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Abstract

Synthesis and biological evaluation of novel benzylidene-succinimide derivatives
as non-cytotoxic anti-angiogenic inhibitor swith anti-color ectal cancer activity in
Vivo

Kaixiu Luo; Yafeng Bad) Feifei Liu,”™ Chuanfan Xiad?, Ke Li° Conghai Zhan§,Rong
Huang? Jun Lin,*® Jihong Zhang*and Yi Jin*®
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Abstract

A novel series of benzylidene-succinimide derivegiwere synthesized, characterized and
evaluated for their cytotoxicities against HCT1a6d SW480 cancer cells and NCM460 normal
human cells. Their antiangiogenic capabilities wenaluated using a chick chorioallantoic
membrane (CAM) assay. The compouK@F-37b, was selected as the most potent antiangiogenic
inhibitor with noncytotoxicity to evaluate the phaacological effects on human umbilical vein
endothelial cells (HUVECS) and cancer céliszivo andin vitro. The results showed thaCF-37b
inhibited HT29-cell colon tumor growtim vivo, without showing cytotoxicity against the five eth
cancer cell linesn vitro. Experiments confirmed thXiCF-37b had obvious antiangiogenic activity
by HUVEC migration and invasion and rat aortic riaggiogenesi®€x vivo. Mechanism studies
showed thaiXCF-37b inhibited the AKT/mTOR and VEGFR2 signaling patlysaas evidenced
by decreased expressions of phosphor-AKT (p-AKTINTOR, p-VEGFR2 (Tyrl75), p-Src
(Tyrd416), p-FAK (Tyr925), and p-Erkl/2 (Thr202/T¥2). Moreover,XCF-37b significantly
decreased the protein expressions of matrix metalteinase-2 (MMP-2), MMP-9 and
hypoxia-inducible factord (HIF-1a). XCF-37b generally regulated angiogenic inhibition through

several regulatory pathways, without significantiferfering with colorectal cancer cell growth.
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1.

Introduction
Colorectal cancer (CRC) is ranked as one of theettmost common cancers and one of the
three leading causes of cancer-related deaths wided> Despite the developments in clinical
oncology in recent decades, CRC recurrence and athemapy resistance remain critical
problems in effectively treating patients with CREBecause approximately 50% of patients
do not respond to CRC treatment, new therapeutdicgagons are urgently needed to improve
the curative efficacy and decrease the toxicitineffective treatments in patients with CRC.
Several mechanisms have been proposed as chenpathicastrategies for treating
patients with CRC, including cytotoxic chemotheragyd targeted therapies across multiple
lines of treatment, clearance of cancer stem céllepigenetic modificatiod, and CRC
antiangiogenesi¥®: ' Tumor angiogenesis plays a crucial role in reguginvasion and
metastasi$? * Dozens of proangiogenic factors have been idedtifis potential targets for
developing angiogenic inhibitors. Reducing the espions of angiogenesis-related proteins,
such as the vascular endothelial growth factor (¥@amily proteins, has been demonstrated
to significantly suppress endothelial survival, agegnesis, differentiation, migration, and
vascular permeabilit§*® and to decrease the expressions of the metasissisiated proteins,
matrix metalloproteinase-2 (MMP-2) and MMP-9In addition, VEGF receptor and several
signaling cascades, such as Ras-MAPK, Scr-FAK, AKd-mTOR, dominate in tumor
initiation and progression and regulate essent@lular functions, including survival,
proliferation and angiogenesi.'® These pathways are also abnormal in many cancers,
including CRC? % For example, blocking AKT-mTOR overactivity hastianmor effects on
colon cancer cell¥ Moreover, hypoxia-inducible factomd(HIF-1q) is a transcriptional factor
controlling genes involved in glycolysis, angiogsise invasion, and metastasis of tumor
progressiorf> Under hypoxic conditions, the stabilized HIE#4IF-1p dimer translocates into
the nucleus to activate the transcription of tagges including VEGE" thus, regulating the
nuclear translocation of HIFel effectively inhibits tumor angiogenesis. Howevenrrent
antiangiogenic clinical medications, such as ranuncab, sorafenib, and regorafenib, still have
limitations in antiangiogenic therapies includingtatoxicity, drug resistance, reduced drug
delivery, increased hypoxia, and tumor metastasisating malignant tumors effectively with
low toxicity remains a major challenge and is utbemeeded. The original concept of
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antiangiogenesis therapy involved “tumor starvdtva reduced vascularization as the primary
mechanisnt? Therefore, to inhibit tumor angiogenesis withoubgucing cytotoxicity, novel
angiogenic inhibitors must be develogéd® Herein, we designed and synthesized a novel
series of benzylidene-succinimide derivatives, Whsfiowed obvious antiangiogenic activity
upon biological evaluation. These compounds hadmaous cytotoxicity on several cancer

cell lines and normal human colon epithelial cells.

2. Results and discussion
2.1. Compound design strategy

Michael conjugate addition is an effective methdcelaborating interactions between drugs
and receptor proteirf€3' Maleimides are excellent Michael acceptors, whigsually form
succinimide derivatives. Substances bearing a suaicle fragment have been found in many
natural products and in some candidate drigg. (1), such as moiramide B and andrimide, which
are highly specific antibiotic¥, longimide A/B, which has antitumor activity,and GNX-686,

which has antiangiogenic propertiés.

B 0]
NH
o) (0]
0]
N
Longimide A (endo olifinic maleimide, C43=C44, C1o-C13) (0] Cl
Longimide B (exo olifinic maleimide, C43-C14, C12=C43) GNX-686

Fig. 1. Representative bioactive compounds bearing amsiutde fragment

Michael addition of thiols or amines to endocyclé=C bonds of maleimides is the
site-specific drug-protein bioconjugation under giblogical conditions for several marketed drugs
(Fig. 2a, route i)>* However, this methodology has a major drawbackhat the resulting
thio-succinimidyl adducts 3 are prone to involviag exchange reaction with more active
nucleophilic substrates (e.g., cysteine residuethefproteinsin vivo; Fig. 2a, route ii)***° To
overcome the instabilities of the adducts 3, a wettvas developed to form relatively stable
36, 37

ring-opened thiol adducts via hydrolysis under &ifpee environment Kig. 2a, route iii)

However, this approach is not an ideal applicatb@cause it introduces an additional negative
4
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charge in the ring-opened products (6 and 7), wimaly make it difficult for cellular internalization
of cell-penetrating medications. Consequently, tmirg stable Michael-adduct-forming
maleimide derivatives is highly attractive to phageutical chemists. Recently, Kalia et al.
reported that exocyclic olefinic maleimides camidnighly stable thio-Michael adducts that resist
thiol exchange under physiological conditiofgg( 2b).*° Although some active molecules bearing
a benzylidene-succinimide unit show potent GPRIgénistic activity*' inhibit DDX and HIV-1
replication?? and have oral activity for treating induced acliver injury,** to our knowledge,
benzylidene-succinimide derivatives remain unreggbrin tumor antiangiogenesis applications.

44-46

Thus, after previously exploring potential angiogennhibitors, we aimed to design

benzylidene-succinimide derivatives with potentiargiogenic activity and antitumor properties
vivo. As many of the marketed antiangiogenic medicatizave a terminal amide modification (e.qg.,
sorafenib®’ regorafenitf® and sunitiniB®), we reasoned that a benzylidene-succinimide feagm

bearing a terminal amide unEki§. 2¢) would possess this pharmacological attribute.

Q more active Nu G

X

'O - C}XH n <>XH Oéz%c; O

N (@) Nu exchange
|

endocyclic unstable

olefinic maleimides . . . . P .
in a positive environment showing succinimide ring hydrolysis.

Q Q OQ-—xH
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+
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o006, o Q-
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b. R1 X‘O
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— £
oo Y 0™ S0
|
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exocyclic

X 4 stable
olefinic maleimides

This work: molecular design

g = O = (R

endo to exo olefine terminal amide modification

Fig 2.a) Conventional methodology for bioconjugation kestw a maleimide and a protein using endocyclic
olefinic maleimide. b) Kalia’s approach using exdayolefinic maleimides. ¢) Molecular design ftetcurrent

work.

2.2. Chemistry
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Scheme lillustrates the general synthetic approach for pkaene-succinimide derivatives
(h). First, 4-(arylamino)but-2-enoic acid (c) waeared using maleic anhydride and amine in
acetone or ethyl acetate solvent with a yield ofra®7%. To prevent self-polymerization of the
intermediate €), the reaction rate and temperature were contrdig slowly adding substituted
aniline in an ice bath. The intermediate (c) thaedarwent the condensation ring-closure reaction
catalyzed by triethylamine in an acetic anhydridévent to form N-substituted maleimide. To
obtain the optimum vyield in this step, we investgghthe reaction conditions at different dosage
ratios of 4-(phenylamino)but-2-enoic acid (cl), tacenhydride and triethylamine at different
temperatures. The results showed that the optimald gover 90%) could be obtained at a mixing
(molar) ratio of 1:6:0.5 at 50°C for the three drdtes. Referring to Kalia’s methd¥the catalytic
condition of 4-nitrophenole and 1,4-addition of R#hN-substituted maleimide (d) followed by the
Wittig reaction with 3-carboxybenzaldehyde (e) can obtain the
3-carboxybenzylidene-N-substituted-succinimideaffroom temperature with good yields of 75—
95%. The double bond in the products was assigmédconfiguration by NOE analysi§ig. 1S,
S1).°% % n this step, we screened the reaction effecifferént solvents and found that the reaction
yields in non-proton solvents (e.g., DCM, THF oluene) were not ideal, but in proton solvents
(e.g., EtOH or MeOH), the yields could reach ovef® Finally, the target products (g) were
prepared by a condensation reaction of intermed{@teand alkyl/arylamine. Because the
intermediate is poorly soluble (f), the effectddferent solvent combinations (e.g., DMF+DCM or
DMF+MeOH) and condensation agents (e.g., HOBT+EDCHOBT+TBTU) were investigated.
The experimental results showed that the benzydigerccinimide derivativeg) can be obtained
in medium-to-high yield (50-90%) at room temperatusing a mixed solvent (DMF:DCM=1:5)

and HOBT+TBTU (molar ratio = 1:1) as the condermmsateagent.

Scheme 1General preparation methods for 2-aryl benzoxaztdeisvatives.

CHO
(0] (@) (0] Q/e
0 °C in EtOAc OH (CHACONMO, EtN CooH
tone, 1h 3 20, El3N, _ LOOH
Ri—NH, + || o 22 \ HN~Rq | N-R P(Ph)s, EtOH, 6h, 1t
a b 0 c 0 d o)
6] O
| N-Ry HN"R; b H L N-R
HOOC EDCI, TBTU, DIPEA, DMF:DCM=1:6 ~ R;~
f o) o) g o
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2.3 In vitro cytotoxicity assay

We first synthesized twenty 3-amidobenzylidene-Msph-succinimide compound3 gble 1, g1-
020 with different amide substituents, which werelaated for cell growth cytotoxicities against
two colon cancer cell lines (HCT116 and SW480) gshre standard MTT assay, with cisplatin as
the reference control. Neither the alkyl amidg5—8) nor most aryl amides exhibited obvious
cytotoxicities against the growth of both cancell tgpes. However, when the substituents of
arylamino were 4-ethoxy aniline, 3-(methylthio)ams, or 3-ethylaniline, respectively, compounds
913 (ICso= 84.83uM and 91.45 pMy15 (ICs= 65.23 pM and 74.29 pM) am20 (ICs= 81.21uM
and 88.64 uM) showed inhibition in both HCT116 &WA480 cells.

To investigate the effect of different N-substitliteuccinimides on inhibitory activities, three
N-substituted succinimide compounds (N-p-tajd1-g24, N-butyl g25-929 and N-benzylg30-
g33 were preparedT@ble 2 g21—933. The in vitro assay results showed that most of the
compounds with these three N-substituents had goifsiant cytotoxicities. Notably, the
compounds bearing 4-ethoxy aniline or a 3-ethyla@igroup in the arylamino moietg43 g25
g31, and g32 exhibited cytotoxicities. We also prepared thedrogenated productgB84) of
compoundy24, which showed no cytotoxicity against these de#g.

Finally, we evaluated the cytotoxicities of the tasized compounds on the NCM460 cell line
(normal human colon epithelial cells). No compoustewed cytotoxicities against this cell line,
confirming the feasibility of designing the benzg@ne-succinimide derivatives as noncytotoxic

antiangiogenic inhibitors.



