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Abstract: A series of 3-(3',4’,5’-trimethoxyphenyl)-4-subistied H-pyrazole and their
related 3-aryl-4-(3’,4’,5'-trimethoxyphenyl)-#-pyrazole regioisomeric derivatives,
prepared asis-rigidified combretastatin A-4 (CA-4) analogues,revesynthesized and
evaluated for theiin vitro antiproliferative against six different cancer dieles and, for
selected highly active compounds, inhibitory efeon tubulin polymerization, cell
cycle effects andh vivo potency. We retained the 3’,4’,5'-trimethoxyphenybiety as
ring A throughout the present investigation, argtracture-activity relationship (SAR)
information was obtained by adding electron-withdregy (OCF, CF;) or electron-
releasing (alkyl and alkoxy) groups on the secaytirang, corresponding to the B-ring
of CA-4, either at the 3- or 4-position of the ok nucleus. In addition, the B-ring
was replaced with a bendjfhien-2-yl moiety. For many of the compounds, thei
activity was greater than, or comparable with, tbBtCA-4. Maximal activity was
observed with the two regioisomeric derivativesrabterized by the presence of a 4-
ethoxyphenyl and a 3',4’,5'-trimethoxyphenyl groapthe C-3 and C-4 positions, and
vice versa, of theH-pyrazole ring. The data showed that the 3’,4’rBirethoxyphenyl
moiety can be moved from the 3- to the 4-positibrthe 1H-pyrazole ring without
significantly affecting antiproliferative activity.he most active derivatives bound to the
colchicine site of tubulin and inhibited tubulin Ipmerization at submicromolar
concentrations. In vivo experiments, on an orthigtopurine mammary tumor, revealed
that 4c inhibited tumor growth even at low concatitns (5 mg/kg) compared to CA-

4P (30 mg/kg).

Keywords. Microtubules, structure-activity relationshipH-pyrazole, antiproliferative

activity, tubulin.



1. Introduction

Microtubules are cylindrical structures formed bya@ymerization process fromg3-
tubulin heterodimers and are dynamic componentthefcytoskeleton of eukaryotic
cells. Their dynamic functions include the formatiand disappearance of the mitotic
spindle, which is required for the separation oplaiated chromosomes during cell
division [1]. The microtubule system is involvedamumber of other cellular functions
as well, including determination and maintenancecefi shape, organization of
intracellular architecture, secretion, cellular ngport, regulation of motility and
intracellular organelle transport [2].

Therefore, especially since tubulin is a validati@djet for drugs active against cancer,
there has been great interest in identifying anceld@ing new tubulin polymerization
inhibitors. Inhibition of microtubule function ugiragents that interact specifically with
tubulin, many of which are natural products, remmane approach for the development
of new cytotoxic anticancer drugs [3]. Among théunally occurring antimitotic agents,
combretastatin A-4 (CA-4la; Figure 1), isolated from the bark of the Southidsn
tree Combretum caffruni], is one of the best known inhibitors of tubulissembly.
CA-4 affects microtubule dynamics by interactinghatubulin at the colchicine site [5].
CA-4 shows potent cytotoxicity against a wide vigrief human cancer cell lines,
including those that are multidrug resistant [6lleDio the low water solubility of CA-4,
the corresponding disodium phosphate salt (CAM»,was synthesized as a water
soluble pro-drug. CA-4P causes rapid and seleatascular shutdown of the blood
vessels of tumors, consistent with an anti-vascoiachanism of action as a vascular
disrupting agent (VDA), and CA-4P has shown prongsiesults in phase Il and I

clinical trials on advanced and solid tumors [7].



The activity and structural simplicity of CA-4 hasgmulated significant interest in the
development of a wide variety of analogues that imitme pharmacological properties
of CA-4. These analogues include compounds modifreding A, ring B and the
ethylene bridge [8]. Previous structure-activitylatenship (SAR) studies have
demonstrated that both the 3’,4’,5'-trimethoxy dith§on pattern on the A-ring and the
cis-orientation of the vinyl bond were essential fptimal antiproliferative activity. B-
ring structural modifications were tolerated by thmet, with the 3’-hydroxy group not
necessary for potent activity while the 4’-methgxgup was crucial for cytoxicity [9].
However, several studies have established thatithelefinic double bond of CA-4
tends to isomerize to the thermodynamically moablstransform during storage and
in the course of metabolism in liver microsomesutleng in a dramatic decrease in
both antitubulin and antiproliferative activities.

Thus, with the aim of retaining theis-olefin configuration of CA-4 required for
bioactivity, a strategy to overcome the problentisfto trans isomerization developed
in which the ethylene bridge was incorporated hdiaryl-substituted five-membered
aromatic heterocyclic rings, which can be consideas non-isomerizable and
chemically stabl&-restricted isosteres of CA-4 [10].

In the designed analogues, several research grbape developed a number of
compounds containing pyrazole as the surrogatbeottilbene core of CA-4 and that
maintain the structural elements of CA-4, such hs presence of 3,4',5-
trimethoxyphenyl A-ring, which was considered to tamdamental for the tubulin
binding activity, whereas variations were madehi Yicinal substituent, corresponding

to B-ring of CA-4.
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Figure 1. Structures of CA-41@), CA-4P (Lb) and CA-1 {¢) and molecular formulas
of several synthesized 3,4-disubstitutétidyrazoles Za-i) previously reported in the

literature.

As far as pyrazole derivatives are concerned, Ohstiral. reported the preparation of
3-(3',4’,5-trimethoxyphenyl)-4-(3'-amino-4’-methgphenyl)-H-pyraziole 2a, which
showed potent antimitotic activity in the tubulimlymerization assay, with an 4¢

value of 3uM. Compound2a was also a potent antiproliferative agents(@3.4 nM)



against the colon-26 adenocarcinoma cell line [Ii]a previous study, Medarde and
co-workers also described two 3,4-disubstitutedapgte derivatives 2b and 2¢),
obtained by reversing the positions of the 2’-nAphtand 3',4’,5'-trimethoxyphenyl
ring moieties. Both these compounds showed potetipraliferative activity against
HCT-116 (human colon carcinoma) and A549 (humarg ladenocarcinoma) cancer
cell lines, with 1G values ranging from 6 to 37 nM. Both these compisumad 10-fold
reduced activity relative to that of CA-4 as inkdlos of tubulin polymerization [12].
Pirali and co-workers also reported a concise ggithof 3,4-diarylpyrazole derivatives
as rigidified analogues of CA-1L¢), and among these compourtsand2e were the
most potent of the series with low nanomolar pagsicagainst the SH-SY5Y
neuroblastoma cell line [13]. Several research ggobave also reported that the
introduction of the small hydrophilic amino groujf)(was tolerated at the 5-position of
the 3,4-disubstituted pyrazole system [14, 15]. Agqdhe 3,4-diaryl-1-substituted
pyrazoles recently synthesized, the 3',4’,5-trihetyphenyl)-4-(4’-ethoxyphenyl)-1-
methylpyrazole analogug emerged as a new potent, chemically staideestricted
derivative of CA-4 [16]. Compounég showed antiproliferative activity of 17 and 31
nM against the human ovarian SKOV and human biMa#t-MD231 cancer cell lines,
respectively. This compound was comparable to CiA-ghe tubulin polymerization
assay when the two derivatives were tested atahee concentration (10M). Harrity

et al. have reported two isomer pyrazole-basedogonas of CA-4 with the same
substitution pattern, corresponding to compour2ths and 2i, with derivative 2h
characterized by a high antiproliferative actiilgso: 5 nM) against human umbilical
vein endothelial cells (HUVECS), while ison@&rwas inactive [17]. Derivativezh and

2i were also recently synthesized by Zhang et alq find similar activities for the



two compounds against three human carcinoma oel l{gastric adenocarcinoma SGC-
7901 cells, mouth epidermal carcinoma KB cells brabarcoma HT-1080 cells), with
ICs values ranging from 26 to 60 nM. [18]

In our ongoing efforts to discover new potent aittitic agents and to extend our
knowledge of the pyrazole ring as a suitable mifaicthe cis-olefin bridge present in
CA-4, we report here a pharmacophore exploratiah aggtimization effort around the
pyrazole ring. We prepared two different regioisomeeries of 3,4-diarylsubstituted
1H-pyrazole derivatives with general structuBeand4 (Figure 2). In these two series of
designed analogues, obtained by interchangingubstiution pattern of rings A and B,
we fixed one of the aryl groups as the 3’,4’,5ttathoxyphenyl motif, identical with
the A-ring of CA-4, and the modifications were feed on variation of the substituents
at thepara- position on the second phenyl ring, correspondinthé B-ring of CA-4,
with electron-withdrawing (OC¥ CF) or electron-releasing (Me, Et, n-Pr, MeO, EtO,
MeS, EtS) groups (EWG and ERG, respectively). Stheanethyl, methoxy and ethoxy
groups proved to be favorable for bioactivity, weraduced an additional substituent
(F, Cl, Me or MeO) at thenetaposition of thepara-methyl/methoxy/ethoxyphenyl ring.
Medarde et al have previously reported that thé&bahd lipophilic 2-naphthyl moiety
can replace the 3’-hydroxy-4’-methoxyphenyl ringoB combretastatin A-4 without
significant loss of potency [19]. For this reasam,compound2c we evaluated the
bioisosteric replacement of the 2’-naphthyl withe tR’-benzop]thienyl moiety, to
obtain derivative3a.

The first large series of compounds with genenalcstire3 was characterized by the
presence of a 3’,4’,5-trimethoxyphenyl residuetta¢ 3-position of the pyrazole ring
combined with a benzblthien-2-yl or a phenyl ring with different ERGs BWGs at

the vicinal 4-position of the pyrazole core.



In order to understand whether the substituenthet3- and 4-positions on thédd
pyrazole nucleus can be interchanged without affgdiiological activity, starting from
the 4’-tolyl (3b), 4-methoxyphenyl 3c) and 4’-ethoxyphenyl 3p) derivatives,
switching the aryl and 3',4’,5'-trimethoxyphenyl meties, the corresponding
regioisomeric derivativeda, 4b and4c, respectively, were synthesized.

A noteworthy point was that the first series of 334’,5-trimethoxyphenyl)-4-
substituted H-pyrazoles3a-r was concisely synthesized via an efficient andatde
convergent procedure starting from a common kegrinédiate represented by a 1-

tosyl-3-(3',4’,5’-trimethoxyphenyl)-4-bromoH-pyrazole [20].

1

-NH N-NH
H,CO U 5 I

4 R

R
H,CO

OCHj
H,CO OCHjs
3a-r da-c OCHs
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39, R=4'-CH3CH,-CgH,
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3i, R=4'-OCH3-06H4

3j, R=4’-SCH3-C6H4

3k, R=4'-OCHs, 3'-F-CgH3

3l, R=4'-OCHg, 3'-CI-CgH3
3m, R=4'-OCHjs, 3'-CH3-CgHj
3n, R=4'-OCHj3, 3',5'-(CH3)»-CgH,
30, R=4’-OCF3-C6H4

3p, R=4'-OCH,CH3-CgH,4

3q, R=4"-SCH,CH;-CgH,
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Figure 2. Structures of 3-(3',4’,5'-trimethoxyphenyl)-4-sultsted-1H-pyrazoles3a-r
and their isomeric 3-aryl-4-(3’,4’,5'-trimethoxypihy)-1H-pyrazole analogue$a-c



2. Chemistry

3,4-Disubstituted H-pyrazole derivatives3a-r and 4a-c were synthesized by the
general six-step procedure described in Scheme dndéhsation of 3,4',5'-
trimethoxyacetophenon® and appropriately substituted acetophenofiasc with
dimethylformamide dimethyl acetal (DMF-DMA) provideenaminones and 8a-¢
respectively, in good yields, which were subsedyeptcted with hydrazine hydrate in
refluxing ethanol to provide the corresponding -a4H-pyrazole derivative® and
10a-c The subsequent regioselective monobrominatiahea-position of the pyrazole
nucleus of compound®and10a-cwith N-bromosuccinimide (NBS) in DMF furnished
the corresponding 3-aryl-4-bromd4ipyrazole analogue%l and 12a-G respectively.
The pyrazole hydrogen of these latter compoundsteraporarily replaced with a tosyl
group by treatment withp-toluenesulfonyl chloride (TsCI) in a mixture of
dichloromethane and pyridine to afford the formatiof the key N-tosyl-4-
bromopyrazole intermediatd8 and14a-¢ respectively. The brominated products were
subjected to a Suzuki cross-coupling process in fresence of the appropriate
commercially available arylboronic acid under he¢emeous conditions [PA{DPPF),
CsF] in 1,4-dioxane at 65 °C, giving rise to tharesponding 3,4-diaryl pyrazole
derivativesl5a-r and16a-c The tosyl protecting group was then removed kglale
hydrolysis using a mixture of 1 M aqueous solutidrNaOH and ethanol to afford the
target 3-(3',4’,5'-trimethoxyphenyl)-4-substitutecand isomeric 3-aryl-4-(3’,4’,5'-

trimethoxyphenyl)-H-pyrazole derivative8a-r and4a-c respectively.
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3. Biological Results and Discussion

3.1. In vitro antiproliferative activities.

The synthesized 3-(3",4’,5'-trimethoxyphenyl)-4-stituted H-pyrazoles3a-r and the
corresponding regioisomeric 3-(4’-methyl/methoxigtetyphenyl)-4-(3',4’,5'-
trimethoxyphenyl)-H-pyrazole analogue&a, 4b and4c were evaluated for their ability
to inhibit the growth of a panel of six differentirhan cancer cell lines and compared
with the previously published 3-(3',4’,5'-trimethgphenyl)-4-(2’-naphthyl)-H-
pyrazole derivativ@c and the reference compound CA14)((Table 1).

CA-4 had nanomolar activity against the HeLa, MDA¥31, HL-60 and SEM cancer
cell lines, while HT-29 and MCF-7 cells were moesistant to CA-4, with I§ values

of 3100 and 370 nM, respectively. As shown in Tahl¢he antiproliferative activities
of most of the tested compounds were less pronouragainst MCF-7 cells as
compared with the other cell lines. Neverthelessnmounds3a, 3i, 3p, 3r, 4b and,
especially,4c had excellent activity against MCF-7 cells (thego@alues ranged from
0.2 t017 nM). Excluding compoun@, 3h, 3n and30, the tested compounds showed
excellent antiproliferative activity against CA-dsistant HT-29 cells, with Kg values
ranging from double-digit to subnanomolar conceitre.

