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Fatty acid binding protein 4 (FABP4) is a potential drug target for diabetes and atherosclerosis. For
discovering new chemical entities as FABP4 inhibitors, structure-based virtual screening (VS) was per-
formed, bioassay demonstrated that 16 of 251 tested compounds are FABP4 inhibitors, among which
compound m1 are more active than endogenous ligand linoleic acid (LA). Based on the structure of m1,
new derivatives were designed and prepared, leading to the discovery of two more potent inhibitors,
compounds 9 and 10. To further explore the binding mechanisms of these new inhibitors, we determined
the X-ray structures of the complexes of FABP4-9 and FABP4-10, which revealed similar binding con-
formations of the two compounds. Residue Ser53 and Arg126 formed direct hydrogen bonding with the
ligands. We also found that 10 could significantly reduce the levels of lipolysis on mouse 3T3-L1 adi-
pocytes. Taken together, in silico, in vitro and crystallographic data provide useful hints for future
development of novel inhibitors against FABP4.

© 2014 Elsevier Masson SAS. All rights reserved.
1. Introduction

Fatty acids function both as energy source and as signals for
metabolic regulation in mammalian cells. Chaperones of fatty acids
are commonly known as fatty acid binding proteins (FABPs) that act
as fatty acids shuttles and play important roles in metabolic and
inflammatory diseases [1e3]. Since the initial discovery of FABPs in
1972, at least nine members have been identified.

FABP4, also known as A-FABP or aP2, was first detected in
mature adipocytes and adipose tissues. It plays a significant role in
many aspects of metabolic syndrome [4,5]. Disruption of FABP4 in
mice prevents them from diet-induced insulin resistance [6,7],
while macrophage-specific deletion of FABP4 leads to protection of
atherosclerosis in apolipoprotein E-deficient mice [8]. Reduced
@mail.shcnc.ac.cn (W. Zhu).

served.
FABP4 expression in adipose tissue in human being showed lower
serum triglyceride levels and significantly reduced risk of type 2
diabetes [9]. Increasing evidences indicate that pharmacological
agents that modify FABP4 function may offer therapeutic oppor-
tunities for metabolic syndrome. Indeed, several series of small-
molecule inhibitors of FABP4 have been reported over the last
decade [10e17]. For example, BMS309403, a highly active inhibitor
of FABP4, demonstrated to be effective to improve glucose meta-
bolism, enhance insulin sensitivity in both dietary and genetic
mouse models of obesity and diabetes, and ameliorate the symp-
tom of atherosclerosis [18]. The above studies indicated the po-
tential application of FABP4 inhibitors in the treatment of diabetes
and atherosclerosis.

To date, several crystal structures of human FABP4 have been
determined for apo and holo forms (bound with various ligands)
[13e16,19,20]. Structurally, FABP4 is composed of a well-known
assembly of ten antiparallel b-strands and a helix-loop-helix cap
in the N-terminal. The complex structures of FABP4 and various
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ligands provide insight into the structural foundation underlying
the binding modes of endogenous ligands and small molecule in-
hibitors in the active pocket of FABP4.

These results inspire us to discover and design novel inhibitors
of FABP4 via the current state-of-the-art structure-based approach.
We reported a novel types of FABP4 inhibitors discovered by virtual
screening [11]. Here, we report another type of small-molecule
inhibitors. Starting from the structure of m1 (Fig. 1), which was
discovered via virtual screening, we designed and synthesized a
series of new 2,4,6-triisopropylbenzene derivatives, leading to the
discovery of more potent compounds 9 and 10. X-ray crystallog-
raphy was then applied to study the binding mechanisms between
FABP4 and the new compounds.
Table 1
Inhibitory activities of newly designed and synthesized benzimidazole analogs.

Compound R X Y Inhibition
at 100 mMa (%)

IC50
(mean ± SE (mM))

Linoleic acid (LA) e e e 85.0 17.7 ± 0.20
m1 e e e 87.8 16.8 ± 0.18
1 H H H <10.0 NT
2a CH3 H H 36.3 >100.0
2c H H CH3 <10.0 NT
2d CH3 CH3 H <10.0 NT
2e CH3 H CH3 <10.0 NT
3a CH3 Br H 53.6 82.8 ± 0.91
3b H Br H 92.2 14.8 ± 0.29
3c H H Br <10.0 NT
3d CH3 H Br <10.0 NT
4a CH3 Cl H <10.0 NT
4b H Cl H <10.0 NT
4c H H Cl <10.0 NT
4d CH3 H Cl 90.8 14.8 ± 0.26
5a CH3 OCH3 H <10.0 NT
5b H OCH3 H <10.0 NT
5c H H OCH3 <10.0 NT
5d CH3 H OCH3 <10.0 NT
6b H NO2 H <10.0 NT
6c H H NO2 <10.0 NT
7 H NH2 H 10.0 >100.0
8

SO O
NH2 13.3 >100.0

9 OH 92.1 7.9 ± 0.086
2. Results and discussion

2.1. Virtual screening and biological evaluation

In an effort to discover novel inhibitors of FABP4, two chemical
databases: Specs (http://www.specs.net) and Maybridge (http://
www.maybridge.com) were virtually screened against the target
protein FABP4. The X-ray structure of FABP4 binding with
BMS309403 (PDB code: 2NNQ [14]) was retrieved from the Protein
Data Bank (http://www.rcsb.org/pdb) for docking calculation. Specs
compounds (~200,000 compounds) were first filtered with our in-
house script Druglk, leading to 80,000 compounds left. Then
similar procedure to our previous work was applied for the virtual
screening of FABP4 inhibitors in this study [11]. Briefly, the data-
bases Maybridge and Specs were filtered by software DOCK4.0 [21],
the top 10% ranked compounds with the highest score were
selected by software GLIDE [22,23] (www.schr€oinger.com). Then
the top 800 and 300 compounds from Maybridge and Specs,
respectively, were rescored by AUTODOCK3 program [24]. Taking
into account both Glide and AUTODOCK3 scores, 52 and 199 mol-
ecules from Maybridge and Specs were finally selected and pur-
chased from the vendors. The inhibitory activity of the purchased
compounds were determined using the 1,8-ANS ligand displace-
ment assay as described in our previous study [11]. Primary
bioassay was performed at 100 mM, 11 compounds showed inhib-
itory activity against FABP4 (6 for Specs and 5 forMaybridge). Based
on these hits, a structural similarity-based search in the two da-
tabases was performed. Another 36 compounds were purchased
from Maybridge, leading to the discovery of another 5 hits. How-
ever, none were purchased from Specs because no highly similar
structures were identified in the database. Thus, 16 FABP4 in-
hibitors in total were discovered through the two-step virtual
screening and bioassay approach. One series of the active com-
pounds (10 compounds) have been reported in our previous study
[11]. The rest 6 active compounds are sulfonamides, among which
compoundm1 demonstrated highest FABP4 inhibitionwith an IC50
Fig. 1. Structure of m1.
value of 16.8 mM (Table 1, Fig. 1), which was slightly more active
than the endogenous ligand linoleic acid (LA, 17.7 mM, Table 1).

