Accepted Manuscript =

Synthesis, biological evaluation and 3D-QSAR studies of novel 5-phenyl-1H-pyrazol
cinnamamide derivatives as novel antitubulin agents A

Shu-Fu Wang, Yong Yin, Ya-Liang Zhang, Shan-Wei Mi, Meng-Yue Zhao, Peng- 7

Cheng Lv, Bao-Zhong Wang, Hai-Liang Zhu

PII: S0223-5234(15)00114-2
DOI: 10.1016/j.ejmech.2015.02.018
Reference: EJMECH 7700

To appearin:  European Journal of Medicinal Chemistry

Received Date: 26 October 2014
Revised Date: 8 February 2015
Accepted Date: 12 February 2015

Please cite this article as: S.-F. Wang, Y. Yin, Y.-L. Zhang, S.-W. Mi, M.-Y. Zhao, P.-C. Lv, B.-Z.
Wang, H.-L. Zhu, Synthesis, biological evaluation and 3D-QSAR studies of novel 5-phenyl-1H-pyrazol
cinnamamide derivatives as novel antitubulin agents, European Journal of Medicinal Chemistry (2015),
doi: 10.1016/j.ejmech.2015.02.018.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.ejmech.2015.02.018

Synthesis, biological evaluation and 3D-QSAR studies of novel

5-phenyl-1H-pyrazol cinnamamide derivatives as novel antitubulin agents

Shu-Fu Wang, Yong Yiri, Ya-Liang Zhang, Shan-Wei Mi, Meng-Yue Zhao,
Peng-Cheng Lv*, Bao-Zhong Wang*, Hai-Liang Zhu*

State Key Laboratory of Pharmaceutical Biotechngldganjing University, Nanjing
210093, People’s Republic of China

" These authors contributed equally to this work.
" Corresponding authors. Tel.: +86 25 83592572; Fa&6 25 83592672.
E-mail address: zhuhl@nju.edu.cn (H.-L. Zhu).

Compound 5] exhibited the most potent inhibitory activity with an ICs
value of 1.02 uM for tubulin, 0.35 uM for MCF-7, 0.62 uM for A549 and
0.57uM for B16-F10.
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Abstract

A series of novel 5-phenylH:-pyrazol derivatives Ha-5x) containing
cinnamamide moiety were synthesized and their Qio& activities as potential
tubulin polymerization inhibitors were evaluatedméng them, compoundj
exhibited the most potent inhibitory activity wigm 1G;, value of 1.02:M for tubulin,
which was superior to that of Colchicine $& 1.34uM). Docking simulation was
performed to insert compourfy into the crystal structure of tubulin at colchicine
binding site to determine the probable binding nho8iB-QSAR model was also built
to provide more pharmacophore understanding thatdcbe used to design new

agents with more potent tubulin inhibitory activity

Keywords. Pyrazole; Cinnamamide; Antitubulin agent; Molecular docking;
3D-QSAR
Abbreviations: SAR, structure-activity relationship; 46 half maximal inhibitory

concentration; MTT, 3-(4, 5-Dimethylthiazol-2-yl)8diphenyltetrazolium bromide
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1. Introduction

Microtubules are major cytoskeletal protein polyser all eukaryotic cells and
involved in numerous cellular functions includinghremosome segregation,
intracellular transport, cell motility, and cell age! Microtubules assemble and
disassemble by a reversible process involving eiser3 tubulin heterodimers. This
dynamic instability feature along with treadmilliggzes microtubules significant role
in mitosis and cell divisioff! During cell mitosismicrotubules mediate the timely
and correct attachment of chromosomes at theirtédheres to the spindle, the
complex movements of the chromosomes that bring ttee their properly aligned
positions and the synchronous separation of theonehsome$’ Given the
importance of microtubules in cell mitosis, micidotles or tubulins serve as effected
molecular targets for cancer chemotherapeutic agent

There are two classes of these chemotherapeutitsagricrotubule stabilizers
(e.g., paclitaxel and docetaxel), and microtubudstabilizers (e.g., vinblastine and
vincristine). Both types interfere with the mitotic spindle asbgmduring cell
division and block cell cycle in G2/M phases, résglin cell death*® Colchicine
(Figure 1) is the first identified antimitotic drughat inhibits microtubule
polymerization by binding to tubulin, and its bindi site has been well
characterized! Several other new compounds such as E7010, HMN-&1dl CA-4
(Figure 1) have also attracted much interest agubntin agents. They bound
tubulins through colchicine binding sffé.

Chalcones are the biogenetic precursors of all knavonoids and exhibit a
variety of biological activities including anticaen ! anti-inflammatory****!
anti-tuberculosi§® anti-fungal and antiproliferative activiti€é>? Antimitotic
agents like trans-1-(2,5-dimethoxy)-3-[4 (dimethylamino)
phenyl]-2-methyl-2-propen-1-oneM(DL) possess a chalcone skeleton and display
rapid and reversible binding to the colchicine Imgdsite off3-tubulin at the interface
with o-tubulin and cause inhibition of its assembly tocrofubuled?® Researches
showed that their broad biological properties argdly due to the, p-unsaturated

ketone moiety?*!



As shown inFigure 2 chalcone and cinnamon amide share similar parhef t
active structure. Cinnamic acids are abundant mowusa natural resources and its
natural analogues are unique as anticancer ag&mslot of cinnamido compounds
were also synthesized and their anticancer alsilivere evaluated by our research
groups?®%®! Besides, Pyrazole-based heterocycles play a tnateain the arena of
rigidified combretastatin analoguéd. Lee and co-workers described a series of
3,5-diarylpyrazoles that display low cytotoxicity tumor cell lines due to their planar
conformatior?® These previous researches encouraged us to itetegirmamon
amide with pyrazoles to screen compounds which patent anticancer activities.