In particular, two of the synthesized compour8s,bearing a 4’-ethoxyphenyl at the C-
4 position of the H-pyrazole ring, and its isomeric analogde exhibited the best
antiproliferative activity among the tested denwves, with 1G, values of 0.05-4.5 and
0.06-0.7 nM, respectively, in the six cell lines,@mpared with a range of 1-3100 and
3.3-28.4 nM obtained with the reference compounds4C(la) and 2c. However,
compounddc was the only compound more active than CA-4 agaihsell lines, while

the isomeric derivative8p was less active than CA-4 against HL-60 cells ohly

12



addition to highly active compoun@®p and4c, derivatives3a and4b were more active

than CA-4 in five of the six cell lines, again witie exception of the HL-60 cells.

Table 1.In vitro inhibitory effects of compoundx, 3a-r, 4a-cand CA-4 (La)

Compound 1Go(NM)
Hela HT-29 MCF-7 MDA-MB-231 HL-60 SEM

3a 1.7+0.3 7.4+£1.9 1.4+0.4 2.5+0.5 2.3+0.3 0.5+£0.05
3b 11.1+1.7 28.249.1 127.0+£34.2 10.6+1.6 11.9+1.1 Q.B+
3c 26.2+3.7 67.4+14.1 1695+450 481+26.3 31.0+4.5 220+
3d 35.9+4.5 68.41£9.5 7691181 2606124 51.31+6.2 285+3.
3e 286.7+53.2 316.1+42.5 >10000 52831365 160.2+22.3 5.3%24.8
3f 227.4+45.1 67.4t14.1 43751672 523+45.6 179.0£18.4 87.2+26.1
39 33.5+4.0 41.3+7.1 >10,000 32711326 23.3+2.5 185+1.
3h 361.3+35.1 540.91£55.2 2790535 15531101 553+49.1 6.14456.2
3i 6.0+£1.2 10.5+£3.3 16.6+4.5 8.6+2.1 4.4+0.7 1.0+0.1
3 28.7£3.7 51.34£8.7 >10,000 3650+254 40.91£7.6 304+3.
3k 7.3x1.1 15.8+2.6 805.3+230 327145 5.1+0.4 2.7+0.25
3l 1.4+0.2 0.2+0.05 1389+385 21.5%£1.6 17.0+£1.9 2.4+0.2
3m 32.9+4.0 37.315.2 >10000 2680125 17.7£1.8 17.2+1.4
3n >10,000 >10,000 >10,000 >10,000 >10,000 3340+275
30 33761647 2416+382 >10000 57401435 1748+270 2470+181
3p 0.05+0.0 0.310.1 1.5+0.6 4.5+0.9 3.2+0.4 0.2+0.05
39 12.5+1.5 5.4+1.3 492+110 31.445.6 29.7+3.8 13.9+1.8
3r 1.6x0.25 4.2+0.2 4.5+0.08 6.9+t1.1 1.5+0.2 1.4+0.2
4a 25.2+3.8 44.4+6.3 700+£165 262+15.8 31.444.2 147+1.
4b 1.940.3 0.8+0.2 2.6+£0.8 0.9+0.2 2.1+0.25 0.4+0.05
4c 0.07+0.0 0.06+0.0 0.21+0.07 0.7£0.1 0.25%0.03 06+
2c 6.6£1.4 8.1+2.3 21.4+6.5 28.4+£1.2 9.4+0.9 3.310.7

CA-4 (1a) 4.0+1.1 3100+100 370+100 4.5+0.2 1.0+0.2 5.1+0.1

4Cs= compound concentration required to inhibit turoelt proliferation by 50%. Values are the mean *

SE from the dose-response curves of at least thdependent experiments carried out in triplicate.
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In comparing the 1§ values, we found that the position of the 3,45
trimethoxyphenyl moiety at either the 3- or 4-piasitof the H-pyrazole ring had little
effect on antiproliferative activity, since the poty of 3-(3',4’,5-trimethoxyphenyl)-
1H-pyrazole derivative8b, 3i and3p was comparable and not dramatically reduced as
compared with their regioisomeds, 4b and4c, respectively. This is not observed for
each couple of regioisomeric heterocyclic mimicgtitbene the double bond of CA-4,
such as oxazole [21], thiadiazole [22] and imidaz@3]. In examining the effect of
switching the position of the two aromatic ringstla¢ 3- and 4-positions on thédl
pyrazole system3p vs. 4a, 3i vs. 4b and 3p vs. 4c¢), with the exception of the two
regioisomeric 4’-tolyl derivative8b and 4a (the latter was from 1.5 to 25-fold less
active than the former), the 3-(4’-alkoxyphenyh-pyrazole derivativegb (methoxy)
and 4c (ethoxy) were slightly more active (2-10-fold) théheir corresponding 4-(4'-
alkoxyphenyl)-H-pyrazole counterpar@ and3p, respectivelyagainst each cancer cell
line. Specifically, for the 4’-ethoxyphenyl isomerderivatives3p and 4c, this latter
compound was from 4- to 6-fold more active ti3gnin five of the six cancer cell lines,
the exception being the HelLa cells, in which the teompounds were equipotent.
Comparing3i and4b, which shared a common 4’-methoxyphenyl moietthat3- and
4-position of the H-pyrazole ring, respectiveldb was 2- to 13-fold more active than
its regioisomeric counterpast.

Replacement of the 2’-naphthyl by the bioisost@ibenzop]thienyl ring (compounds
2c and3a, respectively) resulted in a 4- to 15-fold incee@s antiproliferative activity
against five of the six cell lines, while the difeace between these two derivatives was

minimal in HT-29 cells. Except in HL-60 cell8a had greater antiproliferative activity
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than CA-4,indicating that 2’-benzdjthienyl moiety, like the 2-naphthyl ring, was a
good surrogate for the CA-4 B-ring

The para-tolyl derivative 3b showed interesting antiproliferative activitiesittwICsg
values ranging from 2.6 to 127 nM, with the SEM av@F-7 cells as the most
sensitive and resistant, respectively, to this coumgl.

Replacement of methyl with the more electron-wietvdng trifluoromethyl moiety
(compounds 3b and 3f, respectively) resulted in a 2.4-72-fold reduction
antiproliferative activity, which was least pronaed (2-fold) with the HT-29 cells.
Encouraged by the activity obtained with compouBd, we then synthesized
compounds3c-e to determine whether various electron-withdrawiog electron-
releasing substituents on the phenyl ring wouldhir enhance activity. However,
without exceptiorBc-ewere less active thadb in all cell lines.

In an effort to further understand the steric dffeicthe alkyl substituent at theara-
position, the ethyl ana-propyl derivatives g and 3h, respectively) were prepared,
resulting in over a 1.5-7-fold loss of activity four of the six cell lines for the-
ethylphenyl homologu&g relative to thep-tolyl derivative 3b, with a sharp drop of
potency against MCF-7 and MDA-MB-231 cells £4€10 and 3.3uM, respectively).
The reduction of activity was more pronounced (86-fold) against all cell lines by
replacing the 4’-methyl group o8b with the n-propyl group 8h), indicating that
lengthening the 4’-alkyl chain was not toleratedl aaused a significant reduction in
antiproliferative activity in all cell lines.

Replacement of the methyl group both3bfand its regioisomeric derivativia with a
more electron-releasing methoxy moiety (to furr@sland4b, respectively) resulted in

enhanced antiproliferative activity f&, which was much more pronounced (13-291-
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fold) for 4b against all six cell lines relative 8 and4a, respectively. For the two
derivatives4a and4b, the greatest differences in activity were 2694 af1-fold in the
MCF-7 and MDA-MB-231 cells, respectively.

Replacement of thpara-methoxy group o8i with a weak electron-releasing thiomethyl
group, to furnish derivativ8j, led to a dramatic drop in potency against MCHid a
MDA-MB-231 cells (IGy>10 and 3.6uM, respectively), while a 5-30-fold reduction in
activity was observed against the other four cane#rlines. A substantial reduction of
activity was also observed when the methoxy growgs weplaced with the strong
electron-withdrawing and bulkier trifluoromethoxyoraty (30).

Relative to the activity o8I, the insertion of an additional electron-withdragi(F or
Cl) or electron-releasing methyl group at the 3sition of the 4’-methoxyphenyl ring
had varying effects on antiproliferative activitytroduction of a fluorine atom, to
furnish the p-OMe, m-F derivative 3k, had little overall effect on antiproliferative
activity against HelLa, HL-60 and HT-29 cells, while8-, 38- and 50-fold reduction of
potency with respect to compouBd was observed against SEM, MDA-MB-231 and
MCF-7 cells, respectively. The addition ofreetachlorine atom in3i, to yield 3I, had
contrasting effects, with a 2-84-fold reduction aetivity in four cell lines (most
pronounced in MCF-7 cells), whilgl was 4- and 50-fold more active th&8nin the
HelLa and HT-29 cells, respectively. The cell growthibitory activity against four of
the six cancer cells was 4-17-fold reduced (andngly reduced against MCF-7 and
MDA-MB-231 cells, with 1Go>10 and 2.7uM, respectively) by the introduction of
methyl group at thenetaposition of3i (to yield3m). Adding a second methyl group, to
furnish the p-OMe-mm'-diMe phenyl derivative3o, caused a dramatic decrease in

potency relative t@m against all cell lines.
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Comparing theparaalkoxyphenyl derivatives3i and 3p with the corresponding
isomeric cognated4b and4c against each cancer cell line, replacing the msti@®ixand
4b) with an ethoxy 3p and4c) moiety resulted in enhanced antiproliferativeaiies

in all cell lines, confirming that thp-ethoxyphenyl ring is a good surrogate for the B-
ring of CA-4. The enhanced effect on activity résgl from replacement of the
methoxy group with an ethoxy moiety in colchicing svas previously observed by us
and by others [24].

The para-ethoxyphenyl derivativ8p was 2- to 120-fold more potent than its methoxy
counterpar8i in five of the six cancer cell lines, while theawompounds had similar
activity against HL-60 cells. For the two isomedierivatives4b and4c, we found that
replacement of methoxy with ethoxy, to furnish dative 4c, improved
antiproliferative activity 7-27-fold relative téb against five of the six cell lines, with
the two compounds being equipotent against MDA-MB-Zells. Replacement of
ethoxy with thioethyl 8g) caused a decrease in activity in all cell linekich was
moderate (7-18-fold) against MDA-MB-231, HL-60 aHd-29 cells, and much more
pronounced (69-328-fold) against HeLa, MCF-7 and/ISi€lls.

While the 4’-ethoxy group was favorable for potenitye introduction of an additional
metaEWG chlorine group in compourp, resulting in compoun@r, produced a 1.5-
32-fold reduction in antiproliferative activity agat five of the six cell lines, the
exception being the HL-60 cells, in whicBr was 2-fold more potent thaBp.
Compound3r, as with the corresponding 3-Cl, 4-OMe congeBleiwas more active
than CA-4 in four of the six cell lines, the exdeps being HL-60 and MDA-MB-231

cells.
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3.2. Effects of compoun@p and4c in nontumor cells.

To obtain a preliminary indication of the cytotoxiotential of these derivatives in
normal human cells, the most active compourdgsand 4c, were evaluatedh vitro
against peripheral blood lymphocytes (PBL) from Itigadonors. Both compounds
showed a Ghgreater than 10 uM, both in quiescent lymphocytekia lymphocytes in
an active phase of proliferation induced by phytoamagglutinin (PHA), a mitogenic
stimulus (Table 2).

Moreover, since one of the major adverse effectarmimitotics is neurotoxicity, we
wanted to evaluate the cytotoxicity of these conmasuin normal human astrocytes
(NHA). Both compounds again, as shown in Tableh@wsed a GJp>10 uM, indicating
that in this cell line, too, they are not toxic.téddether, these results suggest that these
compounds have very low toxicity in normal cells gomparison to tumor cells,

suggesting potential for an excellent therapeuntiex.

Table 2. Cytotoxicity of compound8p and4cfor human peripheral blood lymphocytes

(PBL) and normal human astrocytes (NHA)

Compound Gh(uM)?
3p 4c
PBLyesting 8.7+0.7 >10
PBLppa° >10 >10
NHA >10 >10

& Compound concentration required to inhibit cellvgito by 50%.
® PBL not stimulated with PHA.
¢ PBL stimulated with PHA.
Values are the mean + SEM for three separate arpats.
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3.3. Effect of compoun@p and4c in multidrug-resistant cells.

To evaluate if compound3p and4c are substrates of drug efflux pumps, they were
tested against the CERI® cell line that is a multidrug-resistant line sééetagainst
vinblastine and that overexpress P-glycoproteig@PF25].

This membrane protein acts as a drug efflux pung exhibits resistance to a wide
variety of structurally unrelated anticancer dragel other compounds. As shown in
Table 3, both compounds showed cytotoxic activitgie CEM®*% cells comparable

to that of the parental line, indicating that thdsevatives are not a substrate for P-gp.

Table 3.Cytotoxicity of 3p and4cin multidrug-resistant cells

Compound Gl (nM) @
CEMWt CEMVbIlOC
3p 0.40+0.1 1.9+0.2
4c 0.35+0.05 0.52+0.1

& Compound concentration required to reduce cell trdoy 50%.