184  Table 1.Cytotoxic effectsn vitro of synthesized compoundg-g20.

in vitro anti-proliferative effects (I, pv)?

Cpd Structure HCT116 SW480 NCM460

Control Cisplatin (DDP) 5.59+0.23 10.02+0.37 17.039

A i

o HMN@ >100 >100 >100
o
D

g2 H/H\Q/\i:{\l@ >100 >100 >100
o
AeB SUE

o3 HJ\Q/\QN’@ >100 >100 >100
o)
MeO\Q o 0

g4 HMN@ >100 >100 >100
o
0 o}

95 Ol)k@/\ii{\k@ >100 >100 >100
0
0 o)

96 (\ N o N@ >100 >100 >100

o)

0
0 0

o7 @/\HMN@ >100 >100 >100
0
0 0

g8 Q/\”J\Q/\i?\k@ >100 >100 >100
0
C'\@\ 0 0

99 H/u\@/\ﬁi{\"@ >100 >100 >100
o
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>100

>100
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84.83:3.65

>100

65.23+1.85

>100

>100

>100

>100

81.21+2.75

>100

>100

>100

91.452.18

>100

74.29+0.87

>100

>100

>100

>100

88.64+1.82

>100

>100

>100

>100

>100

>100

>100

>100

>100

>100

>100




185  ?1Cs values are presented as the mean values of atheas independent experiments.
186

187  Table 2.Cytotoxic effectsn vitro of synthesized compound21-g33

in vitro anti-proliferative effects (g, pum)?

Cpd Structure HCT116 SW480 NCM460
Contral Cisplatin (DDP) 5.310.28 9.54:0.17  14.37D
S {
X
921 F HMN/O/ >100 96.85:3.57 >100
0
g22 NJ\Q/\QN/O/ >100 >100 >100
o
\/©\ i i
923 H)J\Q/\ii{\k@/ 41534273  65.34+3.68 >100
o
MeO
o
g24 \©\ 2
N = N@/ >100 92.98+4.62 >100
(XCF-37h)
o)
925 H/U\Q/\ﬁi{\‘ 75.32+3.94  83.25:2.73 >100
o
RQES L~
926 H/H\Q/\i?\l >100 >100 >100
0
oSO e
927 HJ\Q/\QN >100 >100 >100
o
/@\ o) 1) ¢/_/—
928 F HMN >100 >100 >100
0
o 0 //I
929 AN N NN >100 >100 >100
o
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AN
930 N\ﬂMN’ \< 95.05+4.27 >100 >100
\/©\ i i
AN
g31 ,’I{MN’? 80.60:2.69  91.48:4.18 >100
\/O\©\ o
932 ﬁj\©/\d§N’\< 41704174 73.21#3.27 >100
O]
933 HMN >100 >100 >100
934 HMN@/ >100 >100 >100

% ICso values are presented as the mean values of atheas independent experiments.

®The compound was prepared by double-bond hydroigenatXCF-37b (see experimental section).

2.4 Antiangiogenesis screening via chick chorioallantoic membrane (CAM) assay

The CAM assay, an inexpensive, reliable, simple, @mnvenient biological method, was selected
to initially evaluate the synthesized compounds tieeir angiogenic inhibitory effects. First,
compoundsgl—-g20 were screened to study the extent of new bloodelermation, which
represents the antiangiogenic strengiig. 3a shows the inhibitory effects compared with normal
saline (the blank control) and sunitinib (the p@sitcontrol). The antiangiogenic activities of the
compounds were semiquantitatively analyzed usingpfad Prism 5.0F(g. 3b). The results
showed that the five compound4-g9 exhibited some antiangiogenic activities, but namege as
active as the positive control. Subsequently, tremoundgy21-g34 were screened using the CAM
assay [Fig. 4a) The results showed thg24 (XCF-37b) andg29 exhibited the same antiangiogenic
activities as sunitinib. Exposure §CF-37b drastically impaired neovascularization with the
absence of vascular networkBig. 4b). Quantitative analysis revealed that 20 nrK@F-37b
reduced the number of blood vessels by 96.4% caedpaiith the saline control. These results
confirmed the antiangiogenic potential ¥€CF-37b through anex vivo assay. Ann vivo mouse

11
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212

Matrigel plug model of angiogenesis was compareth whe control. VEGF-supplemented
Matrigels appeared red, indicating the formatioradtinctional vasculature inside them; however,
with XCF-37b treatment, the red color in the Matrigels dimieidhfFig. 49. Intriguingly, the

hydrogenated produag34 of XCF-37b showed moderate antiangiogenic activity. This ltesu

implied that the double bond of benzylidene-sucuide contributed to antiangiogenic effect.

Control Sunitinib

gll gl2 gl3 gla g15

121
10-
08
0.6 -
041

0.2 4

Relative of vascular area points

0.0

58RO TNNIVONRDQ drugs
DD O- ™ = ™ = = = — — —
R R R R R R R R R

saline
sunitinib

Fig. 3.a) Effect of compoundgl-g16 on CAM blood vessel growth (10 nM/eggs). b) Quadtion of the effect

of compoundg1-g200n tube formation shown in the bar graph. The bacsv the mean + SD (n=3) values.
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S

@ S
uw
o
x

drugs

control contro+VEGF 40mg/kgsunitinib

20mg/kgXCF37b 40mg/kgXCF37b 60mg/kgXCF37b

Fig. 4. a) Effect of compoundg21—g34 on CAM blood vessel growth (10 nM/eggs). b) Quadtion of the
effect of compoundg21-g34 on tube formation shown in the bar graph. The bamv the mean + SD (n=3). ¢)
In vivo angiogenesis assay, Matrigel alone or with VEGkcted concentrations of compounds were injected
into the flanks of Balb/c nude mice, and 15 dayerJahe mice were sacrificed, and the Matrigelgpluvere

removed, weighed and photographed.

2.5 XCF-37binhibited HUVEC and other cancer cell proliferation
13
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Suppression of HUVEC growth and proliferation isot@ner critical aspect of angiogenesis. To
assess the antiangiogenic activity XX€F-37b in vitro, the inhibitory effects on VEGF-induced
endothelial cell proliferation were evaluated usamgMTT assay. VEGF plays an important role in
neoangiogenesis in endothelial céfls.XCF-37b inhibited HUVEC cell proliferation
concentration-dependently. MoreoverXCF-37b  significantly inhibited VEGF-induced
proliferation of HUVECs with an 165 value of 8.56uM compared with those without VEGF
stimulation (1Go = 26.58uM; Table 3).

To determine whetheXCF-37b possesses any cytotoxicity against other humacecamell lines, a
growth inhibition assay was performed, and the lteshowed IG, values >10QuM in HCT116,
Sw480, HT29, PC-3 and HepG2 cellable 3).

Table 3.1n vitro antiproliferative effects of compountCF-37b.?

Compound HUVEC  HUVEC+VEGF HCT116 SW480 HT29 PC-3 pBe

Sunitinib  6.46+0.23 3.63+0.24 NT NT NT NT NT
DDP NT NT 7.062+1.786 9.338+£1.544 7.23#0.155 6.04+0.58679+0.226

XCF-37b  26.58+2.17 8.56+2.0 >100 92.985+0.325 >100 >100 010

#1Csp values are presented as the mean values frorasdtthree independent experiments.

2.6 XCF-37bsuppressed HUVEC migration and invasion

Endothelial cell migration and invasion are keyrggen angiogenesis. To investigate the effect
of XCF-37b in endothelial cell migration, a wound healing maigpn assay was performed.
HUVEC cells were wounded with tips, followed by ZH starvation, then treated wCF-37b (1
uM and 2.5uM) for 6, 12, and 24 h. The control cells nearlyngdetely migrated to fill the initial
clear area after 24 h, whilCF-37b treatment significantly reduced VEGF-induced HUVE€I|
migration both dose- and time-dependergtigure 5b). XCF-37b (2.5 uM) suppressed HUVEC
migration by 30%, 50% and 60% at 6, 12, and 24ebpectively, compared with the control.
Similarly, XCF-37b also induced dose-dependent suppression of thePMR@uced invasion of
HUVEC cells Figure 5a). XCF-37b treatment at .uM, 5 uM, 10 uM and 20uM suppressed
HUVEC cell invasion by 20%, 40%, 50% and 70%, resigely. This study demonstrated that

XCF-37b suppressed angiogenesis by inhibiting endothedihimigration and invasion.

14
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Fig. 5 XCF-37binhibited HUVEC proliferation, migration, and irsian.

At the later stage of angiogenesis, endothelials cetarrange themselves into tubes to form
capillaries. To further determine the antiangiogewiffects of XCF-37b on VEGF-induced
endothelial cell capillary-like structure formatiacm two-dimensional Matrigel tube formation assay
was applied. HUVECs seeded on the Matrigel surbsmame elongated and formed capillary-like
structures, and VEGF significantly enhanced theilleaplike network. However,XCF-37b
concentration-dependently abrogated the capillie/shietwork formation. We observed thaui¥,
2.5uM and 5uM of XCF-37b treatment inhibited HUVEC capillary tube formatiby 30%, 73%,
and 80%, respectively, after 6 h compared with\tB&F control. We investigated the effects of
XCF-37b on microvessel sprouting from vascular tissuesgusinex vivo rat aortic ring assay.
Microvessels emerging from cultured rat aorta erdbddn the Matrigel mimicked several stages
of angiogenesis, including endothelial proliferatianigration and tube formation. ASig. 6a

shows VEGF significantly initiated microvessel sprogirand formed a complex microvessel
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network around the aortic rings. However, treatmeith XCF-37b at 1uM, 5 uM, 10 uM, or 20
uM dramatically dose-dependently suppressed capifiprouting, with 95% inhibition observed at
20 uM, suggesting thakCF-37b suppresses VEGF-induced angiogenexivivo. In addition,
XCF-37b at 1-5uM alone had no obvious cytotoxicity on HUVECs afitezubation with cells for
48 h. The results implied that the inhibition of @E-induced formation in the cells was not due to
cytotoxicity (Fig. 6b).

Formation of the VEGF-induced elongated and robuts¢-like structures in the HUVEC cells was

concentration-dependently abrogatedXdsyf-37b.
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Fig. 6 XCF-37b inhibited ex vivo andin vivo angiogenesis. a) In the rat aortic ring assayaodic ring sections
were embedded in Matrigel and cultured in the &M medium. After 1 day of starvation, treatmentsrev
started and continued with the indicated compowmtentrations every 3 days for 7 days. On day @géas were
taken using inverse microscopy. b) Using a tubet&dion assay, HUVECs suspended in M200 medium Gt

FBS were seeded in solidified Matrigel and incubatéth test compounds for 6 h. The cells were tingamged.
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2.7 Apoptotic effect of XCF-37b on HUVEC and cancer cells

To further determine whether the cytotoxic effechswattributable to the decreasing HUVEC
viability, annexin-V/PI1 analysis was performed &tett apoptosis in VEGF-stimulated HUVECS in
the presence oACF-37b. Cells were treated with increasing concentrat@insCF-37b (1 uM, 5
uM, 10 uM, and 20uM). As Fig. 7 shows XCF-37b did not significantly alter the VEGF effects on
the percentage of apoptotic cells. We also detetted apoptotic protein marker PARP and
caspase-3 afteKCF-37b treatment using Western blot. No PARP or caspask&vage was
observed with increasing concentrations XICF-37b, suggesting thatXCF-37b exerts
antiproliferative activity without causing cytotaxeffects in HUVECs.

No apoptosis was observed after different conceatrs of XCF-37b treatment (uM, 5 uM, 10
uM, and 20uM) for 24 h. HT29 cells showed no apoptosis akK&@F-37b (5 uM) exposure at 24,
48, and 72 h. Moreover, we observed no PARP orassf cleavage in the HT29 c€lsg. 8).

