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Abstract
A series of novel 3-alkyl-1,5-diaryl-1H-pyrazoles were synthesized as combretastatin A-4

(CA-4) analogues and evaluated for antiproliferative activity against three human cancer

cell lines (SGC-7901, A549 and HT-1080). Most of the target compounds displayed moder-

ate to potent antiproliferative activity, and 7k was found to be the most potent compound.

Structure-activity relationships indicated that compounds with a trimethoxyphenyl A-ring at

the N-1 position of the pyrazole skeleton were more potent than those with the A-ring at the

C-5 position. Tubulin polymerization and immunostaining experiments revealed that 7k po-

tently inhibited tubulin polymerization and disrupted tubulin microtubule dynamics in a man-

ner similar to CA-4. Computational modelling demonstrated that the binding of 7k to the

colchicine binding site on microtubules may involve a similar mode as CA-4.

Introduction
Microtubules are an essential component of the cytoskeleton and have many cellular functions,
including regulation of motility, cell division, organelle transport, maintenance of cell mor-
phology and signal transduction [1]. Their importance in mitosis and cell division make micro-
tubules an obvious and important target for the design and development of antitumour drugs
[2]. Microtubule-targeting agents can be grouped into two classes: those that inhibit the poly-
merization process (microtubule destabilising agents) and those that promote the polymeriza-
tion of tubulin (microtubule stabilising agents) [3]. Both classes disrupt microtubule/tubulin
dynamics by binding to the protein tubulin, an α,β-heterodimer that forms the core of the mi-
crotubule and arrests cells during mitosis, leading to cell death. There are at least four charac-
terised binding sites on tubulin: the taxane site, the laulimalide site, the vinca site and the
colchicine site [4]. Many compounds that bind tubulin, such as paclitaxel, vinblastine and eri-
bulin, are in clinical use for chemotherapy, and these drugs act by binding to the taxane site or
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the vinca site. While there are no clinically approved anticancer agents that bind to the colchi-
cine site on tubulin, a number of effective inhibitors of tubulin are currently being investigated
in clinical studies [5].

Combretastatin A-4 (CA-4, 1) is one of the most effective inhibitors of tubulin found to
bind to the colchicine site and whose impressive vascular disrupting activity leads to its clinical
development [6]. CA-4 (1) was first isolated by Pettit et al. from the bark of the South African
willow tree Combretum caffrum in 1989 [7], and it exhibits potent antiproliferative activity
against a broad spectrum of human cancer lines, including those that show multidrug resis-
tance [8]. Unfortunately, the cis double bond of 1 readily isomerizes to the more stable trans
isomer under external stimuli, such as light or heat, resulting in complete loss of cytotoxicity
[9]. Therefore, to retain the appropriate configuration of the two adjacent aryl groups required
for bioactivity, researchers have synthesized a wide variety of cis-restricted analogues of 1
[4,10,11]. Structure-activity relationship (SAR) studies indicated that the common key struc-
tural feature of these analogues was two cis-orientated aromatic rings, the A-ring and B-ring,
with the A-ring preferred as a 3,4,5-trimethoxy-substituted phenyl group and the B-ring pre-
ferred as a p-methoxy-substituted phenyl group [12].

To date, a variety of five-membered heterocyclic analogues of 1, such as oxazoles [13], isoxa-
zoles [14], imidazoles and triazoles [15,16], have been reported as cis-restricted, biologically ac-
tive analogues of CA-4. Because pyrazoles play an important role among biologically active
heterocyclics [17–19], several pyrazole-based CA-4 analogues (Fig 1) such as 3-substituted-
4,5-diaryl-pyrazoles (2, 3, 4 and 5) and 1,5-diaryl-pyrazole (6) were synthesized and evaluated
[15,20,21]. Herein, we present the synthesis and antiproliferative activity of 4-(un)substituted-
3-alkyl-1,5-diaryl-pyrazoles (7a-s) with the A-ring on the 1-position and 3-methyl-1,5-diaryl-
pyrazoles (8a-i) with the A-ring on the 5-position, as analogues of combretastatin A-4 (Fig 2).
The representative compounds 7i and 7k were investigated for their inhibition of tubulin poly-
merization. In addition, computational modelling studies have been performed to understand
the interaction between tubulin and the most active inhibitor 7k.

Results and Discussion

Chemistry
The synthesis of target pyrazole derivatives 7a-s were performed according to Fig 3. 3,4,5-Tri-
methoxy-benzoic acid (9) was treated with concentrated nitric acid in acetic acid at 40°C to yield
1,2,3-trimethoxy-5-nitrobenzene (10), which was then reduced to amine 11with hydrazine, fer-
ric chloride hexahydrate and activated carbon in methanol at 65°C [22,23]. 3,4,5-Trimethoxy-
phenylhydrazine hydrochloride (12) was prepared from 11 via diazotization with sodium nitrite,
followed by reduction with stannous chloride dihydrate [24]. Compounds 14a-g were prepared
via a Claisen condensation between 13a-g and ethyl acetate, ethyl propionate or ethyl butanoate
in the presence of sodium [25]. After that compounds 14b, 14h, 14i were nitrated to give com-
pounds 14j-l. Subsequently, target compounds 7a-h and 7p-qwere prepared in excellent yield by
treating 1-benzoylacetone 14 with compound 12 and sodium acetate trihydrate in ethanol under
reflux [26]. Dealkylation of compounds 7f and 7gwith titanium tetrachloride afforded, respec-
tively the phenol derivatives, 7j and 7i [27]. Reduction of the nitro group of 7h, 7p and 7q in a
mixture of hydrazine hydrate, ferric chloride hexahydrate and activated carbon in methanol pro-
vided the corresponding 7k, 7r and 7s. Finally, 7i was formylated according to the Vilsmeier-
Haack protocol with phosphorus oxychloride and dimethylformamide, and the resulting alde-
hyde 7l was reduced to the alcohol 7m using sodium borohydride in methanol at room tempera-
ture [28]. A mixture of 7h and NBS in CCl4 was stirred at room temperature to give 7n followed
by reduction of the nitro group to form the desired compound 7o [29].
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The target compounds 8a-i were prepared as shown in Fig 4. 3,4,5-Trimethoxyphenyl-etha-
none (15) [30]. The synthesis of 16, 18 and 8a-i was accomplished according to the chemistry
described above with the corresponding starting materials.

Biological activities
In vitro antiproliferative activities. All of the target compounds, 7a-s and 8a-i, along

with the positive control, CA-4 (1), were evaluated for their antiproliferative activity against
three human cancer cell lines: fibrosarcoma cell line HT-1080, gastric adenocarcinoma cell line
SGC-7901 and pulmonary adenocarcinoma cell line A549. The majority of synthesized com-
pounds displayed antiproliferative activity with IC50 values in the sub-micromolar to micro-
molar range. The IC50 values of the compounds are shown in Table 1.

Fig 2. Structures of the synthesized pyrazole derivatives.

doi:10.1371/journal.pone.0128710.g002

Fig 1. Structures of CA-4 and some pyrazole derivatives.

doi:10.1371/journal.pone.0128710.g001
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As given in Table 1, compound 7k exhibited the most potent antiproliferative activity, with
IC50 values between 0.076 and 0.12 μM against the three cancer cell lines. CA-4 (1), the positive
control, gave IC50 values of 0.016–0.035 μM. Compounds 7b, 7c and 7i also significantly inhib-
ited the growth of two or three cell lines at sub-micromolar concentrations. A comparison of
the IC50 values for 7a-k and 8a-i revealed that compounds with a trimethoxyphenyl A-ring at

Fig 3. Reagents and conditions. (a) HNO3, AcOH, 40°C, 2 h; (b) NH2NH2�H2O, FeCl3, activated carbon, MeOH, reflux, 1 h; (c) i) NaNO2, HCl, H2O, 0–4°C;
ii) SnCl2�2H2O, HCl; (d) I) ethyl acetate, Na, reflux, 1 h; II) ethyl propionate, Na, reflux, 1h; III) ethyl butanoate, Na, reflux, 1 h; (e) KNO3, H2SO4, 0°C, 3 h; (f)
12, NaOAc, EtOH, reflux, 2 h; (g) POCl3, DMF, 0–60°C, 3 h; (h) NaBH4, MeOH, r.t., 2 h; (i) NBS, CCl4, 1.5 h.

