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Pharmaceutically interesting, angular bis-benzimidazoles with three appendages have been synthesized
successfully through a diversity-oriented approach with soluble support under microwave irradiation. Polymer
immobilized o-phenylenediamine was selectively N-acylated with 2-chloro-3-nitrobenzoic acid in a primary
aromatic amino moiety. The obtained amide was cyclized to benzimidazole in an acidic condition, and
subsequently nucleophilic aromatic substitution with different amines was performed. Successive reduction,
cyclization with various aldehydes and activated isothiocyanates yielded angular biheterocyclic benzimidazoles
in good quantities. Reaction progress on polymer support was precisely monitored using the conventional
proton NMR spectroscopy. Preliminary screening results showed some of these interesting compounds
exhibited moderately to good inhibition against vascular endothelial growth factor receptor 3 (VEGFR-3),
which is related to invasion and migration of cancer cells.

Introduction

Chemical genetics is a powerful tool for using small
molecules to explore biology systematically.! Small complex
and diverse molecules were generated through a diversity-
oriented synthesis to screen indefinite biological targets to
discover novel modulators.? The diversity-oriented synthesis
assisted the initial task of chemical genetics in creating
extensive chemical space distributions. On the basis of
appendage diversity, various substituent groups were attached
to the skeletons to expand the diversity.

Convergent, polymer-supported synthesis of unique chemi-
cal entities under microwave irradiation provides a primary
lead optimization method to refine biological activity. This
approach may significantly reduce the drug development
timeline compared with conventional solution-phase synthe-
sis. Solid phase organic synthesis has been extensively used
as a platform for the rapid generation of molecular libraries.* >
Insoluble polymer-supported reactions improved the synthe-
sis efficiency by reducing purification time. However,
optimizing solid phase reaction conditions still requires
extensive work and some bottlenecks must be overcome.
Using soluble polymer support in combinatorial synthesis
facilitates library synthesis and overcomes difficulties with
solid phase reactions. It serves as a chemically robust
macromolecular protecting group and is carried forward in
multistep synthesis, with molecular modifications, until
intentional cleavage at the proper stage. To solve these
problems arising from the nature of solid support, various
kinds of soluble polymer supports have recently emerged.®
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For example, ionic liquids are used to support catalysts or
reagents and have been used in synthesizing bio-oligomers
and small molecules.” Fluorous support and polyethylene
glycol have been employed in synthesizing tripeptides,®
5-arylidene thiazolidinones,”® phthalocyanines,”® and other
heterocyclic scaffolds.'® These revolutionary techniques have
greatly affected the rapid synthesis of small, complicated
molecules. Since conventional heating takes longer duration
to complete polymer bound reactions, microwave irradiation
obviously accelerates polymer supported library synthesis
in high-throughput fashion.''~'’

Natural products UK-1 and AJI-9561 isolated from Strep-
tomyces are topoisomerase II inhibitors (Figure 1). They are
also potent cytotoxic metabiotics against many cancer cell
lines.'® One of these derivatives, alkylated UK-1 exhibits
antifungal and antibacterial properties.'®*® Benzimidazole,
the analogue of benzoxazole is a privileged skeleton with
extensive biological activities. Linear bis-benzimidazole is
identified as a selective chelator in the minor groove of
dsDNA.?"** Angular bis-benzimidazol is expected to be
more difficult to construct because of steric hindrance. Chen
synthesized UK-1 analogues that showed potent cytotoxicities
against BFTV-905 cells and MES-SA cells.?® Smith and his
colleagues prepared UK-1 derivatives as the topoisomerase
IT inhibitors.** Because of the poor understanding about
angular bis-benzimidazoles, this study developed a new
strategy for rapid synthesis of angular bis-benzimidazoles
to probe their biological pathway and modulation in me-
dicinal applications. Interestingly, these synthetic UK-1
derivatives were found to inhibit VEGFR-3, which dominates
the formation of lymphatic vessels and the proliferation of
lymphatic endothelial cells.””> Once VEGFR-3 was activated
by VEGFR-C, lymphangiogenesis was triggered. The pro-
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Figure 1. Biological active UK-1 derivatives and angular bis-benzimidazoles.
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gression, invasion, and migration of the cancer cells were
also stimulated at the same time. Discovery of novel
VEGFR-3 modulators has been much less reported.?
Therefore, further exploration of these biheterocyclic ben-
zimidazoles as novel VEGFR-3 kinase inhibitors for potential
cancer-targeted therapeutics is warranted.

Results and Discussion

On the basis of the concept of appendage diversity, our
current methodology follows two major steps.” The first step
is to synthesize the core skeleton angular bis-benzimidazole,
which is constructed with a polymer conjugate 1, 2-Chloro-
3-nitrobenzoic acid 2 and aldehydes or isothiocyanates (as
described in the graphical abstract). The second step is to
expand the distribution of the chemical space and add
miscellaneous appendages to the core template to explore
diversity. Three reaction steps, such as coupling reaction,
nucleophilic aromatic substitution, and nitro reduction, were
used to complete the synthesis of soluble support conjugated
diamine 1 containing the first appendage. This fundamental
building block 1 is a versatile scaffold for constructing
biheterocyclic analogues.** To generate bis-benzimidazoles,
polymer bound o-phenylenediamine 1 was selectively reacted
in primary aromatic amino moiety using N-acylation with

