
Bioorganic & Medicinal Chemistry 20 (2012) 6048–6058
Contents lists available at SciVerse ScienceDirect

Bioorganic & Medicinal Chemistry

journal homepage: www.elsevier .com/locate /bmc
Design, modification and 3D QSAR studies of novel
2,3-dihydrobenzo[b][1,4]dioxin-containing 4,5-dihydro-1H-pyrazole
derivatives as inhibitors of B-Raf kinase

Yu-Shun Yang �, Qing-Shan Li �, Shuai Sun, Yan-Bin Zhang, Xiao-Liang Wang, Fei Zhang, Jian-Feng Tang,
Hai-Liang Zhu ⇑
State Key Laboratory of Pharmaceutical Biotechnology, Nanjing University, Nanjing 210093, People’s Republic of China
a r t i c l e i n f o

Article history:
Received 17 July 2012
Revised 20 August 2012
Accepted 21 August 2012
Available online 30 August 2012

Keywords:
Dioxin
Modification
Pyrazole
Antitumor activity
B-Raf
0968-0896/$ - see front matter � 2012 Elsevier Ltd. A
http://dx.doi.org/10.1016/j.bmc.2012.08.043

Abbreviations: B-Raf, V-Raf murine sarcoma vir
B-RafV600E, V600E mutant B-Raf; B-RafWT, B-Raf w
inhibitory concentration; GI50, the concentration that c
QSAR, quantitative structure–activity relationship.
⇑ Corresponding author. Tel./fax: +86 25 8359 2672

E-mail address: zhuhl@nju.edu.cn (H.-L. Zhu).
� These authors contributed equally to the work.
a b s t r a c t

Two series of novel 2,3-dihydrobenzo[b][1,4]dioxin-containing 4,5-dihydro-1H-pyrazole derivatives
C1–C15 and D1–D15 have been synthesized and evaluated for their B-Raf inhibitory and anti-proliferation
activities. Compound C14 ((3-(4-bromophenyl)-5-(2-fluorophenyl)-4,5-dihydro-1H-pyrazol-1-yl)(2,3-
dihydrobenzo[b][1,4]dioxin-6-yl)methanone) showed the most potent biological activity against
B-RafV600E (IC50 = 0.11 lM) and WM266.4 human melanoma cell line (GI50 = 0.58 lM), being comparable
with the positive control Erlotinib and more potent than our previous best compound, while D10 ((2,3-dihy-
drobenzo[b][1,4]dioxin-2-yl)(5-(3-fluorophenyl)-3-phenyl-4,5-dihydro-1H-pyrazol-1-yl)methanone) per-
formed the best in the D series (IC50 = 1.70 lM; GI50 = 1.45 lM). The docking simulation was performed to
analyze the probable binding models and poses and the QSAR model was built for reasonable design of B-Raf
inhibitors in future. The introduction of 2,3-dihydrobenzo[b][1,4]dioxin structure reinforced the combina-
tion of our compounds and the receptor, resulting in progress of bioactivity.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Being the second cause of mortality in the world, cancer is
continuing to act as a major problem of health in both developing
and developed countries.1Despite the progress in medicine, the
commitment to the laborious task of discovering new anticancer
agents remains critically important.

As part of the mitogen-activated protein kinase pathway
(MAPK), Raf kinases exist in three isoforms, A-Raf, B-Raf and
C-Raf (Raf-1), and have been indicated to be critical for mediating
cell proliferation and survival.2,3 While the Ras-Raf-MEK-ERK path-
way has been implicated in up to 30% of human cancers, activating
mutations in Raf have been observed in melanoma (50–70%), thy-
roid cancers (40–70%) and ovarian cancer (50–70%).4–6 Thus, the
serine/threonine kinase B-Raf, which is mutated in 7% of human
cancers, has drawn much attention. The most frequent mutation
in B-Raf, which is found in the activation segment of the B-Raf
ll rights reserved.
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kinase domain, is the valine for glutamic acid substitution
(V600E),7,8 accounting for a 500-fold increase in the basal rate of
MEK phosphorylation over wild-type B-Raf and making B-Raf an
attractive target for therapeutic intervention.9

Potent and selective B-Raf inhibitors have been developed con-
stantly. Several small molecules, such as sorafenib,10 PLX4720,11

AZ62812 and SB-590885,13 have entered clinical or preclinical
trials. Among the inhibitors above, SB-590885 inhibits B-Raf kinase
activity with a Ki value of 0.16 nmol/L, which is 100-fold more
potent than sorafenib. SB-590885 is a novel triarylimidazole deriv-
ative and the origin of its selectivity for B-Raf is probably due to its
interactions with several B-Raf amino acids and then the presence
of the indane-oxime. The particular situation is the interactions be-
tween a phenylalanine residue (PHE583) in the COOH-terminal
lobe and both imidazole and pyridine rings of SB-590885.13

With a wide range of pharmaceutical and agrochemical activi-
ties, 4,5-dihydropyrazoles act as a significant class of heterocyclic
biological agents.14–16 Despite their anticancer activity through
other pathways, some dihydropyrazole derivatives are also consid-
ered to be potent and selective inhibitors of B-RafV600E with sound
IC50 values and have been identified by high-throughput
screening.17

In our previous research, a series of 4,5-dihydropyrazole
derivatives containing niacinamide moiety were synthesized
and a QSAR model was built to discuss the structure–activity
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mailto:zhuhl@nju.edu.cn
http://dx.doi.org/10.1016/j.bmc.2012.08.043
http://www.sciencedirect.com/science/journal/09680896
http://www.elsevier.com/locate/bmc


Y.-S. Yang et al. / Bioorg. Med. Chem. 20 (2012) 6048–6058 6049
relationship.18 As shown in the result of 3D-QSAR in Figure 1, an
increasing activity might be obtained by replacing the niacinamide
moiety with a slightly larger template which can cause a lower
electron density. Thus, we brought in the appropriate template of
1,4-benzodioxan, which is found in a variety of anticancer drugs
with excellent bioavailability and low cytotoxicity.19–22 Fulfilling
the requirement of previous study, the modification in this paper
also creates new possibility to reinforce the combination between
our compounds and the receptor for the addition of nucleophilic
structure can contribute to the formation of hydrogen bonds.
According to the studies above, two novel series of 2,3-dihydro-
benzo[b][1,4]dioxin-containing 4,5-dihydro-1H-pyrazole deriva-
tives were designed as potential B-RafV600E inhibitors and
predicted to have a positive progress with a sound cancer thera-
peutic benefit. Moreover, we conducted the comparison and dis-
cussion of not only the electronic situation but also the position
of substitutes, which was complementary work of the previous
research.

2. Results and discussion

2.1. Chemistry

Thirty 2,3-dihydrobenzo[b][1,4]dioxin-containing 4,5-dihydro-
1H-pyrazole derivatives were synthesized to be screened for the
antitumor activity. All of them were synthesized for the first time.
The synthesis of compounds C1–C15; D1–D15 followed the gen-
eral pathway outlined in Scheme 1. They were both prepared in
two methods. One method consists of three steps while the sec-
ond consists of four. As for method I, firstly, different substituted
acetophenone on treatment with substituted benzaldehyde in
presence of 40% NaOH yielded different analogues of chalcones
(A). Secondly, the cyclization of the obtained shiny powder by
subjoining hydrazine hydrate led to 3,5-diaryl-4,5-dihydro-1H-
pyrazole (intermediates Ba). Then, in the presence of EDCI and
N
N
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N

R1
R2

R3

a b

c

Figure 1. 3D-QSAR of 4,5-dihydropyrazole derivatives containing niacinamide
moiety. (a) Red contours mean high electron density is expected to increase activity
while blue contours mean low electron density is better. (b) Green areas mean
steric bulk is better while yellow areas mean small groups are helpful. (c) The
chemical structures of 4,5-dihydropyrazole derivatives containing niacinamide
moiety.
HOBt, the corresponding target compounds C1–C15 (2,3-dihydro-
benzo[b][1,4]dioxin-6-yl)(3,5-diaryl-4,5-dihydro-1H-pyrazol-1-yl)
methanone and D1–D15 (2,3-dihydrobenzo[b][1,4]dioxin-2-yl)
(3,5-diaryl-4,5-dihydro-1H-pyrazol-1-yl)methanone were pro-
duced after being treated with 2,3-dihydrobenzo[b][1,4]dioxin-6-
carboxylic acid and 2,3-dihydrobenzo[b][1,4]dioxin-2-carboxylic
acid, respectively. As for method II, the first step was exactly
the same as that of method I. While the second stage was the
esterification of 2,3-dihydrobenzo[b][1,4]dioxin-6-carboxylic acid
or 2,3-dihydrobenzo[b][1,4]dioxin-2-carboxylic acid with ethanol
and 98% sulfuric acid. The third step was the hydrazinolysis to ob-
tain corresponding hydrazide derivatives (Bb). Finally the target
compounds C1–C15 and D1–D15 were produced after a cycliza-
tion of chalcones and corresponding hydrazide derivatives. The re-
fined compounds were finally obtained by subsequent purification
with recrystallisation. All of the synthetic compounds gave satis-
factory analytical and spectroscopic data, which were full accor-
dance with their depicted structures.