No prominent apoptosis was observed ai&F-37b treatment in HUVEC or HT29 cells,
indicating that theXCF-37b-induced inhibitions of cell proliferation, migrah, and invasion were

not cytotoxicity-related.
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Fig. 7 Apoptosis ofXCF-37b in HUVEC cells
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Fig. 8 Apoptosis ofXCF-37b in HT29 cells
2.8 XCF-37battenuated the VEGFR2 signaling pathway in HUVEC cells
VEGFR?2 signaling is essential to vascular endaghekll function. VEGFR2 binds with VEGF to
phosphorylate VEGFR2, which then activates varidos/nstream signaling cascades, such as
MAPK/ERK, which is responsible for endothelial cefligration, proliferation, and survival. To
understand the molecular mechanisms XXF-37b-mediated antiangiogenic properties, we
examined the pathways and signaling cascades Mgasgern blot. Ad=ig. 9a shows,XCF-37b
concentration-dependently suppressed VEGFR2 phoggplion in VEGF-stimulated HUVECSs.
Dramatic downregulations of phospho-FAK (Tyr925)hoppho-Src (Tyr416) phospho-AKT
(Ser473) and phospho-ERK (Thr202/Tyr204), phosphaf3 (Tyr705), which are downstream
targets of VEGFR2, were observed with 1, 5 and WD qi XCF-37b treatment. However, total
FAK, Src, AKT, and ERK STAT3 remained unchang@elg. 9a) The results revealed that
XCF-37b inhibited angiogenesis by directly targeting VE&Hnulated VEGFR2 activation in
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endothelial cells and further suppressed VEGFR-@ndtream signaling pathways. AKT is a
serine/threonine kinase that plays an importarg molcell growth, proliferation, migration, protein
synthesis, and angiogenesis. Activation of the AKTOR/p70S6K pathway is required for
endothelial cell proliferation and migration. Nexte examined expression of the AKT-mTOR
signaling pathway afteXCF-37b exposure and found that p-mTOR (Ser 2448) leveleweduced
together with p-AKT.XCF-37b dose-dependently decreased the levels P70S6K §Fhri
endothelial cells(Fig. 9b). These results showed thXCF-37b may inhibit endothelial cell
proliferation by downregulating the AKT/mTOR/p70S@Kthway.

These studies demonstrated tK&t--37b is a potent inhibitor of tumor angiogenesisitro andex
vivo. XCF-37b inhibited VEGFR2 activation, thereby suppressihg AKT and ERK-mediated

angiogenic signaling pathways.
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Fig. 9 XCF-37b inhibited VEGFR2 signaling pathways in HUVEC cell$ie cells were starved overnight, then
pretreated with the indicated concentrationX6f-37b (1, 5, 10, and 20 uM) for 1.5 h, followed by trdelion
of VEGF (50 ng/mL) for another 30 min. Cell pellgtsre collected for immunoblotting. a) EffectXCF-37b on
VEGFR-2, Src, FAK, Erkl/1, and STAT3. b) Effect XCF-37b on mTOR, AKT, and p70S6K. c, d, and e)

Quantitative evaluation of enzymatic activitieseaXCF-37b treatment on gelatin zymography.

2.9 XCF-37bblocked the AKT/mTOR/P70S6K pathway in HT 29 cells

AKT, mTOR, and STAT3 phosphorylation was signifitgndose-dependently reduced in HT29
cancer cellsKig. 109.

HIF-1a, a transcription factor, is consistently overesgesl in various cancer cells and is closely
correlated with angiogenesis, tumor growth and sta&s®. VEGF is an HIF-1-responsive gene.
HIF-1a binds to the hypoxia-responsive element of the ¥EBomoter and activates VEGF gene
expression at the transcriptional |&/eNMEGF and its family members are essential fouaiag
tumor angiogenesis, and aberrant expression of VEGE& key regulator in hypoxia-induced
angiogeness. Our study showed that inhibiting HIF activity texd tumor growth. HIF<l and
VEGF were dramatically decreased when concentratependently treated witiKCF-37b in
HT29 cancer cellsHig. 10b). HIF-1 is a key regulator of VEGF expression, gesjing that
XCF-37b decreased VEGF expression via blocking the HIFathway. Additional RT-PCR
analyses showed tha&CF-37b did not reduce the VEGF mRNA levels; however, Hi&-1la
MRNA level was reduced concentration-dependently.

Cancer cells secrete various angiogenic factors ¢hange the adjacent endothelial cells and
promote tumor angiogenesis, leading to tumor groad progressiof >. MMPs (especially
MMP-2/9) degrade the extracellular matrix and arécal for cancer cell movemenXCF-37b
treatment dose-dependently decreased the MMP-9MI&-2 expressionsHg. 109. Gelatin
zymography examination revealed tX&F-37b treatment significantly reduced the secreted MMP
2/9 activity.

The data indicated tha¢CF-37b showed distinct antiangiogenic activity againshdu migration

by downregulating MMP-9, MMP-2 activity, and the @E/HIF-1a signaling pathway.
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Fig. 10 XCF-37b inhibited VEGFR2 signaling pathways in HT29 ce#$.Effect ofXCF-37b on AKT-mTOR
signaling, HT29 cells were treated with the indéchtoncentrations &{CF-37b for 24 h, and cell lysates were
subjected to immunoblotting. b) Effect ®iCF-37b on HIFw, VEGF and MMP-9. c) Effect of MMP-9 and
MMP-2. d, e) Quantitative evaluation of MMP-9, VEGIhd HIF-Ii enzymatic activities afteXCF-37b

treatment on gelatin zymography.

2.10In vitro kinase screening for XCF-37b

To investigate the potential protein target for thest activeXCF-37b compound,XCF-37b’s
kinase inhibitory profile was tested at 10 uM owempanel of 28 oncogenic kinases at Kebai
Biotechnology Co., Ltd. (Nanjing, Jiangsu, Chiffakig. 11 shows thaXCF-37b displayed good
inhibitory activity (above 90%) against two kinasd&GFR-2 (95.4%) and mTOR (93.8%).
Moreover, it exerted moderate inhibitory activity0£70%) towards AKT1, ERK1, ERK2 and

P70S6K and modest activity against some other &sasth an inhibition percentage of <40%.
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362
363  Fig. 11Inhibition percentages of compouR&F-37b over 28 oncogenic kinases at 10 M. Data are r(ie8D)

364 for three independent experiments.

365

366  2.11 XCF-37binhibited tumor growth and angiogenesisin xenograft murine models

367 To elucidate the antitumor effects ¥€CF-37b in vivo, HT29 colon xenograft murine models were
368 used.XCF-37b was administered o.p. every other day for 3 wedle results showed that
369 XCF-37b suppressed HT29 subcutaneous tumor grokith (L1). The relative tumor volume in the
370 XCF-37b group (60 mg/kg) was reduced by 53.5I%CF-37b treatment did not significantly
371  decrease the mouse body weight compared with th#teocontrol. We further investigated the
372 angiogenic effect in the tumor via staining witle t6D31 endothelial markexCF-37b treatment
373  markedly reduced the development of newly developsels in the tumor&ig. 12). The mean
374  vessel density in tumors treated WKEF-37b was reduced to 5%, which is similar to the effafct
375  sunitinib. H&E staining showed that tumors exhibitarge areas of late apoptotic and necrotic cells
376  after XCF-37b treatment. Consistent with tle vitro results, the p-mTOR levels were reduced in
377  the tumors afteKCF-37b treatment. In addition{CF-37b treatment reduced cell proliferation in
378  tumors as shown by Ki-67 stainingCF-37b treatment caused an apoptotic effect in tumortghen
379 TUNEL assay. The results implied tha€CF-37b suppressed tumorigenesis by targeting
380 angiogenesis.
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381

382  Fig. 12 XCF-37binhibited tumor growth and neoangiogenesis in HT@®n xenografts. dh vivo tumor growth
383  inhibition and body weight. b) Immunohistologicabsassments of H&E, CD-31, Ki-67, p-mTOR, and
384  quantitative analysis; and c) Apoptotic effecX@F-37b treatment in tumors via TUNEL assay

385

386 2.12Molecular docking study

387 To rationalize the observed VEGFR-2 and mTOR kinak#bitor activity from a three-dimensional
388  (3D) structural perspectiv&{CF-37b was docked in the kinase domain using the GoldCmok
389 module of Discovery Studio 3.%ig. 13 illustrates the 3D-interaction model XCF-37b with
390 VEGFR-2 and mTOR, while SupplementaRygs. 2S and 3S show the corresponding 2D
391 interaction model. The docking model demonstraked XCF-37b was located deep inside the
392 extended hydrophobic pocket formed by the DFG oomfarmation of VEGFR-2 and the
393  ATP-binding site of mTOR. The binding energies gsithe protocol (MM-PBSA-BINDING
394 ENERGY) of XCF-37b inside VEGFR-2 and mTOR were -25.37 kJ/mol and.730kJ/mol,
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respectively. In VEGFR-2, two hydrogen-bonding ratdions were observed: in the hinge region
of the kinase, the amide oxygen of the benzamidetéi-bonded to residue Lys868, and in the
adenine region, the amide oxygen of the succinimadfold formed H-bonds with residue Cys919.
Additionally, the N-phenyl ring of the succinimideas Hsn stacked with residue Leu840, which
enhanced the binding interaction to VEGFR-2 kind$e para-methoxy of the benzamide moiety
extended to a narrow hydrophobic subpocket of thestaric site of VEGFR-2, which was
embraced by residues Leul019, Aspl046, and Leu8B9mTOR, two hydrogen-bonding
interactions were observed: the amide oxygen of ibezamide moiety H-bonded to residue
Val2240, and the amide oxygen of the succinimiddfeld formed H-bonds with residue Asp2357.
Intriguingly, three Hr and oner-n interaction occurred betweetCF-37b and mTOR kinase, in
which N-phenyl rings of the succinimide stackedhwiAsp2357, a double bond stacked with
Tyr2225, and the para-methoxy of the benzamide ty@tacked with Trp2239. These results
indicated that compoundCF-37b is a dual inhibitor of VEGFR-2 and mTOR kinases.

}

LEU-840

GLU-2190

/ ASP-2357

Fig. 13Putative binding modes of compouK@F-37b in kinases were predicted by molecular modelinge 3D

CYs-919

images were prepared with Accelrys Discovery Studial the dashed lines illustrate atom pairs wiktyidrogen

bonds; a) Binding mode ®CF-37b in VEGFR-2 kinase; b) Binding mode XCF-37b in mTOR kinase.

3. Conclusions

In summary, a new class of benzylidene-succinintieievatives was prepared and tested by
24
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assessing its potential to inhibit angiogenesise Thological evaluation identified several
structurally distinct antiangiogenic inhibitors theaused no cytotoxic effects in HUVECs or
HCT116, SW480 and NCM460 cancer cells. Among theeseeompoundsXCF-37b suppressed
HUVEC migration and invasion and rat aortic ringgegenesisx vivo, possibly by suppressing
angiogenesis-associated factoMCF-37b inhibited HT29 colon tumor growthn vivo. This
compound inhibited the AKT/mTOR and VEGFR2 signglpathway, as evidenced by decreased
expressions of phosphor-AKT (p-AKT), p-mTOR, p-VB&E (Tyrl75), p-Src (Tyr416), p-FAK
(Tyr925), and p-Erk1/2 (Thr202/Tyr204). MoreovCF-37b significantly decreased the protein
expressions of MMP-2, MMP-9 and HIf:1These results will help further optimize and depe

new medication candidates for clinical studies@gehangiogenic inhibitors.

4. Experimental
4.1 Chemistry

All chemicals and reagents were of commercial graid used without further purification.
The reactions were monitored by thin-layer chromephy (TLC) using silica gel GE&. Column
chromatography was performed with 200—300 mesbasdel. All yields refer to isolated products
after purification. The intermediates and the priglusynthesized were fully characterized by
spectroscopic data. The nuclear magnetic reson@d®) spectra were recorded with a Bruker
DRX-500 NMR spectrometef: 500 MHz,**C: 125 MHz) using CDGlor DMSO+ as solvents.
Chemical shiftsd) are expressed in parts per million (ppm), andldes are given in hertz (Hz). IR
spectra were recorded with a Fourier transformaneid (FT-IR) Thermo Nicolet Avatar 360
spectroscope using a KBr pellet. High-resolutiorssnapectrometry (HRMS) was performed by
liquid chromatography/mass selective detector tofgight (LC/MSD TOF) using an Agilent
instrument. The melting points were measured uaimgXT-4A melting point apparatus without

correction.

4.1.1 Synthesis of N-substituted phenyl maleimide

Maleic anhydride (0.05 mol) was dissolved in 0.2 eityl acetate and stirred in an ice bath.
After the maleic anhydride completely dissolved)50mol substituted aniline (compounaswas
added to 0.2 mol ethyl acetate solution. The yelsmd was slowly precipitated in the reaction.
After stirring for 1 h in an ice bath, the resutt@olution was filtered and washed. N-substituted

phenyl maleamic acid was obtained with a yield 09@%. Next, 0.05 mol maleamic acid was
25
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dissolved in 0.2 mol acetic anhydride while addn@25 mol of triethylamine. The solution was
heated and stirred in an oil bath at 55-65°C fdrolir. When the reaction cooled, the resultant
solution was added to isovolumetric deionized watsd left to stand overnight. The precipitated
yellow solid was filtered and washed. N-substitydbeényl maleimide was obtained with a yield of

over 88%.

