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Abstract

Antibiotic-resistant bacteria represent a serious threat to modern medicine and human life.
Only a minority of antibacterial agents are active against Gram-negative bacteria. Hence, the
development of novel antimicrobial agents will always be a vital need. In an effort to discover new
therapeutics against Gram-negative bacteria, we previously reported a structure-activity-
relationship (SAR) study on 1,2-disubstituted benzimidazole derivatives. Compound III showed
a potent activity against tolC-mutant Escherichia coli with an MIC value of 2 pg/mL, representing
a promising lead for further optimization. Building upon this study, herein, 49 novel benzimidazole
compounds were synthesized to investigate their antibacterial activity against Gram-negative
bacteria. Our design focused on three main goals, to address the low permeability of our
compounds and improve their cellular accumulation, to expand the SAR study to the unexplored
ring C, and to optimize the lead compound (III) by modification of the methanesulfonamide
moiety. Compounds (25a-d, 25f-h, 25k, 251, 25p, 25r, 25s, and 26b) exhibited potent activity
against folC-mutant E. coli with MIC values ranging from 0.125 to 4 ug/mL, with compound 25d
displaying the highest potency among the tested compounds with an MIC value of 0.125 ug/mL.
As its predecessor, III, compound 25d exhibited an excellent safety profile without any significant
cytotoxicity to mammalian cells. Time-kill kinetics assay indicated that 25d exhibited a
bacteriostatic activity and significantly reduced E. coli JW55031 burden as compared to DMSO.
Additionally, combination of 25d with colistin partially restored its antibacterial activity against
Gram-negative bacterial strains (MIC values ranging from 4 to 16 pg/mL against E. coli BW25113,
K. pneumoniae, A. baumannii, and P. aeruginosa). Furthermore, formulation of III and 25d as
lipidic nanoparticles (nanocapsules) resulted in moderate enhancement of their antibacterial
activity against Gram-negative bacterial strains (A. Baumannii, N. gonorrhoeae) and compound
25d demonstrated superior activity to the lead compound III. These findings establish compound
25d as a promising candidate for treatment of Gram-negative bacterial infections and emphasize
the potential of nano-formulations in overcoming poor cellular accumulation in Gram-negative
bacteria where further optimization and investigation are warranted to improve the potency and

broaden the spectrum of our compounds.

Keywords: benzimidazole; Gram-negative bacteria; combination therapy; antimicrobial

resistance; nanoparticles



1. Introduction

Antimicrobial resistance is a critical health problem globally [1,2] and therefore has been
identified by the World Health Organization (WHO) as a major threat to society [3]. According to
the Centers for Disease Control and Prevention (CDC), Gram-negative bacteria including
Neisseria gonorrhoeae, Escherichia coli, Klebsiella pneumoniae, Acinetobacter baumannii,
Campylobacter, Pseudomonas aeruginosa, and Salmonella, represent the majority of the top
microbial health threats [4]. These bacteria cause a wide array of serious infections such as
pneumonia, urinary tract infections, food poisoning and blood infections [5]. Gram-negative
bacteria have developed resistance against most classes of antibiotics including last resort
antibiotics such as carbapenems and colistin [6-8]. An example of antibiotic resistance is
multidrug-resistant (MDR) and extended spectrum [B-lactamases (ESBL) producing Escherichia
coli, which cause several life-threatening infections [6,9]. Undoubtedly, there is a critical need to

develop new classes of antibiotics against Gram-negative bacteria.

Directions to fight infections due to MDR bacteria include the appropriate usage of the
available antibiotics and the development of novel anti-microbial agents with new mechanisms of
action to combat the emergence of resistance and shorten the duration of therapy [10,11]. However,
development of new compounds against Gram-negative bacteria is compromised by the inability
of these compounds to penetrate to their site of action due to the presence of the bacterial outer
membrane, that prevents these molecules from gaining entry into the bacterial cell, and provides
high protection against toxic compounds from the external environment [12,13]. Furthermore, if
the small molecules successfully gain access inside the cell, they are subjected to efflux pumps

that pump them out of the cells [14].

In an attempt to develop some predictive rules for optimal physicochemical properties of
antibacterial compounds, several studies reported extensive analysis of various attributes of
antibacterial activity such as cellular accumulation, whole-cell activity, bacterial efflux, and porin
penetration which shed light onto the required physicochemical space for antibacterial activity
[15-19]. For example, “eNTRy Rules” were proposed as predictive guidelines for small molecules
accumulation in E. coli [19]. According to these eNTRy rules, a compound is most likely to

accumulate in Gram-negative bacterial cells if it contains a non-sterically hindered ionizable



nitrogen (primary amines are preferred), has low three-dimensionality (globularity < 0.25), is

relatively rigid (number of rotatable bonds < 5), and is amphiphilic [19,20].

Another promising solution to facilitate the intracellular delivery of antibacterial agents is
through carriers, which were mainly developed to improve the ADMET properties of drugs
[21,22]. Various kinds of carriers have been developed for hydrophilic and/or hydrophobic drugs
such as liposomes, micelles, and nanoparticles [23-25]. Of these, lipid nanocapsules (LNCs)
represent a hybrid between polymeric nanoparticles and liposomes and have been used to
encapsulate a wide variety of drugs [26-30]. LNCs properties can be modified by varying their
ingredients, or incorporating different additives to allow for the preparation of an optimum
delivery system for antimicrobials with enhanced pharmacokinetic and pharmacodynamic

properties [28,31].

Benzimidazole is a privileged scaffold and an important pharmacophore in medicinal
chemistry [32]. Moreover, benzimidazole derivatives are remarkable compounds for their wide
scope of activities as antidiabetic, antiulcer, anti-inflammatory, anticancer, antiviral, and
antimicrobial agents [33,34]. Numerous studies have established the antimicrobial potential of
benzimidazole derivatives against various strains of microorganisms [33,35]. Considering their
structural similarity to purine, benzimidazoles’ antibacterial activity is attributed to their
competition with purines which results in the inhibition of bacterial proteins synthesis and nucleic
acids [36]. We previously reported a SAR study on benzimidazole derivatives against Gram-
negative bacteria that yielded compound III as a promising lead for further optimization [37]. We
herein report the optimization, SAR analysis, formulation, and antibacterial screening of 1,2-
disubstituted benzimidazole derivatives for potential activities against Gram-negative bacteria.
Different strategies were adopted to overcome the problems of low permeability of Gram-negative
bacterial cell envelope and efflux pumps, aiming to discover new antibiotics that are effective

against Gram-negative bacteria.
2. Results and Discussion
2.1. Design strategy

Previously, we initiated a screening program based on two formerly reported 1,2-

disubstituted benzimidazole derivatives (I and II) with potential inhibitory activity against Gram-



negative bacteria [38]. These derivatives showed moderate activity when tested against E. coli
JW55031 (tolC-mutant strain) with MIC values of 16 and 8 pg/mL respectively (Figure 1), while
lacking activity against the wild type E. coli (E. coli BW25113) and other wild-type Gram-negative
bacteria [37]. Based on this initial data, we previously synthesized 31 benzimidazole-based
derivatives with various substituents at both phenyl rings A & B (Figure 1) and evaluated their
antibacterial activity. An optimum derivative (III) was identified which exhibited better
antibacterial activity against to/C-mutant E. coli strain with an MIC value of 2 pg/mL and
combination of III with colistin partially restored its activity against a panel of wild-type Gram-

negative bacterial strains (MIC values ranging from 8 to 16 pg/mL) [37].

In continuation of our previous work and in an attempt to develop more potent
benzimidazole derivatives, we focused our research efforts on three main goals. First, we sought
to address the low permeability of the Gram-negative bacterial outer membrane and to improve
the cellular accumulation of our compounds. One approach to achieve this was to modify the
benzimidazole-based compounds guided by the eNTRy rules [19] to optimize their
physicochemical properties for better penetration and accumulation. Preliminary evaluation of

compound III by submitting its structure to http://www.entry-way.org/ [19] disclosed favorable

value for globularity (0.168) and a rigid structure (rotatable bonds = 5) while indicating the lack
of the highly recommended primary amine. Accordingly, synthetic schemes 1-3 were constructed
by introducing basic functionalities (primary amine and amidine), acidic groups (carboxylic and
tetrazole), and polar groups (amidoxime and 1,2,4-oxadiazole). These modifications aimed at
satisfying the ionizable nitrogen requirement and improving the amphiphilic and polar properties
of our compounds while trying not to disrupt the interaction with their cellular target. Another
approach to easier passage of the Gram-negative cell envelop was to test the synergistic activity
of the optimized derivatives in combination with colistin, a well-established membrane disrupting
agent, to attain higher intracellular concentrations. Our third approach was to encapsulate our
optimized compound using various lipid nanocapsules and adding different additives to improve

the bacterial membrane penetration and cellular accumulation and to evade efflux pumps.

Our second goal was to investigate the SAR of the previously unexplored ring C (Figure

1) by varying the substitution pattern as demonstrated in scheme 3. Electron donating groups as


http://www.entry-way.org/

methyl and carbamate, and electron withdrawing groups as carboxylate, nitrile, trifluoromethyl,

and bromo were chosen as substituents to impart different electronic environment to the molecules.

Our third goal was to optimize the lead compound (IIT) via systematic changes at the
methanesulfonamide part (Scheme 4) starting by expanding the methyl into cyclopropyl and
phenyl moieties, followed by varying the substituents at the newly introduced phenyl ring using
sets of small versus bulky, polar versus hydrophobic, and electron donating and electron

withdrawing groups at variable positions of the phenyl ring.

Compound R4 R, MiC
| H H 16
I H 4-CHj 8
m 3-NHSO,CH; 4-CHj 2

Figure 1. Chemical structures of previously reported benzimidazole derivatives and their antibacterial activity against
E. coli IW55031 (tolC-mutant). MIC, minimum inhibitory concentration (ug/mL).

2.2. Chemistry

The designed 1,2-disubstituted benzimidazole derivatives were synthesized as outlined in
schemes 1-4 and as discussed here. In scheme 1, o-phenylenediamine was cyclized with 3-
cyanobenzaldehyde using sodium acetate in ethanol to give 2-(3-cyano phenyl)-1 H-benzimidazole
(1) in moderate yield [37]. Further alkylation of 1 with 4-methylbenzyl chloride using cesium
carbonate in DMF furnished 1-(4-methylbenzyl)-2-(3-cyanophenyl)-1H-benzimidazole (2) in fair
yield [37]. The cyano derivative (2) was refluxed with hydroxylamine solution (50% in water) in
ethanol to yield the corresponding iminoxime (3) in very good yield [39]. Iminoxime derivative
(3) was either refluxed with triethyl orthoformate to establish the desired oxadiazole derivative (4)
-[40] in moderate yield or acylated using acetic acid and acetic anhydride followed by reaction
with H2/Pd to furnish the final amidine derivative (S) in moderate yield [41]. Finally, the cyano
derivative (2) was reacted with sodium azide and ammonium chloride in DMF to give the tetrazole

derivative (6) in poor yield [42].



In scheme 2, 2-(3-nitro phenyl)-1H-benzimidazole (7) was prepared in moderate yield by
the reaction of o-phenylenediamine with 3-nitrobenzaldehyde [37]. Subsequent alkylation of 7
using 4-cyanobenzyl bromide gave intermediate 8 in moderate yield which was further reduced
using stannous chloride dihydrate in EtOAc to afford the desired amine derivative (9) in moderate
yield [37]. Subsequent mesylation of 9 using mesyl chloride in pyridine gave the desired
methanesulfonamide intermediate (10) in moderate yield [37]. The p-cyano group of intermediate
10 was treated in the same manner (Scheme 1) to give the desired final compounds (11-13) in poor

to good yields.