2-chloro-3-nitrobenzoic acid 2. PEG conjugated amide 3 was
obtained from a condensation of diamine 1 with 2-chloro-
3-nitrobenzoic acid 2 in the presence of N,N’-dicyclohexy-
Icarbodiimide (DCC) and a catalytic amount of N,N-
dimethylaminopyridine (DMAP) (Scheme 1). N-acylation
proceeded by means of the primary amine moiety is due to
the less steric congestion and the greater nucleophilicity
compared to that of secondary amine. The nucleophilicity
of the secondary amine moiety of 1 was reduced by the para
carbonyl functionality. Furthermore, the steric hindrance of
the DMAP-carboxylic acid complex may impede the cou-
pling with a more bulky secondary amine. The coupling
reaction was completed in 15 min under microwave irradia-
tion (110 °C, 10 bar, the temperature measured by infrared),
whereas traditional refluxing took 16 h to produce 3.
Compared to the synthesis of linear bis-benzimidazole, the
coupling reaction took longer and required harsher conditions
to achieve the completion.”>*” Directly monitoring the
reaction transformation of the polymer support was feasible
using conventional 'H NMR spectroscopy as shown in Figure
2. After coupling diamine 1 with 2-chloro-3-nitrobenzoic acid
2, three aromatic protons, Hy (7.87 ppm), H. (7.55 ppm),
and H¢ (7.87 ppm) emerged, which supported the formation
of amide 3 (Figure 2B). Furthermore, the chemical shifts of
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Figure 2. "H NMR monitoring of the formation of benzimidazole 4.

the diamine 1 aromatic protons H, and Hy, downfield shifted
to 0 8.55 and 6 8.00 in amide 3, respectively. The decrease
in electron density on the aromatic ring where the electron
donating amine group of 2 was transformed into the electron
withdrawing amide group caused these downfield shifts of
H, and H,. Following the acid-catalyzed ring cyclization,
the polymer-conjugated amide 3 was cyclized in trifluoro-
acetic acid (TFA) and MgSO, to produce benzimidazole 4
(Scheme 1). Trifluoroacetic acid served the purpose of
dehydrative cyclization to create the first benzimidazole
moiety in the present scheme.”® Cyclization was completed
in 12 h under refluxing conditions, but only 15 min were
required to complete cyclization using microwave irradiation
(100 °C, 8 bar). The functionality transformation was
demonstrated by the downfield shift of H. from 6.67 to 7.47
ppm, which resulted from the conversion of the electron
donating amine group of 3 into electron withdrawing nitrogen
on the heterocyclic imidazole of 4.

Benzimidazole conjugated 4 served as a versatile template
reacted smoothly with primary amines by ipso-fluoro dis-
placement under microwave cavity (150 °C, 15 bar) for 15
min. The harsh condition was required because of the steric
hindrance of the o-nitro group. We used regular proton NMR
to verify the extent of aromatic substitution without detaching
the product from the polymer support. In the monitoring
model, the proton H, signal shifted upfield from 7.64 ppm
to 6.93 ppm, because the electron withdrawing chloride of
4 was replaced by an electron donating amine. The substitu-
tion of the isopropyl group was evident by the appearance
of the doublet signal at 0.90 ppm, which was assigned to
the methyl protons of the isopropyl group. This study
employed various amines as second appendages to increase
the diversity, including a normal aliphatic substituent, a steric

hindered isopropyl substituent, a phenyl ring containing
aliphatic substituent, a heterocycles substituent, and an ether
containing aliphatic substituent.

The polymer conjugated o-nitro aniline § was subsequently
reduced to diamine 6 by a convenient Zn-ammonium formate
cocktail in methanol. Other reducing agents such as Al-
NH,Cl and 2 M SnCl, - H,O did not reduce the immobilized
nitro group successfully. After the reaction was completed,
the heterogeneous material was removed by filtration and
the PEG-bound diamines were again purified by precipitation.

After the nitro group was reduced to an amine group, the
electronic environment on the aromatic ring was altered. Both
para Hy and ortho Hg signals were shifted upfield from 7.64
ppm to 6.83 and 8.31 ppm to 6.83 ppm on the support.
Elaboration of compound 6 into the desired second benz-
imidazole skeleton was readily performed by the cyclization
of polymer conjugated o-phenylenediamine 6 with aldehydes,
orthoformates, and isothiocyanates, respectively, under re-
fluxing condition for 8 h. No trace of the uncyclized
compound was observed. For producing compound 7 quan-
titatively, one-pot cyclization of 6 with a dichloromethane
solution of trimethylorthoformate and TFA was adopted
which proceeded well. No acidic catalyst was required to
finish cyclization with aldehydes. Similar cyclization was
applied to construct benzo[1,4]thiazin-3-one tricycles,***
benzothiazoles, benzimidazoles, and benzoxazoles.?’® When
the reactions completed, the reaction mixtures were subse-
quently purified using simple precipitation, filtration, and
ether washing to remove unreacted reagents and byproducts.

Compared to the reactivity of aldehydes, isothiocyanates
must be activated with DCC to further react with polymer-
conjugated diamine 6. Although the exact intermediates for
the DCC-promoted benzimidazole formation were not clear,
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the possible in situ generated highly electrophilic carbodimide
may be the reactive species. Indirect evidence from a
mechanistic study is the isolation of N,N’-dicyclohexylthio-
urea after using DCC to accelerate intramolecular cyclization.
In our recent study, one-pot cyclodesulfurization provided a
more efficient route toward the formation of second benz-
imidazole scaffold.

Upon completion of the reaction, insoluble DCU (dicy-
clohexyl thiourea) was first removed by filtration, and
immobilized biheterocyclic benzimidazoles 7 were selec-
tively precipitated out after the addition of diethyl ether to
the reaction mixtures. To this end, polymer support was
cleaved in a potassium cyanide (1%) solution to deliver
methyl ester of trisubstituted angular bis-benzimidazoles 8
in good yields (Table 1). Completed cleavage of the polymer
support was verified by observing an upfield shift of
o-methylene protons in the polymer attachment site from
4.4 ppm to 3.6 ppm. In most cases, cleavage reactions
finished overnight. Their 'H NMR, '3C NMR, and mass
spectral data confirmed the structures of all final products.
The efficacies of these angular bis(benzimidazoles) 8 were
examined with in vitro inhibition of VEGFR-3 kinase cell
based assay in the concentration of 3 uM, and preliminary
results showed the inhibition of VEGFR-3 kinase from 5.92%
to 79.53%.*°

Synthesis of angular bis-benzimidazole was originally
designed by the reaction of diamine conjugated 1 with
3-chloro-2-nitrobenzoic acid 9. However, benzimidazole
conjugated 11 proceeded from a second SyAr reaction with
primary amines, and unexpected nitro group replacement
products were obtained (data is shown in the Supporting
Information). This result was confirmed by the observing
3:1 ratio of [M]" and [M + 2] peaks in the ESI* mass
spectra, indicating a chlorine-containing compound.