Herein we report the synthesis and bioactivities af series of
5-phenyl-H-pyrazol derivatives containing cinnamoyl moietyolBgical evaluation
indicated that some of the synthesized compounds petent inhibitors of tubulin.
Docking simulation was performed using the X-raystallographic structure of

tubulin toexplore the binding mode of the compound at thevasite.

2. Resultsand discussion
2.1. Chemistry

The synthetic route of the pyrazol derivatiissbx) was outlined in Scheme 1.
First of all, 2a-2c were synthesized in THF by treatipesubstituted benzoate with
acetonitrile using NaH as catalyst. Secondly, campis2a-2c and hydrazine hydrate
were dissolved in ethanol and refluxed for 1 h & ¢gompounds$a-3c. Lastly, the
coupling reaction between the obtained compoua8c and nicotinic acids was
performed by using 1-ethyl-3-(3-dimethylaminoprgpghbrbodiimide hydrochloride
(EDCI) and N-hydroxybenzotriazole (HOBt) in anhydsomethylene dichloride, and
refluxed to give the desired compoursis5x. All of the synthesized compounds
were given satisfactory analytical and spectroscogéta, which were in full

accordance with their depicted structures.

2.2. Antiproliferative effects against cancer cells
To test the anticancer activities of the synthekizempounds, we evaluated

antiproliferative activities of compound®-5x against MCF-7, A549 and B16-F10
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cancer cells. The results were summarized in Tabl&hese 5-phenylH-pyrazol
derivatives bearing cinnamoyl moiety displayed rekable antiproliferative effects.
The results demonstrated thap&ubstituted electron-withdrawing or halogen
group on phenyl ring A may have slightly improvetiproliferative activities in the
order 4-CE>4-NO,>4-OMe>4-F>4-CI>4-Br>H>4-Me. In the case of constant
A ring substituents, change of substituents onng-dould also affect the activities of
compounds and the inhibitory activities of compaaumdth different substituents on
ring B. The activities increased in the followingler: 4-Me<H<4-Br, suggesting that

an electron-withdrawing could enhance the competehthe pyrazol derivatives.

2.3. Tubulin polymerization inhibition

To examine whether the compounds interact with ltaband inhibit tubulin
polymerization in vitro, we performed the abilities the synthesized compounds in
inhibiting the polymerization of tubulin. The 4gof the compounds were summarized
in Table 2. It was observed that all the synthesizempounds showed inhibitory
activities of tubulin displaying 163 values between 1.02 and 3,34. Among them,
compoundsj displayed the most potent anti-tubulin polymei@atactivity with 1Gg

of 1.02uM.

2.4. Effectson cell cycle against cancer cells

To gain further insight into the action mode ofshe&ompounds, the most potent
one was further assayed for its effects on cellecysing flow cytometry (Figure 3).
As is shown in Figure 3, compousg strongly induced G2/M arrest in MCF-7 cells,
and the effect was observed in a dose-independamnen after treatment with
increasing dose of the compound. About 45.45% efdélls were arrested in the
G2/M phase while 76.95% of the cells were foundbéoin the G2/M phasafter
treatment withbj of 1 and 2ug/mL for 24 h, respectively. These findings indicated a
continuing impairment of cell division and confirch&eompound5] was a potent

antitubulin agent.



2.5. Molecular docking study

To gain better understanding on the potency ofsthehesized compounds and
guide further SAR studies, we proceeded to exantme interaction of the
5-phenyl-H-pyrazol derivatives with tubulin (PDB code: 1SAO)he molecular
docking was performed by inserting synthetic cormatsuinto the colchicine binding
site in tubulin. All docking runs were applied Lig#it Dock protocol of Discovery
Studio 3.5. The binding model of compousjdand tubulin was depicted in Figure 4.
and the enzyme surface model was shown in Figuresbch revealed that the
molecule is well filled in the active pocket.

In the binding mode, compouryl is nicely bound to tubulin via two hydrogen
bonds. The hydrogen atom on the pyrazole ring Withoxygen atom on the main
chain of Ser178 (angle N-HO = 160.6°, distance = 2.40 A) and the fluorineratuf
CFs with the hydrogen atom on the hydroxy of Tyr202dle F--H-O = 113.3°,
distance = 2.13 A) contribute to the hydrogen bogdnteraction together, being a
probable explanation for its nice activity. Meanlehithe receptor surface model
showed in Figure 5 revealed that this candidatéitdn was tightly embedded into
the active pocket of tubulin. This molecular dockiresult, along with the enzyme

assay data, suggested that compdjnd a potential inhibitor of tubulin.

2.6. 3D-QSAR

In order to acquire a systematic SAR profile on gkethesized compounds and
to explore the more powerful and selective tubudimbitors, 3D-QSAR model was
built to choose activity conformation of the desdgnmolecular and reasonably
evaluated the designed molecules by using the soreling plG, values which
were converted from the obtained s¢C(uM) values of tubulin inhibition and
performed by built-in QSAR software of DS 3.5 ([usery Studio 3.5, Accelrys, Co.
Ltd). By convention, the plég scale (-loglGo), in which higher values indicate
exponentially greater potency, is used as a metihogeasure inhibitory activity. The
training and test set was chosen by the Diverseebliéds method in Discovery

Studio. Considering a good alignment is very imatrtfor the analysis of molecular
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fields, we applied CDOCKER protocol to explore eacblecule with lowest energy
before alignment conformation. 5-phenyi-pyrazol was selected as substructure to
build alignment conformation before building the A&FSmodel.