2.2. Bioassay

All the synthesized compounds C1–C15, D1–D15 were evalu-
ated for their B-RafV600E inhibitory activities. The results were ex-
pressed as concentrations of IC50 (the half maximal inhibitory
concentration of B-RafV600E mediated MEK phosphorylation) and
GI50 (the half maximal inhibitory concentration of WM266.4 hu-
man melanoma cell line growth) and presented in Table 1. Mean-
while, we took compound C0, which has shown the best B-rafV600E

inhibitory activity in the previous research,18 as another compari-
son to evaluate our modification. The results revealed that most of
the synthetic compounds exhibited significant B-rafV600E inhibitory
activities and the structurally modification brought a relatively dis-
tinct progress.

The same as the previous study,18 the activity data suggested
that GI50 values of these compounds shared a similar tendency
with their relevant IC50 values, which convinced the former infer-
ence that the anti-proliferative effect was produced by inhibitory
action against B-Raf.

Out of the thirty 2,3-dihydrobenzo[b][1,4]dioxin-containing
4,5-dihydro-1H-pyrazole derivatives, compounds C14 displayed
the most potent activity with corresponding IC50 value of
0.11 lM and GI50 value of 0.58 lM, being comparable with the po-
sitive control Erlotinib (IC50 = 0.06 lM and GI50 = 8.12 lM) and
obviously more potent than our previous best compound C0
(IC50 = 0.20 lM and GI50 = 0.80 lM). Meanwhile, compound D10
displayed most potent activity in the D series, with relevant IC50

value of 1.70 lM and GI50 value of 1.45 lM, which was also com-
parable with Erlotinib although not so good as C14. This fact indi-
cated that the introduction of 2,3-dihydrobenzo[b][1,4]dioxin
structure led to favorable effect.

Subsequently preliminary SAR (structure–activity relationship)
studies were performed to deduce how the structure variation
and modification could affect the anticancer activity. Firstly, a main
trend was that compounds in C series (with IC50 values between
0.11 lM and 8.77 lM and GI50 values between 0.58 lM and
9.89 lM) showed better effect than compounds in D series (with
IC50 values between 1.70 lM and 9.32 lM and GI50 values between
1.45 lM and 10.98 lM) while sharing the same substituent groups.
However, 4 out the 15 pairs of compounds indicated an opposite
situation. They were C4 (IC50 = 6.55 lM; GI50 = 8.37 lM) and D4
(IC50 = 4.01 lM; GI50 = 5.08 lM), C7 (IC50 = 4.20 lM; GI50 = 5.21
lM) and D7 (IC50 = 2.67 lM; GI50 = 3.27 lM), C10 (IC50 = 1.89 lM;
GI50 = 1.84 lM) and D10 (IC50 = 1.70 lM; GI50 = 1.45 lM), C13
(IC50 = 2.13 lM; GI50 = 2.50 lM) and D13 (IC50 = 1.72 lM;
GI50 = 1.49 lM). Interestingly, they all shared one similarity that
there was no substituent on ring A but there was one on ring B.
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Scheme 1. General synthesis of compounds (C1–C15; D1–D15). Reagents and conditions: Method I: (i) EtOH, 40% NaOH, reflux, 30 min; (ii) EtOH, hydrazine hydrate, 80 �C,
5 h; (iii) CH2Cl2, 2,3-dihydrobenzo[b][1,4]dioxin-6-carboxylic acid, EDCI, HOBt, rt, 10 h; (iv) CH2Cl2, 2,3-dihydrobenzo[b][1,4]dioxin-2-carboxylic acid, EDCI, HOBt, rt, 10 h;
Method II: (i) EtOH, 40% NaOH, reflux, 30 min; (ii) 2,3-dihydrobenzo[b][1,4]dioxin-6-carboxylic acid or 2,3-dihydrobenzo[b][1,4]dioxin-2-carboxylic acid, EtOH, 98% H2SO4,
80 �C, 5 h; (iii) EtOH, hydrazine, 80 �C, 5 h; (iv) EtOH, NaOH, 80 �C, 10 h.
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As we can see, a strict modification was more potent and reliable in
drug design while an innovative isomeric attempt did bring some
pleasant surprise. Secondly, as for R1, which is the para-substituent
on ring A, we could perceive the tendency that �Br > �H P �OMe
in the C series. For example, we could see the order that C14
(IC50 = 0.11 lM; GI50 = 0.58 lM) > C13 (IC50 = 2.13 lM; GI50 = 2.50
lM) P C15 (IC50 = 2.97 lM; GI50 = 3.47 lM). However, in the D
series, with the other factors fixed, the para-substituent on ring A
indicated a trend that �H > �Br P �OMe. For example, we could
perceive the order that D7 (IC50 = 2.67 lM; GI50 = 3.27 lM) > D8
(IC50 = 4.35 lM; GI50 = 5.63 lM) P D9 (IC50 = 5.20 lM; GI50 = 6.19
lM). Finally, we attempted to reveal the influence of the substitu-
ent groups on ring B. After considering both steric and electronic
complexity, we simplified the situations by locking the substituent
groups on ring A as their optimal choice respectively. That is while
analyze compounds in C series we fixed ring A with a para-substi-
tuted Bromine and in the analysis of D series we took a simple phe-
nyl as ring A. In C series, the results of inhibitory activity inferred
the order that ortho-Fluorine > meta- Fluorine > �H > para-Fluo-
rine > para-Methoxyl. The corresponding compounds were C14
(IC50 = 0.11 lM; GI50 = 0.58 lM) > C11 (IC50 = 0.27 lM; GI50 = 0.81
lM) > C2 (IC50 = 1.39 lM; GI50 = 1.79 lM) > C8 (IC50 = 2.71 lM;



Table 1
B-RafV600E inhibitory activity and anti-proliferation activity of the synthesized compounds (C1–C15, D1–D15)

Compounds IC50 (lM) GI50(lM) Compounds IC50 (lM) GI50(lM)
B-RafV600E WM266.4 B-RafV600E WM266.4

C1 1.18 ± 0.09 1.37 ± 0.11 D1 3.02 ± 0.18 3.55 ± 0.40
C2 1.39 ± 0.05 1.79 ± 0.03 D2 5.16 ± 0.63 6.15 ± 0.82
C3 1.97 ± 0.10 2.37 ± 0.08 D3 5.27 ± 0.48 6.31 ± 0.59
C4 6.55 ± 0.21 8.37 ± 0.58 D4 4.01 ± 0.51 5.08 ± 0.44
C5 4.75 ± 0.39 5.68 ± 0.42 D5 7.31 ± 1.03 9.01 ± 1.21
C6 8.77 ± 0.67 9.89 ± 0.76 D6 9.32 ± 0.95 10.98 ± 0.99
C7 4.20 ± 0.26 5.21 ± 0.37 D7 2.67 ± 0.19 3.27 ± 0.34
C8 2.71 ± 0.13 3.26 ± 0.31 D8 4.35 ± 0.52 5.63 ± 0.68
C9 3.23 ± 0.18 3.78 ± 0.22 D9 5.20 ± 0.46 6.19 ± 0.70
C10 1.89 ± 0.12 1.84 ± 0.20 D10 1.70 ± 0.20 1.45 ± 0.15
C11 0.27 ± 0.03 0.81 ± 0.06 D11 5.90 ± 0.61 7.81 ± 0.73
C12 0.33 ± 0.04 0.93 ± 0.10 D12 5.57 ± 0.49 6.72 ± 0.77
C13 2.13 ± 0.15 2.50 ± 0.21 D13 1.72 ± 0.15 1.49 ± 0.12
C14 0.11 ± 0.02 0.58 ± 0.07 D14 6.30 ± 0.71 8.03 ± 0.86
C15 2.97 ± 0.33 3.47 ± 0.32 D15 4.39 ± 0.55 5.72 ± 0.47
C0 0.20 ± 0.03 0.89 ± 0.04 Erlotinib 0.06 8.12
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GI50 = 3.26 lM) > C5 (IC50 = 4.75 lM; GI50 = 5.68 lM). Besides, in D
series, an observable indication was that meta- Fluorine > ortho-
Fluorine > para-Fluorine > –H > para-Methoxyl. The relevant com-
pounds were D10 (IC50 = 1.70 lM; GI50 = 1.45 lM) > D13
(IC50 = 1.72 lM; GI50 = 1.49 lM) > D7 (IC50 = 2.67 lM; GI50 = 3.27
lM) > D1 (IC50 = 3.02 lM; GI50 = 3.55 lM) > D4 (IC50 = 4.01 lM;
GI50 = 5.08 lM). A definite discipline was that para-Methoxyl here
weakened the inhibitory activity, inferring that an electron-donat-
ing substitute with bulk size should be avoided in designing this
kind of inhibitors, which exactly agreed with our previous conclu-
sion.18 Further, our work in this paper reveal a new inference that
substituent groups on ortho or meta positions might enhance the
inhibitory activity while keeping the groups electron-withdrawing
and small in size. A clearer SAR analysis was expounded in the 3D-
QSAR part below.