4.1.2 Synthesis of N-butyl maleimide and N-benzyl maleimide

Maleic anhydride (60 g; 0.61 mol) and 90 mL acetaeee mixed in a 500-mL four-port bottle.
A mixture of butylamine 57 mL (0.58 mol) or benzylme 64 mL (0.58 mol) in acetone 90 mL was
then added slowly into the solution under nitrogenconditions and rapidly agitated. After the
titration was complete, the reaction was stirred1fdr. Next, 85 mL of acetic anhydride, 36 mL of
triethylamine, and 1.8 mL of 1:6 nickel sulfate aqus solution were added to the reaction system.
The reaction temperature was raised to 70°C, amdeftux reaction lasted 4 hours. After cooling to
room temperature, the reactants were washed tonee#mal using water, saturated,8&; solution

and water again. After drying and distillation, fr@duct yield was over 88%.

4.1.3 General procedure for synthesizing N-substituted benzylidene pyrrolidine dione derivatives
(compoundsf)

N-substituted maleimide (0.014 mol; compouidwas dissolved in 40 mL alcohol and stirred.
After N-substituted maleimide was completely digsdl, 0.012 mol triphenylphosphine was added
to the reaction for 4-5 minutes. Next, 3-carboxyadtehyde (0.01 mol) was added rapidly and
stirred at room temperature for 6 hours. Whitedsolivere precipitated, filtered and washed. The

product was obtained, and the yield was over 90%.

4.1.4 General procedure for synthesizing benzylidene-succinimide derivatives (compounds
91-g33

N-substituted benzylidene pyrrolidine dione (0.5)m0.6 mmol TBTU, and 0.6 mmol EDCI were
dissolved in 2 mL DCM and 0.75 mmol DIEA mixturdwgen and stirred for 30 minutes. Next, 0.5
mol of amine or methylamino acid in DCM (8 mL) sidun was slowly added to the solution and
stirred at room temperature for 4-10 hours withTth€ monitoring reaction. After the reaction was
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complete, the resultant solution was washed withtelihydrochloric acid and saturated sodium
bicarbonate solution, then dried with anhydrous iwod sulfate, followed by column
chromatography separation. The target product viesireed by crystallization. The yield ranged
from 72-90%.

4.1.5 Spectral data of compounds g1-g33

General structure for g1-g33

3-((2,5-Dioxo-1-phenylpyrrolidin-3-ylidene)methyl)N-phenylbenzamide (g1)

Yellow solid; M.p. 231-232C; *H NMR (500 MHz, DMSOss) § = 10.38 (s, 1H, HN), 8.23 (s, 1H,
HAr,), 8.03 (d,J = 8.1 Hz, 1H, HA4), 7.94 (dJ = 7.8 Hz, 1H, HAs), 7.82 (dJ = 7.2 Hz, 2H, HAT),
7.73 — 7.63 (m, 2H, HAr and C=CH), 7.54Jt 7.6 Hz, 2H, HAr), 7.46 (t) = 7.4 Hz, 1H, HAr),
7.43 — 7.34 (m, 4H, HAr), 7.14 3,= 7.4 Hz, 1H, HAr), 3.98 (d] = 2.4 Hz, 2H, CH). *C NMR
(126 MHz, DMSOe¢) 6 = 173.77, 170.22, 165.41, 139.42, 136.16, 134183,28, 132.95, 132.24,
129.75, 129.62, 129.40, 129.21, 129.05, 128.66,5027126.76, 124.23, 120.84, 34.43RMS
(TOF EST): m/z calcd for G4H1gN,Oz[M+Na]”, 405.1210, found, 405.1211.

3-((2,5-Dioxo-1-phenylpyrrolidin-3-ylidene)methyl)-N-(4-fluorophenyl)benzamide (g2)

Yellow solid; M.p. 235-236C; *H NMR (500 MHz, DMSOsdg) ¢ = 10.43 (s, 1H, HN), 8.22 (d,=

2.1 Hz, 1H, HAg), 8.03 (d,J = 7.7 Hz, 1H, HA¥), 7.93 (dJ = 7.8 Hz, 1H, HA), 7.87 — 7.79 (m,
2H, HAr), 7.72 — 7.64 (m, 2H, HAr and C=CH), 7.34)= 7.6 Hz, 2H, HAr), 7.49 — 7.43 (m, 1H,
HAr), 7.40 (ddJ = 7.8, 1.6 Hz, 2H, HAr), 7.28 — 7.18 (m, 2H, HAB)98 (d,J = 2.4 Hz, 2H, CH);

3C NMR (125 MHz, DMSOd6): 6 = 173.72, 170.17, 165.32, 159.76, 157.85, 135138, 76,
134.63, 133.29, 132.23, 129.70, 129.62, 129.35,1829.28.64, 127.47, 126.77, 122.74, 122.68,
115.69, 115.52, 34.44RMS (TOF EST): m/z calcd for GsH1;FN,O3[M+Na]*, 423.1115, found,
423.1115.

3-((2,5-Dioxo-1-phenylpyrrolidin-3-ylidene)methyl)N-p-tolylbenzamide (g3)
Yellow solid; M.p. 231-232C; *H NMR (500 MHz, DMSOds) 5 = 10.29 (s, 1H, HN), 8.21 (s, 1H,
HAr,), 8.02 (dJ = 8.1 Hz, 1H, HAy), 7.92 (dJ = 8.2 Hz, 1H, HA$), 7.70 — 7.65 (m, , 4H, HAp

and C=CH), 7.54 () = 7.7 Hz, 2H, HAs), 7.46 (t,J = 7.4 Hz, 1H, HAs), 7.40 (d,J = 8.1 Hz, 2H,
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HAr1), 7.19 (d,J = 8.2 Hz, 2H, HAY), 3.97 (d,J = 2.4 Hz, 2H, Ch), 2.30 (s, 3H, Ch); °C NMR
(126 MHz, DMSOs¢) 6 = 173.77, 170.21, 165.17, 136.87, 136.20, 134L88,21, 132.94, 132.24,
129.68, 129.60, 129.43, 129.35, 129.21, 128.66,4P27126.72, 120.86, 34.44, 20.89RMS
(TOF EST): m/z calcd for GsHoN,O3 [M+Na]*, 419.1366, found, 419.1366.

3-((2,5-Dioxo-1-phenylpyrrolidin-3-ylidene)methyl)-N-(4-methoxyphenyl)benzamide (g4)

Yellow solid; M.p. 231-232C; *H NMR (500 MHz, DMSOd) 5 = 10.16 (s, 1H, HN), 8.13 (s, 1H,
HAr,), 7.93 (d,J = 7.7 Hz, 1H, HAs), 7.83 (d,J = 7.8 Hz, 1H, HA), 7.63 (d,J = 8.9 Hz, 2H,
HAry), 7.59 — 7.56 (m, 2H, HArand C=CH), 7.45 (t) = 7.5 Hz, 2H, HA), 7.38 (d,J = 7.8 Hz,
1H, HAr3), 7.31 (d,J = 7.6 Hz, 2H, HA), 6.88 (d,J = 9.0 Hz, 2H, HAy), 3.89 (d,J = 2.5 Hz, 2H,
CHy), 3.68 (s, 3H, OCH; *C NMR (126 MHz, DMSOsdg) 6 = 174.24, 170.69, 165.43, 156.58,
136.70, 135.07, 133.63, 133.45, 132.94, 132.77,083.29.80, 129.70, 129.14, 127.98, 127.19,
122.97, 114.67, 56.07, 34.99RMS (TOF ESI): m/z calcd for GsH2oN>O4 [M+Na]”, 435.1315,
found, 435.1317.

1-phenyl-3-(3-(pyrrolidine-1-carbonyl)benzylidene)yrrolidine-2,5-dione (g5)

Yellow solid; M.p. 210-212C; *H NMR (500 MHz, Chloroformd) 6 = 7.66 (t,J = 2.5 Hz, 1H,
HAr,), 7.61 (s, 1H, HA®), 7.51 (t,J = 7.1 Hz, 2H, HAr), 7.48 — 7.39 (m, 3H, HAr, C=GH)35 (d,
J=7.6 Hz, 1H, HAr), 7.31 (dd| = 8.4, 1.3 Hz, 2H, HAr), 3.71 (d,= 2.4 Hz, 2H, COC}), 3.60 (t,
J=17.0 Hz, 2H, NCH), 3.37 (tJ = 6.6 Hz, 2H, NCH), 1.99 — 1.89 (m, 2H, CHCH,,), 1.85 (g,J =

6.5 Hz, 2H, CH,CHy); °C NMR (126 MHz, Chloroformd) ¢ = 173.16, 170.19, 168.99, 138.71,
134.89, 134.59, 132.33, 131.81, 129.57, 129.23,062926.83, 124.51, 50.07, 46.74, 34.66, 26.85,
24.83;HRMS (TOF ESI): m/z calcd for G;H»oN2Os [M+Na]”, 383.1366, found, 383.1367.

3-(3-(morpholine-4-carbonyl)benzylidene)-1-phenylpgrolidine-2,5-dione (g6)

Yellow solid; M.p. 218-220C; *H NMR (500 MHz, Chloroformd) 6 = 7.65 (s, 1H, HAY), 7.56 —
7.48 (m, 2H, HAr), 7.47 — 7.38 (m, 4H, HAr and C=SCHA.34 (t,J = 7.4 Hz, 1H, HAr), 7.30 (d] =

7.9 Hz, 2H, HAr), 3.69 (dJ = 2.6 Hz, 2H, COCHh), 1.21 (ddd,J = 14.6, 9.3, 5.5 Hz, 4H,
CH,OCH,), 0.81 (qdJ = 11.8, 9.6, 4.0 Hz, 4H, GNCH,); *C NMR (126 MHz, Chloroforrd) &

= 172.53, 169.60, 169.25, 136.41, 134.54, 134.82,1B, 129.38, 129.09, 128.72, 128.57, 126.33,
124.47, 66.78, 34.134RMS (TOF EST): m/z calcd for GH,oN,O4 [M+Na]*, 399.1315, found,
399.1317.
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N-Benzyl-3-((2,5-dioxo-1-phenylpyrrolidin-3-ylidengmethyl)benzamide (g7)

Yellow solid; M.p. 231-232C; 'H NMR (500 MHz, DMSO#dg) § = 9.20 (t,J = 6.0 Hz, 1H, HN),
8.17 (s, 1H, HA), 7.99 (d,J = 8.0 Hz, 1H, HAg), 7.89 (d,J = 8.1 Hz, 1H, HAg), 7.64 — 7.61 (m,
2H, HAr and C=CH), 7.54 (f] = 7.7 Hz, 2H, HAr), 7.46 (d] = 7.5 Hz, 1H, HAr), 7.41 — 7.34 (m,
6H, HAr), 7.29 — 7.25 (m, 1H, HAr), 4.55 (d,= 5.9 Hz, 2H, CHAr,), 3.96 (d,J = 2.4 Hz, 2H,
COCH,); *C NMR (126 MHz, DMSOdg) § = 173.78, 170.20, 166.06, 139.89, 135.47, 134.59,
133.28, 132.95, 132.27, 129.61, 129.20, 129.13,0029.28.70, 127.62, 127.49, 127.18, 126.65,
43.12, 34.45HRMS (TOF ESI): m/z calcd for GsHooNoOs[M+Na]*, 419.1366,found, 419.1363.

N-cyclohexyl-3-((2,5-dioxo-1-phenylpyrrolidin-3-yldene)methyl)benzamide (g8)

Yellow solid; M.p. 201-203C; *H NMR (500 MHz, DMSO#€) J = 8.32 (d,J = 7.9 Hz, 1H, HN),
8.11 (d,J = 2.2 Hz, 1H, HAy), 7.93 (dJ = 7.8 Hz, 1H, HAy), 7.85 (dJ = 7.8 Hz, 1H, HAy), 7.64
—7.58 (m, 2H, HAr and C=CH), 7.54 (Qt= 7.7 Hz, 2H, HAs), 7.46 (dJ = 7.5 Hz, 1H, HAr), 7.41
—7.36 (m, 2H, HAY), 3.93 (dJ = 2.5 Hz, 2H, COCH), 3.86 — 3.77 (m, 1H, CHN), 1.87 @@= 8.9
Hz, 2H, CH), 1.76 (d,J = 9.5 Hz, 2H, CH), 1.63 (d,J = 13.0 Hz, 1H, Ch 1.34 (q,J = 11.0 Hz,
4H, CHp), 1.20 — 1.13 (m, 1H, Cit **C NMR (126 MHz, DMSOdg) 6 = 173.76, 170.21, 165.186,
135.97, 134.40, 132.95, 132.64, 132.38, 129.50,402929.19, 129.09, 128.63, 127.48, 126.44,
48.88, 34.41, 32.81, 25.66, 25.3HRMS (TOF ESI): m/z calcd for GsH24N,0O3 [M+Na]’,
411.1679, found, 411.1677.

