHz), 6e: R'=6-Cl; R>=CHj; R®%=CH,CH(CHa),
5f: R'=7-Cl; R2=CHa; R®=CH,CgHs 6f: R'=7-Cl; R?=CHg; R3=CH(CH3)CH,CH;
5g: R'=7-Cl; R%=CHj; R3=CH,CH(CHj), 69: R'=7-Cl; R?=CHy; R®=CH,CeHs

Scheme 1. Synthetic procedures of quinoxaline peptidomimetérivatesba-e and 6a-g. Reagents and
conditions: (a) Ethyl pyruvate, anhydrous EtOH,(iy POC}, reflux; (c) K.COs;, DMF, 85°C; (d) LiOH,
Dioxane/HO (3:1, viv); (e) L-amino acid methyl ester hydrlmehde, isobutyl chloroformate,
4-Methylmorpholine, anhydrous THFE@to r.t.

The synthetic protocol of quinoxaline peptidomimeterivativesl?a-b & 13a-h (R*= tert-butylamine
or dodecylamine moieties) is illustrated in Schén&he condensation of unsubstituted
o-phenylenediamine with oxalic acid led to quinowah2,3(H,4H)-dione7. After treating compound
with POCE under refluxing condition, the chlorinated intediae8 was obtained, which was subjected to
the subsequent nucleophilic substitution with miehigydroxybenzoate and alicyclic amines in the
presence of weak basesG0O; and triethylamine (TEA), respectively, and wasarnted to the key ester
intermediate40a and10b. These esters were then treated by ester hydt@yz@&ondensation, and

another round of ester hydrolyzation to afford pheductsi3a-h.
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10a: R2=NH(CHy), 1CH3 11a: R2=NH(CH,);/CH,
10b: R2=NHC(CHs); 11b: R2=NHC(CHs);

e 0L QM o= OO
OH
12a: R2=NH(CHy);4CHj; R3=CH,CgH5 13a: R2=NH(CH,)14CHs; R3=CHZCGH5
12b: R?=NH(CH,),CH3; R3=CH, 13b: R2=NH(CH,);4CHs; R3=CHj
12¢: R2=NH(CH,)441CHj3; R3=CH(CH3)CH,CH, 13¢: R2=NH(CH,)141CHs; R®3=CH(CH3)CH,CH4
12d: R?=NHC(CHj3);; R3=H 13d: R%=NHC(CHj);; R3=H
12e: R?=NHC(CHjg);; R3=CHj,4 13e: R%=NHC(CHj)3; R3=CHj,4
12f: R>=NHC(CHj3);; R3=CH(CH3)CH,CH; 13f: R?=NHC(CHj3);; R3=CH(CH3)CH,CH4
12g: R%=NHC(CH3)3; R¥>=CH,CH(CH3), 13g: R2=NHC(CHj3)3; R®=CH,CH(CH,),
12h: R?=NHC(CHj3)s; R3=CH,CgHs 13h: R%=NHC(CHj)3; R®=CH,CgHs

Scheme 2. Synthetic procedures of quinoxaline peptidomimelgrivatesl?a-h and13a-h. Reagents and
conditions: (a) Conc. HCI, reflux; (b) POQCreflux; (c) K.CO;, DMF, 85C; (d) RNH,, TEA, DMSO,
75°C; (e) LiOH, Dioxane/HO (3:1, v:v); (f) L-amino acid methyl ester hydrémfide, isobutyl
chloroformate, 4-Methylmorpholine, anhydrous TH @o r.t.

2.2 Anti-proliferative evaluation and structure-activirelationships (SARs) examination

Under the guidance of activity evaluation of topanhibitors [41], compoundSa-e, 6a-g, 12a-b and
13a-h wereinitially screened for their anti-proliferative and cytotogfticacies against a panel of topo I
inhibitor-sensitive human tumor cell lines by MT$say (Table 1). Topo Il inhibitor Doxo was usedaas

positive control.

In general, the vast majority of test compoundgldiged moderate anti-proliferative activities agin
tumor cell proliferation, except two ester composirftRd and 12g) and one carboxylic acid compound
(13d) which did not exhibit obvious cytotoxicity. Besis, all carboxylic acid compounds*@®) showed
improved anti-proliferative activities compared hwitheir precursor esters {®CH;,, entries5a-g vs 6a-g,
12a-h vs 13a-h). This result confirmed the essential role of thee acid unit of XK469 on maintaining
antitumor potency. It is likely that this free aandotif can provide more effective hydrogen-bonding
interactions with target protein, which may bengfi¢ protein backbone-binding affinity. Generatlye
carboxylic acid compounds may enable potential brehvailability in comparison with the less-active
ester counterparts, largely due to better aquenlubitity.



Among these compounds, wher oup is fixed as a methyl group, the impact dfgRoup on
quinoxaline core was subsequently examined. ltcateéid that ClI atom (entriesb, 5e, 5g) did not
contribute to a dramatically elevated antitumoiceffy compared with XK469, implying halogen element
may not be a determining factor for the bioactivitf these compounds. However, changing halogen
substitution from the C-6 position to the C-7 posit (entries5e vs. 5g and 6e vs. 6g) resulted in
moderately improved activity, which is partiallyvsiar to the SAR of XK469. Following these cluelset
R! group in compound$2 and13 was fixed as H atom, and then we turned our attend the influence of

tert-butylamine or dodecylamine moiety.

In all series, compoundE3a and13b that possestert-butylamineor dodecylamine fragment at the
3-position of quinoxaline core generated betteli-@mdliferative potencies than Doxo, while3f that
possesse®rt-butylamineandL-propionic acid showed cytotoxicity comparable wtitiat of control. These
results indicated the critical function of Rubstitution. Thus, to a certain extent, it prowed design
concept on XK467 analogues. However, compouri@sl, 129, 13d and 13g with the same
pharmacophore-like groups, showed significantly aimgpd potencies. This result might be largely
attributed to the inappropriate size and/or origomaof aliphaticsecbutyl group of isoleucine, making
these four compounds cannot accommodate the abinging area of target protein. Likewise, other

compounds witlsecbutyl group (entriedc and6éc) also demonstrated redudadvitro cytotoxicity.

Finally, when fixing the Rgroup as a methyl or benzyl group, the efficaci£43a and 13b (R? =
dodecylamine fragment) are superior to that ofiesf3e and13h (R? = tert-butylamineunit). A possible
explanation was that the flexibility of long chailedecyl group made it be more suitable for fittihg
active binding pocket (pocket Il) of the topo IluBit seemed that this finding cannot be applied to
compoundsl3d and13g, whose R substituent is aecbutyl group. Although both compounds have weak
or even no activityl3g with tert-butylamineportion resulted in a slightly increased activibmpared with
the dodecylamine substituted counterpiBtl. This comparison suggests that the negative etigct

attaching aecbutyl group to the Rposition.

In brief, in regard to the inhibitory effects, atlgh almost all tested compounds exerted similar
cytotoxicity towards selected tumor cells in thisidy, most of them gave elevated anti-proliferative
activities than the prototype XK469 reported prely. According to the NCI anti-proliferative
assessment towards 60 tumor cells, the averagevilue of XK469 is about TM [8]. Although the
quinoxaline peptidomimetic analogues tend to hawela action mechanism as that of XK469, they are
likely to yield better anti-proliferative efficage Among these XK469 derivatives, two compoundd wit

dodecylamine segmerit3a and13b in particular, exhibited obviously improved cytotciky.

Table 1. Chemical structures and anti-proliferative atitbd of XK469 analogues.
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MCF-7

| Coo(uM) *
38.43+8.1

25.53+0.34

36.14 £ 3.8

33.77+2.1
22.75+0.82

25.52 +0.36

19.05+0.1

25.55 +2.0
14.72 + 0.49

35.71+15

19.45 + 3.7
17.41+4.8

20.15+3.2

15.11+6.6

33.43+3.8

33.77+2.1
43.26 + 3.8

>50
38.43+ 2.1
33.44+4.6

>50

>50

K 562 Hela
| Coo(UM ) 2 | Cso(M ) 2
4554+209 32.20+4.4
2263+0.36 21.55+0.37
38.26 + 13.6 >50
26.02+3.8 42.51+20.9
3256+0.32 37.55+0.32
27.53 +0.32 28.76 +3.6
22.01+2.0 1864+0.5
28.06 + 2.6 22.31+35
19.51+0.16 17.32+1.6
30.50+1.2 33.24+2.1
20.85 + 6.8 29.99 + 8.0
21.33+1.3 25.02+1.1
2151+1.2 20.21+5.1
14.52+2.8 16.35+0.4
30.50+0.1 34.44+4.7
26.72+8.3 28.48+0.48
30.77+9.1 403x13
>50 >50
42.23+20.1 55.16+8.5
38.7+5.3 31.9+19
>50 >50
10.31+1.7 >50



13a H NH(CH,)1:CHs H 6.79 +0.17 7.37+0.14 9.19 £ 0.42
I

13b H NH(CH,)11CHs CH; H 411+024 3.28+0.28 6.24 +0.27
13c H NH(CH,)1,CHs ﬁ\ H 30.42+0.68 21.54+0.31 3546x3.7
13d H NH(CH,)1,CH, ﬁ( H >50 >50 >50
13e H NH(CH,)1;CHs H H 29.44+58 26.41+11.14 23.43+533
13f H NHC(CHy)s CH, H 11.35+0.37 18.34+0.58 13.36+0.23
13g H NHC(CHa)s Ei( H 40.32+0.43 42.33+0.46 39.19+3.8
13h H NHC(CH,)s J@ H 25.34+038 15.22+1.5 20.50+13.63
o
Doxo 8.81+0.11 1353+1.3 11.50+0.45

#Values are means of three experiments, standardtibevis given. *p < 0.01, ** p < 0.05 compared to the control
(Doxo).