To synthesize the final derivatives 19a-l, 20a-b, 21a-c, and 22a-b (Scheme 3), the
appropriate 3-, 4-, or 5-substituted-2-fluoro-1-nitrobenzene (16a-1) was reacted with 4-
methylbenzylamine and K>COs3 in anhydrous DMF to give the desired 4-,5-, or 6-substituted-/N-
(4-methylbenzyl)-2-nitroaniline intermediates (17a-1) in good to excellent yields [43]. Subsequent
reduction of 17a-l intermediates using either iron and ammonium chloride [44] when the phenyl
was substituted with an electron donating group (i.e., 17a,b,h,i) or stannous chloride dihydrate
[43] when the phenyl was substituted with an electron withdrawing group (i.e., 17¢-g.j,k,l)
followed by cyclization using sodium hydroxy(3-nitrophenyl)methanesulfonate in DMF [45] gave
the desired benzimidazole intermediates (18a-1) in poor to moderate yields. Further reduction of
the appropriate nitro derivatives (18a-l1) using stannous chloride dihydrate in EtOAc and
subsequent reaction of the amine intermediates with mesyl chloride in pyridine gave the final
compounds (19a-1) in fair to good yields [37]. The final amine derivatives (20a,b) were obtained
in moderate to good yields after hydrolysis of the carbamate derivatives (19a,b) by heating in 10%
NaOH solution [46], while the final carboxylic acid derivatives (21a-c) were synthesized in
moderate to very good yields by hydrolyzing the ethyl ester derivatives (19¢-e) using LiOH.H,O
[47]. Finally, the cyano substituted derivatives (19f,g) were reacted with hydroxylamine solution
in ethanol to give the corresponding iminoxime derivatives (22a,b) in very good to excellent yields

[39].

At last, the final compounds (III, 25a-u and 26a,b) were synthesized in poor to very good

yields as we described previously [37].
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Scheme 1. Reagents and conditions: (a) sodium acetate, EtOH, reflux, 48 h, 61% yield; (b) 4-methylbenzyl chloride,
Cs2CO3, DMF, 1t, 48 h, 48% yield; (¢) NH.OH (50% in water), EtOH, reflux, 4 h, 85% yield; (d) triethyl orthoformate,
reflux, 24 h, 58% yield; (e) (1) Ac,O, AcOH, 0.5 h, (2) Ha, Pd/C (5%), rt, 2 h, 60% yield; (f) NaNs, NH4Cl, DMF,
125°C, 24 h, 20% yield.
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Scheme 2. Reagents and conditions: (a) sodium acetate, EtOH, reflux, 48 h, 68% yield; (b) 4-cyanobenzyl bromide,
Cs2CO3, DMF, 1t, 48 h, 51% yield; (¢) SnCl,.2H,0, EtOAc, reflux, overnight, 56% yield; (d) CH3SO,Cl, pyridine, rt,
overnight, 50% yield; (¢) NH,OH (50% in water), EtOH, reflux, 4 h, 75% yield; (f) triethyl orthoformate, reflux, 24

h, 52% yield; (g) NaN3, NH4Cl, DMF, 125°C, 24 h, 29% yield.



15a, R, = 4-F, 3-NO,
15b, R, = 3-F, 4-NO,
15¢, R, = 2-F, 3-NO,

16a, R3 = NHCOOEt, Ry = H, Rs = H
16b, Ry = H, Ry = NHCOOEt, Rs = H
16¢, R3 = COOEt, Ry = H, Rs = H
16d, R3 = H, Ry = COOE, Rs = H
16e, R; = H, Ry = H, Rs = COOEt
16f,R3 = CN, Ry = H, Rs = H
16g,R3 = H, R, = CN, Rs = H

16h, Ry = CHz, Ry = H, Rs = H

16i, R3 = H, Ry = CHy, Rs = H

16j, R3 = CF3 Ry =H,Rg=H
16k, R3 = Br, Ry = H, Rs = H

161, R3 = H, Ry = Br, Rs = H

NHSO,CH,

19a-l

19a, Ry = NHCOOEt, Ry = H, R = H
19b, R3 = H, Ry = NHCOOEt, R = H
19c¢, R3 = COOEt, Ry = H, Rs = H
19d, Ry = H, R, = COOEt, Rs = H
19e, R3 = H, Ry = H, Rs = COOEt
19f,R; = CN, Ry = H, Rg = H

19g, Ry = H, Ry = CN, Rs = H

19h, Rg = CHz, Ry =H,Rs = H

19, R3=H, Ry = CH3, Rs = H
19j,Ry3=CF3, Ry =H,Rg=H

19k, R3 = Br, Ry = H, R = H

191, R3=H, Ry =Br, Rs = H

NH

Rs NO,
17a-1
—> H2N~©:
203 b NHSOch3
20a = 5NH2
20b = 6NH2
— Hooc~©:
21a-c NHSO,C
Hs
21a 5-COOH
21b— COOH
21¢ = 7-COOH
NHSOZCH
22a,b 3

22a = 5-C(=NH)-NH-OH
22b = 6-C(=NH)-NH-OH

Scheme 3. Conditions and reagents. (a) CICOOEt, DIPEA, THF, rt, 2 h, 8§7-92% yield; (b) EtOH, H,SOy, reflux, 24
h, 87-89% yield; (c) 4-methylbenzylamine, K,COj3, DMF, 80-90°C, 12 h, 78-95% yield; (d) (1) Fe, NH4Cl, EtOH/H,0,

reflux, 6 h (17a,bh,i) or

(2) SnCl.2H,0O, EtOAc,

reflux,

16 h (17c-g.j.k,]); (e) sodium hydroxy(3-

nitrophenyl)methanesulfonate, DMF, 130°C, 4 h, 34-59% yield; (f) SnCl,.2H,0, EtOAc, reflux, 16 h; (g) CH3SO.Cl,
pyridine, rt, 48 h, 43-80% yield; (h) 19a,b, NaOH (10% in water), reflux, 1.5 h, 58-65% yield; (i) 19¢c-e, LiOH.HO,
THF/H0, rt, 2-4 days, 61-83% yield; (j) 19f,g, NH,OH (50% in water), EtOH, reflux, 24 h, 87-97% yield.
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25m, R = 4-isopropylphenyl
25n, R' =4-(t-butyl)phenyl
250, R' = 4-acetmidophenyl
25p, R' = 3,4-dimethoxyphenyl
25q, R" = 4-nitrophenyl

25r, R" =3-nitrophenyl

25s, R" = 2-nitrophenyl

25t, R" = 2-naphthyl

25u, R' = 4-(1,1"-biphenyl)

2.3. Biological activity

negative bacteria

11

24
HsC
CL—<
/
N 2
HN-S
26a,b Io)

26a, R? = 4-amino
26b, R? = 3-amino

NH,

"

Scheme 4. Reagents and conditions: (a) 4-methylbenzyl chloride, Cs,CO3, DMF, rt, 48 h, 57% yield; (b) SnCl,.2H,0,
EtOAc, reflux, overnight, 51% yield; (¢) RSO,Cl, pyridine, rt, overnight, 23-76% yield; (d) 25q,r, SnCl,.2H,0,
EtOAc, reflux, overnight, 43-53% yield.

2.3.1. Screening of the synthesized benzimidazoles against Escherichia coli and other Gram-

As we previously reported, our lead compound (III) is a substrate for the AcrA-AcrB-TolC
efflux system [37] which is responsible for the elimination of small molecules and xenobiotics,
imparting resistance to E. coli against different antibiotics [48]. Mutations in TolC protein impair
the efflux mechanism and increase E. coli sensitivity to antibiotics [49]. Accordingly, all 49
synthesized benzimidazole derivatives were initially screened alongside the lead compound (III)
against E. coli JW55031 (tolC-mutant) strain for their in vitro antibacterial activity (Table 1 and
2). Linezolid and gentamicin were used as reference antibiotics as both display significant activity
against folC-mutant E. coli, and while linezolid lacks antibacterial activity against wild-type E.

coli, gentamicin is active against several E. coli wild-type strains [50,51]. Fifteen compounds (5,



6, 25a-d, 25f-h, 25k, 251, 25p, 25r, 25s, 26b) exhibited moderate to potent activity against the FE.
coli JW55031 (tolC-mutant) strain with MIC values ranging from 0.125 — 32 pg/mL. Compounds
5, 6, 251, and 25p showed lower activity than compound III, while compounds 25¢, 25h, 25k, 25r,
and 26b demonstrated equipotent activity. Interestingly, compounds 25a, 25b, 25d, 25f, 25g, and
25s exhibited superior activity to compound III with 25d manifesting the most potent activity with

an MIC value of 0.125 pg/mL representing a 16-fold improved activity in comparison to IIL.

Following this initial assessment, compounds displaying activity against E. coli JW55031
were examined against other medically important Gram-negative strains comprising E. coli
BW25113 (wild-type), A. baumannii, and N. gonorrhoeae, where these compounds failed to
exhibit significant activity (data not shown). Evidently, this lack of activity can be attributed to the

presence of intact efflux pump systems, and/or failure to pass the outer membrane.

Table 1. Initial screening of the benzimidazole-based compounds 3-6, 11-13, 19a-1, 20a,b, 21a-c, 22a,b, III against
tolC-mutant E. coli

R2
R5
T
—A)
RS N
R’l
Compounds/ 1 5 3 4 5
Control antibiotics R R R R R MIC
NH
3 %’)LN/OH CH; H H H >64
H
N-O.
4 a‘)\ b CH; H H H >64
N
NH
5 CH3 H H H 32
NH,
6 :IN“N CH H H H 8
~. 7 3
N
NH
11 NHSO,CHj3 N-OH H H H >64
H
N-O
12 NHSO,CH3 &)LN/ H H H >64
HN-N,
13 NHSO,CH3 &)QN,N H H H >64
19a NHSO,CH3 CH; NHCOOEt H H >64
19b NHSO,CHj3 CH; H NHCOOEt H >64
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19¢ NHSO,CH3 CH; COOEt H H >64

19d NHSO,CH; CH; H COOEt H >64
19¢ NHSO,CH; CH; H H COOEt >64
19f NHSO,CH; CH; CN H H >64
19¢ NHSO,CH; CH; H CN H >64
19h NHSO,CH; CH; CH; H H >64
19 NHSO,CH; CH; H CH; H >64
19j NHSO,CH; CH; CF; H H >64
19k NHSO,CH; CH; Br H H >64
191 NHSO,CH; CH; H Br H >64
20a NHSO,CH; CH; NH, H H >64
20b NHSO,CH; CH; H NH, H >64
21a NHSO,CH; CH; COOH H H >64
21b NHSO,CH; CH; H COOH H >64
21c NHSO,CH; CH; H H COOH >64
NH
22a NHSO,CH; CH; %j)LN,OH H H >64
" NH
22b NHSO,CH; CH; H Q%)LH/OH H >64
I NHSO,CH; CH; H H H 2
Linezolid 8
Gentamicin 0.25

MIC, minimum inhibitory concentration (ug/mL)

Table 2. Initial screening of the benzimidazole-based compounds 25a-u, 26a,b, III against to/C-mutant E. coli

H;C
N
CL—Q
N 2
HN-S-R
(6]
Compounds/
Control antibiotics R MIC
25a cyclopropyl 1
25b phenyl 1
25¢ 4-Cl phenyl 2
25d 3-Cl phenyl 0.125
25e 4-Br phenyl >64
25f 3-Br phenyl 0.5
25¢g 3,4-diF phenyl 1
25h 3-Cl,4-F phenyl 2
25i 4-CF; phenyl S64
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25j 4-OCF; phenyl >64

25k 4-CH; phenyl 2
251 4-OCH3; phenyl 4
25m 4-isopropyl phenyl >64
25n 4-t-butyl phenyl >64
250 4-NHCOCHj3; phenyl >64
25p 3,4-diMeO phenyl 4
25¢q 4-NO; phenyl >64
25r 3-NO; phenyl 2
25s 2-NO> phenyl 1
25t 2-naphthyl >64
25u 4-(1,1°-biphenyl) >64
26a 4-NH; phenyl >64
26b 3-NH; phenyl 2
I CH;
Linezolid 8
Gentamicin 0.25

MIC, minimum inhibitory concentration (ug/mL)
2.3.2. Structure Activity Relationship (SAR)

To achieve antibacterial activity against wild-type Gram-negative bacteria, our first goal
was to improve the bacterial membrane penetration and cellular accumulation of our compounds
through chemical modifications of the lead compound III guided by the eNTRy rules [19].
Introduction of primary amines at ring C (20a, 20b), or an amidine at ring A (5) to meet the
ionizable amine requirement failed to show activity against wild-type or tolC-mutant E. coli,
except for compound S that retained modest activity against to/C-mutant E. coli (MIC = 32
pug/mL), as we previously reported that the meta-position of ring A can tolerate polar substituents.
Moreover, when an acidic functionality was introduced to ring A and B as tetrazole (6, 13) or to
ring C as carboxylic acid (21a-c) to improve the amphiphilic nature of these compounds, they were
inactive against both wild-type or tolC-mutant E. coli except for compound 6 that showed
moderate activity with an MIC value of 8 ug/mL against the rfolC-mutant E. coli. Finally,
introduction of polar substituents as iminoxime at ring A, B and C (3, 11, 22a, 22b) or an
oxadiazole moiety at ring A and B (4, 12) to improve the polarity of the compounds rendered them
inactive against both E. coli strains. In conclusion, all the suggested modifications failed to address
the penetration problem in wild-type E. coli (data not shown) or yet to improve the activity against

the tolC-mutant strain (Table 1) which might be contributed to the intricate balance between target
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activity and cellular penetration and accumulation where increased polarity to achieve cellular

accumulation might result in the loss of target activity.