N-(4-Chlorophenyl)-3-((2,5-dioxo-1-phenylpyrrolidin-3-ylidene)methyl)benzamide (g9)

Yellow solid; M.p. 233-234C; 'H NMR (500 MHz, DMSOds) 5 = 10.49 (s, 1H, HN), 8.21 (s, 1H,
HAr,), 8.02 (d,J = 7.9 Hz, 1H, HA$), 7.97 — 7.91 (m, 1H, HA), 7.85 (d,J = 8.9 Hz, 2H, HAY),
7.70 — 7.65 (m, 2H, HArand C=CH), 7.54 (dd] = 8.2, 7.0 Hz, 2H, HA), 7.48 — 7.43 (m, 3H,
HAr), 7.40 (dd,J = 8.4, 1.3 Hz, 2H, HAr), 3.97 (d, = 2.5 Hz, 2H, CH); *C NMR (126 MHz,
DMSO-dg) 0 = 173.74, 170.19, 165.52, 138.39, 135.89, 1341683,39, 132.94, 132.16, 129.77,
129.65, 129.39, 129.21, 128.96, 128.66, 127.854827126.82, 122.31, 34.44RMS (TOF ESI):
m/z calcd for G4H17CIN,Os[M+Na]*, 439.0819, found, 439.0817.

3-((2,5-Dioxo-1-phenylpyrrolidin-3-ylidene)methyl)N-(3-fluorophenyl)benzamide (g10)

Yellow solid; M.p. 224-228C; 'H NMR (500 MHz, DMSOel) 6 = 10.51 (s, 1H, HN), 8.14 (s, 1H,
HAr»), 7.94 (d,J = 7.7 Hz, 1H, HA), 7.85 (d,J = 7.8 Hz, 1H, HAg), 7.72 (dtJ = 11.7, 2.3 Hz, 1H,
HAr), 7.62 — 7.55 (m, 2H, HAr and C=CH), 7.52 (dds 8.1, 1.9 Hz, 1H, HAr), 7.45 (§,= 7.6 Hz,
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2H, HAr), 7.39 — 7.29 (m, 4H, HAr), 6.88 (td,= 8.5, 2.7 Hz, 1H, HAr), 3.89 (d,= 2.4 Hz, 2H,
CH,); *C NMR (125MHz, DMSO#g): § = 173.73, 170.17, 165.70, 163.42, 161.50, 1411.26,18,
135.81, 134.64, 133.45, 132.94, 132.16, 130.67,5830129.81, 129.64, 129.41, 129.20, 128.64,
127.47, 126.83, 116.45, 110.72, 110.55, 107.56,350B4.44; HRMS (TOF ESI): m/z calcd for
CaaH17/FN,O5 [M+Na]*, 423.1115, found, 423.1116.

3-((2,5-Dioxo-1-phenylpyrrolidin-3-ylidene)methyl)N-m-tolylbenzamide (g11)

Yellow solid; M.p. 225-226C; *H NMR (500 MHz, DMSOds) 5 = 10.29 (s, 1H, HN), 8.22 (s, 1H,
HAr,), 8.03 (d,J = 7.8 Hz, 1H, HAs), 7.93 (d,J = 7.8 Hz, 1H, HA$), 7.69 — 7.66 (m, 3H, HAr and
C=CH), 7.62 (d,) = 8.1 Hz, 1H, HAr), 7.54 ({§ = 7.6 Hz, 2H, HAr), 7.47 (dl = 7.4 Hz, 1H, HAr),
7.40 (d,J = 7.8 Hz, 2H, HAr), 7.27 () = 7.8 Hz, 1H, HAr), 6.96 (d] = 7.5 Hz, 1H, HAr), 3.97 (d,

J = 2.4 Hz, 2H, ChH), 2.34 (s, 3H, Ch); °C NMR (126 MHz, DMSOds) 6 = 173.76, 170.21,
165.31, 139.33, 138.21, 136.17, 134.59, 133.26,9532032.24, 129.69, 129.61, 129.38, 129.21,
128.87, 128.66, 127.49, 126.73, 124.93, 121.37,02184.44, 21.59HRMS (TOF ESI): m/z
calcd for GsH2oN-O3[M+Na]*, 419.1366, found, 419.1364.

N-(3,4-Dimethylphenyl)-3-((2,5-dioxo-1-phenylpyrroidin-3-ylidene)methyl)benzamide (g12)
Yellow solid; M.p. 224-223C; *H NMR (500 MHz, DMSO#€) 6 = 10.21 (s, 1H, HN), 8.21 (s, 1H,
HAr,), 8.02 (dJ = 7.3 Hz, 1H, HAy), 7.91 (d,J = 7.8 Hz, 1H, HAj), 7.70 — 7.63 (m, 2H, HAr and
C=CH), 7.59 (s, 1H, HAr), 7.53 (d,= 7.2 Hz, 3H, HAr), 7.49 — 7.43 (m, 1H, HAr), 7.400 J= 8.1
Hz, 2H, HAr), 7.13 (d,J = 8.3 Hz, 1H, HAr), 3.97 (s, 2H, GH 2.24 (s, 3H, CH), 2.21 (s, 3H,
CHs); °C NMR (126 MHz, DMSOdg) 6 = 173.75, 170.20, 165.05, 137.09, 136.60, 136.39.56,
133.17, 132.94, 132.26, 132.01, 129.88, 129.64,572929.34, 129.20, 128.65, 127.48, 126.68,
122.09, 118.40, 34.43, 20.01, 19.22RMS (TOF EST): m/z calcd for GgH,oN»Os [M+Na]”,
433.1523, found, 433.1520.

3-((2,5-Dioxo-1-phenylpyrrolidin-3-ylidene)methyl)-N-(4-ethoxyphenyl)benzamide (g13)

Yellow solid; M.p. 195-196C; *H NMR (500 MHz, DMSOd) 6 = 10.24 (s, 1H, HN), 8.21 (s, 1H,
HAr,), 8.02 (d,J = 8.2 Hz, 1H, HAs), 7.92 (d,J = 7.8 Hz, 1H, HA$), 7.71 — 7.64 (m, 4H, HAr and
C=CH), 7.54 (tJ = 7.7 Hz, 2H, HAr), 7.46 (t) = 7.4 Hz, 1H, HAr), 7.40 (d] = 7.1 Hz, 2H, HAI),
6.95 (d,J = 9.0 Hz, 2H, HAY), 4.02 (9,J = 7.0 Hz, 2H, COCH), 3.97 (d,J = 2.4 Hz, 2H, OCH),
1.34 (t,J = 7.0 Hz, 3H, CH); *C NMR (126 MHz, DMSOds) 6 = 173.77, 170.21, 164.93, 155.34,
136.22, 134.57, 133.15, 132.94, 132.31, 129.60,312929.20, 128.65, 127.49, 126.68, 122.46,

30



606
607

608

609
610

611

612

613

614

615

616

617

618

619

620
621
622
623
624
625
626
627

628

629

630
631
632
633
634
635
636

637

638

114.69, 63.49, 34.44, 15.0RRMS (TOF ESI): m/z calcd for GgH2oNO4 [M+Na]”, 449.1472,
found, 449.1474.

3-((2,5-dioxo-1-phenylpyrrolidin-3-ylidene)methyl)N-(3,4,5-trimethoxyphenyl)benzamide

(914)

Yellow solid; M.p. 213-218C; *H NMR (500 MHz, DMSO¢g) 6 = 10.43 (s, 1H, HN), 8.28 (s, 1H,
HAr,), 8.06 (d,J = 7.8 Hz, 1H, HAy), 7.92 (d,J = 7.8 Hz, 1H, HAj), 7.70 — 7.63 (m, 2H, HAr and
C=CH), 7.54 (tJ = 7.6 Hz, 2H, HAr), 7.46 (d] = 7.3 Hz, 1H, HAr), 7.39 (d] = 7.8 Hz, 2H, HAr),
7.33 (s, 2H, HAr), 4.00 (d) = 2.5 Hz, 2H, CH), 3.79 (s, 6H, OCH), 3.66 (s, 3H, OCH; °C
NMR (126 MHz, DMSOek) 6 = 173.76, 170.19, 165.17, 152.99, 136.02, 135184,57, 133.30,
132.94, 132.27, 129.71, 129.56, 129.34, 129.21,662827.48, 126.72, 98.71, 60.51, 56.17, 34.49;
HRMS (TOF ESI): m/z calcd for G;H24N,0g [M+Na]”*, 495.1527, found, 495.1527.

3-((2,5-dioxo-1-phenylpyrrolidin-3-ylidene)methyl)N-(3-(methylthio)phenyl)benzamide (g15)
Yellow solid; M.p. 234-236C; *H NMR (500 MHz, DMSO#dg) § = 10.37 (s, 1H, HN), 8.22 (d,=

2.1 Hz, 1H, HAg), 8.02 (d,J = 8.0 Hz, 1H, HAy), 7.94 (d,J = 7.8 Hz, 1H, HA), 7.79 (dJ = 2.2
Hz, 1H, C=CH), 7.70 — 7.65 (m, 2H, HAr), 7.61 {ds 7.9 Hz, 1H, HAr), 7.58 — 7.51 (m, 2H, HAr),
7.46 (t,J = 7.4 Hz, 1H, HAr), 7.40 (d] = 8.1 Hz, 2H, HAr), 7.33 (1] = 8.0 Hz, 1H, HAr), 7.03 (d,
J=7.8 Hz, 1H, HAr), 3.97 (s, 2H, GH 2.50 (s, 3H, SCH; *C NMR (126 MHz, DMSO#ds) 6 =
173.74, 170.19, 165.48, 139.97, 138.92, 136.00,6834.33.32, 132.94, 132.20, 129.77, 129.63,
129.56, 129.36, 129.21, 128.66, 127.49, 126.79,6B2117.88, 117.25, 34.44, 15.068RMS (TOF
ESI): m/z calcd for GsHooN,0sS[M+Na]*, 451.1087, found, 451.1085.

N-(2,5-dimethoxyphenyl)-3-((2,5-dioxo-1-phenylpyrrtidin-3-ylidene)methyl)benzamide (g16)
Yellow solid; M.p. 246-248C; 'H NMR (500 MHz, DMSOdg) 6 = 9.58 (s, 1H, HN), 8.22 (s, 1H,
HAr,), 8.01 (d,J = 7.8 Hz, 1H, HAs), 7.92 (d,J = 8.1 Hz, 1H, HA$), 7.67 — 7.51 (m, 2H, HAr and
C=CH), 7.57 — 7.51 (m, 3H, HAr), 7.46 (@= 7.5 Hz, 1H, HAr), 7.39 (d) = 7.0 Hz, 2H, HAr),
7.03 (d,J = 9.0 Hz, 1H, HAr), 6.76 (ddl = 9.0, 3.1 Hz, 1H, HAr), 3.98 (d,= 2.4 Hz, 2H, Ch),
3.82 (s, 3H, OCH), 3.73 (s, 3H, OCH; **C NMR (126 MHz, DMSOds) 6 = 173.78, 170.22,
164.91, 153.27, 145.70, 135.62, 133.70, 132.94,1832129.76, 129.23, 128.66, 127.89, 127.50,
126.81, 112.49, 110.62, 110.13, 56.62, 55.81, 3HBMS (TOF EST): m/z calcd for GeH2N205
[M+Na]*, 465.1421, found, 465.1422.
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(N-(4-(Difluoromethoxy)phenyl)-3-((2,5-dioxo-1-pheglpyrrolidin-3-ylidene)methyl)benzamid

e (gl7)

Yellow solid; M.p. 213-214C; *H NMR (500 MHz, DMSOd) 5 = 10.46 (s, 1H, HN), 8.22 (s, 1H,
HAr,), 8.03 (d,J = 8.0 Hz, 1H, HAy), 7.94 (d,J = 6.7 Hz, 1H, HA$), 7.85 (d,J = 9.0 Hz, 2H,
HArj), 7.72 — 7.64 (m, 2H, HAr and C=CH), 7.54J& 7.6 Hz, 2H, HAr), 7.46 (t) = 7.5 Hz, 1H,
FCHF), 7.43 — 7.37 (m, 2H, HAr), 7.28 — 7.17 (m,, 3#Ar), 3.97 (d,J = 2.4 Hz, 2H, CH); °C
NMR (126 MHz, DMSOek) 6 = 173.76, 170.21, 165.38, 147.14, 136.68, 135194,63, 133.34,
132.94, 132.19, 129.75, 129.65, 129.36, 129.21,812828.67, 127.49, 126.80, 122.26, 119.75,
118.92, 116.87, 114.82, 34.44RMS (TOF EST): m/z calcd for GsH1gFoN-O4[M+Na]*, 471.1127,
found, 471.1124.