2.2. Compound design and synthesis

Starting from the molecular structure of m1 and the docked
complex structure of FABP4-m1, we designed and synthesized a
new series of 2,4,6-triisopropylbenzene derivativesmainly focusing
on the replacement of imidazole with benzimidazole and benz-
imidazole analogs (Schemes 1e3). In general, treatment of appro-
priate commercially available substituted diaminobenzene with
triethyl orthoformate or triethyl orthoacetate and CH3OH under the
SO O

10 COOH 96.0 4.0 ± 0.043

NT: not determined.
a Values are means of triplicate experiments with relative standard deviations

<10%, the data were analyzed with GraphPad Prism software.

http://www.specs.net
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Scheme 2. Scheme for the synthesis of 1 and 2a.
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promotion of ZrCl4 afforded 11aeh. Then 11aeh reacted with 2,4,6-
triisopropylbenzenesulfonyl chloride and triethylamine to give 2e5
(Scheme 1). Because benzimidazole ring has the phenomenon of
tautomerism in the solution, compounds 11aeh and 6-
nitrobenzimidazole reacted with 2,4,6-
triisopropylbenzenesulfonyl chloride to give both 5-substituted
and 6-substituted products. The ratio of them was about 1:1.

The target compounds 1 and 2a were synthesized by commer-
cially available 2-substituted benzimidazole reacting with 2,4,6-
triisopropylbenzenesulfonyl chloride in the presence of triethyl-
amine as shown in Scheme 2. Compound 6b and 6c were prepared
in a similar manner as described for compound 1 started from
commercially available 6-nitrobenzimidazole. A suspension of 6b
and Pd/C in CH2Cl2eMeOH under H2 at room temperature to give
compound 7 as shown in Scheme 3.

The preparation of the target compounds 8, 9 and 10 was per-
formed as shown in Scheme 4. The target compound 8 was pre-
pared from 2,4,6-triisopropylbenzene-sulfonyl chloride by reaction
with NH3$H2O in THF. Reflux of 2,4,6-triisopropylbenzenesulfonyl
chloride in H2O/dioxane (v/v,1:1) to provide compound 9. Com-
pound 10 was produced by the reaction of 2,4,6-
triisopropylbenzoyl chloride with triethylamine in acetone in 99%
yield.
2.3. In vitro FABP4 inhibition assay

The synthesized compounds were evaluated for their ability to
inhibit FABP4. As shown in Table 1, 8 of the newly synthesized
compounds showed inhibitory activities against FABP4 at 100 mM.
Notably, compounds 9 and 10 were the most potent inhibitors
against FABP4 with IC50 values of 7.9 and 4.0 mM, respectively. The
bioassay result showed that the substitution of imidazole with
benzimidazole (1) caused complete loss of inhibition (Table 1).
Benzimidazole C5-substituted compounds of 1 (2c, 3c, 4c, 5c, 6c)
exhibited no activities against FABP4 at 100 mM, either. However,
increased inhibitory activity was observed when a methyl group
was introduced into the position C2 of the benzimidazole group (2a,
Table 1). Moreover, compound 4d, with a methyl group at the po-
sition C2 of the benzimidazole group of 4c, showed pretty high
potency against FABP4 with an IC50 value of 14.8 mM (Table 1).

FABP4 inhibitory activity of the analogs was significantly
affected by the type of chemical modifications on the position C6

(3b, 4b, 5b, 6b, 7). The bioassay results revealed that C6-amino
substituted 7 showed weak inhibitory activity, while 3b with
halogen substituent exhibited high potency (IC50 14.8 mM).
NH2

NH2

C
OEt

OEt
R2 OEt+

R1

R1 ZrCl4, CH3OH, rt.

2c R2=R4=H, R3=R1=CH3;
2d R2=R4=R1=CH3, R3=H;
2e R2=R3=R1=CH3, R4=H;
3a R2=CH3, R3=H, R4=R1=Br;
3b R2=R3=H, R4=R1=Br;
3c R2=R4=H, R3=R1=Br;
3d R2=CH3, R3=R1=Br, R4=H;

4a R2=C
4b R2=R
4c R2=R
4d R2=C
5a R2=C
5b R2=R
5c R2=R
5d R2=C

Scheme 1. Scheme for th
However, 3a with a methyl group at the position C2 of the benz-
imidazole group, showed reduced activity (IC50 82.8 mM).

Themost active inhibitors ofm1 analogs, namely 3b and 4d, had
similar activity to m1. Thus, the replacement of imidazole with
benzimidazole analogs has no significant effect on activity. Studies
have revealed that small molecules with acid groups showed high
inhibitory activity against FABP4 [13,14], we then replaced the
benzimidazole group with a hydroxyl group (9). Indeed, the
inhibitory activity of 9 increased remarkably with an IC50 value of
7.9 mM.When the sulfonic acid group was substituted by carboxylic
acid group (10), the inhibitory activity increased nearly 2-fold again
(Table 1).

FABP3-deficient mice showed reduced exercise tolerance, and
developed regional cardiac hypertrophy at old age, indicating that
FABP3 played an important role in metabolic homeostasis [25].
Therefore, the activity of 9 and 10 against FABP3 were also deter-
mined (Table 2). 9 displayed 11.5-fold preferences over FABP3,
while 10 showed 18.3-fold preferences over FABP3.

Fabp4 and Fabp5 double-knockout mice demonstrated strong
protection from diet-induced obesity (DIO), insulin resistance and
type 2 diabetes [26]. Dual inhibition by both FABP4 and FABP5 was
reported to be potentially useful for the treatment of dyslipidemia
and/or diabetes. Thus, we also determined the inhibitory activities
of 9 and 10 on FABP5. 9 demonstrated modest activity on FABP5
with an IC50 value of 16 mM while 10 is weak with the IC50 value
higher than 50 mM. Thus, further structural optimization of these
compounds is still needed for the development of more effective
candidates to treat type 2 diabetes without side effects.
2.4. Lipolysis inhibition in 3T3-L1 adipocytes

As targeted deletion or chemical inhibition of FABP4 decreased
lipolysis in adipocytes [12,27], we accessed whether 9 and 10 could
modulate the levels of lipolysis on adipocytes. We used mouse 3T3-
L1 adipocytes in this work, as FABP4 sequences and tertiary
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Fig. 2. Effect of 9 (50 mM) and 10 (50 mM) on forskolin-stimulated lipolysis in mouse
3T3-L1 adipocytes. Control: DMSO.
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structures are highly conserved between human (PDB code: 2NNQ
[14]) andmouse (PDB code: 3HK1 [12]). The result showed 10 could
significantly reduce forskolin-stimulated lipolysis at dose level of
50 mM (Fig. 2). Although no effect was observed at 50 mM (Fig. 2), 9
reduced approximately 9.0% of the forskolin-stimulated lipolysis at
100 mM. These results are in agreement with our inhibitory activity
data on FABP4 (Table 1). It confirmed that 9 and 10 are FABP4
inhibitors.
2.5. Binding mechanisms revealed by X-ray crystallography

To explore the binding mechanisms between FABP4 and the
inhibitors, the complex structures of FABP4-9 and FABP4-10 were
Table 2
Selectivity of the tested FABP4 inhibitors over FABP3.

Compound FABP4 IC50
a (mM) FABP3 IC50

b (mM) Selectivity index
FABP3/FABP4

Linoleic acid (LA) 1.0 1.0 1.0
9 0.45 5.16 11.5
10 0.23 4.20 18.3

a Values are means of triplicate experiments with relative standard deviations
<10%, presented as the fold of LA on FABP4.

b Values are means of triplicate experiments with relative standard deviations
<10%, presented as the fold of LA on FABP3.
determined by X-ray crystallization. The FABP4 conformations that
we obtained can align well with the previous reported structures.
The complex structures revealed similar binding modes for the two
compounds in the pocket of FABP4 (Fig. 3(A) and (B)). The 2,4,6-
triisopropylbenzene groups lie in the hydrophobic region of the
pocket defined by Met20, Val25, Ala33, Ala36, Phe57, Ala75 and
Ile104 (Fig. 3(A) and (B)). In addition, the acid groups of both
compounds (sulfonic acid group of 9 and carboxylic acid group of
10) formed hydrogen bonds with the protein and four structural
water molecules (Ser53, Thr60, Arg106, Arg126, Tyr128; Fig. 3).