Conclusions

Microwave-assisted synthesis of angular bis-benzimida-
zoles on the support with three appendages was achieved in
good yields and purities. Compared with conventional
thermal heating, microwave irradiation decreased the reaction
time from several hours to a few minutes. In contrast to
various restrictions on the synthetic progress analysis in solid-
phase synthesis, soluble polymer-supported reactions were
easily monitored by observing changes in the aromatic region
using conventional proton NMR spectroscopy without fol-
lowing cleave-and-analyze method.

The integration of microwave irradiation and a soluble
polymer support strategy provided an efficient and convenient
approach for high throughput and diversity-oriented synthesis
of drug-like molecules. Preliminary screening results have
shown that some of these compounds exhibited moderately
to good inhibition against VEGFR 3, which is related to the
invasion and migration of cancer cells. These results may
lead to the design of more potent VEGFR-3 inhibitors for
cancer-targeted therapeutics. Detailed biological data will be
reported in due course.

Experimental Section

General Procedures. Dichloromethane was distilled from
calcium hydride before use. All reactions were performed
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under an inert atmosphere with unpurified reagents and dry
solvents. Analytical thin-layer chromatography (TLC) was
performed using 0.25 mm silica gel coated Kiselgel 60 F;s4
plates. Flash chromatography was performed using the
indicated solvent and silica gel 60 (Merck, 230—400 mesh).
Microwave flash heating is performed in CEM Discovery
equipment. 'H NMR (300 MHz) and '3C NMR (75 MHz)
spectra were recorded on a Bruker DX-300 spectrometer.
Chemical shifts are reported in parts per milliom (ppm) on
the scale from an internal standard. High-resolution mass
spectra (HRMS) were recorded on a JEOL TMS-HX 110
mass spectrometer. Normal phase HPLC was performed on
a Shimadzu LC-10AT series machine with a Hypersil (250
x 4.6 mm) analytical column. PEG was purchased from
SHOWA.

General Procedures for the Synthesis of Methyl 2-(1-
alkyl-2-substutional-1H-benzo[d]imidazol-7-yl)-1-alkyl-
1H-benzo[d]imidazole-5-carboxylate (8). Activated ester
was prepared by dissolving 2-chloro-3-nitrobenzoic acid 2
0.09 g (2.6 equiv., 0.44 mmol) in dry dichloromethane and
DCC 0.09 g (2.6 equiv., 0.44 mmol) as well as 4-dimethy-
laminopyridine (DMAP) (0.001 g) were added to the
solution. After 30 min, the solution was filtered and poured
into the solution of polymer supported diamine 1 (PEG 6000)
1.0 g (1.0 equiv., 0.17 mmol) in dry dichloromethane (10
mL). The reaction mixtures were subjected to microwave
irradiation at 110 °C for 15 min, and the crude products were
purified by precipitating and washing with excess cold ether
(50 mL x 3). To a solution of PEG supported amide 3 in
dichloroethane in a microwave vial, trifluoroacetic acid (10.0
equiv., 1.7 mmol) and 0.5 g of magnesium sulfate were
added. The vial was sealed and irradiated in a microwave
reactor at 100 °C (8 bar) for 15 min. The reaction mixtures
were then passed through a thin layer of Celite to remove
MgSO,, The solvent was removed under reduced pressure
and diluted with slow addition of excess of cold ether (100
mL). The precipitated benzoimidazole conjugate 4 was
filtered through a fritted funnel and washed with ether.
Various primary amines (7.0 equiv., 1.19 mmol) were added
to a solution of PEG bounded benzimidazole 4 in dichloro-
ethane. After irradiation in a microwave reactor at 150 °C
(15 bar) for 15 min, the conjugate 5 was purified using the
same procedures described previously. Zinc 0.3 g (30.0
equiv., 5.1 mmol) and ammonium formate 0.15 g (15.0
equiv., 2.6 mmol) were added to a solution of § in methanol,
and the reaction mixtures were stirred for 1 h at room
temperature. The mixtures were filtered with Celite to remove
zinc, and the filtrate was collected and concentrated under
reduced pressure. Then dichloromethane (50 mL) was added
to precipitate ammonium formate, and the mixtures were
again passed through a thin layer of Celite to remove
ammonium formate. To a solution of conjugate 6 in
dichloromethane, aldehydes or orthoformates or isothiocy-
anates (10.0 equiv., 1.7 mmol) were added. The reaction
mixtures were irradiated by microwave for several minutes
until the reaction was complete. The solvent was removed
under reduced pressure and washed with ether to deliver PEG
bound angular bis(benzimidazoles) 7. Potasium cyanide (0.01
equiv., 0.0017 mmol) was added to a solution of conjugate
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Table 1. Synthesis of Angular Biheterocyclic Benzimidazoles 8 with Three Different Appendages
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7 in methanol (10 mL). The mixtures were stirred at ambient
temperature for 12 h. The solvent was removed under
reduced pressure, and the mixtures were precipitated and
washed with ether (50 mL x 3). The filtrates were collected,
and products 8 were obtained in good yields after column
choromatography purification.