The correlation coefficient between observed and predicted activity of trajnin
set was found to be 0.991, while that of test s found to be 0.796, which proved
that the QSAR model built by us was acceptable. Fhef 5-fold cross validation
result is 0.603 while the?cpf validation result using external test set ig96. It
means that the model performs well with compoundmed by docking andhe
predictive ability of our QSAR model is acceptabRredicted plg values and
residual errors of 24 compounds by this QSAR mbdel been given in Table 3. The
well agreement between predicted gl€alue and experimental pJEvalue for both
test sets and training sets are shown in Figure 6.

Also the molecules aligned with the iso-surfacestizd 3D-QSAR model
coefficients on electrostatic potential grids (Fgu/a) and van der Waals grids
(Figure 7b) are listed. Electrostatic map indicatgs contours around regions where
high electron density (negative charge) is expedtedncrease activity, and blue
contours represent areas where low electron deripaytial positive charge) is
expected to increase activity. Similarly, stericomadicates areas where steric bulk is
predicted to increase (green) or decrease (yekmiwity.

According to the maps, it was suggested that tmepoand with high negative
charged and bulky Rgroup would show higher activity, validating thairs
substituted group being a better choice than mémrihe substituted group and F
substituent better than Cl as well as Cl substitbetter than Br. Meanwhile, we can
get from the maps that compound with high negativarged R group would show
better activity than compound with low negativergeal R group, validating that Br
substituent better than H and €Hs a result, data summarized above demonstrated
that compoundsj, the most potent tubulin inhibitor (4= 1.021M), which contains

suitable substituents, had an outstanding activity.

3. Conclusion



In this paper, a series of novel tubulin inhibitdyveared pyrazole core and
cinnamamide moiety have been synthesized and thielpgical activities were
evaluated. Among them, compoubg exhibited the most potent tubulin inhibition
activities (IGo = 1.02uM for tubulin) and antiproliferative activities (§¢= 0.35uM
for MCF-7, 1Go = 0.62uM for A549 and 1G, = 0.57uM for B16-F10). Docking
simulation was performed to put compoufdinto the colchicine binding site of
tubulin to determine the potential binding modedl daund that several interactions
with the protein residues in the colchicine bindsig might play an important role in
its antitubulin polymerization and antiproliferaiactivities. QSAR model was built

to provide a reliable tool for reasonable designaifel tubulin inhibitors in future.

4. Experiments
4.1. M aterials and measurements
All chemicals and reagents used in current studyevamalytical grade. The

reactions were monitored by glass-backed silicaspelets (Silica Gel 60 GF254).
Column chromatography was performed using silidg280-300 mesh) eluting with

ethyl acetate and petroleum ether. Melting points@rrected) were determined on a
XT4MP apparatus (Taike Corp., Beijing, China). E&iss spectra were obtained on a
Mariner System 5304 mass spectrometer, #hdMR spectra were collected on a
Bruker DPX400 or DPX300 model spectrometer at raemperature with TMS and
solvent signals allotted as internal standards. Sdieent signals allotted as internal
stands. Elemental analyses were performed on a OHR&pid instrument. All the

compounds gave satisfactory chemical analyses ¥40.4

4.2. General procedurefor the synthesis of 2a-2c

Mixed p-substituted methyl benzoate (7 mmol) with NaH (d+hol, 0.35 g) in
boiling tetrahydrofuran (5 mL) and then followed dppwise addition of solution of
acetonitrile (7 mmol, 0.29g, 0.4 mL) in tetrahydnan (1 mL). The resulting mixture

was refluxed for 4 h and then cooling down to rotemperature, after which the
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solution was diluted with diethylether (15 mL) aledt to stand at room temperature
for 48 h. The precipitated sodium salt was filteeed washed with diethylether. The
dry compound was dissolved in water (5 mL) andiéed with HCI (1mol/L) to pH

2. The collected extracts were crystallized fronudoe, filtered and dried with

NapxSOy.

4.3. General procedurefor the synthesis of 3a-3c

To a stirred mixture of compourth-2c (5 mmol) in EtOH (25 mL) were added
NH2NH,-H,O (0.3 mL, 6 mmol) and C{O;H (0.1 mL, 1 mmol) at room
temperature and the mixture was stirred under xeftw 1h. The precipitate was

purified by column chromatograghy over silica gegiive the compoun8a-3c.

4.4.General procedure for the synthesis of 5-phenyl-1H-pyrazol derivatives
(5a-5x)

Compound$a-5x were synthesized by coupling substituBaeBc with cinnamic
acids, using 1-ethyl-3-(3-dimethylaminopropyl) aadbmide hydrochloride (EDCI)
and N-hydroxybenzotriazole (HOBt) as condensing agehe mixture was refluxed
in anhydrous CbClI, for 1-3 h. The products were extracted with etigétate. The
extract was washed successively with 5% HCI, theaperated and purified by

column chromatograghy over silica gel to give tompound.

44.1 (E)-3-(4-nitrophenyl)-N-(5-phenyl-1H-pyrazol-3-yl)acrylamide(5a)
Yellow powder, yield: 74%. m.p. 229-230 °C. 1H NMB0O MHz, DMSO,s

ppm): 5.90 (s, 1H); 6.88 (s, 2H); 7.46 (m, 3H);77(&, 3H); 8.14 (m, 3H); 8.32 (d,
= 8.32 Hz, 2H). MS (ESI): 335.43 ([M+H] Anal. Calcd for GgH14N4O3: C, 64.66;

H, 4.22: N, 16.76%:; Found: C, 66.49:; H, 4.37; N516%.