Although the X-ray structures provided detailed binding infor-
mation between FABP4 and the two compounds, the mechanisms
for activity differences between the benzimidazole analogs were
still unclear. To further explore the binding mechanism between
other benzimidazole analogs with FABP4, 4d was docked into the
binding pocket of FABP4 by AUTODOCK4 [24]. The crystal results
demonstrated that the acid groups of 9 and 10 formed main polar
interactions with 3 key residues of FABP4 (Arg106, Arg126, Tyr128,
Fig. 3). The docking result showed that sulfonyl group formed polar
interactions with residue Arg126 and Tyr128 of FABP4, but not
Arg106 (Fig. 4). This might be one of the reasons that 4d and other
benzimidazole analogs had weaker inhibitory activities than 9 or
10. The docking result also revealed hydrophobic interactions be-
tween residue Met40, Ile115 and Arg128 and the methyl group at
the position C2 of the benzimidazole. This methyl groupmight help
to stabilize the conformation of the ligand. Thus when a methyl
group was introduced into the position C2 of the benzimidazole
group (2a, Table 1), it showed moderate activity, and those without
methyl group at the position C2 (2c, 3c, 4c, 5c, 6c) showed no ac-
tivities except 3b. Moreover, polar groups with small volume, such
as Cl, might be favored at the position C5 as shown in Fig. 4. The



Fig. 3. X-ray crystal structures of 9 (A) and 10 (B) binding to the active site of FABP4. The dashed lines in red represent hydrogen bonds. Compounds 9 (slate) and 10 (green) are
shown in sticks. Residues of FABP4 are shown in yellow sticks. Waters are shown as red balls. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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above results should also be helpful for further structural optimi-
zation of FABP4 inhibitors.

3. Conclusion

In summary, we carried out virtual screening to identify novel
inhibitors of FABP4. Based on the structure of the most active hit
m1, structural modifications by the replacement of imidazole with
benzimidazole and benzimidazole analogs were carried out. The
bioassay demonstrated eight new compounds had inhibitory ac-
tivities against FABP4. Among them, compounds 9 and 10were the
most potent compounds against FABP4, with IC50 7.9 mM and
4.0 mM, respectively. Moreover, 10 could reduce forskolin-
stimulated lipolysis at dose level of 50 mM. X-ray crystallography
and further docking results demonstrated the binding mechanisms
Fig. 4. Predicted binding conformation of 4d (magenta) aligned with 10 (green) in the
crystal structure of FABP4. The dashed lines in red represent hydrogen bonds. Com-
pounds 4d and 10 are shown in sticks. Residues of FABP4 are shown in yellow sticks.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
between the ligands and FABP4. Our results provide useful infor-
mation for further development of FABP4 inhibitors.

4. Experimental

4.1. Chemistry

Melting points were measured on an SGW X-4 melting point
apparatus without correction. The type of analytical thin-layer
chromatography (TLC) was HSGF 254 (0.15e0.2 mm thickness,
Yantai Jiangyou Company, China). 1H NMR and 13C NMR spectra
were taken on a Varian/Mercury Plus 400 spectrometer with tet-
ramethylsilane as an internal standard. Chemical shifts were re-
ported in parts per million (ppm, d) downfield from
tetramethylsilane. Proton coupling patterns were described as
singlet (s), doublet (d), triplet (t), quartet (q), multiplet (m), and
broad (br). Mass spectra were given with electric (EI) produced by
Agilent 1100LC/MSD mass spectrometer.

4.1.1. 1-(2,4,6-Triisopropylphenylsulfonyl)-1H-benzo[d]imidazole
(1)

A solution of benzimidazole (550 mg, 4.66 mmol) in anhydrous
THF (10mL) and triethylamine (0.67 mL, 4.66mmol) was stirred for
0.5 h, then treated with 2,4,6-triisopropylbenzenesulfonyl chloride
(1.41 g, 4.66 mmol) in anhydrous THF (5 mL), and refluxed for 12 h
until TLC indicated that the reaction was complete. The resulting
precipitate of triethylammonium chloride was filtered off. The so-
lution was concentrated under reduced pressure. The residue was
purified by silica gel column chromatography (8:1, v/v, petroleum
ether/EtOAc) to give 1 (1.467 g, 82%) as a white solid; Rf ¼ 0.6 (1:4,
EtOAc:Petroleum ether); mp 142e144 �C; 1H NMR (DMSO): d 8.80
(s, 1H, CHeN), 7.75e7.72 (m, 1H, AreH), 7.33 (s, 2H, AreH),
7.31e7.26 (m, 2H, AreH), 7.10e7.07 (m, 1H, AreH), 4.06e3.99 (m,
2H, 2 � CH(CH3)2), 2.92e2.88 (m, 1H, CH(CH3)2), 1.14 (d, 6H,
J ¼ 6.7 Hz, 2 � CH3), 1.01 (d, 12H, J ¼ 6.7 Hz, 4 � CH3); 13C NMR
(DMSO): d 147.3, 146.8, 140.7, 130.6, 126.0, 121.4, 114.5, 33.3, 28.0,
24.8; ESI-MS m/z: 385.1 ([MþH]þ).

4.1.2. 2-Methyl-1-(2,4,6-triisopropylphenylsulfonyl)-1H-benzo[d]
imidazole (2a)

Compound 2awas prepared as a white solid in a similar manner
as described for compound 1. Yield: 35%; Rf ¼ 0.6 (1:4,
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EtOAc:Petroleum ether); mp 104e105 �C; 1H NMR (DMSO):
d 7.62e7.59 (m, 1H, AreH), 7.56e7.54 (m, 1H, AreH), 7.32 (s, 2H,
AreH), 7.30e7.28 (m, 2H, AreH), 3.90e3.83 (m, 2H, 2 � CH(CH3)2),
2.94e2.91 (m, 1H, CH(CH3)2), 2.28 (s, 3H, CH3), 1.15 (d, 6H,
J ¼ 6.7 Hz, 2 � CH3), 0.93 (d, 12H, J ¼ 6.7 Hz, 4 � CH3); 13C NMR
(CDCl3): d 155.5, 151.6, 151.1, 141.4, 134.2, 132.2, 124.7, 124.5, 119.8,
113.3, 34.5, 29.7, 24.4; ESI-MS m/z: 400.0 ([MþH]þ).

4.1.3. General procedure for the preparation of 2,5-substituted-1H-
benzo[d]imidazole or 2,6-substituted-1H-benzo[d]imidazole
(11aeh)

A mixture of o-phenylenediamine (1.0 mmol), triethyl ortho-
formate (1.2 mmol) and ZrCl4 (0.1 mmol) in 10 mL MeOH was
stirred at room temperature for 3 h. After completion of the reac-
tion, as indicated by TLC, the solvent was concentrated and the
resulting product was directly purified by silica gel column chro-
matography (4:1 / 1:1, v/v, petroleum ether/EtOAc) to afford
compound 11aeh.