doi:10.1371/journal.pone.0128710.g003

Fig 4. Reagents and conditions. (a) MeLi, THF, -20°C, 3 h; (b) ethyl acetate, Na, reflux, 1 h; (c) i) NaNO2,
HCl, H2O, 0–4°C; ii) SnCl2�2H2O, HCl; (d) 16, NaOAc, EtOH, reflux, 2 h.

doi:10.1371/journal.pone.0128710.g004
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the N-1 position of the pyrazole skeleton were more potent than those with the A-ring at the
C-5 position. With the A-ring tethered to the N-1 position of the pyrazole ring, analogues
monosubstituted at the para position of the B-ring (7b, 7c and 7d) were found to have slightly
increased activity compared to the unsubstituted compound (7a). To study the effect of disub-
stitution on the B-ring, alkoxy, amino and hydroxy groups were introduced in the para and
meta positions (7e-k). Interestingly, the 3-amino-4-methoxy-substituted compound 7k exhib-
ited the most potent antiproliferative activity; however, the 3-hydroxy-4-methoxy-substituted
compound 7i, which most closely resembles CA-4 (1), displayed only moderate activity. Fur-
thermore, introduction of a formyl (7l), hydroxymethyl (7m) or bromo (7o) group at the C-4
position of the pyrazole skeleton resulted in reduced activity compared to the corresponding
compounds (7i and 7k). Additionally, replacement of the methyl group (7k) with an ethyl (7r)
or a propyl group (7s) at C-3 position of the pyrazole ring tended to great reduce the activity.

Table 1. Antiproliferative activity of compounds 7a-s, 8a-i and CA-4 (1).

Antiproliferative activity (IC50± SD, μM) a

Compd HT-1080 SGC-7901 A549

7a >100 >100 >100

7b 1.01 ± 0.12 0.73 ± 0.09 15.2 ± 2.2

7c 1.23 ± 0.15 0.53 ± 0.20 2.35 ± 0.33

7d >100 20.7 ± 1.2 >100

7e 5.52 ± 0.26 3.05 ± 0.33 2.84 ± 0.52

7f >100 23.6 ± 2.3 >100

7g >100 6.45 ± 0.22 >100

7h >100 5.22 ± 0.19 >100

7i 0.93 ± 0.13 0.275 ± 0.020 1.12 ± 0.12

7j >100 25.9 ± 2.3 >100

7k 0.122 ± 0.013 0.076 ± 0.009 0.096 ± 0.011

7l 23.8 ± 1.8 16.4 ± 1.5 45.7 ± 3.3

7m 7.11 ± 0.23 8.42 ± 0.32 9.04 ± 0.25

7n >100 >100 >100

7o 15.9 ± 3.2 14.3 ± 3.1 79.1 ± 2.0

7p >100 >100 >100

7q >100 >100 >100

7r 8.16 ± 0.12 4.62 ± 0.09 3.55 ± 0.09

7s 23.2 ± 0.11 35.7 ± 0.08 56.6 ± 1.0

8a >100 >100 >100

8b 28.2 ± 1.9 19.0 ± 2.0 9.39 ± 0.21

8c 15.6 ± 1.5 11.8 ± 1.2 16.2 ± 1.0

8d >100 31.1 ± 2.5 48.6 ± 1.1

8e 11.9 ± 1.9 2.43 ± 0.09 28.2 ± 1.7

8f >100 >100 >100

8g 24.7 ± 2.3 21.2 ± 1.6 21.4 ± 1.2

8h >100 >100 >100

8i 15.0 ± 0.9 13.7 ± 1.2 21.8 ± 2.1

1b 0.023 ± 0.012 0.016 ± 0.010 0.035 ± 0.009

a IC50: Concentration of the compound (μM) producing 50% cell growth inhibition after 72 h of drug exposure, as determined by the MTT assay. Each

experiment was carried out in triplicate. b Used as a positive control.

doi:10.1371/journal.pone.0128710.t001
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These data indicate that a large group (such as an ethyl or a propyl group) at C-3 position of
the pyrazole skeleton was not tolerated in this series.

Inhibition of tubulin polymerization activity. To investigate whether the antiprolifera-
tive activity of the target compounds was related to their interaction with tubulin, the most ac-
tive compound 7k and the moderately active 7i were evaluated for their inhibition of tubulin
polymerization in a cell-free in vitro assay. The assay used the polymerization suppressor 1 as a
positive control. As shown in Fig 5, compounds 7i and 7k, as well as 1, inhibited tubulin poly-
merization in a dose-dependent manner. Compound 7k (IC50 = 1.7 μM) was slightly less active
than the reference compound 1 (IC50 = 0.9 μM). Compound 7i, which exhibited less antiproli-
ferative activity than 7k, also showed lower potency as an inhibitor of tubulin polymerization
(IC50 = 2.5 μM). An excellent correlation was observed between the antiproliferative activity
and the inhibition of tubulin polymerization for 7i and 7k, indicating that the molecular target
of this series of combretastatin A-4 analogues was most likely tubulin.

Immunofluorenscence studies. To demonstrate the effect of inhibition of tubulin poly-
merization in cells, we investigated microtubule structure and distribution in cultured HT-
1080 and SGC-7901 cells. Microtubules were labelled using the indirect immuno-fluorescence
method and were analysed by fluorescence microscopy. Cells treated with DMSO (control
cells) stained with a tubulin monoclonal antibody demonstrated a well-organised microtubule
network throughout the cells (Figs 6 and 7). In contrast, cells treated with 1 and 7k (at their re-
spective 2-fold IC50 concentrations, respectively) showed a disruption of the tubulin network
and the appearance of a bundle at a pole of the cell (Figs 6 and 7). Taken together, these results
confirm that tubulin is the molecular target of compound 7k. Comparing the tubulin inhibition
with the corresponding antiproliferative activity revealed a correlation, and it also suggests that
tubulin is the target for this series of combretastatin A-4 analogues.

Molecular modelling
To further expand the understanding of our experimental findings, molecular modelling stud-
ies on 7k and 1 were conducted using CDOCKER within the Discovery Studio 3.0 programme
package. Compounds 7k and 1 were docked into the colchicine binding site of tubulin (PDB
ID: 1SA0). In the CDOCKER protocol run results, we report the energy as a score, so the higher
(more positive) value indicates a more favorable binding. The “-CDOCKER Interaction Ener-
gy” are 48.63 and 46.83 kcal/mol for CA-4 and 7k respectively. The binding energies correlate
with the experimental IC50 values of CA-4 and 7k. These studies also showed that 7k, the most
active compound, can occupy the colchicine binding site of tubulin, as can 1 (Fig 8A). Indeed,
the trimethoxyphenyl moiety in the A-rings of 1 and 7k was buried in the β subunit binding
cavity. The thiol group of Cys β241 formed a hydrogen bond with the oxygen atom of the para
methoxy group, and formed another hydrogen bond to the oxygen atom of themetamethoxy
group (Fig 8B). Several amino acids of β-tubulin formed hydrophobic interactions with the tri-
methoxyphenyl moiety of 7k. The methoxy oxygen atom in ring B of 7k formed a hydrogen
bond with the main chain nitrogen atom of Val α181. Additionally, there is direct bond be-
tween compound 7k and the Ala β250 residue. Thus, the results of this docking study are in
good agreement with the potent antiproliferative activity of 7k and its ability to inhibit
tubulin polymerization.

Conclusions
In summary, a series of 3-alkyl-1,5-diaryl-1H-pyrazoles were synthesized and evaluated for
antiproliferative activity and tubulin polymerization inhibition. The majority of synthesized
compounds displayed moderate to potent antiproliferative activity. Structure-activity
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relationships indicated that compounds with a 3,4,5-trimethoxyphenyl A-ring at the N-1 posi-
tion of the pyrazole skeleton were more potent than those with the A-ring at the C-5 position.
Among the synthesized compounds, 7k showed the most potent antiproliferative activity against
SGC-7901 cells with an IC50 value of 0.076 μM. Consistent with its antiproliferative activity, 7k
also exhibited potent antitubulin activity (IC50 = 1.7 μM), similar to that of CA-4 (1). In addition,
7k also strongly affected cell morphology and microtubule networking comparable to CA-4 (1).
Molecular docking analysis of the binding conformation of 7k into the tubulin colchicine binding
site showed hydrogen bonds and hydrophobic interactions with protein residues, which may be
responsible for the antitubulin polymerization and antiproliferative activities. These results may
be helpful for the future design of structurally related tubulin inhibitors.