2.3 Anti-metastatic activity in vivo

In vivo anti-metastatic evaluation was subsequently caedudduman H22 hepatocarcinoma cells
metastatic cancer BALB/c mouse model was utilizellbWwing the protocol described by our previous
works [42, 43]. Five compounds revealing obviousi-proliferative activities at cellular level$l§, 6g,
13a, 13b, 13f) were subjected to thén vivo assessment through intragastric administration. The
anti-metastatic ability of these compounds was mmeaksbased on the inhibition of H22 cell localipatin
the lungs.

As shown in Table 2, it demonstrated that thevivo anti-tumor results using this model are in
accordance with that @ vitro anti-proliferative investigation. Moreover, an ads weight loss was not
observed during continuous administration, sugggstinice could be continually experienced the
maximum tolerance dosage. However, all tested comgeexhibited lower inhibitory rates compared with
the control (Doxo, 59.89%), with the values of 334/ (entry13a), 42.47% (entryl3b), 27.60% (entry
13f), 14.77% (entryg) and 10.98% (entrgb), respectively. This result might be attributedtte first-pass
effect by using intragastric administration, leagino ineffective absorption metabolized through
gastrointestinal tract. In this circumstance, depiglg more effective antitumor agemtg structural
optimization or attempting other routes of admiaiBon €.g intravenous or intraperitoneal injection) is

expected to increase the metabolic stability ardexe improved bioavailability.

Another fascinating aspect that is connected tithivivo evaluation is that relatively high levels of
XK469 (approximate 74.4 mg/kg) is tolerated to éxtwe therapeutic effects on tumor-bearing mice

reported previously [8], while the dosages usdthimassay (10 mg/kg) is much lower than that o188 .



This result alluded that these newly identified nquialine peptidomimetic derivated3a and 13b in
particular, which exhibited promisingin vitro cytotoxicity andin vivo anti-metastatic activities, might
generate more potent curative efficacies than XK4&&8vever, owing to the lower activity than the troh
Doxo, further deliberate chemical optimization il :ieeded to generate more effective tool computsun

for tumor therapeutic screening.

Table 2. In vivo anti-metastatic effects of selected compounds.

Compds  Survived Body Lungweight () Metastasized nodes  Inhibitory
mice (n) weight (g) on lung surface (n) rate (%)
6b 10 22.46 +3.22 0.238 +0.024 18.23 £+ 9.44** 10.98
69 10 23.25+4.14 0.254 +0.033* 17.14 £ 6.11* 14.77
13a 9(10) 20.85+3.79 0.197 +0.025 13.33 £ 4.14** 33.71
13b 9(10) 24.62 +3.82 0.230 + 0.040* 11.67 £6.73 42.47
13f 10 21.84+5.58 0.211 +0.027 14.56 + 7.54* 27.60
Doxo 9(10) 23.32+1.80 0.217 £0.021 8.11+3.33 59.89
Blank 10 20.17 +3.66 0.287 +0.117 20.11 +£7.84 -

3The animal number in parentheses is the originaitrer;® Blank control means 0.5% CMC-NaP#0.05; **P<0.01.

2.4. Topo lI-mediated kinetoplast DNA (kDNdgcatenation assay

Given evidences have revealed that XK469 mightcsiekdy inhibit DNA topo I, rather than topo I,
the topo Il-mediatedkDNA decatenation assay was thereby implemented aidate the possible
mechanism of action of selected compounds, acogridirthe formation of decatenateBNA. Based on
the biochemical activity of topo I, inhibition dbpo Il activity leads to the accumulation of cate
kDNA [44]. In this assay, two potent compound8g and13b) that standed out from thie vitro andin
vivo screening were utilized. The validated topo llilniior, etoposide, was utilized as a positive colntr
The results evinced that both inhibited the foromatof decatenateHDNA examined by agarose gel
electrophoresis, as shown in Fig. 4. Especialljppoundl3a gave the betDNA decantation inhibition
and was approximate 4 times more active than tirao Another compound3b showed comparable
potencies with the control. Dose-dependent aggi@mmabfkDNA induced by two compounds were clearly
observed at four tested concentrations of 3.1%, B and 20QuM, higher than or comparable with that of
etoposide at the same concentrations. In shorsetipeeliminary results indicated that these quilioga

peptidomimetic analogues of XK469 might work asatdipinhibitors, similar to the prototype XK469.
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Fig. 4. Selected compoundsl3a and 13b) inhibited topo Il-mediated kinetoplast DNAKZENA)

decatenation to form minicircular DNA. Lane 14: Id&ge control without topo II; Lane 13: Positive
control that contains topo Il but without inhibisplanes 811.2: Topo Il inhibitor etoposide (control) at four
tested concentrations of 3.15, 12.5, 50 and POOQ Lanes IB: Tested compounds at the same

concentrations.

2.5. Molecular docking study

Compoundl3b was derived from XK469 and they showed comparpbtencies, which was thereby
utilized as a model in molecular docking explonatiStructural configurations of prototype XK469 and
13b were initially optimizedvia ChemBio3D Ultra program, and their superimposedaomations were
comparedvia overlapping operation using Sybyl program. Figusgg and 5(b) displayed their preferential
conformations. Fig. 5(c) exhibited that the skdlbtackbones of two compounds adopted very similar

spatial orientation, suggesting identical affiriitythe same spatial regions (pocket I, 1l and IlI).



Fig. 5. The comparison of optimized configurations of XK4@9 and 13b lf) via ChemBio3D Ultra
program, and superimposed conformations of XK468d)(rand 13b (gray)c) signified similar

three-dimensional topology and binding affinity.

The interactions betweel3b and topo Il (PDB ID: 1ZXM) were further examined tmolecular
docking program. As displayed in Fig.X8b could commendably bind to the ATPase domain ob tbp
Both quinoxaline core and terminal carboxylic aeidtif of 13b could fit well into the hydrophobic pocket
I and Il of topo I, leading to possible enzymaitiibition, consistent with their bioactivity rds
Moreover, the bulk and flexible long chain dodegsdup could undergo low-energy conformational
change to accommodate the long hydrophobic ca¥itypm I (pocket I1). In addition to these effeati
hydrophobic interactions, several hydrogen-bondimgtacts betweeti3b and key amino acids in the
ATPase domain of topo Il also contribute to theaded protein backbone-binding affinity. Specifigal
the 1-N of13b acts as an H-bonding acceptor to interact withpémgpheral NH of the Asn91, with a
distance of 2.20A. Besides, amide O of the peptiduetic functional group ofl3b also serves as an
H-bonding acceptor to bind with Ser149 residue3&)4 Finally, both carbonyl O and terminal hydroxy|
of 13b work as H-bonding acceptors to interact with As(®16A), Ala167 (2.58A and 1.83A), and
Lys168 (2.74A), respectively.



(Alal167)

'H‘ H-NH ‘
HO  NH ,> A
\_< (Lys168) N
\ _NH3
I (Ser149
13b

Fig. 6. Binding pattern of compountb with the active binding pockets of topo Il (PDBdeo 1ZXM).

Comparing the binding modes t8b and XK469,13b not only provided more effective H-bonding
contacts, but also generated more hydrophobicaatiens through well occupation of three hydrophobi
pockets (I, Il and I1) of topo II. As a resuli3b might be more potent than the prototype XK469 in
achieving potential anti-tumor drugs. Further biptal assessments 8a and13b are underway and the

updated results will be reported in the near future
3. Conclusion

In the present work, we report the design, synthésological evaluation, biochemical assay, and
binding mode of novel quinoxaline peptidomimeticidatives as potent antitumor agents. These
compounds exhibited obvious cytotoxicity againse¢ghtumor cell lines (MCF-7, K562 and Hela).
Subsequenin vivo anti-metastatic evaluatiaiso supported the antitumor effects of these compaunds
especially compoundk3a and13b. SAR exploration implicated thé&grt-butyl or dodecyl moiety at the
3-position of quinoxaline core was favorable tatigé ATPase pocket of topo Il and contribute torioved
antineoplastic activities. The dodecyl moietyroved to be more favored than thatest-butylamine
motif, although both of these two motifs could leaddomehow improved anti-proliferative potencies
against selected cell lines. Moreover, the freb@aylic acid unit of XK469 is important to maintatime
antitumor activity. Additionally, topo II-mediatdddNA decatenation assay also preliminarily confirmed

that these derivatives are potent topo Il inhilsitor

Lastly, molecular modeling of prototype XK469 atib offers a visual framework for understanding
the structural basis for their topo Il inhibitorgtivities, and might reveal a general strategydfesign and
screen more potent topo Il inhibitors. In specifigh, a peptidomimetic analogue of XK469 with a flexibl
long chain dodecyl group, adopted a very similat8@blogy and spatial orientation compared with
XK469. It implies that compounds reported in thigppr might share similar mechanism of action whith t

prototype XK469. The detailed mechanism of actibthese derivatives is under investigation.