4.1.3.1. 6-Methyl-1H-benzo[d]imidazole (11a). A white solid, yield
100%; Rf ¼ 0.4 (1:20, CH2Cl2:CH3OH); 1H NMR (CDCl3): d 8.1 (s, 1H,
CHeN), 7.58 (d, 1H, J ¼ 8.3 Hz, AreH), 7.46 (s, 1H, AreH), 7.13 (dd,
1H, J ¼ 1.2, 8.3 Hz, AreH), 2.49 (s, 3H, AreCH3); 13C NMR (CDCl3):
d 140.5, 137.5, 136.4, 132.7, 124.3, 115.4, 114.8, 21.6.

4.1.3.2. 2,6-Dimethyl-1H-benzo[d]imidazole (11b). A white solid,
yield 96%; Rf ¼ 0.2 (1:1, EtOAc:Petroleum ether); 1H NMR (CDCl3):
d 7.45 (d, 1H, J ¼ 8.3 Hz, AreH), 7.33 (s, 1H, AreH), 7.04 (d, 1H,
J ¼ 7.9 Hz, AreH), 2.62 (s, 3H, CH3), 2.46 (s, 3H, CH3); 13C NMR
(CDCl3): d 150.9, 138.5, 137.1, 131.9, 123.5, 114.3, 114.0, 21.6, 14.9.

4.1.3.3. 5-Bromo-1H-benzo[d]imidazole (11c). A brown solid, yield
95%; Rf ¼ 0.1 (1:1, EtOAc:Petroleum ether); 1H NMR (CDCl3): d 8.10
(s, 1H, CHeN), 7.87 (s, 1H, AreH), 7.52 (d, 1H, J ¼ 8.6 Hz, AreH), 7.46
(d, 1H, J ¼ 8.2 Hz, AreH).

4.1.3.4. 5-Bromo-2-methyl-1H-benzo[d]imidazole (11d). A light gray
solid, yield 87%; Rf ¼ 0.1 (1:1, EtOAc:Petroleum ether); 1H NMR
(CDCl3): d 7.67 (s, 1H, AreH), 7.39 (d, 1H, J ¼ 8.6 Hz, AreH), 7.32 (d,
1H, J ¼ 8.2 Hz, AreH), 2.62 (s, 3H, CH3).

4.1.3.5. 5(6)-Chloro-1H-benzo[d]imidazole (11e). A white solid,
yield 100%; Rf ¼ 0.3 (20:1, CH2Cl2:CH3OH); 1H NMR (CDCl3): d 8.36
(d, 1H, J ¼ 9.8 Hz, AreH), 8.11 (s, 2H, CH), 7.71 (d, 1H, J ¼ 8.6 Hz,
AreH), 7.66 (d, 2H, J ¼ 2.0 Hz, AreH), 7.58 (d, 2H, J ¼ 8.6 Hz, AreH),
4.98 (br s, 2H, 2 � NH); 13C NMR (CDCl3): d 142.3, 141.7, 138.1, 136.5,
135.7, 128.7, 126.4, 125.8, 116.4, 115.4, 29.6, 23.6.

4.1.3.6. 5-Chloro-2-methyl-1H-benzo[d]imidazole (11f). A white
solid, yield 100%; Rf ¼ 0.3 (20:1, CH2Cl2:CH3OH); 1H NMR (CDCl3):
d 7.53 (d, 1H, J ¼ 2.0 Hz, AreH), 7.44 (d, 1H, J ¼ 8.6 Hz, AreH), 7.20
(dd, 1H, J ¼ 2.0, 8.2 Hz, AreH), 2.64 (s, 3H, CCH3); 13C NMR (CDCl3):
d 152.0, 128.0, 122.9, 115.2, 114.5, 109.7, 15.0.

4.1.3.7. 6-Methoxy-1H-benzo[d]imidazole (11g). A black solid, yield
68%; Rf ¼ 0.1 (1:1, EtOAc:Petroleum ether); 1H NMR (CDCl3): d 8.03
(s, 1H, CHeN), 7.56 (d, 1H, J ¼ 8.7 Hz, AreH), 7.11 (d, 1H, J ¼ 1.6 Hz,
AreH), 6.94 (dd, 1H, J ¼ 2.0, 8.7 Hz, AreH), 3.84 (s, 3H, OCH3).

4.1.3.8. 6-Methoxy-2-methyl-1H-benzo[d]imidazole (11h). A black
solid, yield 92%; Rf ¼ 0.1 (1:1, EtOAc:Petroleum ether); 1H NMR
(CDCl3): d 7.42 (d, 1H, J ¼ 8.7 Hz, AreH), 7.02 (d, 1H, J ¼ 2.0 Hz,
AreH), 6.86 (dd, 1H, J ¼ 2.4, 8.7 Hz, AreH), 3.83 (s, 3H, OCH3), 2.60
(s, 3H, CH3).
4.1.4. General procedure for the preparation of 2,5-trimethyl-1-
(2,4,6-triisopropylphenylsulfonyl)-1H-benzo[d]imidazole or 2,6-
trimethyl-1-(2,4,6-triisopropylphenylsulfonyl)-1H-benzo[d]
imidazole (2ce5d)

Compounds 2ce5d were prepared in a similar manner as
described for compound 1 started from appropriate substituted
benzimidazole 11aeh.

4.1.4.1. 5-Methyl-1-(2,4,6-triisopropylphenylsulfonyl)-1H-benzo[d]
imidazole (2c). A white solid, yield 85%; Rf ¼ 0.6 (1:4, EtOAc:Pe-
troleum ether); mp 154e155 �C; 1H NMR (CDCl3): d 8.28 (s, 0.3H,
CHeN), 8.26 (s, 1H, CHeN), 7.64 (d, 1H, J ¼ 8.2 Hz, AreH), 7.56 (s,
0.3H, AreH), 7.22 (s, 2H, AreH), 7.21 (s, 0.7H, AreH), 7.15 (d, 1H,
J ¼ 5.9 Hz, AreH), 7.11 (d, 1H, J ¼ 6.7 Hz, AreH), 4.24e4.15 (m, 2H,
2 � CH(CH3)2), 2.94e2.91 (m, 1H, CH(CH3)2), 2.46 (s, 1H, CH3), 2.38
(s, 3H, CH3), 1.25 (d, 6H, J ¼ 7.0 Hz, 2 � CH3), 1.14 (d, 12H, J ¼ 6.7 Hz,
4 � CH3); 13C NMR (CDCl3): d 155.5, 155.5, 151.7, 151.6, 141.5, 140.5,
140.0, 135.3, 131.4, 126.6, 125.8, 124.5, 120.8, 120,4, 111.7, 34.3, 29.6,
24.4, 23.4; ESI-MS m/z: 400.0 ([MþH]þ).