442  (Z)-N-(5-phenyl-1H-pyrazol-3-yl)-3-(4-(trifluoromethyl)phenyl)acrylami
de(5b)

Yellow powder, yield: 69%. m.p. 183-184 °C. 1H NMB0O MHz, DMSO,s
ppm): 5.89 (s, 1H); 6.87 (s, 2H); 7.43-7.50 (m, 3AB5 (d,J = 5.97 Hz, 2H);
7.92-8.00 (m, 3H); 8.07-8.12 (m, 3H). MS (ESI): 388 ([M+H]"). Anal. Calcd for

8



Ci19H14F3N30: C, 63.86; H, 3.95; N, 11.76%; Found: C, 63.633H2; N, 11.54%.
443 N-(5-phenyl-1H-pyrazol-3-yl)cinnamamide(5c)
Yellow powder, yield: 59%. m.p. 198-199 °C. 1H NMB0O MHz, DMSO,s

ppm): 5.88 (s, 1H); 6.85 (s, 2H); 7.47 (m, 6H);47802 (m, 6H). MS (ESI): 290.24
([M+H]™). Anal. Calcd for GgH15N30: C, 74.72; H, 5.23; N, 14.52%; Found: C, 74.48;

H, 5.46; N, 14.37%.
444  (E)-3-(4-methoxyphenyl)-N-(5-(p-tolyl)-1H-pyrazol-3-yl)acrylamide(5d)
Yellow powder, yield: 69%. m.p. 166-167 °C. 1H NMB0O MHz, DMSO,s

ppm): 5.88 (s, 1H); 6.84 (s, 2H); 7.34 Jt713.2, 2H); 7.45 (m, 3H); 7.94 (m, 6H).
MS (ESI): 308.53 ([M+H]+). Anal. Calcd for 1gH14FN3O: C, 70.35; H, 4.59; N,

13.67%; Found: C, 70.23; H, 4.54; N, 13.34%.
445  (E)-3-(4-chlorophenyl)-N-(5-phenyl-1H-pyrazol-3-yl)acrylamide(5e)
Yellow powder, yield: 75%. m.p. 185-186 °C. 1H NMB0O MHz, DMSO,s

ppm): 5.88 (s, 1H); 6.85 (s, 2H); 7.46 (m, 3H);77(, J = 6.42 Hz, 2H); 7.95 (m,
6H). MS (ESI): 324.78 (IM+H). Anal. Calcd for GH14CIN:O: C, 66.77; H, 4.36; N,

12.98%; Found: C, 66.49; H, 4.55; N, 13.14%.
446 (E)-N-(5-phenyl-1H-pyrazol-3-yl)-3-(p-tolyl)acr ylamide(5f)
Yellow powder, yield: 55%. m.p. 189-190 °C. 1H NMB0O MHz, DMSO,s

ppm): 2.38 (s, 3H); 5.88 (s, 1H); 6.84 (s, 2H);Z/(8,J = 5.97 Hz, 2H); 7.45 (m, 3H);
7.34 (d,J = 6.06 Hz, 2H); 7.92 (m, 4H); MS (ESI): 304.34 ¢M]"). Anal. Calcd for

Ci1H17/N30: C, 75.23; H, 5.65; N, 13.85%; Found: C, 75.435H4; N, 13.74%.
447  (Z2)-3-(4-methoxyphenyl)-N-(5-phenyl-1H-pyrazol-3-yl)acrylamide(5g)
Yellow powder, yield: 69%. m.p. 166-167 °C. 1H NMB0O MHz, DMSO,s

ppm): 3.84 (s, 3H); 5.87 (s, 1H); 6.83 (s, 2H);67(6,J = 6.18 Hz, 2H); 7.42-7.49 (m,
3H); 7.81-7.87 (m, 4H); 7.92 (d,= 5.85 Hz, 2H). MS (ESI): 320.41 ([M+H] Anal.
Calcd for GgH17/N3O,: C, 71.46; H, 5.37; N, 13.16%; Found: C, 71.63;5:14: N,

13.34%.
448 (E)-3-(4-bromophenyl)-N-(5-phenyl-1H-pyrazol-3-yl)acrylamide(5h)
Yellow powder, yield: 58%. m.p. 209-210 °C. 1H NMB0OO MHz, DMSO,s

ppm): 5.88 (s, 1H); 6.85 (s, 2H); 7.46 (m, 3H);0/(d,J = 6.36 Hz, 2H); 7.81-7.93
(m, 5H); 7.99 (dJ = 12.09 Hz, 1H). MS (ESI): 369.32 ([M+B] Anal. Calcd for

Ci1gH14BrN3O: C, 58.71; H, 3.83; N, 11.41%; Found: C, 58.613H6; N, 11.67%.
9



449  (E)-N-(5-(4-bromophenyl)-1H-pyrazol-3-yl)-3-(4-nitrophenyl)acrylamide

(51)

Yellow powder, yield: 55%. m.p. 230-231 °C. 1H NMB0O MHz, DMSO,5
ppm): 5.91 (s, 1H); 6.91 (s. 2H); 7.67 {(ds 6.36 Hz, 2H); 7.90 (dl = 6.39 Hz, 2H);
7.99 (d,J = 12.12 Hz, 1H); 8.13 (m, 3H); 8.32 @z 6.57 Hz, 2H). MS (ESI): 414.22
([M+H]™). Anal. Calcd for GgH1aBrN4Os: C, 52.32; H, 3.17; N, 13.56%; Found: C,

52.49; H, 3.22; N, 13.79%.