Methyl 2’,3’-Dibutyl-1-(2-cyclohexenylethyl)-2,4’-bi (1H-
benzo[d]imidazole)-5-carboxylate (8a). 'H NMR (300
MHz, CDCl3) 6 8.56 (s, 1H), 8.12 (d, J = 8.5 Hz, 1H), 7.92
(d, J = 7.7 Hz, 1H), 7.50 (d, J = 8.5 Hz, 1H), 7.46—7.28
(m, 2H), 5.33 (s, 1H), 4.10 (t, J = 7.5 Hz, 2H), 4.00 (s,
3H), 2.84 (t, J = 7.5 Hz, 2H), 2.36 (t, J = 7.5 Hz, 2H),
1.92—1.86 (m, 4H), 1.82—1.76 (m, 2H), 1.55—1.46 (m, 6H),
1.31—1.21 (m, 2H), 1.00 (t, J = 7.3 Hz, 3H), 0.90—0.82
(m, 2H), 0.78—0.70 (m, 2H), 0.52 (t, J = 7.3 Hz, 3H);!*C
NMR (75 MHz, CDCl3) 6 166.7, 155.8, 152.2, 142.9, 141.5,
136.8, 1324, 124.8, 124.3, 124.2, 123.7, 121.8, 120.7, 120.4,
112.1, 108.9, 108.5, 52.6, 44.2, 43.7, 38.0, 32.4, 29.8, 28.4,
27.4,25.0,22.7,22.6,21.8,19.8, 13.8, 13.3; IR (cm™ !, neat):
2925, 1719, 1300; MS (ESID) m/z: 513.35 (M+H)*; HRMS
(ED) caled for C5,Hy0N4O,: m/z 512.3151, found 512.3157.

Methyl 2°,3’-Dibutyl-1-isobutyl-2,4’-bi(1H-benzo[d]imi-
dazole)-5- arboxylate (8b). 'H NMR (300 MHz, CDCl3) ¢
8.54 (d, J = 1.1 Hz, 1H), 8.08 (dd, J = 8.6, 1.1 Hz, 1H),
7.88 (dd, J = 7.3, 1.8 Hz, 1H), 7.48 (d, J = 8.6 Hz, 1H),
7.35—7.26 (m, 2H), 3.98 (s, 3H), 3.84 (d, J/ = 4.7 Hz, 2H),
3.72—3.62 (m, 2H), 2.82 (t, J = 7.5 Hz, 2H), 2.09 (m, 1H),
1.94—1.85 (m, 2H), 1.53—1.43 (m, 2H), 1.40—1.30 (m, 2H),
0.98 (t,J = 7.3 Hz, 3H), 0.79 (d, J/ = 6.6 Hz, 6H), 0.80—0.70
(m, 2H), 0.55 (t, J = 6.9 Hz, 3H); '*C NMR (75 MHz,
CDCl;) 0 168.0, 157.2, 153.0, 144.1, 142.7, 138.7, 133.2,
125.5, 125.1, 124.9, 122.7, 121.7, 121.6, 113.4, 110.5, 52.6,
52.6,44.8,32.7,31.3, 30.1, 29.5, 27.7, 23.1, 20.6, 20.2, 14.2,
13.7; IR (cm™', neat): 2959, 1717, 1301; MS (ESI) m/z:
461.32 (M+H)"; HRMS (EI) calcd for CogH3¢N4Oy: m/z
460.2838, found 460.2843.

Methyl 3’-Butyl-1-isobutyl-2’-(4-nitrophenyl)-2,4’-bi(1H-
benzo[d]imidazole)-5-carboxylate (8c). 'H NMR (300
MHz, CDCl3) 6 8.56 (s, 1H), 8.38 (d, J = 8.1 Hz, 2H), 8.11
(d, J = 8.4 Hz, 1H), 8.03 (m, 1H), 7.90 (d, J = 8.1 Hz, 2H),
7.54—7.47 (m, 3H), 3.98 (s, 3H), 3.98—3.94 (m, 4H),
2.19—2.14 (m, 1H), 1.25—1.05 (m, 2H), 0.85 (d, J = 6.5
Hz, 6H), 0.60—0.50 (m, 2H), 0.38 (t, J = 6.9 Hz, 3H); 1*C
NMR (75 MHz, CDCl3) 6 167.9, 153.6, 152.4, 149.0, 144.7,
142.7,138.8, 137.1, 133.9, 131.0, 127.2, 125.2, 125.1, 124.4,
122.9,122.8,114.8,110.7, 110.7, 52.7, 52.6, 46.3, 32.8, 29.6,
20.7, 19.9, 13.4; IR (cm™!, neat): 2960, 1717, 1524, 1349;
MS (ESI) m/z: 5263 (M+H)*; HRMS (EI) calcd for
C30H3N5Oy: m/z 525.2376, found 525.2384.

Methyl 3’-Butyl-2’-(furan-2-yl)-1-isobutyl-2,4’-bi(1H-
benzo[d]imidazole)-5-carboxylate (8d). 'H NMR (300
MHz, CDCl;) 6 8.58 (s, 1H), 8.12 (d, J = 8.6 Hz, 1H), 7.99
(d, J = 7.4 Hz, 1H), 7.62 (s, 1H), 7.51 (d, J = 8.6 Hz, 1H),
7.45—7.36 (m, 2H), 7.24 (s, 1H), 6.62 (d, / = 1.4 Hz, 1H),
4.03—3.96 (m, 2H), 4.00 (s, 3H), 3.90—3.80 (m, 2H), 2.10
(m, 1H), 1.59—1.43 (m, 2H), 0.80 (d, / = 6.5 Hz, 6H),
0.81—0.73 (m, 2H), 0.56 (t, J = 7.0 Hz, 3H); '*C NMR (75
MHz, CDCl;) 6 168.0, 152.8, 146.2, 145.6, 144.5, 142.8,
141.9, 138.7, 133.7, 126.7, 125.2, 125.0, 122.9, 122.6, 122.5,
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114.1, 113.7, 112.4, 110.5, 52.6, 46.1, 32.8, 30.1, 29.5, 20.6,
20.1, 13.6; IR (cm™ !, neat): 2959, 1715, 1302; MS (EI) m/z:
470 (M™); HRMS (EI) calcd for CogH3gN4O5: m/z 470.2318,
found 470.2322.