Values are the mean + SEM for three separate erpats.
3.4. In vitro inhibition of tubulin polymerizaticand colchicine binding
To investigate whether the antiproliferative adies of the most potent compounds of
the series derived from an interaction with tubudlarivatives3a-d, 3g, 3i-m, 3p-r and
4a-c were evaluated for their inhibition of tubulin goierization and for effects on the
binding of PH]colchicine to tubulin (Table 4). For comparisdbA-4 and 2c were
examined in contemporaneous experiments
All tested compounds strongly inhibited tubulin esbly, with compoun@a found to
be the most active (Kg 0.30uM), and it was almost twice as potent as CA-45¢IC
0.54 uM). Several compounds3l, 3i, 3p, 3r, 4b and4c) were 1.5-fold more potent

than CA-4, while all remaining compounds showedviagtcomparable to that of CA-4.
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Table 4. Inhibition of tubulin polymerization and colchi& binding by compoundx,
3a-d, 3g, 3i-m, 3p-r, 4a-cand CA-4 (a)

Tubulin assembfy Colchicine binding
Compound IC50tS.D (M) %15.D
5 UM drug 0.5uM drug
3° 0.30+0.01 9342 69+2
3b 0.37+0.04 88+0.8 n.d
3c 0.48+0.06 91+2 49+2
3d 0.61+0.05 8515 n.d.
39 0.52+0.03 85+1 n.d.
3i 0.37+0.06 86+0.6 n.d.
3j 0.57+0.02 85+4 n.d.
3k 0.42+0.05 93+0.8 5542
3l 0.52+0.09 8513 n.d.
3m 0.44+0.09 81+0.1 n.d.
3p 0.36+0.01 95+0.9 6945
3q 0.48+0.02 85+1 n.d.
3r 0.39+0.05 90+0.3 6212
4° 0.57+0.01 8615 n.d.
4b 0.34+0.05 93+0.8 79+2
4c 0.35+0.01 96+0.7 90+1
2c 0.41+0.04 91+4 68+0.2
CA-4 (1a) 0.54+0.06 97+0.8 8212

& Inhibition of tubulin polymerisation. Tubulin wasg 10uM.
® Inhibition of PH] colchicine binding. Tubulin and colchicine wex€0.5 and 1M concentrations,
respectively.
n.d.=not determined

When comparing inhibition of tubulin polymerizatianth the growth inhibitory effects,
we found a good correlation for most, but not aflthe active compounds. Whigb
was generally less potent thaaas an antiproliferative agent, the two compoundszw

similar as inhibitors of tubulin assembly. Althougéveral compounds, such 2 3d,
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39, 3j, 3m, 3r and4a showed lower antiproliferative activity on HelLal 480 and SEM
cancer cells when compared with CA-4, they werepamable to CA-4 as inhibitors of
tubulin assembly.

In the colchicine binding studies, all compoundswitested at the higher concentration
(5 uM) had quantitativelysimilar effects, varying within a narrow range (@3%
inhibition), and they showed potency comparablethiat CA-4, which in these
experiments inhibited colchicine binding by 97%r Bte most active compounds (90%
or higher inhibition when present in the reactioixtore at the same concentration as
colchicine), even when tested at a ten-fold redwmettentration (0.5M), compounds
4b and4c were as potent as CA-4, which in these latter exynts inhibited colchicine
binding by 82%, while derivativec, 3a, 3c, 3k, 3p and3r were less potent (49-69%
range inhibition).

The potent inhibition observed with these compoundgates that they bind to tubulin
at a site overlapping the colchicine site. It igslsignificant that one compoungt) in
the present series had activities superior to tfaCA-4 as inhibitors of tubulin
assembly and, less frequently observed, comparabldhat CA-4 as inhibitors of

colchicine binding to tubulin at the two concentras (0.5 and piM) tested.

3.5. Molecular modeling studies.

Molecular docking studies using Glide SP [26] wepaducted on selected compounds
to elucidate their potential interaction with thelabhicine site of tubulin. The crystal
structure of tubulin co-crystallized with the mitubule-destabilizing CA-4 (PDB ID:
5LYJ) was used [27]. The docked molecules occuthedactive site similarly to the co-

crystallized CA-4, with the trimethoxyphenyl ringe&ply buried into the hydrophobic
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pocket formed by different residues of tiietubulin chain, includingf3Vval238,
BCys241, BLeu242, BLeu248, BAla250, BLeu255, BAla316, Blle318 and Blle378
(Figure 3). Interestingly, all the new derivativieemed an H-bond between their 4-
methoxy group an@Cys241, an interaction believed to be fundamemtakblchicine
site agents. The central pyrazole ring overlappét ¥he cis-double bond of CA-4,
confirming its function as a suitable mimic for thes-olefin bridge. The different
substituted phenyl rings and the 2’-beriitijienyl ring of 3a were placed in a
hydrophobic area formed by ttee and B-tubulin interface. Hydrophobic interactions
with the surrounding amino acids, includifésn258, Met259, BLys352,aThrl79,
0Alal80 andaVall81, further stabilized the molecules in theiactsite. However,
from the docking results, it appeared that thisrbgtobic area can accommodate the
different substituted phenyl ring, including thgropyl 3h) and the tri-substituteBi)
derivatives, compounds found not active in thepaoliferative assay. Also, derivatives
3e 3f and 30 presented a binding mode in line with the otheckéd molecules,
indicating that the loss in antiproliferative adivobserved could be associated with
some other factors rather than their inability itedthe colchicine site. It should also be
noted that the regioisomeric heterocyclic compouBgs/s 4c¢) bound in the active site
in a similar manner, in line with their ability bohibit tubulin polymerization.

In order to further elucidate the suggested bindiugle and possibly to find a potential
structural discriminant between active and inactommpounds, a series of 50 ns
molecular dynamic (MD) simulations on selected coomas 8a, 3e, 3h, 3m, 3n, 30,
3p, 49 were performed using the Desmond software pack28f The compounds
relative binding free energie\Guinding Were then calculated using the Prime/MM-

GBSA based calculation method [29, 30]. All the tpno-ligand systems reached
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stability after an initial 25 ns of equilibratioas shown by the C-alpha RMSD variation,
and therefore only the second 25 ns of the sinaratias considered in our analysis. In
general, the position of the trimethoxyphenyl rigugd the interaction between the 4-
methoxy group an@Cys241 were maintained by all the derivatives dytime entire
MD, potentially contributing to the protein-liganstability. The orientation of the
different substituted phenyl rings and 2’-beridtifienyl group 8a) in the nearby
hydrophobic area was constant during the entireulsition, with the hydrophobic
interactions with the surrounding residues maim@inUnfortunately, theAGpinding
calculated values for all the ligand-protein compke were very similar and not
significantly different to justify a potential celation between the biological activity
and the calculated values. In conclusion, moleadteking and MD studies have given
insight into the potential binding mode for thismidy of compounds, but both
molecular modeling techniques were not able to éinsignificant correlation between
the calculated binding energy values and the exyaial antiproliferative data. Other
factors, such as physical-chemical properties efabmpounds rather than their ability
to interact with tubulin could be the cause of lings of biological activity seen in the

cell-based assays.
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Figure 3. Proposed binding modes for compourdds(A), 3p (B), 4c(C), 3h (D), 3n
(E), 30(F) in comparison withCA-4 in the tubulin colchicine site (PDB ID: 5LYXJ0o-
crystallized CA-4 is shown in green, compowalin pink, compoundp in turquoise,
compound4c in gold, compoun@h in orange, compoun8n in salmon and compound
30 in purple. The carbon atoms of residues frartubulin chain are shown in dark
purple, whereas carbon atoms of residues fftabulin are colored in green. The
hydrophobic area at the dimer interface is reptteseas a light purple surface.

3.6. Compound8p and 4c induced cell cycle arrest in G2/M along with alidon of

cell cycle checkpoint proteins

The effects of two of the most active compourigis §nd4c) on cell cycle progression

was examined by flow cytometry in MDA-MB-231 cel{figure 4). After a 24 h
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treatment, both compounds induced a G2/M arret$tase cells, butc (Figure 4, Panel
B) was more potent thap since a maximum effect (60% G2/M cells) occurreth k0
nM 4c. A comparable effect with3p required 100 nM compound. With both
compounds, the increase in G2/M cells was accomegdny an equivalent reduction of

cells in the S and G1 phases.
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Figure 4. Cell cycle analysis of MDA-MB-231 cells treated Wwi3p (Panel A) ordc
(Panel B) for 24 h, at the indicated concentrati@ells were fixed and labeled with PI
and analyzed by flow cytometry as described in Ex@erimental Section. Data are
represented as mean of two independent experinteiEM.

To further investigate the effects of the two comnpas on the cell cycle, we evaluated

the expression of proteins involved in regulationtlwe cell cycle and in spindle
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assembly in MDA-MB-231 cells by western blot anay#s shown in Figure 5, both
compounds induced a substantial increase in theessipn of p21, a well known cyclin
dependent kinase inhibitor. Although it is knowrattla p21 increase contributes to
arrest cells in G1, a p21 increase can also inbdu2-cyclin B complex formation and
thus contribute to mitotic arrest [31].

Moreover, cdc25c expression was strongly reducedparticular with4c (Figure 5
Panel B) both after 24 and 48 h treatments evaheatower concentration (50 nM)
used. Similarly, there was also a decrease in éphasphorylation of cdc2. Note that
dephosphorylation of this protein is needed tovatsi the cdc2/cyclin B complex, and
this effect is stimulated by cdc25c [32, 33]. Oa tther hand, neither compound caused
a significant change in cyclin B expression aftehex a 24 or 48 h treatment. This
suggests that the induced G2/M arrest is not duetects in G2/M regulatory proteins
but, rather, is closely linked with accelerationeotry into mitosis. These results are in
agreement with findings with other antimitotic dedives synthesized by our group
[34-36] and suggest that cdc2/cyclin B1 complexaked to be activated, preventing

cells from exiting mitosis, which would eventudiad to apoptotic cell death.
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Figure 5. Effect of compound8p (Panel A and4c (Panel B) on cell cycle checkpoint
proteins. MDA-MB-231 cells were treated for 24 oB 4 with the indicated
concentrations of compounds. The cells were hasdeahd lysed for detection of the
expression of the indicated protein by western blwlysis. To confirm equal protein
loading, each membrane was stripped and reproldawii-GAPDH antibody.

3.7. Compound8p and4c induced apoptosis.

To evaluate the mode of cell death induce@pyynd4c, we performed a bi-parametric
cytofluorimetric analysis using propidium iodidd)(@&nd annexin-V-FITC, which stain
DNA and phosphatidylserine (PS) residues, respagtiwVe analysed the effects on

apoptosis induction by both these molecules in MIAB-231 cells after treatments for

24 or 48 h.
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Both compounds induced apoptosis in a time and exdration dependent manner

(Figure 6). The apoptotic effects were evident whiith compounds at the lowest

concentration examined (50 nM).
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Figure 6. Flow cytometric analysis of apoptotic cells aftexatment of MDA-MB-231
cells with compounddc or 3p at the indicated concentrations after incubatian2®
(Panel A) or 48 h (Panel B). The cells were haegsind labeled with annexin-V-FITC
and Pl and analyzed by flow cytometry. Dual stagrfior annexin-V and with Pl permits
discrimination between live cells (annexiné®l), early apoptotic cells (annexin-\PI

), late apoptotic cells (annexin:¥PI") and necrotic cells (annexin/?I"). Data are
represented as mean + SEM of three independentieqés.
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3.8. Apoptosis induced by compouddsaind 3p follows the mitochondrial pathway.

Since many antimitotic derivatives induce apopttisieugh the mitochondrial pathway
[37], we investigated #lc and3p also induced mitochondrial depolarization. We edat
MDA-MB-231 cells with4c or 3p at 50 or 100 nM for 24 or 48 h. The mitochondrial
potential was evaluated by flow cytometry using thmrescent dye JC-1 [38]. As
shown in Figure 7 (Panel A), at 24 h there was @ngmall increase in mitochondrial
depolarization, represented as percentage of mamowrd€-1, whereas at 48 h the
increase became significant, in agreement withatireexin-V apoptotic assay. Since the
mitochondrial depolarization is associated withduetion of reactive oxygen species
(ROS) [39-41], we also evaluated whether ROS pridolnidncreased after treatment
with either compound. We analyzed cellular ROS Ikevesing the dye 2,7-
dichlorodihydrofluorescein diacetate #BCFDA), which is oxidized to the fluorescent
compound dichlorofluorescein (DCF) upon ROS indurtti

The results shown in Figure 7 (Panels A and B)caidid that both compounds
significantly increased ROS production in comparisath the amounts observed in
control MDA-MB-231 cells, in good agreement withetmitochondrial depolarization

described above.
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Figure 7. Panel A Analysis of mitochondrial membrane potentiélpg,) after treatment
of MDA-MB-231 cells with 3p or 4c. Cells were treated with the indicated
concentrations o8p and4c for 24 or 48 h and then stained with the fluoresgerobe
JC-1. Cells were then analyzed by flow cytometrydascribed in the experimental
section. Data are presented as mean + SEM of ihdependent experiments. Panel B.
Analysis of ROS production after treatment of Heledls with 3p or 4c. Cells were
treated with the indicated concentration8pfor 4c for 24 or 48 h and then stained with
H.-DCFDA. Cells were then analyzed by flow cytometag described in the
experimental section. Data are represented as nie&EM of three independent
experiments. *p<0.05; **p<0.01; **p<0.001 vs respiee control.
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3.9. Compound8p and 4c induce PARP cleavage and down regulation of Xiag a

MCL-1

To further study the apoptotic process inducedhieytivo compounds, we evaluated the
activation of poly ADP-ribose polymerase (PARP). 8sown in Figure 8, both
compounds in MDA-MB-231 cells caused a significaleiavage of PARP after a 48 h
treatment, confirming their pro-apoptotic activity.

We also investigated the expression of anti-apapfmbteins, such as Mcl-1 and X-
linked inhibitor of apoptosis protein (Xiap). Mcli& an anti-apoptotic member of the
Bcl-2 family, levels of which regulate sensitivity antimitotic drugs [42]. As shown in
Figure 8 (Panel A) we observed only a slight reidacof Mcl-1 expression witl3p at
the later incubation time (48 h). In contrast, sgreeduction was observed #c after a
24 h treatment and at the lower concentration (s@chM).

Xiap is a member of the IAP family (inhibitors op@ptosis protein). Generally, the
IAPs function through direct interactions to inhilthe activity of several caspases,
thereby inhibit the processirand activation of these enzymes and leading tditiin

of apoptosis [43].

Our findings (Figure 8, Panels A and B) showed tegpression of Xiap almost
disappeared with both compounds even at the lowaicentration examined.
Altogether, these results suggest that these conasoresult in the downregulation of

both Mcl-1 and Xiap to disable their anti-apoptdtinctions.