Moreover, an acute oral toxicity test was conducted with mice
to determine the toxicity from a single dose via the oral route.
Based on the results of study (not listed), the single dose acute oral
LD50 (half maximal concentration of lethal does) values of the most
potent compounds in their own series C14 and D10 are both great-
er than 5000 mg/kg of bodyweight.

2.3. Docking study

In molecular docking, molecular modeling techniques are used
to predict how a protein (enzyme) interacts with small molecules
(ligands).23 In our present study, to explore the interactions be-
tween compounds and B-Raf and to visualize the probable binding
mode, a docking study was performed using the CDocker protocol
in Discovery Studio 3.1 (Discovery Studio 3.1, Accelrys, Inc. San
Diego, CA). We conducted docking of our thirty 2,3-dihydro-
benzo[b][1,4]dioxin-containing 4,5-dihydro-1H-pyrazole deriva-
tives into the active site of the receptor B-Raf. We chose two
crystal structures of B-Raf (PDB Code: 2FB8.pdb and 3PSD.pdb)13,24,
in which the original ligands were SB-590885 and 6-[1-(piperidin-
4-yl)-3-(pyridin-4-yl)-1H-pyrazol-4-yl]indeno[1,2-c]pyrazole (li-
gand code: SM7) respectively, were obtained from the RCSB pro-
tein data bank (http://www.pdb.org). After preparing the
receptor and ligands, the site sphere was selected based on the li-
gand binding location. Owing to the generation of random confor-
mations conducted by the protocol as well as the similarity of the
active sites, the binding models with 2FB8 and 3PSD showed the
same results. The binding models of most potent compounds in
two series C14 and D10 with 3PSD were depicted in Figures 2
and 3, respectively.
In the binding model, compound C14 is nicely bound to 3PSD
via one hydrogen bond, one p–p interaction and one p–cation
interaction. One oxygen atom of 2,3-dihydrobenzo[b][1,4]dioxin
contributes to the hydrogen bonding interaction (O� � �H–N:
2.02 Å, 138.991�) with the backbone amino hydrogen atom of
ASP594. Meanwhile, the p–cation interaction between the benzene
ring of 2,3-dihydrobenzo[b][1,4]dioxin and LYS483 suggests that
the introduction of the heterocyclic structure has enhanced the
combination of the receptor and ligand. Further, the benzene ring
B of compound C14 forms a p–p interaction with PHE583, which
is accordant exactly with the previous work of B-Raf inhibi-
tors.13,18,24 As for compound D10, it also performs a nice bonding
situation via a p–sigma interaction together with a p–cation inter-
action. This ensures the binding affinity and results in an increased
B-Raf inhibitory activity. A remarkable p–sigma interaction is
formed between the benzene ring B of compound D10 and
VAL471. The other is a familiar p–cation interaction with the end
amino cation of LYS483 formed by the benzene ring A, which is dis-
tinct from C14. Also PHE583 has taken part in the interactions via
Van der Waals force according to the binding model.

The receptor surface model was showed in Figure 4, which re-
vealed that the molecules were well embedded in the active pocket
including VAL471, PHE583, ALA481, THR529, LEU514 and ASN581.
This active pocket is occupied by the 2,3-dihydrobenzo[b]
[1,4]dioxin structure, confirming the success of structural modifi-
cation. Moreover, the docking calculation of all the compounds
was also depicted in Table 2. The CDocker Interaction Energy
(interaction energy between the ligand and the receptor) and the
CDocker Energy (energy of the ligand–receptor complexes) agreed
with the B-Raf inhibitory trend for all the synthesized compounds.

2.4. QSAR model

Part of our modification in this paper might have slightly chan-
ged the backbone of our previous inhibitors. Thus, the evaluation of
the novel derivates as B-Raf inhibitors using 3D QSAR models
should be rebuilt to verify the previous conclusion and to explore
more potent inhibitors on a new level. By using the Create 3D QSAR
protocol of Discovery Studio 3.1, all thirty compounds with definite
IC50 values were selected as the model dataset. By convention, we
use the p IC50 scale (�lg IC50), in which higher value indicates
exponentially greater potency, to measure the inhibitory activity.
The training set and test set were chosen by the Diverse Molecules
method in Discovery Studio 3.1. To ensure a good alignment, we
chose the alignment conformation of each molecule with lowest

http://www.pdb.org


Figure 3. (c) 2D molecular docking modeling of compound D10 with 3PSD. (d) 3D model of the interaction between compound D10 and 3PSD bonding site. The one p–cation
interaction and one p–sigma interaction are shown as orange line with their corresponding amino acid labeled in yellow. Other important amino acids are labeled in blue.

Figure 4. The receptor surface model with C14 (left) and D10 (right), respectively.

Figure 2. (a) 2D molecular docking modeling of compound C14 with 3PSD. (b) 3D model of the interaction between compound C14 and 3PSD bonding site. The one H-bond
(green line) is displayed as dotted lines and the amino acid it acts on is labeled in green. The one p–cation interactions and one p–p interaction are shown as orange lines with
their corresponding amino acids labeled in yellow. Other important amino acids are labeled in blue.
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energy in the docked results of CDocker protocol. Besides, we ap-
plied the alignment by the substructure (4,5-dihydro-1H-pyrazol-
1-yl)methanone before building the QSAR model.

The correlation coefficient r2 between observed activity of test-
ing set and training set was found to be 0.869, which proved that
the QSAR model built by us is acceptable. Further, the molecules
aligned with the iso-surfaces of the 3D QSAR model coefficients
on electrostatic potential grids (Fig. 5a) and Van der Waals grids
(Fig. 5b) are listed. Electrostatic map indicates red contours around
regions where high electron density (negative charge) is expected



Table 2
The docking calculation of the synthesized compounds (C1–C15, D1–D15)

MeO

NN

Cl

O

N

C0

Compounds -CDocker interaction
energy DGb (kcal/mol)

-CDocker energy DGb
kcal/mol)

Compounds -CDocker interaction energy
DGb (kcal/mol)

-CDocker energy
DGb (kcal/mol)

C1 49.9545 21.4781 D1 49.2347 24.9426
C2 49.8666 14.8312 D2 45.3963 13.4998
C3 49.7558 12.91 D3 45.3398 9.38154
C4 43.1425 7.55235 D4 46.8221 11.6309
C5 46.0606 3.86233 D5 40.8784 9.94429
C6 31.8095 �15.4059 D6 18.0335 �62.6298
C7 46.5363 15.7514 D7 49.4115 24.7559
C8 49.3877 13.1866 D8 46.2068 13.1515
C9 49.0151 8.08596 D9 45.3955 7.04373
C10 49.7929 20.8885 D10 49.832 25.2778
C11 50.5053 19.16 D11 44.2385 11.5947
C12 50.4033 11.5272 D12 45.0534 9.3477
C13 49.7242 19.6037 D13 49.8206 22.6055
C14 51.0408 20.4421 D14 43.3739 11.0938
C15 49.265 12.0063 D15 46.1547 9.9257
C0 40.0471 4.9598

Figure 5. 3D-QSAR of 4,5-dihydro-1H-pyrazole derivatives containing 2,3-dihydrobenzo[b][1,4]dioxin moiety. Red contours mean high electron density is expected to
increase activity while blue contours mean low electron density is better. Green areas mean steric bulk is better while yellow areas mean small groups are helpful.
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to increase activity, and blue contours represent areas where low
electron density (partial positive charge) is expected to increase
activity. Similarly, steric map indicates areas where steric bulk is
predicted to increase (green) or decrease (yellow) activity. Accord-
ing to the maps, being agreed with the fact that C series performed
more potent activity than D series, a lower negative charged group
with approximately the same size would help obtain sound activ-
ity. Meanwhile, on ring A, a lower negative charged and slightly
smaller R1 group would bring higher activity. That is a little differ-
ent from our previous paper and the possible reason is the slight
change of backbone caused by the introduction of heterocyclic
structure. As for substituent on ring B, a small and high negative
charged group on the para-position would enhance the bioactivity
while a same one on the ortho- or/and meta-position might make
the efficiency better. The 3D QSAR model agrees with the inhibi-
tory activity well and provides us the direction of further
modification.
3. Conclusion