3-((2,5-Dioxo-1-phenylpyrrolidin-3-ylidene)methyl)N-(4-methoxy-2-methylphenyl)benzamide
(918)

Yellows solid; M.p. 238-239C; *H NMR (500 MHz, DMSOdg) § = 9.92 (s, 1H, HN), 8.23 (s, 1H,
HAr,), 8.04 (d,J = 6.4 Hz, 1H, HA), 7.92 (d,J = 8.4 Hz, 1H, HAy), 7.67 — 7.64 (m, 2H), 7.57 —
7.50 (m, 2H, HAr and C=CH), 7.45 (= 7.4 Hz, 1H, HAr), 7.39 (d] = 8.3 Hz, 2H, HAr), 7.26 (d,

J = 8.6 Hz, 1H, HAr), 6.89 (s, 1H, HAr), 6.81 (d#l= 8.7, 2.8 Hz, 1H, HAr), 3.98 (s, 2H, GH
3.77 (s, 3H, OCH), 2.25 (s, 3H, ArCh); *C NMR (125MHz, DMSOdg): 6 = 173.82, 170.24,
165.25, 157.80, 135.93, 135.75, 134.65, 133.52,9532032.25, 129.67, 129.42, 129.21, 128.66,
128.42, 127.51, 126.73, 115.76, 111.69, 55.54,73418.50;HRMS (TOF ESI): m/z calcd for
CoeH2oN204 [M+Na]*, 449.1471, found, 449.1467.

3-((2,5-Dioxo-1-phenylpyrrolidin-3-ylidene)methyl)-N-(4-ethylphenyl)benzamide (g19)

Yellows solid; M.p. 212-213C; *H NMR (500 MHz, DMSOdg) 6 = 10.30 (s, 1H, HN), 8.22 (s,
1H, HAr), 8.02 (dJ = 8.0 Hz, 1H, HAy), 7.92 (d,J = 8.3 Hz, 1H, HAy), 7.74 — 7.63 (m, 2H, HAr
and C=CH), 7.54 ( = 7.7 Hz, 2H, HAr), 7.49 — 7.37 (m, 4H, HAr), 7.@2 J = 8.5 Hz, 2H, HAr),
6.71 (s, 1H, HAr), 3.97 (d] = 2.4 Hz, 2H, COCH), 2.60 (q,J = 7.6 Hz, 2H, ArCH), 1.19 (t,J =

7.6 Hz, 3H, CH); **C NMR (125MHz, DMSO¢k): 6 = 173.75, 170.20, 165.18, 139.69, 137.08,
136.19, 134.58, 133.18, 132.94, 132.26, 129.69,582929.35, 129.20, 128.65, 128.23, 127.48,
126.72, 120.94, 34.44, 28.04, 16.06RMS (TOF ESI): m/z calcd for GgH2oN,Osz [M+Na]",
433.1522, found, 433.1518.

3-((2,5-Dioxo-1-phenylpyrrolidin-3-ylidene)methyl)N-(3-ethylphenyl)benzamide (g20)
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Yellows solid; M.p. 201-202C; 'H NMR (500 MHz, DMSOds) 6 = 10.31 (s, 1H, HN), 8.22 (s,
1H, HAr,), 8.03 (d,J = 7.8 Hz, 1H, HA$), 7.92 (d,J = 7.8 Hz, 1H, HA$), 7.71 — 7.61 (m, 4H, HAr
and C=CH), 7.53 (t) = 7.7 Hz, 2H, HAr), 7.45 (t) = 7.4 Hz, 1H, HAr), 7.39 (d] = 7.5 Hz, 2H,
HAr), 7.28 (t,J = 7.8 Hz, 1H, HAr), 6.98 (dJ = 7.6 Hz, 1H, HAr), 3.97 (dJ = 2.4 Hz, 2H,
COCH,), 2.62 (g,J = 7.6 Hz, 2H, ArCH), 1.21 (t,J = 7.6 Hz, 3H, CH); *C NMR (125MHz,
DMSO-dg): 6 = 173.78, 170.22, 165.30, 144.60, 139.41, 136184,58, 133.27, 132.94, 132.24,
129.71, 129.61, 129.38, 129.21, 128.94, 128.66,5027126.74, 123.75, 120.19, 118.27, 34.45,
28.70, 15.94HRMS (TOF ESI): m/z calcd for GeH2:N203[M+Na]*, 433.1522, found, 433.1519

3-((2,5-Dioxo-1-p-tolylpyrrolidin-3-ylidene)methyl)-N-(3-fluorophenyl)benzamide (g21)

Yellow solid; M.p. 214-213C; *H NMR (500 MHz, DMSO#€) 6 = 10.26 (s, 1H, HN), 8.23 (s, 1H,
HAr,), 8.04 (dJ = 7.8 Hz, 1H, HAy), 7.93 (d,J = 7.8 Hz, 1H, HAj), 7.68 — 7.64 (m, 3H, HAr and
C=CH), 7.32 (dJ = 6.5 Hz, 4H, HAr), 7.25 (d] = 8.1 Hz, 3H, HAr), 3.95 (s, 2H, GH 2.37 (s, 3H,
CHs); °C NMR (126 MHz, DMSOdg) § = 173.84, 170.28, 165.31, 157.14, 155.18, 138.33,07,
134.70, 133.78, 132.01, 130.32, 129.68, 129.51,5827127.25, 126.89, 125.92, 124.72, 116.32,
116.16, 34.41, 21.13RMS (TOF ESI): m/z calcd for C25H19FN203 [M+N§]437.1272, found,
437.1274.

N-(4-chlorophenyl)-3-((2,5-dioxo-1-(p-tolyl)pyrrolidin-3-ylidene)methyl)benzamide (g22)
Yellow solid; M.p. 232-233C; *H NMR (500 MHz, DMSO#€) 6 = 10.50 (s, 1H, HN), 8.20 (s, 1H,
HAr,), 8.00 (d,J = 8.3 Hz, 1H, HAy), 7.93 (dJ = 7.8 Hz, 1H, HAy), 7.84 (dJ = 8.9 Hz, 2H, HAr),
7.70 — 7.61 (m, 2H, HAr and C=CH), 7.44 {ds 8.9 Hz, 2H, HAR), 7.32 (d, = 8.0 Hz, 2H, HAI),
7.25 (d,J = 8.3 Hz, 2H, HAr), 3.95 (d) = 2.4 Hz, 2H, Ch), 2.37 (s, 3H, Ch); *C NMR (126
MHz, DMSO-g) 6 = 173.81, 170.26, 165.52, 138.40, 138.17, 135188..65, 133.39, 132.03,
130.31, 129.76, 129.67, 129.36, 128.96, 127.82,2427126.86, 122.28, 34.40, 21.14RMS
(TOF ESI): m/z calcd for GsH1sCIN,Os[M+Na]*, 453.0976, found, 453.0978.

3-((2,5-dioxo-1-(p-tolyl)pyrrolidin-3-ylidene)methyl)-N-(3-ethylphenyl)benzamide (g23)

Yellow solid; M.p. 236-237C; *H NMR (500 MHz, DMSOdg) 6 = 10.29 (s, 1H, HN), 8.20 (s, 1H,
HAr,), 8.01 (dJ = 7.6 Hz, 1H, HA), 7.91 (d,J = 7.8 Hz, 1H, HAj), 7.70 — 7.61 (m, 4H, HAr and
C=CH), 7.32 (dJ = 8.0 Hz, 2H, HAr), 7.30 — 7.22 (m, 3H, HAr), 6.98 J = 7.5 Hz, 1H, HAr),
3.95 (d,J = 2.4 Hz, 2H, COCH), 2.62 (q,d = 7.6 Hz, 2H, ArCH), 2.37 (s, 3H, Ch); *C NMR
(126 MHz, DMSOsdg) 0 = 173.83, 170.29, 165.30, 144.59, 139.39, 138.38,16, 134.60, 133.25,
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132.11, 130.31, 129.68, 129.60, 129.33, 128.93,2627126.79, 123.75, 120.18, 118.26, 34.40,
28.68, 21.14, 15.931RMS (TOF ESI): m/z calcd for G/H24N,O3 [M+Na]*, 447.1679, found,
447.1680.

3-((2,5-dioxo-1-(p-tolyl)pyrrolidin-3-ylidene)methyl)-N-(4-methoxyphenyl)benzamide (g24)
Yellow solid; M.p. 241-243C; *H NMR (500 MHz, DMSO#€) 6 = 10.25 (s, 1H, HN), 8.19 (s, 1H,
HAr,), 8.00 (d, J = 7.7 Hz, 1H, HA, 7.90 (d, J = 7.8 Hz, 1H, HA 7.69 (d, J = 8.6 Hz, 2H, HAr),
7.66 — 7.60 (m, 2H, HAr and C=CH), 7.32 (d, J =184 2H, HAr), 7.25 (d, J = 7.9 Hz, 2H, HAr),
6.93 (d, J = 8.4 Hz, 2H, HAr), 3.88 (s, 2H, §H3.67 (s, 3H, OCH), 2.37 (s, 3H, ArCh); °C
NMR (126 MHz, DMSOek) 6 = 173.85, 170.30, 164.94, 155.35, 138.18, 136124,61, 133.16,
132.38, 132.18, 130.35, 129.70, 129.61, 129.31,2127126.74, 122.46, 114.71, 56.11, 34.45,
21.18;HRMS (TOF ESI): m/z calcd for GsH2oN»O4 [M+Na]*, 449.1472, found, 449.1471.

3-((1-Butyl-2,5-dioxopyrrolidin-3-ylidene)methyl)-N-(3-ethylphenyl)benzamide (g25)

Yellow solid; M.p. 168-169C; *H NMR (500 MHz, DMSO#€) 6 = 10.26 (s, 1H, NH), 8.16 (s, 1H,
HAry), 7.99 (dJ = 7.9 Hz, 1H, HAy), 7.86 (d,J = 8.2 Hz, 1H, HA), 7.66 —7.62 (m, 3H, HAr and
C=CH), 7.55 (s, 1H, HAr), 7.27 @,= 7.8 Hz, 1H, HAr), 6.97 (d] = 7.7 Hz, 1H, HAr), 3.81 (d] =

2.4 Hz, 2H, COCH), 3.51 (t,J = 7.2 Hz, 2H, NCH), 2.62 (g,J = 7.6 Hz, 2H, ArCH), 1.53 (pJ =

7.3 Hz, 2H, CHCH,), 1.28 (h,J = 7.4 Hz, 2H, CKHCH,), 1.21 (t,J = 7.6 Hz, 3H, CH), 0.90 (t,J =

7.3 Hz, 3H, CH); **C NMR (125MHz, DMSO¢k): 6 = 174.60, 170.92, 165.26, 144.56, 139.40,
136.09, 134.58, 133.14, 131.47, 129.58, 129.50,2P2928.90, 126.71, 123.70, 120.14, 118.22,
38.19, 33.99, 29.74, 28.68, 19.89, 15.91, 13.8&kMS (TOF ESI): m/z calcd for
Ca4H26N203[M+Na]*, 413.1835, found, 413.1842.