4.4.10 (E)-N-(5-(4-bromophenyl)-1H-pyrazol-3-yl)-3-(4-(trifluoromethyl)phenyl
)acrylamide(5j)

Yellow powder, yield: 82%. m.p. 180-181 °C. 1H NMB0O MHz, DMSO,s
ppm): 5.90 (s, 1H); 6.91 (s, 2H); 7.66 M= 6.33 Hz, 2H); 7.87 (m, 4H); 7.95-8.09
(m, 4H). MS (ESI): 437.62 ([M+H). Anal. Calcd for GgH13BrFsNzO: C, 52.31; H,

3.00; N, 9.63%; Found: C, 52.49; H, 2.77; N, 9.58%.
4411 N-(5-(4-bromophenyl)-1H-pyrazol-3-yl)cinnamamide(5k)

Yellow powder, yield: 65%. m.p. 215-216 °C. 1H NMB0O MHz, DMSO,s
ppm): 5.90 (s, 1H); 6.89 (s, 2H); 7.51 Jt=4.74, 3H); 7.66 (dJ = 6.39 Hz, 2H);
7.84-8.00 (m, 6H). MS (ESI): 369.11 ([M+H] Anal. Calcd for GgH14BrNsO: C,
58.71; H, 3.83; N, 11.41%; Found: C, 58.49; H, 3/8511.14%.

4.4.12 (Z)-N-(5-(4-bromophenyl)-1H-pyrazol-3-yl)-3-(4-fluorophenyl)acrylamid

e(5l)
Yellow powder, yield: 75%. m.p. 199-200 °C. 1H NMB0O MHz, DMSO,s

ppm): 5.89 (s, 1H): 6.89 (s, 2H): 7.32-7.36 (m, 2R)B5 (d,J = 6.33 Hz, 2H);
7.88-7.96 (m, 6H). MS (ESI): 387.34 ([M+B] Anal. Calcd for GeH13BrFNzO: C,

55.98; H, 3.39; N, 10.88%: Found: C, 55.79; H, 3210.77%.

4.4.13 (E)-N-(5-(4-bromophenyl)-1H-pyrazol-3-yl)-3-(4-chlorophenyl)acrylami
de(5m)

Yellow powder, yield: 66%. m.p. 179-180 °C. 1H NMB0O MHz, DMSO,s
ppm): 5.89 (s, 1H); 6.88 (s, 2H); 7.49 (d; 5.55 Hz, 1H); 7.57 (d] = 6.36 Hz, 2H);
7.66 (d,J = 6.39 Hz, 2H); 7.90 (m, 5H). MS (ESI): 403.57 (fM]"). Anal. Calcd for

C1gH13BrCINzO: C, 53.69; H, 3.25; N, 10.44%; Found: C, 53.473H3; N, 10.57%.
4414 (E)-N-(5-(4-bromophenyl)-1H-pyrazol-3-yl)-3-(p-tolyl)acrylamide(5n)
Yellow powder, yield: 36%. m.p. 213-214 °C. 1H NMB0O MHz, DMSO,s
ppm): 2.38 (s, 3H); 5.89 (s, 1H); 6.87 (s, 2H);37(@,J = 5.91 Hz, 2H); 7.66 (d, J =
10



6.39 Hz, 2H); 7.75 (d) = 6.09 Hz, 2H); 7.89 (m, 4H). MS (ESI): 383.19 ({M]+).
Anal. Calcd for GgH16BrNsO,: C, 57.30; H, 4.05; N, 10.55%; Found: C, 57.21; H,

4.09; N, 10.32%.

4.4.15 (E)-N-(5-(4-bromophenyl)-1H-pyrazol-3-yl)-3-(4-methoxyphenyl)acryla
mide(50)
Yellow powder, yield: 65%. m.p. 185-186 °C. 1H NMB0O MHz, DMSO,s

ppm): 3.85 (s, 3H); 5.88 (s, 1H); 6.86 (s, 2H);6/(d,J = 6.57 Hz, 2H); 7.65 (d] =
6.36 Hz, 2H); 7.84 (m, 6H). MS (ESI): 399.23 ([M+M] Anal. Calcd for

Ci19H16BrN3O2: C, 57.30; H, 4.05; N, 10.55%; Found: C, 57.494122; N, 10.77%.

4.4.16 (E)-3-(4-bromophenyl)-N-(5-(4-bromophenyl)-1H-pyrazol-3-yl)acrylami
de (5p)
Yellow powder, yield: 65%. m.p. 186-187 °C. 1H NMB0O MHz, DMSO,s

ppm): 5.90 (s, 1H); 6.88 (s, 2H); 7.65 (M, 4H);T7(@,J = 6.36 Hz, 3H); 7.82 (d] =
6.39 Hz, 2H); 7.98 (d] = 6.09 Hz, 1H). MS (ESI): 448.41 ([M+B)] Anal. Calcd for

C1gH13BroN3O: C, 48.35; H, 2.93; N, 9.40%; Found: C, 48.542185; N, 9.14%.
4.4.17 (E)-3-(4-nitrophenyl)-N-(5-(p-tolyl)-1H-pyrazol-3-yl)acrylamide(5q)
Yellow powder, yield: 54%. m.p. 209-210 °C. 1H NMB0O MHz, DMSO,s

ppm): 2.36 (s, 3H): 5.86 (s, 1H); 6.86 (s, 2H):87(8,J = 5.97 Hz, 2H): 7.82 (d] =
6.09 Hz, 2H); 7.98-8.15 (m, 4H); 8.32 (d,= 6.57 Hz, 2H). MS (ESI): 349.35
([M+H] ™). Anal. Calcd for GgH1gN4Os: C, 65.51; H, 4.63; N, 16.08%; Found: C,

66.49; H, 4.47; N, 16.32%.