31



24 h 48 h

nM

50 100 CTR 50

A -
_mw - XIAP

CTR 100
|—-1 :_: . .~.|-MCL1

- Parp Cleaved

———— — w— | - GAPDH

B 24 h 48 h

CTR 50 100 CTR 50 100 nM

. w |

[ ey < | - MCLI

T e e s s | - GAPDH

Figure 8. Compounds3p (Panel A) andic (Panel B), induce PARP cleavage and down
regulation of the anti-apoptotic proteins XIAP akiCL-1. MDA-MB-231 cells were
treated for 24 or 48 h with the indicated concerrns of compounds. The cells were
harvested and lysed for detection of the expressiahe indicated protein by western
blot analysis. To confirm equal protein loadingcleanembrane was stripped and
reprobed with anti-GAPDH antibody.

3.10. Compound3p and4c impair cell migration in MDA-MB-231 cells.

We evaluate®p and4c for their ability to reduce cell migration of MDA-Bt231 cells,
which are highly metastatic. Tumor cell migratienan important step in the metastatic
process, and microtubules play a fundamental mleeil motility. Figure 9A shows
representative images of the wound-healing assaDA-MB-231 cells treated with
20 nM 3p or 5 nM4c. Monitoring cell movement at 24 and 48 h, we obséra strong

reduction of cell migration, particularly with comynd4c. Note that inhibition of the
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migratory process was obtained at concentratioaspér sedo not induce apoptosis,

suggesting a potent inhibitory effect4d on microtubule dynamics.
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Figure 9. Panel A.Confluent MDA-MB-231 cell monolayer was scratcheu dreated
with 4c or 3p at 5 or 20 nM, respectively, and monitored for 24d 48 h,
Representative images of wound closure at 24 and. 489x magnification. Panel B.
Relative quantification of the distance betweeratstr edges. Data are represented as
mean = SEM of four independent experiments. **p40.5**p<0.0001 vs respective
control.
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3.11. Compoundc reduced tumor growth in a mouse allograft tumoidelo

The antitumor effedn vivo of compoundic was evaluated in an allograft tumor model
developed in mice [44]. This model consists of ilse of EO771 murine breast cancer
cells that are injected orthotopically into the nmaamny fat pad of C57BL/6 female mice.
Compound4c was administered by the intraperitoneal route yeveher day at two
different doses (5.0 and 15 mg/kg). As referencepmund, CA-4P1b) was used at the
dose of 30 mg/kg. The results shown in Figure Hicated that the compound is able to
significantly reduce tumor burden in a dose-depehdsanner, even at the lower dose
tested (5.0 mg/kg). In particular, a highly sigcdgint reductionof tumor mass was
observed not only versus the control but also tde/&A-4P (p<0.01). Moreover, even
at the higher dose (15 mg/kd) did not show any sign of toxicity and did not caws

decrease in animal body weight (Figure 10, Panel C)

34



0.81
500 . —
@ Vehicle
4 CA-4P 30 mg/kg = 0.6
& 4c 15 mg/kg JE E
- 400 ¥ 4c 5 mg/kg [e)) .
ME .6 *% *%
2 300 o
3 :
[e)
> — 0.21
5 2007
S
>
|_
100; 0.0
2 O & O
: . . . . ) N>
0 5 10 15 20 b? o ™
Days after tumor challenge ©
110,
c
.0
et
T 100 m
—
©
> =
e
=)
o 90
= © DMSO
> CA-4P 30 mg/kg
'8 B 4c 15 mg/kg
e 801 © 4c 5mglkg
X
70 1 1 !
10 15 20

Days after tumor challenge

Figure 10. Inhibition of mammary tumor growth by compourdt in a
syngeneic orthotopic EQ771-C57BL/6 mouse model. &enC57BL/6 mice
were injected orthotopically with $0EO711 murine breast cancer cells.
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Tumor-bearing mice were administered the vehicte¢c@ntrol, or 15 and 5.0
mg/kg of 4c and CA-4Pas reference compound at the dose of 30 mg/kg.
Injections were given intraperitoneally on the daydicated by the arrows.
Data are presented as mean = SEM of tumor voluneactt time point for 5
animals per group. Asterisks indicate a significdifference between the
treated and the control group.p*< 0.05, **p < 0.001, **** p < 0.0001. A.
Tumor volume. B. Tumor weight. C. Body weight am@asure of toxicity.

4. Conclusions

We focused our work here on the preparation of sedes of 3,4-diaryl pyrazole
derivatives characterized by the presence of a cam®h4’,5’-trimethoxyphenyl ring at
either the C-3 or C-4 position of théHddpyrazole ring. We proposed that the 3,4-
diarylsubstituted H-pyrazole ring could serve as a suitable mimicetain the bioactive
configuration afforded by theis-double bond present in CA-4. For both these s@fies
compounds, the 3’,4’,5'-trimethoxyphenyl anH-pyrazole rings mimic the ring A and
cisdouble bond of CA-4, respectively, while a 2’-befijthienyl or phenyl ring
substituted with electron-releasing or electrorhditwing groups was utilized as a B-
ring surrogate to mimic the 3’-hydroxy-4’-methoxgstyl group in CA-4. The flexible
synthetic method that we developed permitted theeggion of a large family of 4-
substituted-3-(3’,4’,5’-trimethoxyphenyl)H:-pyrazole derivatives starting from a
common 1-tosyl-3-(3',4’,5’-trimethoxyphenyl)-4-bra¥iH-pyrazole intermediate. In
the second series of compounds, starting from dtvies 3b, 3i and 3p, we switched
two aromatic rings at the 3- and 4-positions of IHepyrazole ring and synthesized the
corresponding isomers, 4b and4c, respectively.

It is clear that the substitution pattern on therp either at the 3- or 4-position of the
1H-pyrazole ring plays an important role for antitlibwand antiproliferative activities,
and this was supported by the molecular dockindistu The activity of most of the

synthesized compounds was not affected by thawelegsistance of HT-29 and MCF-7
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cells to CA-4. Generally, either tw@d-¢ 3k-m and 3q) or three substituent8if) on
the phenyl group led to a reduction in antiproltere activity, suggesting that steric
factors account for the loss of activity observeithwhese compounds. The results
demonstrated that the 4’-ethoxy substituent orsée®nd phenyl ring either at the 3- or
the 4-position of the H-pyrazole nucleus (compoun8p and4c) could replace the B-
ring of CA-4. Derivatives3p and4c had the best antiproliferative activities agaist
cell lines we examined and, overall, were morevadinan CA-4, with the exception of
derivative3p, which was 3-fold less active than CA-4 but onjpiast HL-60 cells. In
particular, the 3-(4-ethoxyphenyl)-4-(3’,4’,5-triethoxyphenyl)-H- derivative 4c
exhibited 1G, values ranging from 0.05 to 0.7 nM against thé lggés examined, as
compared with the range of 1-3100 nM obtained Wifk4. Compoundic was one the
most potent inhibitors of tubulin polymerizationdaan exceptionally potent inhibitor of
colchicine binding (16=0.35uM for assembly, 96 and 90% inhibition of the bingliwf
[*H]colchicine at the concentrations of 5 and [0\, respectively).

These studies identified tubulin as the molecldagdt of these compounds, since those
with the greatest inhibitory effects on cell growgtiongly inhibited tubulin assembly
and the binding of colchicine to tubulin. In theiss of tested compound3&-d, 3g, 3i-

m, 3p-r and4a-c), inhibition of PH]colchicine binding correlated more closely with
inhibition of tubulin assembly than with antipr@rktive activity.

Comparing pairs of regioisomeric derivativé {/s. 4a, 3i vs.4b and3p vs.40), it is
evident that the presence of the 3',4’,5'-trimetyyolxenyl moiety at the 3- or 4-position
of the pyrazole ring seemed not critical for ardlferative as well as for tubulin

polymerization inhibitory activity, with the two asneric compounds3p and 4c
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exhibiting potent tubulin polymerization inhibitogctivity as well as antiproliferative

activity superior to that of CA-4.

5. Experimental Protocols.

5.1. Chemistry.

5.1.1. Materials and Methods.

'H experiments were recorded on either a Bruker AG @ a Bruker Avance Il 400
spectrometer, whil&®C NMR spectra were recorded on a Varian 400 MerBlug or a
Bruker Avance lll 400 spectrometer. Chemical shisare given in ppm upfield, and
the spectra were recorded in appropriate deutesmti@énts, as indicated. Mass spectra
were recorded by an ESI single quadrupole masgrepaeter Waters ZQ 2000 (Waters
Instruments, UK), and the values are expressediad][. Melting points (mp) were
determined on a Buchi-Tottoli apparatus and areomacted. All products reported
showed'H and**C NMR spectra in agreement with the assigned strest The purity
of tested compounds was determined by combustiemegital analyses conducted by
the Microanalytical Laboratory of the Chemistry Rement of the University of
Ferrara with a Yanagimoto MT-5 CHN recorder elerakranalyzer. All tested
compounds yielded data consistent with a puritpatoieast 95% as compared with the
theoretical values. Reaction courses and produxiuneis were routinely monitored by

TLC on silica gel (precoatedpE4 Merck plates), and compounds were visualized with
aqueous KMnQ@. Flash chromatography was performed using 230m86h silica gel

and the indicated solvent system. Organic solutveer® dried over anhydrous MEO..

5.1.2. General method for the synthesis of compouritiand 8a-c.
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A mixture of the appropriate acetophendner 6a-c (5 mmol) and DMF-DMA (2.7
mL, 2.38 g., 20 mmol, 4 equiv.) in DMF (2 mL) wasred at 150 °C for 24 h. The
reaction mixture was evaporaté@d vacuq the crude residue suspended with diethyl
ether and the suspension stirred for 15 min. THiel seas filtered and used without
further purification for the next reaction. Compdsi7 and8a-b showed spectroscopic

and analytical data in agreement with those preshopublished [45].

5.1.2.1. (E)-3-Dimethylamino-1-(4-ethoxyphenyl)-prop-2-entle  8c). Synthesized
according to procedure A, compou8dwas isolated as a yellow solid. Yield 68%, mp
110-112 °CH-NMR (CDCL) &: 1.43 (t, J=7.0 Hz, 3H), 3.06 (s, 3H), 3.15 (s),3H06
(g, J=7.0 Hz, 2H), 5.70 (d, J=12.2 Hz, 1H), 6.87Jd7.0 Hz, 2H), 7.87 (d, J=7.0 Hz,

2H), 8.02 (d, J=12.2 Hz, 1H). MS (ESI): [M££20.3.

5.1.3. General method B for the preparation of coomuls9 and10a-c.

A mixture of the appropriateEf-3-dimethylamino-1-aryl-prop-2-en-1-oreor 8a-c (3
mmol) and hydrazine hydrate (0.18 mL, 0.18 g, 3/al 1.2 equiv.) in ethanol (15
mL) was stirred at reflux for 4 h. The solvent wamoved, the residue dissolved with
dichloromethane (15 mL), and the solution washegisetially with water (10 mL) and
brine (10 mL). The organic layer was dried, filetrand concentrated under reduced
pressure, and the residue was purified by flasbinenl chromatography on silica gel.

For the characterization of compourtdand10a-b see reference [46].

5.1.3.1. 3-(4-Ethoxyphenyl)-1H-pyrazol®¢). Synthesized according to procedure B,
the crude residue was purified by flash chromatglgyausing ethyl acetate:petroleum
ether 6:4 (v:v) as eluent, to furni¢Bcas a white solid. Yield: 95%, mp 90-92 “E-

NMR (CDCk) &: 1.43 (t, J=7.0 Hz, 3H), 4.08 (g, J=7.0 Hz, 2H546(d, J=2.2 Hz, 1H),
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6.92 (d, J=8.6 Hz, 2H), 7.62 (d, J=2.2 Hz, 1H)97(6, J=8.6 Hz, 2H), 9.17 (bs, 1H).

MS (ESI): [M]'=189.0.
5.1.4. General method for the synthesis of compouridsand12a-c.

A solution of the appropriate 3-arylH-pyrazole9 or 10a-c (1 mmol) in DMF (2 mL)
was treated with NBS (0.18 g, 1 mmol) in small mors. After 90 min at room
temperature, the reaction mixture was evaporatederumeduced pressure and the
resulting residue dissolved with GEl; (10 mL), which was washed with a saturated
solution of NaHCQ@ (5 mL) and brine (5 mL)dried and evaporated. The residue was

purified by column chromatography on silica gel.

5.1.4.1. 4-Bromo-3-(3,4,5-trimethoxyphenyl)-1H-ple (1). Synthesized according
to procedure C, the crude residue purified by flaslhromatography, using
EtOAc:petroleum ether 8:2 (v:v) for elution, furnéxi 11 as a white solid. Yield 82%,
mp 174-175 °CH-NMR (DMSO-ds) &: 3.70 (s, 3H), 3.83 (s, 6H), 7.09 (s, 2H), 8.08 (s

1H), 13.3 (bs, 1H). MS (ESI): [M¥313.1, [M+2[=315.2.

5.1.4.2. 4-Bromo-3(5)-(p-tolyl)-1H-pyrazol&2g). Synthesized according to procedure
C, the crude residue purified by flash chromatolgyapsing EtOAc:petroleum ether 3:7
(v:v) for elution, furnished.2a as a white solid. Yield 72%, mp 110-112 *8:NMR
(CDCly) & 2.17 (s, 3H), 7.34 (d, J=8.2 Hz, 2H). 7.83 (d8.2=Hz, 2H), 8.31 (s, 1H),

12.0 (bs, 1H). MS (ESI): [ME237.1, [M+2]=239.1.

5.1.4.3. 4-Bromo-3(5)-(4-methoxyphenyl)-1H-pyrazd2b). Synthesized according to
procedure C, the crude residue purified by flashromfatography, using

EtOAc:petroleum ether 1:1 (v:v) for elution, furnexi12b as a white solid. Yield 90%,
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mp 78-80 °CH-NMR (DMSO-dg) &: 3.80 (s, 3H), 7.02 (d, J=6.8 Hz, 2H), 7.69 (d,

J=6.8 Hz, 2H), 7,84 (bs, 1H), 13.4 (bs, 1H). MSIJE] *=253.1, [M+2]=255.1.