N-butyl-3-((2,5-dioxo-1-(p-tolyl)pyrrolidin-3-ylide ne)methyl)benzamide (g26)

Yellow solid; M.p. 195-197C; *H NMR (500 MHz, DMSOdg) § = 8.60 — 8.52 (m, 1H, HN), 8.08
(s, 1H, HAp), 7.91 (d,J = 7.9 Hz, 1H, HAs), 7.84 (d,J = 6.3 Hz, 1H, HA$), 7.62 — 7.55 (m, 2H,
HAr and C=CH), 7.32 (dJ) = 8.0 Hz, 2H, HAr), 7.25 (dJ = 6.9 Hz, 2H, HAr), 3.91 (s, 2H,
COCHy), 3.30 (q,J = 6.4 Hz, 2H, NCH), 2.36 (s, 3H, ArCh), 1.54 (p,J = 7.0 Hz, 2H, CHCH,),
1.40 — 1.33 (m, 2H, CiCH,), 0.92 (t,J = 7.4 Hz, 3H, Ch); **C NMR (126 MHz, DMSO#€s) J =
173.84, 170.29, 165.88, 138.14, 135.81, 134.49,9632.32.20, 130.32, 129.66, 129.48, 128.96,
127.23, 126.56, 39.37, 34.40, 31.63, 21.13, 2018%11; HRMS (TOF EST): m/z calcd for
C23H24N203[M+Na]*, 399.1679, found, 399.1677.
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3-((1-butyl-2,5-dioxopyrrolidin-3-ylidene)methyl)-N-(4-ethoxyphenyl)benzamide (g27)

Yellow solid; M.p. 217-219C; *H NMR (500 MHz, DMSOd) 5 = 10.25 (s, 1H, NH), 8.16 (s, 1H,
HAr,), 7.98 (dJ = 7.7 Hz, 1H, HAg), 7.85 (dJ = 7.8 Hz, 1H, HAs), 7.69 (dJ = 7.2 Hz, 2H, HAr),
7.63 (t,J = 7.8 Hz, 1H, HAr), 7.55 (s, 1H, C=CH), 6.93 (d+ 7.2 Hz, 2H, HAr), 4.01 (q] = 7.0

Hz, 2H, OCH), 3.82 (s, 2H, COC}), 3.51 (t,J = 7.2 Hz, 2H, NCH), 1.53 (p,J = 7.3, 6.6 Hz, 2H,
CH,CHy), 1.33 (t,J= 7.0 Hz, 3H, CH), 1.28 (q,J = 7.3, 6.8 Hz, 2H, CyCH,), 0.90 (t,J = 7.4 Hz,

3H, CHy); *C NMR (126 MHz, DMSOdg) 6 = 174.63, 170.94, 164.90, 155.28, 136.13, 134.56,
133.06, 132.35, 131.49, 129.50, 129.17, 126.66,312214.62, 63.45, 38.18, 33.99, 29.74, 19.89,
15.06, 13.88HRMS (TOF ESI): m/z calcd for G4H26N204[M+Na]*, 429.1785, found, 429.1785.

3-((1-butyl-2,5-dioxopyrrolidin-3-ylidene)methyl)-N-(3-fluorophenyl)benzamide (g28)

Yellow solid; M.p. 195-197C; *H NMR (500 MHz, DMSOd) 6 = 10.52 (s, 1H, HN), 8.16 (s, 1H,
HAr,), 7.98 (d,J = 7.0 Hz, 1H, HAg), 7.88 (d,J = 7.8 Hz, 1H, HA$), 7.78 (d,J = 11.7 Hz, 1H,
HAr), 7.65 (t,J = 7.8 Hz, 1H, HAr), 7.61 — 7.52 (m, 2H, HAr and @), 7.41 (9J = 7.6 Hz, 1H,
HAr), 6.96 (t,J = 8.5 Hz, 1H, HAr), 3.81 (d) = 2.4 Hz, 2H, COCHh), 3.51 (t,J = 7.1 Hz, 2H,
NCH,), 1.53 (p,J = 7.3 Hz, 2H, CHCH,), 1.28 (h,J = 7.4 Hz, 2H, CHCH,), 0.90 (t,J = 7.4 Hz,

3H, CHy); *C NMR (126 MHz, DMSOdg) 6 = 174.61, 170.91, 165.68, 163.40, 161.49, 141.23,
135.74, 134.65, 133.36, 131.36, 130.68, 130.61,7029.29.57, 129.24, 126.82, 116.36, 110.70,
110.53, 107.46, 107.25, 38.19, 33.98, 29.74, 1918337; HRMS (TOF ESI): m/z calcd for
CaoH21FN,O3 [M+Na]*, 403.1428, found, 403.1430.

N-butyl-3-((1-butyl-2,5-dioxopyrrolidin-3-ylidene)methyl)benzamide (g29)

Yellow solid; M.p. 191-193C; *H NMR (500 MHz, DMSO#€) § = 8.54 (t,J = 5.6 Hz, 1H, HN),
8.02 (s, 1H, HAY), 7.87 (dJ = 8.1 Hz, 1H, HAy), 7.78 (d,J = 7.8 Hz, 1H, HA$), 7.55 (tJ= 7.7
Hz, 1H, HAR), 7.48 (s, 1H, C=CH), 3.77 (d,= 2.4 Hz, 2H, COCH), 3.49 (t,J = 7.2 Hz, 2H,
NCH,), 3.28 (q,J = 6.6 Hz, 2H, CONCH), 1.52 (dt,J = 14.1, 7.5 Hz, 4H, C}CH,), 1.34 (p,J =
7.4 Hz, 2H, CHCHy), 1.26 (p,J = 7.4 Hz, 2H, CHCH,), 0.97 — 0.82 (m, 6H, 2CGH °C NMR
(126 MHz, DMSOsdg) 0 = 174.64, 170.94, 165.86, 135.73, 134.47, 132.85,54, 129.39, 128.90,
128.83, 126.49, 38.16, 33.98, 31.61, 29.74, 2010637, 14.10, 13.8MRMS (TOF ESI): m/z
calcd for GoH2eN20O3[M+Na]*,365.1836, found, 365.1836.

3-((1-benzyl-2,5-dioxopyrrolidin-3-ylidene)methyl)N-butylbenzamide (g30)
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Yellow solid; M.p. 187-189C; 'H NMR (500 MHz, DMSO#€) 6 = 8.56 (t,J = 5.6 Hz, 1H, HN),
8.04 (s, 1H, HA4), 7.89 (d,J = 8.0 Hz, 1H, HAy), 7.80 (d,J = 7.8 Hz, 1H, HAs), 7.57 (dJ = 7.8
Hz, 1H, HAr), 7.54 (s, 1H, C=CH), 7.34 — 7.27 (nt},5HAr), 4.70 (s, 2H, Art), 3.87 (s, 2H,
COCH,), 3.28 (q,J = 6.6 Hz, 2H, NCH), 1.52 (p,J = 7.2 Hz, 2H, ChCH,), 1.34 (h,J = 7.4 Hz,
2H, CH,CH,), 0.91 (t,J = 7.3 Hz, 3H, Ch); **C NMR (126 MHz, DMSOs;) 6 = 174.52, 170.77,
165.87, 136.63, 135.76, 134.42, 132.91, 132.09,429.29.01, 128.93, 128.88, 127.95, 127.81,
126.39, 41.93, 39.36, 34.14, 31.62, 20.07, 14HRMS (TOF ESI): m/z calcd for GaH24N20s
[M+Na]*,399.1679, found, 399.1679.

3-((1-Benzyl-2,5-dioxopyrrolidin-3-ylidene)methyl)N-(3-ethylphenyl)benzamide (g31)

Yellow solid; M.p. 178-179C; *H NMR (500 MHz, DMSO#€) 6 = 10.28 (s, 1H, HN), 8.18 (s, 1H,
HAr,), 8.00 (d,J = 7.8 Hz, 1H, HAy), 7.87 (d,J = 7.9 Hz, 1H, HAj), 7.66 — 7.60 (m, 4H, HAr and
C=CH), 7.33 (qJ = 8.8, 8.4 Hz, 4H, HAr), 7.27 (8,= 7.8 Hz, 2H, HAr), 6.97 (d] = 7.6 Hz, 1H,
HAr), 4.71 (s, 2H, ArkHN), 3.90 (dJ = 2.3 Hz, 2H, COCH), 2.62 (qJ = 7.6 Hz, 2H, ArCH), 1.20

(t, J = 7.6 Hz, 3H, Ch); *C NMR (125MHz, DMSO€k): § = 174.48, 170.75, 165.27, 144.58,
139.40, 136.63, 136.11, 134.54, 133.19, 132.02,5829.29.32, 128.90, 127.97, 127.82, 126.60,
123.73, 120.17, 118.25, 41.96, 34.14, 28.69, 15HRMS (TOF ESI): m/z calcd for
CoH24N,05 [M+Na]*, 447.1679, found, 403.47.1680.

3-((1-benzyl-2,5-dioxopyrrolidin-3-ylidene)methyl)N-(4-ethoxyphenyl)benzamide (g32)

Yellow solid; M.p. 243-243C; *H NMR (500 MHz, DMSOd) 6 = 10.22 (s, 1H, HN), 8.16 (s, 1H,
HAr,), 7.99 (dJ = 7.5 Hz, 1H, HAs), 7.86 (dJ = 7.8 Hz, 1H, HAs), 7.68 (dJ = 8.5 Hz, 2H, HAr),
7.63 (t,J = 7.8 Hz, 1H, HAr), 7.59 (s, 1H, C=CH), 7.39 —4 (n, 5H, HAr), 6.93 (dJ = 9.0 Hz,
2H, HAr), 4.71 (s, 2H, ArCbN), 4.01 (q.J = 7.2 Hz, 2H, OCHh), 3.90 (s, 2H, COC}), 1.32 (t,J =

7.0 Hz, 3H, CH); *C NMR (126 MHz, DMSOe€g) 6 = 174.50, 170.77, 164.90, 155.29, 136.62,
136.15, 133.08, 132.33, 132.03, 129.60, 129.52,262928.89, 127.95, 127.82, 126.56, 122.39,
114.64, 63.46, 41.94, 34.14, 15.0dRMS (TOF ESI): m/z calcd for GH24N»O4 [M+Na]”,
463.1628, found, 463.1629.

3-((1-benzyl-2,5-dioxopyrrolidin-3-ylidene)methyl)N-(4-chlorophenyl)benzamide (g33)

Yellow solid; M.p. 184-1868C; 'H NMR (500 MHz, DMSOe) 6 = 10.45 (s, 1H, HN), 8.16 (s, 1H,
HAr>), 7.99 (d,J = 8.1 Hz, 1H, HAs), 7.88 (d,J = 8.1 Hz, 1H, HAs), 7.86 (d,J = 8.6 Hz, 2H, HAr),
7.67 — 7.56 (m, 2H, HAr and C=CH), 7.43 {d= 8.7 Hz, 2H, HAr), 7.32 (d] = 6.2 Hz, 5H, HAr),

36



804 4.71 (s, 2H, ArCHN), 3.90 (s, 2H, Ch); *C NMR (126 MHz, DMSO€s) 6 = 174.45, 170.73,
805 165.49, 138.39, 136.61, 135.84, 134.58, 133.31,9831129.76, 129.57, 129.33, 128.95, 128.88,
806 127.97, 127.82, 126.69, 122.27, 41.96, 34HBRMS (TOF ESI): m/z calcd for GsH1gCIN,Os

807 [M+Na]*, 453.0976, found, 453.0977.

808

809 4.1.2 Synthesis of 3-((2,5-dioxo-1-(p-tolyl)pyrrolidin-3-yl)methyl)-N-(4-methoxyphenyl)benz
810 amide(g34)

811 Compoundg24 (1 mmol) and catalyst Pd/C (0.05 mmol) were placed 25-mL tube equipped
812 with a magnet stirrer bar. Methanol (10.0 mL) walded to the mixture under a nitrogen
813 atmospherelThe reaction system was vacuum-pumped, and theyeguhree times with hydrogen
814  (latm). The reaction mixture was stirred at r.t.6ch, and then resultant solution was filtrated fo
815 removal of solid catalysts, evaporated to drynessj followed by column chromatography

816  separation. The target product was obtained wihyibld 93%.

817  Yellow solid; M.p. 192-194C; *H NMR (500 MHz, DMSO#€) § = 10.22 (s, 1H, HN), 7.83 - 7.71
818  (m, 2H, HAr), 7.72 — 7.60 (m, 2H, HAr), 7.50 — 7.48, 1H,HAr), 7.34 (d,J = 7.6 Hz, 1H, HAr),
819 7.11 (d,J = 1.2 Hz, 4H, HAr), 6.91 — 6.80 (m, 2H, HAr), 3.69 3H, OCH), 3.29 (q,J = 6.8 Hz,
820 1H, CH), 2.83 (ddJ = 6.5, 1.3 Hz, 2H, ArC}j, 2.35 (dJ = 7.1 Hz, 2H, COCH), 2.28 (s, 3H, Cb);
821 C NMR (126 MHz, DMSOdg) 6 = 175.82, 175.80, 165.32, 156.60, 138.82, 1371B%,.25,
822 131.43, 130.65, 129.61, 128.79, 127.17, 126.40,7825123.45, 122.32, 114.30, 55.54, 47.22,
823  34.01, 33.85, 21.12dRMS (TOF ESI): m/z calcd for GeH24N,04 [M+Na]", 451.1628, found,
824  451.1630.