Based on the biochemical and biological resultsemésioned that quinoxaline peptidomimetic
derivativesl3a and13b might be promising candidates for further chemagaimization. In particular, the
introduced Rhydrophobic dodecyl unit of these two compounds nmtyonly be critical for elevated
antitumor activities through enhancing protein tmie binding interactions, but also contribute to
improved pharmacokinetic propertigg albumin binding. Overall, we anticipated thesentdfeed
quinoxaline peptidomimetic derivatives may provaelue for researchers to develop more diversified

compounds with improved antineoplastic activities.
4. Experimental section

4.1. Chemistry
4.1.1. General

All the starting materials including reagents aal¥ents, unless otherwise specified, were analjyica
pure and obtained from commercial suppliers. Theyewsed without further purification, when necegsa
were purified and dried by standard protocols.réfictions except those in aqueous media were darie
by standard techniques for the exclusion of moéstél reaction progress was monitored by thin-taye
chromatography (TLC) on 0.25-mm silica gel platgsade 60, Gk and visualized with UV light
(254nm), or iodine vapor. Flash chromatography wwasformed on silica gel (Yantai Muping Inc.,
300400 mesh). Melting points were determined using Xl@ital display binocular microscope
(uncorrected)H NMR and**C NMR spectra were recorded on a Brucker Advand® & DRX-400
spectrometer using CDCbr DMSO+4; as solvents, TMS as an internal standard. Chersiitilvalues §)
are reported in parts per million (ppm) and theptiog constantsJj are given in hertz (Hz), and splitting
patterns are designated as follows: s, single;odplet; t, triplet; g, quartet; m, multiplet. Eleaspray
ionization mass spectrometry (EMS) data were collected on a Micromass Qtof-Micr€-IMS

instrument.

4.1.2. General synthetic procedure for the preparabf 3-methylquinoxalin-2(1H)-oné&)(

o-Phenylenediamine (92.6 mmol, 10 g) was suspendadtiydrous ethanol (100 mL). The mixture
was then cooled in an ice bath. A solution of efiyluvate (202.9 mmol, 23.544g) in anhydrous eth&20l
mL) was added dropwise over a period of 20 min ustiging. The resulting solution was allowed &act
at room temperature for 6 h until the TLC showeslrigmaction has completed. The resulting precipitas
filtered and washed with anhydrous ethanok (% mL), and dried in vacuum to give the desiredpaila
(14.1 g, 95%) as white solid which was pure endoglfurther reaction. M.p: 241[@42.7°C; ESI-MS
Mz 161.0 [M+H]".

Using 4-chlorobenzene-1,2-diamine as starting rrate¢he reaction with ethyl pyruvate under the
same condition witha gave two positional isomers, 6-chloro-3-methylguialin-2(1H)-one (b) and

7-chloro-3-methylquinoxalin-2{)-one (Lc).

4.1.2.1.6-Chloro-3-methylquinoxalin-2(1H)-o#b). Light yellow powder, yield: 54%, mp: 263P64.0



°C.'™H NMR (400 MHz, DMSOsdg) 3: 12.36 (s, 1H, NH), 7.6%.70 (d,J = 8.4 Hz, 1H, ArH), 7.277.30
(dd, J, = 8.4 Hz,J,=2.3 Hz, 1H, ArH), 7.26 (dJ = 2.3 Hz, 1H, ArH), 2.39 (s, 3H, GH ESI-MS m/z
195.3 [M+HT".

4.1.2.2. 7-Chloro-3-methylquinoxalin-2(1H)-orke). Light yellow powder, yield: 43%, mp: 265P67.0
°C. 'H NMR (400 MHz, DMSOds, ppm) &: 12.41 (s, 1H, NH), 7.74.75 (d,J = 2.3 Hz, 1H ArH),
7.51017.53 (dd,J; = 8.7 Hz,3,=2.3 Hz, 1H, ArH), 7.27.29 (d,J = 8.7 Hz, 1H, ArH), 2.41 (s, 3H, GH
ESI-MSn/z: 195.3 [M+HT.

4.1.3. General procedure for 2-chloro-3-methyl gitbsed quinoxaling?2)

Compoundla (28.1 mmol, 5.0 g) was dissolved in PQ@5 mL) at 8C, the resulting solution was
allowed to reflux at 1A for 5 h. After completion of reaction, the reaativas quenched with cooled
ammonia, which was further extracted with ethyltate(EtOAc, 2 x 15 mL). The organic phase was
separated and washed with brine, dried over ankigdktgSQ, filtered, and concentrated wacuumto
afford the crude product, which was purified bycsilgel flas chromatography (PE : EA = 10:1, vov) t
afford 5.0 g o2a as a off-white solid, yield 90%. M.p.: 8687.0°C; ESI-MSm/z. 179.4 [M+H].

4.1.3.1. 2,6-Dichloro-3-methylquinoxalirfgb). White powder, yield: 89%, ESI-M&'z 213.8 [M+H[;
mp: 128.21129.3°C.

4.1.3.2. 3,6-Dichloro-2-methylquinoxalirf2c). White powder, yield: 86%, ESI-M&'z 214.1 [M+H];
mp: 132.1133.2°C.

4.1.4. General procedure fonethyl 4-((substituted 3-methylquinoxalin-2-yl)okgnzoatd3)

Methyl 4-hydroxybenzoate (42.1 mmol, 6.4 g) angCR; (50.5 mmol, 5.3 g) were dissolved in DMF
(150 mL), the resulting solution was allowed toatest 85C for 12 h. Compounga (23.5 mmol, 5.0 g)
was added in batches, and the resulting mixtureallewed to react for additional 12h at the same
condition. After completion of reaction, the reactiwas quenched with cooled water (150 mL) and
extracted with EtOAc (2 x 100 mL). The combinedaimg phase was washed with brine, dried over
anhydrous MgS@) filtered, and concentrated iacuumto afford the crude product, which was purified by
silica gel flash chromatography (PE : EA = 50:¥)vo afford 6.6 g oBa as oily semi- solid, yield 80%.
ESI-MSm/z 295.4 [M+HT.

4.1.4.1. Methyl 4-((6-chloro-3-methylquinoxalin-Bexy)benzoat€3b). Oily semi-solid, yield 68%;
ESI-MSm/z: 329.8 [M+HT.

4.1.4.2. Methyl 4-((7-chloro-3-methylquinoxalin-Bexy)benzoaté3c). Oily semi-solid, yield 59%;
ESI-MSm/z 329.6 [M+HT.

4.1.5. General procedure fdr((substituted 3-methylquinoxalin-2-yl)oxy)benzaicid &)

Methyl 4-((3-methylquinoxalin-2-yl)oxy)benzoate (8nmol, 2.0 g) and LiOH (24.0 mmol, 0.85 g)
were suspended in a mixture of dioxane (15 mL)watkr (5 mL) at 8C, the resulting suspension was

reacted for 5h. After the removal of solvent, 20 afildistilled water was added and the mixture was



washed with EtOAc (2 x 10 mL). Then the combinedevphase was acidified with 2N HCI and the
precipitate was collected, which was recrystallingith MeOH/H,O (3:1, v:v) to afford 1.8 g of the pure
product 4-((3-methylquinoxalin-2-yl)oxy)benzoic ddéa) as white semi-solid. Yield 95% NMR (400
MHz, DMSO-dg) 5: 13.03 (s, 1H, COOH), 8.08.08 (d,J = 8.4 Hz, 2H, ArH), 7.99 (s, 1H, ArH), 7.66 (s,
3H, ArH), 7.4577.47 (d,J = 8.4 Hz, 2H, ArH), 2.76 (s, 3H, GHppm;**C NMR (100 MHz, DMSQd) &:
166.66, 148.04, 139.02, 138.52, 131.09, 129.44,8007127.66, 126.81, 121.82, 20.28 ppm; ESI43
281.3 [M+HT.

4.1.5.1. 4-((6-Chloro-3-methylquinoxalin-2-yl)oxgjtzoic acid4b). Semi-solid, yield 90%:H NMR (400
MHz, DMSO-dg) &: 13.04 (s, 1H, COOH), 8.08.08 (d,J = 8.0 Hz, 3H, ArH), 7.68 (s, 2H, ArH),
7.40017.48 (m, 2H, ArH), 2.76 (s, 3H, GHppm;**C NMR (100 MHz, DMSOds) 8: 167.13, 156.64,
149.65, 139.64, 137.30, 131.60, 130.29, 129.06,682822.36, 100.03, 20.85 ppm; ESI-M&: 315.5
[M+H]".

4.1.5.2. 4-((7-Chloro-3-methylquinoxalin-2-yl)oxg)tzoic acid4c). Semi-solid, yield 91%H NMR (400
MHz, DMSO-dg) §: 12.99 (s, 1H, COOH), 8.08.07 (d, 2HJ = 8.0 Hz, ArH), 7.99B.01 (m, 1H, ArH),
7.6707. 73 (m, 2H, ArH), 7.45177.47(d,J = 8.0 Hz, 2H, ArH), 2.74 (s, 3H, GHppm;*C NMR (100 MHz,
DMSO-dg) 8: 167.18, 156.57, 156.26, 150.01, 140.10, 138.82,86, 131.61, 130.30, 129.17, 128.47,
122.40, 120.44, 20.88 ppm; ESI-MS m/z: 315.7 [M%H]

4.1.6. General procedure for the synthesis of esterpound5)

To a solution of ester compoudd (1.8 mmol, 0.5 g) in anhydrous THF (15 mL) atG5vas added
isobutyl chloroformate(2.2 mmol, 300 mg) andN-methylmorpholine (NMM, 2.2 mmol, 220 mg)
successively. After stirred at the same temperdire0min, L-alanine methyl ester hydrochloride0(2
mmol, 142 mg) was added in small portions. Themtirdure was stirred at room temperature for 4hl unt
the completion monitored by TLC, which was then canmirated and extracted with EtOAc (2 x 50 mL).
Layers were separated and the organc layer wasedasturn with 1N HCI (20 mL), saturated NaHEO
(20mL) and brine (2 x 15 mL), dried over anhydroNesSO,, filtered, and evaporated iracuq and the
obtained crude compound was purified by flash clatography (PE : EA = 5:1 to 4.1, v:v) to afford 370
mg of 5a as white solid, yield 58%. M.p. 16162°C;'H NMR (400 MHz, CDC}) 3: 7.978.00 (dd,J, =
6.0 Hz,J, = 3.7 Hz, 1H ArH), 7.917.94 (d,J = 8.7 Hz, 2H, ArH), 7.67.70 (m, 1H, ArH), 7.587.61 (m,
2H, ArH), 7.357.36 (d,J = 8.7 Hz, 2H, ArH), 6.776.79 (d,J = 7.0 Hz, 1H, ArH), 4.814.88 (dd,J; =
14.3,J,= 7.2 Hz, 1H, CH), 3.82 (s, 3H, OGH 2.83 (s, 3H, CH), 1.551.57 (d,J = 7.1 Hz, 3H, CH.**C
NMR (100 MHz, CDC{) &: 173.74, 166.11, 155.75, 155.55, 147.85, 139.&B.2P, 130.85, 129.29,
128.71, 128.07, 127.60, 127.31, 121.81, 52.65,74886.62, 18.73 ppm; ESI-M®z 366.5 [M+H]".