To conclude, two series of compounds, C1–C15 (2,3-dihydro-
benzo[b][1,4]dioxin-6-yl)(3,5-diaryl-4,5-dihydro-1H-pyrazol-1-yl)
methanone and D1–D15 (2,3-dihydrobenzo[b][1,4]dioxin-2-
yl)(3,5-diaryl-4,5-dihydro-1H-pyrazol-1-yl)methanone have been
synthesized and evaluated for their B-Raf inhibitory and anti-pro-
liferation activities. Compound C14 showed the most potent bio-
logical activity against B-RafV600E and WM266.4 human
melanoma cell line with corresponding IC50 value of 0.11 lM and
GI50 value of 0.58 lM, being comparable with the positive control
and more potent than our previous best compound, while D10 per-
formed the best in the D series with corresponding IC50 value of
1.70 lM and GI50 value of 1.45 lM. The docking simulation was
performed to get the probable binding models and poses. The re-
sults indicate that compounds C14 and D10, which act as potential
B-Raf inhibitors, can both bind well into the active site of B-Raf.
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QSAR model was also built with the activity data and binding
conformations to provide a reliable tool for reasonable design of
B-Raf inhibitors in future. The introduction of 2,3-dihydro-
benzo[b][1,4]dioxin structure reinforced the combination of our
compounds and the receptor, resulting in progress of bioactivity.

4. Experimental section

4.1. Materials and measurements

All chemicals used were purchased from Aldrich (USA). The elu-
ates were monitored using TLC (Thin layer chromatography). TLC
was run on the silica gel coated aluminum sheets (Silica Gel 60 Å
GF254, E. Merk, Germany) and visualized in UV light (254 nm). Sep-
aration of the compounds by column chromatography was carried
out with silica gel 60 (200–300 mesh ASTM, E. Merck, Germany).
Developed plates were visualized by a Spectroline ENF 260C/F
UV apparatus. The quantity of silica gel used was 50–100 times
the weight charged on the column. Melting points (uncorrected)
were determined on a XT4MP apparatus (Taike Corp., Beijing, Chi-
na). ESI mass spectra were obtained on a Mariner System 5304
mass spectrometer, and 1H NMR spectra were recorded on a
DPX300 spectrometer at 25 �C with TMS and solvent signals allot-
ted as internal standards, Chemical shifts are reported in ppm (d).
Elemental analyses were performed on a CHN-O-Rapid instrument
and were within 0.4% of the theoretical values.

4.2. General method of synthesis of (E)-Chalcones (A)

Substituted acetophenone (10 mmol) and substituted benzalde-
hyde (10 mmol) in ethanol (25 mL) were refluxed gently for
30 min. Then 40% NaOH (5 mL) was added and the solid was fil-
tered, washed with water and dried to obtain shiny solid A.

4.3. General method of synthesis of 3,5-di-substituted-phenyl-
4,5-dihydro-1H-pyrazole (Ba)

Compound A 5 mmol and 80% hydrazine hydrate (5 mmol) in
ethanol (20 mL) were refluxed at 80 �C for 5 h. While the reaction
completed, the ethanol was evaporated. The separated solid was
filtered, washed with water and dried to obtain slight yellow solid
Ba.

4.4. General method of synthesis of 2,3-dihydrobenzo[b][1,4]
dioxin-6-carbohydrazide and 2,3-dihydrobenzo[b][1,4]dioxin-
6-carbohydrazide (Bb)

2,3-Dihydrobenzo[b][1,4]dioxin-6-carboxylic acid (or 2,3-dihy-
drobenzo[b][1,4]dioxin-2-carboxylic acid) (1 mmol) and 98%
H2SO4 (1 ml) in ethanol (20 mL) were refluxed at 80 �C for 5 h.
While the reaction completed, 80% hydrazine hydrate (2 mmol)
was added and then the solution was refluxed at 80 �C for another
5 h. While the reaction completed, the ethanol was evaporated.
The separated solid was filtered, washed with cold ethanol and
dried to obtain white solid Bb.

4.5. General method of synthesis of (2,3-dihydrobenzo[b][1,4]
dioxin-6-yl)(3,5-diaryl-4,5-dihydro-1H-pyrazol-1-yl)methanone
(C1–C15) and (2,3-dihydrobenzo[b][1,4]dioxin-2-yl)(3,5-diaryl-
4,5-dihydro-1H-pyrazol-1-yl)methanone (D1–D15)

Method I Ba (1 mmol) and 2,3-dihydrobenzo[b][1,4]dioxin-6-
carboxylic acid (or 2,3-dihydrobenzo[b][1,4]dioxin-2-carboxylic
acid) (1 mmol) together with EDCI (1.5 mmol) and HOBt
(0.05 mmol) in CH2Cl2 (20 mL) were refluxed at room temperature
for 10 h. While the reaction completed, the solution was washed
with water for three times (30 mL each time). The remaining water
layer was extracted by EtOAc for three times (30 mL each time).
The organic layers (CH2Cl2 and EtOAc) were combined and then
evaporated. The separated solid was crystallized from mixture of
DMF and ethanol (9:1) to obtain the corresponding compound as
translucent solid.

Method II Bb (1 mmol) and A (1 mmol) in ethanol (20 mL) were
refluxed at 80 �C for 5 h with NaOH (0.05 mmol). Then the product
was obtained through a column chromatography with mixed elu-
ent (VEtOAc:VPetroleum ether = 5:1). The solvent was evaporated and
the separated solid was crystallized from mixture of DMF and eth-
anol (9:1) to obtain the corresponding compound as translucent
solid.

4.5.1. (2,3-dihydrobenzo[b][1,4]dioxin-6-yl)(3,5-diphenyl-4,5-
dihydro-1H-pyrazol-1-yl)methanone (C1)

White crystal, mp: 120–121 �C. 1H NMR (CDCl3, 300 MHz) d:
3.15–3.23 (d, J = 17.7 Hz, 1H), 3.69–3.79 (m, 1H), 4.31–4.32 (t,
J = 2.4 Hz, 4H), 5.79–5.85 (m, 1H), 6.90–6.93 (d, J = 8.4 Hz, 1H),
7.27–7.37 (m, 5H), 7.43–7.44 (m, 3H), 7.65–7.68 (d, J = 8.1 Hz,
2H), 7.73–7.75 (m, 2H). MS (ESI): 385.15 (C24H21N2O3, [M+H]+).
Anal. Calcd for C24H20N2O3: C, 74.98; H, 5.24; N, 7.29; O, 12.49.
Found: C, 74.59; H, 5.23; N, 7.30.

4.5.2. (3-(4-Bromophenyl)-5-phenyl-4,5-dihydro-1H-pyrazol-1-
yl)(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)methanone (C2)

Yellow crystal, mp: 189–190 �C. 1H NMR (CDCl3, 300 MHz) d:
3.12–3.17 (d, J = 10.5 Hz, 1H), 3.70–3.77 (m, 1H), 4.29–4.34 (t,
J = 4.5 Hz, 4H), 5.79–5.82 (m, 1H), 6.90–6.95 (d, J = 11.7 Hz, 2H),
7.29–7.42 (m, 3H), 7.53–7.59 (m, 4H), 7.65–7.67 (m, 3H). MS
(ESI): 463.06 (C24H20BrN2O3, [M+H]+). Anal. Calcd for
C24H19BrN2O3: C, 62.22; H, 4.13; Br, 17.25; N, 6.05; O, 10.36.
Found: C, 62.07; H, 4.12; N, 6.06.

4.5.3. (2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)(3-(4-
methoxyphenyl)-5-phenyl-4,5-dihydro-1H-pyrazol-1-
yl)methanone (C3)

White crystal, mp: 199–200 �C. 1H NMR (CDCl3, 300 MHz) d:
3.70–3.80 (m, 2H), 3.84 (s, 3H), 4.28–4.30 (m, 4H), 5.77–5.80 (m,
1H), 6.89–6.94 (m, 3H), 7.24–7.26 (m, 1H), 7.31–7.32 (d, 4H,
J = 2.1 Hz), 7.64–7.72 (m, 4H). MS (ESI): 415.16 (C25H23N2O4,
[M+H]+). Anal. Calcd for C25H22N2O4: C, 72.45; H, 5.35; N, 6.76;
O, 15.44. Found: C, 72.11; H, 5.33; N, 6.77.