Experimental Section

Synthesis
Unless otherwise noted, all of the materials were obtained from commercially available sources
and were used without purification. The progress of reactions was monitored by TLC using

Fig 5. Dose-response effects of CA-4 (1), 7i and 7k on the inhibition of tubulin polymerization. Purified
bovine tubulin and GTP were mixed in a 96-well plate. The reaction was initiated by warming the solution from
4°C to 37°C. DMSOwas used as a vehicle control. The effect on the assembly of tubulin was monitored using
a plate reader at 1 min intervals for 90 min at 37°C.

doi:10.1371/journal.pone.0128710.g005

Fig 6. Immunostaining of tubulin assembly in HT-1080 cells.HT-1080 cells were treated with 7k
(0.18 μM) for 48 h (scale bar = 10 μm). The left, middle and right panels represent tubulin assembly stained
with FITC, DAPI and a merge of the corresponding left and middle panels, respectively. Images were taken
using a confocal microscope.

doi:10.1371/journal.pone.0128710.g006
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silica gel plates (250 μm, F-254) under UV light. The purification of products was performed
using column chromatography (60 Å, 200–300 mesh, Qingdao Ocean Chemicals) or thin layer
chromatography on silica gel plates (0.25 mm layer, Qingdao Ocean Chemicals) with the desig-
nated solvents. Melting points were measured on a hot stage microscope (X-4, Beijing Taike
Ltd.) and are uncorrected. Mass spectra (MS) were measured on an Agilent 1100-sl mass spec-
trometer with an electrospray ionisation source. NMR spectra were recorded on a Bruker
AVANCE 400 (1H, 400 MHz; 13C, 100 MHz) in CDCl3 (S1 File). Chemical shifts are expressed

Fig 7. Immunostaining of tubulin assembly in SGC-7901 cells. SGC-7901 cells were treated with 7k
(0.14 μM) for 48 h (scale bar = 10 μm). The left, middle and right panels represent the tubulin assembly
stained with FITC, DAPI and a merge of the corresponding left and middle panels, respectively. Images were
taken using a confocal microscope.

doi:10.1371/journal.pone.0128710.g007

Fig 8. (A) tubulin is displayed as a flat ribbon with α-tubulin coloured lavender and β-tubulin coloured cyan.
Superimposition of the presumptive conformation of active 7k (pink model) with that of 1 (green model). The
structures were docked into the colchicine binding site of tubulin (PDB ID: 1SA0). (B) the amino acids of
tubulin within 5.0 Å of colchicine are shown as lines models. Hydrogen bonds (distance: <3.5 Å) are shown as
dotted line.

doi:10.1371/journal.pone.0128710.g008
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as parts per million downfield from tetramethylsilane. Splitting patterns have been designated
as follows: s (singlet), d (doublet), dd (doublet of doublets), t (triplet) and m (multiplet).

1,2,3-Trimethoxy-5-nitrobenzene (10). A flask immersed in a room temperature oil bath
was charged with 9 (50 g, 0.235 mol) and acetic acid (150 mL) and heated to 40°C. Over a 10
min period, HNO3 (70%, 33 mL) was added dropwise with stirring. The deep orange solution
was stirred for an additional 120 min. The reaction was quenched upon addition of 200 g of
ice. A yellow precipitate formed, which was filtered and washed with H2O. The crude product
was recrystallized from methanol to give pure 10. Yield: 66%.

3,4,5-Trimethoxyaniline (11). Amixture of 1,2,3-trimethoxy-5-nitrobenzene 10 (32.7 g,
0.153 mol), activated carbon (3.27 g, 50–200 mesh, Fisher Scientific Co.), ferric chloride hexa-
hydrate (3.27 g) and methanol (250 mL) was refluxed for 10 min with stirring. Hydrazine hy-
drate (80%, 65 mL) was added over 30 min to the boiling solution. The mixture was stirred
under reflux for an additional 1 h, cooled and evaporated. The resulting slurry was dissolved in
dichloromethane (250 mL), washed with water (2 × 100 mL) and dried (Na2SO4). Evaporation
of the solvent gave amine 11, which was used without further purification. Yield: 95%.

1-(3,4,5-Trimethoxyphenyl)butane-1,3-dione (16). Methyl-lithium (1.3M in diethyl
ether, 39.8 mL, 51.8 mmol) was added dropwise to a solution of 3,4,5-trimethoxybenzoic acid 9
(5 g, 23.6 mmol) in anhydrous THF (50 mL) at -20°C under a nitrogen atmosphere. The mix-
ture was stirred at -20°C for 1 h, warmed to room temperature and stirred for an additional 3
h. The solvent was removed, and the residue was dissolved in excess CH2Cl2. The solution was
washed with H2SO4 (0.1N, 80 mL) and deionised water (3 × 30 mL), dried over anhydrous
Na2SO4, filtered and dried under vacuum. The product 15 was used without further purifica-
tion. Yield: 91%. A mixture of 3,4,5-trimethoxyacetophenone 15 (4.5 g, 21.4 mmol) in freshly
purified anhydrous ethyl acetate (50 mL) was added to sodium sand (0.99 g, 42.8 mmol) under
a nitrogen atmosphere. The mixture was stirred, and upon the initiation of an exothermic reac-
tion, the remainder of the ketone solution was added dropwise at such a rate as to maintain re-
fluxing. Stirring and refluxing were continued for another 120 min. The reaction mixture was
diluted with water (100 mL) and extracted with ethyl acetate (3 × 100 mL). The combined or-
ganic phases were washed with water, dried over Na2SO4, filtered and concentrated under vac-
uum. The crude product was purified by chromatography on silica gel to afford the desired 16.
Yield: 90%; white solid; m.p. 86–87°C; 1H-NMR (400 MHz, CDCl3): δ 2.20 (3H, s), 3.93 (9H,
s), 6.12 (1H, s), 7.13 (2H, s), minor tautomer inter alia 2.29 (3H, s), 3.93 (9H, s), 4.07 (2H, s),
7.22 (2H, s).

1-Phenylbutane-1,3-dione (14a). This compound was obtained from acetophenone 13a
by following the procedure described above for 16. Yield: 87%; yellow solid; m.p. 53–54°C;
1H-NMR (400 MHz, CDCl3): δ 2.20 (3H, s), 6.18 (1H, s), 7.44–7.52 (3H, m), 7.87–7.88 (2H, d,
J = 7.26 Hz), 16.15 (1H, s), minor tautomer inter alia 2.30 (3H, s), 4.10 (2H, s), 7.44–7.52 (3H,
m), 7.93–7.95 (2H, d, J = 7.26 Hz).

1-(4-Methoxyphenyl)butane-1,3-dione (14b). This compound was obtained from 1-
(4-methoxyphenyl)ethanone 13b by following the procedure described above for 16. Yield:
88%; orange-red solid; m.p. 49–50°C; 1H-NMR (400 MHz, CDCl3): δ 2.17 (3H, s), 3.86 (3H, s),
6.11 (1H, s), 6.94 (2H, d, J = 8.37 Hz), 7.86 (2H, d, J = 8.37Hz), minor tautomer inter alia 2.28
(3H, s), 3.86 (3H, s) 4.04 (2H, s), 6.94 (2H, d, J = 8.37 Hz).

1-P-tolylbutane-1,3-dione (14c). This compound was obtained from 1-p-tolylethanone
13c by following the procedure described above for 16. Yield: 83%; yellow solid; m.p. 54–55°C;
1H-NMR (400 MHz, CDCl3): δ 2.16 (3H, s), 2.38 (3H, s), 6.14 (1H, s), 7.22 (2H, d, J = 7.24 Hz),
7.76 (2H, d, J = 7.24 Hz), minor tautomer inter alia 2.26 (3H, s), 2.38 (3H, s), 4.04 (2H, s), 7.22
(2H, d, J = 7.24 Hz), 7.82 (2H, d, J = 7.24 Hz).
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1-(4-Fluorophenyl)butane-1,3-dione (14d). This compound was obtained from 1-
(4-fluorophenyl)ethanone 13d by following the procedure described above for 16. Yield: 79%;
orange-red solid; m.p. 47–48°C; 1H-NMR (400 MHz, CDCl3): δ 2.19 (3H, s), 6.13 (1H, s),
7.10–7.15 (2H, m), 7.86–7.92 (2H, m), 16.15 (1H, s), minor tautomer inter alia 2.30 (3H, s),
4.08 (2H, s), 7.10–7.15 (2H, m), 7.94–8.02 (2H, m).