4418 (E)-N-(5-(p-tolyl)-1H-pyrazol-3-yl)-3-(4-(trifluoromethyl)phenyl)acrylam
ide(5r)
Yellow powder, yield: 78%. m.p. 171-172 °C. 1H NMB0OO MHz, DMSO,5

ppm): 2.36 (s, 3H); 5.85 (s, 1H); 6.85 (s, 2H);87(&,J = 6.06 Hz, 2H); 7.83 (m, 4H);
8.03 (m, 4H). MS (ESI): 372.44 ([M+H)] Anal. Calcd for GoH16FsNzO: C, 64.69; H,

4.34; N, 11.32%; Found: C, 64.79; H, 4.47; N, 1%48
4419 N-(5-(p-tolyl)-1H-pyrazol-3-yl)cinnamamide(5s)
Yellow powder, yield: 69%. m.p. 196-197 °C. 1H NMB0OO MHz, DMSO,5

ppm): 2.36 (s, 3H); 5.85 (s, 1H); 6.83 (s, 2H);77(d,J = 5.94 Hz, 2H); 7.50 (i =
4.71 Hz, 3H); 7.8-8.0 (m, 6H). MS (ESI): 304.52 @M]"). Anal. Calcd for
CigH17N30: C, 75.23; H, 5.65; N, 13.85%; Found: C, 75.475H7; N, 13.56%.
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4.4.20 (E)-3-(4-fluorophenyl)-N-(5-(p-tolyl)-1H-pyrazol-3-yl)acrylamide(5t)
Yellow powder, yield: 65%. m.p. 186-187 °C. 1H NMB0O MHz, DMSO,5

ppm): 2.36 (s, 3H); 5.84 (s, 1H); 6.82 (s, 2H);17(&, 4H); 7.80-7.96 (m, 6H). MS
(ESI): 322.63 ([M+H]). Anal. Calcd for GgH16FN3O: C, 71.01; H, 5.02; N, 13.08%;

Found: C, 69.94; H, 5.65; N, 11.14%.
4421 (E)-3-(4-chlorophenyl)-N-(5-(p-tolyl)-1H-pyrazol-3-yl)acrylamide(5u)
Yellow powder, yield: 65%. m.p. 180-181 °C. 1H NMB0OO MHz, DMSO,5

ppm): 2.36 (s, 3H); 5.84 (s, 1H); 6.83 (s, 2H);77(d,J = 6.00 Hz, 2H); 7.56 (d] =
6.36 Hz, 2H); 7.81 (dJ = 6.06 Hz, 2H); 7.94 (m, 4H). MS (ESI): 338.86 (M]").
Anal. Calcd for GgH16CIN:O: C, 67.56; H, 4.77; N, 12.44%; Found: C, 66.79; H

4.52; N, 12.78%.
4.4.22 (E)-3-(p-tolyl)-N-(5-(p-tolyl)-1H-pyrazol-3-yl)acrylamide(5v)
Yellow powder, yield: 66%. m.p. 143-144 °C. 1H NMB0O MHz, DMSO,s

ppm): 2.37 (dJ = 6.06 Hz, 2H); 5.84 (s, 1H); 6.82 (s, 2H); 7.47J = 6.00 Hz, 2H);
7.32 (d,J=5.91 Hz, 2H); 7.74 (d] = 6.00 Hz, 2H); 7.81 (dl = 6.03 Hz, 2H); 7.90 (d,
J = 6.15 Hz, 2H). MS (ESI): 318.12 ([M+H] Anal. Calcd for GgH16BrNzO,: C,

75.69; H, 6.03; N, 13.24%; Found: C, 74.21; H, 619913.32%.
4.4.23 (E)-3-(4-methoxyphenyl)-N-(5-(p-tolyl)-1H-pyrazol-3-yl)acrylamide(5w)
Yellow powder, yield: 69%. m.p. 166-167 °C. 1H NMB0O MHz, DMSO,5

ppm): 2.36 (s, 3H); 3.84 (s, 3H); 5.83 (s, 1H);16(8, 2H); 7.06 (dJ = 6.60 Hz, 2H);
7.27 (d,J = 5.94 Hz, 2H); 7.84 (m, 6H). MS (ESI): 334.23 (fM]"). Anal. Calcd for

Ca0H19N302: C, 72.05; H, 5.74; N, 12.60%; Found: C, 72.235t54; N, 12.34%.
4.4.24 (E)-3-(4-bromophenyl)-N-(5-(p-tolyl)-1H-pyrazol-3-yl)acr ylamide(5x)
Yellow powder, yield: 78%. m.p. 187-188 °C. 1H NMB0OO MHz, DMSO,5

ppm): 2.36 (s, 3H); 5.84 (s, 1H); 6.83 (s, 2H);77(d,J = 5.94 Hz, 2H); 7.70 (d] =
6.36 Hz, 2H); 7.85 (m, 5H); 7.99 (d= 12.06 Hz, 1H). MS (ESI): 383.38 ([M+H)]
Anal. Calcd for GgH16BrN3O: C, 59.70; H, 4.22; N, 10.99%; Found: C, 59.56; H
4.35; N, 10.78%.

4.5.Antiproliferation activity

The antiproliferative activities of the preparednmmunds against MCF-7, A549
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and B16-F10 cells was evaluated as described etsewtith some modifications”
Target tumor cell line was grown to log phase inVRR640 medium supplemented
with 10% fetal bovine serum. After diluting to 21€* cells/mL with the complete
medium, 100 pL of the obtained cell suspension added to each well of 96-well
culture plates. The subsequent incubation was picrat 37°C, 5% CQ atmosphere
for 24 h before the cytotoxicity assessments. Testenples at pre-set concentrations
were added to 6 wells with colchicine and CSA-4ssaged as positive reference.
After 48 h exposure period, 40 pL of PBS containiadg mg/mL of MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazain bromide)) was added to each
well. Four hours later, 100 pL extraction solutiqd0% SDS-5% isobutyl
alcohol-0.01M HCI) was added. After an overnightubation at 37C, the optical
density was measured at a wavelength of 570 nnmdaL#SA microplate reader. In
all experiments three replicate wells were usedeach drug concentration. Each

assay was carried out for at least three times.ré@s@ts were summarized in Table 1.