4.5.4. (2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)(5-(4-
methoxyphenyl)-3-phenyl-4,5-dihydro-1H-pyrazol-1-
yl)methanone (C4)

White crystal, mp: 123–124 �C. 1H NMR (CDCl3, 300 MHz) d:
3.15–3.22 (d, J = 17.1 Hz, 1H), 3.72–3.78 (m, 1H), 3.81 (s, 3H),
4.31–4.32 (t, J = 2.4 Hz, 4H), 5.75–5.80 (m, 1H), 6.85–6.92 (m,
3H), 7.24–7.26 (m, 2H), 7.42–7.44 (m, 3H), 7.64–7.66 (d,
J = 7.8 Hz, 2H), 7.73–7.76 (m, 2H). MS (ESI): 415.16 (C25H23N2O4,
[M+H]+). Anal. Calcd for C25H22N2O4: C, 72.45; H, 5.35; N, 6.76;
O, 15.44. Found: C, 72.21; H, 5.34; N, 6.76.

4.5.5. (3-(4-Bromophenyl)-5-(4-methoxyphenyl)-4,5-dihydro-
1H-pyrazol-1-yl)(2,3-dihydrobenzo[b][1,4]dioxin-6-
yl)methanone (C5)

Yellow crystal, mp: 205–207 �C. 1H NMR (CDCl3, 300 MHz) d:
3.16–3.24 (d, J = 16.2 Hz, 1H), 3.75–3.80 (m, 1H), 3.83 (s, 3H),
4.33–4.34 (t, 4H, J = 2.4 Hz, 4H), 5.77–5.81 (m, 1H), 6.86–6.93 (m,
3H), 7.25–7.28 (m, 2H), 7.43–7.47 (m, 1H), 7.55 (s, 1H), 7.70–
7.73 (d, J = 8.1 Hz, 2H), 7.78–7.81 (m, 2H). MS (ESI): 493.07
(C25H22BrN2O4, [M+H]+). Anal. Calcd for C25H21BrN2O4: C, 60.86;
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H, 4.29; Br, 16.20; N, 5.68; O, 12.97. Found: C, 60.59; H, 4.27; N,
5.70.

4.5.6. (3,5-Bis(4-methoxyphenyl)-4,5-dihydro-1H-pyrazol-1-
yl)(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)methanone (C6)

White crystal, mp: 144–146 �C. 1H NMR (CDCl3, 300 MHz) d:
3.12–3.18 (d, J = 16.8 Hz, 1H), 3.69–3.76 (m, 1H), 3.82 (s, 6H),
4.31–4.33 (t, J = 2.4 Hz, 4H), 5.72–5.77 (m, 1H), 6.83–6.90 (m,
3H), 7.19–7.23 (m, 2H), 7.43–7.46 (m, 1H), 7.59 (s, 1H), 7.71–
7.74 (d, J = 8.1 Hz, 2H), 7.82–7.84 (d, J = 7.2 Hz, 2H). MS (ESI):
445.17 (C26H25N2O5, [M+H]+). Anal. Calcd for C26H24N2O5: C,
70.26; H, 5.44; N, 6.30; O, 18.00. Found: C, 69.97; H, 5.44; N, 6.32.

4.5.7. (2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)(5-(4-
fluorophenyl)-3-phenyl-4,5-dihydro-1H-pyrazol-1-
yl)methanone (C7)

White crystal, mp: 137–138 �C. 1H NMR (CDCl3, 300 MHz) d:
3.20–3.26 (d, J = 17.4 Hz, 1H), 3.76–3.81 (m, 1H), 4.33–4.34 (t,
J = 2.1 Hz, 4H), 5.76–5.82 (m, 1H), 7.05–7.12 (m, 3H), 7.25–7.28
(m, 2H), 7.45–7.51 (m, 4H), 7.59 (s, 1H), 7.65–7.68 (d, J = 8.1 Hz,
2H). MS (ESI): 403.14 (C24H20FN2O3, [M+H]+). Anal. Calcd for
C24H19FN2O3: C, 71.63; H, 4.76; F, 4.72; N, 6.96; O, 11.93. Found:
C, 71.31; H, 4.75; N, 6.97.

4.5.8. (3-(4-Bromophenyl)-5-(4-fluorophenyl)-4,5-dihydro-1H-
pyrazol-1-yl)(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)methanone
(C8)

Yellow crystal, mp: 226–229 �C. 1H NMR (CDCl3, 300 MHz) d:
3.19–3.24 (d, J = 16.2 Hz, 1H), 3.74–3.79 (m, 1H), 4.32–4.33 (t,
J = 3.0 Hz, 4H), 5.69–5.75 (m, 1H), 7.02–7.10 (m, 3H), 7.23–7.25
(m, 2H), 7.47–7.54 (m, 3H), 7.60 (s, 1H), 7.68–7.71 (d, J = 7.8 Hz,
2H). MS (ESI): 481.05 (C24H19BrFN2O3, [M+H]+). Anal. Calcd for
C24H18BrFN2O3: C, 59.89; H, 3.77; Br, 16.60; F, 3.95; N, 5.82; O,
9.97. Found: C, 59.66; H, 3.75; N, 5.83.

4.5.9. (2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)(5-(4-
fluorophenyl)-3-(4-methoxyphenyl)-4,5-dihydro-1H-pyrazol-1-
yl)methanone (C9)

White crystal, yield mp: 236–237 �C. 1H NMR (CDCl3, 300 MHz)
d: 3.18–3.23(d, J = 16.8 Hz, 1H), 3.72–3.78 (m, 1H), 3.82 (s, 3H),
4.31–4.32 (t, J = 2.7 Hz, 4H), 5.72–5.78 (m, 1H), 7.04–7.11 (m,
5H), 7.22–7.25 (m, 2H), 7.43–7.49 (m, 1H), 7.58 (s, 1H), 7.74–
7.76 (d, J = 7.2 Hz, 2H). MS (ESI): 433.15 (C25H22FN2O4, [M+H]+).
Anal. Calcd for C25H21FN2O4: C, 69.44; H, 4.89; F, 4.39; N, 6.48; O,
14.80. Found: C, 69.08; H, 4.86; N, 6.49.

4.5.10. (2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)(5-(3-
fluorophenyl)-3-phenyl-4,5-dihydro-1H-pyrazol-1-
yl)methanone (C10)

White crystal, mp: 105–107 �C. 1H NMR (CDCl3, 300 MHz) d:
3.19–3.24 (d, J = 16.2 Hz, 1H), 3.65–3.73 (m, 1H), 4.32 (t,
J = 2.1 Hz, 4H), 5.72–5.78 (m, 1H), 6.78 (s, 1H), 6.95–7.09 (m, 3H),
7.23–7.26 (m, 1H), 7.44–7.53 (m, 4H), 7.57 (s, 1H), 7.62–7.65 (d,
J = 8.4 Hz, 2H). MS (ESI): 403.14 (C24H20FN2O3, [M+H]+). Anal. Calcd
for C24H19FN2O3: C, 71.63; H, 4.76; F, 4.72; N, 6.96; O, 11.93. Found:
C, 71.37; H, 4.74; N, 6.98.

4.5.11. (3-(4-Bromophenyl)-5-(3-fluorophenyl)-4,5-dihydro-1H-
pyrazol-1-yl)(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)methanone
(C11)

Yellow crystal, mp: 135–137 �C. 1H NMR (CDCl3, 300 MHz) d:
3.22–3.27 (d, J = 16.5 Hz, 1H), 3.77–3.82 (m, 1H), 4.34 (t,
J = 2.1 Hz, 4H), 5.70–5.76 (m, 1H), 6.79 (s, 1H), 6.91–7.05 (m, 3H),
7.31–7.33 (m, 1H), 7.49–7.57 (m, 3H), 7.61 (s, 1H), 7.68–7.71 (d,
J = 7.5 Hz, 2H). MS (ESI): 481.05 (C24H19BrFN2O3, [M+H]+). Anal.
Calcd for C24H18BrFN2O3: C, 59.89; H, 3.77; Br, 16.60; F, 3.95; N,
5.82; O, 9.97. Found: C, 59.52; H, 3.74; N, 5.82.

4.5.12. (2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)(5-(3-
fluorophenyl)-3-(4-methoxyphenyl)-4,5-dihydro-1H-pyrazol-1-
yl)methanone (C12)

White crystal, mp: 162–163 �C. 1H NMR (CDCl3, 300 MHz) d:
3.11–3.17 (m, 1H), 3.70–3.80 (m, 1H), 3.86 (s, 3H), 4.32–4.37 (t,
J = 5.4 Hz, 4H), 5.76–5.82 (m, 1H), 6.91–6.98 (m, 4H), 7.03 (s, 1H),
7.10–7.13 (d, J = 7.8 Hz, 1H), 7.66–7.70 (m, 4H), 7.74 (s, 1H). MS
(ESI): 433.15 (C25H22FN2O4, [M+H]+). Anal. Calcd for C25H21FN2O4:
C, 69.44; H, 4.89; F, 4.39; N, 6.48; O, 14.80. Found: C, 69.16; H, 4.87;
N, 6.49.