5.1.4.4. 4-Bromo-3-(4-ethoxyphenyl)-1H-pyrazal@c). Synthesized according to C,
the crude residue purified by flash chromatograplsmg EtOAc:petroleum ether 1:1
(v:v) for elution, furnishedl2c as a white solid. Yield 86%, mp 96-97 tEl-NMR
(DMSO-dg) & 1.31 (t, J=7.0 Hz, 3H), 4.04 (g, J=7.0 Hz, 2HR7(d, J=8.4 Hz, 2H),
7.63 (d, J=8.4 Hz, 2H), 8.04 (s, 1H), 13.3 (bs, .1W¥)S (ESI): [M]'=266.9,

[M+2]*=269.0.

5.1.5. General methdd for the synthesis of compourit&andl4a-c. A solutionof the
appropriate 4-bromo-3-arylHtpyrazolell or 12a-c(2.1 mmol) and pyridine (0.51 mL,
6.3 mmol, 3 equiv.) in dichloromethane (5 mL) wasated with TsCl (0.48 g, 2.52
mmol, 1.2 equiv.) in one portion and then stirréedam temperature for 72 h. The
mixture was diluted with C§Cl, (10 mL), washed with a 0.1 N aqueous solution of
HCI (5 mL), then a saturated solution of NaH{® mL) and brine (5 mL)dried and
evaporated under reduced pressure. The residue magfied by column

chromatography on silica gel.

5.1.5.1. 4-Bromo-1-tosyl-3-(3,4,5-trimethoxyphery)}pyrazole 13). Following
general procedure D, the crude residue purifiedflagh chromatography, using
EtOAc:petroleum ether 2:8 (v:v) for elution, furhéd 13 as a white solid. Yield 89%,
mp 121-123 °C*H-NMR (CDCL) & 2.42 (s, 3H), 3.87 (s, 3H), 3.89 (s, 6H), 7.08 (s
2H), 7.32 (d, J=8.2 Hz, 2H), 7.91 (d, J=8.2 Hz, 218)18 (s, 1H). MS (ESI):

[M] *=467.0, [M+2]=468.8.
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5.1.5.2. 4-Bromo-3-(p-tolyl)-1-tosyl-1H-pyrazoletd). Following general procedure D,
the crude residue purified by flash chromatograpismg EtOAc:petroleum ether 3:7
(viv) for elution, furnishedl4a as a white solid. Yield 89%, mp 90-92 *E-NMR
(CDCly) & 2.34 (s, 3H), 2,44 (s, 3H), 6.82 (d, J=9.0 Hz),2H24 (d, J=8.4 Hz, 2H),
7.64 (d, J=9.0 Hz, 2H), 7.80 (d, J=8.4 Hz, 2H),08(6, 1H). MS (ESI): [M|=391.3,

[M+2]"=393.3.

5.1.5.3. 4-Bromo-3-(4-methoxyphenyl)-1-tosyl-1Haggie (4b). Following general
procedure D, the crude residue purified by flashrogtatography, using
EtOAc:petroleum ether 4:6 (v:v) for elution, furnesl 14b as a white solid. Yield
>95%, mp 126-128 °CH-NMR (CDCh) &: 2.42 (s, 3H), 3.83 (s, 3H), 6.91 (d, J=9.0
Hz, 2H), 7.32 (d, J=8.6 Hz, 2H), 7.77 (d, J=9.0 BH), 7.90 (d, J=8.6 Hz, 2H), 8.15 (s,

1H). MS (ESI): [M['=407.3, [M+2]=409.3.

5.1.5.4. 4-Bromo-3-(4-ethoxyphenyl)-1-tosyl-1H-@mypl@ (@4c). Following general
procedure D, the crude residue purified by flashroegtatography, using
EtOAc:petroleum ether 1:1 (v:v) for elution, furhéd 14c as a white solid. Yield
>95%, mp 104-106 °GH-NMR (CDCL) & 1.42 (t, J=7.0 Hz, 3H), 2.42 (s, 3H), 4.04
(g, J=7.0 Hz, 2H), 6.89 (d, J=9.0 Hz, 2H), 7.31Jd8.0 Hz, 2H), 7.76 (d, J=9.0 Hz,

2H), 7.90 (d, J=8.0 Hz, 2H), 8.14 (s, 1H). MS (EQ¥)] '=421.3, [M+2]=423.3.

5.1.6. General procedure E for the preparation ompoundsl5a-r and 16a-c. A
stirred suspension of 4-bromo-i-pluensulfonyl)-3-aryl-H-pyrazolel3 or 14a-c(0.5
mmol) and the appropriate phenylboronic acid (Om@&ol) in 1,4-dioxane (6 mL
containing 1 drop of water) was degassed underearstof nitrogen over 10 min, then

treated with PAG(DPPF) (41 mg, 0.05 mmol) and CsF (190 mg, 1.25 mnide
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reaction mixture was heated under nitrogen at 48&f@0 min, then at 100 °C for 18 h.
The reaction mixture was cooled to room temperatdilated with CHCI, (10 mL),
filtered on a pad of celite and evaporated undduced pressure. The residue was
dissolved with CHCI, (15 mL), and the resultant solution was washedesetiplly with
water (5 mL) and brine (5 mL). The organic layerswhied and evaporated, and the

residue was purified by silica gel column chromaapdy to give the title compound.

5.1.6.1. 4-(Benzo[b]thiophen-2-yl)-1-tosyl-3-(3 4rBnethoxyphenyl)-1H-pyrazole
(15a). Following general procedure E, the crude residueifipd by flash
chromatography, using EtOAc:petroleum ether 3:¥)(for elution, furnished.5aas a
yellowish oil. Yield 89%H-NMR (CDCk) &: 2.45 (s, 3H), 3.67 (s, 6H), 3.85 (s, 3H),
6.80 (s, 2H), 7.17 (s, 1H), 7.34 (m, 2H), 7.35J€8.4 Hz, 2H), 7.62 (m, 1H), 7.80 (m,

1H), 7.98 (d, J=8.4 Hz, 2H), 8.28 (s, 1H). MS (Ef¥)+1]*=521.6.

5.1.6.2. 4-(p-Tolyl)-1-tosyl-3-(3,4,5-trimethoxyplgh-1H-pyrazole 15b). Following
general procedure E, the crude residue purifiedflagh chromatography, using
EtOAc:petroleum ether 2:8 (v:v) for elution, furnexi15b as a white solid. Yield 96%,
mp 163-164 °C*H-NMR (CDCh) &: 2.34 (s, 3H), 2.43 (s, 3H), 3.65(s, 6H), 3.83 (s,
3H), 6.67 (s, 2H), 7.14 (s, 4H), 7.33 (d, J=8.2 PH), 7.96 (d, J=8.2 Hz, 2H), 8.10 (s,

1H). MS (ESI): [M+1]=479.1.

5.1.6.3.  4-(3-Fluoro-4-methylphenyl)-1-tosyl-3-(3;4rimethoxyphenyl)-1H-pyrazole
(15¢). Following general procedure E, the crude residugrifipd by flash
chromatography, using EtOAc:petroleum ether 4:6)(for elution, furnishedl5c as a

yellowish solid. Yield 73%, mp 76-78 °@H-NMR (CDCL) &: 2.26 (s, 3H), 2.43 (s,
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3H), 3.67 (s, 6H), 3.80 (s, 3H), 6.66 (s, 2H), 6(81J=9.0 Hz, 1H), 7.15 (m, 2H), 7.38

(d, J=8.0 Hz, 2H), 7.96 (d, J=8,0 Hz, 2H), 8.121¢3). MS (ESI): [M+1]=497.6.

5.1.6.4. 4-(3,4-Dimethylphenyl)-1-tosyl-3-(3,4,brethoxyphenyl)-1H-pyrazolelqd).
Following general procedure E, the crude residuefipd by flash chromatography,
using EtOAc:petroleum ether 3:7 (v:v) for elutidarnished15d as a white solid. Yield
78%, mp 153-155 °CH-NMR (CDCL) & 2.12 (s, 3H), 2.25 (s, 3H), 2.43 (s, 3H), 3.65
(s, 6H), 3.83 (s, 3H), 6.71 (s, 2H). 7.02 (dd, 0=8nd 1.2 Hz, 1H), 7.06 (m, 2H), 7.34

(d, J=8.0 Hz, 2H), 7.96 (d, J=8.0 Hz, 2H), 8.09L(3). MS (ESI): [M+1]=493.0.

5.1.6.5. 4-(3-Methoxy-4-methylphenyl)-1-tosyl-3H3;trimethoxyphenyl)-1H-pyrazole
(15e). Following general procedure E, the crude residugrifipd by flash
chromatography, using EtOAc:petroleum ether 3:¥)(for elution, furnishedl5eas a
white solid. Yield 75%, mp 65-67 °GH-NMR (CDCk) &: 2.18 (s, 3H), 2.44 (s, 3H),
3.66 (s, 6H), 3.68 (s, 3H), 3.82 (s, 3H), 6.67Jd1.2 Hz, 1H), 6.70 (s, 2H). 6.78 (dd,
J=7.6 and 1.2 Hz, 1H), 7.07 (d, J=7.6 Hz, 1H), 1®5J=7.6 Hz, 2H), 7.98 (d, J=7.6

Hz, 2H), 8.13 (s, 1H). MS (ESI): [M+13509.6.

5.1.6.6. 1-Tosyl-4-(4-(trifluoromethyl)phenyl)-343%-trimethoxyphenyl)-1H-pyrazole
(15f). Following general procedure E, the crude residugrifipd by flash
chromatography, using EtOAc:petroleum ether 3:¥)(for elution, furnishedl5f as a
white solid. Yield 83%, mp 72-74 °GH-NMR (CDCL) &: 2.44 (s, 3H), 3.65 (s, 6H),
3.83 (s, 3H), 6.59 (s, 2H), 7.36 (d, J=7.6 Hz, ZH30 (d, J=8.8 Hz, 2H), 7.58 (d, J=8.4

Hz, 2H), 7.99 (d, J=8.0 Hz, 2H), 8.20 (s, 1H). MES(): [M+1]'=533.0.
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5.1.6.7. 4-(4-Ethylphenyl)-1-tosyl-3-(3,4,5-trimexlgphenyl)-1H-pyrazole  1%g).
Following general procedure E, the crude residuefied by flash chromatography,
using EtOAc:petroleum ether 2:8 (v:v) for elutidarnished15g as a clear oil. Yield
89%.'H-NMR (CDCh) &: 1.21 (t, J=7.6 Hz, 3H), 2.43 (s, 3H), 2.62 (q7.8=Hz, 2H),
3.63 (s, 6H), 3.83 (s, 3H), 6.67 (s, 2H), 7.174(d), 7.33 (d, J=8.2 Hz, 2H), 7.96 (d,

J=8.0 Hz, 2H), 8.11 (s, 1H). MS (ESI): [M+£}493.6.

5.1.6.8. 4-(4-n-propylphenyl)-1-tosyl-3-(3,4,5-tethoxyphenyl)-1H-pyrazole 1%h).
Following general procedure E, the crude residuefipd by flash chromatography,
using EtOAc:petroleum ether 3:7 (v:v) for elutidarnished15h as a white solid. Yield
56%, mp 157-159 °CH-NMR (CDCL) &: 0.91 (t, J=7.2 Hz, 3H), 1.62 (m, 2H), 2.47 (s,
3H), 2.64 (q, J=7.2 Hz, 2H), 3.63 (s, 6H), 3.823K), 6.67 (s, 2H), 7.14 (s, 4H), 7.35

(d, J=8.0 Hz, 2H), 7.92 (d, J=8.0 Hz, 2H), 8.10l3). MS (ESI): [M+1]=507.2.

5.1.6.9. 4-(4-Methoxyphenyl)-1-tosyl-3-(3,4,5-trihexyphenyl)-1H-pyrazole 1%i).
Following general procedure E, the crude residuefied by flash chromatography,
using EtOAc:petroleum ether 3:7 (v:v) for elutidarnished15i as a white solid. Yield
90%, mp 136-137 °GH-NMR (CDCh) &: 2.43 (s, 3H), 3.66 (s, 6H), 3.80 (s, 3H), 3.83
(s, 3H), 6.68 (s, 2H), 6.84 (d, J=8.8 Hz, 2H), 7(d6J=8.2 Hz, 2H), 7.33 (d, J=8.8 Hz,

2H), 7.96 (d, J=8.2 Hz, 2H), 8.09 (s, 1H). MS (E§¥)+1]=495.1.

5.1.6.10. 4-(4-(Methylthio)phenyl)-1-tosyl-3-(3 4rBnethoxyphenyl)-1H-pyrazole
(15)). Following general procedure E, the crude residueifipd by flash
chromatography, using EtOAc:petroleum ether 3:¥)(for elution, furnished.5j as a

yellowish oil. Yield 90%H-NMR (CDCL) & 2.43 (s, 3H), 2.47 (s, 3H), 3.66 (s, 6H),
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3.84 (s, 3H), 6.66 (s, 2H), 7.10 (d, J=6.8 Hz, ZH)6 (d, J=6.8 Hz, 2H), 7.38 (d, J=8.4

Hz, 2H), 7.97 (d, J=8.4 Hz, 2H), 8.12 (s, 1H). MES(): [M+1]'=511.1.

5.1.6.11. 4-(3-Fluoro-4-methoxyphenyl)-1-tosyl-3#(8-trimethoxyphenyl)-1H-pyrazole
(15k). Following general procedure E, the crude residueifipd by flash
chromatography, using EtOAc:petroleum ether 4:8)(for elution, furnished 5k as a
white solid. Yield 74%, mp 165-167 °84-NMR (CDCl) &: 2.43 (s, 3H), 3.68 (s, 6H),
3.80 (s, 3H), 3.84 (s, 3H), 6.66 (s, 2H), 6.84 i), 6.91 (dd, J=8.4 and 2.0 Hz, 1H),
6.99 (d, J=2.0 Hz, 1H), 7.33 (d, J=8.4 Hz, 2H)47®, J=8,4 Hz, 2H), 8.10 (s, 1H). MS

(ESI): [M+1]'=513.6.

