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Comparing couple of regioisomeric derivatives 3p and 4c there was not substantial difference of antiproliferative as well as of tubulin 
polymerization inhibitory activity between 3',4',5'-trimethoxyphenyl moiety located at the 3- or 4-position of the pyrazole ring. 
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Abstract:  A series of 3-(3’,4’,5’-trimethoxyphenyl)-4-substituted 1H-pyrazole and their 

related 3-aryl-4-(3’,4’,5’-trimethoxyphenyl)-1-H-pyrazole regioisomeric derivatives, 

prepared as cis-rigidified combretastatin A-4 (CA-4) analogues, were synthesized and 

evaluated for their in vitro antiproliferative against six different cancer cell lines and, for 

selected highly active compounds, inhibitory effects on tubulin polymerization, cell 

cycle effects and in vivo potency. We retained the 3’,4’,5’-trimethoxyphenyl moiety as 

ring A throughout the present investigation, and a structure-activity relationship (SAR) 

information was obtained by adding electron-withdrawing (OCF3, CF3) or electron-

releasing (alkyl and alkoxy) groups on the second aryl ring, corresponding to the B-ring 

of CA-4, either at the 3- or 4-position of the pyrazole nucleus. In addition, the B-ring 

was replaced with a benzo[b]thien-2-yl moiety. For many of the compounds, their 

activity was greater than, or comparable with, that of CA-4. Maximal activity was 

observed with the two regioisomeric derivatives characterized by the presence of a 4-

ethoxyphenyl and a 3’,4’,5’-trimethoxyphenyl group at the C-3 and C-4 positions, and 

vice versa, of the 1H-pyrazole ring. The data showed that the 3’,4’,5’-trimethoxyphenyl 

moiety can be moved from the 3- to the 4-position of the 1H-pyrazole ring without 

significantly affecting antiproliferative activity. The most active derivatives bound to the 

colchicine site of tubulin and inhibited tubulin polymerization at submicromolar 

concentrations. In vivo experiments, on an orthotopic murine mammary tumor, revealed 

that 4c inhibited tumor growth even at low concentrations (5 mg/kg) compared to CA-

4P (30 mg/kg). 

Keywords. Microtubules, structure-activity relationship, 1H-pyrazole, antiproliferative 

activity, tubulin. 
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1. Introduction 

Microtubules are cylindrical structures formed by a polymerization process from αβ-

tubulin heterodimers and are dynamic components of the cytoskeleton of eukaryotic 

cells. Their dynamic functions include the formation and disappearance of the mitotic 

spindle, which is required for the separation of duplicated chromosomes during cell 

division [1]. The microtubule system is involved in a number of other cellular functions 

as well, including determination and maintenance of cell shape, organization of 

intracellular architecture, secretion, cellular transport, regulation of motility and 

intracellular organelle transport [2]. 

Therefore, especially since tubulin is a validated target for drugs active against cancer, 

there has been great interest in identifying and developing new tubulin polymerization 

inhibitors. Inhibition of microtubule function using agents that interact specifically with 

tubulin, many of which are natural products, remains one approach for the development 

of new cytotoxic anticancer drugs [3]. Among the naturally occurring antimitotic agents, 

combretastatin A-4 (CA-4, 1a; Figure 1), isolated from the bark of the South African 

tree Combretum caffrum [4], is one of the best known inhibitors of tubulin assembly. 

CA-4 affects microtubule dynamics by interacting with tubulin at the colchicine site [5]. 

CA-4 shows potent cytotoxicity against a wide variety of human cancer cell lines, 

including those that are multidrug resistant [6]. Due to the low water solubility of CA-4, 

the corresponding disodium phosphate salt (CA-4P, 1b) was synthesized as a water 

soluble pro-drug. CA-4P causes rapid and selective vascular shutdown of the blood 

vessels of tumors, consistent with an anti-vascular mechanism of action as a vascular 

disrupting agent (VDA), and CA-4P has shown promising results in phase II and III 

clinical trials on advanced and solid tumors [7].  
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The activity and structural simplicity of CA-4 have stimulated significant interest in the 

development of a wide variety of analogues that mimic the pharmacological properties 

of CA-4. These analogues include compounds modified in ring A, ring B and the 

ethylene bridge [8]. Previous structure-activity relationship (SAR) studies have 

demonstrated that both the 3’,4’,5’-trimethoxy substitution pattern on the A-ring and the 

cis-orientation of the vinyl bond were essential for optimal antiproliferative activity. B-

ring structural modifications were tolerated by the target, with the 3’-hydroxy group not 

necessary for potent activity while the 4’-methoxy group was crucial for cytoxicity [9].  

However, several studies have established that the cis-olefinic double bond of CA-4 

tends to isomerize to the thermodynamically more stable trans-form during storage and 

in the course of metabolism in liver microsomes, resulting in a dramatic decrease in 

both antitubulin and antiproliferative activities.  

Thus, with the aim of retaining the cis-olefin configuration of CA-4 required for 

bioactivity, a strategy to overcome the problem of cis to trans isomerization developed 

in which the ethylene bridge was incorporated into 1,2-diaryl-substituted five-membered 

aromatic heterocyclic rings, which can be considered as non-isomerizable and 

chemically stable Z-restricted isosteres of CA-4 [10]. 

In the designed analogues, several research groups have developed a number of 

compounds containing pyrazole as the surrogate of the stilbene core of CA-4 and that 

maintain the structural elements of CA-4, such as the presence of 3’,4’,5’-

trimethoxyphenyl A-ring, which was considered to be fundamental for the tubulin 

binding activity, whereas variations were made in the vicinal substituent, corresponding 

to B-ring of CA-4. 



 6

R2

OCH3

H3CO

OCH3

H3CO

1a, R1=H, R2=OH, Combretastatin A-4, CA-4

1b, R1=H, R2=OP(O)(ONa)2, CA-4P

1c, R1=R2=OH, Combretastatin A-1, CA-1

A

B

R1

NH2

OCH3

H3CO

OCH3

H3CO

NHN

1
2

3

4

5

2a
OCH3

OCH3

NHN

2b

H3CO

OCH3

H3CO

NHN

2c
H3CO

H3CO

H3CO

NHN

2d

OCH3

2e

H3CO

OCH3

OH

H3CO

HO

NHN

OCH3
H3CO

OCH3

OH

OCH3

H3CO

OCH3

H3CO

NHN

2f

NH2

OC2H5

H3CO

OCH3

H3CO

NN

2g

CH3

H3CO

HO

NHN

2h

OCH3
H3CO

OCH3
OCH3

H3CO

OCH3

H3CO

NHN

2i

OH

 

Figure 1. Structures of CA-4 (1a), CA-4P (1b) and CA-1 (1c) and molecular formulas 

of several synthesized 3,4-disubstituted 1H-pyrazoles (2a-i) previously reported in the 

literature.  

As far as pyrazole derivatives are concerned, Ohsumi et al. reported the preparation of 

3-(3’,4’,5’-trimethoxyphenyl)-4-(3’-amino-4’-methoxyphenyl)-1H-pyraziole 2a, which 

showed potent antimitotic activity in the tubulin polymerization assay, with an IC50 

value of 3 µM. Compound 2a was also a potent antiproliferative agent (IC50: 8.4 nM) 
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against the colon-26 adenocarcinoma cell line [11]. In a previous study, Medarde and 

co-workers also described two 3,4-disubstituted pyrazole derivatives (2b and 2c), 

obtained by reversing the positions of the 2’-naphthyl and 3’,4’,5’-trimethoxyphenyl 

ring moieties. Both these compounds showed potent antiproliferative activity against 

HCT-116 (human colon carcinoma) and A549 (human lung adenocarcinoma) cancer 

cell lines, with IC50 values ranging from 6 to 37 nM. Both these compounds had 10-fold 

reduced activity relative to that of CA-4 as inhibitors of tubulin polymerization [12]. 

Pirali and co-workers also reported a concise synthesis of 3,4-diarylpyrazole derivatives 

as rigidified analogues of CA-1 (1c), and among these compounds 2d and 2e were the 

most potent of the series with low nanomolar potencies against the SH-SY5Y 

neuroblastoma cell line [13]. Several research groups have also reported that the 

introduction of the small hydrophilic amino group (2f) was tolerated at the 5-position of 

the 3,4-disubstituted pyrazole system [14, 15]. Among the 3,4-diaryl-1-substituted 

pyrazoles recently synthesized, the 3’,4’,5’-trimethoxyphenyl)-4-(4’-ethoxyphenyl)-1-

methylpyrazole analogue 2g emerged as a new potent, chemically stable cis-restricted 

derivative of CA-4 [16]. Compound 2g showed antiproliferative activity of 17 and 31 

nM against the human ovarian SKOV and human breast MDA-MD231 cancer cell lines, 

respectively. This compound was comparable to CA-4 in the tubulin polymerization 

assay when the two derivatives were tested at the same concentration (10 µM). Harrity 

et al. have reported two isomer pyrazole-based analogues of CA-4 with the same 

substitution pattern, corresponding to compounds 2h and 2i, with derivative 2h 

characterized by a high antiproliferative activity (IC50: 5 nM) against human umbilical 

vein endothelial cells (HUVECs), while isomer 2i was inactive [17]. Derivatives 2h and 

2i were also recently synthesized by Zhang et al , who found similar activities for the 
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two compounds against three human carcinoma cell lines (gastric adenocarcinoma SGC-

7901 cells, mouth epidermal carcinoma KB cells and brosarcoma HT-1080 cells), with 

IC50 values ranging from 26 to 60 nM. [18] 

In our ongoing efforts to discover new potent antimitotic agents and to extend our 

knowledge of the pyrazole ring as a suitable mimic for the cis-olefin bridge present in 

CA-4, we report here a pharmacophore exploration and optimization effort around the 

pyrazole ring. We prepared two different regioisomeric series of 3,4-diarylsubstituted 

1H-pyrazole derivatives with general structures 3 and 4 (Figure 2). In these two series of 

designed analogues, obtained by interchanging the substitution pattern of rings A and B, 

we fixed one of the aryl groups as the 3’,4’,5’-trimethoxyphenyl motif, identical with 

the A-ring of CA-4, and the modifications were focused on variation of the substituents 

at the para- position on the second phenyl ring, corresponding to the B-ring of CA-4, 

with electron-withdrawing (OCF3, CF3) or electron-releasing (Me, Et, n-Pr, MeO, EtO, 

MeS, EtS) groups (EWG and ERG, respectively). Since the methyl, methoxy and ethoxy 

groups proved to be favorable for bioactivity, we introduced an additional substituent 

(F, Cl, Me or MeO) at the meta-position of the para-methyl/methoxy/ethoxyphenyl ring. 

Medarde et al have previously reported that the bulky and lipophilic 2-naphthyl moiety 

can replace the 3’-hydroxy-4’-methoxyphenyl ring B of combretastatin A-4 without 

significant loss of potency [19]. For this reason, in compound 2c we evaluated the 

bioisosteric replacement of the 2’-naphthyl with the 2’-benzo[b]thienyl moiety, to 

obtain derivative 3a. 

The first large series of compounds with general structure 3 was characterized by the 

presence of a 3’,4’,5’-trimethoxyphenyl residue at the 3-position of the pyrazole ring 

combined with a benzo[b]thien-2-yl or a phenyl ring with different ERGs or EWGs at 

the vicinal 4-position of the pyrazole core.  
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In order to understand whether the substituents at the 3- and 4-positions on the 1H-

pyrazole nucleus can be interchanged without affecting biological activity, starting from 

the 4’-tolyl (3b), 4’-methoxyphenyl (3c) and 4’-ethoxyphenyl (3p) derivatives, 

switching the aryl and 3’,4’,5’-trimethoxyphenyl moieties, the corresponding 

regioisomeric derivatives 4a, 4b and 4c, respectively, were synthesized.  

A noteworthy point was that the first series of 3-(3’,4’,5’-trimethoxyphenyl)-4-

substituted 1H-pyrazoles 3a-r was concisely synthesized via an efficient and versatile 

convergent procedure starting from a common key intermediate represented by a 1-

tosyl-3-(3’,4’,5’-trimethoxyphenyl)-4-bromo-1H-pyrazole [20]. 
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Figure 2. Structures of 3-(3’,4’,5’-trimethoxyphenyl)-4-substituted-1H-pyrazoles 3a-r 

and their isomeric 3-aryl-4-(3’,4’,5’-trimethoxyphenyl)-1H-pyrazole analogues 4a-c 
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2. Chemistry 

3,4-Disubstituted 1H-pyrazole derivatives 3a-r and 4a-c were synthesized by the 

general six-step procedure described in Scheme 1. Condensation of 3’,4’,5’-

trimethoxyacetophenone 5 and appropriately substituted acetophenones 6a-c with 

dimethylformamide dimethyl acetal (DMF-DMA) provided enaminones 7 and 8a-c, 

respectively, in good yields, which were subsequently reacted with hydrazine hydrate in 

refluxing ethanol to provide the corresponding 3-aryl-1H-pyrazole derivatives 9 and 

10a-c. The subsequent regioselective monobromination at the 4-position of the pyrazole 

nucleus of compounds 9 and 10a-c with N-bromosuccinimide (NBS) in DMF furnished 

the corresponding 3-aryl-4-bromo-1H-pyrazole analogues 11 and 12a-c, respectively. 