4.5.13. (2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)(5-(2-
fluorophenyl)-3-phenyl-4,5-dihydro-1H-pyrazol-1-
yl)methanone (C13)

White crystal, mp: 176–177 �C. 1H NMR (CDCl3, 300 MHz) d:
3.20–3.27 (m, 1H), 3.81–3.86 (m, 1H), 4.39–4.41 (t, J = 4.2 Hz,
4H), 5.62–5.69 (m, 1H), 6.91–6.99 (m, 2H), 7.21–7.24 (d,
J = 9.0 Hz, 1H), 7.43–7.46 (m, 3H), 7.50–7.54 (m, 3H), 7.60 (s, 1H),
7.71–7.74 (d, J = 7.8 Hz, 2H). MS (ESI): 403.14 (C24H20FN2O3,
[M+H]+). Anal. Calcd for C24H19FN2O3: C, 71.63; H, 4.76; F, 4.72;
N, 6.96; O, 11.93. Found: C, 71.35; H, 4.75; N, 7.00.

4.5.14. (3-(4-Bromophenyl)-5-(2-fluorophenyl)-4,5-dihydro-1H-
pyrazol-1-yl)(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)methanone
(C14)

White crystal, mp: 140–141 �C. 1H NMR (CDCl3, 300 MHz) d:
3.23–3.29 (d, J = 17.1 Hz, 1H), 3.80–3.87 (m, 1H), 4.35–4.37 (t,
J = 3.9 Hz, 4H), 5.63–5.69 (m, 1H), 6.90–6.96 (m, 2H), 7.11 (m,
1H), 7.33–7.35 (d, J = 6.6 Hz, 1H), 7.47–7.50 (m, 4H), 7.59 (s, 1H),
7.66–7.69 (d, J = 8.4 Hz, 2H). MS (ESI): 481.05 (C24H19BrFN2O3,
[M+H]+). Anal. Calcd for C24H18BrFN2O3: C, 59.89; H, 3.77; Br,
16.60; F, 3.95; N, 5.82; O, 9.97. Found: C, 59.72; H, 3.74; N, 5.82.

4.5.15. (2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)(5-(2-
fluorophenyl)-3-(4-methoxyphenyl)-4,5-dihydro-1H-pyrazol-1-
yl)methanone (C15)

White crystal, mp: 173–175 �C. 1H NMR (CDCl3, 300 MHz) d:
3.18–3.24 (d, J = 16.8 Hz, 1H), 3.71–3.81 (m, 1H), 3.85 (s, 3H),
4.49–4.51 (t, J = 5.1 Hz, 4H), 5.67–5.69 (m, 1H), 6.91–6.99 (m,
4H), 7.07–7.11 (d, J = 8.7 Hz, 1H), 7.42–7.47 (m, 3H), 7.59 (s, 1H),
7.75–7.78 (d, J = 8.7 Hz, 2H). MS (ESI): 433.15 (C25H22FN2O4,
[M+H]+). Anal. Calcd for C25H21FN2O4: C, 69.44; H, 4.89; F, 4.39;
N, 6.48; O, 14.80. Found: C, 69.01; H, 4.86; N, 6.48.

4.5.16. (2,3-Dihydrobenzo[b][1,4]dioxin-2-yl)(3,5-diphenyl-4,5-
dihydro-1H-pyrazol-1-yl)methanone (D1)

White crystal, mp: 201 �C. 1H NMR (CDCl3, 300 MHz) d: 3.21–
3.27 (m, 1H), 3.79–3.83 (m, 1H), 4.38–4.46 (m, 1H), 4.53–4.63
(m, 1H), 5.59–5.66 (m, 2H), 6.82–6.88 (m, 3H), 6.99–7.00 (d,
J = 4.8 Hz, 1H), 7.21–7.26 (m, 3H), 7.30–7.34 (m, 2H), 7.44–7.48
(m, 3H), 7.75–7.76 (d, J = 3.9 Hz, 2H). MS (ESI): 385.15
(C24H21N2O3, [M+H]+). Anal. Calcd for C24H20N2O3: C, 74.98; H,
5.24; N, 7.29; O, 12.49. Found: C, 74.61; H, 5.23; N, 7.31.

4.5.17. (3-(4-Bromophenyl)-5-phenyl-4,5-dihydro-1H-pyrazol-
1-yl)(2,3-dihydrobenzo[b][1,4]dioxin-2-yl)methanone (D2)

Yellow crystal, mp: 233–235 �C. 1H NMR (CDCl3, 300 MHz) d:
3.16–3.23 (d, J = 10.2 Hz, 1H), 3.75–3.82 (m, 1H), 4.35–4.45 (m,
1H), 4.52–4.61 (m, 1H), 5.57–5.63 (m, 2H), 6.92–6.97 (d,
J = 10.8 Hz, 2H), 7.31–7.44 (m, 4H), 7.57–7.62 (m, 4H), 7.69–7.72
(m, 3H). MS (ESI): 463.06 (C24H20BrN2O3, [M+H]+). Anal. Calcd for
C24H19BrN2O3: C, 62.22; H, 4.13; Br, 17.25; N, 6.05; O, 10.36.
Found: C, 61.93; H, 4.11; N, 6.05.
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4.5.18. (2,3-Dihydrobenzo[b][1,4]dioxin-2-yl)(3-(4-
methoxyphenyl)-5-phenyl-4,5-dihydro-1H-pyrazol-1-
yl)methanone (D3)

White crystal, mp: 223–225 �C. 1H NMR (CDCl3, 300 MHz) d:
3.20–3.24 (d, J = 10.2 Hz, 1H), 3.71–3.80 (m, 1H), 3.87 (s, 3H),
4.42–4.45 (m, 1H), 4.51–4.54 (d, J = 6.9 Hz, 1H), 5.57–5.60 (m,
1H), 5.62–5.63 (m, 1H), 6.82–6.89 (m, 3H), 6.95–6.97 (d,
J = 5.1 Hz, 2H), 7.00–7.02 (d, J = 5.4 Hz, 1H), 7.22–7.26 (m, 3H),
7.30–7.33 (m, 2H), 7.69–7.71 (d, J = 5.4 Hz, 2H). MS (ESI): 415.16
(C25H23N2O4, [M+H]+). Anal. Calcd for C25H22N2O4: C, 72.45; H,
5.35; N, 6.76; O, 15.44. Found: C, 72.18; H, 5.34; N, 6.79.

4.5.19. (2,3-Dihydrobenzo[b][1,4]dioxin-2-yl)(5-(4-
methoxyphenyl)-3-phenyl-4,5-dihydro-1H-pyrazol-1-
yl)methanone (D4)

White crystal, mp: 104–106 �C. 1H NMR (CDCl3, 300 MHz) d:
3.18–3.25 (d, J = 17.7 Hz, 1H), 3.68–3.75 (m, 1H), 3.77 (s, 3H),
4.33–4.39 (m, 1H), 4.57–4.62 (d, J = 11.4 Hz, 1H), 5.55–5.58 (m,
2H), 6.82–6.86 (m, 5H), 6.99–7.02 (m, 1H), 7.14–7.17 (d,
J = 8.7 Hz, 2H), 7.43–7.46 (m, 3H), 7.73–7.77 (d, J = 7.5 Hz, 2H).
MS (ESI): 415.16 (C25H23N2O4, [M+H]+). Anal. Calcd for
C25H22N2O4: C, 72.45; H, 5.35; N, 6.76; O, 15.44. Found: C, 72.05;
H, 5.34; N, 6.78.

4.5.20. (3-(4-Bromophenyl)-5-(4-methoxyphenyl)-4,5-dihydro-
1H-pyrazol-1-yl)(2,3-dihydrobenzo[b][1,4]dioxin-2-
yl)methanone (D5)

Yellow crystal, mp: 198–201 �C. 1H NMR (CDCl3, 300 MHz) d:
3.17–3.24 (d, J = 17.4 Hz, 1H), 3.67–3.75 (m, 1H), 3.80 (s, 3H),
4.32–4.37 (m, 1H), 4.58–4.62 (d, J = 10.8 Hz, 1H), 5.54–5.58 (m,
2H), 6.82–6.90 (m, 6H), 7.12–7.15 (d, J = 9.0 Hz, 2H), 7.49–7.52
(d, J = 8.1 Hz, 2H), 7.77–7.80 (d, J = 7.8 Hz, 2H). MS (ESI): 493.07
(C25H22BrN2O4, [M+H]+). Anal. Calcd for C25H21BrN2O4: C, 60.86;
H, 4.29; Br, 16.20; N, 5.68; O, 12.97. Found: C, 60.68; H, 4.28; N,
5.71.