1-(3-Fluoro-4-methoxyphenyl)butane-1,3-dione (14e). This compound was obtained
from 1-(3-fluoro-4-methoxyphenyl) ethanone 13e by following the procedure described above
for 16. Yield: 78%; pale yellow solid; m.p. 107–108°C; 1H-NMR (400 MHz, CDCl3): δ 2.18 (3H,
s), 3.95 (3H, s), 6.08 (1H, s), 6.97–7.02 (1H, m), 7.61–7.68 (2H, m), minor tautomer inter alia
2.29 (3H, s), 3.95 (3H, s), 4.04 (2H, s), 6.97–7.02 (1H, m), 7.61–7.68 (2H, m).

1-(4-(Allyloxy)-3-methoxyphenyl)butane-1,3-dione (14f). To a solution of 1-(4-hy-
droxy-3-methoxyphenyl)ethanone (0.20 g, 1.22 mmol) in dry acetone (20 mL) was added an-
hydrous K2CO3 (0.67 g, 4.88 mmol) over 10 min, followed by addition of allyl bromide (0.17 g,
1.34 mmol), and the mixture was stirred under reflux for an additional 3 h. The mixture was
cooled and evaporated, and the resulting slurry was dissolved in dichloromethane (30 mL),
washed with water (2 × 15 mL), and dried over Na2SO4. Evaporation of the solvent gave 13f as
colourless oil. The intermediate 14f was obtained from 1-(4-(allyloxy)-3-methoxyphenyl)-
ethanone 13f by following the procedure described above for 16. Yield: 73%; pale yellow solid;
m.p. 51–52°C; 1H-NMR (400 MHz, CDCl3): δ 2.16 (3H, s), 3.92 (3H, s), 4.67 (2H, d, J = 5.19
Hz), 5.32 (1H, d, J = 10.52 Hz), 5.43 (1H, d, J = 16.50 Hz), 6.03–6.12 (2H, m), 6.88 (1H, d,
J = 8.34 Hz), 7.45–7.52 (2H, m), 16.25 (1H, s), minor tautomer inter alia 2.28 (3H, s), 3.93 (3H,
s), 4.05 (2H, s), 4.67 (2H, d, J = 5.19 Hz), 5.32 (1H, d, J = 10.52 Hz), 5.43 (1H, d, J = 16.50 Hz),
6.03–6.12 (1H, m), 6.88 (1H, d, J = 8.34 Hz), 7.45–7.52 (2H, m).

1-(3-(Allyloxy)-4-methoxyphenyl)butane-1,3-dione (14g). This compound was obtained
from 1-(3-hydroxy-4-methoxyphenyl) ethanone by following the procedure described above
for 14f. Yield: 75%; orange-red solid; m.p. 59–60°C; 1H-NMR (400 MHz, CDCl3): δ 2.17 (3H,
s), 3.93 (3H, s), 4.67 (2H, d, J = 5.02 Hz), 5.32 (1H, d, J = 10.32 Hz), 5.43 (1H, d, J = 16.56 Hz),
6.06–6.14 (2H, m), 6.90 (1H, d, J = 8.27 Hz), 7.47–7.59 (2H, m), minor tautomer inter alia 2.29
(3H, s), 3.93 (3H, s), 4.04 (2H, s) 4.67 (2H, d, J = 5.02 Hz), 5.32 (1H, d, J = 10.32 Hz), 5.43 (1H,
d, J = 16.56 Hz), 6.06–6.14 (1H, m), 6.90 (1H, d, J = 8.27 Hz), 7.47–7.59 (2H, m).

1-(4-Methoxy-3-nitrophenyl)butane-1,3-dione (14j). 1-(4-Methoxyphenyl)butane-
1,3-dione (5.56 g, 0.192 mol) was dissolved in 100 mL of coned. sulfuric acid at laboratory tem-
perature and the solution cooled to 0°C. A solid of KNO3 (3.27 g, 0.101 mol) was sollowly
added with 20 min. The deep orange solution was stirred for an additional 160 min. The reac-
tion was quenched upon addition of 200 g of ice. A yellow precipitate formed, which was fil-
tered and washed with H2O. The crude product was recrystallized from methanol to give pure
14j. Yield: 85%; brown solid; m.p. 109–110°C; 1H-NMR (400 MHz, CDCl3): δ 2.21 (3H, s),
4.04 (3H, s), 6.14 (1H, s), 7.16 (1H, d, J = 8.76 Hz), 8.10 (1H, d, J = 8.76 Hz), 8.36 (1H, s), 16.06
(1H, s).

3-Methyl-5-phenyl-1-(3,4,5-trimethoxyphenyl)-1H-pyrazole (7a). (3,4,5-Trimethoxy-
phenyl)hydrazine hydrochloride (0.14 g, 0.617 mmol), 1-benzoylacetone (0.10 g, 0.617 mmol)
and NaOAc (0.05 g, 0.074 mmol) were combined in EtOH (50 mL). The reaction was refluxed
for 1 h, cooled to room temperature concentrated in vacuo. The resulting slurry was dissolved
in dichloromethane (50 mL), washed with water (2 × 30 mL), dried over Na2SO4, filtered and
concentrated under vacuum. The crude product was purified by chromatography on silica gel
to afford the desired 5-phenyl-1-(3,4,5-trimethoxyphenyl)- 3-methyl-1H-pyrazole 7a. Yield:
74%; yellow solid; m.p. 77–78°C; 1H-NMR (400 MHz, CDCl3): δ 2.41 (3H, s), 3.66 (6H, s), 3.83
(3H, s), 6.32 (1H, s), 6.50 (2H, s), 7.24–7.28 (2H, m), 7.31–7.32 (3H, m); 13C-NMR (100 MHz,
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CDCl3): δ 13.5, 56.0 (2C), 60.9, 102.7 (2C), 107.6, 128.2, 128.4 (2C), 128.7 (2C), 130.8, 135.6,
137.0, 143.8, 149.2, 153.0 (2C); ESI-MS: m/z = 325.1[M+H]+, 649.3[2M+H]+, 671.3 [2M+Na]+.

3-Methyl-5-(4-methoxyphenyl)-1-(3,4,5-trimethoxy-phenyl)-1H-pyrazole (7b). The
title compound was obtained according to the procedure described above for 7a. Yield: 76%;
pale yellow solid; m.p. 118–119°C; 1H-NMR (400 MHz, CDCl3): δ 2.42 (3H, s), 3.70 (6H, s),
3.80 (3H, s), 3.83 (3H, s), 6.27 (1H, s), 6.52 (2H, s), 6.85 (2H, d, J = 8.60 Hz), 7.18 (2H, d,
J = 8.60 Hz); 13C-NMR (100 MHz, CDCl3): δ 13.6, 55.3, 56.0 (2C), 61.0, 102.9 (2C), 107.0,
113.8 (2C), 123.2, 129.9 (2C), 135.9, 136.9, 143.6, 149.2, 153.0 (2C), 159.5; ESI-MS: m/z = 355.1
[M+H]+, 731.3 [2M+Na]+.

3-Methyl-5-(4-methylphenyl)-1-(3,4,5-trimethoxy-phenyl)-1H-pyrazole (7c). The title
compound was obtained according to the procedure described above for 7a. Yield: 79%; brown
liquid; 1H-NMR (400 MHz, CDCl3): δ 2.33 (3H, s), 2.38 (3H, s), 3.67 (6H, s), 3.83 (3H, s), 6.27
(1H, s), 6.50 (2H, s), 7.11 (2H, d, J = 8.28 Hz), 7.14 (2H, d, J = 8.28 Hz); 13C-NMR (100 MHz,
CDCl3): δ 13.5, 21.1, 56.0 (2C), 60.9, 102.8 (2C), 107.3, 127.9, 128.5 (2C), 129.0 (2C), 135.9,
137.0, 138.0, 143.8, 149.1, 153.0 (2C); ESI-MS: m/z = 339.2 [M+H]+, 677.3 [2M+H]+, 699.3
[2M+Na]+.