The following compoundSh-5g were prepared according to the general procedsréescribed for

the preparation of compouraa.



4.1.6.1. (S)-Methyl 4-methyl-2-(4-((3-methylquinox2-yl)oxy)benzamido)pentanogfeb). White solid,
yield: 52%; m.p. = 166169C; *H NMR (400 MHz, DMSOd;) 5: 7.978.00 (dd,J, = 8.0Hz J,= 4.0Hz,
1H, ArH), 7.9177.93 (d,J = 8.0Hz, 2H, ArH), 7.6817.69 (d,J = 4.0Hz, 1H, ArH), 7.58%7.61 (ddJ; = 8.0
Hz, J,= 4.0Hz, 2H, ArH), 7.357.37 (d,J = 8.0Hz, 2H, ArH), 6.585.55 (d,J = 8.0Hz, 1H, NH),
4.874.90 (m, 1H, CH-C=0), 3.79 (s, 3H, OgH2.83 (s, 3H, Ch), 1.711.77 (t,J = 8.0Hz, 2H, CHy),
1.67011.69 (m, 1H, CH), 0.991.03 (m, 6H, XCH;) ppm;**C NMR (100 MHz, DMSOds) 5: 173.85,
166.59, 156.00, 155.66, 148.02, 139.88, 139.40,0831.29.42, 128.85, 128.25, 127.73, 127.48, 121.95
52.56, 51.39, 42.19, 25.21, 23.00, 22.30, 21.17; fBrMSm/z 408.5 [M+H].

4.1.6.2. (2S,3R)-Methyl 3-methyl-2-(4-((3-methyigualin-2-yl)oxy)benzamido)pentano#be). White
solid, yield: 55%; m.p. = 17273C; *H NMR (400 MHz, DMSO¢) &: 7.997B.00 (m, 1H, ArH),
7.9107.93 (d,J = 8.0Hz, 2H, ArH), 7.697.71 (m, 1H, ArH), 7.587.61 (m, 2H, ArH), 7.367.38 (d,J =
8.0Hz, 2H, ArH), 6.676.69 (d,J = 8.0Hz, 1H, NH), 4.844.87 (m, 1H, CH-C=0), 3.80 (s, 3H, OgH
2.83 (s, 3H, Ch), 1.2611.31 (m, 1H), 0.971.01 (m, 2H, CHCH,), 0.910.93 (d,J = 8.0Hz, 6H, XCHj),
ppm;*C NMR (100 MHz, DMSOd,) &: 174.2, 170.8, 167.7, 158.8, 138.0, 137.7, 13129,4, 128.7,
128.2,127.4,127.1,121.4,57.6, 51.8, 38.2, 255, 15.3, 12.1 ppm; ESI-M&z 408.6 [M+H]".

4.1.6.3. (S)-Methyl 2-(4-((6-chloro-3-methylquinbxe2-yl)oxy)benzamido)propanoa(&d). White solid,
yield: 51%; m.p. = 180181°C; *H NMR (400 MHz, DMSO¢) &: 7.9217.96 (m, 3H, ArH), 7.607.63 (d,J
= 8.0Hz, 1H, ArH), 7.587.55 (d,J = 8.0Hz, 1H, ArH), 7.3417.37 (m, 2H, ArH), 6.66 (d] = 7.2Hz, 1H,
NH), 4.284.30 (d,J = 8.0Hz, 1H, CH-C=0), 3.82 (s, 3H, OGH 2.82 (s, 3H, Ch), 1.57 (d,J = 7.2Hz,
3H, CHCH;) ppm; **C NMR (100 MHz, DMSOdg) &: 173.72, 166.02, 156.15, 155.39, 148.10, 139.74,
138.03, 134.99, 131.16, 129.20, 128.74, 128.38,3B26.21.90, 52.66, 48.58, 20.58, 18.72 ppm; ESI-MS
m/'z 400.3 [M+HT.

4.1.6.4. (S)-Methyl 2-(4-((6-chloro-3-methylquinbxe2-yl)oxy)benzamido)-4-methylpentanoéie).

White solid, yield: 45%; m.p. = 15858C; *H NMR (400 MHz, CDC}) §: 7.9317.89 (t,J = 8.0 Hz, 3H,
ArH), 7.69 (s, 1H, ArH), 7.527.54 (d,J = 8.0 Hz, 1H, ArH), 7.337.35 (d,J = 8.0 Hz, 2H, ArH),

6.546.56 (d,J = 8.0 Hz, 1H, NH), 4.874.90 (m, 1H, CH), 3.79 (s, 3H, OGH2.82 (s, 3H, Ch),
1.581.59 (m, 1H, CH), 1.241.31 (m, 2H, CH), 0.991.03 (m, 6H, 2xCk) ppm;**C NMR (100 MHz,
CDCl,) 8: 173.65, 166.40, 153.31, 155.41, 148.07, 139.88,0b, 134.99, 130.2, 129.20, 128.71, 128.36,
126.39, 121.87, 52.40, 51.24, 42.02, 25.05, 22843, 20.53 ppm; ESI-MSv/z 442.5 [M+H].

4.1.6.5. (S)-Methyl 2-(4-((7-chloro-3-methylquintime2-yl)oxy)benzamido)-3-phenylpropanoatésf).
White solid, yield: 40%; m.p. = 16864°C; 'H NMR (400 MHz, CDC}) &: 7.8717.88 (d,J = 2.0 Hz, 1H,
ArH), 7.8207.85 (dd,J; = 8.8 Hz,J,= 2.5 Hz, 3H, ArH), 7.657.68 (dd,J; = 8.8 Hz,J,= 2.0 Hz, 1H,
ArH), 7.3337.26 (m, 5H, ArH), 7.167.17(d,J = 6.8 Hz, 2H, ArH), 6.606.62 (d,J = 7.4 Hz, 1H, NH),
5.105k.15 (dd,J; = 13.0 HzJ,= 5.6 Hz, 1H, CH-C=0), 3.79 (s, 3H, OgH3.27113.32 (m, 2H, CH), 2.80
(s, 3H, CH) ppm;**C NMR (100 MHz, CDGJ) : 172.10, 166.14, 155.79, 155.50, 147.87, 139.82.2D,



135.84, 130.79, 129.37, 129.31, 128.69, 128.53,0028127.63, 127.32, 127.27, 121.78, 53.58, 52.50,
37.95, 20.62 ppm; ESI-MSWz 476.4 [M+H].
4.1.6.6. (S)-Methyl 2-(4-((7-chloro-3-methylquintme2-yl)oxy)benzamido)-4-methylpentanoéig).
White solid, yield: 40%; m.p. = 180.32°C; *H NMR (400 MHz, DMSO#dg) §: 7.9717.98 (d,J = 4.0Hz
1H, ArH), 7.9177.93 (m, 2H, ArH), 7.607.63 (m, 1H, ArH), 7.537.55 (d,J = 8.0Hz, 1H, ArH),
7.3377.35 (d,J = 8.0Hz, 2H, ArH), 6.545.56 (d,J = 8.0Hz, 1H, NH), 4.8814.90 (m, 1H, CH-C=0), 3.79
(s, 3H, OCH), 2.82 (s, 3H, Ch), 1.3311.34(m, 1H, CH), 1.251.28 (m, 2H, CH), 0.991.03 (m, 6H, X
CHs) ppm;*C NMR (100 MHz, DMSOds) &: 173.68, 166.29, 155.95, 155.22, 149.20, 148.89,87,
132.86, 131.43, 130.04, 128.71, 121.84, 52.42,3%1%2.01, 25.05, 22.84, 22.13, 20.61 ppm; ESI-m&:
442.5 [M+HT.
4.1.7. General procedure for the synthesis of caybo acid compound6)