The pyrazole hydrogen of these latter compounds was temporarily replaced with a tosyl 

group by treatment with p-toluenesulfonyl chloride (TsCl) in a mixture of 

dichloromethane and pyridine to afford the formation of the key N-tosyl-4-

bromopyrazole intermediates 13 and 14a-c, respectively. The brominated products were 

subjected to a Suzuki cross-coupling process in the presence of the appropriate 

commercially available arylboronic acid under heterogeneous conditions [PdCl2(DPPF), 

CsF] in 1,4-dioxane at 65 °C, giving rise to the corresponding 3,4-diaryl pyrazole 

derivatives 15a-r and 16a-c. The tosyl protecting group was then removed by alkaline 

hydrolysis using a mixture of 1 M aqueous solution of NaOH and ethanol to afford the 

target 3-(3’,4’,5’-trimethoxyphenyl)-4-substituted and isomeric 3-aryl-4-(3’,4’,5’-

trimethoxyphenyl)-1H-pyrazole derivatives 3a-r and 4a-c, respectively.  
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Scheme 1. Reagents: a: DMF-DMA, DMF, reflux; b: NH2NH2
.H2O, EtOH, reflux; c: 

NBS, DMF, room temperature; d: TsCl, Py, CH2Cl2, room temperature, 72 h; e: 
PdCl2(DPPF), ArB(OH)2, CsF, 1,4-dioxane, 65 °C; f: 1 M aqueous NaOH, EtOH, 50 
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3. Biological Results and Discussion 

3.1. In vitro antiproliferative activities.  

The synthesized 3-(3’,4’,5’-trimethoxyphenyl)-4-substituted 1H-pyrazoles 3a-r and the 

corresponding regioisomeric 3-(4’-methyl/methoxy/ethoxyphenyl)-4-(3’,4’,5’-

trimethoxyphenyl)-1H-pyrazole analogues 4a, 4b and 4c were evaluated for their ability 

to inhibit the growth of a panel of six different human cancer cell lines and compared 

with the previously published 3-(3’,4’,5’-trimethoxyphenyl)-4-(2’-naphthyl)-1H-

pyrazole derivative 2c and the reference compound CA-4 (1a) (Table 1).  

CA-4 had nanomolar activity against the HeLa, MDA-MB-231, HL-60 and SEM cancer 

cell lines, while HT-29 and MCF-7 cells were more resistant to CA-4, with IC50 values 

of 3100 and 370 nM, respectively. As shown in Table 1, the antiproliferative activities 

of most of the tested compounds were less pronounced against MCF-7 cells as 

compared with the other cell lines. Nevertheless, compounds 3a, 3i, 3p, 3r, 4b and, 

especially, 4c had excellent activity against MCF-7 cells (the IC50 values ranged from 

0.2 to17 nM). Excluding compounds 3e, 3h, 3n and 3o, the tested compounds showed 

excellent antiproliferative activity against CA-4 resistant HT-29 cells, with IC50 values 

ranging from double-digit to subnanomolar concentrations.  

In particular, two of the synthesized compounds, 3p, bearing a 4’-ethoxyphenyl at the C-

4 position of the 1H-pyrazole ring, and its isomeric analogue 4c, exhibited the best 

antiproliferative activity among the tested derivatives, with IC50 values of 0.05-4.5 and 

0.06-0.7 nM, respectively, in the six cell lines, as compared with a range of 1-3100 and 

3.3-28.4 nM obtained with the reference compounds CA-4 (1a) and 2c. However, 

compound 4c was the only compound more active than CA-4 against all cell lines, while 

the isomeric derivative 3p was less active than CA-4 against HL-60 cells only. In 
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addition to highly active compounds 3p and 4c, derivatives 3a and 4b were more active 

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

Table 1. In vitro inhibitory effects of compounds 2c, 3a-r, 4a-c and CA-4 (1a)  
 

Compound IC50 (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 28.2±9.1 127.0±34.2 10.6±1.6 11.9±1.1 2.6±0.2 

3c 26.2±3.7 67.4±14.1 1695±450 481±26.3 31.0±4.5 23.5±2.0 

3d 35.9±4.5 68.4±9.5 769±181 2606±124 51.3±6.2 28.5±3.8 

3e 286.7±53.2 316.1±42.5 >10000 5283±365 160.2±22.3 305.3±24.8 

3f 227.4±45.1 67.4±14.1 4375±672 523±45.6 179.0±18.4 187.2±26.1 

3g 33.5±4.0 41.3±7.1 >10,000 3271±326 23.3±2.5 18.7±1.5 

3h 361.3±35.1 540.9±55.2 2790±535 1553±101 553±49.1 406.1±56.2 

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 

3j 28.7±3.7 51.3±8.7 >10,000 3650±254 40.9±7.6 30.1±3.2 

3k 7.3±1.1 15.8±2.6 805.3±230 327±45 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 37.3±5.2 >10000 2680±125 17.7±1.8 17.2±1.4 

3n >10,000 >10,000 >10,000 >10,000 >10,000 3340±275 

3o 3376±647 2416±382 >10000 5740±435 1748±270 2470±181 

3p 0.05±0.0 0.3±0.1 1.5±0.6 4.5±0.9 3.2±0.4 0.2±0.05 

3q 12.5±1.5 5.4±1.3 492±110 31.4±5.6 29.7±3.8 13.9±1.8 

3r 1.6±0.25 4.2±0.2 4.5±0.08 6.9±1.1 1.5±0.2 1.4±0.2 

4a 25.2±3.8 44.4±6.3 700±165 262±15.8 31.4±4.2 14.7±1.2 

4b 1.9±0.3 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 0.06±0.0 

2c 6.6±1.4 8.1±2.3 21.4±6.5 28.4±1.2 9.4±0.9 3.3±0.7 

CA-4 (1a) 4.0±1.1 3100±100 370±100 4.5±0.2 1.0±0.2 5.1±0.1 
aIC50= compound concentration required to inhibit tumor cell proliferation by 50%. Values are the mean ± 

SE from the dose-response curves of at least three independent experiments carried out in triplicate. 
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In comparing the IC50 values, we found that the position of the 3’,4’,5’-

trimethoxyphenyl moiety at either the 3- or 4-position of the 1H-pyrazole ring had little 

effect on antiproliferative activity, since the potency of 3-(3’,4’,5’-trimethoxyphenyl)-

1H-pyrazole derivatives 3b, 3i and 3p was comparable and not dramatically reduced as 

compared with their regioisomers 4a, 4b and 4c, respectively. This is not observed for 

each couple of regioisomeric heterocyclic mimic cis-stilbene the double bond of CA-4, 

such as oxazole [21], thiadiazole [22] and imidazole [23]. In examining the effect of 

switching the position of the two aromatic rings at the 3- and 4-positions on the 1H-

pyrazole system (3b vs. 4a, 3i vs. 4b and 3p vs. 4c), with the exception of the two 

regioisomeric 4’-tolyl derivatives 3b and 4a (the latter was from 1.5 to 25-fold less 

active than the former), the 3-(4’-alkoxyphenyl)-1H-pyrazole derivatives 4b (methoxy) 

and 4c (ethoxy) were slightly more active (2-10-fold) than their corresponding 4-(4’-

alkoxyphenyl)-1H-pyrazole counterparts 3i and 3p, respectively, against each cancer cell 

line. Specifically, for the 4’-ethoxyphenyl isomeric derivatives 3p and 4c, this latter 

compound was from 4- to 6-fold more active than 3p in five of the six cancer cell lines, 

the exception being the HeLa cells, in which the two compounds were equipotent. 

Comparing 3i and 4b, which shared a common 4’-methoxyphenyl moiety at the 3- and 

4-position of the 1H-pyrazole ring, respectively, 4b was 2- to 13-fold more active than 

its regioisomeric counterpart 3i. 

Replacement of the 2’-naphthyl by the bioisosteric 2’-benzo[b]thienyl ring (compounds 

2c and 3a, respectively) resulted in a 4- to 15-fold increase in antiproliferative activity 

against five of the six cell lines, while the difference between these two derivatives was 

minimal in HT-29 cells. Except in HL-60 cells, 3a had greater antiproliferative activity 
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than CA-4, indicating that 2’-benzo[b]thienyl moiety, like the 2-naphthyl ring, was a 

good surrogate for the CA-4 B-ring  

The para-tolyl derivative 3b showed interesting antiproliferative activities, with IC50 

values ranging from 2.6 to 127 nM, with the SEM and MCF-7 cells as the most 

sensitive and resistant, respectively, to this compound.  

Replacement of methyl with the more electron-withdrawing trifluoromethyl moiety 

(compounds 3b and 3f, respectively) resulted in a 2.4-72-fold reduction in 

antiproliferative activity, which was least pronounced (2-fold) with the HT-29 cells. 

Encouraged by the activity obtained with compound 3b, we then synthesized 

compounds 3c-e to determine whether various electron-withdrawing or electron-

releasing substituents on the phenyl ring would further enhance activity. However, 

without exception 3c-e were less active than 3b in all cell lines.  

In an effort to further understand the steric effect of the alkyl substituent at the para-

position, the ethyl and n-propyl derivatives (3g and 3h, respectively) were prepared, 

resulting in over a 1.5-7-fold loss of activity in four of the six cell lines for the p-

ethylphenyl homologue 3g relative to the p-tolyl derivative 3b, with a sharp drop of 

potency against MCF-7 and MDA-MB-231 cells (IC50>10 and 3.3 µM, respectively). 

The reduction of activity was more pronounced (20-156-fold) against all cell lines by 

replacing the 4’-methyl group of 3b with the n-propyl group (3h), indicating that 

lengthening the 4’-alkyl chain was not tolerated and caused a significant reduction in 

antiproliferative activity in all cell lines. 

Replacement of the methyl group both of 3b and its regioisomeric derivative 4a with a 

more electron-releasing methoxy moiety (to furnish 3i and 4b, respectively) resulted in 

enhanced antiproliferative activity for 3i, which was much more pronounced (13-291-
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fold) for 4b against all six cell lines relative to 3b and 4a, respectively. For the two 

derivatives 4a and 4b, the greatest differences in activity were 269- and 291-fold in the 

MCF-7 and MDA-MB-231 cells, respectively. 

Replacement of the para-methoxy group of 3i with a weak electron-releasing thiomethyl 

group, to furnish derivative 3j, led to a dramatic drop in potency against MCF-7 and 

MDA-MB-231 cells (IC50>10 and 3.6 µM, respectively), while a 5-30-fold reduction in 

activity was observed against the other four cancer cell lines. A substantial reduction of 

activity was also observed when the methoxy group was replaced with the strong 

electron-withdrawing and bulkier trifluoromethoxy moiety (3o).  

Relative to the activity of 3i, the insertion of an additional electron-withdrawing (F or 

Cl) or electron-releasing methyl group at the 3’-position of the 4’-methoxyphenyl ring 

had varying effects on antiproliferative activity. Introduction of a fluorine atom, to 

furnish the p-OMe, m-F derivative 3k, had little overall effect on antiproliferative 

activity against HeLa, HL-60 and HT-29 cells, while a 3-, 38- and 50-fold reduction of 

potency with respect to compound 3i was observed against SEM, MDA-MB-231 and 

MCF-7 cells, respectively. The addition of a meta-chlorine atom in 3i, to yield 3l, had 

contrasting effects, with a 2-84-fold reduction in activity in four cell lines (most 

pronounced in MCF-7 cells), while 3l was 4- and 50-fold more active than 3i in the 

HeLa and HT-29 cells, respectively. The cell growth inhibitory activity against four of 

the six cancer cells was 4-17-fold reduced (and strongly reduced against MCF-7 and 

MDA-MB-231 cells, with IC50>10 and 2.7 µM, respectively) by the introduction of 

methyl group at the meta-position of 3i (to yield 3m). Adding a second methyl group, to 

furnish the p-OMe-m,m’-diMe phenyl derivative 3o, caused a dramatic decrease in 

potency relative to 3m against all cell lines.  
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Comparing the para-alkoxyphenyl derivatives 3i and 3p with the corresponding 

isomeric cognates 4b and 4c against each cancer cell line, replacing the methoxy (3i and 

4b) with an ethoxy (3p and 4c) moiety resulted in enhanced antiproliferative activities 

in all cell lines, confirming that the p-ethoxyphenyl ring is a good surrogate for the B-

ring of CA-4. The enhanced effect on activity resulting from replacement of the 

methoxy group with an ethoxy moiety in colchicine site was previously observed by us 

and by others [24].  

The para-ethoxyphenyl derivative 3p was 2- to 120-fold more potent than its methoxy 

counterpart 3i in five of the six cancer cell lines, while the two compounds had similar 

activity against HL-60 cells. For the two isomeric derivatives 4b and 4c, we found that 

replacement of methoxy with ethoxy, to furnish derivative 4c, improved 

antiproliferative activity 7-27-fold relative to 4b against five of the six cell lines, with 

the two compounds being equipotent against MDA-MB-231 cells. Replacement of 

ethoxy with thioethyl (3q) caused a decrease in activity in all cell lines, which was 

moderate (7-18-fold) against MDA-MB-231, HL-60 and HT-29 cells, and much more 

pronounced (69-328-fold) against HeLa, MCF-7 and SEM cells. 