In reference to our previously reported SAR study [37], we concluded that ring A favored
polar meta substituents with a methanesulfonamide group being an optimum fragment, while ring
B preferred a para hydrophobic group with a methyl group being optimal. Compound IIT
combined these two fragments and showed optimal activity against the folC-mutant E. coli. In
continuation of our previous work, we focused on investigating the chemical space around the
unexplored ring C and the methanesulfonamide moiety. First, we tested ring C with varied
substituents at 5-, 6-, and 7-positions comprising polar substituents with hydrogen bond
donor/acceptor features and variable sizes (19a: S-NHCOOEt, 19b: 6-NHCOOEt, 19¢: 5-COOEt
, 19d: 6-COOEt, 19e: 7-COOEL, 19f: 5-CN, 19g: 6-CN, 20a: 5-NH,, 20b: 6-NH>, 21a: 5-COOH,
21b: 6-COOH, 21¢: 7-COOH, 22a: 5-iminoxime, 22b: 6-iminoxime) or small hydrophobic (19h:
5-CHs, 19i: 6-CH3) versus bulky substituents (19j: 5-CF3, 19k: 5-Br, 191: 6-Br). Interestingly, all
the introduced modifications at ring C rendered the compounds inactive against the fo/C-mutant

E. coli strain.

Next, we turned to the methanesulfonamide moiety and started with the extension of the
methyl group into a bulkier cyclopropyl (25a) and a phenyl (25b). These derivatives retained
antibacterial activity (MIC = 1 pg/mL) which indicated flexible binding requirements at this
position. Following, we probed the introduced phenyl with variable substituents at the ortho, meta,
and para positions, where 21 derivatives were synthesized and tested for their antibacterial
activity. As inferred from Table 2 and Figure 2, substitution at meta -position gave better activity
than at para -position (25d: m-Cl versus 25¢: p-Cl, 25f: m-Br versus 25e: p-Br, 25r: m-NO: versus
25q: p-NO2, 26b: m-NH; versus 26a: p-NH2). Meta -position preferred hydrophobic substituents
(25d: m-C1 and 25f: m-Br; MIC values ranged from 0.125 to 0.5 pg/mL) to polar ones (25r: m-
NO: and 26b: m-NHz; MIC value of 2 ng/mL) and m-chloro showed optimal activity with an MIC
value of 0.125 pg/mL against the mutant E. coli strain. Regarding the para -position, small groups
(25c¢: p-Cl, 25k: p-CHs, 251: p-OCH3s) were tolerated with comparable activity to compound III,
while bulky or highly polar derivatives (25e: p-Br, 25i: p-CFs, 25j: p-OCF3, 25m: p-isopropyl,
25n: p-t-butyl, 250: p-NHCOCH3, 25q: p-NO») abolished the activity. Disubstitution at both meta-
and para-positions (25g: 3,4-diF, 25h: 3-Cl1,4-F) reduced the activity when compared to the mera-
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monosubstitution, except for 3,4-diMeO (25p) that showed similar activity as its para derivative
(251). Replacement of the sulfonamide phenyl group with 2-naphthyl (25t) or biphenyl (25u)
resulted in total loss of activity. Finally, ortho substitution with a nitro group (25s) displayed

comparable activity to compound IIIL.

In summary, substitution of ring C proved detrimental to antibacterial activity, which
indicates stringent structural requirements for this ring as even minor modifications such as
introducing a small methyl group rendered the compound totally inactive. On the other hand, the
methanesulfonamide moiety allowed greater variation regarding bulkier substituents than methyl
and a distinct SAR for the introduced phenyl group. This data support the premise that our
benzimidazole-based derivatives exerted their antibacterial activity through a plausible cellular
target and not through promiscuous activity as opposed to compounds that display a flat SAR
which indicates non-selective growth interaction or no binding to a specific target [52]. However,

it 1s a challenge to direct the structure-activity relationship study based on the in vivo activity

without knowing the exact molecular targets [53,54].
HsC

9,
QN/

Substitution of ring C with any group at 5-,J

(¢]
0 A
6-, 7-positions abolished the activity N—§4@--\
I W
o] ?

1] Meta-substitution > para-

2] Hydrophobic groups preferred to polar ones at meta-
3] m-chloro showed optimal activity

4] Small groups at para- were tolerated, while bulky or
highly polar derivatives abolished activity

5] Disubstitution at meta- and para- reduced activity
when compared to the meta-monosubstitution

6] Fusion (2-naphthyl) or extension (1,1'-biphenyl)
resulted in total loss of activity

7] Ortho substitution manifested comparable activity

Extension into bulkier cyclopropyl
or phenyl retained the activity

Figure 2. Structure activity relationship of the synthesized benzimidazole derivatives against folC-mutant E. coli.
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2.3.3. In vitro cytotoxicity evaluation of the benzimidazole derivative 25d

The lack of toxicity is one of the essential attributes in development of new drugs. In this
regard, the most potent benzimidazole derivative 25d was evaluated for its cytotoxicity against
kidney epithelial (Vero) cells to determine its potential in vitro cytotoxicity against mammalian
cells. The compound exhibited an excellent safety profile and tolerability to Vero cells without
any significant cytotoxicity. The compound’s CCso (concentration required for reducing the cell
viability by 50%) was higher than 128 pg/mL (Figure 3). These results are in coincidence with the
results of the cytotoxicity for the lead compound III which displayed similar cell tolerability
against Vero cells [37]. In summary, the newly developed benzimidazole derivative, 25d,
exhibited 16-fold more potent antibacterial activity as compared to the lead compound III while

retaining the important feature of lack of cytotoxicity to mammalian cells.

150+

1004

501

Relative Vero cell viability
(% of the control)

64 pg/mL 128 pg/mL DMSO

Concentration of 25d

Figure 3. Cytotoxicity assessment of compound 25d (tested in quadruplicate) against kidney epithelial cells (Vero)
using the MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) assay.
Results are presented as percent viable cells relative to DMSO (negative control). The absorbance values represent an

average of four samples analyzed for the compound. Error bars represent standard deviation values.

2.3.4. Time-kill kinetics of 25d

The benzimidazole derivative 25d was assessed in a Kkilling kinetics assay to further
validate its antibacterial mode of killing (Figure 4). The compound exhibited a bacteriostatic
activity against E. coli JW55031. Yet, 25d was found to significantly reduce E. coli burden as
compared to DMSO (negative control). After 24 h, 25d (10 x MIC) reduced E. coli burden by 0.4-
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logio units. In addition, at the 24-h time point the compound provided around 2.54- and 2.9 logio-

reduction in the E. coli count as compared to the DMSO-treated control.

% DMSO
= 25d (5%MIC)
- 25d (10%MIC)

Log,o (CFU/mL) of
E.coliJW55031

2

0 2 4 6 8 10 12 14 16 18 20 22 24
Time (hours)

Figure 4. Time-kill assay of 25d (at 5 x and 10 x MIC) against E. coli JW55031. DMSO (vehicle) served as a negative
control. The error bars represent standard deviation values. The data were analyzed via a two-way ANOV A with post-
hoc Dunnett's test for multiple comparisons. An asterisk (*) indicates a statistically significant difference (P <0.05)
between treatment with 25d compared to DMSO treatment (negative control).

2.3.5. Synergistic activity of 25d with colistin.

The outer membrane of Gram-negative bacteria is well known to limit the intracellular
access of antibiotics into bacterial cells resulting in the overall failure of antibacterial therapy [55].
To test whether the outer membrane was hindering the antibacterial activity of the benzimidazole
compounds, compound 25d was combined with a sub-inhibitory concentration (0.25x MIC) of
colistin -a membrane disrupting antibiotic- and tested against four Gram-negative bacterial strains.
Introducing a sub-inhibitory concentration of colistin resulted in an increased activity of 25d
against the tested Gram-negative strains with MIC values ranging from 4 to 16 pg/mL. These
results suggest that the outer membrane of Gram-negative bacteria contributed to a great extent to
the resistance against the presented compounds. Erythromycin and daptomycin were included as
control antibiotics. Erythromycin is active against Gram-negative bacteria but its activity is
impeded by the outer membrane [50]. Therefore, when combined with colistin, its penetration into
the bacterial cells increased leading to an enhancement of activity (MIC = 0.25 - 8 pg/mL).
Conversely, daptomycin is active against Gram-positive bacteria only [56] and hence, it could not
inhibit Gram-negative bacteria even in the presence of colistin (Table 3).

Table 3. MICs (ug/mL) of 25d and control antibiotics against Gram-negative bacterial isolates in the absence and
presence of sub-inhibitory concentrations (0.25 x MIC) of colistin.
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E. coli BW25113 K. pneumoniae A. baumannii P. aeruginosa

Cog(l)[:l (t)rl:)llld/ (wild-type strain) ATCC 1706 ATCC 19606 ATCC 9027
antibiotics
(HCOL (+)COL ()COL (+COL (-)COL (+)COL (-COL (+) COL
25d >64 16 >64 8 >64 4 >64 16
Erythromycin 32 2 64 4 8 0.25 >64 8
Daptomycin >128 >128 >128 >128 >128 >128 >128 >128

COL: Colistin

2.3.6. Formulation studies of Il and 25d

Lipidic nanocapsules were prepared for our reference compound (III) and the most
promising derivative; 25d, for possible potentiation of their antibacterial activity against resistant
strains, based on reports that loading of antibacterials into nanoparticles potentiated their activity
[57,58]. Several functional additives were used to prepare the nanocapsules, namely tween 80,
stearylamine, cremophor RH 40 and verapamil. Stearylamine is known to impart a positive charge
to the nanoparticles, which was reported to enhance the antibacterial activity of antibiotics in both
Gram-negative and Gram-positive bacteria [59]. On the other hand, tween 80, cremophor RH 40

and verapamil were reported to exhibit efflux pump inhibitory activity [60—62].

The nanocapsules particle size ranged from 64.3 to 69.5 nm, their polydispersity ranged
from 0.41-0.43, and the zeta potential of formulations containing stearylamine ranged from +4.09
to +10.6 mV, and those not containing stearylamine ranged from -3.58 to -6.08 mV. Their
encapsulation efficiency for compounds III and 25d ranged from 99.1% to 100.5% owing to their

lipophilicity.