5.1.6.12. 4-(3-Chloro-4-methoxyphenyl)-1-tosyl-3(B-trimethoxyphenyl)-1H-
pyrazole {5l). Following general procedure E, the crude residugfipd by flash
chromatography, using EtOAc:petroleum ether 1:%)(for elution, furnishedl5l as a
white solid. Yield 88%, mp 79-81 °GH-NMR (CDCh) &: 2.43 (s, 3H), 3.69 (s, 6H),
3.84 (s, 3H), 3.90 (s, 3H), 6.68 (s, 2H), 6.86Je8.4 Hz, 1H), 7.08 (dd, J=8.4 and 2.0
Hz, 1H), 7.33 (d, J=2.0 Hz, 1H), 7.36 (d, J=8.4 BH), 7.96 (d, J=8,4 Hz, 2H), 8.11 (s,

1H). MS (ESI): [M+1]=526.1.

5.1.6.13. 4-(3-Methyl-4-methoxyphenyl)-1-tosyl-3E&-trimethoxyphenyl)-1H-pyrazole
(15m). Following general procedure E, the crude residugifipd by flash
chromatography, using EtOAc:petroleum ether 3:¥)(for elution, furnished5mas a
white solid. Yield 90%, mp 134-136 °&4-NMR (CDCL) &: 2.17 (s, 3H), 2.43 (s, 3H),

3.66 (s, 6H), 3.78 (s, 3H), 3.82 (s, 3H), 6.722d). 6.75 (d, J=8.0 Hz, 1H), 7.02 (dd,
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J=8.0 and 1.2 Hz, 1H), 7.06 (d, J=1.2 Hz, 1H), 183]=8.4 Hz, 2H), 7.33 (d, J=8.4

Hz, 2H), 8,07 (s, 1H). MS (ESI): [M+1509.6.

5.1.6.14 4-(4-Methoxy-3,5-dimethylphenyl)-1-tosyl-3-(3,4imethoxyphenyl)-1H-
pyrazole {15n). Following general procedure E, the crude residugfipd by flash
chromatography, using EtOAc:petroleum ether 4:8)(for elution, furnishedl5n as a
white solid. Yield 73%, mp 74-76 °GH-NMR (CDCk) &: 2.23 (s, 6H), 2.43 (s, 3H),
3.66 (s, 6H), 3.70 (s, 3H), 3.83 (s, 3H), 6.7324d), 6.92 (s, 2H), 7.34 (d, J=8.0 Hz,

2H), 7.96 (d, J=8.0 Hz, 2H), 8.07 (s, 1H). MS (E®¥Y+1]*=523.2.

5.1.6.15 1-Tosyl-4-(4-(trifluoromethoxy)phenyl)-3-(3,4,5Arethoxyphenyl)-1H-
pyrazole {50). Following general procedure E, the crude residugfipd by flash
chromatography, using EtOAc:petroleum ether 3:¥)(for elution, furnished.50 as a
clear oil. Yield 66%H-NMR (CDCL) &: 2.44 (s, 3H), 3.64 (s, 6H), 3.82 (s, 3H), 6.61
(s, 2H), 7.21 (d, J=8.8 Hz, 2H), 7.28 (d, J=8.8 BHd), 7.36 (d, J=8.0 Hz, 2H), 7.98 (d,

J=8.0 Hz, 2H), 8.15 (s, 1H). MS (ESI): [M+£p49.2.

5.1.6.16 4-(4-Ethoxyphenyl)-1-tosyl-3-(3,4,5-trimethoxypHedyi-pyrazole  15p).
Following general procedure E, the crude residuefipd by flash chromatography,
using EtOAc:petroleum ether 3:7 (v:v) for elutidnynished15p as a colorless oil.
Yield >95%.'H-NMR (CDCh) &:_1.41 (t, J=7.0 Hz, 3H), 2.43 (s, 3H), 3.66 (s),6883
(s, 3H), 4.01 (q, J=7.0 Hz, 2H), 6.69 (s, 2H), 6(83J=8.8 Hz, 2H), 7.14 (d, J=8.2 Hz,
2H), 7.32 (d, J=8.2 Hz, 2H), 7.96 (d, J=8.5 Hz, 218)08 (s, 1H). MS (ESI):

[M+1]*=509.6.
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5.1.6.17 4-(4-(Ethylthio)phenyl)-1-tosyl-3-(3,4,5-trimeth@kenyl)-1H-pyrazole 16q).
Following general procedure E, the crude residuefied by flash chromatography,
using EtOAc:petroleum ether 3:7 (v:v) for elutidarnished15q as a pale yellow oil.
Yield 84%.*H-NMR (CDCh) & 1.30 (t, J=7.4 Hz, 3H), 2.43 (s, 3H), 2.92 (q7.&=Hz,
2H), 3.66 (s, 6H), 3.83 (s, 3H), 6.66 (s, 2H), 7(d9J=8.2 Hz, 2H), 7.28 (d, J=8.2 Hz,
2H), 7.33 (d, J=8.4 Hz, 2H), 7.96 (d, J=8.4 Hz, 28)13 (s, 1H). MS (ESI):

[M+1]*=525.6.

5.1.6.18 4-(3-Chloro-4-ethoxyphenyl)-1-tosyl-3-(3,4,5-tritmexyphenyl)-1H-pyrazole
(15r). Following general procedure E, the crude residugrifipd by flash
chromatography, using EtOAc:petroleum ether 3:¥)(for elution, furnishedl5r as a
white sold. Yield >95%, mp 182-183 °84-NMR (CDCk) &: 1.47 (t. J=7.0 Hz, 3H),
2.43 (s, 3H), 3.68 (s, 6H), 3.80 (s, 3H), 4.08J47.0 Hz, 2H), 6.68 (s, 2H), 6.83 (d,
J=8.4 Hz, 1H), 7.03 (dd, J=8.4 and 2.2 Hz, 1H)1{®& J=2.2 Hz, 1H), 7.37 (d, J=8.6

Hz, 2H), 7.95 (d, J=8,6 Hz, 2H), 8.10 (s, 1H). MES(): [M+1]'=544.1.

5.1.6.19 3-(p-Tolyl)-1-tosyl-4-(3,4,5-trimethoxyphenyl)-1irpzole (@6a). Following
general procedure E, the crude residue purifiedflagh chromatography, using
EtOAc:petroleum ether 3:7 (v:v) for elution, furnex 16a as a yellowish solid. Yield
79%, mp 73-75 °CIH-NMR (CDCk) & 2.17 (s, 3H), 2.34 (s, 3H), 2.43 (s, 3H), 3.69
(s, 6H), 3.89 (s, 3H), 6.42 (s, 2H), 7.02 (d, J=82 2H), 7.28 (d, J=8.2 Hz, 2H), 7.36

(d, J=8.4 Hz, 2H), 7.96 (d, J=8.4 Hz, 2H), 8.131(3). MS (ESI): [M+1]=479.6.

5.1.6.20 3-(4-Methoxyphenyl)-1-tosyl-4-(3,4,5-trimethoxypHeaH-pyrazole 16b).

Following general procedure E, the crude residuefied by flash chromatography,
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using EtOAc:petroleum ether 3:7 (v:v) for elutidarnished16b as a white solid. Yield
>95%, mp 61-63 °C'H-NMR (CDClk) &: 2.43 (s, 3H), 3.70 (s, 6H), 3.79 (s, 3H), 3.86
(s, 3H), 6.43 (s, 2H), 6.80 (d, J=8.8 Hz, 2H), 7(83J=8.0 Hz, 2H), 7.40 (d, J=8.8 Hz,

2H), 7.96 (d, J=8.0 Hz, 2H), 8.12 (s, 1H). MS (E§¥)+1]=495.3.

5.1.6.21 3-(4-Ethoxyphenyl)-1-tosyl-4-(3,4,5-trimethoxypHedy-pyrazole 16c).
Following general procedure E, the crude residuefipd by flash chromatography,
using EtOAc:petroleum ether 2:8 (v:v) for elutidarnished1l6c as a white solid. Yield
74%, mp 62-64 °C*H-NMR (CDCl) &: 1.39 (t, J=6.8 Hz, 3H), 2.43 (s, 3H), 3.70 (s,
6H), 3.89 (s, 3H), 4.03 (q, J=6.8 Hz, 2H), 6.432(d), 6.79 (d, J=9.0 Hz, 2H), 7.33 (d,
J=8.0 Hz, 2H), 7.38 (d, J=8.0 Hz, 2H), 7.96 (d,.049z, 2H), 8.12 (s, 1H). MS (ESI):

[M+1]*=500.3.

5.1.7. General procedure F for the preparation ofpounds3a-r and4a-c. A stirred
solution of 3,4-diaryl-1-p-toluensulfonyl)-H-pyrazole15a-r or 16a-c (0.4 mmol) in
EtOH (30 mL) was treated with aqueous NaOH 1 N {9 tnmmol, 22.5 equiv.). The
mixture was stirred at 50 °C for 18 h (monitoredTyC), allowed to cool on an ice
bath, the reaction mixture was treated with 1N K&CmL, 9 mmol, 22.5 equiv.) and
then concentrated under reduced pressure. The @gjueoncentrated mixture was
diluted with a saturated aqueous solution of NaBHICID mL), extracted with C}Cl,
(2x10 mL) and the organic phase washed sequentigily water (5 mL) and brine (5
mL), dried and evaporated under reduced pressime.rdsidue was purified by flash

chromatography on silica gel.
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5.1.7.1  4-(Benzo[b]thiophen-2-yl)-3-(3,4,5-trimethoxyphgriH-pyrazole  8a).
Following general procedure F, the crude residuefied by flash chromatography,
using EtOAc:petroleum ether 3:7 (v:v) for elutidarnished3a as a yellow solid. Yield
83%, mp 151-153 °GH-NMR (CDCh) & 3.73 (s, 6H), 3.92 (s, 3H), 6.85 (s, 2H), 7.23
(m, 3H), 7.67 (d, J=7.4 Hz, 1H), 7.77 (d, J=7.4 H#]), 7.83 (s, 1H)XC-NMR
(CDCl3) &: 56.09 (2C), 61.00, 105.76, 106.04, 113.48, 121122.00, 123.21, 124.07,
124.44, 126.06, 134.81, 135.26, 138.55, 139.38,1740144.59, 153.35 (2C). MS
(ESI): [M+1]'=367.4. Anal. calcd for £H1gN>OsS. C, 65.55; H, 4.95; N, 7.64; found:

C,65.41; H,4.77; N, 7.53.

5.1.7.2 4-(p-Tolyl)-3-(3,4,5-trimethoxyphenyl)-1H-pyrazo(@b). Following general
procedure F, the crude residue purified by flashrortatography, using
EtOAc:petroleum ether 6:4 (v:v) for elution, furhéd3b as a white solid. Yield 82%,
mp 65-67 °CIH-NMR (CDCLk) &: 2.37 (s, 3H), 3.72 (s, 6H), 3.89 (s, 3H), 6.722(3),

7.15 (d, J=7.6 Hz, 2H), 7.25 (d, J=7.6 Hz, 2H),97(8, 1H)."*C-NMR (CDCk) &:

21.23, 56.02 (2C), 61.01, 105.17 (2C), 120.08, 926128.66 (2C), 129.23 (2C),
129.89, 134.13, 136.63, 137.96, 146.86, 153.28.(R1S) (ESI): [M+1]+=325.2. Anal.

calcd for GgHo0N>Os. C, 70.35; H, 6.21; N, 8.64; found: C, 70.12; H)& N, 8.49.

5.1.7.3  4-(3-Fluoro-4-methylphenyl)-3-(3,4,5-trimethoxypyiH-pyrazole  (3c).
Following general procedure F, the crude residuefipd by flash chromatography,
using EtOAc:petroleum ether 9:1 (v:v) for elutidarnished3c as a yellow solid. Yield
65%, mp 155-157 °C*H-NMR (CDCk) &: 2.29 (s, 3H), 3.71 (s, 6H), 3.89 (s, 3H), 6.71
(s, 2H), 7.00 (m, 1H), 7.03 (s, 1H), 7.12 (m, 1AB7 (s, 1H)**C-NMR (CDC}) &:

14.28, 56.00 (2C), 60.95, 105.67 (2C), 114.83,04,5118.90, 123.05, 124.00, 126.60,
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132.38, 134.46, 144.19, 153.31 (2C), 160.02, 162 MS (ESI): [M+1]'=343.0. Anal.

calcd for GgH19FN,Os3. C, 66.66; H, 5.59; N, 8.18; found: C, 66.49; F8& N, 8.07.

5174 4-(3,4-Dimethylphenyl)-3-(3,4,5-trimethoxypheny-fiyrazole 8d).
Following general procedure F, the crude residuefipd by flash chromatography,
using EtOAc:petroleum ether 7:3 (v:v) for elutidarnished3d as a white solid. Yield
72%, mp 136-137 °CH-NMR (CDCk) &: 2.23 (s, 3H), 2.28 (s, 3H), 3.68 (s, 6H), 3.88
(s, 3H), 6.76 (s, 2H), 7.08 (m, 2H), 7.16 (s, 1AB6 (s, 1H).*C-NMR (CDC}) &:
19.42, 19.71, 55.93 (2C), 60.93, 105.23 (2C), 199126.21, 127.12, 129.67, 129.88,
130.47 134.25, 135.11, 136.54, 137.93, 143.94,175@C). MS (ESI): [M+1]=339.4.
Anal. calcd for GoH2oN2Os. C, 70.99; H, 6.55; N, 8.28; found: C, 70.78; 445 N,

8.17.

5.1.7.5 4-(3-Methoxy-4-methylphenyl)-3-(3,4,5-trimethoxyphe1H-pyrazole 3e).
Following general procedure F, the crude residuefied by flash chromatography,
using EtOAc:petroleum ether 8:2 (v:v) for elutidnrnished3e as a pale-yellow oil.
Yield 68%. *H-NMR (CDCL) &: 2.23 (s, 3H), 3.69 (s, 6H), 3.71 (s, 3H), 3.873(4),
6.75 (s, 2H), 6.79 (d, J=2.0 Hz, 1H), 6.87 (dd,.d=shd 2.0 Hz, 1H), 7.09 (d, J=8.4 Hz,
1H), 7.69 (s, 1H).X*C-NMR (CDCk) & 15.91, 55.21, 55.98 (2C), 60.92, 105.40,
105.69, 110.51, 120.16, 120.55, 125.18, 127.08,.5830131.60, 134.05, 137.98,
144.19, 153.19 (2C), 157.62. MS (ESI): [M34355.1. Anal. calcd for §H2.N,Ox. C,

67.78; H, 6.26; N, 7.90; found: C, 67.58; H, 6.145;7.76.