4.5.21. (3,5-Bis(4-methoxyphenyl)-4,5-dihydro-1H-pyrazol-1-
yl)(2,3-dihydrobenzo[b][1,4]dioxin-2-yl)methanone (D6)

White crystal, mp: 171–172 �C. 1H NMR (CDCl3, 300 MHz) d:
3.19–3.25 (d, J = 17.7 Hz, 1H), 3.69–3.78 (m, 1H), 3.81 (s, 6H),
4.33–4.39 (m, 1H), 4.56–4.60 (d, J = 10.1 Hz, 1H), 5.53–5.56 (m,
2H), 6.81–6.83 (d, J = 7.2 Hz, 2H), 6.89–6.93 (m, 4H), 7.14–7.16
(d, J = 8.7 Hz, 2H), 7.43–7.46 (d, J = 8.1 Hz, 2H), 7.78–7.80 (d,
J = 7.8 Hz, 2H). MS (ESI): 445.17 (C26H25N2O5, [M+H]+). Anal. Calcd
for C26H24N2O5: C, 70.26; H, 5.44; N, 6.30; O, 18.00. Found: C,
69.87; H, 5.44; N, 6.33.

4.5.22. (2,3-Dihydrobenzo[b][1,4]dioxin-2-yl)(5-(4-
fluorophenyl)-3-phenyl-4,5-dihydro-1H-pyrazol-1-
yl)methanone (D7)

White crystal, mp: 159–161 �C. 1H NMR (CDCl3, 300 MHz) d:
3.15–3.21 (d, J = 16.8 Hz, 1H), 3.70–3.74 (m, 1H), 4.32–4.37 (m,
1H), 4.53–4.57 (d, J = 11.1 Hz, 1H), 5.53–5.57 (m, 2H), 6.81–6.87
(m, 4H), 6.97–7.03 (m, 2H), 7.12–7.15 (d, J = 9.0 Hz, 2H), 7.44–
7.47 (m, 3H), 7.71–7.74 (d, J = 7.2 Hz, 2H). MS (ESI): 403.14
(C24H20FN2O3, [M+H]+). Anal. Calcd for C24H19FN2O3: C, 71.63; H,
4.76; F, 4.72; N, 6.96; O, 11.93. Found: C, 71.24; H, 4.76; N, 6.98.

4.5.23. (3-(4-Bromophenyl)-5-(4-fluorophenyl)-4,5-dihydro-1H-
pyrazol-1-yl)(2,3-dihydrobenzo[b][1,4]dioxin-2-yl)methanone
(D8)

Yellow crystal, mp: 233–234 �C. 1H NMR (CDCl3, 300 MHz) d:
3.15–3.21 (m, 1H), 3.69–3.78 (m, 1H), 4.35–4.39 (m, 1H), 4.55–
4.59 (d, J = 11.1 Hz, 1H), 5.55–5.58 (m, 2H), 6.83–6.89 (m, 4H),
6.99–7.05 (m, 2H), 7.13–7.16 (d, J = 8.4 Hz, 2H), 7.45–7.48 (d,
J = 7.8 Hz, 2H), 7.68–7.71 (d, J = 7.5 Hz, 2H). MS (ESI): 481.05
(C24H19BrFN2O3, [M+H]+). Anal. Calcd for C24H18BrFN2O3: C,
59.89; H, 3.77; Br, 16.60; F, 3.95; N, 5.82; O, 9.97. Found: C,
59.71; H, 3.76; N, 5.85.

4.5.24. (2,3-Dihydrobenzo[b][1,4]dioxin-2-yl)(5-(4-
fluorophenyl)-3-(4-methoxyphenyl)-4,5-dihydro-1H-pyrazol-1-
yl)methanone (D9)

White crystal, mp: 229–231 �C. 1H NMR (CDCl3, 300 MHz) d:
3.18–3.24 (d, J = 17.1 Hz, 1H), 3.71–3.76 (m, 1H), 3.81 (s, 3H),
4.32–4.36 (m, 1H), 4.54–4.57 (m, 1H), 5.60–5.64 (m, 2H), 6.88–
6.94 (m, 4H), 7.01–7.07 (m, 2H), 7.16–7.19 (d, J = 8.7 Hz, 2H),
7.29–7.31 (d, J = 7.5 Hz, 2H), 7.72–7.74 (d, J = 7.2 Hz, 2H). MS
(ESI): 433.15 (C25H22FN2O4, [M+H]+). Anal. Calcd for C25H21FN2O4:
C, 69.44; H, 4.89; F, 4.39; N, 6.48; O, 14.80. Found: C, 69.15; H, 4.86;
N, 6.51.

4.5.25. (2,3-Dihydrobenzo[b][1,4]dioxin-2-yl)(5-(3-
fluorophenyl)-3-phenyl-4,5-dihydro-1H-pyrazol-1-
yl)methanone (D10)

White crystal, mp: 118–119 �C. 1H NMR (CDCl3, 300 MHz) d:
3.13–3.20 (d, J = 17.7 Hz, 1H), 3.62–3.71 (m, 1H), 4.30–4.33 (m,
1H), 4.55–4.58 (m, 1H), 5.66–5.71 (m, 2H), 6.77 (s, 1H), 6.89–
7.02 (m, 4H), 7.08–7,13 (m, 2H), 7.31–7.35 (m, 1H), 7.46–7.54
(m, 3H), 7.61–7.64 (d, J = 7.8 Hz, 2H). MS (ESI): 403.14
(C24H20FN2O3, [M+H]+). Anal. Calcd for C24H19FN2O3: C, 71.63; H,
4.76; F, 4.72; N, 6.96; O, 11.93. Found: C, 71.25; H, 4.75; N, 6.99.

4.5.26. (3-(4-Bromophenyl)-5-(3-fluorophenyl)-4,5-dihydro-1H-
pyrazol-1-yl)(2,3-dihydrobenzo[b][1,4]dioxin-2-yl)methanone
(D11)

Yellow crystal, mp: 143–144 �C. 1H NMR (CDCl3, 300 MHz) d:
3.14–3.20 (d, J = 17.1 Hz, 1H), 3.73–3.78 (m, 1H), 4.35 (m, 1H),
4.56–4.59 (d, J = 10.8 Hz, 1H), 5.68–5.72 (m, 2H), 6.77 (s, 1H),
6.88–7.03 (m, 6H), 7.29–7.31 (m, 1H), 7.50–7.53 (d, J = 8.1 Hz,
2H), 7.67–7.70 (d, J = 7.2 Hz, 2H). MS (ESI): 481.05 (C24H19BrFN2O3,
[M+H]+). Anal. Calcd for C24H18BrFN2O3: C, 59.89; H, 3.77; Br,
16.60; F, 3.95; N, 5.82; O, 9.97. Found: C, 59.71; H, 3.76; N, 5.85.

4.5.27. (2,3-Dihydrobenzo[b][1,4]dioxin-2-yl)(5-(3-
fluorophenyl)-3-(4-methoxyphenyl)-4,5-dihydro-1H-pyrazol-1-
yl)methanone (D12)

White crystal, mp: 174–176 �C. 1H NMR (CDCl3, 300 MHz) d:
3.12–3.17 (m, 1H), 3.68–3.79 (m, 1H), 3.84 (s, 3H), 4.31–4.35 (m,
1H), 4.54–4.58 (m, 1H), 5.75–5.81 (m, 2H), 6.88–6.96 (m, 4H),
7.01 (s, 1H), 7.07–7.11 (m, 4H), 7.46–7.50 (m, 1H), 7.75–7.78 (d,
J = 7.5 Hz, 2H). MS (ESI): 433.15 (C25H22FN2O4, [M+H]+). Anal.
Calcd for C25H21FN2O4: C, 69.44; H, 4.89; F, 4.39; N, 6.48; O,
14.80. Found: C, 69.05; H, 4.88; N, 6.50.

4.5.28. (2,3-Dihydrobenzo[b][1,4]dioxin-2-yl)(5-(2-
fluorophenyl)-3-phenyl-4,5-dihydro-1H-pyrazol-1-
yl)methanone (D13)

White crystal, mp: 189–190 �C. 1H NMR (CDCl3, 300 MHz) d:
3.22–3.29 (m, 1H), 3.83–3.89 (m, 1H), 4.43–4.51 (m, 1H), 4.53–
4.67 (m, 1H), 5.60–5.68 (m, 1H), 5.80–5.85 (m, 1H), 6.86–6.90
(m, 3H), 7.02–7.17 (m, 3H), 7.21–7.26 (m, 2H), 7.45–7.48 (m,
3H), 7.75–7.78 (d, J = 7.8 Hz, 2H). MS (ESI): 403.14 (C24H20FN2O3,
[M+H]+). Anal. Calcd for C24H19FN2O3: C, 71.63; H, 4.76; F, 4.72;
N, 6.96; O, 11.93. Found: C, 71.25; H, 4.73; N, 6.97.