As shown in table 4, compound 25d formulations demonstrated better antibacterial activity
than III. Moreover, comparing formula A2 and formula B2 (both loaded with 25d) with the blank
formulations (Blank A and B), it is obvious that formula B2 exhibited better antibacterial activity
(containing both stearylamine and tween 80) as compared to formula A2 (containing tween 80
only). Formula B2 exhibited an MIC value of 16 and 32 pug/mL against A. Baumannii and N.
gonorrhoeae, respectively, whereas the blank formulation (Blank B) did not demonstrate any
antibacterial effect on its own on all the bacterial strains tested (Table 4). However, formula B2
exhibited lower activity (4 ug/mL) than the free 25d (0.125 pg/mL) against to/C-mutant E. coli
and failed to show any activity against E. coli BW25113 (wild-type).
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Accordingly, formulation B was further optimized. The concentration of stearylamine was
increased from 10 mg to 20 mg (formulation C). Blank C displayed modest antibacterial effect
against N. gonorrhoeae, which may imply a role of the increased intensity of cationic charge on
the nanoparticles with the interaction with the cellular membrane of these particular species. This
led to one-fold increase in the antibacterial activity of formula C against N. gonorrhoeae (MIC =
16 ug/mL). N. gonorrhoeae represents an urgent public health threat worldwide that causes more
than 600,000 infection cases annually in the U.S. alone [63—65]. Due to the increasing incidence
of infections and bacterial resistance to most antibiotics, there is a prompt need to discover new

anti-gonococcal therapeutics.

Afterwards, further optimization was performed to assess the effect of other efflux pump
inhibitors. Formulations D and E were prepared using cremophor RH 40 and verapamil
respectively, while keeping the amount of stearylamine at 10 mg. Blank D prepared using
cremophor RH 40 did not mostly display antibacterial action on its own (only weak activity against
N. gonorrhoeae). When loaded with 25d, it resulted in 4-fold enhancement of the activity (MIC =
16 pg/mL) against N. gonorrhoeae. Similarly, shifting the efflux pump inhibitor type to verapamil

led to a slight increase in the antibacterial activity against N. gonorrhoeae.

Results of this encapsulation experiment suggest that further optimization of the
nanoparticles’ formulation is still necessary, in order to reach a formulation which can potentiate

the antibacterial effect of 25d on all tested Gram-negative bacterial strains.

Table 4. MICs (ug/mL) of III, 25d nanoparticulate formulations and their blanks against Gram-negative bacterial
isolates.

E. coli

F?:;“;Zg::g 7a/ JW55031 BgVZc 5011113 A. Baumannii  N. gonorrhoeae
Control drugs (TolC (wild-type) ATCC 19606 CDC 165
Mutant)
Formula A1 (III) 64 >64 >64 >64
Formula A2 (25d) >64 >64 >64 64
Blank A >64 >64 >64 >64
Formula B1 (III) >64 >64 >64 64
Formula B2 (25d) 4 >64 16 32
Blank B >64 >64 >64 >64
Formula C (25d) >64 >64 >64 16
Blank C >64 >64 >64 32
Formula D (25d) >64 >64 >64 16
Blank D >64 >64 >64 64
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Formula E (25d) >64 >64 >64 32

Blank E >64 >64 >64 64
I 2 >64 >64 >64
25d 0.125 >64 >64 >64
Gentamicin 0.25 0.25 16 NT
Azithromycin NT NT NT 1

“Composition of different nanoparticulate formulations containing either III or 25d is described in the experimental
section, Table A.
bNT, not tested.

3. Conclusion

Our previously reported SAR study on a 1,2-disubstituted benzimidazole series, identified
compound III which exhibited potent activity against fo/C-mutant Escherichia coli with an MIC
value of 2 pg/mL while lacking activity against wild-type Gram-negative strains. Combination
with colistin partially restored compound III antibacterial activity (8-16 ug/mL) against these
strains. In continuation to the previous study, we synthesized and screened a total of 49 novel
derivatives for their in vitro antibacterial activity. SAR investigation of the unexplored ring C
indicated the detrimental effect of any substitution on antibacterial activity (compounds 19a-l,
20a,b, 21a-c, and 22a,b), while extension of the methanesulfonamide moiety of compound IIT
gave more active derivatives, as exemplified by compound 25d which exhibited the most potent
activity against E. coli JW55031 (tolC-mutant) strain with an MIC value of 0.125 pg/mL
representing a 16-fold improved activity in comparison to III. Time-kill kinetics assay indicated
that 25d possessed bacteriostatic activity. Attempts to overcome low permeability and improve
cellular accumulation, by applying the “eNTRy rules” to our structural design failed to address
this problem which indicates the intricate balance between maintaining the target activity and
improving the cellular accumulation. Conversely, combination of 25d with sub-inhibitory
concentration of colistin or formulation as lipid nanocapsules displayed favorable synergism and
partially restored the antibacterial activity against some of the tested wild-type Gram-negative
bacterial strains with compound 25d showing superior activity compared to the lead compound
III. In addition, compound 25d displayed an excellent safety profile against mammalian cells.
Based on these premises, compound 25d presents a valid candidate for further structural
modification and formulation optimization to improve its penetration and cellular accumulation in

Gram-negative bacteria.
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4. Experimental
4.1. Chemistry

Chemicals and solvents were purchased from Sigma-Aldrich (Germany) and Alfa Aesar
(Germany) and were used as such without further purification. Reactions were followed using
analytical thin layer chromatography (TLC), performed on Aluminum silica gel 60 F2s4 TLC
plates, purchased from Merck, with visualization under UV light (254 nm). Melting points were
measured in capillary tubes using Stuart Scientific SMP1 apparatus and reported uncorrected. FT-
IR spectra were measured with a Thermo Scientific Nicolet iS10 spectrometer using a KBr disc.
"HNMR spectra were determined on an Agilent Technologies VNMRS 400 or a Varian INOVA
500 NMR spectrometer in 6 scale (ppm) and J (Hz) and was referred to the deuterated solvent peak
(DMSO-ds & = 2.5 ppm). 3CNMR spectra were determined on either instrument at 101 MHz or
126 MHz and referred to the solvent peak (DMSO-ds 6 = 39.52 ppm). All NMR datasets were
acquired at 298 K unless otherwise stated. APCI mass spectrometry was carried out on an Advion
Expression compact mass spectrometer. High resolution mass spectrometry (HRMS) was carried
out using a Bruker MaXis Impact Time of Flight spectrophotometer, using electrospray ionization
(ES+). The purity of the final compounds was assessed by HPLC on an Agilent 1290 Infinity
Series equipped with a UV detector and a Cis reverse phase column eluting with two systems:
MeOH-H>O gradient (5-95%) and 0.1% TFA over 30 mins at a flow rate of 1 mL/min or MeCN-
H>O gradient (5-95%) and 0.1% TFA over 5 mins at a flow rate of 0.5 mL/min. MarvinSketch

21.3.0 was used for characterizing chemical structures [66].
4.1.1. General procedure for the synthesis of target compounds 3-6

Intermediates 1 and 2 were synthesized as previously reported [37]. The desired final
compounds 3-6 were synthesized according to the following procedures [39—42] and is illustrated

as follows.

Step (a): A mixture of o-phenylenediamine (5.41 g, 50.0 mmol, 1.00 equiv), 3-cyano
benzaldehyde (6.88 g, 52.5 mmol, 1.05 equiv) and sodium acetate (4.10 g, 50.0 mmol, 1.00 equiv)
in EtOH (150 mL) was refluxed for 48 h. Upon completion of the reaction as indicated by TLC,

the mixture was cooled, evaporated, stirred with cold water and the resulting solid was filtered,
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washed with water, and dried to yield the desired 3-(1H-benzimidazol-2-yl)benzonitrile (1) in 61%

yield that was used as such in the next step.

Step (b): To a solution of 3-(1H-benzimidazol-2-yl)benzonitrile (1) (2.19 g, 10.0 mmol,
1.00 equiv) in DMF (20 mL) was added Cs2COs (3.91 g, 12.0 mmol, 1.20 equiv) and the
suspension was stirred at room temperature for 30 minutes. 4-methylbenzyl chloride (1.55 g, 11.0
mmol, 1.10 equiv) was added and the reaction mixture was stirred at room temperature for 48 h.
Upon completion of the reaction as indicated by TLC, the mixture was poured into ice, stirred for
1 hr and the resulting solid was filtered, washed with water, dried, and purified by column
chromatography (EtOAc/Hexane 1:4) to yield the desired 3-(1-(4-methylbenzyl)-1H-
benzimidazol-2-yl)benzonitrile (2) in 48% yield.

Step (c): To a solution of 3-(1-(4-methylbenzyl)-1H-benzimidazol-2-yl)benzonitrile (2)
(1.00 g, 3.10 mmol, 1.00 equiv) in EtOH (50 mL) was added hydroxylamine solution (50% in
water, 0.60 mL, 9.30 mmol, 3.00 equiv) and the reaction mixture was heated under reflux for 4 h.
The solvent was removed in vacuo and the resulting solid was crystallized from EtOH to afford

the target compound (3).

4.1.1.1. N-hydroxy-3-(1-(4-methylbenzyl)-1H-benzimidazol-2-yl)benzimidamide (3).
Crystallized from EtOH. White solid, yield 85%, mp: 106-108 °C. FT-IR (¥ max, cm'): 3700-
3100 (Iminoxime), 2972, 2917 (CH aliphatic), 1686 (C=N), 1639 (C=C). 'H NMR (500 MHz,
DMSO-ds): 6 9.76 (s, 1H), 8.11 (s, 1H), 7.84 (d, J = 7.7 Hz, 1H), 7.74 (d, J = 7.1 Hz, 1H), 7.70
(d,J=7.7Hz, 1H),7.54 (t,J=7.7Hz, 1H), 747 (d, J=7.0 Hz, 1H), 7.25 (tt, J = 5.9, 6.2 Hz, 2H),
7.08 (d, J = 7.7 Hz, 2H), 6.90 (d, J = 7.7 Hz, 2H), 5.93 (s, 2H), 5.57 (s, 2H), 2.22 (s, 3H). 13C
NMR (126 MHz, DMSO-d¢): & 153.5, 150.8, 143.2, 137.2, 136.3, 134.5, 134.3, 130.6, 129.8
(20), 129.7, 129.1, 127.2, 126.7, 126.7 (2C), 123.2, 122.7, 119.8, 111.7, 47.8, 21.1. (ESI-TOF)
HRMS m/z: [M+H]* caled for C22H21N40O: 357.1710; found: 357.1715.

Step (d): A solution of N-hydroxy-3-(1-(4-methylbenzyl)-1H-benzimidazol-2-
yl)benzimidamide (3) (0.21 g, 0.59 mmol) in triethyl orthoformate (5 mL) was refluxed for 24 h.
The resulting mixture was concentrated in vacuo and the residue was purified by column

chromatography to give the desired product (4).
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4.1.1.2. 3-(3-(1-(4-methylbenzyl)-1H-benzimidazol-2-yl)phenyl)-1,2,4-oxadiazole (4).
Rr=0.25 (DCM/MeOH 9.7:0.3). White solid, yield 58%, mp: 116-118 °C. FT-IR (¥ max, cm™!):
3058, 3020 (CH aromatic), 2917 (CH aliphatic),1651 (C=N), 1611 (C=C). 'H NMR (500 MHz,
DMSO-ds): 6 9.77 (s, 1H), 8.44 (s, 1H), 8.19 (d, J = 7.8 Hz, 1H), 7.95 (d, J = 7.8 Hz, 1H), 7.79 -
7.72 (m, 2H), 7.51 (q, J = 2.9 Hz, 1H), 7.28 (q, J = 3.1 Hz, 2H), 7.09 (d, J = 7.9 Hz, 2H), 6.92 (d,
J =7.9 Hz, 2H), 5.60 (s, 2H), 2.23 (s, 3H). 3C NMR (126 MHz, DMSO-d¢): 6 168.2, 166.8,
152.6,143.1, 137.2,136.5, 134.2,132.2, 131.7, 130.4, 129.8 (2C), 128.8, 128.3, 127.0, 126.6 (2C),
1234, 1229, 1199, 111.8, 47.9, 21.1. (ESI-TOF) HRMS m/z: [M+H]* caled for
C23H19N4O: 367.1553; found: 367.1553.