5.1.7.6 4-(4-(Trifluoromethyl)phenyl)-3-(3,4,5-trimethoxygtyl)-1H-pyrazole  3f).

Following general procedure F, the crude residuefipd by flash chromatography,
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using EtOAc:petroleum ether 6:4 (v:v) for elutidarnished3f as a white solid. Yield
80%, mp 159-160 °GH-NMR (CDCL) &: 'H-NMR (CDCL) &: 3.72 (s, 3H), 3.90 (s,
6H), 6.66 (s, 2H), 7.47 (d, J=8.0 Hz, 2H), 7.59 Jd8.0 Hz, 2H), 7.77 (s, 1H}*C-

NMR (CDCL) &: 55.88, 60.94 (2C), 105.22 (2C), 116.67, 118. 21,18 (2C), 124.33,
126.45, 130.10 (2C), 131.99, 134.16, 138.20, 144188.09, 153.36 (2C). MS (ESI):
[M+1]"=378.9. Anal. calcd for H;7FsN-Os. C, 60.32; H, 4.53; N, 7.40; found: C,

60.13; H, 4.33; N, 7.19.

5.1.7.7 4-(4-Ethylphenyl)-3-(3,4,5-trimethoxyphenyl)-1H-p3ole Bg). Following
general procedure F, the crude residue purifiedflagh chromatography, using
EtOAc:petroleum ether 7:3 (v:v) for elution, furéx 3g as a white solid. Yield 89%,
mp 67-69 °C*H-NMR (CDCk) & 1.22 (t, J=7.6 Hz, 3H), 2.63 (q, J=7.6 Hz, 2HF 7R
(s, 6H), 3.86 (s, 3H), 6.69 (s, 2H), 7.15 (d, J48# 2H), 7.25 (d, J=8.4 Hz, 2H), 7.66
(s, 1H)."®*C-NMR (CDCk) &: 15.80, 28.62, 55.86 (2C), 60.95, 105.18 (2C),.999
126.71, 128.02 (2C), 128.90 (2C), 130.21, 133.98,86, 143.11, 144.08, 153.16 (2C).
MS (ESI): [M+1]=339.0. Anal. calcd for £H,,N,Os. C, 70.99; H, 6.55; N, 8.28;

found: C, 70.75; H, 6.38; N, 8.10.

5.1.7.8 4-(4-n-Propylphenyl)-3-(3,4,5-trimethoxyphenyl)- pirazole 8h). Following
general procedure F, the crude residue purifiedflagh chromatography, using
EtOAc:petroleum ether 6:4 (v:v) for elution, furhéd3h as a white solid. Yield 89%,
mp 69-71 °C.*H-NMR (CDCk) &: 0.93 (t, J=7.4 Hz, 3H), 1.61 (m, 2H), 2.54 (t7 %=
Hz, 2H), 3.65 (s, 6H), 3.86 (s, 3H), 6.69 (s, 2A)2 (d, J=8.0 Hz, 2H), 7.23 (d, J=8.0

Hz, 2H), 7.65 (s, 1H)**C-NMR (CDCk) & 13.79, 24.68, 37.74, 55.89 (2C), 61.00,
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105.08 (2C), 120.08, 127.05, 128.65 (2C), 128.75,(230.32, 133.98, 137.80, 141.44,
144.08, 153.21 (2C). MS (ESI): [M+H353.2. Anal. calcd for §H»N,0s. C, 71.57;

H, 6.86; N, 7.95; found: C, 71.38; H, 6.75; N, 7.79

5.1.7.9 4-(4-Methoxyphenyl)-3-(3,4,5-trimethoxyphenyl)-1ytgzole 8i). Following
general procedure F, the crude residue purifiedflagh chromatography, using
EtOAc:petroleum ether 1:1 (v:v) for elution, furnex 3i as a white solid. Yield 88%,
mp 88-90 °C'H-NMR (CDCLk) &: 3.67 (s, 3H), 3.83 (s, 6H), 3.88 (s, 3H), 6.7.22(),
6.87 (d, J=7.4 Hz, 2H), 7.27 (d, J=7.6 Hz, 2H),57(8, 1H).**C-NMR (CDCk) &:
55.40, 56.11 (2C), 61.01, 105.31 (2C), 114.09 (2(19.85, 124.62, 125.72, 130.09
(2C), 133.70, 138.34, 143.92, 153.38 (2C), 158M8&. (ESI): [M+1]'=341.1. Anal.

calcd for GgHooN2O4. C, 67.05; H, 5.92; N, 8.23; found: C, 66.89; H6& N, 8.01.

5.1.7.10 4-(4-(Methylthio)phenyl)-3-(3,4,5-trimethoxyphenyH-pyrazole 8).
Following general procedure F, the crude residuefied by flash chromatography,
using EtOAc:petroleum ether 3:7 (v:v) for elutidarnished3j as a white solid. Yield
84%, mp 142-144 °GH-NMR (CDCL) &: 2.48 (s, 3H), 3.69 (s, 6H), 3.87 (s, 3H), 6.68
(s, 2H), 7.24 (m, 4H), 7.67 (s, 1HYC-NMR (CDCk) &: 15.93, 56.00 (2C), 60.98,
105.31 (2C), 119.46, 126.34, 126.68 (2C), 129.@),(229.54, 134.02, 137.13, 138.11,
144.03, 153.29 (2C). MS (ESI): [M+H357.0. Anal. calcd for GHooN»05S. C, 64.02;

H, 5.66; N, 7.86; found: C, 63.89; H, 5.49; N, 7.72

5.1.7.11 4-(3-Fluoro-4-methoxyphenyl)-3-(3,4,5-trimethoxypyle 1H-pyrazole 3K).
Following general procedure F, the crude residuefipd by flash chromatography,

using EtOAc:petroleum ether 9:1 (v:v) for elutidarnished3k as a white solid. Yield
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88%, mp 172-174 °C*H-NMR (CDCL) &: 3.72 (s, 6H), 3.89 (s, 3H), 3.91 (s, 3H), 6.71
(s, 2H), 6.92 (m, 1H), 7.04 (m, 1H), 7.09 (dd, d=8nd 2.0 Hz, 1H), 7.66 (s, 1H¥C-
NMR (CDCk) &: 56.03, 60.95 (2C), 103.12, 105.33 (2C), 113.485.24, 118.65,
124.44, 126.09, 126.62, 134.26, 138.20, 144.01,4646151.01, 153.35 (2C). MS
(ESI): [M+1]'=359.4. Anal. calcd for H19FN,Os. C, 63.86; H, 5.34; N, 7.82; found:

C, 63.74; H, 5.21; N, 7.49.

5.1.7.12 4-(3-Chloro-4-methoxyphenyl)-3-(3,4,5-trimethoxypfle 1H-pyrazole 3l).
Following general procedure F, the crude residuefipd by flash chromatography,
using EtOAc:petroleum ether 8:2 (v:v) for elutidarnished3l as a white solid. Yield
68%, mp 169-171 °GH-NMR (CDCL) &: 3.73 (s, 6H), 3.89 (s, 3H), 3.92 (s, 3H), 6.72
(s, 2H), 6.90 (d, J=8.0 Hz, 1H), 7.18 (dd, J=8.68 a® Hz, 1H), 7.42 (d, J=2.0 Hz, 1H),
7.67 (s, 1H)*C-NMR (CDCEk) &: 56.06 (2C), 56.24, 60.96, 105.26 (2C), 112.04, 438.
122.37, 126.41, 126.63, 128.06, 130.24, 134.17,2P38144.07, 153.36, 153.92 (2aQY1S
(ESI): [M+1]'=375.8. Anal. calcd for gH1oCIN,Os. C, 60.88; H, 5.11; N, 7.47; found:

C, 60.59; H, 5.03; N, 7.33.

5.1.7.13 4-(3-Methyl-4-methoxyphenyl)-3-(3,4,5-trimethoxyphel1H-pyrazole 3m).
Following general procedure F, the crude residuefied by flash chromatography,
using EtOAc:petroleum ether 7:3 (v:v) for elutidarnished3m as a white solid. Yield
72%, mp 161-163 °GH-NMR (CDCh) & 2.19 (s, 3H), 3.69 (s, 6H), 3.83 (s, 3H), 3.86
(s, 3H), 6.73 (s, 2H), 6.75 (d, J=8.4 Hz, 1H), 7(fd 3H), 7.62 (s, 1H)**C-NMR
(CDCl3) &: 16.24, 55.46, 55.98 (2C), 61.00, 105.06 (2C),.929119.86, 124.88,

126.63, 127.17, 127.27, 131.15, 134.05, 137.82,0P44153.21 (2C), 156.86. MS
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(ESI): [M+1]'=355.1. Anal. calcd for §H,N,0,. C, 67.78; H, 6.26; N, 7.90; found: C,

67.61; H, 6.10; N, 7.72.

5.1.7.14  4-(4-Methoxy-3,5-dimethylphenyl)-3-(3,4,5-trimetyyoixenyl)-1H-pyrazole
(3n). Following general procedure F, the crude residugrifipd by flash
chromatography, using EtOAc:petroleum ether 7:8)(for elution, furnishedn as a
white solid. Yield 77%, mp 74-76 °CH-NMR (CDCl) &: 2.26 (s, 6H), 3.68 (s, 6H),
3.74 (s, 3H), 3.88 (s, 3H), 6.76 (s, 2H), 7.012(4), 7.63 (s, 1H)**C-NMR (CDC}) &:
16.11 (2C), 55.93 (2C), 59.83, 61.01, 104.99 (AQY.75, 127.02, 128.54, 129.36 (2C),
130.88 (2C), 134.08, 137.86, 143.76, 153.19 (265.05. MS (ESI): [M+1]=369.2.
Anal. calcd for GiH24N204. C, 68.46; H, 6.57; N, 7.60; found: C, 68.33; 4% N,

7.49.

5.1.7.15 4-(4-(Trifluoromethoxy)phenyl)-3-(3,4,5-trimethokgmyl)-1H-pyrazole 30).
Following general procedure F, the crude residuefied by flash chromatography,
using EtOAc:petroleum ether 8:2 (v:v) for elutidarnished3o as a white solid. Yield
67%, mp 138-140 °GH-NMR (CDCh) &: 3.68 (s, 3H), 3.88 (s, 6H), 6.67 (s, 2H), 7.18
(d, J=7.6 Hz, 2H), 7.38 (d, J=7.6 Hz, 2H), 7.701(s). **C-NMR (CDCk) &: 56.04
(2C), 61.05, 105.34 (2C), 119.22, 121.35 (2C), 125130.35 (2C), 130.73, 131.29,
133.45, 138.62, 144.25, 148.43, 153.51 (2C). MI)(EM+1] *=394.8. Anal. calcd for

Ci9H17F3N204. C, 57.87; H, 4.35; N, 7.10; found: C, 57.69; H2 N, 6.99.

5.1.7.16 4-(4-Ethoxyphenyl)-3-(3,4,5-trimethoxyphenyl)-1Hagzple @p). Following
general procedure F, the crude residue purifiedflagh chromatography, using

EtOAc:petroleum ether 7:3 (v:v) for elution, furéx 3p as a white solid. Yield 73%,
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mp 76-77 °CXH-NMR (CDCL) & 1.39 (t, J=7.2 Hz, 3H), 3.68 (s, 6H), 3.86 (s)3H
4.02 (q, J=7.2 Hz, 2H), 6.70 (s, 2H), 6.85 (d, 848z, 2H), 7.23 (d, J=8.8 Hz, 2H),
7.63 (s, 1H)1*C-NMR (CDCE) &: 14.83, 55.94 (2C), 60.93, 63.48, 105.02 (2C), 484
(2C), 119.71, 125.09, 126.93, 129.88 (2C), 133.887.80, 144.02, 153.19 (2C),
157.96. MS (ESI): [M+1=354.9. Anal. calcd for §Hx:N-O,. C, 67.78; H, 6.26; N,

7.90; found: C, 67.58; H, 6.15; N, 7.75.

5.1.7.17 4-(4-(Ethylthio)phenyl)-3-(3,4,5-trimethoxyphenyhbi-pyrazole 80).
Following general procedure F, the crude residuefipd by flash chromatography,
using EtOAc:petroleum ether 7:3 (v:v) for elutidarnished3q as a pale yellow solid.
Yield 95%, mp 65-67 °C'H-NMR (CDCh) &: 1.32 (t, J=7.6 Hz, 3H), 2.95 (q, J=7.6
Hz, 2H), 3.71 (s, 6H), 3.89 (s, 3H), 6.70 (s, 2HR7 (M, 4H), 7.69 (s, 1H}*C-NMR
(CDCly) &: 14.39, 27.73, 56.00 (2C), 61.02, 105.19 (2C),.419126.76, 129.13 (2C),
129.16 (2C), 130.53, 134.15, 135.07, 138.03, 144188.33 (2C). MS (ESI):
[M+1]7=370.9. Anal. calcd for §H2»N>OsS. C, 64.84; H, 5.99; N, 7.56; found: C,

64.72; H, 5.78; N, 7.42.

5.1.7.18 4-(3-Chloro-4-ethoxyphenyl)-3-(3,4,5-trimethoxypyigi H-pyrazole  8r).
Following general procedure F, the crude residuefied by flash chromatography,
using EtOAc:petroleum ether 6:4 (v:v) for elutidatnished3r as a white solid. Yield
79%, mp 175-177 °GH-NMR (CDCh) &: 1.49 (t, J=7.2 Hz, 3H), 3.73 (s, 6H), 3.89 (s,
3H), 4.11 (g, J=7.2 Hz, 2H), 6.72 (s, 2H), 6.89Jd8.4 Hz, 1H), 7.15 (dd, J=8.4 and
2,4 Hz, 1H), 7.41 (s, 1H), 7.66 (s, 1HC-NMR (CDCE) &: 14.77, 56.10 (2C), 61.04,

64.89, 105.16 (2C), 113.31, 118.57, 122.78, 12619859, 128.08, 130.29, 132.42,
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134.12, 138.15, 144.14, 153.39 (2C). MS (ESI): [J=888.9. Anal. calcd for

C20H21CIN2Os. C, 61.78; H, 5.44; N, 7.20; found: C, 61.58; F85 N, 7.09.