While the 4’-ethoxy group was favorable for potency, the introduction of an additional 

meta-EWG chlorine group in compound 3p, resulting in compound 3r, produced a 1.5-

32-fold reduction in antiproliferative activity against five of the six cell lines, the 

exception being the HL-60 cells, in which 3r was 2-fold more potent than 3p. 

Compound 3r, as with the corresponding 3-Cl, 4-OMe congener 3l, was more active 

than CA-4 in four of the six cell lines, the exceptions being HL-60 and MDA-MB-231 

cells. 
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3.2. Effects of compounds 3p and 4c in nontumor cells.  

To obtain a preliminary indication of the cytotoxic potential of these derivatives in 

normal human cells, the most active compounds, 3p and 4c, were evaluated in vitro 

against peripheral blood lymphocytes (PBL) from healthy donors. Both compounds 

showed a GI50 greater than 10 µM, both in quiescent lymphocytes and in lymphocytes in 

an active phase of proliferation induced by phytohematoagglutinin (PHA), a mitogenic 

stimulus (Table 2).  

Moreover, since one of the major adverse effects of antimitotics is neurotoxicity, we 

wanted to evaluate the cytotoxicity of these compounds in normal human astrocytes 

(NHA). Both compounds again, as shown in Table 2, showed a GI50>10 µM, indicating 

that in this cell line, too, they are not toxic. Altogether, these results suggest that these 

compounds have very low toxicity in normal cells in comparison to tumor cells, 

suggesting potential for an excellent therapeutic index.  

Table 2. Cytotoxicity of compounds 3p and 4c for human peripheral blood lymphocytes 

(PBL) and normal human astrocytes (NHA) 

Compound GI50 (µM) a 

 3p 4c 

PBLresting
b 8.7±0.7 >10 

PBLPHA
c >10 >10 

NHA >10 >10 
a Compound concentration required to inhibit cell growth by 50%. 

b PBL not stimulated with PHA. 
c PBL stimulated with PHA. 

Values are the mean ± SEM for three separate experiments. 
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3.3. Effect of compounds 3p and 4c in multidrug-resistant cells.  

To evaluate if compounds 3p and 4c are substrates of drug efflux pumps, they were 

tested against the CEMVbl-100 cell line that is a multidrug-resistant line selected against 

vinblastine and that overexpress P-glycoprotein (P-gp) [25].  

This membrane protein acts as a drug efflux pump and exhibits resistance to a wide 

variety of structurally unrelated anticancer drugs and other compounds. As shown in 

Table 3, both compounds showed cytotoxic activity in the CEMVbl100 cells comparable 

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

Table 3. Cytotoxicity of 3p and 4c in multidrug-resistant cells 
 

Compound GI50 (nM) a 

 CEMwt CEMVbl100 

3p 0.40±0.1 1.9±0.2 

4c 0.35±0.05 0.52±0.1 
a Compound concentration required to reduce cell growth by 50%. 

Values are the mean ± SEM for three separate experiments. 

3.4. In vitro inhibition of tubulin polymerization and colchicine binding. 

To investigate whether the antiproliferative activities of the most potent compounds of 

the series derived from an interaction with tubulin, derivatives 3a-d, 3g, 3i-m, 3p-r and 

4a-c were evaluated for their inhibition of tubulin polymerization and for effects on the 

binding of [3H]colchicine to tubulin (Table 4). For comparison, CA-4 and 2c were 

examined in contemporaneous experiments. 

All tested compounds strongly inhibited tubulin assembly, with compound 3a found to 

be the most active (IC50, 0.30 µM), and it was almost twice as potent as CA-4 (IC50, 

0.54 µM). Several compounds (3b, 3i, 3p, 3r, 4b and 4c) were 1.5-fold more potent 

than CA-4, while all remaining compounds showed activity comparable to that of CA-4.  
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Table 4. Inhibition of tubulin polymerization and colchicine binding by compounds 2c, 

3a-d, 3g, 3i-m, 3p-r, 4a-c and CA-4 (1a)  

 

Compound 

Tubulin assemblya 

IC50±S.D (µM) 

Colchicine bindingb 

% ±S.D 

 5 µM drug 0.5 µM drug 

3° 0.30±0.01 93±2 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 85±5 n.d. 

3g 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 55±2 

3l 0.52±0.09 85±3 n.d. 

3m 0.44±0.09 81±0.1 n.d. 

3p 0.36±0.01 95±0.9 69±5 

3q 0.48±0.02 85±1 n.d. 

3r 0.39±0.05 90±0.3 62±2 

4° 0.57±0.01 86±5 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 82±2 

a Inhibition of tubulin polymerisation. Tubulin was at 10 µM. 
b Inhibition of [3H] colchicine binding. Tubulin and colchicine were at 0.5 and 5 µM concentrations, 

respectively. 
n.d.=not determined 

When comparing inhibition of tubulin polymerization with the growth inhibitory effects, 

we found a good correlation for most, but not all, of the active compounds. While 3b 

was generally less potent than 3a as an antiproliferative agent, the two compounds were 

similar as inhibitors of tubulin assembly. Although several compounds, such as 3c, 3d, 
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3g, 3j, 3m, 3r and 4a showed lower antiproliferative activity on HeLa, HL-60 and SEM 

cancer cells when compared with CA-4, they were comparable to CA-4 as inhibitors of 

tubulin assembly.  

In the colchicine binding studies, all compounds when tested at the higher concentration 

(5 µM) had quantitatively similar effects, varying within a narrow range (81-96% 

inhibition), and they showed potency comparable to that CA-4, which in these 

experiments inhibited colchicine binding by 97%. For the most active compounds (90% 

or higher inhibition when present in the reaction mixture at the same concentration as 

colchicine), even when tested at a ten-fold reduced concentration (0.5 µM), compounds 

4b and 4c were as potent as CA-4, which in these latter experiments inhibited colchicine 

binding by 82%, while derivatives 2c, 3a, 3c, 3k, 3p and 3r were less potent (49-69% 

range inhibition). 

The potent inhibition observed with these compounds indicates that they bind to tubulin 

at a site overlapping the colchicine site. It is thus significant that one compound (4c) in 

the present series had activities superior to that of CA-4 as inhibitors of tubulin 

assembly and, less frequently observed, comparable to that CA-4 as inhibitors of 

colchicine binding to tubulin at the two concentrations (0.5 and 5 µM) tested. 

3.5. Molecular modeling studies. 

Molecular docking studies using Glide SP [26] were conducted on selected compounds 

to elucidate their potential interaction with the colchicine site of tubulin. The crystal 

structure of tubulin co-crystallized with the microtubule-destabilizing CA-4 (PDB ID: 

5LYJ) was used [27]. The docked molecules occupied the active site similarly to the co-

crystallized CA-4, with the trimethoxyphenyl ring deeply buried into the hydrophobic 
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pocket formed by different residues of the β-tubulin chain, including βVal238, 

βCys241, βLeu242, βLeu248, βAla250, βLeu255, βAla316, βIle318 and βIle378 

(Figure 3). Interestingly, all the new derivatives formed an H-bond between their 4-

methoxy group and βCys241, an interaction believed to be fundamental for colchicine 

site agents. The central pyrazole ring overlapped with the cis-double bond of CA-4, 

confirming its function as a suitable mimic for the cis-olefin bridge. The different 

substituted phenyl rings and the 2’-benzo[b]thienyl ring of 3a were placed in a 

hydrophobic area formed by the α and β-tubulin interface. Hydrophobic interactions 

with the surrounding amino acids, including βAsn258, βMet259, βLys352, αThr179, 

αAla180 and αVal181, further stabilized the molecules in the active site. However, 

from the docking results, it appeared that this hydrophobic area can accommodate the 

different substituted phenyl ring, including the n-propyl (3h) and the tri-substituted (3n) 

derivatives, compounds found not active in the antiproliferative assay. Also, derivatives 

3e, 3f and 3o presented a binding mode in line with the other docked molecules, 

indicating that the loss in antiproliferative activity observed could be associated with 

some other factors rather than their inability to bind the colchicine site. It should also be 

noted that the regioisomeric heterocyclic compounds (3p vs. 4c) bound in the active site 

in a similar manner, in line with their ability to inhibit tubulin polymerization.  

In order to further elucidate the suggested binding mode and possibly to find a potential 

structural discriminant between active and inactive compounds, a series of 50 ns 

molecular dynamic (MD) simulations on selected compounds (3a, 3e, 3h, 3m, 3n, 3o, 

3p, 4c) were performed using the Desmond software package [28]. The compounds 

relative binding free energies (∆Gbinding) were then calculated using the Prime/MM-

GBSA based calculation method [29, 30]. All the protein-ligand systems reached 
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stability after an initial 25 ns of equilibration, as shown by the C-alpha RMSD variation, 

and therefore only the second 25 ns of the simulation was considered in our analysis. In 

general, the position of the trimethoxyphenyl ring and the interaction between the 4-

methoxy group and βCys241 were maintained by all the derivatives during the entire 

MD, potentially contributing to the protein-ligand stability. The orientation of the 

different substituted phenyl rings and 2’-benzo[b]thienyl group (3a) in the nearby 

hydrophobic area was constant during the entire simulation, with the hydrophobic 

interactions with the surrounding residues maintained. Unfortunately, the ∆Gbinding 

calculated values for all the ligand-protein complexes were very similar and not 

significantly different to justify a potential correlation between the biological activity 

and the calculated values. In conclusion, molecular docking and MD studies have given 

insight into the potential binding mode for this family of compounds, but both 

molecular modeling techniques were not able to find a significant correlation between 

the calculated binding energy values and the experimental antiproliferative data. Other 

factors, such as physical-chemical properties of the compounds rather than their ability 

to interact with tubulin could be the cause of the loss of biological activity seen in the 

cell-based assays. 
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Figure 3. Proposed binding modes for compounds 3a (A), 3p (B), 4c (C), 3h (D), 3n 
(E), 3o (F) in comparison with CA-4 in the tubulin colchicine site (PDB ID: 5LYJ). Co-
crystallized CA-4 is shown in green, compound 3a in pink, compound 3p in turquoise, 
compound 4c in gold, compound 3h in orange, compound 3n in salmon and compound 
3o in purple. The carbon atoms of residues from α-tubulin chain are shown in dark 
purple, whereas carbon atoms of residues from β-tubulin are colored in green. The 
hydrophobic area at the dimer interface is represented as a light purple surface. 

3.6. Compounds 3p and 4c induced cell cycle arrest in G2/M along with alteration of 

cell cycle checkpoint proteins.  

The effects of two of the most active compounds (3p and 4c) on cell cycle progression 

was examined by flow cytometry in MDA-MB-231 cells (Figure 4). After a 24 h 
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treatment, both compounds induced a G2/M arrest in these cells, but 4c (Figure 4, Panel 

B) was more potent than 3p since a maximum effect (60% G2/M cells) occurred with 10 

nM 4c. A comparable effect with 3p required 100 nM compound. With both 

compounds, the increase in G2/M cells was accompanied by an equivalent reduction of 

cells in the S and G1 phases.  

 

. 

Figure 4. Cell cycle analysis of MDA-MB-231 cells treated with 3p (Panel A) or 4c 
(Panel B) for 24 h, at the indicated concentrations. Cells were fixed and labeled with PI 
and analyzed by flow cytometry as described in the Experimental Section. Data are 
represented as mean of two independent experiments ± SEM.  

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

the expression of proteins involved in regulation of the cell cycle and in spindle 

A 

B 
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assembly in MDA-MB-231 cells by western blot analysis. As shown in Figure 5, both 

compounds induced a substantial increase in the expression of p21, a well known cyclin 

dependent kinase inhibitor. Although it is known that a p21 increase contributes to 

arrest cells in G1, a p21 increase can also inhibit cdc2-cyclin B complex formation and 

thus contribute to mitotic arrest [31].  

Moreover, cdc25c expression was strongly reduced, in particular with 4c (Figure 5 

Panel B) both after 24 and 48 h treatments even at the lower concentration (50 nM) 

used. Similarly, there was also a decrease in the dephosphorylation of cdc2. Note that 

dephosphorylation of this protein is needed to activate the cdc2/cyclin B complex, and 

this effect is stimulated by cdc25c [32, 33]. On the other hand, neither compound caused 

a significant change in cyclin B expression after either a 24 or 48 h treatment. This 

suggests that the induced G2/M arrest is not due to defects in G2/M regulatory proteins 

but, rather, is closely linked with acceleration of entry into mitosis. These results are in 

agreement with findings with other antimitotic derivatives synthesized by our group 

[34-36] and suggest that cdc2/cyclin B1 complexes failed to be activated, preventing 

cells from exiting mitosis, which would eventually lead to apoptotic cell death. 
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Figure 5. Effect of compounds 3p (Panel A) and 4c (Panel B) on cell cycle checkpoint 
proteins. MDA-MB-231 cells were treated for 24 or 48 h with the indicated 
concentrations of compounds. The cells were harvested and lysed for detection of the 
expression of the indicated protein by western blot analysis. To confirm equal protein 
loading, each membrane was stripped and reprobed with anti-GAPDH antibody.   