Step (e): To a solution of N-hydroxy-3-(1-(4-methylbenzyl)-1H-benzimidazol-2-
yl)benzimidamide (3) (0.20 g, 0.56 mmol, 1.00 equiv) in glacial AcOH (3 mL) was added Ac20O
(0.09 g, 80.0 pl, 0.84 mmol, 1.50 equiv) and stirred at room temperature for 0.5 h. Upon
completion of the reaction as indicated by TLC, Pd/C (5%, 0.04 g) was added, and the reaction
mixture was stirred at room temperature under H> using balloon for 2h. Upon completion of the
reaction as indicated by TLC, the mixture was filtered through celite, and the filter pad was washed
with glacial AcOH (10 mL). The filtrate was evaporated in vacuo, and the resulting residue was
dissolved in water, NaOH solution (10%) was added dropwise till a white precipitate was formed.
The precipitate was filtered, dried, and purified by flash chromatography to yield the desired
product (5).

4.1.1.3. 3-(1-(4-methylbenzyl)-1H-benzimidazol-2-yl)benzimidamide (5). R = 0.45
(DCM/MeOH 9.5:0.5). White solid, yield 60%, mp: 120-122 °C. FT-IR (¥ max, cm™!): 3397,
3198 (NH2), 2930 (CH aliphatic), 1650 (C=N), 1598 (C=C). '"H NMR (500 MHz, DMSO-ds): 6
8.18 (s, 1H), 7.93 (d, J=7.8 Hz, 1H), 7.77 (d, J = 7.8 Hz, 1H), 7.73 (q, J = 2.9 Hz, 1H), 7.56 (t, J
=7.8 Hz, 1H), 7.47 (q, J = 2.9 Hz, 1H), 7.25 (tt, J = 2.2, 4.6 Hz, 2H), 7.08 (d, J = 7.9 Hz, 2H),
6.90 (d, J = 8.0 Hz, 2H), 6.54 (s, 3H), 5.57 (s, 2H), 2.22 (s, 3H). 3C NMR (126 MHz, DMSO-
de): 0 162.3, 153.4, 143.1, 137.4, 137.2, 136.3, 134.3, 130.6, 130.5, 129.8 (2C), 129.0, 128.4,
127.9,126.6 (2C), 123.2,122.7,119.7, 111.7,47.8, 21.1. (ESI-TOF) HRMS m/z: [M+H]* calcd
for C22H21N4: 341.1760; found: 341.1757.

Step (f): A mixture of 3-(1-(4-methylbenzyl)-1H-benzimidazol-2-yl)benzonitrile (2) (0.40
g, 1.23 mmol, 1.00 equiv), NaNj3 (0.24 g, 3.70 mmol, 3.00 equiv), and NH4Cl (0.2 g, 3.70 mmol,
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3.00 equiv)) in dry DMF (10 mL) was heated at 125°C for 24 h. Upon completion of the reaction
as indicated by TLC, the mixture was poured into ice/water and 4N HCI was added dropwise till
precipitation. The crude product was filtered, dried, and purified by flash chromatography to give
the desired product (6).

4.1.1.4. 2-(3-(1H-tetrazol-5-yl)phenyl)-1-(4-methylbenzyl)-1H-benzimidazole (6). Rr =
0.15 (DCM/MeOH 9.7:0.3). White solid, yield 20%, mp: 124-126 °C. FT-IR (b max, cm™!): 3705
(NH tetrazole), 3448 (NH sulfonamide),1654 (C=N), 1617 (C=C). 'H NMR (500 MHz, DMSO-
de): 0 8.50 (s, 1H), 8.21 (d, J=7.6 Hz, 1H), 7.90 (d, J = 7.6 Hz, 1H), 7.76 (t, J = 7.7 Hz, 2H), 7.54
(t,J=4.2Hz, 1H), 7.29 (t, /= 3.7 Hz, 2H), 7.08 (d, /= 7.7 Hz, 2H), 6.91 (d, /= 7.7 Hz, 2H), 5.63
(s,2H),2.21 (s, 3H). 3C NMR (126 MHz, DMSO-ds): 6 155.8, 152.6, 143.1, 137.2, 136.5, 134.2,
131.8, 131.5, 130.4, 129.8 (2C), 128.6, 128.3, 126.6 (2C), 125.7, 123.5, 122.9, 119.8, 111.8, 47.9,
21.1. (ESI-TOF) HRMS m/z: [M+H]"* caled for C22H19Ne: 367.1665; found: 367.1663. HPLC
purity: 98.7%, HPLC ¢gr: 2.43 min.

4.1.2. General procedure for the synthesis of target compounds 11-13

Intermediates 7-10 were synthesized as previously reported [37], and the desired final
compounds 11-13 were synthesized using the same procedures discussed before for the synthesis

of compounds 3-6.

4.1.2.1. N-hydroxy-4-((2-(3-(methylsulfonamido)phenyl)-1H-benzimidazol-1-
yl)methyl)benzimidamide (11). Crystallized from EtOH. White solid, yield 75%, mp: 135-137
°C. FT-IR (¥ max, ecm™!): 3726-3385 (Iminoxime and NH sulfonamide), 2930 (CH
aliphatic),1643 (C=N), 1610 (C=C). 'TH NMR (500 MHz, DMSO-de¢): 6 9.99 (s, 1H), 9.62 (s, 1H),
7.75 (dd, J =2.0, 6.5 Hz, 1H), 7.64 (s, 1H), 7.58 (d, J = 8.3 Hz, 2H), 7.49 (t, / = 7.8 Hz, 2H), 7.42
(d,J=7.6 Hz, 1H), 7.35 (t, J =4.0 Hz, 1H), 7.26 (tt, J = 4.1, 7.4 Hz, 2H), 6.99 (d, J = 8.2 Hz, 2H),
5.76 (s, 2H), 5.61 (s, 2H), 2.99 (s, 3H). 3C NMR (126 MHz, DMSO-ds): 6 153.2, 150.8, 143.1,
139.4,137.9, 136.4, 133.1, 131.6, 130.3, 126.4 (2C), 126.2 (2C), 124.5, 123.3, 122.8, 121.4, 120.7,
119.8, 111.6, 47.7, 399. (ESI-TOF) HRMS w/zz [M+H]* caled for
C22H22N50sS: 436.1438; found: 436.1454.

4.1.2.2. N-(3-(1-(4-(1,2,4-oxadiazol-3-yl)benzyl)-1H-benzimidazol-2-
yl)phenyl)methanesulfonamide (12). Rf = 0.35 (DCM/MeOH 9.7:0.3). White solid, yield 52%,
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mp: 115-117 °C. FT-IR (¥ max, em™): 3263 (NH sulfonamide), 2923 (CH aliphatic),1651 (C=N),
1615 (C=C). '"H NMR (400 MHz, DMSO-ds): 5 9.96 (s, 1H), 9.68 (s, 1H), 7.97 (d, J = 6.7 Hz,
2H),7.77 (d, J=7.1 Hz, 1H), 7.62 (s, 1H), 7.54 — 7.40 (m, 3H), 7.36 (d, J = 7.8 Hz, 1H), 7.28 (d,
J=4.7Hz, 2H), 7.20 (d, J = 6.6 Hz, 2H), 5.70 (s, 2H), 2.98 (s, 3H).

4.1.2.3. N-(3-(1-(4-(1H-tetrazol-5-yl)benzyl)-1H-benzimidazol-2-
yl))phenyl)methanesulfonamide (13). Rr = 0.14 (DCM/MeOH 9.7:0.3). White solid, yield 29%,
mp: 88-90 °C. FT-IR (¥ max, ecm™!): 3727 (NH tetrazole), 3449 (NH sulfonamide), 2927 (CH
aliphatic),1654 (C=N), 1617 (C=C). 'H NMR (500 MHz, DMSO-ds): 6 9.99 (s, 1H), 7.96 (d, J =
8.1 Hz, 2H), 7.77 (d, J = 7.0 Hz, 1H), 7.63 (s, 1H), 7.49 (t, J = 7.8 Hz, 2H), 7.43 (d, / = 7.6 Hz,
1H), 7.36 (d, J = 7.7 Hz, 1H), 7.28 (tt, J = 6.2, 6.5 Hz, 2H), 7.21 (d, J = 8.1 Hz, 2H), 5.69 (s, 2H),
2.98 (s, 3H). BC NMR (126 MHz, DMSO-ds¢): 6 155.8, 153.2, 143.1, 140.3, 139.3, 136.4, 131.5,
130.3, 127.8 (2C), 127.6 (2C), 124.6, 124.3, 123.4, 122.9, 121.4, 120.6, 119.9, 111.6, 47.8, 39.9.
(ESI-TOF) HRMS m/z: [M+H]* caled for C22H20N70:2S: 446.1394; found: 446.1412.

4.1.3. General procedure for the synthesis of target compounds 19a-1, 20a,b, 21a-c, and 22a,b

The desired final compounds 19a-1, 20a,b , 21a-c¢, and 22a,b were synthesized according

to the reported procedures [37,39,43—47] and is illustrated as follows.

Step (a): A solution of the appropriate aniline derivative (14a, b) (2.26 g, 14.5 mmol, 1.00
equiv) and DIPEA (2.25 g, 3.03 mL, 17.4 mmol, 1.20 equiv) in THF (30 mL) was cooled to 0°C,
then ethyl chloroformate (1.65 g, 1.45 mL, 15.2 mmol, 1.05 equiv) was added dropwise and the
reaction mixture was stirred at room temperature for 2 h. Upon completion of the reaction as
indicated by TLC, the reaction mixture was evaporated, partitioned between EtOAc and water,
washed with 2M HCI, dried, and evaporated to give the desired carbamate derivatives (16a, b) in

87-92% yield.

Step (b): To a solution of the appropriate benzoic acid derivative (15a-c¢) (1.85 g, 10.0
mmol) in EtOH (40 mL) was added conc. H>SO4 (0.5 mL) dropwise and the reaction mixture was
refluxed for 24 h. Upon completion of the reaction as indicated by TLC, the reaction mixture was
evaporated, partitioned between EtOAc and water, washed with sodium bicarbonate solution
(10%), brine, dried, and evaporated to give the desired ethyl benzoate derivatives (16¢-e) in 87-
89% yield.
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Step (c): A suspension of the appropriate fluoro derivative (16a-1) (8.00 mmol, 1.00 equiv),
4-methylbenzylamine (1.16 g, 1.22 mL, 9.60 mmol, 1.20 equiv), and K>CO3 (1.66 g, 12.0 mmol,
1.50 equiv) in anhydrous DMF (10 mL) was heated at 80-90°C for 12 h. Upon completion of the
reaction as indicated by TLC, the reaction mixture was poured into ice/water (200 mL), stirred
vigorously, and the resulting solid was filtered, washed with n-heptane, and dried to yield the

desired derivatives (17a-1) in 78-95% yield.

Step (d): (1) A suspension of the appropriate nitro derivative (17a, b, h, i, k, ) (6.00 mmol,
1.00 equiv), iron powder (1.00 g, 18.0 mmol, 3.00 equiv), and NH4Cl (2.90 g, 54.0 mmol, 9.00
equiv) in 70% EtOH/H>O (60 mL) was refluxed for 6 h. Upon completion of the reaction as
indicated by TLC, the reaction mixture was filtered on celite, evaporated, stirred with EtOAc,
filtered to remove the insoluble salts, dried and, evaporated to give the corresponding diamine

derivative as sticky residue that was used as such into the following step.