4.5.29. (3-(4-Bromophenyl)-5-(2-fluorophenyl)-4,5-dihydro-1H-
pyrazol-1-yl)(2,3-dihydrobenzo[b][1,4]dioxin-2-yl)methanone
(D14)

White crystal, mp: 199–201 �C. 1H NMR (CDCl3, 300 MHz) d:
3.21–3.27 (m, 1H), 3.82–3.88 (m, 1H), 4.45–4.66 (m, 2H), 5.61–
5.66 (m, 1H), 5.80–5.84 (m, 1H), 6.86–6.88 (m, 3H), 7.02–7.23
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(m, 4H), 7.47 (m, 3H), 7.74–7.77 (d, J = 7.5 Hz, 2H). MS (ESI): 481.05
(C24H19BrFN2O3, [M+H]+). Anal. Calcd for C24H18BrFN2O3: C, 59.89;
H, 3.77; Br, 16.60; F, 3.95; N, 5.82; O, 9.97. Found: C, 59.72; H, 3.75;
N, 5.83.

4.5.30. (2,3-Dihydrobenzo[b][1,4]dioxin-2-yl)(5-(2-
fluorophenyl)-3-(4-methoxyphenyl)-4,5-dihydro-1H-pyrazol-1-
yl)methanone (D15)

White crystal, mp: 208–209 �C. 1H NMR (CDCl3, 300 MHz) d:
3.17–3.24 (d, J = 17.4 Hz, 1H), 3.69–3.80 (m, 1H), 3.87 (s, 3H),
4.42–4.47 (d, J = 11.1 Hz, 1H), 4.52–4.56 (m, 1H), 5.64–5.67 (m,
1H), 5.77–5.83 (m, 1H), 6.86–6.91 (m, 3H), 6.95–6.98 (d,
J = 9.0 Hz, 2H), 7.02–7.12 (m, 3H), 7.20–7.25 (m, 2H), 7.68–7.71
(d, J = 8.7 Hz, 2H). MS (ESI): 433.15 (C25H22FN2O4, [M+H]+). Anal.
Calcd for C25H21FN2O4: C, 69.44; H, 4.89; F, 4.39; N, 6.48; O,
14.80. Found: C, 69.26; H, 4.87; N, 6.49.

4.6. Anti-proliferation assay

WM266.4 melanoma cells were cultured in DMEM/10% fetal bo-
vine serum, in 5% CO2 water saturated atmosphere at 37 �C. Cell
suspensions (10,000/mL) were prepared and 100 lL/well dis-
pensed into 96-well plates (Costar) giving 1000 cells/well. The
plates were returned to the incubator for 24 h to allow the cells
to reattach. These compounds were initially prepared at 20 mM
in DMSO. Aliquots (200 lL) were diluted into 20 mL culture med-
ium giving 200 lM, and 10 serial dilutions of 3� prepared. Aliquots
(100 lL) of each dilution were added to the wells, giving doses
ranging from 100 lM to 0.005 lM. After a further incubated at
37 �C for 24 h in a humidified atmosphere with 5% CO2, the cell via-
bility was assessed by the conventional 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) reduction assay and
carried out strictly according to the manufacturer instructions (Sig-
ma). The absorbance at 590 nm was recorded using LX300 Epson
Diagnostic micro-plate reader. Then GI50 was calculated using SPSS
13.0 software.

4.7. Kinase inhibitory assay

This V600E mutant B-Raf kinase assay was performed in tripli-
cate for each tested compound in this study. Briefly, 7.5 ng Mouse
Full-Length GST-tagged BRAFV600E (Invitrogen, PV3849) was prein-
cubated at room temperature for 1 h with 1 lL drug and 4 lL assay
dilution buffer. The kinase assay was initiated when 5 lL of a solu-
tion containing 200 ng recombinant human full length, N-terminal
His-tagged MEK1 (Invitrogen), 200 lM ATP, and 30 mM MgCl2 in
assay dilution buffer was added. The kinase reaction was allowed
to continue at room temperature for 25 min and was then
quenched with 5 lL 5� protein denaturing buffer (LDS) solution.
Protein was further denatured by heating for 5 min at 70 �C. About
10 lL of each reaction was loaded into a 15-well, 4–12% precast
NuPage gel (Invitrogen) and run at 200 V, and upon completion,
the front, which contained excess hot ATP, was cut from the gel
and discarded. The gel was then dried and developed onto a phos-
phor screen. A reaction that contained no active enzyme was used
as a negative control, and a reaction without inhibitor was used as
the positive control.

Detection of the effect of compounds on cell based pERK1/2
activity in WM266.4 cells was performed using ELISA kits (Invitro-
gen) and strictly according to the manufacturer instructions.

4.8. Acute oral toxicity

Five thousand milligrams of compounds C14 and D10 per kilo-
gram of bodyweight were administered to ten healthy rats by oral
gavage, respectively. The animals were observed for mortality,
signs of gross toxicity and behavioral changes at least once daily
for 14 days. Bodyweights were recorded prior to administration
and again on Day 7 and 14. All animals survived and appeared ac-
tive and healthy throughout the study. With the exception of one
male that exhibited a loss (2%) in body weight between Day 7
and 14, all animals gained bodyweight over the 14-day observation
period. There were no signs of gross toxicity or abnormal behavior.

4.9. Docking study

The three-dimensional structures of the aforementioned com-
pounds were constructed using Chem. 3D ultra 12.0 software
[Chemical Structure Drawing Standard; Cambridge Soft corpora-
tion, USA (2010)], then they were energetically minimized by using
MMFF94 with 5000 iterations and minimum RMS gradient of 0.10.
The crystal structures of B-Raf kinase domain bound to SB-590885
(PDB code: 2FB8) and bound to SM7 (PDB code: 3PSD) complex
were retrieved from the RCSB Protein Data Bank (http://
www.rcsb.org/pdb/home/home.do). All bound waters and ligands
were eliminated from the protein and the polar hydrogen was
added to the proteins. Molecular docking of all thirty compounds
as well as C0 was then carried out using the Discovery Stutio (ver-
sion 3.1) as implemented through the graphical user interface
CDocker protocol.

CDocker is an implementation of a CHARMm based molecular
docking tool using a rigid receptor,25 including the following steps:

(1) A series of ligands conformations are generated using high
temperature molecular dynamics with different random
seeds.

(2) Random orientations of the conformations are generated by
translating the center of the ligand to a specified position
within the receptor active site, and making a series of ran-
dom rotations. A softened energy is calculated and the orien-
tation is kept when it is less than a specified limit. This
process repeats until either the desired number of low-
energy orientations is obtained, or the test times of bad ori-
entations reached the maximum number.

(3) Each orientation is subjected to simulated annealing molec-
ular dynamics. The temperature is heated up to a high tem-
perature then cooled to the target temperature. A final
energy minimization of the ligand in the rigid receptor using
non-softened potential is performed.

(4) For each of the final pose, the CHARMm energy (interaction
energy plus ligand strain) and the interaction energy alone
are figured out. The poses are sorted according to CHARMm
energy and the top scoring (most negative, thus favorable to
binding) poses are retained. The whole B-Raf kinase domain
defined as a receptor and the site sphere was selected based
on the original ligand binding location, then the original
ligand was removed and the ligands prepared by us were
placed during the molecular docking procedure. CHARMm
was selected as the force field. The molecular docking was
performed with a simulated annealing method. The heating
steps were 2000 with 700 of heating target temperature. The
cooling steps were 5000 with 300 cooling target tempera-
ture. Ten molecular docking poses saved for each ligand
were ranked according to their dock score function. The pose
with the highest -CDocker energy was chosen as the most
suitable pose.

4.10. QSAR model

Among all the 30 compounds, 80% (i.e., 24) were utilized as a
training set for QSAR modeling. The remaining 20% (i.e., 6) were

http://www.rcsb.org/pdb/home/home.do
http://www.rcsb.org/pdb/home/home.do
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chosen as an external test subset for validating the reliability of the
QSAR model by the Diverse Molecules protocol in Discovery Studio
3.1. The selected test compounds were: C3, C8, C15, D4, D5 and
D14.

The inhibitory activity of the compounds in literatures [IC50

(mol/L)] was initially changed into the minus logarithmic scale [p
IC50 (mol/L)] and then used for subsequent QSAR analysis as the re-
sponse variable.

In Discovery Studio, the CHARMm force field is applied and the
electrostatic potential together with the Van der Waals potential
are treated as separate terms. As the electrostatic potential probe,
A + le point change is used while distance-dependent dielectric
constant is used to mimic the solvent effect. As for the Van der
Waals potential, a carbon atom with a radius of 1.73 Å is used as
a probe.

A partial least-squares (PLS) model is built using energy grids as
descriptors. QSAR models were built by using the create 3D QSAR
Model protocol in Discovery Studio 3.1.
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