3.7. Compounds 3p and 4c induced apoptosis.  

To evaluate the mode of cell death induced by 3p and 4c, we performed a bi-parametric 

cytofluorimetric analysis using propidium iodide (PI) and annexin-V-FITC, which stain 

DNA and phosphatidylserine (PS) residues, respectively. We analysed the effects on 

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

24 or 48 h. 

A 

B 
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Both compounds induced apoptosis in a time and concentration dependent manner 

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

concentration examined (50 nM).  

 

 

 

Figure 6. Flow cytometric analysis of apoptotic cells after treatment of MDA-MB-231 
cells with compounds 4c or 3p at the indicated concentrations after incubation for 24 
(Panel A) or 48 h (Panel B). The cells were harvested and labeled with annexin-V-FITC 
and PI and analyzed by flow cytometry. Dual staining for annexin-V and with PI permits 
discrimination between live cells (annexin-V-/PI-), early apoptotic cells (annexin-V+/PI-

), late apoptotic cells (annexin-V+/PI+) and necrotic cells (annexin-V-/PI+). Data are 
represented as mean ± SEM of three independent experiments.   

 

A 
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3.8. Apoptosis induced by compounds 4c and 3p follows the mitochondrial pathway.  

Since many antimitotic derivatives induce apoptosis through the mitochondrial pathway 

[37], we investigated if 4c and 3p also induced mitochondrial depolarization. We treated 

MDA-MB-231 cells with 4c or 3p at 50 or 100 nM for 24 or 48 h. The mitochondrial 

potential was evaluated by flow cytometry using the fluorescent dye JC-1 [38]. As 

shown in Figure 7 (Panel A), at 24 h there was only a small increase in mitochondrial 

depolarization, represented as percentage of monomeric JC-1, whereas at 48 h the 

increase became significant, in agreement with the annexin-V apoptotic assay. Since the 

mitochondrial depolarization is associated with production of reactive oxygen species 

(ROS) [39-41], we also evaluated whether ROS production increased after treatment 

with either compound. We analyzed cellular ROS levels using the dye 2,7-

dichlorodihydrofluorescein diacetate (H2-DCFDA), which is oxidized to the fluorescent 

compound dichlorofluorescein (DCF) upon ROS induction. 

The results shown in Figure 7 (Panels A and B) indicated that both compounds 

significantly increased ROS production in comparison with the amounts observed in 

control MDA-MB-231 cells, in good agreement with the mitochondrial depolarization 

described above.  
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Figure 7. Panel A. Analysis of mitochondrial membrane potential (∆ψmt) after treatment 
of MDA-MB-231 cells with 3p or 4c. Cells were treated with the indicated 
concentrations of 3p and 4c for 24 or 48 h and then stained with the fluorescent probe 
JC-1. Cells were then analyzed by flow cytometry as described in the experimental 
section. Data are presented as mean ± SEM of three independent experiments. Panel B. 
Analysis of ROS production after treatment of HeLa cells with 3p or 4c. Cells were 
treated with the indicated concentrations of 3p or 4c for 24 or 48 h and then stained with 
H2-DCFDA. Cells were then analyzed by flow cytometry as described in the 
experimental section. Data are represented as mean ± SEM of three independent 
experiments. *p<0.05; **p<0.01; ***p<0.001 vs respective control. 

A 
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3.9. Compounds 3p and 4c induce PARP cleavage and down regulation of Xiap and 

MCL-1 

To further study the apoptotic process induced by the two compounds, we evaluated the 

activation of poly ADP-ribose polymerase (PARP). As shown in Figure 8, both 

compounds in MDA-MB-231 cells caused a significant cleavage of PARP after a 48 h 

treatment, confirming their pro-apoptotic activity. 

We also investigated the expression of anti-apoptotic proteins, such as Mcl-1 and X-

linked inhibitor of apoptosis protein (Xiap). Mcl-1 is an anti-apoptotic member of the 

Bcl-2 family, levels of which regulate sensitivity to antimitotic drugs [42]. As shown in 

Figure 8 (Panel A) we observed only a slight reduction of Mcl-1 expression with 3p at 

the later incubation time (48 h). In contrast, strong reduction was observed for 4c after a 

24 h treatment and at the lower concentration used (50 nM). 

Xiap is a member of the IAP family (inhibitors of apoptosis protein). Generally, the 

IAPs function through direct interactions to inhibit the activity of several caspases, 

thereby inhibit the processing and activation of these enzymes and leading to inhibition 

of apoptosis [43]. 

Our findings (Figure 8, Panels A and B) showed that expression of Xiap almost 

disappeared with both compounds even at the lower concentration examined. 

Altogether, these results suggest that these compounds result in the downregulation of 

both Mcl-1 and Xiap to disable their anti-apoptotic functions. 
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Figure 8. Compounds 3p (Panel A) and 4c (Panel B), induce PARP cleavage and down 
regulation of the anti-apoptotic proteins XIAP and MCL-1. MDA-MB-231 cells were 
treated for 24 or 48 h with the indicated concentrations of compounds. The cells were 
harvested and lysed for detection of the expression of the indicated protein by western 
blot analysis. To confirm equal protein loading, each membrane was stripped and 
reprobed with anti-GAPDH antibody.   

3.10. Compounds 3p and 4c impair cell migration in MDA-MB-231 cells.  

We evaluated 3p and 4c for their ability to reduce cell migration of MDA-MB-231 cells, 

which are highly metastatic. Tumor cell migration is an important step in the metastatic 

process, and microtubules play a fundamental role in cell motility. Figure 9A shows 

representative images of the wound-healing assay in MDA-MB-231 cells treated with 

20 nM 3p or 5 nM 4c. Monitoring cell movement at 24 and 48 h, we observed a strong 

reduction of cell migration, particularly with compound 4c. Note that inhibition of the 

A 
 

B 
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migratory process was obtained at concentrations that per se do not induce apoptosis, 

suggesting a potent inhibitory effect of 4c on microtubule dynamics. 

 

Figure 9. Panel A. Confluent MDA-MB-231 cell monolayer was scratched and treated 
with 4c or 3p at 5 or 20 nM, respectively, and monitored for 24 and 48 h, 
Representative images of wound closure at 24 and 48 h. 10× magnification. Panel B. 
Relative quantification of the distance between scratch edges. Data are represented as 
mean ± SEM of four independent experiments. **p<0.01; ****p<0.0001 vs respective 
control. 

 

B 
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3.11. Compound 4c reduced tumor growth in a mouse allograft tumor model.  

The antitumor effect in vivo of compound 4c was evaluated in an allograft tumor model 

developed in mice [44]. This model consists of the use of EO771 murine breast cancer 

cells that are injected orthotopically into the mammary fat pad of C57BL/6 female mice. 

Compound 4c was administered by the intraperitoneal route every other day at two 

different doses (5.0 and 15 mg/kg). As reference compound, CA-4P (1b) was used at the 

dose of 30 mg/kg. The results shown in Figure 10 indicated that the compound is able to 

significantly reduce tumor burden in a dose-dependent manner, even at the lower dose 

tested (5.0 mg/kg). In particular, a highly significant reduction of tumor mass was 

observed not only versus the control but also towards CA-4P (p<0.01). Moreover, even 

at the higher dose (15 mg/kg), 4c did not show any sign of toxicity and did not cause a 

decrease in animal body weight (Figure 10, Panel C). 
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Figure 10. Inhibition of mammary tumor growth by compound 4c in a 
syngeneic orthotopic E0771-C57BL/6 mouse model. Female C57BL/6 mice 
were injected orthotopically with 106 EO711 murine breast cancer cells. 

A 
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Tumor-bearing mice were administered the vehicle, as control, or 15 and 5.0 
mg/kg of 4c and CA-4P as reference compound at the dose of 30 mg/kg. 
Injections were given intraperitoneally on the days indicated by the arrows. 
Data are presented as mean ± SEM of tumor volume at each time point for 5 
animals per group. Asterisks indicate a significant difference 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 as a measure of toxicity. 

4. Conclusions 

We focused our work here on the preparation of two series of 3,4-diaryl pyrazole 

derivatives characterized by the presence of a common 3’,4’,5’-trimethoxyphenyl ring at 

either the C-3 or C-4 position of the 1H-pyrazole ring. We proposed that the 3,4-

diarylsubstituted 1H-pyrazole ring could serve as a suitable mimic to retain the bioactive 

configuration afforded by the cis-double bond present in CA-4. For both these series of 

compounds, the 3’,4’,5’-trimethoxyphenyl and 1H-pyrazole rings mimic the ring A and 

cis-double bond of CA-4, respectively, while a 2’-benzo[b]thienyl or phenyl ring 

substituted with electron-releasing or electron-withdrawing groups was utilized as a B-

ring surrogate to mimic the 3’-hydroxy-4’-methoxyphenyl group in CA-4. The flexible 

synthetic method that we developed permitted the generation of a large family of 4-

substituted-3-(3’,4’,5’-trimethoxyphenyl)-1H-pyrazole derivatives starting from a 

common 1-tosyl-3-(3’,4’,5’-trimethoxyphenyl)-4-bromo-1H-pyrazole intermediate. In 

the second series of compounds, starting from derivatives 3b, 3i and 3p, we switched 

two aromatic rings at the 3- and 4-positions of the 1H-pyrazole ring and synthesized the 

corresponding isomers 4a, 4b and 4c, respectively.  

It is clear that the substitution pattern on the phenyl either at the 3- or 4-position of the 

1H-pyrazole ring plays an important role for antitubulin and antiproliferative activities, 

and this was supported by the molecular docking studies. The activity of most of the 

synthesized compounds was not affected by the relative resistance of HT-29 and MCF-7 
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cells to CA-4. Generally, either two (3c-e, 3k-m and 3q) or three substituents (3n) on 

the phenyl group led to a reduction in antiproliferative activity, suggesting that steric 

factors account for the loss of activity observed with these compounds. The results 

demonstrated that the 4’-ethoxy substituent on the second phenyl ring either at the 3- or 

the 4-position of the 1H-pyrazole nucleus (compounds 3p and 4c) could replace the B-

ring of CA-4. Derivatives 3p and 4c had the best antiproliferative activities against the 

cell lines we examined and, overall, were more active than CA-4, with the exception of 

derivative 3p, which was 3-fold less active than CA-4 but only against HL-60 cells. In 

particular, the 3-(4’-ethoxyphenyl)-4-(3’,4’,5’-trimethoxyphenyl)-1H- derivative 4c 

exhibited IC50 values ranging from 0.05 to 0.7 nM against the cell lines examined, as 

compared with the range of 1-3100 nM obtained with CA-4. Compound 4c was one the 

most potent inhibitors of tubulin polymerization and an exceptionally potent inhibitor of 

colchicine binding (IC50=0.35 µM for assembly, 96 and 90% inhibition of the binding of 

[3H]colchicine at the concentrations of 5 and 0.5 µM, respectively).  

These studies identified tubulin as the molecular target of these compounds, since those 

with the greatest inhibitory effects on cell growth strongly inhibited tubulin assembly 

and the binding of colchicine to tubulin. In the series of tested compounds (3a-d, 3g, 3i-

m, 3p-r and 4a-c), inhibition of [3H]colchicine binding correlated more closely with 

inhibition of tubulin assembly than with antiproliferative activity. 

Comparing pairs of regioisomeric derivatives (3b vs. 4a, 3i vs. 4b and 3p vs. 4c), it is 

evident that the presence of the 3’,4’,5’-trimethoxyphenyl moiety at the 3- or 4-position 

of the pyrazole ring seemed not critical for antiproliferative as well as for tubulin 

polymerization inhibitory activity, with the two isomeric compounds 3p and 4c 
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exhibiting potent tubulin polymerization inhibitory activity as well as antiproliferative 

activity superior to that of CA-4. 

5. Experimental Protocols. 

5.1. Chemistry.  

5.1.1. Materials and Methods.  

1H experiments were recorded on either a Bruker AC 200 or a Bruker Avance III 400 

spectrometer, while 13C NMR spectra were recorded on a Varian 400 Mercury Plus or a 

Bruker Avance III 400 spectrometer. Chemical shifts (δ) are given in ppm upfield, and 

the spectra were recorded in appropriate deuterated solvents, as indicated. Mass spectra 

were recorded by an ESI single quadrupole mass spectrometer Waters ZQ 2000 (Waters 

Instruments, UK), and the values are expressed as [M+1]+. Melting points (mp) were 

determined on a Buchi-Tottoli apparatus and are uncorrected. All products reported 

showed 1H and 13C NMR spectra in agreement with the assigned structures. The purity 

of tested compounds was determined by combustion elemental analyses conducted by 

the Microanalytical Laboratory of the Chemistry Department of the University of 

Ferrara with a Yanagimoto MT-5 CHN recorder elemental analyzer. All tested 

compounds yielded data consistent with a purity of at least 95% as compared with the 

theoretical values. Reaction courses and product mixtures were routinely monitored by 

TLC on silica gel (precoated F254 Merck plates), and compounds were visualized with 

aqueous KMnO4. Flash chromatography was performed using 230-400 mesh silica gel 

and the indicated solvent system. Organic solutions were dried over anhydrous Na2SO4. 