825

826 4.2 biological assay

827  4.2.1 Céll growth inhibition assay

828  Growth inhibition of human cancer cells BCF-37b was assessed via MTT assay, using DMSO as
829 a control. HCT116, HT29, NCM460, SW480, HT29, PG3d HepG2 cells were grown in DMEM
830 media with 10% FBS. The human cancer cell linesewteated with compounds at various
831 concentrations. After a 72-h incubation, MTT [35«limethylthiazol- 2-yl)-2,5-diphenyl
832 tetrazolium bromide] was added to the wells (&) 0.4 mg/mL) and incubated another 4 h. The
833 medium was aspirated, and DMSO (489 was added to each well. Absorbance was measired
834 490 nm using 2030 Multi-label Reader (Perkin-Elnd@tor X5, USA). Compound concentrations
835 vyielding 50% growth inhibition (Ig) were calculated.

836
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4.2.2 Céll proliferation assay

HUVECs were seeded in 96-well plates and incub&ae@4 h. Cells were then starved in M200
medium containing 2% FBS for 16 h. After starvatioells were pretreated for 30 min with the
indicated concentration &fCF-37b (0.1, 1, 10, 20, or 40M), followed by VEGF stimulation (25
ng/mL) for 24 h. Cell viability was then determineid MTT assay.

4.2.3 Wound-healing migration assay

HUVECs were seeded and grown into full confluencé-well plates. Cells were starved with 2%
FBS M200 media for 12 h to inactivate cell prol#gon, then wounded by pipette tips. Fresh M200
medium with 25 ng/mL VEGF containing a vehicle ds gM sunitinib andXCF-37b (1, 2.5uM)
were added to the scratched monolayers. Images takea after 0, 6, 12, and 24 hours using an

inverted microscope (magnification, 10x; Nikon).

4.2.4 Chick chorioallantoic membrane (CAM) assay in fertilized chicken eggs

The effect of XCF-37b on ex vivo angiogenesis was determined via CAM assay. Briéfigtile
leghorn chicken eggs (Poultry Breeding Farm, Kumgnidhina) were incubated in an incubator at
37.8°C with 40% humidity. A small opening was madeptically at the top of the live eggs on day
7. Indicated concentrations 8CF-37b, sunitinib and 0.9% NaCl (negative control) werixed
with DMSO and tipped on the filter paper, then femglaced on the CAM. The eggs were
incubated for 48 h, then fixed with methanol andtpgraphed. Data were quantified with

Image-Pro Plus 6.0 software by counting the naseesgels.

4.2.5 Rat aortic ring assay

The aortas of Sprague-Dawley rats anesthetized3%tlpentobarbital sodium were isolated, rinsed
with opti-MEM medium and cut into 1-mm ring slicéBhe slices were then placed into 96-well
plates embedded with 50L Matrigel per well and incubated at 37°C for 1The opti-MEM
medium with 2.5% FBS and 30 ng/mL VEGF were subsetiy added to each well with the
indicated test compound concentrations. On daynyages were taken through an inverse

microscope.

4.2.6 Tube formation assay

Thawed Matrigel (10QL) was added to a prechilled 96-well plate and batad at 37°C for 1 h.
Next, 2x10 HUVECs suspended in M200 medium with 10% FBS wedded to each well,
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followed by 10 ng/mL VEGF. After 20 min, the var®test compound concentrations were added
to each well and incubated at 37°C for 6 h. Celisenthen photographed.

4.2.7 I n vivo angiogenesis assay

Balb/c nude mice (6—8 weeks old) were divided thi@e groups and subcutaneously injected with
400 uL Matrigel alone or with VEGF (250 ng/mL) and/8CF-37b. Fifteen days later, mice were
sacrificed, and the Matrigel plug was removed, Wwedyand photographed.

4.2.8 Transwell assay

The bottom chambers of a transwell plate weredillgth M200 medium containing 10% FBS, and
the top chambers were seeded with X40VECs and 20Q.L M200 medium without FBS. The
top chamber contained the vehicle and various curaions of the test compounds. After
incubation for 6 h at 37°C, cells that migratedhe bottom of the membrane were fixed with 4%
paraformaldehyde and stained with 0.1% crystaletiolhe migrated cells were then imaged and

guantified under an inverse microscope.

4.2.9 Annex-V assay

Cells at 5x1Bwere plated into 6-well plates and treated WF-37b (1, 5, 10 and 20 pM) for 24
h. The detached and adherent cells were pooled veashed in ice-cold PBS. Following
centrifugation, the supernatants were discarded, the cells were resuspended in 1 mL fresh
medium. Cells were counted, 1X1€ells were transferred to a fresh tube, and {lI0@nnexin-V
buffer plus 5uL annexin-V-FITC were added to each sample. Sampée incubated in the dark
for 20 min before further adding 4@ annexin-V buffer and 1QL PI (50 ug/mL), then analyzed

via flow cytometry.

4.2.10 Gelatin zymography assay

Gelatinase zymography was used to analyze theteffé@CF-37b on the activities of MMP-2 and
MMP-9 in HT29 cells. HT29 cells were treated witffetent concentrations ACF-37b (1, 5, 10,

or 20 uM) for 24 h. The culture supernatant wasect¢d, mixed with nonreducing sample buffer,
and subjected to electrophoresis on 10% SDS-PAGIE 206 gelatin. After electrophoresis, the gel
was washed with 2% Triton X-100 to remove the SD& iacubated in buffer (50 mmol/L Tris pH
7.5, 150 mmol/L NaCl, 10 mmol/L Catand 0.02% Nap) for 48h at 37°C. Gels were stained with
0.05% Coomassie brilliant blue R-250 solution (@%oomassie brilliant blue R-25030%
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methanol, and 10% acetic acid). The nonstainedmnsgin the gel corresponding to MMP-9 and

MMP-2 were quantified using ImageJ software.

4.2.11 RT-gPCR

Human colon carcinoma HT29 cells were treated Xifl-37b (1, 5, 10, or 20 uM) for 24 h.

Total RNA was isolated from the mRMECs or HRMECdngsTRIzol reagent (Invitrogen,
Carlsbad, CA, USA) per the manufacturer’'s instwtdi Quantitative reverse transcription
polymerase chain reaction (RT-gPCR) was perfornsdguan ABI ViiA7 Real-time PCR system
(Thermo Scientific, Waltham, MA, USA). The ReverBanscription System (Promega, Madison,
WI, USA) was used to generate cDNA from 2 pg t®alA with random primers. Quantitative
PCR was carried out using Power SYBR Green PCRemasix (Thermo Scientific) per the
manufacturer’s instructions. Forty amplificationctes, consisting of 5 s at 95°C and 60 s at 60°C,
were run on 20-uL reactions. Tag-Man Gene Expras8ssays (Thermo Scientific) were used to
analyze gene expression in mRMECs following the ufecturer’s instructions. TagMan probes
(Thermo Scientific) used in the RT-gPCR were Gap@m00484668 m1l), HIFd
(Hs00153153 m1l), and VEGFa (Mm00437306_m1). ThedGagxpression level was used as a
reference to normalize gene expression. The data amalyzed and expressed as relative gene

expressions using thé*2°™ method Table 3lists the PCR primer sequences used.

Table 3.Primer Sequences for RT-gPCR Analysis

Forward CATAAAGTCTGCAACATGGAAGGT
HIF-1a

Reverse ATTTGATGGGTGAGGAATGGGTT

forward GGAGCGAGATCCCTCCAAAAT
GAPDH

Reverse GGCTGTTGTCATACTTCTCATGG

forward CAACATCACCATGCAGATTATGC
VEGF-A

Reverse CCCACAGGGATTTTCTTGTCTT

4.2.12 Western blot assay

To determine the effects XCF-37b on the VEGFR-2-dependent signaling pathway, HUVECs
were serum-starved overnight, then pretreated avitlhithout XCF-37b (1, 2.5, 5, or 10 uM) for 2

h, followed by stimulation with 50 ng/mL VEG§ for 15 min. Cells were lysed with buffer
containing 20 mmol/L Tris, 2.5 mmol/L EDTA, 1% Toit X-100, 1% deoxycholate, 0.1% SDS, 40
mmol/L NaF, 10 mmol/L N#&#,O; proteinase inhibitor cocktail and 1 mmol/L
phenylmethylsulfonyl fluoride. Protein concentrasowere determined via Bradford assay and

equalized before loading. Approximately 20 pg dfuter proteins were separated using gradient
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SDS-PAGE gels and probed with specific antibodi€=ll( Signaling Technology) including
phospho-VEGFR2 (p-VEGFR2; Tyrll75), VEGFR2, phospiRK1/2 (p-ERK1/2;

Thr202/Tyr204), ERK, phospho-AKT (p-AKT; Ser473)KA and actin. Blots were developed by
incubating them with horseradish peroxidase-conpdyantibodies (GE Health Care, UK) and

visualized using enhanced chemiluminescence redgbatmo).

4.2.13 In vitro kinase screening

Kinase screening was performed by Kebai BiotechmpolGo., Ltd. (Nanjing, Jiangsu, China) and
used to screen for compoutCF-37b. The assay protocol was as follows. In a finalktiea
volume of 25 pL, kinase (5-10 mU) was incubated\% mM Tris pH 7.5, 0.02 mM EGTA, 0.66
mg/mL myelin basic protein, 10 pM magnesium acesate [;>*p-ATP] (specific activity approx.
500 cpm/pmol concentration as required). The reaolas initiated by adding the Mg-ATP mix.
After incubation for 40 min at room temperatures teaction was stopped by adding 5 pL of a 3%
phosphoric acid solution. Ten microliters of thaaton was then spotted onto P30 filter material
and washed three times for 5 min in 75 mM phosghacid and once in methanol prior to drying

and scintillation counting.

4.2.14 Tumor xenograft experiments

Nude mice were housed and maintained under spguaficogen-free conditions per institutional
animal care and use committee protocol. HT29 ce##se subcutaneously injected into the right
flanks of nude mice. When the tumors reached apmately 100 mr, the mice were randomly
assigned to the control or treatment group. Therobgroup received the vehicle (0.9% NacCl)
alone, and the treatment group recei¥&F-37b (20, 40 and 60 mg/kg) and sunitinib (40 mg/kg)
(p.0.). The compounds were administered for 7 dénes) 20 days later, the mice were sacrificed,
and normal and tumor tissues were collected foremdar assessment. The body weight and tumor
size of each mouse was measured every other daycikad tumor and normal tissues were fixed,
processed, and embedded. Histology was assessadibyg with hematoxylin and eosin (H&E).
The tumor sections were immunohistochemically s@inwith anti-CD31, anti-Ki-67, and
anti-p-mTOR antibodies. A TUNEL assay was conduétddwing the manufacturer's instructions.

Quantitation was conducted using IPP 6.0 and GraglsBftware.

4.3 Molecular docking

Molecular docking of compounXCF-37b into the three-dimensional X-ray structure of lk@a
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proteins (VEGFR PDB code: 3WZE; mTOR PDB code: 4J¥és performed using GoldDock 5.0.
The three-dimensional structure ®CF-37b was constructed using Chemoffice 3D ultra 13.0
software, then energetically minimized using MMFR@#h 10000 iterations and a minimum RMS
gradient of 0.10. The kinase crystal structuresewetrieved from the RCB Protein Data Bank

(http://www.rcsb.org). All bound waters and ligandisre eliminated, and the polar hydrogen was

added. The whole protein was defined as a recegaorthe site sphere was selected based on the
kinase binding site. CompoundCF-37b was placed during the molecular docking procedure.

Interaction types of the proteins docked with ligamvere analyzed after the docking was complete.
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Highlights

® The newly synthesized benzylidene-succinimide derivatives showed obvious
anti-angiogenic activities with non-cytotoxicity against colorectal cancer cells
and human normal cell.

® Among them, compound XCF-37b exerted the most excellent anti-angiogenesis
ex vivo and in vivo, and also non-cytotoxicity on varied other cancer cells.

® Mechanism study confirmed that XCF-37b regulated angiogenic inhibition
through a variety of regulatory pathways, including to inhibit AKT/mTOR and
VEGFR2 signaling pathway, while no significant interference on the growth of

colorectal cancer cells.