These compounds were synthesized according toasipribcedures with that of compourd). (
4.1.7.1. (S)-2-(4-((3-Methylquinoxalin-2-yl)oxy)zemido)propanoic acid6a). White solid, yield: 66%;
m.p. = 1461147°C; *H NMR (400 MHz, DMSOdg) 5: 12.57 (s, 1H, COOH), 8.7B.74 (d,J = 4.0 Hz, 1H,
NH), 8.00B.02 (t,J = 8.0 Hz, 3H, ArH), 7.65 (s, 3H, ArH), 7.42.45 (m, 2H, ArH), 4.424.46 (m, 1H,
CH-C=0), 2.76 (s, 3H, C§), 1.411.42 (d, 3H,J =4.0 Hz, CH) ppm;**C NMR (100 MHz, DMSQOdj) &:
174.72, 165.87, 156.20, 155.59, 148.51, 139.43,00394.31.60, 129.92, 129.63, 128.29, 128.06, 128.17
127.28, 122.16, 48.83, 20.82, 17.53 ppm; ESI-M&: 350.4 [M-H]J.
4.1.7.2. (S)-4-Methyl-2-(4-((3-methylquinoxalin{2exy)benzamido)pentanoic aci¢bb). White solid,
yield: 82%; m.p. = 143144C; *H NMR (400 MHz, DMSOdg) 5: 12.61 (s, 1H, COOH), 8.67 (s, 1H, NH),
8.01B.03 (d,J = 8.0 Hz, 3H, ArH), 7.65 (s, 3H, ArH), 7.4B8.45 (d,J = 8.0 Hz, 2H, ArH), 4.48 (s, 1H,
CH-C=0), 2.77 (s, 3H, C§), 1.7711.80 (d,J = 8.0 Hz, 2H, CH), 1.61 (m, 1H, CH), 0.91D.94 (m, 6H,
2xCH,) ppm;**C NMR (100 MHz, DMSOdy) &: 174.77, 166.30, 156.22, 155.59, 148.48, 139.30,08,
131.57, 129.91, 129.72, 128.28, 128.03, 127.26,21251.40, 25.03, 23.49, 21.58, 20.83 ppm; ESI-MS:
m/'z: 392.3 [M-H].
4.1.7.3. (2S,3R)-3-Methyl-2-(4-((3-methylquinox&liyl)oxy)benzamido)pentanoic adiéc). White solid,
yield: 85%; m.p. = 156157°C; *H NMR (400 MHz, DMSO#dg) 5: 12.64 (s, 1H, COOH), 8.5B.54 (d,J =
8.0 Hz, 1H, NH), 7.988.03 (m, 3H, ArH), 7.657.68 (m, 3H, ArH), 7.407.44 (d,J = 8.0 Hz, 2H, ArH),
4.34%4.38 (m, 1H, CH-C=0), 2.77 (s, 3H, @H1.041.08 (m, 1H, CH), 0.99.97 (d,J = 8.0 Hz, 3H,
CHs), 0.84D0.93 (m, 5H, CHCHs) ppm; **C NMR (101 MHz, DMSOds) &: 173.73, 166.61, 156.24,
155.57, 148.51, 139.40, 139.08, 131.62 ,129.90,2828.28.04, 127.24, 122.12, 57.80, 36.16, 25.6184,
16.16, 11.54 ppm; ESI-M$w/z 392.7 [M-H].
4.1.7.4. (S)-2-(4-((6-Chloro-3-methylguinoxalin2exxy)benzamido)propanoic acigéd). White solid,
yield: 80%; m.p. = 133135°C; *H NMR (400 MHz, DMSO#d) 5: 12.4 (s, 1H, COOH), 8.7B.73 (d,J =
7.1 Hz, 1H NH), 8.0218.04 (d,J = 8.6 Hz, 2H, ArH), 7.983.00 (d,J = 8.9 Hz, 1H, ArH), 7.667.72 (m,



2H, ArH), 7.4477.45 (d,J = 8.4 Hz, 2H, ArH), 4.414.49 (m, 1H, CH-C=0), 2.75 (s, 3H, QH1.421.44
(d,J = 7.3 Hz, 3H, CH) ppm;**C NMR (100 MHz, DMSOdg) 5: 174.72, 165.82, 156.80, 155.35, 149.23,
139.77, 138.01, 134.16, 131.70, 129.98, 129.67.482826.15, 122.12, 48.79, 20.84, 17.47 ppm; ESI-M
m/z: 386.6 [M-H].

4.1.7.5. (S)-2-(4-((6-Chloro-3-methylquinoxalinQexy)benzamido)-4-methylpentanoic adige). White
solid, yield: 80%; m.p. = 138.37°C; 'H NMR (400 MHz, DMSO¢) 8: 12.54 (s, 1H, COOH), 8.6B.67

(d, J = 8.0 Hz, 1H, NH), 7.998.04 (m, 3H, ArH), 7.74 (s, 1H, ArH), 7.67.69 (d,J = 8.0 Hz, 1H, ArH),
7.4477.45 (d,J = 4.0 Hz, 2H, ArH), 4.47 (m, 1H, CH-C=0), 2.77 &, CH), 1.771.83 (m, 2H, CH),
1.610.74 (m, 1H, CH), 0.90.95 (m, 6H, XCHs) ppm; °C NMR (100 MHz, DMSOd,) &: 174.74,
166.27, 156.52, 155.40, 150.08, 139.70, 137.85,0432031.70, 130.25, 129.74, 129.01, 127.15, 122.21
51.39, 25.02, 23.49, 21.58, 20.91 ppm; ESI-M&z 426.7 [M-H].

4.1.7.6. (2S,3R)-2-(4-((7-Chloro-3-methylquinox&iyl)oxy)benzamido)-3-methylpentanoic ac{éf).
White solid, yield: 88%; m.p. = 14849C; *H NMR (400 MHz, DMSOd) &: 13.01 (s, 1H, COOH),
8.66B.70 (m, 1H, NH), 7.988.01 (d,J = 8.0Hz, 1H, ArH), 7.9117.93 (d,J = 8.0Hz, 2H, ArH), 7.75 (s,
1H, ArH), 7.6617.69 (d,J = 8.0 Hz, 1H, ArH), 7.4Q7.43 (m, 2H, ArH), 7.267.32 (m, 4H, ArH),
7.1977.20 (d,J = 3.2 Hz, 1H, ArH), 4.574.63 (t,J = 12.0Hz, 1H, CH-C=0), 3.028.25 (m, 2H, CH),
2.74 (s, 3H, Ch) ppm;**C NMR (100 MHz, DMSOds) &: 165.46, 156.67, 155.14, 149.40, 140.07, 139.45,
138.23, 132.32, 131.09, 130.08, 129.78, 129.38,3129128.41, 126.44, 122.67, 122.10, 55.71, 37.29,
20.88 ppm; ESI-MSmvz: 426.4 [M-H].

4.1.7.7. (S)-2-(4-((7-Chloro-3-methylquinoxalin-Bexy)benzamido)-3-phenylpropanoic a¢tty). White

solid, yield: 82%; m.p. = 178.77°C; *H NMR (400 MHz, DMSOs) &: 12.60 (s, 1H, COOH), 8.68.68
(d,J=8.0 Hz, 1H, NH), 8.01B.07 (m, 3H, ArH), 7.67 (s, 2H, ArH), 7.418.45 (d,J = 8.0 Hz, 2H, ArH),
4.4474.50 (m, 1H, CH-CH=0), 2.77 (s, 3H, GH1.801.84 (t,J = 8.0 Hz, 2H, ArH), 1.751.79 (m, 1H,

CH), 1.7111.74 (m, 3HCHs), 1.231.30 (m, 3HCHs) ppm;**C NMR (100 Hz, DMSQdg) 5: 174.63,

166.26, 156.49, 155.41, 139.74, 137.87, 131.73,263A29.71, 122.14, 51.39, 25.04, 23.45, 21.6380
ppm; ESI-MS:m/z 460.7 [M-H].

4.1.8. Synthesis of quinoxaline-2,3(1H,4H)-di¢ne

A round-bottom flask charged with benzene-1,2-dr@{#6.3 mmol, 5.0g) and oxalic acid (64.4
mmol, 5.8¢g), and 250 mL of distilled water was atidteone portion. Then 4.5 ml of concentrated
hydrochloric acid was added to the suspension dsgpand the reaction mixture was refluxed for 8h.
Collected the obtained brown precipitate and wastidddistilled water to afford 6.9 g of desiredguct,
yield: 92%. M.p. 24M242.7°C; ESI-MSm/z: 161.0 [M+HT.

4.1.9. Synthesis of 2,3-dichloroquinoxal{i8g

A solution of compound (30.84 mmol, 5.0g) in phosphorus oxychloride (30 mas reacted under

refluxing condition for 5h, then the reaction watatly quenched by slowly pouring into cooled amiaon



solution. The mixture was extracted with ethyl ate{2x50 mL), the combined organic phase was whshe
with brine (30 mL) and dried over anhydrous MgS@fter evaporated ivacuq the crude residue was
purified by silica gel flash chromatography (PE/Bt210:1, v:v) to give 4.9 g of corresponding produc
with 80% yield. M.p. 148150°C; ESI-MSm/z: 199.8 [M+H]".

4.1.10. Synthesis of methyl 4-((3-chloroquinoxa&lphoxy)benzoat€9)
Methyl 4-hydroxybenzoate (3.8 g, 25 mmol) angCK:; (4.1 g, 30 mmol) were dissolved in 150 mL

of anhydrous DMF and the mixture was reacted 3E&Bder nitrogen atmosphere. After 12h, compdéind
(4.98 g, 25 mmol) was added to the mixture in opdign and the reaction was allowed to react for
additional 12h at the same temperature until cotigpieas determined by TLC. The reaction was then
quenched by pouring into 250 mL of iced water axiriaeted with ethyl acetate (2 x 100 mL), the oigan
phase was then washed successively with 5% cititc(@ x 75 mL), saturated NaHG@ x 75 mL) and
brine (2 x 50 mL). The combined organic solvent wersoved under vacuum, and the crude residue was
purified by flash chromatography (PE/EtOAc=50:1y)vio give 3.98 g of corresponding product as
semi-solid with 50% vyield. ESI-M8Yz: 315.3 [M+HT.

4.1.11. General procedure for the synthesis of ghet{(3-substituted quinoxalin-2-yl)oxy)benzoéite)

Compound9 (2.0 g, 6.4 mmol) was dissolved in 50 mL of anloydr dimethyl sulfoxide, dodecyl
amine (1.2 g, 6.5 mmol) and triethylamines(§t1.5 g, 14.8 mmol) were added successively. Theune
was reacted at 76 for 12h and quenched with 150 mL of iced watemas then extracted with ethyl
acetate (2 x 100 mL), washed with brine and driest anhydrous N&O,. Filtered and concentrated under
vacuum condition, the crude residue was purifiedflagh chromatography (PE/EtOAc=100:1, v:v) to

produce the corresponding product.