3-Methyl-5-(4-fluorophenyl)-1-(3,4,5-trimethoxyphenyl)-1H-pyrazole (7d). The title
compound was obtained according to the procedure described above for 7a. Yield: 83%; yellow
solid; m.p. 104–105°C; 1H-NMR (400 MHz, CDCl3): δ 2.38 (3H, s), 3.69 (6H, s), 3.83 (3H, s),
6.28 (1H, s), 6.47 (2H, s), 6.98–7.04 (2H, m), 7.21–7.25 (2H, m); 13C-NMR (100 MHz, CDCl3):
δ 13.4, 56.1 (2C), 61.0, 102.9 (2C), 107.6, 115.5 (2C, d, J = 21.9 Hz), 126.7, 130.5 (2C, d, J = 8.3
Hz), 135.3, 137.3, 142.8, 149.2, 153.2 (2C), 161.6 (d, J = 249.0 Hz); ESI-MS: m/z = 343.1 [M
+H]+, 707.3 [2M+Na]+.

3-Methyl-5-(3-fluoro-4-methoxyphenyl)-1-(3,4,5-trimethoxyphenyl)-1H-pyrazole
(7e). The title compound was obtained according to the procedure described above for 7a.
Yield: 78%; brown solid; m.p. 86–87°C; 1H-NMR (400 MHz, CDCl3): δ 2.38 (3H, s), 3.71 (6H,
s), 3.84 (3H, s), 3.88 (3H, s), 6.27 (1H, s), 6.50 (2H, s), 6.86–6.90 (1H, m), 6.93–6.95 (1H, m),
7.00–7.03 (1H, m); 13C-NMR (100 MHz, CDCl3): δ 13.5, 56.1 (2C), 56.2, 60.9, 103.0 (2C),
107.3, 113.1, 116.3 (d, J = 19.54 Hz), 123.5 (d, J = 6.73 Hz), 124.7 (d, J = 3.56 Hz), 135.7, 137.3,
142.3, 147.5 (d, J = 10.23 Hz), 149.2, 151.6 (d, J = 246.92 Hz), 153.2 (2C); ESI-MS: m/z = 373.2
[M+H]+, 745.3 [2M+H]+.

3-Methyl-5-(4-allyloxy-3-methoxyphenyl)-1-(3,4,5-trimethoxyphenyl)-1H-pyrazole
(7f). The title compound was obtained according to the procedure described above for 7a.
Yield: 80%; white solid; m.p. 78–79°C; 1H-NMR (400 MHz, CDCl3): δ 2.42 (3H, s), 3.70 (9H, d,
J = 2.26 Hz), 3.83 (3H, s), 4.60–4.62 (2H, m), 5.28–5.31 (1H, m), 5.37–5.42 (1H, m), 6.01–6.12
(1H, m), 6.31 (1H, s), 6.54 (2H, s), 6.73 (1H, s), 6.82 (2H, s); 13C-NMR (100 MHz, CDCl3): δ
12.9, 55.9, 56.3 (2C), 61.0, 69.8, 103.3 (2C), 107.1, 112.1, 113.1, 118.3, 120.9, 121.5, 122.1, 132.7,
133.9, 137.8, 144.5, 148.6, 149.2, 153.3 (2C); ESI-MS: m/z = 411.2 [M+H]+, 821.4 [2M+H]+,
843.4 [2M+Na]+.

3-Methyl-5-(3-allyloxy-4-methoxyphenyl)-1-(3,4,5-trimethoxyphenyl)-1H-pyrazole
(7g). The title compound was obtained according to the procedure described above for 7a.
Yield: 85%; brown solid; m.p. 79–80°C; 1H-NMR (400 MHz, CDCl3): δ 2.42 (3H, s), 3.72 (6H,
s), 3.85 (3H, s), 3.90 (3H, s), 4.45 (2H, d, J = 5.37 Hz), 5.20–5.23 (1H, m), 5.26–5.30 (1H, m),
5.88–5.97 (1H, m), 6.29 (1H, s), 6.53 (2H, s), 6.74 (1H, d, J = 1.80 Hz), 6.84 (1H, d, J = 8.18 Hz),
6.89 (1H, dd, J = 8.18 Hz, J = 1.80 Hz); 13C-NMR (100 MHz, CDCl3): δ 13.4, 56.0, 56.1 (2C),
60.9, 69.8, 103.0 (2C), 107.0, 111.4, 114.0, 118.0, 121.7, 122.9, 132.8, 135.6, 137.2, 143.7, 147.6,
149.1, 149.5, 153.1 (2C); ESI-MS: m/z = 411.2 [M+H]+, 821.4 [2M+H]+, 843.4 [2M+Na]+.

3-Methyl-5-(4-methoxy-3-nitrophenyl)-1-(3,4,5-trimethoxyphenyl)-1H-pyrazole (7h).
The title compound was obtained according to the procedure described above for 7a. Yield:
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75%; yellow solid; m.p. 145–146°C; 1H-NMR (400 MHz, CDCl3): δ 2.41 (3H, s), 3.75 (6H, s),
3.86 (3H, s), 3.97 (3H, s), 6.37 (1H, s), 6.52 (2H, s), 7.01 (1H, d, J = 8.82 Hz), 7.33 (1H, dd,
J = 8.82 Hz, J = 2.26 Hz), 7.86(1H, d, J = 2.26Hz); 13C-NMR (100 MHz, CDCl3): δ 13.3, 56.3
(2C), 56.7, 61.0, 103.3 (2C), 107.6, 113.5, 122.8, 125.5, 133.9, 134.8, 137.9, 139.4, 141.2, 149.3,
152.6, 153.4 (2C); ESI-MS: m/z = 400.1 [M+H]+, 422.1 [M+Na]+, 799.3 [2M+H]+, 821.3
[2M+Na]+.

3-Methyl-5-(3-hydroxy-4-methoxyphenyl)-1-(3,4,5-trimethoxyphenyl)-1H-pyrazole
(7i). TiCl4 (0.5 mL) was added to a solution of 7g (0.2 g, 0.49 mmol) in CH2Cl2 (20 mL) and
the reaction mixture was stirred for 0.5 h at -20°C. The reaction mixture was warmed to room
temperature and concentrated in vacuo. The resulting slurry was dissolved in dichloromethane
(30 mL), washed with water (2 × 15 mL), dried over Na2SO4, filtered and concentrated under
vacuum. The crude product was purified by chromatography on silica gel to give 7i. Yield:
93%; pale yellow solid; m.p. 130–131°C; 1H-NMR (400 MHz, CDCl3): δ 2.37 (3H, s), 3.69 (6H,
s), 3.82 (3H, s), 3.86 (3H, s), 6.23 (1H, s), 6.52 (2H, s), 6.68 (1H, dd, J = 8.32 Hz, J = 2.00 Hz),
6.76 (1H, d, J = 8.32 Hz), 6.87 (1H, d, J = 2.00 Hz); 13C-NMR (100 MHz, CDCl3): δ 13.5, 56.0,
56.1 (2C), 60.9, 103.0 (2C), 107.2, 110.5, 115.0, 120.7, 123.8, 135.7, 137.1, 143.6, 145.5, 146.7,
149.1, 153.0 (2C); ESI-MS: m/z = 371.2 [M+H]+, 741.3 [2M+H]+, 763.3 [2M+Na]+.

3-Methyl-5-(4-hydroxy-3-methoxyphenyl)-1-(3,4,5-trimethoxyphenyl)-1H-pyrazole
(7j). The title compound was obtained according to the procedure described above for 7i.
Yield: 91%; white solid; m.p. 197–198°C; 1H-NMR (400 MHz, CDCl3): δ 2.40 (3H, s), 3.71 (9H,
s), 3.82 (3H, s), 6.28 (1H, s), 6.53 (2H, s), 6.68 (1H, d, J = 1.61 Hz), 6.81 (1H, dd, J = 8.28 Hz,
J = 1.61 Hz), 6.87 (1H, d, J = 8.28 Hz); 13C-NMR (100 MHz, CDCl3): δ 13.5, 55.9, 56.2 (2C),
61.0, 103.0 (2C), 107.0, 111.3, 114.5, 122.1, 122.4, 135.6, 137.2, 143.9, 145.9, 146.3, 149.1, 153.1
(2C); ESI-MS: m/z = 371.2 [M+H]+, 741.3 [2M+H]+, 763.3 [2M+Na]+.