Methyl 3’-Isopropyl-1-(3-methoxypropyl)-2’-(thiophen-
2-yl)-2,4’-bi(1H-benzo[d]imidazole)-5-carboxylate (8¢). 'H
NMR (300 MHz, CDCl3) 6 8.58 (d, J/ = 1.0 Hz, 1H), 8.13
(dd, J = 8.5, 1.0 Hz, 1H), 8.00 (dd, J = 8.0, 1.2 Hz, 1H),
7.59—7.53 (m, 2H), 7.45—7.39 (m, 2H), 7.32 (dd, J = 7.4,
1.2 Hz, 1H), 7.16 (dd, J = 5.1, 3.7 Hz, 1H), 4.35 (sept, J =
7.0 Hz, 1H), 4.18—4.12 (m, 2H), 3.99 (s, 3H), 3.27—3.23
(m, 2H), 3.23 (s, 3H), 1.94—1.84 (m, 2H), 1.19 (d, J = 7.0
Hz, 6H); '3C NMR (75 MHz, CDCl;) 6 168.0, 153.4, 149.7,
144.3, 142.6, 138.6, 134.5, 133.4, 130.4, 129.1, 127.6, 126.7,
125.3, 125.2, 122.9, 122.8, 122.5, 114.3, 110.3, 69.1, 59.0,
52.6, 50.3, 42.1, 30.5, 22.4; IR (cm™', neat): 2927, 1715,
1301; MS (EI) m/z: 488 (M™); HRMS (EI) caled for
Cy7H,5N4O5S: m/z 488.1882, found 488.1890.

Methyl 1-(2-Cyclohexenylethyl)-3'-(3,3-diphenylpropyl)-
2,4'-bi (1H-benzo[d]imidazole)-5-carboxylate (8f). 'H NMR
(300 MHz, CDCl3) 6 8.60 (d, J = 1.3 Hz, 1H), 8.16 (dd, J
= 8.5, 1.5 Hz, 1H), 8.01 (d, J = 7.0 Hz, 1H), 7.81 (s, 1H),
7.45—7.37 (m, 3H), 7.20—7.10 (m, 6H), 6.87 (d, J = 1.9
Hz, 2H), 6.85 (s, 2H), 5.19 (s, 1H), 4.04 (s, 3H), 4.03—3.91
(m, 4H), 3.17 (t, J = 7.9 Hz, 1H), 2.16 (t, J = 8.0 Hz, 2H),
2.09—1.90 (m, 2H), 1.90—1.80 (m, 2H), 1.68—1.60 (m, 2H),
1.54—1.40 (m, 4H); *C NMR (75 MHz, CDCl;) 6 168.0,
152.3, 146.0, 145.5, 143.3, 142.7, 138.4, 133.4, 132.2, 129.0,
127.7,127.0, 125.8, 125.4, 125.1, 124.8, 123.1, 122.9, 122.2,
114.2, 110.6, 52.6, 49.0, 46.1, 44.2, 38.2, 35.9, 28.5, 25.5,
22.9, 22.3; IR (cm™!, neat): 2929, 1716, 1301; MS (ESI)
mlz: 595.2 (M-+H)"; HRMS (EI) calcd for C3oH3sN4O,: mi/z
594.2995, found 594.2996.

Methyl 1-(2-Cyclohexenylethyl)-3'-(3,3-diphenylpropyl)-
2’-(thiophen-2-yl)-2,4’-bi(1H-benzo[d]imidazole)-5-car-
boxylate (8g). 'H NMR (300 MHz, CDCls) 6 8.55 (d, J =
1.1 Hz, 1H), 8.13 (dd, J = 8.6, 1.1 Hz, 1H), 8.00 (dd, J =
7.9, 1.1 Hz, 1H), 7.47 (dd, J = 5.0, 1.0 Hz, 1H), 7.43—7.37
(m, 3H), 7.15—7.10 (m, 6H), 7.05 (dd, J = 3.7, 1.0 Hz, 1H),
6.98 (dd, J = 5.0, 3.7 Hz, 1H), 6.93—6.72 (m, 4H), 5.24 (s,
1H), 4.03 (s, 3H), 4.04—3.99 (m, 4H), 2.90 (t, J = 7.6 Hz,
2H), 2.25 (t, J = 7.6 Hz, 2H), 2.14—2.05 (m, 2H), 1.98—1.90
(m, 2H), 1.71—1.63 (m, 2H), 1.55—1.43 (m, 4H); 3*C NMR
(75 MHz, CDCl;) 6 167.9, 152.2, 149.4, 144.5, 143.4, 142.7,
138.2, 134.0, 133.4, 131.8, 129.3, 128.8, 128.7, 128.2, 127.7,
126.8, 126.2, 125.4, 125.2, 125.0, 122.9, 122.6, 122.5, 113.9,
110.5, 52.6, 49.3, 45.5, 44.2, 38.3, 36.2, 28.6, 25.5, 23.0,
22.3; IR (cm™!, neat): 2932, 1716, 1301; MS (EI) m/z: 676
(M™); HRMS (EI) caled for Cu3HiN4O,S: m/z 676.2872,
found 676.2867.

Methyl 1-(2-Cyclohexenylethyl)-3'-(thiophen-2-ylmethyl)-
2,4'-bi(1H-benzo[d]imidazole)-5-carboxylate (8h). 'H NMR
(300 MHz, CDCl3) 6 8.61 (d, J = 1.0 Hz, 1H), 8.11 (dd, J
= 8.6, 1.0 Hz, 1H), 8.04 (d, / = 7.4 Hz, 1H), 743 (d, J =
7.4 Hz, 1H), 7.37—7.33 (m, 2H), 6.98 (dd, J = 5.1, 1.0 Hz,
1H), 6.56 (dd, J = 5.1, 3.5 Hz, 1H), 5.82 (d, / = 2.7 Hz,
1H), 5.56 (s, 2H), 5.31 (s, 1H), 4.01 (s, 3H), 3.72—3.66 (m,
2H), 2.14 (t, J = 7.4 Hz, 2H), 1.96—1.88 (m, 2H), 1.80—1.72
(m, 2H), 1.60—1.48 (m, 4H); '*C NMR (75 MHz, CDCl;) 6
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168.0, 151.8, 142.7, 139.2, 139.2, 138.5, 133.8, 133.8, 127.1,
125.9, 125.6, 125.2, 125.0, 125.0, 124.9, 124.6, 123.1, 122.7,
122.4, 114.5, 110.5, 52.6, 46.4, 43.9, 38.0, 28.8, 25.5, 23.0,
22.4; IR (cm™', neat): 2929, 1714, 1301; MS (EI) m/z: 496
(MT); HRMS (EI) calcd for CyoHgN4O,S: m/z 496.1933,
found 496.1936.