4.6.Effects on tubulin polymerization

Bovine brain tubulin was purified as described esly®" To evaluate the
effect of the compounds on tubulin assembly inoyi# varying concentrations were
preincubated with 1M tubulin in glutamate buffer at 30C and then cooled to
0 ‘C. After addition of GTP, the mixtures were transderto 0 C cuvettes in a
recording spectrophotometer and warmed up to(30and the assembly of tubulin
was observed turbidimetrically. TheslGvas defined as the compound concentration
that inhibited the extent of assembly by 50% af2& min incubation. In all
experiments three replicate wells were used foh efilag concentration. The results

were summarized in Table 2.

4.7.Docking simulations
The crystal structures of tubulin (PDB code: 1SA@s obtained from the
Protein Data Bank (http://www.rcsb.org). Molecutlrcking of compoundj into the

three-dimensional X-ray structure of tubulin wasrieal out using CDOCKER Dock
13



protocol of Discovery Studio 3.5. All bound waterdaligands were eliminated from
the protein and the polar hydrogen was added. Thelentubulin complex was
defined as a receptor and the site sphere wasteglbased on the ligand binding
location of colchicine, then the colchicine molecwas removed ang was placed
during the molecular docking procedure. Types téractions of the docked protein

with ligand were analyzed after the end of molecdtzking.

4.8.QSAR mode

79% (that is 19) of the compound were utilized asaming set for QSAR
modeling and the remaining 21% (that is 5) weresehcas an external test subset for
validating the reliability of the QSAR model by tiverse Molecules protocol in
Discovery Studio 3.5. The selected test compouretewe, 5h, 5j, 5m, 50.

The inhibitory activities of the compounds in la&ures [IGy (mol/L)] was
initially changed into the minus logarithmic sc@l€so (mol/L)] and then used for
subsequent QSAR analysis as the response variable.

In Discovery Studio, the CHARMmM force field is usadd the electrostatic
potential and the van der Waals potential are éckas separate terms. A +1e point
charge is used as the electrostatic potential pestaedistance-dependent dielectric
constant is used to mimic the solvation effect. B van der Waals potential a
carbon atom with a 1.73 A radius is used as a probe

A Partial Least-Squares (PLS) model is built usemgrgy grids as descriptors.
QSAR models were built by using the Create 3D Q3Adrlel protocol in Discovery
Studio 3.5.
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Figure Captions

Table 1. Structural features, inhibition ¢4 of MCF-7, A549 and B16-F10 cells
proliferation by compoundsa-5x

Table 2. Tubulin inhibitory activities of synthetompounds.

Table 3. Experimental, predicted inhibitory aciest of compoundsba-5x by
3D-QSAR models based upon active conformation aelliéy molecular docking.
Figure 1. Chemical structures of antimitotic ageantd lead tubulin inhibitors.

Figure 2. Similar part of chalcone and cinnamondani

Figure 3. Effects of compoun® on cell cycle progression of MCF-7 cells were
determined by flow cytometry analysis. MCF-7 cellere treated with different
concentrations ofj for 24 h. The percentage of cells in each cyclasphwas
indicated.

Figure 4. Binding mode of compouryl with tubulin. For clarity, only interacting
residues were labeled. Hydrogen bonding interastame shown in dotted lines. This
figure was made using Discovery Studio 3.5.

Figure 5. Binding mode of compourtg with tubulin. The enzyme is shown as
surface; while5] docked structures are shown as sticks. This figrtae made using
Discovery Studio 3.5.

Figure 6. Plot of experimental versus predictedilimbinhibitory activities of training
set and test set.

Figure 7. (a) 3D-QSAR model coefficients on elestiatic potential grids. Blue
represents positive coefficients; red represengmtnge coefficients. (b) 3D-QSAR
model coefficients on van der Waals grids. Gregiragents positive coefficients;
yellow represents negative coefficients.

Scheme 1. Synthesis of compouBdsox. Reagents and conditions: (a) £LHN, NaH,
THF, reflux, 4 h; (b) NHNH,-H,O, CHSGO;H, EtOH, reflux, 1 h; (c) EDCI, HOBt,

dichloromethane, reflux, 1 h.
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proliferation by compoundsa-5x