3-Methyl-5-(3-amino-4-methoxyphenyl)-1-(3,4,5-trimethoxyphenyl)-1H-pyrazole
(7k). The title compound was obtained according to the procedure described above for 11.
Yield: 95%; pale yellow solid; m.p. 129–130°C; 1H-NMR (400 MHz, CDCl3): δ 2.36 (3H, s),
3.70 (6H, s), 3.82 (3H, s), 3.83 (3H, s), 3.91 (2H, s), 6.21 (1H, s), 6.54 (2H, s), 6.58 (1H, dd,
J = 8.28 Hz, J = 1.94 Hz), 6.65 (1H, d, J = 1.94 Hz), 6.69 (1H, d, J = 8.28 Hz); 13C-NMR (100
MHz, CDCl3): δ 13.5, 55.5, 56.0 (2C), 60.9, 102.7 (2C), 107.1, 110.0, 114.9, 119.0, 123.5, 136.0,
136.1, 136.8, 144.0, 147.2, 149.0, 152.9 (2C); ESI-MS: m/z = 370.1 [M+H]+, 739.3 [2M+H]+,
761.3 [2M+Na]+.

4-Formyl-3-methyl-5-(3-hydroxy-4-methoxyphenyl)-1-(3,4,5-trimethoxyphenyl)-1H-
pyrazole (7l). DMF (8 mL) was cooled in an ice bath, and POCl3 (1 mL, 10.8 mmol) was
added dropwise over 10 min. The mixture was stirred for 30 min at 0°C, followed by dropwise
addition of a solution of 7i (0.06 g, 0.17 mmol) in DMF (2 mL) over 15 min. The ice bath was
removed, and the mixture was stirred at 60°C for 3 h. The reaction was quenched upon addi-
tion of 30 g of ice. The resulting mixture was extracted with EtOAc (3 × 30 mL), and the ex-
tracts were dried over Na2SO4, concentrated in vacuo and purified by chromatography on
silica gel to afford the desired 7l. Yield: 81%; pale yellow solid; m.p. 97–98°C; 1H-NMR (400
MHz, CDCl3): δ 2.61 (3H, s), 3.68 (6H, s), 3.82 (3H, s), 3.92 (3H, s), 6.49 (2H, s), 6.80 (1H, dd,
J = 8.39 Hz, J = 1.94 Hz), 6.87–6.89 (2H, m), 9.75 (1H, s); 13C-NMR (100 MHz, CDCl3): δ 12.7,
55.1 (3C), 60.0, 101.8 (2C), 109.7, 115.4, 118.7, 119.5, 121.6, 133.3, 136.6, 144.9, 146.9, 147.8,
150.0, 152.1 (2C), 185.4; ESI-MS: m/z = 399.1 [M+H]+, 421.1 [M+Na]+, 699.3 [2M+H]+, 761.3
[2M+Na]+.

4-Hydroxymethyl-3-methyl-5-(3-hydroxy-4-methoxy-phenyl)-1-(3,4,5-trimethoxyphe-
nyl)-1H-pyrazole (7m). NaBH4 (0.02 g, 0.63 mmol) was added with stirring to a suspension
of the aldehyde 7l (0.05 g, 0.13 mmol) in MeOH (20 mL) and the reaction mixture was stirred
for 2 h at room temperature. The reaction mixture was concentrated in vacuo. The resulting
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slurry was dissolved in dichloromethane (40 mL), washed with water (2 × 20 mL), dried over
Na2SO4, filtered and concentrated under vacuum. The crude product was purified by chroma-
tography on silica gel to afford the desired 7m. Yield: 96%; white solid; m.p. 166–167°C;
1H-NMR (400 MHz, CDCl3): δ 2.44 (3H, s), 3.67 (6H, s), 3.80 (3H, s), 3.91 (3H, s), 4.52 (2H, s),
6.46 (2H, s), 6.75 (1H, d, J = 7.70 Hz), 6.83 (1H, d, J = 7.70Hz), 6.88 (1H, s); 13C-NMR (100
MHz, CDCl3): δ 11.8, 55.0, 56.0 (2C), 58.4, 60.9, 102.5 (2C), 110.6, 116.1, 118.5, 122.1, 123.1,
135.6, 136.9, 142.0, 145.6, 146.9, 148.8, 153.0 (2C); ESI-MS: m/z = 401.1 [M+H]+, 801.2 [2M
+H]+, 823.2 [2M+Na]+.

4-Bromo-3-methyl-5-(4-methoxy-3-nitrophenyl)-1-(3,4,5-trimethoxyphenyl)-1H-pyra-
zole (7n). Amixture of 7h (0.08 g, 0.20 mmol) and NBS (0.04 g, 0.02 mmol) in CCl4 (4 mL)
was stirred at room temperature for 1.5 h. The progress of the reaction was monitored by thin
layer chromatography (TLC). The by-product succinimide was filtered and washed with CCl4
(5 mL). The filtrate was washed with water (2 × 10 mL) and dried over MgSO4. The solvent
was removed under reduced pressure. The crude product was purified by chromatography on
silica gel to afford the desired 7n. Yield: 88%; pale yellow solid; m.p. 182–183°C; 1H-NMR (400
MHz, CDCl3): δ 2.39 (3H, s), 3.71 (6H, s), 3.83 (3H, s), 3.99 (3H, s), 6.44 (2H, s), 7.08 (1H, d,
J = 8.62 Hz), 7.41 (1H, dd, J = 8.62 Hz, J = 2.36 Hz), 7.92 (1H, d, J = 2.36 Hz); 13C-NMR (100
MHz, CDCl3): δ 11.3, 55.3 (2C), 55.7, 60.0, 96.2, 102.0 (2C), 112.6, 120.1, 126.0, 133.5, 134.3,
137.0, 137.4, 138.4, 147.4, 152.0, 152.4 (2C); ESI-MS: m/z = 478.1 [M+H]+.

4-Bromo-3-methyl-5-(3-amino-4-methoxyphenyl)-1-(3,4,5-trimethoxyphenyl)-1H-pyr-
azole (7o). The title compound was obtained according to the procedure described above for
11. Yield: 92%; yellow solid; m.p. 128–129°C; 1H-NMR (400 MHz, CDCl3): δ 2.36 (3H, s), 3.67
(6H, s), 3.81 (3H, s), 3.85 (3H, s), 6.47 (2H, s), 6.66 (1H, d, J = 8.60 Hz), 6.71 (1H, s), 6.77 (1H,
d, J = 8.60 Hz); 13C-NMR (100 MHz, CDCl3): δ 12.5, 55.5, 56.0 (2C), 60.9, 96.6, 102.1 (2C),
110.1, 115.9, 120.4, 121.9, 135.8, 136.2, 136.9, 141.1, 147.6, 148.0, 152.9 (2C); ESI-MS: m/
z = 448.1 [M+H]+, 470.1 [M+Na]+.

3-Ethyl-5-(4-methoxy-3-nitrophenyl)-1-(3,4,5-trimethoxyphenyl)-1H-pyrazole (7p).
The title compound was obtained according to the procedure described above for 7a. Yield:
85%; yellow solid; m.p. 151–152°C; 1H-NMR (400 MHz, CDCl3): δ 1.34 (3H, t), 2.75 (2H, q),
3.73 (6H, s), 3.84 (3H, s), 3.96 (3H, s), 6.38 (1H, s), 6.50 (2H, s), 7.00 (1H, d, J = 8.85 Hz), 7.31
(1H, dd, J = 8.85 Hz, J = 2.21 Hz), 7.86(1H, d, J = 2.21Hz); 13C-NMR (100 MHz, CDCl3): δ
12.8, 20.4, 55.2 (2C), 55.7, 60.0, 102.4 (2C), 105.1, 112.4, 122.2, 124.5, 132.9, 134.3, 136.7, 138.4,
139.9, 151.4, 152.4 (2C), 154.5; ESI-MS: m/z = 414.1 [M+H]+, 827.3 [2M+H]+.

3-Propyl-5-(4-methoxy-3-nitrophenyl)-1-(3,4,5-trimethoxyphenyl)-1H-pyrazole (7q).
The title compound was obtained according to the procedure described above for 7a. Yield:
75%; yellow solid; m.p. 149–150°C; 1H-NMR (400 MHz, CDCl3): δ 1.03 (3H, t), 1.69–1.78 (2H,
m), 2.69 (2H, t), 3.72 (6H, s), 3.84 (3H, s), 3.95 (3H, s), 6.36 (1H, s), 6.50 (2H, s), 7.00 (1H, d,
J = 11.05 Hz), 7.31 (1H, dd, J = 11.05 Hz, J = 2.37 Hz), 7.84(1H, d, J = 2.37Hz); 13C-NMR (100
MHz, CDCl3): δ 13.0, 21.8, 29.2, 55.2 (2C), 55.7, 60.0, 102.4 (2C), 105.6, 112.4, 122.2, 124.5,
132.9, 134.3, 136.7, 138.4, 139.8, 151.4, 152.4 (2C), 153.2; ESI-MS: m/z = 428.1 [M+H]+.