4.1.11.1. Methyl 4-((3-(dodecylamino)quinoxalinixy)benzoatg¢10a). Semi-solid, yield 43%, ESI-MS
Mz 464.6 [M+H].

4.1.11.2. Methyl 4-((3-(tert-butylamino)quinoxaRnyl)oxy)benzoate(10b). Semi-solid, yield 519%,
ESI-MSm/z 352.7 [M+HT.

4.1.12. General procedure for 4-((3-substitutedhguilin-2-yl)oxy)benzoic acid.1)

These compounds were synthesized according toasipribcedures with that of compour). (
4.1.12.1. 4-((3-(Dodecylamino)quinoxalin-2-yl)oxgilzoic aciq1la). Semi-solid, yield 88%, ESI-MB8vVz
448.7 [M-HJ.
4.1.12.2.4-((3-(tert-Butylamino)quinoxalin-2-yl)9Renzoic acid(11lb). Semi-solid, yield 84%, ESI-MS
m'z: 336.5 [M-H].

4.1.13. General procedure for the synthesis of(R)sstuted2-(4-((3-(substitutedamino)quinoxalinip-y
oxy)benzamido)propanoaf&?)

Compound1la (0.45 mmol, 0.2 g) was dissolved in anhydrous TEB mL), then isobutyl
chloroformatg(0.83 mmol, 107uL) andN-methylmorpholine (0.85 mmol, 98.) were added successively.



The temperature was maintained beloWlC-5n an ice-salt bath for 30 min. After the additiof
L-phenylalanine methyl ester hydrochloride (0.6 hmi@0 mg) was added in several portions, the méxtu
was allowed to warm to room temperature and stifeedanother 4h under nitrogen atmosphere. The
solvent was removed under vacuum and partitioneéddsn EtOAc (2 x 50 mL) and saturated JOH
solution. The organic phase was separated and wasitie saturated NaHC{Q(2 x 50 mL) and then with
brine (50 mL), dried over anhydrous Mg§@ltered, and concentrated Wacuoto give the crude product,
which was further purified by flash chromatogragR¥/EtOAc=25:1, v:v) to generate the pure product.
4.1.13.1.(S)-Methyl 2-(4-((3-(dodecylamino)quinax&-yl)oxy)benzamido)-3-phenylpropanoéifa).

White solid, yield 68%, m.p. = 15857°C; *H NMR (400 MHz, CDC}) &: 7.827.84 (d,J = 8.7 Hz, 2H,
ArH), 7.6837.70 (d,J = 9.2 Hz, 1H, ArH), 7.507.52 (d,J = 7.0 Hz, 1H, ArH), 7.427.46 (t,J = 7.7 Hz, 1H,
ArH), 7.3307.35 (d, J = 8.7 Hz, 2H, ArH), 7.257.33 (dd, J; = 14.2 Hz,J,=5.1 Hz, 4H, ArH), 7.167.17 (d,
J=8.1Hz, 2H, ArH), 6.5%6.61 (d,J = 7.6 Hz, 1H, NH-C=0), 5.58%.61 (t,J = 5.4 Hz, 1H, NHCH),
5.095.14 (m, 1H, CH-C=0), 3.67 (s, 3H, OGH 3.621.65 (m, 2H, NHCH), 3.221B.33 (m, 2H,CHPh),
1.241.28 (m, 20H, (Ch)10), 0.86 .90 (t, J = 7.0 Hz, 3H, CH) ppm;**C NMR (100 MHz, CDGJ) &:

172.06, 171.16, 166.10, 155.30, 147.37, 144.72,154135.82, 134.20, 131.02, 129.36, 128.70, 128.68
127.56, 127.27, 126.90, 125.43, 124.20, 121.9806&3.59, 52.49, 41.03, 37.94, 31.92, 29.64, 29.59
29.41, 29.36, 27.14, 22.70, 21.06, 14.21, 14.13;#B-MSm/z 611.6 [M+H]".

4.1.13.2. (S)-Methyl 2-(4-((3-(dodecylamino)quiriox2-yl)oxy)benzamido)propanoaf&2b). White solid,
yield 52%, m.p. = 143144°C; *H NMR (400 MHz, CDC}) &: 8.93 (m, 1H, NH), 8.018.06 (m, 2H, ArH),
7.93 (m, 1H, ArH), 7.477.49 (d,J = 8.0 Hz, 3H, ArH), 7.407.44 (m, 1H, ArH), 7.297.32 (t,J= 8.0 Hz,

1H, ArH), 3.64 (s, 3H, OCl), 3.40B.43 (m, 1H, CHC=0), 1.68.70 (m, 2H, NHCH), 1.3511.40 (m, 3H,
NHCH(CHy)), 1.2a11.30 (m, 20H, (Ch)10), 0.801D.83 (m, 3H, CHCHs) ppm;**C NMR (100 MHz,

CDCl,) 6: 173.84, 166.19, 155.45, 147.57, 144.88, 140.32,4D, 131.27, 128.83, 127.69, 127.06, 125.60,
124.34, 122.08, 52.78, 48.73, 41.18, 32.07, 22879, 29.74, 29.56, 29.50, 27.30, 22.84, 18.824614
ppm; ESI-MSm/z: 535.5 [M+HT.

4.1.13.3. (2S,3R)-Methyl 2-(4-((3-(dodecylaminojgualin-2-yl)oxy)benzamido)-3-methyl pentanoate
(12c). White solid, yield 50%, m.p. = 16867°C; "H NMR (400 MHz, CDC}) &: 7.907.92 (d,J = 8.0 Hz,
2H, ArH), 7.68%7.70 (d,J= 8.0 Hz, 1H, ArH), 7.507.52 (d,J = 8.0 Hz, 2H, ArH), 7.427.46 (t,J = 6.0 Hz,
1H, ArH), 7.3617.38 (d,J = 6.0 Hz, 2H, ArH), 6.666.68 (d,J = 6.0 Hz, 1H, NHC=0), 5.60 (m, 1H,
NHCH,), 4.83%4.87 (m, 1H, CH-C=0), 3.80 (s, 3H, Og}H3.631B.68 (m, 2H, NHCH), 2.002.08 (m, 1H,
NHCHCHCH;), 1.741.76 (m, 2H, CHCHCH;), 1.301.41 (m, 20H, (Ch),o), 0.971.01 (t, 6H,J = 6.0
Hz, 2xCHs) ppm;**C NMR (100 MHz, CDG)) &: 172.79, 166.50, 155.42, 147.57, 144.88, 134.31,5D,
128.83, 127.69, 127.08, 125.61, 124.34, 122.10%7%2.38, 41.19, 38.50, 32.07, 29.79, 29.74, 29.56
29.50, 27.30, 25.59, 22.84, 15.70, 14.26, 11.79; HBMS Mz 577.8 [M+HT.

4.1.13.4. Methyl 2-(4-((3-(tert-butylamino)quinaxaR-yl)oxy)benzamido)acetat@2d). White solid, yield



62%, m.p. = 172173C; *H NMR (400 MHz, CDC}) &: 7.90017.93 (m, 2H, ArH), 7.677.69 (d,J = 8.0 Hz,
1H, ArH), 7.47%7.51 (t,J = 8.0 Hz, 2H, ArH), 7.297.43 (m, 3H, ArH), 6.72 (m, 1H, C=0O-NH), 5.53 (§},1
N=C-NH), 4.284.29 (d,J = 4.0 Hz, 2H, NHCHC=0), 3.83 (s, 3H, OC§), 1.251.34 (m, 9H, (Ch)s)
ppm; °C NMR (100 MHz, CDGJ)) &: 170.56, 166.78, 155.93, 148.46, 145.93, 139.92 61, 130.27,
128.73, 127.57, 126.42, 125.62, 124.54, 121.565%244.77, 41.80, 13.79 ppm; ESI-M8z 409.7
[M+H]".

4.1.13.5. (S)-Methyl 2-(4-((3-(tert-butylamino)qokalin-2-yl)oxy)benzamido)propanoat@2e). White
solid, yield 65%, m.p. =17TL78C; 'H NMR (400 MHz, CDC}) &: 7.907.94 (t,J = 8.0 Hz, 2HArH),
7.6877.70 (d,J = 8.0 Hz, 1H, ArH), 7.307.37 (m, 3H, ArH), 7.427.52 (m, 2H, ArH), 6.816.82 (d,J =
4.0 Hz, 1H, C=0-NH), 4.41.88 (m, 1H, NHCHC=0), 3.82 (s, 3H, OQH3.741B.79 (m, 1H, N=C-NH),
1.5511.63 (M, 9H, (CH)s), 1.310.35 (m, 3H, CH) ppm;**C NMR (100 MHz, CDGJ) 5: 164.71, 155.51,
147.42, 143.81, 139.87, 133.67, 130.52, 128.90,3B27126.59, 125. 85, 124.12, 122.15, 121.65, 52.02
44.80, 28.73, 18.05, 13.78 ppm; ESI-Mf&z: 433.5 [M+H].

4.1.13.6. (2S,3R)-Methyl 2-(4-((3-(tert-butylamigainoxalin-2-yl)oxy)benzamido)-3-methyl pentanoate
(12f). White solid, yield 51%, m.p. =16867°C; 'H NMR (400 MHz, CDC}) &: 7.8277.84 (d,J = 8.6 Hz,
2H, ArH), 7.5817.61 (d,J = 8.2 Hz, 1H, ArH), 7.397.41 (d,J = 7.0 Hz, 1H, ArH), 7.327.35 (t,J = 7.0 Hz,
1H, ArH), 7.2477.28 (t,J = 7.5 Hz, 2H, ArH), 7.137.18 (m, 1H, ArH ), 6.6866.67 (dJ = 8.2 Hz, 1H,
NHC=0), 5.46 (s, 1H, NHCC}), 4.754.78 (m, 1H, CHC=0), 3.70 (s, 3H, OQH1.58 (s, 9H, (Ch)s),
1.222.25 (t,J = 6.9 Hz, 2H, CHCHCH), 1.17 (m, 1H, CHCHCB), 0.88D0.92 (m, 6H, XCH5) ppm;**C
NMR (100 MHz, CDC}) é: 172.70, 166.43, 155.29, 147.41, 143.84, 139.88,82, 131.21, 128.69,
127.32, 126.80, 125.80, 124.06, 122.05, 56.89,/552.00, 38.28, 28.76, 25.42, 15.56, 11.66 ppm;
ESI-MSm/z 465.8 [M+HT].