5.1.2. General method A for the synthesis of compounds 7 and 8a-c.   
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A mixture of the appropriate acetophenone 5 or 6a-c (5 mmol) and DMF-DMA (2.7 

mL, 2.38 g., 20 mmol, 4 equiv.) in DMF (2 mL) was stirred at 150 °C for 24 h. The 

reaction mixture was evaporated in vacuo, the crude residue suspended with diethyl 

ether and the suspension stirred for 15 min. The solid was filtered and used without 

further purification for the next reaction. Compounds 7 and 8a-b showed spectroscopic 

and analytical data in agreement with those previously published [45]. 

5.1.2.1. (E)-3-Dimethylamino-1-(4-ethoxyphenyl)-prop-2-en-1-one (8c). Synthesized 

according to procedure A, compound 8c was isolated as a yellow solid. Yield 68%, mp 

110-112 °C. 1H-NMR (CDCl3) δ: 1.43 (t, J=7.0 Hz, 3H), 3.06 (s, 3H), 3.15 (s, 3H), 4.06 

(q, J=7.0 Hz, 2H), 5.70 (d, J=12.2 Hz, 1H), 6.87 (d, J=7.0 Hz, 2H), 7.87 (d, J=7.0 Hz, 

2H), 8.02 (d, J=12.2 Hz, 1H). MS (ESI): [M+1]+=220.3.   

5.1.3. General method B for the preparation of compounds 9 and 10a-c.  

A mixture of the appropriate (E)-3-dimethylamino-1-aryl-prop-2-en-1-one 7 or 8a-c (3 

mmol) and hydrazine hydrate (0.18 mL, 0.18 g, 3.6 mmol, 1.2 equiv.) in ethanol (15 

mL) was stirred at reflux for 4 h. The solvent was removed, the residue dissolved with 

dichloromethane (15 mL), and the solution washed sequentially with water (10 mL) and 

brine (10 mL). The organic layer was dried, filtered and concentrated under reduced 

pressure, and the residue was purified by flash column chromatography on silica gel. 

For the characterization of compounds 9 and 10a-b see reference [46].  

5.1.3.1. 3-(4-Ethoxyphenyl)-1H-pyrazole (10c). Synthesized according to procedure B, 

the crude residue was purified by flash chromatography, using ethyl acetate:petroleum 

ether 6:4 (v:v) as eluent, to furnish 10c as a white solid. Yield: 95%, mp 90-92 °C. 1H-

NMR (CDCl3) δ: 1.43 (t, J=7.0 Hz, 3H), 4.08 (q, J=7.0 Hz, 2H), 6.54 (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), 7.69 (d, J=8.6 Hz, 2H), 9.17 (bs, 1H). 

MS (ESI): [M]+=189.0. 

5.1.4. General method C for the synthesis of compounds 11 and 12a-c.  

A solution of the appropriate 3-aryl-1H-pyrazole 9 or 10a-c (1 mmol) in DMF (2 mL) 

was treated with NBS (0.18 g, 1 mmol) in small portions. After 90 min at room 

temperature, the reaction mixture was evaporated under reduced pressure and the 

resulting residue dissolved with CH2Cl2 (10 mL), which was washed with a saturated 

solution of NaHCO3 (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-pyrazole (11). Synthesized according 

to procedure C, the crude residue purified by flash chromatography, using 

EtOAc:petroleum ether 8:2 (v:v) for elution, furnished 11 as a white solid. Yield 82%, 

mp 174-175 °C 1H-NMR (DMSO-d6) δ: 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-pyrazole (12a). Synthesized according to procedure 

C, the crude residue purified by flash chromatography, using EtOAc:petroleum ether 3:7 

(v:v) for elution, furnished 12a as a white solid. Yield 72%, mp 110-112 °C. 1H-NMR 

(CDCl3) δ: 2.17 (s, 3H), 7.34 (d, J=8.2 Hz, 2H). 7.83 (d, J=8.2 Hz, 2H), 8.31 (s, 1H), 

12.0 (bs, 1H). MS (ESI): [M]+=237.1, [M+2]+=239.1. 

5.1.4.3. 4-Bromo-3(5)-(4-methoxyphenyl)-1H-pyrazole (12b). Synthesized according to 

procedure C, the crude residue purified by flash chromatography, using 

EtOAc:petroleum ether 1:1 (v:v) for elution, furnished 12b as a white solid. Yield 90%, 
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mp 78-80 °C. 1H-NMR (DMSO-d6) δ: 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). MS (ESI): [M] +=253.1, [M+2]+=255.1. 

5.1.4.4. 4-Bromo-3-(4-ethoxyphenyl)-1H-pyrazole (12c). Synthesized according to C, 

the crude residue purified by flash chromatography, using EtOAc:petroleum ether 1:1 

(v:v) for elution, furnished 12c as a white solid. Yield 86%, mp 96-97 °C. 1H-NMR 

(DMSO-d6) δ: 1.31 (t, J=7.0 Hz, 3H), 4.04 (q, J=7.0 Hz, 2H), 6.97 (d, J=8.4 Hz, 2H), 

7.63 (d, J=8.4 Hz, 2H), 8.04 (s, 1H), 13.3 (bs, 1H). MS (ESI): [M]+=266.9, 

[M+2]+=269.0. 

5.1.5. General method D for the synthesis of compounds 13 and 14a-c. A solution of the 

appropriate 4-bromo-3-aryl-1H-pyrazole 11 or 12a-c (2.1 mmol) and pyridine (0.51 mL, 

6.3 mmol, 3 equiv.) in dichloromethane (5 mL) was treated with TsCl (0.48 g, 2.52 

mmol, 1.2 equiv.) in one portion and then stirred at room temperature for 72 h. The 

mixture was diluted with CH2Cl2 (10 mL), washed with a 0.1 N aqueous solution of 

HCl (5 mL), then a saturated solution of NaHCO3 (5 mL) and brine (5 mL), dried and 

evaporated under reduced pressure. The residue was purified by column 

chromatography on silica gel. 

5.1.5.1. 4-Bromo-1-tosyl-3-(3,4,5-trimethoxyphenyl)-1H-pyrazole (13). Following 

general procedure D, the crude residue purified by flash chromatography, using 

EtOAc:petroleum ether 2:8 (v:v) for elution, furnished 13 as a white solid. Yield 89%, 

mp 121-123 °C. 1H-NMR (CDCl3) δ: 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, 2H), 8.18 (s, 1H). MS (ESI): 

[M] +=467.0, [M+2]+=468.8. 



 42

5.1.5.2. 4-Bromo-3-(p-tolyl)-1-tosyl-1H-pyrazole (14a). Following general procedure D, 

the crude residue purified by flash chromatography, using EtOAc:petroleum ether 3:7 

(v:v) for elution, furnished 14a as a white solid. Yield 89%, mp 90-92 °C. 1H-NMR 

(CDCl3) δ: 2.34 (s, 3H), 2,44 (s, 3H), 6.82 (d, J=9.0 Hz, 2H), 7.24 (d, J=8.4 Hz, 2H), 

7.64 (d, J=9.0 Hz, 2H), 7.80 (d, J=8.4 Hz, 2H), 8.00 (s, 1H). MS (ESI): [M]+=391.3, 

[M+2]+=393.3. 

5.1.5.3. 4-Bromo-3-(4-methoxyphenyl)-1-tosyl-1H-pyrazole (14b). Following general 

procedure D, the crude residue purified by flash chromatography, using 

EtOAc:petroleum ether 4:6 (v:v) for elution, furnished 14b as a white solid. Yield 

>95%, mp 126-128 °C. 1H-NMR (CDCl3) δ: 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 Hz, 2H), 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-pyrazole (14c). Following general 

procedure D, the crude residue purified by flash chromatography, using 

EtOAc:petroleum ether 1:1 (v:v) for elution, furnished 14c as a white solid. Yield 

>95%, mp 104-106 °C. 1H-NMR (CDCl3) δ: 1.42 (t, J=7.0 Hz, 3H), 2.42 (s, 3H), 4.04 

(q, J=7.0 Hz, 2H), 6.89 (d, J=9.0 Hz, 2H), 7.31 (d, J=8.0 Hz, 2H), 7.76 (d, J=9.0 Hz, 

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

5.1.6. General procedure E for the preparation of compounds 15a-r and 16a-c. A 

stirred suspension of 4-bromo-1-(p-toluensulfonyl)-3-aryl-1H-pyrazole 13 or 14a-c (0.5 

mmol) and the appropriate phenylboronic acid (0.75 mmol) in 1,4-dioxane (6 mL 

containing 1 drop of water) was degassed under a stream of nitrogen over 10 min, then 

treated with PdCl2(DPPF) (41 mg, 0.05 mmol) and CsF (190 mg, 1.25 mmol). The 
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reaction mixture was heated under nitrogen at 45 °C for 30 min, then at 100 °C for 18 h. 

The reaction mixture was cooled to room temperature, diluted with CH2Cl2 (10 mL), 

filtered on a pad of celite and evaporated under reduced pressure. The residue was 

dissolved with CH2Cl2 (15 mL), and the resultant solution was washed sequentially with 

water (5 mL) and brine (5 mL). The organic layer was dried and evaporated, and the 

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

5.1.6.1. 4-(Benzo[b]thiophen-2-yl)-1-tosyl-3-(3,4,5-trimethoxyphenyl)-1H-pyrazole 

(15a). Following general procedure E, the crude residue purified by flash 

chromatography, using EtOAc:petroleum ether 3:7 (v:v) for elution, furnished 15a as a 

yellowish oil. Yield 89%. 1H-NMR (CDCl3) δ: 2.45 (s, 3H), 3.67 (s, 6H), 3.85 (s, 3H), 

6.80 (s, 2H), 7.17 (s, 1H), 7.34 (m, 2H), 7.35 (d, J=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 (ESI): [M+1]+=521.6. 

5.1.6.2. 4-(p-Tolyl)-1-tosyl-3-(3,4,5-trimethoxyphenyl)-1H-pyrazole (15b). Following 

general procedure E, the crude residue purified by flash chromatography, using 

EtOAc:petroleum ether 2:8 (v:v) for elution, furnished 15b as a white solid. Yield 96%, 

mp 163-164 °C. 1H-NMR (CDCl3) δ: 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 Hz, 2H), 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-(3,4,5-trimethoxyphenyl)-1H-pyrazole 

(15c). Following general procedure E, the crude residue purified by flash 

chromatography, using EtOAc:petroleum ether 4:6 (v:v) for elution, furnished 15c as a 

yellowish solid. Yield 73%, mp 76-78 °C. 1H-NMR (CDCl3) δ: 2.26 (s, 3H), 2.43 (s, 
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3H), 3.67 (s, 6H), 3.80 (s, 3H), 6.66 (s, 2H), 6.91 (d, J=9.0 Hz, 1H), 7.15 (m, 2H), 7.38 

(d, J=8.0 Hz, 2H), 7.96 (d, J=8,0 Hz, 2H), 8.12 (s, 1H). MS (ESI): [M+1]+=497.6. 

5.1.6.4. 4-(3,4-Dimethylphenyl)-1-tosyl-3-(3,4,5-trimethoxyphenyl)-1H-pyrazole (15d). 

Following general procedure E, the crude residue purified by flash chromatography, 

using EtOAc:petroleum ether 3:7 (v:v) for elution, furnished 15d as a white solid. Yield 

78%, mp 153-155 °C. 1H-NMR (CDCl3) δ: 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, J=8.0 and 1.2 Hz, 1H), 7.06 (m, 2H), 7.34 

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

5.1.6.5. 4-(3-Methoxy-4-methylphenyl)-1-tosyl-3-(3,4,5-trimethoxyphenyl)-1H-pyrazole 

(15e). Following general procedure E, the crude residue purified by flash 

chromatography, using EtOAc:petroleum ether 3:7 (v:v) for elution, furnished 15e as a 

white solid. Yield 75%, mp 65-67 °C. 1H-NMR (CDCl3) δ: 2.18 (s, 3H), 2.44 (s, 3H), 

3.66 (s, 6H), 3.68 (s, 3H), 3.82 (s, 3H), 6.67 (d, J=1.2 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), 7.35 (d, J=7.6 Hz, 2H), 7.98 (d, J=7.6 

Hz, 2H), 8.13 (s, 1H). MS (ESI): [M+1]+=509.6. 

5.1.6.6. 1-Tosyl-4-(4-(trifluoromethyl)phenyl)-3-(3,4,5-trimethoxyphenyl)-1H-pyrazole 

(15f). Following general procedure E, the crude residue purified by flash 

chromatography, using EtOAc:petroleum ether 3:7 (v:v) for elution, furnished 15f as a 

white solid. Yield 83%, mp 72-74 °C. 1H-NMR (CDCl3) δ: 2.44 (s, 3H), 3.65 (s, 6H), 

3.83 (s, 3H), 6.59 (s, 2H), 7.36 (d, J=7.6 Hz, 2H), 7.40 (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). MS (ESI): [M+1]+=533.0. 
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5.1.6.7. 4-(4-Ethylphenyl)-1-tosyl-3-(3,4,5-trimethoxyphenyl)-1H-pyrazole (15g). 

Following general procedure E, the crude residue purified by flash chromatography, 

using EtOAc:petroleum ether 2:8 (v:v) for elution, furnished 15g as a clear oil. Yield 

89%. 1H-NMR (CDCl3) δ: 1.21 (t, J=7.6 Hz, 3H), 2.43 (s, 3H), 2.62 (q, J=7.6 Hz, 2H), 

3.63 (s, 6H), 3.83 (s, 3H), 6.67 (s, 2H), 7.17 (s, 4H), 7.33 (d, J=8.2 Hz, 2H), 7.96 (d, 

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

5.1.6.8. 4-(4-n-propylphenyl)-1-tosyl-3-(3,4,5-trimethoxyphenyl)-1H-pyrazole (15h). 