Or (2) A solution of the appropriate nitro derivative (17¢-g, j) (6.00 mmol, 1.00 equiv) and
SnCl2.2H>0 (6.80 g, 30.0 mmol, 5.00 equiv) in EtOAc (100 mL) was refluxed for 16 h. Upon
completion of the reaction as indicated by TLC, the reaction mixture was cooled, washed with
sodium bicarbonate solution (10%), brine, dried, and evaporated to give the corresponding diamine

derivative as sticky residue that was used as such into the following step.

Step (e): A solution of the appropriate crude diamine derivative (5.00 mmol, 1.00 equiv)
and sodium hydroxy(3-nitrophenyl)methanesulfonate (1.27 g, 5.00 mmol, 1.00 equiv) in DMF (5
mL) was heated at 130°C for 4 h. Upon completion of the reaction as indicated by TLC, the reaction
mixture was poured into ice/water (100 mL), stirred vigorously, and the resulting solid was filtered,
dried, and purified by column chromatography (EtOAc/heptane) to yield the desired
benzimidazole derivatives (18a-1) in 34-59% yield.

Step (f): A solution of the appropriate nitro derivative (18a-1) (2.00 mmol, 1.00 equiv) and
SnCl2.2H20 (2.30 g, 10.0 mmol, 5.00 equiv) in EtOAc (50 mL) was refluxed for 16 h. Upon
completion of the reaction as indicated by TLC, the reaction mixture was cooled, washed with
sodium bicarbonate solution (10%), brine, dried and evaporated to give the corresponding amine

derivative that was used as such into the following step.
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Step (g): To a solution of the appropriate amine derivative (2 mmol, 1.00 equiv) in pyridine
(5 mL) at 0°C was added methanesulfonyl chloride (275 mg, 186 uL, 2.40 mmol, 1.20 equiv)
dropwise and the reaction mixture was stirred at room temperature for 48 h. Upon completion of
the reaction as indicated by TLC, the reaction mixture was poured into ice/water (100 mL), stirred
vigorously, and the resulting solid was filtered, dried, and purified by column chromatography to

yield the desired final products (19a-1).

4.1.3.1. Ethyl (1-(4-methylbenzyl)-2-(3-(methylsulfonamido)phenyl)-1H-
benzimidazol-5-yl)carbamate (19a). Ry = 0.30 (EtOAc/heptane 2:1). White solid, yield 63%, mp:
196-198 °C. FT-IR (¥ max, cm™): 3348 (NH sulfonamide), 2986, 2937 (CH aliphatic),1728
(C=0), 1603 (C=C). 'H NMR (400 MHz, DMSO-d¢) 5 9.95 (s, 1H), 9.55 (s, 1H), 7.87 (s, 1H),
7.61 (s, 1H), 7.47 (t, J=7.8 Hz, 1H), 7.40 (d, J = 7.8 Hz, 1H), 7.38 — 7.32 (m, 2H), 7.28 (dd, J =
8.8, 1.4 Hz, 1H), 7.07 (d, J = 7.9 Hz, 2H), 6.86 (d, J = 8.0 Hz, 2H), 5.49 (s, 2H), 4.14 (q, /= 7.1
Hz, 2H), 2.98 (s, 3H), 2.22 (s, 3H), 1.25 (t, J = 7.1 Hz, 3H). 13C NMR (126 MHz, DMSO-ds) 5
154.3,153.4,143.2,139.3, 137.1, 134.9, 134.2, 132.3, 131.6, 130.2, 129.7, 129.4 (2C), 126.6 (20),
126.5, 124.5, 121.3, 120.7, 111.4, 60.5, 47.7, 39.8, 21.0, 15.0. MS (ESI positive) m/z [M+H]":
479.1. (ESI-TOF) HRMS m/z: [M+H]* caled for C25H27N404S: 479.1748; found: 479.1766.
HPLC purity: 98.02%, HPLC tr: 8.52 min.

4.1.3.2. Ethyl (1-(4-methylbenzyl)-2-(3-(methylsulfonamido)phenyl)-1H-
benzimidazol-6-yl)carbamate (19b). Rr = 0.35 (EtOAc/heptane 2:1). Light buff solid, yield 58%,
mp: 228-230 °C. FT-IR (¥ max, em™): 3366 (NH carbamate), 3265 (NH sulfonamide), 2969,
2930 (CH aliphatic),1716 (C=0), 1610 (C=C). 'H NMR (400 MHz, DMSO-ds) 6 9.93 (s, 1H),
9.63 (s, 1H), 7.67 (s, 1H), 7.62 — 7.58 (m, 2H), 7.44 (t, J = 7.9 Hz, 1H), 7.36 — 7.30 (m, 2H), 7.21
(dd, J=8.7, 1.9 Hz, 1H), 7.09 (d, J = 7.9 Hz, 2H), 6.87 (d, J = 8.0 Hz, 2H), 5.42 (s, 2H), 4.08 (q,
J=7.1Hz, 2H), 2.95 (s, 3H), 2.22 (s, 3H), 1.20 (t, J = 7.1 Hz, 3H). 3C NMR (126 MHz, DMSO-
de) 0 154.1, 152.7,139.3, 138.8, 137.1, 136.5, 135.5, 134.0, 131.6, 130.2, 129.9, 129.8 (2C), 126.3
(20), 124.3, 121.2, 120.6, 119.7, 115.1, 60.5, 47.7, 39.8, 21.0, 15.0. MS (ESI positive) m/z
[M+H]™": 479.0. (ESI-TOF) HRMS m/z: [M+H]* caled for
C25H27N404S: 479.1748; found: 479.1768. HPLC purity: 97.61%, HPLC tr: 8.53 min.
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4.1.3.3. Ethyl 1-(4-methylbenzyl)-2-(3-(methylsulfonamido)phenyl)-1H-
benzimidazole-5-carboxylate (19¢). Ry = 0.25 (EtOAc/heptane/MeOH 1:1:0.1). White fluffy
solid, yield 76%, mp: 187-189 °C. FT-IR (¥ max, ecm™!): 3261 (NH sulfonamide), 2974, 2929
(CH aliphatic), 1706 (C=0), 1610 (C=C). 'H NMR (400 MHz, DMSO-ds) & 9.99 (s, 1H), 8.33
(d, J=1.0Hz, 1H), 7.88 (dd, J = 8.5, 1.6 Hz, 1H), 7.65 — 7.58 (m, 2H), 7.50 (t, J = 7.8 Hz, 1H),
7.43 (dt,J=7.7,1.3 Hz, 1H), 7.38 (ddd, J = 8.0, 2.2, 1.2 Hz, 1H), 7.07 (d, J = 7.9 Hz, 2H), 6.86
(d, J = 8.1 Hz, 2H), 5.59 (s, 2H), 4.34 (q, J = 7.1 Hz, 2H), 2.99 (s, 3H), 2.22 (s, 3H), 1.35 (t, J =
7.1 Hz, 3H). 13C NMR (101 MHz, DMSO-ds) & 166.1, 154.7, 142.1, 139.2, 138.9, 136.8, 133.3,
130.6, 129.8, 129.3 (2C), 126.1 (2C), 124.2, 124.1, 123.8, 121.3, 120.9, 120.2, 111.3, 60.5, 47.5,
39.4,20.6, 14.2. MS (ESI positive) m/z [M+H]": 464.1. (ESI-TOF) HRMS m/z: [M+H]* calcd
for C25H26N304S: 464.1639; found: 464.1654. HPLC purity: 98.13%, HPLC tr: 10.51 min.

4.1.3.4. Ethyl 1-(4-methylbenzyl)-2-(3-(methylsulfonamido)phenyl)-1H-
benzimidazole-6-carboxylate (19d). Rr=0.30 (EtOAc/heptane/MeOH 1:1:0.1). White crystalline
solid, yield 72%, mp: 211-213 °C. FT-IR (¥ max, em™): 3448 (NH sulfonamide), 3065 (CH
aromatic), 2984, 2930 (CH aliphatic), 1712 (C=0), 1654 (C=N), 1603 (C=C). 'TH NMR (400
MHz, DMSO-ds) 6 9.99 (s, 1H), 8.08 (d, J = 1.0 Hz, 1H), 7.89 (dd, J = 8.5, 1.5 Hz, 1H), 7.82 (d,
J=28.5Hz, 1H), 7.65 (t, J = 1.7 Hz, 1H), 7.50 (t, J = 7.8 Hz, 1H), 7.44 (dt, J = 7.7, 1.3 Hz, 1H),
7.38 (ddd, J = 8.0, 2.1, 1.3 Hz, 1H), 7.10 (d, J = 7.9 Hz, 2H), 6.88 (d, J = 8.0 Hz, 2H), 5.65 (s,
2H), 4.31 (q, J = 7.1 Hz, 2H), 2.98 (s, 3H), 2.23 (s, 3H), 1.32 (t, J = 7.1 Hz, 3H). 3C NMR (101
MHz, DMSO-ds) 6 166.0, 155.6, 146.0, 138.9, 136.8, 135.7, 133.4, 130.5, 129.9, 129.4 (2C),
125.9 (20), 124.2, 124.1, 123.3, 121.3, 120.2, 119.2, 112.9, 60.6, 47.4, 39.4, 20.6, 14.2. MS (ESI
positive) m/z [M+H]": 464.1. (ESI-TOF) HRMS w/z: [M+H]* caled for
C25H26N304S: 464.1639; found: 464.1655. HPLC purity: 99.13%, HPLC tx: 11.12 min.

4.1.3.5. Ethyl 1-(4-methylbenzyl)-2-(3-(methylsulfonamido)phenyl)-1H-
benzimidazole-7-carboxylate (19¢). Rr= 0.30 (EtOAc/heptane 1:1). White crystalline solid, yield
67%, mp: 76-78 °C. FT-IR (¥ max, em™): 3251 (NH sulfonamide), 2982, 2926 (CH
aliphatic),1712 (C=0), 1587 (C=C). 'H NMR (400 MHz, DMSO-ds) 5 10.01 (s, 1H), 7.98 (dd, J
= 8.0, 1.1 Hz, 1H), 7.61 (t, J = 1.8 Hz, 1H), 7.57 — 7.50 (m, 2H), 7.47 (dt, J = 7.7, 1.3 Hz, 1H),
7.39 (ddd, J =8.0, 2.1, 1.2 Hz, 1H), 7.33 (t, / = 7.8 Hz, 1H), 6.98 (d, / = 8.0 Hz, 2H), 6.52 (d, J =
8.1 Hz, 2H), 5.66 (s, 2H), 4.17 (q, J = 7.1 Hz, 2H), 3.01 (s, 3H), 2.17 (s, 3H), 1.16 (t, J = 7.1 Hz,
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3H). 3C NMR (101 MHz, DMSO-ds) & 165.6, 155.9, 144.3, 138.9, 136.5, 133.6, 132.1, 130.8,
129.9, 129.1 (2C), 125.6 (2C), 124.9, 124.6, 123.7, 121.8, 121.1, 120.5, 118.1, 61.1, 49.1, 39.4,
20.5, 13.8. MS (ESI positive) m/z [M+H]": 464.1. (ESI-TOF) HRMS m/z: [M+H]* calcd for
C25H26N304S: 464.1639; found: 464.1649. HPLC purity: 96.31%, HPLC #r: 10.22 min.