Table 1. Structural features, inhibition {4 of MCF-7, A549 and B16-F10 cells

compound R R, | C50£SD (uM)?
MCF-7° ABAF B16-F16

5a H  4NO, 0.63+0.08 0.97+0.11 0.72+0.04
Sb H 4-CF;  0.54+0.23  0.88+0.09  0.64+0.06
SC H H 1.36+0.34  1.58+0.14 1.56+0.17
Sd H 4-F  0.8440.16 1.22+0.16 1.25+0.15
Se H 4-Cl  0.97+0.24 1.39+0.24 1.27+0.34
of H 4-Me  1.78+0.18 1.77+0.21 1.68+0.36
g H  4-OMe 0.72+0.33 1.06+0.18 0.95+0.07
Sh H 4-Br  1.24+0.14  1.46+0.31 1.38+0.14
Si Br  4-NO, 0.56+0.22 0.74+0.24 0.63+0.09
5 Br 4-CR  0.35:0.08  0.62+0.18 0.57+0.17
ok Br H 1.1240.16  1.44+0.06 1.27+0.22
S Br 4-F 0641025 0.93+0.17 0.85+0.16
5m Br 4-Cl  0.774#0.17 1.21+0.08 1.08+0.08
on Br 4-Me  1.1740.06  1.62+0.05 1.48+0.09
o0 Br  4-OMe 0.59+0.08 0.82+0.22 0.77+0.16
S5p Br 4-Br  0.92+0.15 1.36+0.24 1.28+0.18
5q CHs 4-NO, 0.84+0.09 1.13#0.16 1.32+0.27
or CH; 4-CR 0.72¢+0.21  1.02+0.11 1.21+0.32
55 CHs H 1.63+0.03  1.67+0.13 1.68+0.21
St CHs  4-F  0.95:0.17 1.25+0.09 1.430.44
ou CHs  4-Cl  1.19+0.14 1.49+0.35 1.52+0.38
oV CH; 4-Me  1.72+0.25 1.88+0.33 1.75+0.34
Sw CHs 4-OMe 0.86+0.07 1.19+0.41 1.37+0.25
oX CHs  4-Br  1.37+0.34 1.59+0.21 1.57+0.36
Colchicine 0.39+0.05  0.58+0.08  0.48+0.07
CA-4 0.21+0.06  0.46+0.04 0.42+0.06

®The averaged values determined by at least tieq@srate determinations.

® Inhibition of the growth of MCF-7 cell lines.
¢ Inhibition of the growth of A549 cell lines.
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ACCEPTED MANUSCRIPT

4Inhibition of the growth of B16-F10 cell lines.

19



Table 2. Tubulin inhibitory activities of synthetompounds.

compound Ry R, | C50+SD(uM)?

b5a H 4-NO, 1.56+0.21
5b H 4-CRK 1.34+0.34
5c H H 2.84+0.27
5d H 4-F 1.85+0.22
5e H 4-Cl 2.06+0.19
5f H 4-Me 3.02+0.27
59 H 4-OMe 1.64+0.15
5h H 4-Br 2.36+0.24
5i Br 4-NO, 1.24+0.11
5] Br 4-CR 1.02+0.09
5k Br H 2.55+0.26
5l Br 4-F 1.78+0.18
5m Br 4-Cl 1.95+0.22
5n Br 4-Me 2.76x0.39
50 Br 4-OMe 1.35+0.17
5p Br 4-Br 2.14+0.33
59 CHs 4-NO, 1.62+0.16
5r CHs 4-CR 1.53+0.18
5s CHs H 3.12+0.29
5t CHs 4-F 1.92+0.28
5u CHs 4-Cl 2.15+0.44
5v CHs 4-Me 3.36%+0.36
5w CHs 4-OMe 1.76+0.16
5x CHs 4-Br 2.55+0.35
Colchicine 1.34+0.23
CA-4 0.68+0.16

@ The averaged values determined by three sepastdaminations.
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Table 3. Experimental, predicted inhibitory aciest of compoundsba-5x by

3D-QSAR models based upon active conformation aelliéy molecular docking

compound tubulin Residual error
Actual plGso Predicted plGy

5a 5.807 5.845 -0.038
Sb 5.873 5.888 -0.015
SC 5.547 5.633 -0.086
5d 5.733 5.757 -0.024
2€ 5.686 5.690 -0.004
of 5.52 5.523 -0.003
59 5.785 5.763 0.022
sh 5.627 5.648 -0.021
o 5.907 5.781 0.126
3l 5.991 5.962 0.029

Sk 5.593 5.539 0.054
Sl 5.75 5.712 0.038
om 5.71 5.739 0.029
on 5.56 5.519 0.041
20 5.87 5.817 0.053
op 5.67 5.696 -0.026
o 5.79 5.790 0.000
or 5.815 5.816 -0.001
oS 5.506 5.555 -0.049
ot 5.717 5.687 0.030
Su 5.668 5.717 -0.049
SV 5.474 5.467 0.007
oW 5.754 5.760 -0.006
X 5.593 5.623 -0.030

@Underlined compounds were selected as the testvbdesthe rest ones were in the

training sets.
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Figure 1. Chemical structures of antimitotic ageartd lead tubulin inhibitors.
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Figure 2. Similar part of chalcone and cinnamondzmi
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Figure 3. Effects of compoun®f on cell cycle progression of MCF-7 cells were
determined by flow cytometry analysis. MCF-7 celere treated with different
concentrations obj for 24 h. The percentage of cells in each cyclasphwas

indicated.
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Figure 4. Binding mode of compourgl with tubulin. For clarity, only interacting
residues were labeled. Hydrogen bonding interastame shown in dotted lines. This

figure was made using Discovery Studio 3.5.
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Figure 5. Binding mode of compourtg with tubulin. The enzyme is shown as
surface; while5j docked structures are shown as sticks. This figtae made using

Discovery Studio 3.5.
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Figure 7. (a) 3D-QSAR model coefficients on elestiatic potential grids. Blue
represents positive coefficients; red representmtine coefficients. (b) 3D-QSAR
model coefficients on van der Waals grids. Gregregents positive coefficients;

yellow represents negative coefficients.
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Scheme 1. Synthesis of compouldsbx. Reagents and conditions: (1) €&HN, NaH,
THF, reflux, 4 h; (2) NHNH,- H,0O, CHSO;H, EtOH, reflux, 1 h; (3) EDCI, HOBt,

dichloromethane, reflux, 1 h.
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» 24 novel 5-phenyl-1H-pyrazol cinnamamide derivatives had been synthesized.
» The compounds were evaluated for biological activities as tubulin inhibitors.
» Compound 5j showed the most potent inhibitory activity.