Following general procedure E, the crude residue purified by flash chromatography, 

using EtOAc:petroleum ether 3:7 (v:v) for elution, furnished 15h as a white solid. Yield 

56%, mp 157-159 °C. 1H-NMR (CDCl3) δ: 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), 3.82 (s, 3H), 6.67 (s, 2H), 7.14 (s, 4H), 7.35 

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

5.1.6.9. 4-(4-Methoxyphenyl)-1-tosyl-3-(3,4,5-trimethoxyphenyl)-1H-pyrazole (15i). 

Following general procedure E, the crude residue purified by flash chromatography, 

using EtOAc:petroleum ether 3:7 (v:v) for elution, furnished 15i as a white solid. Yield 

90%, mp 136-137 °C. 1H-NMR (CDCl3) δ: 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), 7.16 (d, J=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 (ESI): [M+1]+=495.1. 

5.1.6.10. 4-(4-(Methylthio)phenyl)-1-tosyl-3-(3,4,5-trimethoxyphenyl)-1H-pyrazole 

(15j). Following general procedure E, the crude residue purified by flash 

chromatography, using EtOAc:petroleum ether 3:7 (v:v) for elution, furnished 15j as a 

yellowish oil. Yield 90%. 1H-NMR (CDCl3) δ: 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, 2H), 7.16 (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). MS (ESI): [M+1]+=511.1. 

5.1.6.11. 4-(3-Fluoro-4-methoxyphenyl)-1-tosyl-3-(3,4,5-trimethoxyphenyl)-1H-pyrazole 

(15k). Following general procedure E, the crude residue purified by flash 

chromatography, using EtOAc:petroleum ether 4:6 (v:v) for elution, furnished 15k as a 

white solid. Yield 74%, mp 165-167 °C. 1H-NMR (CDCl3) δ: 2.43 (s, 3H), 3.68 (s, 6H), 

3.80 (s, 3H), 3.84 (s, 3H), 6.66 (s, 2H), 6.84 (m, 1H), 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), 7.94 (d, 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-(3,4,5-trimethoxyphenyl)-1H-

pyrazole (15l). Following general procedure E, the crude residue purified by flash 

chromatography, using EtOAc:petroleum ether 1:1 (v:v) for elution, furnished 15l as a 

white solid. Yield 88%, mp 79-81 °C. 1H-NMR (CDCl3) δ: 2.43 (s, 3H), 3.69 (s, 6H), 

3.84 (s, 3H), 3.90 (s, 3H), 6.68 (s, 2H), 6.86 (d, J=8.4 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 Hz, 2H), 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-3-(3,4,5-trimethoxyphenyl)-1H-pyrazole 

(15m). Following general procedure E, the crude residue purified by flash 

chromatography, using EtOAc:petroleum ether 3:7 (v:v) for elution, furnished 15m as a 

white solid. Yield 90%, mp 134-136 °C. 1H-NMR (CDCl3) δ: 2.17 (s, 3H), 2.43 (s, 3H), 

3.66 (s, 6H), 3.78 (s, 3H), 3.82 (s, 3H), 6.72 (s, 2H). 6.75 (d, J=8.0 Hz, 1H), 7.02 (dd, 



 47

J=8.0 and 1.2 Hz, 1H), 7.06 (d, J=1.2 Hz, 1H), 7.33 (d, J=8.4 Hz, 2H), 7.33 (d, J=8.4 

Hz, 2H), 8,07 (s, 1H). MS (ESI): [M+1]+=509.6. 

5.1.6.14. 4-(4-Methoxy-3,5-dimethylphenyl)-1-tosyl-3-(3,4,5-trimethoxyphenyl)-1H-

pyrazole (15n). Following general procedure E, the crude residue purified by flash 

chromatography, using EtOAc:petroleum ether 4:6 (v:v) for elution, furnished 15n as a 

white solid. Yield 73%, mp 74-76 °C. 1H-NMR (CDCl3) δ: 2.23 (s, 6H), 2.43 (s, 3H), 

3.66 (s, 6H), 3.70 (s, 3H), 3.83 (s, 3H), 6.73 (s, 2H), 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 (ESI): [M+1]+=523.2. 

5.1.6.15. 1-Tosyl-4-(4-(trifluoromethoxy)phenyl)-3-(3,4,5-trimethoxyphenyl)-1H-

pyrazole (15o). Following general procedure E, the crude residue purified by flash 

chromatography, using EtOAc:petroleum ether 3:7 (v:v) for elution, furnished 15o as a 

clear oil. Yield 66%. 1H-NMR (CDCl3) δ: 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 Hz, 2H), 7.36 (d, J=8.0 Hz, 2H), 7.98 (d, 

J=8.0 Hz, 2H), 8.15 (s, 1H). MS (ESI): [M+1]+=549.2. 

5.1.6.16. 4-(4-Ethoxyphenyl)-1-tosyl-3-(3,4,5-trimethoxyphenyl)-1H-pyrazole (15p). 

Following general procedure E, the crude residue purified by flash chromatography, 

using EtOAc:petroleum ether 3:7 (v:v) for elution, furnished 15p as a colorless oil. 

Yield >95%. 1H-NMR (CDCl3) δ: 1.41 (t, J=7.0 Hz, 3H), 2.43 (s, 3H), 3.66 (s, 6H), 3.83 

(s, 3H), 4.01 (q, J=7.0 Hz, 2H), 6.69 (s, 2H), 6.83 (d, J=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, 2H), 8.08 (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-trimethoxyphenyl)-1H-pyrazole (15q). 

Following general procedure E, the crude residue purified by flash chromatography, 

using EtOAc:petroleum ether 3:7 (v:v) for elution, furnished 15q as a pale yellow oil. 

Yield 84%. 1H-NMR (CDCl3) δ: 1.30 (t, J=7.4 Hz, 3H), 2.43 (s, 3H), 2.92 (q, J=7.4 Hz, 

2H), 3.66 (s, 6H), 3.83 (s, 3H), 6.66 (s, 2H), 7.19 (d, J=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, 2H), 8.13 (s, 1H).  MS (ESI): 

[M+1]+=525.6. 

5.1.6.18. 4-(3-Chloro-4-ethoxyphenyl)-1-tosyl-3-(3,4,5-trimethoxyphenyl)-1H-pyrazole 

(15r). Following general procedure E, the crude residue purified by flash 

chromatography, using EtOAc:petroleum ether 3:7 (v:v) for elution, furnished 15r as a 

white sold. Yield >95%, mp 182-183 °C. 1H-NMR (CDCl3) δ: 1.47 (t. J=7.0 Hz, 3H), 

2.43 (s, 3H), 3.68 (s, 6H), 3.80 (s, 3H), 4.08 (q. J=7.0 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), 7.31 (d, 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). MS (ESI): [M+1]+=544.1. 

5.1.6.19. 3-(p-Tolyl)-1-tosyl-4-(3,4,5-trimethoxyphenyl)-1H-pyrazole (16a). Following 

general procedure E, the crude residue purified by flash chromatography, using 

EtOAc:petroleum ether 3:7 (v:v) for elution, furnished 16a as a yellowish solid. Yield 

79%, mp 73-75 °C.  1H-NMR (CDCl3) δ: 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=8.2 Hz, 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), 8.13 (s, 1H). MS (ESI): [M+1]+=479.6. 

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

Following general procedure E, the crude residue purified by flash chromatography, 
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using EtOAc:petroleum ether 3:7 (v:v) for elution, furnished 16b as a white solid. Yield 

>95%, mp 61-63 °C. 1H-NMR (CDCl3) δ: 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), 7.33 (d, J=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 (ESI): [M+1]+=495.3. 

5.1.6.21. 3-(4-Ethoxyphenyl)-1-tosyl-4-(3,4,5-trimethoxyphenyl)-1H-pyrazole (16c). 

Following general procedure E, the crude residue purified by flash chromatography, 

using EtOAc:petroleum ether 2:8 (v:v) for elution, furnished 16c as a white solid. Yield 

74%, mp 62-64 °C. 1H-NMR (CDCl3) δ: 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), 6.43 (s, 2H), 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, J=9.0 Hz, 2H), 8.12 (s, 1H). MS (ESI): 

[M+1]+=509.3. 

5.1.7. General procedure F for the preparation of compounds 3a-r and 4a-c. A stirred 

solution of 3,4-diaryl-1-(p-toluensulfonyl)-1H-pyrazole 15a-r or 16a-c (0.4 mmol) in 

EtOH (30 mL) was treated with aqueous NaOH 1 N (9 mL, 9 mmol, 22.5 equiv.). The 

mixture was stirred at 50 °C for 18 h (monitored by TLC), allowed to cool on an ice 

bath, the reaction mixture was treated with 1N HCl (9 mL, 9 mmol, 22.5 equiv.) and 

then concentrated under reduced pressure. The aqueous, concentrated mixture was 

diluted with a saturated aqueous solution of NaHCO3 (10 mL), extracted with CH2Cl2 

(2x10 mL) and the organic phase washed sequentially with water (5 mL) and brine (5 

mL), dried and evaporated under reduced pressure. The residue 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-trimethoxyphenyl)-1H-pyrazole (3a). 

Following general procedure F, the crude residue purified by flash chromatography, 

using EtOAc:petroleum ether 3:7 (v:v) for elution, furnished 3a as a yellow solid. Yield 

83%, mp 151-153 °C. 1H-NMR (CDCl3) δ: 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 Hz, 1H), 7.83 (s, 1H). 13C-NMR 

(CDCl3) δ: 56.09 (2C), 61.00, 105.76, 106.04, 113.48, 121.47, 122.00, 123.21, 124.07, 

124.44, 126.06, 134.81, 135.26, 138.55, 139.38, 140.17, 144.59, 153.35 (2C). MS 

(ESI): [M+1]+=367.4. Anal. calcd for C20H18N2O3S. 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-pyrazole (3b). Following general 

procedure F, the crude residue purified by flash chromatography, using 

EtOAc:petroleum ether 6:4 (v:v) for elution, furnished 3b as a white solid. Yield 82%, 

mp 65-67 °C. 1H-NMR (CDCl3) δ: 2.37 (s, 3H), 3.72 (s, 6H), 3.89 (s, 3H), 6.72 (s, 2H), 

7.15 (d, J=7.6 Hz, 2H), 7.25 (d, J=7.6 Hz, 2H), 7.69 (s, 1H). 13C-NMR (CDCl3) δ: 

21.23, 56.02 (2C), 61.01, 105.17 (2C), 120.08, 126.92, 128.66 (2C), 129.23 (2C), 

129.89, 134.13, 136.63, 137.96, 146.86, 153.28 (2C). MS (ESI): [M+1]+=325.2. Anal. 

calcd for C19H20N2O3. C, 70.35; H, 6.21; N, 8.64; found: C, 70.12; H, 6.06; N, 8.49.  

5.1.7.3. 4-(3-Fluoro-4-methylphenyl)-3-(3,4,5-trimethoxyphenyl)-1H-pyrazole (3c). 

Following general procedure F, the crude residue purified by flash chromatography, 

using EtOAc:petroleum ether 9:1 (v:v) for elution, furnished 3c as a yellow solid. Yield 

65%, mp 155-157 °C.  1H-NMR (CDCl3) δ: 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, 1H), 7.67 (s, 1H). 13C-NMR (CDCl3) δ: 

14.28, 56.00 (2C), 60.95, 105.67 (2C), 114.83, 115.06, 118.90, 123.05, 124.00, 126.60, 
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132.38, 134.46, 144.19, 153.31 (2C), 160.02, 162.45. MS (ESI): [M+1]+=343.0. Anal. 

calcd for C19H19FN2O3. C, 66.66; H, 5.59; N, 8.18; found: C, 66.49; H, 5.38; N, 8.07.  

5.1.7.4. 4-(3,4-Dimethylphenyl)-3-(3,4,5-trimethoxyphenyl)-1H-pyrazole (3d). 

Following general procedure F, the crude residue purified by flash chromatography, 

using EtOAc:petroleum ether 7:3 (v:v) for elution, furnished 3d as a white solid. Yield 

72%, mp 136-137 °C. 1H-NMR (CDCl3) δ: 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, 1H), 7.66 (s, 1H). 13C-NMR (CDCl3) δ: 

19.42, 19.71, 55.93 (2C), 60.93, 105.23 (2C), 119.99, 126.21, 127.12, 129.67, 129.88, 

130.47 134.25, 135.11, 136.54, 137.93, 143.94, 153.17 (2C). MS (ESI): [M+1]+=339.4. 

Anal. calcd for C20H22N2O3. C, 70.99; H, 6.55; N, 8.28; found: C, 70.78; H, 6.44; N, 

8.17.   

5.1.7.5. 4-(3-Methoxy-4-methylphenyl)-3-(3,4,5-trimethoxyphenyl)-1H-pyrazole (3e). 

Following general procedure F, the crude residue purified by flash chromatography, 

using EtOAc:petroleum ether 8:2 (v:v) for elution, furnished 3e as a pale-yellow oil. 