Methyl 1-(2-Cyclohexenylethyl)-2’-(thiophen-2-yl)-3’-
(thiophen-2-ylmethyl)-2,4’-bi(1H-benzo[d]imidazole)-5-
carboxylate (8i). 'H NMR (300 MHz, CDCl;) 6 8.63 (s,
1H), 8.11 (dd, J = 7.3, 2.1 Hz, 2H), 7.59 (d, 5.0 Hz, 2H),
7.47 (t, J = 7.8 Hz, 1H), 7.35—7.31 (m, 2H), 7.16 (m, 1H),
6.94 (d, J = 5.0 Hz, 1H), 6.56 (dd, J = 5.0, 3.5 Hz, 1H),
5.89—5.81 (m, 3H), 5.32 (s, 1H), 4.02 (s, 3H), 3.55 (t, J =
7.7 Hz, 2H), 2.17 (t, J = 7.7 Hz, 2H), 1.98—1.88 (m, 2H),
1.83—1.73 (m, 2H), 1.63—1.56 (m, 4H); '*C NMR (75 MHz,
CDCly) 6 167.9, 151.2, 149.7, 143.8, 141.9, 139.5, 138.1,
133.6, 133.6, 133.1, 130.4, 130.0, 128.5, 127.1, 126.5, 125.5,
125.2,125.1, 124.7, 124.0, 123.1, 122.5, 122.4, 114.0, 110.6,
52.6,46.1,44.0,38.0, 28.8, 25.5, 23.0, 22.3; IR (cm™ !, neat):
2927, 1715, 1300; MS (FAB) m/z: 579 (M+H)"; HRMS
(FAB) caled for C33H3:N405S5: m/z 579.1888, found 579.1895.

Methyl 1-(2-Cyclohexenylethyl)-3’-((tetrahydrofuran-
2-yl)methyl)-2’-(thiophen-2-yl)-2,4’-bi(1H-benzo[d]imida-
zole)-5-carboxylate (8j). '"H NMR (300 MHz, CDCls) 6 8.56
(d, J = 1.1 Hz, 1H), 8.12 (dd, J = 8.5, 1.1 Hz, 1H), 8.00
(dd, J = 7.6, 1.4 Hz, 1H), 7.63 (d, J = 3.2 Hz, 1H),
7.54—7.52 (m, 1H), 7.50 (s, 1H), 7.44—7.36 (m, 2H), 7.16
(dd, J = 5.1, 3.7 Hz, 1H), 5.40 (s, 1H), 4.45—4.24 (m, 2H),
4.13 (t, J = 7.7, 2H), 4.00 (s, 3H), 3.63 (br, 1H), 3.40 (m,
1H), 3.29 (br, 1H), 2.46 (t, J = 7.7 Hz, 2H), 1.97—1.81 (m,
6H), 1.61—1.48 (m, 6H); *C NMR (75 MHz, CDCl;) ¢
168.0, 152.8, 150.3, 144.7, 142.6, 138.4, 134.1, 133.6, 132.5,
129.8, 129.3, 128.0, 126.2, 125.2, 125.1, 125.0, 122.7, 122.7,
122.4, 114.2, 110.3, 68.3, 52.6, 50.0, 44.6, 38.5, 31.4, 29.3,
28.7, 25.6, 25.5, 23.0, 22.4; IR (cm™!, neat): 2930, 1715,
1301; MS (ESIY) m/z: 567.3 (M+H)"; HRMS (EI) caled
for C33H34N40;S: m/z 566.2352, found 566.2353.

Methyl 1,2’-Dibutyl-3’-(4-methoxybenzyl)-2,4’-bi(1H-
benzo[d]imidazole)-5-carboxylate (8k). 'H NMR (300
MHz, CDCl;) 6 8.58 (s, 1H), 8.06 (dd, J = 8.5, 1.1 Hz,
1H), 7.96 (d, J = 7.8 Hz, 1H), 7.34 (t, J = 7.8 Hz, 1H),
7.21—7.16 (m, 2H), 6.38 (d, J = 8.5 Hz, 2H), 6.00 (d, J =
8.5 Hz, 2H), 5.26 (br, 2H), 4.01 (s, 3H), 3.66 (s, 3H), 3.20
(t,J=17.6 Hz, 2H), 2.93 (t, J = 7.6 Hz, 2H), 1.93—1.83 (m,
2H), 1.53—1.37 (m, 4H), 1.22—1.10 (m, 2H), 0.96 (t, J =
7.3 Hz, 3H), 0.80 (t, J = 7.3 Hz, 3H); '*C NMR (75 MHz,
CDCl;) 6 168.1, 159.1, 159.1, 157.7, 152.0, 144.0, 142.7,
138.4, 132.8, 128.3, 126.3, 125.2, 125.0, 124.7, 122.6, 121.9,
121.6, 114.0, 110.3, 55.6, 52.6, 47.6, 44.6, 31.8, 30.3, 27.8,
23.0, 20.4, 14.1, 13.8; IR (cm™!, neat): 2957, 2933, 1716,
1300; MS (ESIY) m/z: 525.4 (M+H)"; HRMS (EI) caled
for C3,H36N4O5: m/z 524.2787, found 524.2782.