4.1.3.6. N-(3-(5-cyano-1-(4-methylbenzyl)-1H-benzimidazol-2-
yl)phenyl)methanesulfonamide (19f). R; = 0.20 (EtOAc/heptane 1:1). White solid, yield 80%,
mp: 242-244 °C. FT-IR (¥ max, em™!): 3270 (NH sulfonamide), 2922 (CH aliphatic), 2217
(nitrile), 1610 (C=C). 'H NMR (400 MHz, DMSO-ds) 5 10.00 (s, 1H), 8.30 (s, 1H), 7.72 — 7.63
(m, 3H), 7.50 (t, J = 7.8 Hz, 1H), 7.45 (d, J = 7.7 Hz, 1H), 7.39 (ddd, J = 8.0, 1.9, 1.1 Hz, 1H),
7.07 (d, J = 8.0 Hz, 2H), 6.86 (d, J = 8.0 Hz, 2H), 5.61 (s, 2H), 2.99 (s, 3H), 2.21 (s, 3H). 13C
NMR (101 MHz, DMSO-ds) 6 155.3, 142.0, 139.0, 138.8, 136.9, 133.1, 130.2, 129.9, 129.3 (20),
126.2 (2C), 126.1, 124.3, 124.1, 121.4, 120.2, 119.7, 112.7, 104.6, 47.5, 39.4, 20.6. MS (ESI
positive) m/z [M+H]": 4169. (ESI-TOF) HRMS m/z: [M+H]* caled for
C23H21N402S: 417.1380; found: 417.1391. HPLC purity: 98.68%, HPLC #r: 9.88 min.

4.1.3.7. N-(3-(6-cyano-1-(4-methylbenzyl)-1H-benzimidazol-2-
yl)phenyl)methanesulfonamide (19g). Rr = 0.25 (EtOAc/heptane 1:1). White solid, yield 80%,
mp: 214-216 °C. FT-IR (b max, cm™): 3331 (NH sulfonamide), 3006 (CH aromatic), 2922 (CH
aliphatic), 2221 (nitrile), 1610 (C=C). '"H NMR (400 MHz, DMSO-ds) 5 10.00 (s, 1H), 8.18 (d, J
=0.9 Hz, 1H), 7.91 (dd, J = 8.4, 0.4 Hz, 1H), 7.67 — 7.64 (m, 2H), 7.53 — 7.45 (m, 2H), 7.39 (ddd,
J=138,2.1,1.5Hz, 1H), 7.08 (d, J = 7.9 Hz, 2H), 6.86 (d, J = 8.1 Hz, 2H), 5.63 (s, 2H), 2.99 (s,
3H), 2.22 (s, 3H). 13C NMR (101 MHz, DMSO-ds) 6 156.0, 145.4, 138.9, 136.9, 135.7, 133.2,
130.2, 129.9, 129.3 (20), 126.2 (2C), 125.7, 124.1, 121.5, 120.5, 120.2, 119.7, 116.4, 104.5, 47.5,
39.4, 20.6. MS (ESI positive) m/z [M+H]*: 416.9. (ESI-TOF) HRMS m/z: [M+H]* calcd for
C23H21N402S: 417.1380; found: 417.1386. HPLC purity: 98.54%, HPLC tr: 9.87 min.

4.1.3.8. N-(3-(5-methyl-1-(4-methylbenzyl)-1H-benzimidazol-2-
yl)phenyl)methanesulfonamide (19h). R = 0.30 (EtOAc/heptane 2:1). Light buff solid, yield
50%, mp: > 250 °C (decomp.). 'H NMR (400 MHz, DMSO-d¢) & 9.95 (s, 1H), 7.63 — 7.61 (m,
1H), 7.51 (s, 1H), 7.47 (t, J = 7.8 Hz, 1H), 7.40 (dd, J = 6.5, 1.3 Hz, 1H), 7.37 - 7.31 (m, 2H), 7.12
—7.01 (m, 3H), 6.85 (d, J = 8.0 Hz, 2H), 5.50 (s, 2H), 2.98 (s, 3H), 2.42 (s, 3H), 2.22 (s, 3H). 13C
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NMR (101 MHz, DMSO-ds) 6 152.5, 142.9, 138.8, 136.6, 134.0, 133.8, 131.3, 131.3, 129.7,
129.2 (20), 126.1 (2C), 124.2, 124.0, 120.8, 120.2, 119.0, 110.7, 47.2, 39.3, 21.1, 20.6. MS (ESI
positive) m/z [M+H]*: 406.0. (ESI-TOF) HRMS m/z: [M+H]* caled for
C23H24N302S: 406.1584; found: 406.1588. HPLC purity: 97.27%, HPLC tr: 8.09 min.

4.1.3.9. N-(3-(6-methyl-1-(4-methylbenzyl)-1H-benzimidazol-2-
y))phenyl)methanesulfonamide (19i). Rr = 0.25 (EtOAc/heptane 2:1). Light buff solid, yield
53%, mp: 254-256 °C. "TH NMR (400 MHz, DMSO-ds) 6 9.94 (s, 1H), 7.64 —7.57 (m, 2H), 7.46
(t,J=7.8 Hz, 1H), 7.38 (dt, J=7.7, 1.2 Hz, 1H), 7.34 (ddd, J = 8.0, 2.2, 1.1 Hz, 1H), 7.26 (s, 1H),
7.08 (d, J = 8.0 Hz, 3H), 6.86 (d, J = 8.0 Hz, 2H), 5.50 (s, 2H), 2.97 (s, 3H), 2.39 (s, 3H), 2.22 (s,
3H). BC NMR (126 MHz, DMSO-ds) & 152.1, 140.7, 138.8, 136.6, 136.2, 133.8, 132.2, 131.3,
129.7,129.3 (2C), 125.9 (2C), 123.9, 123.8, 120.8, 120.2, 118.9, 110.7,47.1, 39.3, 21.4, 20.6. MS
(ESI positive) m/z [M+H]": 406.1. (ESI-TOF) HRMS w/z: [M+H]* caled for
C23H24N302S: 406.1584; found: 406.1593. HPLC purity: 97.02%, HPLC tr: 11.00 min.

4.1.3.10. N-(3-(1-(4-methylbenzyl)-5-(trifluoromethyl)-1H-benzimidazol-2-
ylD)phenyl)methanesulfonamide (19j). Rr = 0.35 (EtOAc/heptane 1:2). White solid, yield 54%,
mp: 251-253 °C. 'H NMR (400 MHz, DMSO-ds) 5 10.00 (s, 1H), 8.11 (s, 1H), 7.71 (d, J = 8.5
Hz, 1H), 7.64 (t, J = 1.7 Hz, 1H), 7.58 (dd, J = 8.6, 1.4 Hz, 1H), 7.51 (t, J = 7.8 Hz, 1H), 7.44 (dt,
J=7.,1.2Hz, 1H), 7.39 (ddd, J = 8.0, 2.1, 1.2 Hz, 1H), 7.08 (d, J = 7.9 Hz, 2H), 6.87 (d, J = 8.0
Hz, 2H), 5.61 (s, 2H), 2.99 (s, 3H), 2.22 (s, 3H). 13C NMR (101 MHz, DMSO-ds) 6 155.0, 142.0,
139.0, 138.2 (q, *Jcr = 0.7 Hz), 136.9, 133.2, 130.5, 129.9, 129.3 (2C), 124.9 (q, 'Jcr = 272.7
Hz), 126.1 (2C), 124.1, 123.2 (q, *Jcr = 31.3 Hz), 121.3, 120.2, 119.4 (q, *Jcr = 3.6 Hz), 116.7
(q, 3Jor = 3.9 Hz), 112.3, 47.5, 39.4, 20.6. MS (ESI positive) m/z [M+H]*: 460.0. (ESI-TOF)
HRMS m/z: [M+H]* calcd for C23H21F3N302S: 460.1301; found: 460.1309. HPLC purity:
98.09%, HPLC tr: 11.25 min.

4.1.3.11. N-(3-(5-bromo-1-(4-methylbenzyl)-1H-benzimidazol-2-
yl)phenyl)methanesulfonamide (19k). Rr = 0.30 (EtOAc/heptane 1:3). White solid, yield 43%,
mp: 276-278 °C. 'TH NMR (400 MHz, DMSO-ds) 6 9.97 (s, 1H), 7.94 (d, J = 1.6 Hz, 1H), 7.62
(s, 1H), 7.51 = 7.35 (m, 5H), 7.07 (d, J = 7.9 Hz, 2H), 6.85 (d, J = 8.0 Hz, 2H), 5.55 (s, 2H), 2.98
(s, 3H), 2.22 (s, 3H). '3C NMR (101 MHz, DMSO-d¢) 6 153.9, 143.9, 138.9, 136.8, 135.0, 133.4,
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130.6, 129.8, 129.3 (2C), 126.1 (2C), 125.5, 124.0, 121.7, 121.2, 120.2, 114.5, 113.1, 47.4, 39.4,
20.6. MS (ESI positive) m/z [M+H]": 469.9, [M+2)+H]" : 471.9 (1:1). (ESI-TOF) HRMS m/z:
[M+H]* caled for C22H21BrN3O:2S: 470.0532; found: 470.0544. HPLC purity: 96.11%, HPLC
tr: 10.38 min.

4.1.3.12. N-(3-(6-bromo-1-(4-methylbenzyl)-1H-benzimidazol-2-
y))phenyl)methanesulfonamide (191). Rr = 0.25 (EtOAc/heptane 1:3). White solid, yield 53%,
mp: 255-257 °C. 'H NMR (500 MHz, DMSO-de¢): 6 9.99 (s, 1H), 7.78 (d, J = 1.7 Hz, 1H), 7.70
(d,J=8.6Hz, 1H), 7.63 (t,J = 1.8 Hz, 1H), 7.49 (t, J =7.9 Hz, 1H), 7.43 (dt, J = 2.5, 4.5 Hz, 1H),
7.40 (dd,J=1.9,8.6 Hz, 1H), 7.37 (dq, J = 1.1, 3.4 Hz, 1H), 7.09 (d, J/ = 7.9 Hz, 2H), 6.86 (d, J =
8.0 Hz, 2H), 5.57 (s, 2H), 2.99 (s, 3H), 2.23 (s, 3H). 13C NMR (126 MHz, DMSO-ds): 6 154.1,
142.1,139.4, 137.7, 137.3, 133.9, 131.2, 130.3, 129.8 (2C), 126.6 (2C), 125.8, 124.5, 121.6, 121.5,
120.6, 115.6, 114.5, 47.7, 39.9, 21.1. (ESI-TOF) HRMS m/z: [M+H]* caled for
C22H21BrN30:2S: 470.0532; found: 470.0545.

Step (h): A solution of the appropriate carbamate derivative (19a, b) (0.60 g, 1.25 mmol)
in NaOH solution (10% in water, 10 mL) was refluxed for 1.5 h. Upon completion of the reaction
as indicated by TLC, the reaction mixture was cooled, acidified to pH 7-8 using 2M HCI. The
resulting solid was extracted with EtOAc, dried, evaporated, and purified by column

chromatography to yield the desired final products (20a, b).