Yield 68%.   1H-NMR (CDCl3) δ: 2.23 (s, 3H), 3.69 (s, 6H), 3.71 (s, 3H), 3.87 (s, 3H), 

6.75 (s, 2H), 6.79 (d, J=2.0 Hz, 1H), 6.87 (dd, J=8.4 and 2.0 Hz, 1H), 7.09 (d, J=8.4 Hz, 

1H), 7.69 (s, 1H). 13C-NMR (CDCl3) δ: 15.91, 55.21, 55.98 (2C), 60.92, 105.40, 

105.69, 110.51, 120.16, 120.55, 125.18, 127.08, 130.59, 131.60, 134.05, 137.98, 

144.19, 153.19 (2C), 157.62. MS (ESI): [M+1]+=355.1. Anal. calcd for C20H22N2O4. C, 

67.78; H, 6.26; N, 7.90; found: C, 67.58; H, 6.15; N, 7.76.  

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

Following general procedure F, the crude residue purified by flash chromatography, 
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using EtOAc:petroleum ether 6:4 (v:v) for elution, furnished 3f as a white solid. Yield 

80%, mp 159-160 °C 1H-NMR (CDCl3) δ: 1H-NMR (CDCl3) δ: 3.72 (s, 3H), 3.90 (s, 

6H), 6.66 (s, 2H), 7.47 (d, J=8.0 Hz, 2H), 7.59 (d, J=8.0 Hz, 2H), 7.77 (s, 1H). 13C-

NMR (CDCl3) δ: 55.88, 60.94 (2C), 105.22 (2C), 116.67, 118.71, 121.78 (2C), 124.33, 

126.45, 130.10 (2C), 131.99, 134.16, 138.20, 144.62, 148.09, 153.36 (2C). MS (ESI): 

[M+1]+=378.9. Anal. calcd for C19H17F3N2O3. 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-pyrazole (3g). Following 

general procedure F, the crude residue purified by flash chromatography, using 

EtOAc:petroleum ether 7:3 (v:v) for elution, furnished 3g as a white solid. Yield 89%, 

mp 67-69 °C. 1H-NMR (CDCl3) δ: 1.22 (t, J=7.6 Hz, 3H), 2.63 (q, J=7.6 Hz, 2H), 3.67 

(s, 6H), 3.86 (s, 3H), 6.69 (s, 2H), 7.15 (d, J=8.4 Hz, 2H), 7.25 (d, J=8.4 Hz, 2H), 7.66 

(s, 1H). 13C-NMR (CDCl3) δ: 15.80, 28.62, 55.86 (2C), 60.95, 105.18 (2C), 119.99, 

126.71, 128.02 (2C), 128.90 (2C), 130.21, 133.98, 137.86, 143.11, 144.08, 153.16 (2C). 

MS (ESI): [M+1]+=339.0. Anal. calcd for C20H22N2O3. 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)-1H-pyrazole (3h). Following 

general procedure F, the crude residue purified by flash chromatography, using 

EtOAc:petroleum ether 6:4 (v:v) for elution, furnished 3h as a white solid. Yield 89%, 

mp 69-71 °C.  1H-NMR (CDCl3) δ: 0.93 (t, J=7.4 Hz, 3H), 1.61 (m, 2H), 2.54 (t, J=7.4 

Hz, 2H), 3.65 (s, 6H), 3.86 (s, 3H), 6.69 (s, 2H), 7.12 (d, J=8.0 Hz, 2H), 7.23 (d, J=8.0 

Hz, 2H), 7.65 (s, 1H). 13C-NMR (CDCl3) δ: 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), 128.78 (2C), 130.32, 133.98, 137.80, 141.44, 

144.08, 153.21 (2C). MS (ESI): [M+1]+=353.2. Anal. calcd for C21H24N2O3. 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)-1H-pyrazole (3i). Following 

general procedure F, the crude residue purified by flash chromatography, using 

EtOAc:petroleum ether 1:1 (v:v) for elution, furnished 3i as a white solid. Yield 88%, 

mp 88-90 °C. 1H-NMR (CDCl3) δ: 3.67 (s, 3H), 3.83 (s, 6H), 3.88 (s, 3H), 6.72 (s, 2H), 

6.87 (d, J=7.4 Hz, 2H), 7.27 (d, J=7.6 Hz, 2H), 7.65 (s, 1H). 13C-NMR (CDCl3) δ: 

55.40, 56.11 (2C), 61.01, 105.31 (2C), 114.09 (2C), 119.85, 124.62, 125.72, 130.09 

(2C), 133.70, 138.34, 143.92, 153.38 (2C), 158.94. MS (ESI): [M+1]+=341.1. Anal. 

calcd for C19H20N2O4. C, 67.05; H, 5.92; N, 8.23; found: C, 66.89; H, 5.68; N, 8.01.  

5.1.7.10. 4-(4-(Methylthio)phenyl)-3-(3,4,5-trimethoxyphenyl)-1H-pyrazole (3j). 

Following general procedure F, the crude residue purified by flash chromatography, 

using EtOAc:petroleum ether 3:7 (v:v) for elution, furnished 3j as a white solid. Yield 

84%, mp 142-144 °C. 1H-NMR (CDCl3) δ: 2.48 (s, 3H), 3.69 (s, 6H), 3.87 (s, 3H), 6.68 

(s, 2H), 7.24 (m, 4H), 7.67 (s, 1H). 13C-NMR (CDCl3) δ: 15.93, 56.00 (2C), 60.98, 

105.31 (2C), 119.46, 126.34, 126.68 (2C), 129.09 (2C), 129.54, 134.02, 137.13, 138.11, 

144.03, 153.29 (2C). MS (ESI): [M+1]+=357.0. Anal. calcd for C19H20N2O3S. 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-trimethoxyphenyl)-1H-pyrazole (3k). 

Following general procedure F, the crude residue purified by flash chromatography, 

using EtOAc:petroleum ether 9:1 (v:v) for elution, furnished 3k as a white solid. Yield 
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88%, mp 172-174 °C.  1H-NMR (CDCl3) δ: 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, J=8.0 and 2.0 Hz, 1H), 7.66 (s, 1H). 13C-

NMR (CDCl3) δ: 56.03, 60.95 (2C), 103.12, 105.33 (2C), 113.48, 116.24, 118.65, 

124.44, 126.09, 126.62, 134.26, 138.20, 144.01, 146.46, 151.01, 153.35 (2C). MS 

(ESI): [M+1]+=359.4. Anal. calcd for C19H19FN2O3. 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-trimethoxyphenyl)-1H-pyrazole (3l). 

Following general procedure F, the crude residue purified by flash chromatography, 

using EtOAc:petroleum ether 8:2 (v:v) for elution, furnished 3l as a white solid. Yield 

68%, mp 169-171 °C. 1H-NMR (CDCl3) δ: 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=8.0 and 2.0 Hz, 1H), 7.42 (d, J=2.0 Hz, 1H), 

7.67 (s, 1H). 13C-NMR (CDCl3) δ: 56.06 (2C), 56.24, 60.96, 105.26 (2C), 112.04, 118.43, 

122.37, 126.41, 126.63, 128.06, 130.24, 134.17, 138.22, 144.07, 153.36, 153.92 (2C). MS 

(ESI): [M+1]+=375.8. Anal. calcd for C19H19ClN2O3. 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-trimethoxyphenyl)-1H-pyrazole (3m). 

Following general procedure F, the crude residue purified by flash chromatography, 

using EtOAc:petroleum ether 7:3 (v:v) for elution, furnished 3m as a white solid. Yield 

72%, mp 161-163 °C. 1H-NMR (CDCl3) δ: 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), 7.14 (m, 3H), 7.62 (s, 1H). 13C-NMR 

(CDCl3) δ: 16.24, 55.46, 55.98 (2C), 61.00, 105.06 (2C), 109.92, 119.86, 124.88, 

126.63, 127.17, 127.27, 131.15, 134.05, 137.82, 144.02, 153.21 (2C), 156.86. MS 
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(ESI): [M+1]+=355.1. Anal. calcd for C20H22N2O4. 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-trimethoxyphenyl)-1H-pyrazole 

(3n). Following general procedure F, the crude residue purified by flash 

chromatography, using EtOAc:petroleum ether 7:3 (v:v) for elution, furnished 3n as a 

white solid. Yield 77%, mp 74-76 °C. 1H-NMR (CDCl3) δ: 2.26 (s, 6H), 3.68 (s, 6H), 

3.74 (s, 3H), 3.88 (s, 3H), 6.76 (s, 2H), 7.01 (s, 2H), 7.63 (s, 1H). 13C-NMR (CDCl3) δ: 

16.11 (2C), 55.93 (2C), 59.83, 61.01, 104.99 (2C), 119.75, 127.02, 128.54, 129.36 (2C), 

130.88 (2C), 134.08, 137.86, 143.76, 153.19 (2C), 156.05. MS (ESI): [M+1]+=369.2. 

Anal. calcd for C21H24N2O4. C, 68.46; H, 6.57; N, 7.60; found: C, 68.33; H, 6.42; N, 

7.49.  

5.1.7.15. 4-(4-(Trifluoromethoxy)phenyl)-3-(3,4,5-trimethoxyphenyl)-1H-pyrazole (3o). 

Following general procedure F, the crude residue purified by flash chromatography, 

using EtOAc:petroleum ether 8:2 (v:v) for elution, furnished 3o as a white solid. Yield 

67%, mp 138-140 °C. 1H-NMR (CDCl3) δ: 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), 7.70 (s, 1H). 13C-NMR (CDCl3) δ: 56.04 

(2C), 61.05, 105.34 (2C), 119.22, 121.35 (2C), 125.13, 130.35 (2C), 130.73, 131.29, 

133.45, 138.62, 144.25, 148.43, 153.51 (2C). MS (ESI): [M+1] +=394.8. Anal. calcd for 

C19H17F3N2O4. C, 57.87; H, 4.35; N, 7.10; found: C, 57.69; H, 4.12; N, 6.99.  

5.1.7.16. 4-(4-Ethoxyphenyl)-3-(3,4,5-trimethoxyphenyl)-1H-pyrazole (3p). Following 

general procedure F, the crude residue purified by flash chromatography, using 

EtOAc:petroleum ether 7:3 (v:v) for elution, furnished 3p as a white solid. Yield 73%, 
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mp 76-77 °C. 1H-NMR (CDCl3) δ: 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, J=8.8 Hz, 2H), 7.23 (d, J=8.8 Hz, 2H), 

7.63 (s, 1H). 13C-NMR (CDCl3) δ: 14.83, 55.94 (2C), 60.93, 63.48, 105.02 (2C), 114.48 

(2C), 119.71, 125.09, 126.93, 129.88 (2C), 133.90, 137.80, 144.02, 153.19 (2C), 

157.96. MS (ESI): [M+1]+=354.9. Anal. calcd for C20H22N2O4. 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-trimethoxyphenyl)-1H-pyrazole (3q). 

Following general procedure F, the crude residue purified by flash chromatography, 

using EtOAc:petroleum ether 7:3 (v:v) for elution, furnished 3q as a pale yellow solid. 

Yield 95%, mp 65-67 °C. 1H-NMR (CDCl3) δ: 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, 2H), 7.27 (m, 4H), 7.69 (s, 1H). 13C-NMR 

(CDCl3) δ: 14.39, 27.73, 56.00 (2C), 61.02, 105.19 (2C), 119.47, 126.76, 129.13 (2C), 

129.16 (2C), 130.53, 134.15, 135.07, 138.03, 144.09, 153.33 (2C). MS (ESI): 

[M+1]+=370.9. Anal. calcd for C20H22N2O3S. 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-trimethoxyphenyl)-1H-pyrazole (3r). 

Following general procedure F, the crude residue purified by flash chromatography, 

using EtOAc:petroleum ether 6:4 (v:v) for elution, furnished 3r as a white solid. Yield 

79%, mp 175-177 °C. 1H-NMR (CDCl3) δ: 1.49 (t, J=7.2 Hz, 3H), 3.73 (s, 6H), 3.89 (s, 

3H), 4.11 (q, J=7.2 Hz, 2H), 6.72 (s, 2H), 6.89 (d, J=8.4 Hz, 1H), 7.15 (dd, J=8.4 and 

2,4 Hz, 1H), 7.41 (s, 1H), 7.66 (s, 1H). 13C-NMR (CDCl3) δ: 14.77, 56.10 (2C), 61.04, 

64.89, 105.16 (2C), 113.31, 118.57, 122.78, 126.18, 126.59, 128.08, 130.29, 132.42, 
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134.12, 138.15, 144.14, 153.39 (2C). MS (ESI): [M+1]+=388.9. Anal. calcd for 

C20H21ClN2O4. C, 61.78; H, 5.44; N, 7.20; found: C, 61.58; H, 5.32; N, 7.09.  