3-Ethyl-5-(3-amino-4-methoxyphenyl)-1-(3,4,5-trimethoxyphenyl)-1H-pyrazole (7r).
The title compound was obtained according to the procedure described above for 11. Yield:
95%; pale yellow solid; m.p. 114–115°C; 1H-NMR (400 MHz, CDCl3): δ 1.32 (3H, t), 2.74 (2H,
q), 3.70 (6H, s), 3.82 (3H, s), 3.84 (3H, s), 6.24 (1H, s), 6.54 (2H, s), 6.58 (1H, dd, J = 8.37 Hz,
J = 2.05 Hz), 6.64 (1H, d, J = 2.05 Hz), 6.69 (1H, d, J = 8.37 Hz); 13C-NMR (100 MHz, CDCl3):
δ 13.9, 21.5, 55.6, 56.1 (2C), 61.0, 102.8 (2C), 105.5, 110.1, 115.3, 119.4, 123.6, 135.5, 136.1,
136.8, 143.9, 147.4, 153.0 (2C), 15/5.1; ESI-MS: m/z = 384.2 [M+H]+, 767.4 [2M+H]+, 789.3
[2M+Na]+.
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3-Propyl-5-(3-amino-4-methoxyphenyl)-1-(3,4,5-trimethoxyphenyl)-1H-pyrazole
(7s). The title compound was obtained according to the procedure described above for 11.
Yield: 90%; pale yellow solid; m.p. 125–126°C; 1H-NMR (400 MHz, CDCl3): δ 1.03 (3H, t),
1.64–1.80(2H, m), 2.68 (2H, t), 3.69 (6H, s), 3.82 (3H, s), 3.83 (3H, s), 4.35 (2H, s), 6.23 (1H, s),
6.54 (2H, s), 6.58 (1H, dd, J = 8.30 Hz, J = 2.10 Hz), 6.64 (1H, d, J = 2.10 Hz), 6.69 (1H, d,
J = 8.30 Hz); 13C-NMR (100 MHz, CDCl3): δ 14.1, 22.9, 30.4, 55.5, 56.1 (2C), 61.0, 102.8 (2C),
106.0, 110.1, 115.0, 119.1, 123.7, 136.0, 136.1, 136.8, 143.8, 147.2, 152.9 (2C), 153.8; ESI-MS:
m/z = 398.1 [M+H]+.

3-Methyl-1-phenyl-5-(3,4,5-trimethoxyphenyl)-1H-pyrazole (8a). The title compound
was obtained according to the procedure described above for 7a. Yield: 74%; yellow solid; m.
p. 88–89°C; 1H-NMR (400 MHz, CDCl3): δ 2.38 (3H, s), 3.63 (6H, s), 3.84 (3H, s), 6.32 (1H, s),
6.40 (2H, s), 7.27–7.52 (5H, m); 13C-NMR (100 MHz, CDCl3): δ 13.4, 55.9 (2C), 60.8, 105.8
(2C), 106.0, 107.2, 125.5 (2C), 127.5, 128.9 (2C), 138.0, 139.8, 143.8, 149.1, 153.0 (2C); ESI-MS:
m/z = 325. 1 [M+H]+.

3-Methyl-1-(4-methoxyphenyl)-5-(3,4,5-trimethoxy-phenyl)-1H-pyrazole (8b). The
title compound was obtained according to the procedure described above for 7a. Yield: 78%;
brown solid; m.p. 67–68°C; 1H-NMR (400 MHz, CDCl3): δ 2.41 (3H, s), 3.67 (6H, s), 3.80 (3H,
s), 3.85 (3H, s), 6.31 (1H, s), 6.42 (2H, s), 6.88 (2H, d, J = 8.60 Hz), 7.24 (2H, d, J = 8.60 Hz);
13C-NMR (100 MHz, CDCl3): δ 13.5, 55.5, 55.9 (2C), 60.9, 105.9 (2C), 106.6, 114.0 (2C), 125.8,
126.9 (2C), 133.2, 137.9, 143.7, 148.8, 153.0 (2C), 158.8; ESI-MS: m/z = 355.1 [M+H]+, 731.3
[2M+Na]+.

3-Methyl-1-(4-methylphenyl)-5-(3,4,5-trimethoxy-phenyl)-1H-pyrazole (8c). The title
compound was obtained according to the procedure described above for 7a. Yield: 73%; yellow
solid; m.p. 70–71°C; 1H-NMR (400 MHz, CDCl3): δ 2.33 (3H, s), 2.37 (3H, s), 3.64 (6H, s), 3.84
(3H, s), 6.29 (1H, s), 6.40 (2H, s), 7.14 (4H, m); 13C-NMR (100 MHz, CDCl3): δ 12.5, 20.0, 54.9
(2C), 59.9, 105.0 (2C), 105.9, 124.3 (2C), 124.9, 128.4 (2C), 136.2, 136.7, 136.9, 142.6, 148.0,
151.9 (2C); ESI-MS: m/z = 339.2 [M+H]+.

3-Methyl-1-(2-methyl-5-nitrophenyl)-5-(3,4,5-trimethoxyphenyl)-1H-pyrazole (8d).
The title compound was obtained according to the procedure described above for 7a. Yield:
71%; pale yellow solid; m.p. 102–103°C; 1H-NMR (400 MHz, CDCl3): δ 2.09 (3H, s), 2.39 (3H,
s), 3.63 (6H, s), 3.81 (3H, s), 6.33 (2H, s), 6.39 (1H, s), 7.42 (1H, d, J = 8.44 Hz), 8.17 (1H, dd,
J = 8.44 Hz, J = 2.36 Hz), 8.23 (1H, d, J = 2.36 Hz); 13C-NMR (100 MHz, CDCl3): δ 12.4, 17.1,
55.0 (2C), 59.9, 104.2 (2C), 105.3, 122.6, 122.7, 130.8, 137.5, 138.8, 138.9, 143.1, 144.5, 145.5,
149.0, 152.3 (2C); ESI-MS: m/z = 384.2 [M+H]+, 406.1 [M+Na]+, 422.1 [M+K]+, 789.3 [2M
+Na]+.

3-Methyl-1-(5-amino-2-methylphenyl)-5-(3,4,5-trimethoxyphenyl)-1H-pyrazole (8e).
The title compound was obtained according to the procedure described above for 11. Yield:
90%; pale yellow solid; m.p. 69–70°C; 1H-NMR (400 MHz, CDCl3): δ 1.78 (3H, s), 2.37 (3H,s),
3.64 (6H, s), 3.82 (3H, s), 6.34 (1H, s), 6.43 (2H, s), 6.68 (2H, m), 6.98 (1H, d, J = 8.37 Hz);
13C-NMR (100 MHz, CDCl3): δ 13.5, 16.5, 55.9 (2C), 60.9, 104.8 (2C), 104.9, 115.3, 116.5,
125.6, 126.0, 131.5, 137.8, 140.3, 144.2, 148.9, 152.9 (2C); ESI-MS: m/z = 354.2 [M+H]+.