Methyl 1-Butyl-3’-(4-methoxybenzyl)-2’-propyl-2,4’-
bi(1H-benzo[d]imidazole)-5-carboxylate (81). 'H NMR
(300 MHz, CDCl3) 6 8.60 (d, J = 1.0 Hz, 1H), 8.11—8.05
(m, 2H), 7.34 (t, J = 7.8 Hz, 1H), 7.27—7.21 (m, 2H), 6.39
(d, J = 8.6 Hz, 2H), 6.00 (d, / = 8.6 Hz, 2H), 5.34 (br,
2H), 4.03 (s, 3H), 3.67 (s, 3H), 3.22 (t, J = 7.6 Hz, 2H),
3.02 (t, J = 7.6 Hz, 2H), 2.01—1.93 (m, 2H), 1.47—1.37

Chen et al.

(m, 2H), 1.27—1.15 (m, 2H), 1.10 (t, J = 7.3 Hz, 3H), 0.82
(t, J = 7.3 Hz, 3H); 3C NMR (75 MHz, CDCL;) ¢ 168.0,
159.3, 157.0, 151.3, 142.6, 141.4, 138.4, 132.0, 127.5, 126.3,
126.0, 125.2, 124.9, 123.0, 122.6, 120.9, 114.7, 114.2, 110.4,
55.7,52.6,47.9, 44.6, 319,294, 21.8, 204, 14.4, 13.9; IR
(cm™!, neat): 2958, 2930, 1716; MS (ESI) m/z: 511.3
(M+H)*; HRMS (EI) calcd. for C3,H3,N4O5: m/z 510.2631,
found 510.2633.

Methyl-2-[2-(2-Hydroxyphenyl)-1-(2-methoxyethyl)-
1H-benzo[d]imidazol-7-yl]-1-isopentyl-1H-benzo[d]imida-
zole-5-carboxylate (8m). 'H NMR (300 MHz, CDCl;) ¢
8.57 (d, J = 1.2 Hz, 1H), 8.12 (dd, J = 8.6, 1.2 Hz, 1H),
7.96 (dd, J = 7.8, 1.0 Hz, 1H), 7.71 (dd, J = 7.8, 1.5 Hz,
1H), 7.51 (d, J = 8.6 Hz, 1H), 7.49—7.27 (m, 3H), 7.13 (d,
J =17.8 Hz, 1H), 6.91 (dd, J = 8.0, 6.9 Hz, 1H), 4.35 (br,
2H), 4.10 (t, J = 8.0 Hz, 2H), 3.98 (s, 3H), 3.13 (t, J = 5.7
Hz, 2H), 2.84 (s, 3H), 1.78—1.64 (m, 3H), 1.56 (m, 1H),
0.84 (d, J = 6.5 Hz, 6H); '3C NMR (75 MHz, CDCl;)
167.9, 158.6, 154.5, 152.2, 143.0, 142.7, 138.3, 133.7, 132.2,
128.6, 126.5, 125.3, 125.2, 123.0, 122.9, 121.9, 119.5, 118 4,
114.5, 114.0, 110.3, 70.7, 59.0, 52.6, 46.4, 43.9, 39.0, 26.4,
22.6; IR (cm™', neat): 2956, 1716, 1618; MS (ESI") m/z:
513 (M+H)"; HRMS (ESI") caled. for C3gH3N4Oy: miz
512.2424, found 512.2422.

Methyl-2-[2-(3-Hydroxyphenyl)-1-(2-methoxyethyl)-
1H-benzo[d]imidazol-7-yl]-1-isopentyl-1H-benzo[d]imida-
zole-5-carboxylate (8n). 'H NMR (300 MHz, CDCls) 6 8.57
(d, J = 1.2 Hz, 1H), 8.12 (dd, J = 8.6, 1.2 Hz, 1H), 8.03
(dd, J = 7.8, 0.7 Hz, 1H), 7.51 (d, J = 8.6 Hz, 1H),
7.47—7.33 (m, 2H), 7.13 (t, J = 7.8 Hz, 1H), 7.03 (d, J =
7.8 Hz, 1H), 6.98 (d, J = 1.5 Hz,1H), 6.77 (dd, J = 8.1, 1.5
Hz, 1H), 4.11 (t, J = 7.8 Hz, 4H), 3.96 (s, 3H), 2.94 (t, J =
5.4 Hz, 2H), 2.74 (s, 3H), 1.85—1.70 (m, 3H), 1.61 (m, 1H),
0.89 (d, J = 6.5 Hz, 6H); '*C NMR 75 MHz, CDCl3)0 167.8,
158.1, 156.8, 152.4, 143,9, 142.2, 138.2, 133.6, 130.8, 130.2,
126.0, 125.5, 125.2, 122.5, 122.5, 122.4, 121.1, 118.4, 117.5,
114.0, 110.4, 70.9, 58.9, 52.6, 45.3, 44.0, 39.0, 26.6, 22.7,
IR (cm™!, neat): 3060, 2954, 1716; LRMS (ESI"): m/z 513
(M+H)™; HRMS (ESI™") caled. for C30H3uN4Oy: mi/z 512.2424,
found 512.2428.

Methyl 2-[2-(4-Hydroxyphenyl)-1-(2-methoxyethyl)-1H-
benzo[d]imidazol-7-yl]-1-isopentyl-1H-benzo[d]imidazole-
5-carboxylate (80). 'H NMR (300 MHz, CDCI3) 6 8.56 (s,
1H), 8.12 (d, J = 8.5 Hz, 1H), 7.99 (d, J = 7.8 Hz, 1H),
7.50 (d, J = 8.5 Hz, 1H), 7.47—7.31 (m, 4H), 6.79 (d, J =
7.8 Hz, 2H), 4.26—4.07 (m, 4H), 3.98 (s, 3H), 3.00 (t, J =
5.4 Hz, 2H), 2.80 (s, 3H), 1.82—1.66 (m, 3H), 1.59 (m, 1H),
0.88 (d, J = 6.5 Hz, 6H); '3*C NMR (75 MHz, CDCl;) 6
167.9, 160.1, 157.4, 152.4, 143.8, 142.5, 138.3, 133.6, 131.5,
125.8, 125.3,125.2, 122.7, 122.6, 121.9, 120.1, 116.5, 114.2,
110.3,70.7, 58.9, 52.6, 45.5, 43.9, 39.0, 26.5, 22.7; IR (cm ™,
neat): 2954, 1716; LRMS (ESI"): m/z 513 (M+H)*; HRMS
(ESI™") caled. for CagH3,N4O.: m/z 512.2424, found 512.2426.