5.1.7.19. 3-(p-Tolyl)-4-(3,4,5-trimethoxyphenyl)-1H-pyrazole (4a). Following general 

procedure F, the crude residue purified by flash chromatography, using 

EtOAc:petroleum ether 7:3 (v:v) for elution, furnished 4a as a pale-yellow oil. Yield 

58%. 1H-NMR (CDCl3) δ: 2.39 (s, 3H), 3.74(s, 6H), 3.988 (s, 3H), 6.54 (s, 2H), 7.17 (d, 

J=8.0 Hz, 2H), 7.38 (d, J=8.0 Hz, 2H), 7.70 (s, 1H). 13C-NMR (CDCl3) δ: 21.30, 56.01 

(2C), 60.96, 105.21 (2C), 119.67, 128.03, 128.72 (2C), 129.30 (2C), 129.55, 135.85, 

136.88, 138.29, 142.84, 153.20 (2C). MS (ESI): [M+1]+=325.1. Anal. calcd for 

C19H20N2O3. C, 70.35; H, 6.21; N, 8.64; found: C, 70.15; H, 6.12; N, 8.38.  

5.1.7.20. 3-(4-Methoxyphenyl)-4-(3,4,5-trimethoxyphenyl)-1H-pyrazole (4b). Following 

general procedure F, the crude residue purified by flash chromatography, using 

EtOAc:petroleum ether 7:3 (v:v) for elution, furnished 4b as a white solid. Yield 82%, 

mp 65-67 °C. 1H-NMR (CDCl3) δ: 3.74 (s, 3H), 3.84 (s, 6H), 3.89 (s, 3H), 6.55 (s, 2H), 

6.89 (d, J=7.4 Hz, 2H), 7.42 (d, J=7.6 Hz, 2H), 7.69 (s, 1H). 13C-NMR (CDCl3) δ: 

55.31, 56.02 (2C), 60.95, 105.51 (2C), 114.04 (2C), 119.44, 123.40, 128.75, 129.29 

(2C), 135.70, 136.85, 142.73, 153.23 (2C), 159.73. MS (ESI): [M+1]+=341.4. Anal. 

calcd for C19H20N2O4. C, 67.05; H, 5.92; N, 8.23; found: C, 66.90; H, 5.72; N, 8.10.  

5.1.7.21. 3-(4-Ethoxyphenyl)-4-(3,4,5-trimethoxyphenyl)-1H-pyrazole (4c). Following 

general procedure F, the crude residue purified by flash chromatography, using 

EtOAc:petroleum ether 7:3 (v:v) for elution, furnished 4c as a white solid. Yield 75%, 

mp 58-60 °C. 1H-NMR (CDCl3) δ: 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, J=8.8 Hz, 2H), 7.41 (d, J=8.8 Hz, 2H), 

7.69 (s, 1H). 13C-NMR (CDCl3) δ: 14.84, 56.05 (2C), 61.03, 63.55, 105.39 (2C), 114.59 

(2C), 119.39, 123.13, 128.81, 129.63 (2C), 135.82, 136.73, 142.87, 153.23 (2C), 

159.14. MS (ESI): [M+1]+=355.4. Anal. calcd for C20H22N2O4. 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 antiproliferative assay. 

Human promyelocytic leukemia (HL-60), human T-cell leukemia (CEM) and human B-

cell leukemia (SEM) cells were grown in RPMI-1640 medium (Gibco, Milano, Italy). 

Breast adenocarcinoma (MCF-7 and MDA-MB-231), human cervix carcinoma (HeLa), 

and human colon adenocarcinoma (HT-29) cells were grown in DMEM medium 

(Gibco, Milano, Italy), all supplemented with 115 units/mL penicillin G (Gibco, Milano, 

Italy), 115 µg/mL streptomycin (Invitrogen, Milano, Italy), and 10% fetal bovine serum 

(Invitrogen, Milano, Italy). Stock solutions (10 mM) of the different compounds were 

obtained by dissolving them in DMSO. Individual wells of a 96-well tissue culture 

microtiter plate were inoculated with 100 µL of complete medium containing 8 × 103 

cells. The plates were incubated at 37 °C in a humidified 5% CO2 incubator overnight 

prior to the experiments. After medium removal, 100 µL of fresh medium containing the 

test compound at different concentrations was added to each well in triplicate and 

incubated at 37 °C for 72 h. Cell viability was assayed by the (3-(4, 5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide test as previously described [47].  

Normal human astrocytes were purchased from Lonza (Lonza). They were grown in 

AGM™ astrocytes growth Medium BullettKit™. CEMVbl-100 cells are a multidrug-
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resistant line selected against vinblastine and were a kind gift of Dr. G. Arancia (Istituto 

Superiore di Sanità, Rome, Italy). They were grown in RPMI-1640 medium 

supplemented with 100 ng/mL of vinblastine. 

Additional experiments were conducted with peripheral blood lymphocytes (PBL) from 

healthy donors obtained as described previously [47]. For cytotoxicity evaluations in 

proliferating PBL cultures, non-adherent cells were resuspended at 5 x 105 cells/mL in 

growth medium containing 2.5 µg/mL PHA (Irvine Scientific). Different concentrations 

of the test compounds were added, and viability was determined 72 h later by the MTT 

test. For cytotoxicity evaluations in resting PBL cultures, non-adherent cells were 

resuspended (5 x 105 cells/mL) and treated for 72 h with the test compounds, as 

described above.  

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

Bovine brain tubulin was purified as described previously [48]. To evaluate the effect of 

the compounds on tubulin assembly in vitro [49], varying concentrations were 

preincubated with 10 µM tubulin in glutamate buffer at 30 ˚C and then cooled to 0 ˚C. 

After addition of GTP, the mixtures were transferred to 0 °C cuvettes in a recording 

spectrophotometer and warmed to 30 °C, and the assembly of tubulin was observed 

turbidimetrically. The IC50 was defined as the compound concentration that inhibited 

the extent of assembly by 50% after a 20 min incubation. Inhibition of colchicine 

binding to tubulin was measured as described before [50], except that the reaction 

mixtures contained 0.5 µM tubulin, 5 µM [3H]colchicine and 5 or 0.5 µM test 

compound. Only one DEAE-cellulose filter was used per sample, and filtration was by 

gravity.  
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5.2.3. Molecular modeling.  

All molecular docking studies were performed on a Viglen Genie Intel®CoreTM i7-3770 

vPro CPU@ 3.40 GHz x 8 running Ubuntu 16.04. Molecular Operating Environment 

(MOE) 2018.10 and Maestro (Schrödinger Release 2017-1) were used as molecular 

modeling software. The tubulin structure was downloaded from the PDB data bank 

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

Schrödinger Protein Preparation Wizard by assigning bond orders, adding hydrogens 

and performing a restrained energy minimization of the added hydrogens using the 

OPLS_2005 force field. Ligand structures were built with MOE and then prepared using 

the Maestro LigPrep tool by energy minimizing the structures (OPLS_2005 force field), 

generating possible ionization states at pH 7±2, and generating tautomers and low-

energy ring conformers. After isolating a tubulin dimer structure, two 12 Å docking 

grids (inner-box 10 Å and outer-box 22 Å) were prepared using as centroid the co-

crystallized CA-4. Molecular docking studies were performed using Glide SP precision 

keeping the default parameters and setting 5 as the number of output poses per input 

ligand to include in the solution. The output poses were saved as mol2 files. The 

docking results were visually inspected for their ability to bind in the active site.  

Molecular dynamics simulations were performed on Supermicro Intel®Xeon® CPU 

ES-46200 @ 2.20 GHz x 12 running Ubuntu 14.04 using the Desmond package for MD 

simulation: OPLS-AA force field in explicit solvent, employing the TIP3 water model, 

was used. The initial coordinates for the MD simulation were taken from the best 

docking experiment result for each single compound. A cubic water box was used for 

the solvation of the system, ensuring a buffer distance of approximately 10 Å between 

each box side and the complex atoms. The system was neutralized adding 27 sodium 

counter ions. The system was minimized and pre-equilibrated using the default 
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relaxation routine implemented in Desmond. A 50 ns MD simulation was performed, 

during which the equations of motion were integrated using a 2 fs time step in the NPT 

ensemble, with temperature (300 K) and pressure (1 atm) constant. All other parameters 

were set using the Desmond default values. Data were collected every 20 ps (energy) 

and every 80 ps (trajectory). Each protein-ligand complex simulation was performed in 

triplicate, using each time a random seed as starting point. Visualization of protein-

ligand complex and MD trajectory analysis were carried out using Maestro, and the 

RMSD analyses were performed using the Simulation Event Analysis tool of Desmond. 

The ∆Gbinding values of the protein-ligand complex were calculated using the 

MM/GBSA method as implemented in the Prime module from Maestro using the 

default settings and the Maestro script termal_mmgbsa.py. Briefly, the script takes in the 

MD trajectory from the last 25 ns of simulation, splits it into individual frame snapshots 

(extracted every 0.080 ns, for a total of 313 frames), and runs each one through 

MMGBSA (after deleting water molecules and separating the ligand from the receptor). 

For each single simulation, an average ∆Gbinding value for the 25 ns is calculated.  

5.2.4. Cell cycle analysis.  

HeLa or MDA-MB-231 cells were exposed to test compounds for 24 h. Cells were 

harvested by centrifugation and fixed with 70% (v/v) cold ethanol. Cells were lysed 

with 0.1% (v/v) Triton X-100 containing RNase A and stained with PI. A Beckman 

Coulter Cytomics FC500 instrument and MultiCycle for Windows 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 instrument was used. The cells were stained with 

both PI, to stain DNA, and annexin V-fluorescein isothiocyanate, to stain membrane PS 
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on the cell surface (which occurs in apoptosis). The latter was done following the 

instructions of the manufacturer (Roche Diagnostics) of the Annexin-V-Fluos reagent. 

5.2.6. Measurement of mitochondrial membrane potential and ROS.  

Mitochondrial potential and ROS were measured in MD-MB-231 cells by flow 

cytometry as previously described [45], using the fluorescent dyes JC-1 and H2DCFDA 

(Molecular Probes), respectively. 

5.2.7. Evaluation of cellular protein expression with western blots. 

Following growth for various times in the presence of 4c or 3p, MDA-MB-231 cells 

were harvested by centrifugation and washed twice in 0 °C phosphate-buffered saline 

(PBS). Cells were lysed with 0.1% (v/v) Triton X-100 containing RNase A at 0 °C, and 

supernatants were obtained by centrifuging the lysed cells at 15 000g for 10 min at 4 °C. 

The protein content of the solutions was measured, and 10 µg of protein from each 

sample was subjected to SDS-PAGE. Proteins were transferred by electroblotting to a 

poly(vinylidene difluoride) Hybond-P membrane from GE Healthcare. The membranes 

were treated with 5% bovine serum albumin in PBS containing 0.1% Tween 20 

overnight at 4 °C. The membranes were then exposed for 2 h at room temperature to 

primary antibodies directed against cyclin B, cdc25c, cdc2 (Y15), p21, PARP, Mcl-1, 

XIAP (all from Cell Signaling), or GAPDH (Sigma-Aldrich; to verify equal protein 

loading) and subsequently for 1 h to peroxidase-labeled secondary antibodies. The 

membranes were visualized using ECL select (GE Healthcare), 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 wounded through the horizontal and 

vertical axis using a pipette tip. Cells were washed twice to remove cell debris and then 

treated with 3p or 4c at 20 or 5 nM,  respectively, for different times. Each time point 

image was captured at 10x magnification under a stereomicroscope. The distance 

between the two edges of the scratch was quantified using Image J. 

5.2.9. Evaluation of anti-tumor activity in vivo.  

Animal experiments were approved by the local animal ethics committee (OPBA, 

Organismo Preposto al Benessere degli Animali, Università degli Studi di Brescia, Italy) 

and were performed in accordance with national guidelines and regulations. Procedures 

involving animals and their care conformed with institutional guidelines that comply 

with national and international laws and policies (EEC Council Directive 86/609, OJ L 

358, 12 December 1987) and with “ARRIVE” guidelines (Animals in Research 

Reporting In Vivo Experiments). 

Seven-week-old C57BL/6 female mice were orthotopically injected into the mammary 

fat pad with 4 × 105 E0771 mammary carcinoma cells. When tumors were palpable, 

mice were randomized to control and treated groups. Treatment was performed every 

other day by intraperitoneal (ip) injection of 4b (15 or 5 mg/kg), CA-4P (30 mg/kg) or 

vehicle (DMSO) in 100 µL final volume. Tumors were measured in vivo using a 

caliper: tumor volume V (mm3) was calculated according to the formula V = (D × d2)/2, 

where D and d are the major and minor perpendicular tumor diameters in mm, 

respectively. Tumor volume data were analyzed with a two-way analysis of variance, 

and individual group comparisons were evaluated by the Bonferroni correction. 

5.2.10. Statistical analysis.  
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Graphs and statistical analyses were performed using GraphPad Prism software 

(GraphPad, La Jolla, CA, USA). All data in graphs represented the mean of at least 

three independent experiments ± SEM. Statistical significance was determined using 

Student’s t-test or ANOVA (one- or two-way) depending on the type of data. Asterisks 

indicate a significant difference between the treated and the control group, unless 

otherwise specified. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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Highlights 

iPyrazole-bridged CA-4 analogues modified at the 3 and 4-position were evaluated.  

iThe position of trimethoxyphenyl on the pyrazole was not critical for the activity. 

iThe results confirmed a surrogate role of 4-ethoxyphenyl group for B-ring of CA-4 

iCompounds 3p and 4c were more active than CA-4 against a panel of cancer cells.  

iSeveral molecules inhibited tubulin assembly with activity superior to that of CA-4. 

 