4.1.4.2. 2,6-Trimethyl-1-(2,4,6-triisopropylphenylsulfonyl)-1H-benzo
[d]imidazole (2d); 2,5-trimethyl-1-(2,4,6-triisopropyl-phenyl-
sulfonyl)-1H-benzo[d]imidazole (2e). Awhite solid of mixture of 2d
and 2e, yield 85%; Rf ¼ 0.6 (1:4, EtOAc:Petroleum ether); mp
125e127 �C (mixture of 2d and 2e); 1H NMR (CDCl3): d 7.65 (dd, 1H,
J ¼ 0.8, 7.8 Hz, AreH), 7.52 (d, 2H, J ¼ 6.3 Hz, AreH), 7.43 (s, 1H,
AreH), 7.27 (d, 2H, J ¼ 2.4 Hz, AreH), 7.18 (s, 2H, AreH), 7.11 (d, 2H,
J ¼ 7.8 Hz, AreH), 4.07e4.03 (m, 4H, 4 � CH(CH3)2), 2.94e2.90 (m,
2H, 2 � CH(CH3)2), 2.45 (s, 6H, 2 � CH3), 2.43 (s, 3H, CH3), 2.39 (s,
3H, CH3), 1.25 (d, 12H, J ¼ 7.0 Hz, 4 � CH3), 1.04 (d, 24H, J ¼ 6.7 Hz,
8 � CH3); 13C NMR (CDCl3): d 155.2155.1, 151.3, 150.7, 141.4, 139.2,
134.4, 134.0, 133.6, 132.0, 131.9, 125.7, 125.2, 124.2, 119.5, 119.0,
113.0, 112.5, 34.2, 29.4, 24.1, 21.8, 21.3, 20.7, 16.0, 15.9; ESI-MS m/z:
414.0 ([MþH]þ).

4.1.4.3. 6-Bromo-2-methyl-1-(2,4,6-triisopropylphenylsulfonyl)-1H-
benzo[d]imidazole (3a). A white solid, yield 17%; Rf ¼ 0.7 (1:4,
EtOAc:Petroleum ether); mp 106e107 �C; 1H NMR (CDCl3): d 7.80
(d, 1H, J ¼ 1.8 Hz, AreH), 7.69 (d, 1H, J ¼ 8.9 Hz, AreH), 7.42 (dd, 1H,
J ¼ 2.0, 8.9 Hz, AreH), 7.20 (s, 2H, AreH), 4.02e3.96 (m, 2H,
2 � CH(CH3)2), 2.96e2.90 (m, 1H, CH(CH3)2), 2.38 (s, 3H, ]CCH3),
1.26 (d, 6H, J¼ 6.7 Hz, 2� CH3),1.04 (d,12H, J¼ 6.7 Hz, 4� CH3); 13C
NMR (CDCl3): d 155.6, 151.4, 142.5, 133.0, 131.6, 127.4, 124.3, 122.6,
117.0, 114.3, 34.3, 29.5, 24.1, 15.8; ESI-MS m/z: 477.9 ([MþH]þ).

4.1.4.4. 6-Bromo-1-(2,4,6-triisopropylphenylsulfonyl)-1H-benzo[d]
imidazole (3b). A white solid, yield 13%; Rf ¼ 0.5 (1:4, EtOAc:Pe-
troleum ether); mp 168e169 �C; 1H NMR (CDCl3): d 8.32 (s, 1H,
CHeN), 7.64 (d, 1H, J ¼ 8.6 Hz, AreH), 7.44 (s, 1H, AreH), 7.42 (dd,
1H, J ¼ 2.0, 8.2 Hz, AreH), 7.24 (s, 2H, AreH), 4.19e4.12 (m, 2H,
2 � CH(CH3)2), 2.95e2.91 (m, 1H, CH(CH3)2), 1.26 (d, 6H, J ¼ 7.1 Hz,
2� CH3), 1.15 (d, 12H, J¼ 6.7 Hz, 4� CH3); 13C NMR (CDCl3): d 156.1,
151.9, 141.0, 129.5, 127.7, 124.7122.2, 118.6, 115.0, 34.3, 29.6, 24.4;
ESI-MS m/z: 463.9 ([MþH]þ).

4.1.4.5. 5-Bromo-1-(2,4,6-triisopropylphenylsulfonyl)-1H-benzo[d]
imidazole (3c). A white solid, yield 20%; Rf ¼ 0.6 (1:4, EtOAc:Pe-
troleum ether); mp 166e167 �C; 1H NMR (CDCl3): d 8.29 (s, 1H,
CHeN), 7.94 (d, 1H, J ¼ 1.6 Hz, AreH), 7.39 (dd, 1H, J ¼ 1.6, 8.3 Hz,
AreH), 7.22 (s, 2H, AreH), 7.18 (d, 1H, J ¼ 8.7 Hz, AreH), 4.13e4.09
(m, 2H, 2 � CH(CH3)2), 2.94e2.90 (m, 1H, CH(CH3)2), 1.25 (d, 6H,
J ¼ 7.1 Hz, 2 � CH3), 1.12 (d, 12H, J ¼ 6.7 Hz, 4 � CH3); 13C NMR
(CDCl3): d 155.9, 151.7, 144.7, 141.6, 130.2, 128.3, 124.6, 117.5, 112.9,
34.3, 29.7, 24.4; ESI-MS m/z: 463.9 ([MþH]þ).
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4.1.4.6. 5-Bromo-2-methyl-1-(2,4,6-triisopropylphenylsulfonyl)-1H-
benzo[d]imidazole (3d). A white solid, yield 13%; Rf ¼ 0.6 (1:4,
EtOAc:Petroleum ether); mp 130e132 �C; 1H NMR (CDCl3): d 7.88
(d, 1H, J ¼ 1.6 Hz, AreH), 7.51 (d, 1H, J ¼ 8.6 Hz, AreH), 7.42 (dd, 1H,
J ¼ 1.6, 8.6 Hz, AreH), 7.21 (s, 2H, AreH), 4.03e3.97 (m, 2H,
2 � CH(CH3)2), 2.95e2.92 (m, 1H, CH(CH3)2), 2.41 (s, 3H, ]CCH3),
1.23 (d, 6H, J¼ 7.1 Hz, 2� CH3),1.06 (d,12H, J¼ 6.7 Hz, 4� CH3); 13C
NMR (CDCl3): d 155.7, 151.4, 140.2, 134.6, 131.4, 127.3, 124.4, 120.7,
117.7, 116.1, 34.3, 29.5, 24.2, 23.4, 16.0; ESI-MSm/z: 477.9 ([MþH]þ).

4.1.4.7. 6-Chloro-2-methyl-1-(2,4,6-triisopropylphenylsulfonyl)-1H-
benzo[d]imidazole (4a). A light yellow solid, yield 12%; Rf¼ 0.6 (1:4,
EtOAc:Petroleum ether); mp 140e141 �C; 1H NMR (CDCl3): d 7.74
(d, 1H, J¼ 9.0 Hz, AreH), 7.64 (d, 1H, J ¼ 2.0 Hz, AreH), 7.28 (dd, 1H,
J ¼ 2.0, 9.0 Hz, AreH), 7.20 (s, 2H, AreH), 4.03e3.96 (m, 2H,
2 � CH(CH3)2), 2.95e2.91 (m, 1H, CH(CH3)2), 2.38 (s, 3H, ]CCH3),
1.26 (d, 6H, J¼ 7.0 Hz, 2� CH3), 1.04 (d,12H, J¼ 6.7 Hz, 4� CH3); 13C
NMR (CDCl3): d152.3, 151.4, 142.1, 132.6, 131.6, 129.6, 124.7, 124.3,
119.5, 113.4, 112.3, 34.3, 29.7, 24.2, 15.9; ESI-MS m/z: 433.9
([MþH]þ).