3-Methyl-1-(4-methoxy-3-nitrophenyl)-5-(3,4,5-trimethoxyphenyl)-1H-pyrazole (8f).
The title compound was obtained according to the procedure described above for 7a. Yield:
78%; pale yellow solid; m.p. 118–119°C; 1H-NMR (400 MHz, CDCl3): δ 2.37 (3H, s), 3.73 (6H,
s), 3.87 (3H, s), 3.97 (3H, s), 6.31 (1H, s), 6.43 (2H, s),7.02 (1H, d, J = 8.79 Hz), 7.41 (1H, dd,
J = 8.79 Hz, J = 2.61 Hz), 7.92 (1H, d, J = 2.61 Hz); 13C-NMR (100 MHz, CDCl3): δ 13.5, 56.2
(2C), 56.8, 60.9, 106.2 (2C), 108.0, 113.5, 122.0, 125.4, 130.1, 132.7, 138.5, 139.1, 143.8, 150.0,
151.4, 153.3 (2C).
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3-Methyl-1-(3-amino-4-methoxyphenyl)-5-(3,4,5-trimethoxyphenyl)-1H-pyrazole
(8g). The title compound was obtained according to the procedure described above for 11.
Yield: 89%; white solid; m.p. 56–57°C; 1H-NMR (400 MHz, CDCl3): δ 2.35 (3H, s), 3.68 (6H, s),
3.82 (3H, s), 3.84 (3H, s), 3.96 (2H, s), 6.27 (1H, s), 6.45 (2H, s), 6.54 (1H, dd, J = 8.52 Hz,
J = 2.16 Hz), 6.68 (1H, d, J = 8.52 Hz), 6.80 (1H, d, J = 2.16 Hz); 13C-NMR (100 MHz, CDCl3): δ
13.4, 55.7, 55.9 (2C), 60.8, 105.8 (2C), 106.4, 109.9, 112.4, 115.7, 126.0, 133.6, 136.3, 137.8, 143.5,
146.6, 148.6, 152.9 (2C); ESI-MS: m/z = 370.1 [M+H]+, 739.3 [2M+H]+, 761.3 [2M+Na]+.

3-Methyl-1-(3-allyloxy-4-methoxyphenyl)-5-(3,4,5-trimethoxyphenyl)-1H-pyrazole
(8h). The title compound was obtained according to the procedure described above for 7a.
Yield: 77%; brown solid; m.p. 98–99°C; 1H-NMR (400 MHz, CDCl3): δ 2.40 (3H, s), 3.68 (6H,
s), 3.85 (3H, s), 3.87(3H, s), 4.50 (2H, d, J = 5.07 Hz), 5.18–5.21 (1H, m), 5.27–5.32 (1H, m),
5.90–6.00 (1H, m), 6.31 (1H, s), 6.42 (2H, s), 6.81–6.87 (3H, m); 13C-NMR (100 MHz, CDCl3):
δ 13.5, 56.0 (2C), 56.2, 60.9, 69.9, 106.0 (2C), 106.8, 111.2, 111.3, 118.1 (2C), 126.0, 132.6,
133.2, 137.9, 143.6, 147.9, 148.7, 148.9, 153.0 (2C).

3-Methyl-1-(3-hydroxy-4-methoxyphenyl)-5-(3,4,5-trimethoxyphenyl)-1H-pyrazole
(8i). The title compound was obtained according to the procedure described above for 7i.
Yield: 90%; grey solid; m.p. 167–168°C; 1H-NMR (400 MHz, CDCl3): δ 2.36 (3H, s), 3.66 (6H,
s), 3.80 (3H, s), 3.84 (3H, s), 6.29 (1H, s), 6.44 (2H, s), 6.67 (1H, dd, J = 8.59 Hz, J = 2.26 Hz),
6.72 (1H, d, J = 8.59 Hz), 6.99 (1H, d, J = 2.26 Hz); 13C-NMR (100 MHz, CDCl3): δ 13.4, 56.0
(3C), 60.9, 105.9 (2C), 106.5, 110.5, 113.1, 117.4, 125.8, 133.4, 137.9, 143.8, 146.1, 146.6, 148.8,
152.9 (2C); ESI-MS: m/z = 371.2 [M+H]+, 741.3 [2M+H]+, 763.3 [2M+Na]+.

Biology
Cell line and culture conditions. Pulmonary adenocarcinoma cell lines (A549) and gas-

tric adenocarcinoma cell lines (SGC-7901) were provided as gifts (purchased from the Cell Re-
source Center of Shanghai Institutes for Biological Sciences) from the China-Japan Research
Institute of Medical and Pharmaceutical Sciences, Shenyang Pharmaceutical University. Fibro-
sarcoma cell lines (HT-1080) were purchased from the Cell Resource Center of Shanghai Insti-
tutes for Biological Sciences. All cells were maintained in DMEM containing 1% antibiotics
(100 units of penicillin and 10 mg streptomycin per mL in 0.9% normal saline) and 10% foetal
bovine serum in a humidified atmosphere containing 5% CO2 at 37°C.

MTT assay. Antiproliferative activities of CA-4 and the target compounds were measured
using a colourimetric assay using 3-(4,5-dimethylthiazol-2yl-)-2,5-diphenyltetrazolium bro-
mide (MTT). Approximately 3 × 104 cells were seeded in a 96-well plate. After 24 h of incuba-
tion at 37°C, cells were exposed to compounds of differing concentrations (0.0008 μg/mL,
0.004 μg/mL, 0.02 μg/mL, 0.10 μg/mL, 0.50 μg/mL, 2.5 μg/mL, 12.5 μg/mL, 62.5 μg/mL) for 72
h. After treatment, cells were washed with 1X PBS followed by addition of 100 μL of 0.05%
MTT reagent to each well, followed by incubation for 4 h at 37°C. After incubation, the super-
natant from each well was carefully removed and the formazan crystals were dissolved in
100 μL of DMSO. The colour density was measured spectrophotometrically at 490 nm using a
microplate reader (SpectraMax Plus384, Molecular Devices Corp., USA). The percentage of
cell growth inhibition was calculated as follow: inhibition ratio % = (Acontrol—Atreated) / Acontrol

× 100%. The 50% inhibitory concentration (IC50) was defined as the concentration that re-
duced the absorbance of the untreated wells by 50% of the vehicle in the MTT assay.

Tubulin assembly assay. The effect of compounds 7i and 7k on the polymerization of pu-
rified brain tubulin was determined employing a fluorescence-based tubulin polymerization
assay kit (Cat. #BK011P, Cytoskeleton, Inc., USA) according to the manufacturer’s protocol.
Tubulin was re-suspended in ice-cold G-PEM buffer (80 mM PIPES, 2 mMMgCl2, 0.5 mM
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EGTA, 1 mMGTP, 20% (v/v) glycerol) and added to wells on a 96-well plate containing the
designated concentration of drugs or vehicle. Samples were mixed well, and tubulin assembly
was monitored (emission wavelength: 450 nm; excitation wavelength: 360 nm) at 1 min inter-
vals for 90 min at 37°C using a plate reader (FASCalibur, BD Biosciences, USA). IC50 values
were calculated at 80 min using SPSS software in three experiments.

Immunostaining of tubulin assembly and DAPI nuclear staining. Immunostaining
was performed to detect microtubule-associated tubulin protein after exposure to CA-4 and
compound 7k. The SGC-7901 and HT-1080 cells were seeded at a density of 1 × 104 per well
on a 24-well plate and grown for 24 h. Cells were treated with vehicle or 2-fold IC50 concen-
trations of CA-4 or 7k for 48 h. The control and treated cells were fixed in acetone:methanol
(1:1) for 30 min at -20°C, washed with 1X PBS, incubated for 30 min in 1X PBS containing
2% BSA, and then 0.1% Triton X-100. The primary tubulin antibody (Cell Signaling Technol-
ogy, MA, USA) was diluted (1:100) with 2% BSA in 1X PBS and incubated overnight at 4°C.
The cells were washed with 1X PBS to remove unbound primary antibody, and then cells
were incubated for 3 h at 37°C with FITC-conjugated anti-mouse secondary antibody diluted
1:1000 with 2% BSA in PBS. The cells were washed with 1X PBS to remove unbound second-
ary antibody, the nucleus was stained with 4,6-diamino-2-phenolindole dihydrochloride
(DAPI), and immunofluorescence was detected using an Olympus inverted fluorescence
microscope.

Docking study
The initial coordinates for tubulin were taken from the crystal structure of tubulin in complex
with colchicine (PDB ID: 1SA0) obtained from the Protein Data Bank. Molecular docking was
performed using the Discovery Studio 3.0 software package’s CDOCKER protocol with the de-
fault settings. The protein was prepared by removing all of the ions and substructures present
and then adding hydrogen atoms. In the docking process, the active site was defined along with
the CA-4 (1) complex. Compound 7k was docked into the active site and the docking simula-
tions were performed using the Discovery studio 3.0 programme.

Supporting Information
S1 File. Contents: 1H and 13C NMR spectra of all target compounds and representative in-
termediates. Supporting Information include the NMR (1H and 13C) spectra of the synthesized
pyrazole derivatives and representative intermediates.
(PDF)
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