4.1.13.7. (S)-Methyl 2-(4-((3-(tert-butylamino)goxalin-2-yl)oxy)benzamido)-4-methylpentanodi2y).
White solid, yield 58%, m.p. =17072C; *H NMR (400 MHz, CDC}) &: 7.807.83 (t,J = 5.8 Hz, 2H,
ArH), 7.5707.59 (dd,J, = 8.2 Hz,J,= 0.9 Hz, 1H, ArH), 7.387.40 (dd J; = 8.0 Hz,J,= 0.9 Hz, 1H, ArH),
7.3107.34 (t,J = 7.6 Hz, 1H, ArH), 7.207.24 (m, 2H, ArH), 7.127.17 (m, 1H, ArH ), 6.726.74 (d,J =

6.3 Hz, 1H, C=ONH), 5.45 (s, 1H, N=C-NH), 4782 (m, 1H, NHCHC=0), 3.69 (s, 3H, OgH1.62 (d,
J = 2.9 Hz, 1H, CHCH(CHy),), 1.55 (m, 9H, (Ch)3), 1.21 (m, 2H, CHCKCH), 0.90 (m, 6H, 2CHs) ppm;
3C NMR (100 MHz, CDGJ) §: 173.90, 166.48, 155.29, 147.43, 143.84, 139.83,84, 130.96, 128.77,
127.30, 126.78, 125.80, 124.06 , 122.00 , 52.42%51.24, 41.73, 28.76, 25.03, 22.92, 22.03 ppm;
ESI-MSm/z 465.6 [M+HT.

4.1.13.8. (S)-Methyl 2-(4-((3-(tert-butylamino)goik@lin-2-yl)oxy)benzamido)-3-phenylpropanoai2h).
White solid, yield 65%, m.p. =18283C; *H NMR (400 MHz, CDC}) &: 7.7317.76 (t,J = 6.9 Hz, 2H,
ArH), 7.597%7.61 (d,J = 8.2 Hz, 1H, ArH), 7.407.43 (dd,J;= 11.0 Hz,J, = 3.1 Hz, 1H, ArH), 7.337.37
(m, 1H, ArH), 7.1607.27 (m, 6H, ArH), 7.0Z7.09 (d,J = 6.9 Hz, 2H, ArH), 6.536.55 (d,J = 6.0 Hz, 1H,



NH-C=0), 5.425.48 (m, 1H, N=C-NH), 5.05.07 (m, 1H, NHCHC=0), 3.71 (s, 3H, OgH3.168B.27

(M, 2H, CHCeHs), 1.221.54 (m, 9H, (Ch)s) ppm; *C NMR (100 MHz, CDCJ) §: 171.04, 165.09,
154.33, 146.29, 142.80, 138.83, 134.77, 132.74,3228.27.62, 127.66, 126.30, 126.23, 125.75, 124.76
123.03, 120.95, 120.49, 52.55, 51.47, 50.96, 3@8F,1 ppm; ESI-MS m/z: 499.1 [M+H]

4.1.14. General procedure for the preparation 0fZS4-((3-substituted quinoxalin-2-yl)oxy)benzaa)id
2-substituted acetic acid3a-h).

The synthetic procedure of compoutiwas carried out according to that of compoufids-b).
4.1.14.1. (S)-2-(4-((3-(Dodecylamino)quinoxalinifeyy)benzamido)-3-phenylpropanoic  acid13a).
White crystal obtained from recrystallization (Me®HO = 3:1, v:v), yield 93%, m.p. =18841°C; 'H
NMR (400 MHz, DMSO#) &: 8.60B.61 (d,J = 6.0 Hz, 1H, O=C-NH), 7.8%.91(d,J = 7.9 Hz, 2H,
ArH), 7.68 (s, 1H, NHCH), 7.5317.55 (d,J = 7.9 Hz, 1H, ArH), 7.387.42 (m, 4H, ArH), 7.247.33 (m,
4H, ArH), 7.177.22 (dd,J; = 11.6 Hz,J, =7.2 Hz, 2H ArH), 4.56 (s, 1H, NHCHCOOH), 3508 (m,
2H, NHCH,), 1.66 (m, 2H, CBAr), 1.231.34 (m, 20H, (Ch)10), 0.84 (m, 3H, CHCH,) ppm; °*C NMR
(100 MHz, DMSO+) 6: 173.82, 166.09, 155.30, 148.46, 145.26, 140.38,8l7, 133.95, 129.55, 129.49,
128.63, 127.63, 126.75, 123.88, 122.26, 55.01,44086.87, 31.76, 29.53, 29.49, 29.28, 29.18, 27.03,
22.56, 14.40 ppm; ESI-M8Vz 595.5 [M-H]J.
4.1.14.2. (S)-2-(4-((3-(Dodecylamino)quinoxalin{fvyy)benzamido)propanoic aci@d3b). White crystal
obtained from recrystallization (MeOH;8 = 3:1, v:v), yield 89%; m.p. = 17280 °C; *H NMR (400
MHz, DMSO) §: 12.46 (s, 1H, COOH), 8.7B.73 (d, 1HJ = 6.0 Hz, CONH), 8.008.03 (d,J = 9.0 Hz,
2H, ArH), 7.6417.68 (d,J = 12 Hz, 1H, ArH ), 7.547.57 (d,J = 9.0 Hz, 1H, ArH), 7.387.46 (m, 3H, ArH),
7.1907.24 (m, 1H, ArH), 4.434.47 (m, 1H, NHCH), 3.508.52 (m, 1H, CH), 1.6721.71 (m, 3H, CHCH),
1.3511.43 (M, 22H, (Ch)11), 0.821.87 (M, 3H,CHCHs) ppm;*C NMR (100 MHz, DMSOdg) §: 175.38,
166.69, 156.08, 149.20, 146.04, 141.04, 134.70,2632.30.31, 128.39, 127.46, 126.02, 124.65, 122.96
49.39, 32.46, 30.23, 30.19, 30.15, 29.98, 29.85227.73, 23.26, 18.10, 15.12 ppm; ESI-M&: 519.6
[M-H] .
4.1.14.3. (2S,3R)-2-(4-((3-(Dodecylamino)quinoxaigl)oxy)benzamido)-3-methylpentanoic agitBc).
White crystal obtained from recrystallization (Me®HO = 3:1, v:v), yield 92%; m.p. = 18291°C; 'H
NMR (400 MHz, DMSO#dg) &: 12.17 (s, 1H, COOHE.57B.59 (d,J = 8.0 Hz, 1H, ArH), 8.028.04 (d,J
= 8.6 Hz, 2H, ArH), 7.87 (s, 1H, C=ONH), 7@847 (m, 4H, ArH), 7.287.32 (t,J = 7.5 Hz, 1H, ArH),
4.334.37 (t,J = 7.5 Hz, 1H, CHC=0), 3.63 (m, 2H, NHGH 1.98 (m, 1H, CHCHCH,CH,), 1.631.72
(m, 2H, CHCHCH,CHy), 1.231.38 (m, 20H, (CH)c), 0.94D.96 (d,J = 6.8 Hz, CHCH,CHs, 3H),
0.820.90 (m, 6H, XCH,). *C NMR (100 MHz, DMSOdy) &: 173.69, 166.57, 154.90, 149.05, 132.99,
132.00, 129.94, 129.11, 128.36, 126.94, 125.06,162%57.80, 36.11, 31.78, 29.56, 29.47, 29.29,89.0
28.52, 26.83, 25.60, 22.58, 16.16, 14.44, 11.53;HBih-MSm/z 561.5 [M-H]J.

4.1.14.4. 2-(4-((3-(tert-Butylamino)quinoxalin-2gky)benzamido)acetic acid13d). White crystal



obtained from recrystallization (MeOH;8 = 3:1, v:v), yield 86%; m.p. = 15861 °C; 'H NMR (400
MHz, DMSOg) : 8.64 (s, 1H, C=ONHC}}, 7.747.76 (d,J = 8.1 Hz, 2H, ArH), 7.337.37 (d,J = 14.6
Hz, 1H, ArH), 7.167.22 (m, 4H, ArH), 7.007.04 (m, 1H, ArH), 3.708.72 (d, J = 5.2 Hz, 2H,
NHCH,COOH), 2.26 (s, 1H, N=C-NHC(Cj#), 1.0411.33 (m, 9H, 3CHs) ppm; *C NMR (100 MHz,
DMSO-dg) &: 171.86, 166.31, 155.49, 149.10, 146.04, 139.33,.54, 131.29, 129.49, 127.98, 126.43,
125.66, 124.94, 122.03, 44.71, 28.80, 14.05 ppnxMESmM/z: 393.2 [M-H].

4.1.14.5. (S)-2-(4-((3-(tert-Butylamino)quinoxaflryl)oxy)benzamido)propanoic ac{i3e). White crystal
obtained from recrystallization (MeOH;8 = 3:1, v:v), yield 90%; m.p. = 18837 °C; 'H NMR (400
MHz, DMSO-dq) 5: 8.73 (s, 1H, NHC=0), 7.98.02 (t,J= 8.0 Hz, 2H, ArH), 7.587.60 (d,J = 8.0 Hz, 1H,
ArH), 7.4107.44 (m, 4H, ArH), 7.24 (m, 1H, ArH), 4.43 (s, 1M=C-NHC(CH)3), 3.72 (m, 1H,
NHCHCOOH), 1.58 (m, 9H, 8CH,), 1.42 (m, 3H, CHCE ppm;*C NMR (100 MHz, DMSOd,) &:
175.47, 166.53, 155.94, 149.07, 145.21, 140.42,4434.32.40, 130.22, 128.83, 127.44, 126.43, 125.05
123.08, 122.59, 51.83, 42.64, 29.96, 18.35 ppm:NEShVz 407.5 [M-H].