5.1.7.19 3-(p-Tolyl)-4-(3,4,5-trimethoxyphenyl)-1H-pyrazof{éa). Following general
procedure F, the crude residue purified by flashrortatography, using
EtOAc:petroleum ether 7:3 (v:v) for elution, furhéxl 4a as a pale-yellow oil. Yield
58%.H-NMR (CDCL) &: 2.39 (s, 3H), 3.74(s, 6H), 3.988 (s, 3H), 6.52), 7.17 (d,
J=8.0 Hz, 2H), 7.38 (d, J=8.0 Hz, 2H), 7.70 (s, .Tf3-NMR (CDCE) &: 21.30, 56.01
(2C), 60.96, 105.21 (2C), 119.67, 128.03, 128.72)(229.30 (2C), 129.55, 135.85,
136.88, 138.29, 142.84, 153.20 (2C). MS (ESI): [W«=825.1. Anal. calcd for

C19H20N203. C, 7035, H, 621, N, 864, found: C, 7015, H.,a N, 8.38.

5.1.7.20 3-(4-Methoxyphenyl)-4-(3,4,5-trimethoxyphenyl)-1ytgzole @b). Following
general procedure F, the crude residue purifiedflagh chromatography, using
EtOAc:petroleum ether 7:3 (v:v) for elution, furnéd4b as a white solid. Yield 82%,
mp 65-67 °C*H-NMR (CDCk) & 3.74 (s, 3H), 3.84 (s, 6H), 3.89 (s, 3H), 6.552(3),
6.89 (d, J=7.4 Hz, 2H), 7.42 (d, J=7.6 Hz, 2H),97(8, 1H)."*C-NMR (CDCk) &:
55.31, 56.02 (2C), 60.95, 105.51 (2C), 114.04 (Zap.44, 123.40, 128.75, 129.29
(2C), 135.70, 136.85, 142.73, 153.23 (2C), 159M8. (ESI): [M+1]'=341.4. Anal.

calcd for GgH-0N»O4. C, 67.05; H, 5.92; N, 8.23; found: C, 66.90; A N, 8.10.

5.1.7.21 3-(4-Ethoxyphenyl)-4-(3,4,5-trimethoxyphenyl)-1Hgzple @c). Following
general procedure F, the crude residue purifiedflagh chromatography, using
EtOAc:petroleum ether 7:3 (v:v) for elution, furhéd4c as a white solid. Yield 75%,

mp 58-60 °C*H-NMR (CDCL) & 1.44 (t, J=6.8 Hz, 3H), 3.74 (s, 6H), 3.88 (s).3H
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4.04 (q, J=6.6 Hz, 2H), 6.54 (s, 2H), 6.88 (d, 848z, 2H), 7.41 (d, J=8.8 Hz, 2H),
7.69 (s, 1H)1*C-NMR (CDCE) &: 14.84, 56.05 (2C), 61.03, 63.55, 105.39 (2C),394
(2C), 119.39, 123.13, 128.81, 129.63 (2C), 135826.73, 142.87, 153.23 (2C),
159.14. MS (ESI): [M+1E355.4. Anal. calcd for §H2:N-O,. C, 67.78; H, 6.26; N,

7.90; found: C, 67.55; H, 6.12; N, 7.81.

5.2. Biological assays and computational studies

5.2.1. Cell growth conditions and antiproliferatissesay

Human promyelocytic leukemia (HL-60), human T-dellkemia (CEM) and human B-
cell leukemia (SEM) cells were grown in RPMI-164@dium (Gibco, Milano, Italy).
Breast adenocarcinoma (MCF-7 and MDA-MB-231), huroarvix carcinoma (HelLa),
and human colon adenocarcinoma (HT-29) cells wemvig in DMEM medium
(Gibco, Milano, Italy), all supplemented with 11bits/mL penicillin G (Gibco, Milano,
Italy), 1154g/mL streptomycin (Invitrogen, Milano, Italy), add% fetal bovine serum
(Invitrogen, Milano, Italy). Stock solutions (10 m)Mf the different compounds were
obtained by dissolving them in DMSO. Individual gebf a 96-well tissue culture
microtiter plate were inoculated with 10 of complete medium containing 8 x>10
cells. The plates were incubated at 37 °C in a Hdified 5% CQ incubator overnight
prior to the experiments. After medium removal, 10®f fresh medium containing the
test compound at different concentrations was addedach well in triplicate and
incubated at 37 °C for 72 h. Cell viability wasag=d by the (3-(4, 5-dimethylthiazol-2-
yD-2,5-diphenyltetrazolium bromide test as prewigwdescribed [47].

Normal human astrocytes were purchased from Lohmaz@). They were grown in

AGM™ astrocytes growth Medium Bullettkit™. CE®'® cells are a multidrug-
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resistant line selected against vinblastéind were a kind gift of Dr. G. Arancia (Istituto
Superiore di Sanita, Rome, Italy). They were grown RPMI-1640 medium
supplemented with 100 ng/mL of vinblastine.

Additional experiments were conducted with periphétood lymphocytes (PBL) from
healthy donors obtained as described previously. [B@r cytotoxicity evaluations in
proliferating PBL cultures, non-adherent cells wezsuspended at 5 x *L6ells/mL in
growth medium containing 25g/mL PHA (Irvine Scientific). Different concentratis
of the test compounds were added, and viability etermined 72 h later by the MTT
test. For cytotoxicity evaluations in resting PBultares, non-adherent cells were
resuspended (5 x iCcells/mL) and treated for 72 h with the test commis, as

described above.

5.2.2. Effects on tubulin polymerization and orchaline binding to tubulin.

Bovine brain tubulin was purified as described presly [48].To evaluate the effect of
the compounds on tubulin assembly vitro [49], varying concentrations were
preincubated with 1QM tubulin in glutamate buffer at 30 °C and thenledoto 0 °C.
After addition of GTP, the mixtures were transfdrite 0°C cuvettes in a recording
spectrophotometer and warmed to 30 °C, and themdwgeof tubulin was observed
turbidimetrically. The 1G, was defined as the compound concentration thabited
the extent of assembly by 50% after a 20 min inttaba Inhibition of colchicine
binding to tubulin was measured as described bdfadg except that the reaction
mixtures contained 0.4M tubulin, 5 pM [°H]colchicine and 5 or 0.3uM test
compound. Only one DEAE-cellulose filter was used gample, and filtration was by

gravity.
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5.2.3. Molecular modeling.

All molecular docking studies were performed onigl®h Genie Intel®Corg" i7-3770
vPro CPU@ 3.40 GHz x 8 running Ubuntu 16.04. Molac®perating Environment
(MOE) 2018.10 and Maestro (Schrodinger Release -20were used as molecular
modeling software. The tubulin structure was dowdkd from the PDB data bank

(http://www.rcsb.org/; PDB code 5LYJ). The proteingre preprocessed using the

Schrédinger Protein Preparation Wizard by assigtiogd orders, adding hydrogens
and performing a restrained energy minimizationttd added hydrogens using the
OPLS_2005 force field. Ligand structures were bwith MOE and then prepared using
the Maestro LigPrep tool by energy minimizing theistures (OPLS_2005 force field),
generating possible ionization states at pH 7+2] generating tautomers and low-
energy ring conformers. After isolating a tubulimer structure, two 12 A docking
grids (inner-box 10 A and outer-box 22 A) were @mepl using as centroid the co-
crystallized CA-4. Molecular docking studies wersfprmed using Glide SP precision
keeping the default parameters and setting 5 asuh#er of output poses per input
ligand to include in the solution. The output posesre saved as mol2 files. The
docking results were visually inspected for théiltity to bind in the active site.
Molecular dynamics simulations were performed omesmicro Intel®Xeon® CPU
ES-46200 @ 2.20 GHz x 12 running Ubuntu 14.04 uiegDesmond package for MD
simulation: OPLS-AA force field in explicit solvenémploying the TIP3 water model,
was used. The initial coordinates for the MD sirtiola were taken from the best
docking experiment result for each single compounadubic water box was used for
the solvation of the system, ensuring a bufferatisé of approximately 10 A between
each box side and the complex atoms. The systermeuatsalized adding 27 sodium

counter ions. The system was minimized and prelibgatied using the default

60



relaxation routine implemented in Desmond. A 50Mi3 simulation was performed,
during which the equations of motion were integitaising a 2 fs time step in the NPT
ensemble, with temperature (300 K) and pressuegn() constant. All other parameters
were set using the Desmond default values. Data wellected every 20 ps (energy)
and every 80 ps (trajectory). Each protein-ligaothplex simulation was performed in
triplicate, using each time a random seed as tappint. Visualization of protein-
ligand complex and MD trajectory analysis were iedrrout using Maestro, and the
RMSD analyses were performed using the SimulatieenEAnalysis tool of Desmond.
The AGpinding Values of the protein-ligand complex were cal@datusing the
MM/GBSA method as implemented in the Prime modulemf Maestro using the
default settings and the Maestro script termal_nsagly. Briefly, the script takes in the
MD trajectory from the last 25 ns of simulationlitspit into individual frame snapshots
(extracted every 0.080 ns, for a total of 313 framend runs each one through
MMGBSA (after deleting water molecules and sepagathe ligand from the receptor).

For each single simulation, an avera@&,nqing Value for the 25 ns is calculated.

5.2.4. Cell cycle analysis.

HelLa or MDA-MB-231 cells were exposed to test coomuts for 24 h. Cells were
harvested by centrifugation and fixed with 70% Jwwld ethanol. Cells were lysed
with 0.1% (v/v) Triton X-100 containing RNase A asthined with Pl. A Beckman
Coulter Cytomics FC500 instrument and MultiCycler fd/indows software from

Phoenix Flow Systems were used to analyze the cells

5.2.5. Measurement of apoptosis by flow cytometry.
In these studies, the Cytomics FC500 instrumentwsasl. The cells were stained with

both PI, to stain DNA, and annexin V-fluoresceiotisocyanate, to stain membrane PS
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on the cell surface (which occurs in apoptosis)e Tatter was done following the

instructions of the manufacturer (Roche Diagnoyti¢she Annexin-V-Fluos reagent.

5.2.6. Measurement of mitochondrial membrane pi@teand ROS.
Mitochondrial potential and ROS were measured in-MB-231 cells by flow
cytometry as previously described [45], using therescent dyes JC-1 andBCFDA

(Molecular Probes), respectively.

5.2.7. Evaluation of cellular protein expressiorthwivestern blots.

Following growth for various times in the preserafe4c or 3p, MDA-MB-231 cells
were harvested by centrifugation and washed twic@ fC phosphate-buffered saline
(PBS). Cells were lysed with 0.1% (v/v) Triton X@l6ontaining RNase A at 0 °C, and
supernatants were obtained by centrifuging thedlgsdls at 15 000g for 10 min at 4 °C.
The protein content of the solutions was measuaed, 10ug of protein from each
sample was subjected to SDS-PAGE. Proteins wensfaaed by electroblotting to a
poly(vinylidene difluoride) Hybond-P membrane frdai Healthcare. The membranes
were treated with 5% bovine serum albumin in PB®taioing 0.1% Tween 20
overnight at 4 °C. The membranes were then expfised h at room temperature to
primary antibodies directed against cyclin B, cdg2&dc2 (Y15), p21, PARP, Mcl-1,
XIAP (all from Cell Signaling), or GAPDH (Sigma-Aliith; to verify equal protein
loading) and subsequently for 1 h to peroxidaseklab secondary antibodies. The
membranes were visualized using ECL select (GE thiemle), and images were

acquired using an Uvitec-Alliance imaging system.

5.2.8. Scratch-migration assay.
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Nearly confluent MDA-MB-231 cells were gently wowedlthrough the horizontal and
vertical axis using a pipette tip. Cells were waktwice to remove cell debris and then
treated with3p or 4c at 20 or 5 nM, respectively, for different timé&ach time point

image was captured at 10x magnification under aeateicroscope. The distance

between the two edges of the scratch was quantiedy Image J.

5.2.9. Evaluation of anti-tumor activity in vivo.

Animal experiments were approved by the local ahiethics committee (OPBA,
Organismo Preposto al Benessere degli Animali, &hsiva degli Studi di Brescia, Italy)
and were performed in accordance with nationalgjinds and regulations. Procedures
involving animals and their care conformed withtitagional guidelines that comply
with national and international laws and policie€C Council Directive 86/609, OJ L
358, 12 December 1987) and with “ARRIVE” guideliné&nimals in Research
Reporting In Vivo Experiments).

Seven-week-old C57BL/6 female mice were orthotdfyidajected into the mammary
fat pad with 4 x 1D E0771 mammary carcinoma cells. When tumors weheapke,
mice were randomized to control and treated grolipsatment was performed every
other day by intraperitoneal (ip) injection 4b (15 or 5 mg/kg), CA-4P (30 mg/kg) or
vehicle (DMSO) in 100 pL final volume. Tumors wemseasured in vivo using a
caliper: tumor volume V (mf) was calculated according to the formula V = (E/)}2,
where D and d are the major and minor perpendictdaror diameters in mm,
respectively. Tumor volume data were analyzed \aittwo-way analysis of variance,

and individual group comparisons were evaluatethbyBonferroni correction.

5.2.10. Statistical analysis.
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Graphs and statistical analyses were performedgu&naphPad Prism software
(GraphPad, La Jolla, CA, USA). All data in grapkepresented the mean of at least
three independent experiments + SEM. Statistiagghiicance was determined using
Student’s t-test or ANOVA (one- or two-way) deperglon the type of data. Asterisks
indicate a significant difference between the wdaand the control group, unless

otherwise specified. * p < 0.05, ** p < 0.01, **90.001, **** p < 0.0001.
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Highlights

® Pyrazole-bridged CA-4 analogues modified at the 3 and 4-position were evaluated.
® The position of trimethoxyphenyl on the pyrazole was not critical for the activity.

® The results confirmed a surrogate role of 4-ethoxyphenyl group for B-ring of CA-4
® Compounds 3p and 4c were more active than CA-4 against a panel of cancer cells.

® Severa moleculesinhibited tubulin assembly with activity superior to that of CA-4.