4.1.4.8. 6-Chloro-1-(2,4,6-triisopropylphenylsulfonyl)-1H-benzo[d]
imidazole (4b). A light yellow solid, yield 27%; Rf ¼ 0.6 (1:4,
EtOAc:Petroleum ether); mp 155e157 �C; 1HNMR (CDCl3): d 8.31 (s,
1H, CHeN), 7.77 (d, 1H, J ¼ 0.8 Hz, AreH), 7.25 (d, 1H, J ¼ 1.6 Hz,
AreH), 7.24 (s, 1H, AreH), 7.22 (s, 2H, AreH), 4.14e4.08 (m, 2H,
2 � CH(CH3)2), 2.94e2.90 (m, 1H, CH(CH3)2), 1.25 (d, 6H, J ¼ 7.0 Hz,
2 � CH3), 1.12 (d, 12H, J ¼ 6.7 Hz, 4 � CH3); 13C NMR (CDCl3,
100MHz): d 155.9,151.7,144.3,141.8,130.1,129.8,125.7,124.6,120.9,
112.5, 34.3, 29.7, 24.4; ESI-MS m/z: 420.0 ([MþH]þ).

4.1.4.9. 5-Chloro-1-(2,4,6-triisopropylphenylsulfonyl)-1H-benzo[d]
imidazole (4c). A light yellow solid, yield 29%; Rf ¼ 0.5 (1:4,
EtOAc:Petroleum ether); mp 150e151 �C; 1HNMR (CDCl3): d 8.31 (s,
1H, ]CHeN), 7.69 (d, 1H, J ¼ 9.0 Hz, AreH), 7.31e7.29 (m, 2H,
AreH), 7.24 (s, 2H, AreH), 4.18e4.12 (m, 2H, 2 � CH(CH3)2),
2.95e2.92 (m, 1H, CH(CH3)2), 1.26 (d, 6H, J ¼ 6.7 Hz, 2 � CH3), 1.15
(d, 12H, J ¼ 6.7 Hz, 4 � CH3); 13C NMR (CDCl3): d 156.0, 151.9, 142.1,
141.1, 131.1, 129.6, 125.1, 124.7, 121.8, 112.1, 34.3, 29.6, 24.4; ESI-MS
m/z: 420.0 ([MþH]þ).

4.1.4.10. 5-Chloro-2-methyl-1-(2,4,6-triisopropylphenylsulfonyl)
-1H-benzo[d]imidazole (4d). A light yellow solid, yield 15%; Rf ¼ 0.5
(1:4, EtOAc:Petroleum ether); mp 111e112 �C; 1H NMR (CDCl3):
d 7.76 (d, 1H, J ¼ 2.0 Hz, AreH), 7.56 (d, 1H, J ¼ 8.6 Hz, AreH), 7.29
(dd, 1H, J¼ 2.0, 8.2 Hz, AreH), 7.21 (s, 2H, AreH), 4.04e3.97 (m, 2H,
2 � CH(CH3)2), 2.95e2.92 (m, 1H, CH(CH3)2), 2.40 (s, 3H, ]CCH3),
1.26 (d, 6H, J¼ 7.1 Hz, 2� CH3), 1.06 (d, 12H, J¼ 7.1 Hz, 4� CH3); 13C
NMR (CDCl3): d 155.7, 151.6, 151.4, 124.6, 124.4, 120.3, 113.3, 34.3,
29.5, 24.2, 16.0; ESI-MS m/z: 433.9 ([MþH]þ).

4.1.4.11. 6-Methoxy-2-methyl-1-(2,4,6-triisopropylphenyl-sulfonyl)-
1H-benzo[d]imidazole (5a). A gray solid, yield 26%; Rf ¼ 0.3 (1:5,
EtOAc:Petroleum ether); mp 109e110 �C; 1H NMR (CDCl3): d 7.65
(d, 1H, J ¼ 9.1 Hz, AreH), 7.19 (s, 2H, AreH), 7.13 (d, 1H, J ¼ 2.8 Hz,
AreH), 6.91 (dd, 1H, J ¼ 2.8, 9.1 Hz, AreH), 4.05e4.01 (m, 2H,
2 � CH(CH3)2), 3.85 (s, 3H, OCH3), 2.93e2.89 (m, 1H, CH(CH3)2),
2.38 (s, 3H, ]CCH3), 1.27 (d, 6H, J ¼ 7.1 Hz, 2 � CH3), 1.04 (d, 12H,
J ¼ 6.7 Hz, 4 � CH3); 13C NMR (CDCl3): d 156.9, 155.2, 151.3, 142.2,
128.3, 124.2, 113.5, 113.3, 102.3, 55.6, 34.2, 29.7, 24.2, 15.9; ESI-MS
m/z: 430.0 ([MþH]þ).

4.1.4.12. 6-Methoxy-1-(2,4,6-triisopropylphenylsulfonyl)-1H-benzo
[d]imidazole (5b). A gray solid, yield 40%; Rf ¼ 0.4 (1:5, EtOAc:Pe-
troleum ether); mp 152e153 �C; 1H NMR (CDCl3): d 8.23 (s, 1H,
CHeN), 7.63 (d, 1H, J ¼ 8.6 Hz, AreH), 7.22 (s, 2H, AreH), 6.91 (dd,
1H, J ¼ 2.3, 8.6 Hz, AreH), 6.67 (d, 1H, J ¼ 2.3 Hz, AreH), 4.16e4.12
(m, 2H, 2 � CH(CH3)2), 3.68 (s, 3H, OCH3), 2.94e2.90 (m, 1H,
CH(CH3)2), 1.25 (d, 6H, J ¼ 6.7 Hz, 2 � CH3), 1.12 (d, 12H, J ¼ 6.7 Hz,
4 � CH3); 13C NMR (CDCl3): d 157.9, 155.6, 151.7, 139.3, 137.6, 132.0,
130.2, 124.5, 121.4, 113.7, 95.0, 55.6, 34.3, 29.7, 24.4; ESI-MS m/z:
415.9 ([MþH]þ).

4.1.4.13. 5-Methoxy-1-(2,4,6-triisopropylphenylsulfonyl)-1H-benzo
[d]imidazole (5c). A gray solid, yield 38%; Rf ¼ 0.3 (1:5, EtOAc:Pe-
troleum ether); mp 134e135 �C; 1H NMR (CDCl3): d 8.27 (s, 1H, ]
CHeN), 7.24 (d, 1H, J¼ 2.3 Hz, AreH), 7.21 (s, 2H, AreH), 7.16 (d, 1H,
J ¼ 9.0 Hz, AreH), 6.89 (dd, 1H, J ¼ 2.3, 9.0 Hz, AreH), 4.17e4.13 (m,
2H, 2 � CH(CH3)2), 3.83 (s, 3H, OCH3), 2.94e2.90 (m,1H, CH(CH3)2),
1.25 (d, 6H, J¼ 7.0 Hz, 2� CH3), 1.13 (d, 12H, J¼ 7.0 Hz, 4� CH3); 13C
NMR (CDCl3): d 157.3, 155.5, 151.7, 144.5, 141.0, 130.2, 125.6, 124.5,
114.8, 112.0, 103.2, 55.7, 34.3, 29.6, 24.4; ESI-MS m/z: 415.9
([MþH]þ).

4.1.4.14. 5-Methoxy-2-methyl-1-(2,4,6-triisopropylphenyl-sulfonyl)-
1H-benzo[d]imidazole (5d). A gray solid, yield 25%; Rf ¼ 0.4 (1:5,
EtOAc:Petroleum ether); mp 103e104 �C; 1H NMR (CDCl3): d 7.51
(d, 1H, J ¼ 8.7 Hz, AreH), 7.19 (s, 2H, AreH), 7.18 (d, 1H, J ¼ 2.4 Hz,
AreH), 6.91 (dd, 1H, J ¼ 2.4, 8.7 Hz, AreH), 4.05e4.01 (m, 2H,
2 � CH(CH3)2), 3.78 (s, 3H, OCH3), 2.95e2.91 (m, 1H, CH(CH3)2),
2.42 (s, 3H,]CCH3), 1.27 (d, 6H, J ¼ 6.7 Hz, 2 � CH3), 1.05 (d, 12H,
J ¼ 6.7 Hz, 4 � CH3); 13C NMR (CDCl3): d 157.4, 155.2, 151.3, 149.6,
135.4, 134.5, 124.2, 119.9, 112.8, 97.0, 55.8, 34.2, 29.5, 24.2, 16.1; ESI-
MS m/z: 430.0 ([MþH]þ).