4.1.14.6. (2S,3R)-2-(4-((3-(tert-Butylamino)quinlix&-yl)oxy)benzamido)-3-methylpentanoic a¢isf).
White crystal obtained from recrystallization (Me®HO = 3:1, v:v), yield 80%; m.p. = 156456 °C; 'H
NMR (400 MHz, DMSOdg) &: 12.52 (s, 1H, COOH), 8.8B.39 (d,J = 8.0 Hz, 1H, NHCHCOOH),
7.99B.00 (d,J = 8.0 Hz, 2H, ArH), 7.577.59 (d,J = 8.0 Hz, 1H, ArH), 7.387.44 (m, 4H, ArH),
7.2207.26 (m, 1H, ArH), 6.60 (s, 1H, N=C-NHC(G)}J), 4.27%.30 (s, 1H, CHC=0), 1.91.96 (m, 1H,
NHCHCOOH), 1.491.58 (m, 9H, 3CHy), 1.231.32 (m, 2H, CH)), 0.800.94 (m, 6H, RCH;) ppm;**C
NMR (100 MHz, DMSOss) 8: 154.32, 148.37, 144.00, 139.64, 133.99, 132.@9,7D, 127.66, 126.69,
125.53, 122.02, 58.03, 51.41, 36.43, 28.76, 23.84/8, 13.39, 11.43 ppm; ESI-MS8z 449.4 [M-H].
4.1.14.7. (S)-2-(4-((3-(tert-Butylamino)quinoxafryl)oxy)benzamido)-4-methylpentanoic  acid.3g).
White crystal obtained from recrystallization (Me®HO = 3:1, v:v), yield 81%; m.p. = 17278°C; 'H
NMR (400 MHz, DMSOds) &: 12.44 (s, 1H, COOH), 8.5B.53 (d,J = 8.0 Hz, 1H, C=ONHCHCOOH),
7.998B.01 (d,J = 8.0 Hz, 2H, ArH), 7.577.59 (d, 1H,J = 8.0 Hz, ArH), 7.387.44 (m, 4H, ArH),
7.21077.25 (n, 1H, ArH), 6.59 (s, 1H, N=C-NHC(C#}#), 4.40 (s, 1H, CHC=0), 1.7T2.77 (m, 2H, CH),
1.441.64 (m, 9H, 3CHy), 1.2311.29 (m, 1H, CH), 0.83.93 (m, 6H, XCHs) ppm;**C NMR (100 MHz,
DMSO-dg) 6: 165.87, 155.09, 144.46, 139.65, 133.69, 131.64,36, 129.42, 127.64, 125.67, 124.31,
122.37, 52.10, 28.83, 25.10, 23.58, 21.94 ppm; SiVz: 449.4 [M-H].

4.1.14.8. (S)-2-(4-((3-(tert-Butylamino)quinoxalryl)oxy)benzamido)-3-phenylpropanoic aci3h).
White crystal obtained from recrystallization (Me®HO = 3:1, v:v), yield 84%; m.p. = 16880°C; 'H
NMR (400 MHz, DMSO#€) 5: 8.28 (s, 1H, NH), 7.877.89 (d, J = 6.5 Hz, 2H, ArH), 7.577.61 (d,J = 7.9
Hz, 1H, ArH), 7.3617.46 (m, 4H, ArH), 7.287.28 (m, 5H, ArH), 7.147.16 (d,J = 6.8 Hz, 1H, ArH), 4.49
(s, 1H, CHC=0), 3.718.72 (d,J = 8.0 Hz, 2H, CHAr), 3.08 (s, 1H, N=C-NHC(CH}5), 1.251.57 (m, 9H,
3%xCHsz) ppm;**C NMR (100 MHz, DMSOds) 5: 173.87, 165.89, 160.99, 155.23, 148.36, 144.36,65,



134.53, 133.65, 131.34, 130.21, 129.54, 129.41,6628127.70, 126.80, 125.69, 124.33, 122.44, 60.24,
52.11, 36.83, 28.80 ppm; ESI-MSz 483.1 [M-HI.

4.2. Biological protocols
4.2.1. In vitro anti-proliferative assay

The tested chemicals were dissolved in dimethydsidie (DMSO) or PBS and diluted to the desired
concentration with culture medium before using. Tled# lines were maintained in RPMI-1640 medium
supplemented with 10% (v/v) heat-inactivated fdiavine serum (FBS) and incubated at 37°C in a
humidified incubator with 5% CO Cell proliferation was determined by the MTT
(3-[4,5-dimethyl-2-thiazolyl]-2,5-diphenylt2-tetrazolium bromide) method. Briefly, cells weeeded in a
96-well plate (16 cells per well). After 4 h incubation, chemicalere subsequently added to wells to
achieve final concentration of 200, 150, 100, 54 40uM. Control wells were prepared by addition of
culture medium. Treated cells were then incubateddB h. Once completion of incubation, 1% of 0.5
mg/mL MTT solution was added to each well and irated for an additional 4 h. Formazan formed from
MTT was extracted by adding 100 pL of DMSO and mi%er another 15 min. The optical density was
measured using an enzyme-linked immunosorbent g&4d$A) reader (Model 680, BIO-RAD) at 570

nm.

The growth inhibition rate was calculated as [(©0D,)/(OD.—~0D,)]x100%. In this formula, OD
represents the OD values of the control group; @presents the OD values of the treating groupd, a
OD, represents the OD values of the zero-setting grotipree independent experiments with triplicated
samples were performed to achieve the cytotoxigli®€sand the 1§, values were calculated according to

inhibition ratios.
4.2.2. In vivo anti-metastatic experiment

Preparation of solutionTested compounds were dissolved in 0.5% CMC-Nprépare solution or
homogeneous suspension, with a final concentratio@ mg/ml. If possible, ultrasonic device can be

utilized to promote dissolution.

Experimental animal model and groupingscites was drawn from BALB/c mice bearing with
hepatocarcinoma 22 (H22) under aseptic conditiowl diluted with physiological saline at 1:4. Final
concentration of tumor cells wasx310’ cells/ml. Then 50 healthy BALB/c mice weighingCP2 g were
selected (available from Laboratory Animal Cent&nandong University), and 0.2 mL of hepatoma H22
cell suspension (& 10 cells) were inoculatedia the caudal vein of the mice. After 24h, they were

weighted and randomly divided into 7 groups, 10eticeach group (bisexual each half).

Drug dosages and methoddnimals of treatment groups were given tested paunds §b, 6g, 133,
13b, 13f and positive control Doxo) through intragastriaréwistration, while the control group (0.5%

CMC-Na as a blank) was treated with the same volafrexcipient by intragastric route, at a dose ©f 1



mg/kg/day, 6 days/week for two consecutive weeks.tke twelfth day, all the surviving mice were
weighed and sacrificed for autopsy immediately. gsyrlivers, spleen with tumor nodes were removet an
weighed. Then lungs were placed in Bouin's statipnaolution (saturated 2,4,6-trinitrophenol
solution/formaldehyde/glacial acetic acid = 15:5:@0nhe day later, the number of metastasized nodes o
lung surface was counted under a microscope. Thibifary rate (%) was calculated according to the

following formula:

Inhibitory rate (%) = {[(the average number of metastasized noafethe control group)- (the
average number of metastasized nodes of the exgpat@atngroup)] / (the average number of metastasized

nodes of control groupy 100%.
4.3. Statistical analysis

Statistical significance was determined by the &tiid t-test after one-way ANOVA, without

correction for multiple comparisons. The limit ¢étstical significance wag < 0.05.
4.4. Topo ll-mediated kDNA decatenation assay

Reaction buffer solution contains 50 mM tris(hydnaethyl)aminomethane (Tris-HCI, pH 8.0), 0.5
mM dithiothreitol (DTT), 10 mM Mgd), 2 mM ATP, and 20g/mL kDNA. Human topo l&, 0.5 units
(TopoGen, TG2000H), was added right before the reaction.datdid amount of tested compounds were
included in 20 pL of topo Il reaction buffer. Mixes were incubated for 15 min at°@7 and then stopped
by adding 3L of stop solution containing 5% of SDS and 50%ghfcerol. Electrophoresis was used to
separate the reaction products by running 1% agagelsat 50 V for 50 minutes. Ethidium bromideséai
DNA was visualized under UV light.

4.5. Molecular modeling procedure

The docking experiment was carried out based orXtheyy structure of topo o (PDB code: 1ZXM)
[45] and performed as follows: Selected compouXigl69 and13b were constructed with a Sybyl/Sketch
module and optimized using Powell Energetic Gradietthod with a Tripos force field with the
convergence criterion set at 0.05 kcal/mol-A, assigmed with Gasteiger-Hiickel method. In this alyst
structure, M§" ion and its two binding water molecules (W924, \Wp®ere retained since it was assumed
that they played important roles in molecular regtign [46], and other docking parameters impliedtie

program were kept as default.
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Highlights

e Quinoxaline peptidomimetic analogues derived from XK469 were proposed and many of them
gave improved efficacies than the prototype.

* These derivatives tend to have similar mechanism of action with XK469.

* Molecular docking studies provided visual evidences of binding modes of target compounds.

e Two compounds standed out from bioevaluation and might be promising leads for further

chemical optimization.