Methyl 2’-(Benzylamino)-3'-butyl-1-(2-cyclohexenylethyl)-
2,4'-bi(1H-benzo[d]imidazole)-5-carboxylate (8p). 'H NMR
(300 MHz, CDCls) 6 8.40 (s, 1H), 8.07 (dd, J = 8.5, 1.5
Hz, 1H), 7.45 (d, J = 8.5 Hz, 1H), 7.39—7.27 (m, 5H), 6.97
(d,J=17.6 Hz, 1H), 6.88 (dd, J = 7.6, 1.1 Hz, 1H), 5.40 (s,
1H), 5.04 (dd, J = 15.1, 5.7 Hz, 1H), 4.84 (dd, J = 15.1,
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5.7 Hz, 1H), 4.14—4.10 (m, 4H), 3.99 (s, 3H), 3.89—3.67
(m, 2H), 2.44 (t, J = 7.2 Hz, 2H), 2.00—1.92 (m, 2H),
1.92—1.86 (m, 2H), 1.65—1.54 (m, 4H), 1.38—1.21 (m, 2H),
1.12—1.02 (m, 2H), 0.70 (t, J = 7.2 Hz, 3H); '3*C NMR (75
MHz, CDCl;) 6 168.0, 152.7, 145.3, 145.3, 142.7, 138.7,
138.3, 133.8, 130.5, 129.4, 128.9, 128.0, 127.6, 127.6, 125.0,
124.9, 124.8, 122.9, 120.7, 118.5, 110.4, 54.0, 52.5, 50.1,
44.4,38.3,30.5,28.9, 25.5,23.1, 22.4,20.3, 14.2; IR (cm ™!,
neat): 2928, 1716; MS (ESI") m/z: 562 (M+H)*; HRMS
(ESI™) caled for C3sH39N5O,: m/z 562.3181, found 562.3184.

Methyl 2’-(Benzylamino)-3’-isopropyl-1-(3-methoxypro-
pyl)-2,4’-bi(1H-benzo[d]imidazole)-5-carboxylate (8q). 'H
NMR (300 MHz, CDCl3) ¢ 8.38 (d, J = 1.0 Hz, 1H), 8.05
(dd, J = 8.5, 1.0 Hz, 1H), 7.51 (d, J = 8.5 Hz, 1H),
7.44—17.25 (m, 6H), 6.94 (dd, J = 8.1, 1.1 Hz, 1H), 6.85
(dd, J =17.5, 1.1 Hz, 1H), 5.36 (sept, J = 6.6 Hz, 1H), 5.11
(dd, J = 15.3, 5.3 Hz, 1H), 4.87 (dd, J = 15.3, 5.3 Hz, 1H),
4.32 (t, J = 7.6 Hz, 2H), 3.99 (s, 3H), 3.47 (t, J = 5.0 Hz,
2H), 3.34 (s, 3H), 2.30—2.12 (m, 3H), 0.98 (d, J/ = 6.8 Hz,
3H), 0.44 (d, J = 6.8 Hz, 3H); '3*C NMR (75 MHz, CDCl5)
0 185.6, 168.0, 153.3, 146.7, 142.6, 138.9, 138.5, 131.7,
129.4,128.8, 127.9, 127.5, 125.7, 125.0, 124.9, 122.9, 120.0,
118.2, 110.4, 69.7, 59.2, 53.1, 52.5, 49.9, 42.8, 30.6, 22.1,
19.7; IR (cm™', neat): 3357, 2928, 1714; MS (FAB) m/z:
512 M+H)*; HRMS (EI) calcd for Ci3H3:3NsOs: mi/z
511.2583, found 511.2585.

Methyl 2’-(Benzylamino)-1-(2-cyclohexenylethyl)-3'-
(3,3-diphenylpropyl)-2,4’-bi(1H-benzo[d]imidazole)-5-car-
boxylate (8r). 'H NMR (300 MHz, CDCl;) 6 8.41 (d, J =
1.1 Hz, 1H), 8.06 (dd, J = 8.5, 1.5 Hz, 1H), 7.40—7.26 (m,
7H), 7.19—7.06 (m, 6H), 7.06—6.96 (m, SH), 6.84 (dd, J =
7.4, 1.1 Hz, 1H), 5.36 (s, 1H), 5.03 (dd, J = 15.0, 5.5 Hz,
1H), 4.82 (dd, J = 15.0, 5.5 Hz, 1H), 4.15 (s, 1H), 4.01 (s,
3H), 3.80—3.66 (m, 4H), 3.56 (m, 1H), 2.43—2.31 (m, 2H),
2.22—2.10 (m, 2H), 2.04—1.96 (m, 2H), 1.89—1.80 (m, 2H),
1.70—1.50 (m, 4H); '*C NMR (75 MHz, CDCl;) 6 184.9,
168.0, 152.6, 145.2, 144.7, 144.3, 142.8, 138.7, 138.2, 133.7,
130.5, 129.4, 128.9, 128.8, 128.8, 128.0, 128.0, 128.0, 127.6,
126.6, 125.0, 125.0, 124.7, 123.0, 120.4, 118.6, 110.5, 53.3,
52.5, 50.1, 49.0, 44.2, 38.4, 33.6, 28.8, 25.6, 23.1, 22.4;
IR(cm™!, neat): 3332, 2927, 1716; MS (ESI") m/z: 700
(M~+H)™; HRMS (ESI™) calcd. for CygHysNsOs: m/z 700.3651
(M++1), found 700.3655.
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