4.1.5. 6-Nitro-1-(2,4,6-triisopropylphenylsulfonyl)-1H-benzo[d]
imidazole (6b)

Compound 6b was prepared as a yellow solid in a similar
manner as described for compound 1 started from commercially
available 6-nitrobenzimidazole. Yield 46%; Rf ¼ 0.6 (1:4, EtOAc:-
Petroleum ether); mp 178e179 �C; 1H NMR (CDCl3): d 8.60 (s, 1H,
CHeN), 8.25 (dd, 1H, J ¼ 2.1, 8.9 Hz, AreH), 8.13 (d, 1H, J ¼ 1.8 Hz,
AreH), 7.89 (d, 1H, J ¼ 8.9 Hz, AreH), 7.27 (s, 2H, AreH), 4.20e4.13
(m, 2H, 2 � CH(CH3)2), 2.97e2.90 (m, 1H, CH(CH3)2), 1.25 (d, 6H,
J ¼ 7.0 Hz, 2 � CH3), 1.17 (d, 12H, J ¼ 6.7 Hz, 4 � CH3); 13C NMR
(CDCl3): d 156.7, 152.0, 147.7, 145.2, 144.7, 130.6, 129.0, 125.0, 121.3,
120.0, 108.4, 34.3, 29.8, 24.4; ESI-MS m/z: 430.9 ([MþH]þ).

4.1.6. 5-Nitro-1-(2,4,6-triisopropylphenylsulfonyl)-1H-benzo[d]
imidazole (6c)

Compound 6c was prepared as a yellow solid in a similar
manner as described for compound 1 starded from commercially
available 6-Nitrobenzimidazole. Yield 42%; Rf ¼ 0.7 (1:4, EtOAc:-
Petroleum ether); mp 158e160 �C; 1H NMR (CDCl3): d 8.70 (s, 1H,
CHeN), 8.44 (s,1H, AreH), 8.23 (d,1H, J¼ 8.9 Hz, AreH), 7.45 (d,1H,
J ¼ 9.2 Hz, AreH), 7.25 (s, 2H, AreH), 4.12e4.05 (m, 2H,
2 � CH(CH3)2), 2.97e2.91 (m, 1H, CH(CH3)2), 1.25 (d, 6H, J ¼ 7.0 Hz,
2� CH3), 1.13 (d, 12H, J¼ 6.7 Hz,4� CH3); 13C NMR (CDCl3): d 156.5,
151.9, 145.0, 143.6, 143.2, 135.2, 129.4, 124.8, 120.7, 117.5, 112.0, 34.3,
29.8, 24.4; ESI-MS m/z: 430.9 ([MþH]þ).

4.1.7. 1-(2,4,6-Triisopropylphenylsulfonyl)-1H-benzo[d]imidazole-
6-amine (7)

A suspension of 6b (97 mg, 0.23 mmol) and Pd/C (80 mg, 10%) in
CH2Cl2eMeOH (9:1, 20 mL) was stirred under H2 for 2 h at room
temperature and then filtered and concentrated. The residue was
purified by silica gel column chromatography (5:1, v/v, petroleum
ether/EtOAc) to give compound 7 (64.3 mg, 71%) as a yellow solid
with Rf 0.4 (1:4, EtOAc:Petroleum ether); mp 152e153 �C; 1H NMR
(CDCl3): d 8.06 (s, 1H, CHeN), 7.53 (d, 1H, J ¼ 8.6 Hz, AreH), 7.26 (s,
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2H, AreH), 6.69 (s, 1H, AreH), 6.66 (s, 1H, AreH), 4.18e4.14 (m, 2H,
2 � CH(CH3)2), 3.72 (s, 2H, NH2), 2.94e2.90 (m, 1H, CH(CH3)2), 1.26
(d, 6H, J ¼ 6.7 Hz, 2 � CH3), 1.14 (d, 12H, J ¼ 6.7 Hz, 4 � CH3); 13C
NMR (CDCl3): d 155.4, 151.6, 144.6, 138.5, 136.6, 132.5, 126.0, 124.5,
121.4, 113.5, 97.1, 34.2, 29.5, 24.5; ESI-MS m/z: 400.9 ([MþH]þ).

4.1.8. 2,4,6-Triisopropylbenzenesulfonamide (8)
To a solution of 2,4,6-triisopropylbenzenesulfonyl chloride

(50 mg, 0.165 mmol) in THF (2 mL), NH3$H2O (0.127 mL, 25%) was
added under stirring. The mixture was stirred for 0.5 h at room
temperature until TLC indicated that the reaction was complete.
The solvent was concentrated under reduced pressure. The residue
was purified by silica gel column chromatography (1:5, v/v,
EtOAc:Petroleum ether) to give 8 (48.3 mg, 98%) as a white solid;
Rf ¼ 0.3 (1:4, EtOAc:Petroleum ether); mp 121e122 �C(lit. [1]
119e119.6 �C); 1H NMR (CDCl3): d 7.16 (s, 2H, AreH), 4.83 (s, 2H,
NH2), 4.14e4.07 (m, 2H, 2 � CH(CH3)2), 2.94e2.87 (m, 1H,
CH(CH3)2), 1.29e1.24 (m, 18H, 6 � CH3); 13C NMR (CDCl3): d 152.8,
149.1, 123.7, 34.2, 29.8, 24.7; ESI-MS m/z: 282.3 ([M�H]�).

4.1.9. 2,4,6-Triisopropylbenzenesulfonic acid (9)
2,4,6-Triisopropylbenzenesulfonyl chloride (50mg, 0.165mmol)

was dissolved in a mixture of dioxane (5mL) and water (10mL) and
heated under reflux for 24 h. The solvent was concentrated under
reduced pressure. The residue was purified by silica gel column
chromatography (20:1, v/v, CH2Cl2:MeOH) to give 9 (41.6 mg, 89%)
as awhite solid; Rf¼ 0.2 (20:1, CH2Cl2:CH3OH); mp 260e262 �C; 1H
NMR (DMSO): d 6.93 (s, 2H, AreH), 4.59e4.54 (m, 2H,
2 � CH(CH3)2), 2.80e2.76 (m, 1H, CH(CH3)2), 1.22 (d, 6H, J ¼ 7.0 Hz,
2 � CH3), 1.09 (d, 12H, J ¼ 6.7 Hz, 4 � CH3); 13C NMR (DMSO):
d 147.2, 146.8, 141.8, 121.4, 33.3, 28.0, 24.8; ESI-MS m/z: 283.1 ([M-
H]-).

4.1.10. 2,4,6-Triisopropylbenzoic acid (10)
To a solution of 2,4,6-triisopropylbenzoyl chloride (100 mg,

0.375 mmol) in acetone (20 mL), Et3N (54.2 mL, 0.375 mmol) and
water (3.4 mL, 0.188 mmol) were added under stirring. The mixture
was refluxed for 18 h until TLC indicated that the reaction was
complete. The solvent was concentrated under reduced pressure.
The residue was purified by silica gel column chromatography
(1:10/ 1:5, v/v, EtOAc:Petroleum ether) to give 10 (92 mg, 99%) as
a white solid; Rf ¼ 0.8 (1:5, EtOAc:Petroleum ether); mp
186e187 �C; 1H NMR (DMSO): d 7.04 (s, 2H, AreH), 3.07e3.03 (m,
2H, 2� CH(CH3)2), 2.92e2.89 (m,1H, CH(CH3)2), 1.30e1.25 (m,18H,
6 � CH3); 13C NMR (DMSO): d 171.4, 149.0, 143.3, 132.0, 120.4, 33.6,
30.8, 23.8; ESI-MS m/z: 247.3 ([M�H]�).

4.2. Virtual screening

Virtual screening was employed to search for novel FABP4 in-
hibitors. Two chemical databases: Specs (http://www.specs.net)
and Maybridge (http://www.maybridge.com) were virtually
screened against the target protein FABP4. The X-ray structure of
FABP4 binding with BMS309403 (PDB code: 2NNQ [14]) was
retrieved from the Protein Data Bank (http://www.rcsb.org/pdb) for
docking calculation. For the screening of database Maybridge, the
procedure has been reported in our previous study [11]. 52 com-
pounds were finally purchased from the vendor.

For Specs, similar methods were used. First, we filtered the
~200,000 compounds with our in-house script Druglk, leading to
80,000 compounds left. Then, software DOCK4.0 [21] was
employed, for constructing the grids for docking, residues within a
radius of 3.5 Å around BMS309403 were used. The top 7800
compounds were then selected for the second round screening by
GLIDE 4.0 [22,23] (www.schr€oinger.com). Receptor was prepared
by using the Protein Preparation and Grid Preparation tools in the
Schr€oinger Maestro interface. In the grid preparation process, the
default settings were adopted for the cutoff, neutralization, scaling
and dimensions of the binding pocket. The standard precision (SP)
mode of GLIDE was used to explore the favorable binding poses.
Ligand conformation is allowed to be flexible while the protein is
held as a rigid structure during the docking process. After
screening, 300 compounds with the highest scores were selected.
Then these molecules were filtered by AUTODOCK3 program [24].
The center of the ligand BMS309403 was defined as the grid box
center. The grid size was set to 40 � 40 � 40 points with grid
spacing of 0.375 Å. The Lamarckian genetic algorithm was applied
to account for proteineligand interactions. According to the pre-
dicted binding conformations and their binding scores from GLIDE
and AUTODOCK3, 199 compounds were purchased.

4.3. FABP4 inhibitory activity assays

The methods for expression, purification of FABP4 and the assay
for FABP4 inhibition have been described in our previous studies
[11,28]. The compounds were prepared as 100mM stock solution in
DMSO. Some of the compounds didn't dissolvewell, then theywere
prepared in DMSO as 10 mM stock solution. On the day of activity
assay, the compounds were all diluted in PBS to 100 mM for the first
round activity test. Compounds that showed inhibition rate higher
than 50% were selected for further IC50 values determination.

4.4. Analysis of adipocyte lipolysis

The assay for evaluating the lipolysis of the compounds on 3T3-
L1 adipocytes was described in our previous study [28]. Briefly,
after mouse 3T3-L1 preadipocytes differentiated to adipocytes, the
compounds or DMSO (final concentration 0.2%) with different
concentrations were added to the 48-well plates for 24 h. On the
day of experimentation, cells were incubated in Krebs Ringer Hepes
buffer for 2 h, with or without 20 mM forskolin. Glycerol levels in
supernatants were measured using a commercial Glycerol assay kit
(Applygen Technologies Inc, China) for lipolysis determination.

4.5. Crystal structure determination

The purification and crystallization of human FABP4 was
referred to the protocol of Eric Marr et al. [19] with slight modifi-
cation. The cDNA of the full length FABP4 was cloned into pET28a
vector with the Nde I/Xho I restriction sites. The recombinant
proteinwas isolated by nickel-affinity chromatography, eluted with
50 mM NaH2PO4 pH8.0, 300 mM NaCl, 80 mM imidazole and then
buffer exchanged into 20 mM HEPES pH7.5, 50 mM NaCl.

Crystals of FABP4 were obtained at 1.6 M Na-citrate at pH 6.5.
Apo-FABP4 was soaked with 1 mM inhibitor in the reservoir solu-
tion overnight. Crystals were flash frozen in liquid nitrogen in the
presence of well solution supplemented with 20% ethylene glycol
(EG).

The Data sets were collected at 100 K on the beamline BL17U at
the Shanghai Synchrotron Radiation Facility (SSRF), and were pro-
cessed with the XDS software packages [29]. The structures were
solved by molecular replacement, using the program PHASER [30]
with the search model of PDB code 3P6C. The structures were
refined using PHENIX [31]. Using the program Coot [32], inhibitor,
water molecules were fitted into to the initial Fo � Fc map. The
refined structures were deposited to Protein Data Bank with
accession codes 4NNS (FABP4-9) and 4NNT (FABP4-10). The com-
plete statistics, as well as the quality of the solved structure, is
shown in Table 3.

http://www.specs.net
http://www.maybridge.com
http://www.rcsb.org/pdb
http://www.schr%e10inger.com
http://www.schr%e10inger.com


Table 3
Crystallographic data collection and refinement statistics.

PDB code 4NNS (FABP4-9) 4NNT (FABP4-10)
Space group P212121 P212121
Cell dimensions: a (Å) 32.49 32.49
b (Å) 53.86 53.87
c (Å) 75.32 75.44
Wavelength (Å) 0.9793 0.9793
Reflections (unique) 19,991(1441) 20,579(1482)
Resolution range (Å) 1.53e43.81 1.53e29.84
Highest-resolution shell (Å) 1.53e1.57 1.53e1.57
Redundancy 5.14(5.36) 7.03(7.10)
I/s(I) 27.95(9.73) 21.54(6.31)
Completeness (%) 96.9(96.7) 99.6(100)
R merge 4.3(21.5) 10.0(50.3)
Rwork/Rfree (%) 18.77/20.65 19.00/21.01
RMS values
Bond length (Å) 0.005 0.006
Bond angle (�) 1.080 1.075
Number of non-hydrogen atoms
Protein 1045 1034
Inhibitor 19 18
Water Oxygen 119 127
Others
Mean temperature factors (Å2)
Protein 14.76 15.31
Inhibitor 14.80 15.10
Ramachandran plot
Residues in most-favored regions 130(98.48%) 130(98.48%)
Residues in allowed regions 2(1.52%) 2(1.52%)
Residues in disallowed regions 0(0.00%) 0(0.00%)
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4.6. The possible binding mode analysis of compound 4d using
AUTODOCK4

The compound 4d was docked by AUTODOCK4 program [24].
The center of the ligand 10 was defined as the grid box center. The
grid size was set to 60 � 60 � 60 points with grid spacing of
0.375 Å. The docking parameters were set as follows:
ga_pop_size ¼ 150 (number of individuals in population),
ga_run ¼ 100 (the number of dockings that were performed), other
parameters were set to the software's default values. The La-
marckian genetic algorithm was applied to account for pro-
teineligand interactions.
4.7. Statistical analysis

The IC50 value for compound against FABPs was determined by
nonlinear regression using GraphPad Prism software (San Diego,
CA, USA). Statistical significance of the data was performed using a
one-way analysis of variance (ANOVA) followed by Dunnett's test.
p < 0.05 is considered statistically significant.
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