4.1.3.13. N-(3-(5-amino-1-(4-methylbenzyl)-1H-benzimidazol-2-
y))phenyl)methanesulfonamide (20a). Rs = 0.35 (EtOAc/heptane/MeOH 2:1:0.05). Light brown
solid, yield 65%, mp: 264-266 °C. FT-IR (¥ max, cm™): 3462, 3372 (NH>), 3068 (CH aromatic),
2937 (CH aliphatic), 1630 (C=N). 'TH NMR (400 MHz, DMSO-ds) 6 9.90 (s, 1H), 7.57 (s, 1H),
7.45 —7.35 (m, 2H), 7.30 (t, J = 8.3 Hz, 2H), 7.11 (d, J = 7.8 Hz, 2H), 6.89 (d, J = 7.8 Hz, 2H),
6.58 (dd, J = 8.5, 1.6 Hz, 1H), 6.42 (s, 1H), 5.35 (s, 2H), 5.02 (s, 2H), 2.96 (s, 3H), 2.25 (s, 3H).
13C NMR (101 MHz, DMSO-ds¢) 6 149.8, 145.4, 138.7, 137.3, 136.5, 134.7, 133.9, 131.6, 129.6,
129.3 (2C), 125.8 (20C), 123.5, 120.3, 119.9, 119.5, 112.0, 93.6, 47.1, 39.3, 20.6. MS (ESI
positive) m/z [M+H]": 406.9. (ESI-TOF) HRMS w/z: [M+H]* caled for
C22H23N402S: 407.1536; found: 407.1540. HPLC purity: 97.26%, HPLC #r: 8.74 min.
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4.1.3.14. N-(3-(6-amino-1-(4-methylbenzyl)-1H-benzimidazol-2-
yD)phenyl)methanesulfonamide. (20b). Rr = 0.40 (EtOAc/heptane/MeOH 3:1:0.1). Light brown
solid, yield 58%, mp: > 242 °C (decomp.). FT-IR (¥ max, em™): 3462, 3371 (NH>), 2928 (CH
aliphatic), 1607 (C=C). 'TH NMR (400 MHz, DMSO-ds¢) 5 9.91 (s, 1H), 7.58 (t, J = 1.8 Hz, 1H),
7.45 —7.35 (m, 2H), 7.33 — 7.26 (m, 2H), 7.11 (d, J = 7.9 Hz, 2H), 6.90 (d, J = 8.1 Hz, 2H), 6.58
(dd, J=8.5,2.0 Hz, 1H), 6.43 (d, J = 1.9 Hz, 1H), 5.35 (s, 2H), 5.03 (s, 2H), 2.96 (s, 3H), 2.25 (s,
3H).3C NMR (101 MHz, DMSO-de) & 149.8, 145.4, 138.8, 137.3, 136.5, 134.7, 133.9, 131.6,
129.6, 129.3 (2C), 125.8 (2C), 123.5, 120.3, 119.9, 119.5, 112.0, 93.6, 47.1, 39.3, 20.6. MS (ESI
positive) m/z [M+H]": 4069. (ESI-TOF) HRMS m/z: [M+H]* caled for
C22H23N402S: 407.1536; found: 407.1543. HPLC purity: 99.05%, HPLC tr: 8.80 min.

Step (i): A solution of the appropriate ester derivative (19c-e) (0.46 g, 1.00 mmol, 1.00
equiv) and LiOH.H>0O (0.21 g, 5.00 mmol, 5.00 equiv) in THF/H>O (1:1, 20 mL) was stirred at
room temperature for 2-4 days. Upon completion of the reaction as indicated by TLC, the reaction
mixture was evaporated, dissolved in water, neutralized with 2M HCI and the resulting solid was
filtered, washed with water, dried, and purified by column chromatography to give the desired

final products (21a-c).

4.1.3.15. 1-(4-methylbenzyl)-2-(3-(methylsulfonamido)phenyl)-1H-benzimidazole-5-
carboxylic acid (21a). Ry = 0.20 (EtOAc). White solid, yield 68%, mp: > 300 °C (decomp.). FT-
IR (¥ max, cm™): 3700-3300 (OH broad of COOH), 3211(NH sulfonamide), 2925 (CH aliphatic),
1664 (C=0), 1615 (C=C). '"H NMR (400 MHz, DMSO-ds) 5 12.77 (s, 1H), 9.98 (s, 1H), 8.31 (s,
1H), 7.87 (dd, J = 8.5, 1.3 Hz, 1H), 7.63 (s, 1H), 7.57 (d, J = 8.6 Hz, 1H), 7.50 (t, J = 7.8 Hz, 1H),
7.44 (d, J=7.7 Hz, 1H), 7.38 (d, J = 7.7 Hz, 1H), 7.08 (d, J = 7.9 Hz, 2H), 6.87 (d, J = 8.0 Hz,
2H), 5.58 (s, 2H), 2.99 (s, 3H), 2.22 (s, 3H).3C NMR (101 MHz, DMSO-ds) & 167.7, 154.5,
142.1, 139.0, 138.9, 136.8, 133.4, 130.7, 129.8, 129.3 (2C), 126.1 (2C), 125.1, 124.1, 124.0, 121.2,
121.0, 120.3, 111.1, 47.5, 39.4, 20.6. MS (ESI positive) m/z [M+H]*: 435.9. (ESI-TOF) HRMS
m/z: [M+H]* caled for C23H2:N304S: 436.1326; found: 436.1332.

4.1.3.16. 1-(4-methylbenzyl)-2-(3-(methylsulfonamido)phenyl)-1H-benzimidazole-6-
carboxylic acid (21b). Rf = 0.30 (EtOAc). White crystalline solid, yield 83%, mp: 246-248 °C.
FT-IR (¥ max, cm™!): 3700-3300 (OH broad peak of COOH), 3019 (CH aromatic), 2932 (CH
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aliphatic), 1689 (C=0), 1619 (C=C). 'TH NMR (500 MHz, DMSO-ds) § 12.82 (s, 1H), 9.99 (s,
1H), 8.06 (d, J=0.9 Hz, 1H), 7.88 (dd, J = 8.5, 1.5 Hz, 1H), 7.82 — 7.79 (m, 1H), 7.66 (t, J = 1.7
Hz, 1H), 7.50 (t, J = 7.8 Hz, 1H), 7.44 (dt, J = 7.7, 1.2 Hz, 1H), 7.38 (ddd, J = 8.0, 2.2, 1.1 Hz,
1H), 7.10 (d, J = 7.9 Hz, 2H), 6.89 (d, J = 8.0 Hz, 2H), 5.63 (s, 2H), 2.99 (s, 3H), 2.23 (s, 3H). 1*C
NMR (101 MHz, DMSO-ds) 6 167.6, 155.4, 145.8, 138.9, 136.8, 135.6, 133.5, 130.6, 129.9,
129.4 (20), 125.9 (2C), 125.1, 124.1, 123.6, 121.3, 120.2, 119.0, 113.1, 47.4, 39.4, 20.6. MS (ESI
positive) m/z [M+H]*: 4359. (ESI-TOF) HRMS m/z: [M+H]* caled for
C23H22N304S: 436.1326; found: 436.1336.

4.1.3.17. 1-(4-methylbenzyl)-2-(3-(methylsulfonamido)phenyl)-1H-benzimidazole-7-
carboxylic acid (21¢). Rf = 0.15 (EtOAc). White solid, yield 61%, mp: 253-255 °C. FT-IR (¥
max, cm!): 3700-3100 (OH of COOH), 3333 (NH sulfonamide), 2937 (CH aliphatic), 1686
(C=0). '"H NMR (400 MHz, DMSO-ds) 5 13.16 (s, 1H), 9.99 (s, 1H), 7.95 (dd, J = 8.0, 1.1 Hz,
1H), 7.66 — 7.58 (m, 2H), 7.55 — 7.45 (m, 2H), 7.39 (ddd, J=7.9, 2.1, 1.3 Hz, 1H), 7.32 (t, J=7.8
Hz, 1H), 6.96 (d, J=7.9 Hz, 2H), 6.53 (d, J = 8.0 Hz, 2H), 5.78 (s, 2H), 3.01 (s, 3H), 2.16 (s, 3H).
13C NMR (101 MHz, DMSO-d¢) 6 167.4, 155.9, 144.4, 138.9, 136.4, 134.0, 132.6, 131.0, 129.9,
129.1 (2C), 125.8 (2C), 125.5,124.7, 123.6, 121.8, 121.1, 120.6, 119.0, 49.1, 39.4, 20.5. MS (ESI
positive) m/z [M+H]": 436.0. (ESI-TOF) HRMS m/z: [M+H]* caled for
C23H22N3048S: 436.1326; found: 436.1335. HPLC purity: 97.72%, HPLC tr: 7.96 min.

Step (j): To a solution of the appropriate nitrile derivative (191, g) (0.08 g, 0.20 mmol, 1.00
equiv) in EtOH (5 mL) was added NH>OH solution (50% in water, 40.0 uL, 0.60 mmol, 3.00
equiv) and the reaction mixture was refluxed for 24 h. Upon completion of the reaction as indicated
by TLC, the reaction mixture was evaporated, stirred with water, filtered, dried, and crystallized

from EtOH to give the desired final products (22a, b).

4.1.3.18. N-hydroxy-1-(4-methylbenzyl)-2-(3-(methylsulfonamido)phenyl)-1H-
benzimidazole-5-carboximidamide (22a). Crystallized from EtOH. White solid, yield 87%, mp:
235-237 °C. FT-IR (¥ max, cm™!): 3507, 3403 (Iminoxime), 3082 (CH aromatic), 2922 (CH
aliphatic), 1685 (C=N). 'H NMR (400 MHz, DMSO-ds) 6 9.97 (s, 1H), 9.55 (s, 1H), 8.03 (d, J =
1.0 Hz, 1H), 7.64 — 7.59 (m, 2H), 7.51 — 7.39 (m, 3H), 7.38 — 7.34 (m, 1H), 7.08 (d, J = 7.9 Hz,
2H), 6.87 (d, J = 8.0 Hz, 2H), 5.83 (s, 2H), 5.55 (s, 2H), 2.99 (s, 3H), 2.22 (s, 3H). 13C NMR (101
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MHz, DMSO-d¢) 6 153.3, 151.3, 142.3, 138.9, 136.7, 136.3, 133.6, 131.0, 129.8, 129.3 (20),
128.0, 126.1 (2C), 124.0, 121.0, 120.7, 120.2, 116.4, 110.7, 47.3, 39.4, 20.6. MS (ESI positive)
m/z [M+H]*: 450.0. (ESI-TOF) HRMS m/z: [M+H]* caled for
C23H24N5038S: 450.1594; found: 450.1609. HPLC purity: 98.14%, HPLC tr: 6.91 min.

4.1.3.19. N-hydroxy-1-(4-methylbenzyl)-2-(3-(methylsulfonamido)phenyl)-1H-
benzimidazole-6-carboximidamide (22b). Crystallized from EtOH. White solid, yield 97%, mp:
210-212 °C. FT-IR (b max, cm™'): 3488, 3372 (Iminoxime), 2925 (CH aliphatic), 1643 (C=N).
H NMR (400 MHz, DMSO-ds) 5 9.96 (s, 1H), 9.57 (s, 1H), 7.80 (s, 1H), 7.70 (d, J = 8.5 Hz,
1H), 7.67 — 7.62 (m, 2H), 7.48 (t, J = 7.8 Hz, 1H), 7.43 — 7.34 (m, 2H), 7.09 (d, J = 7.9 Hz, 2H),
6.88 (d, J = 7.9 Hz, 2H), 5.81 (s, 2H), 5.55 (s, 2H), 2.98 (s, 3H), 2.23 (s, 3H). 13C NMR (101
MHz, DMSO-de) o6 153.5, 151.1, 143.1, 138.9, 136.7, 135.8, 133.6, 131.0, 129.8, 129.3 (20),
128.2, 126.0 (2C), 123.9, 121.0, 120.2, 120.1, 118.7, 108.2, 47.3, 39.4, 20.6. MS (ESI positive)
m/z [M+H]*: 450.0. (ESI-TOF) HRMS m/z: [M+H]* caled for
C23H24N5038S: 450.1594; found: 450.1609. HPLC purity: 97.57%, HPLC tr: 6.46 min.

4.1.4. General procedure for the synthesis of reference compound III and target compounds

25a-u and 26a,b

The reference compound III, and the desired final compounds 25a-u and 26a,b were

synthesized as described previously [37].

4.1.4.1. N-(3-(1-(4-methylbenzyl)-1H-benzimidazol-2-yl)phenyl)methanesulfonamide
(II) [37]. R = 0.3 (DCM/MeOH 9.8:0.2). Off-white solid, yield 47%, mp: 246-248 °C. FT-IR (¥
max, cm!): 3447 (NH sulfonamide), 3056, 3019 (CH aromatic), 2952, 2925 (CH aliphatic), 1651
(C=N), 1607 (C=C). '"H NMR (500 MHz, DMSO-d¢): 6 9.99 (s, 1H), 7.74 (q, J = 2.9 Hz, 1H),
7.64 (s, 1H), 7.51 - 7.45 (m, 2H), 7.42 (d, J = 7.7 Hz, 1H), 7.36 (q, J = 3.0 Hz, 1H), 7.27 - 7.23
(m, 2H), 7.08 (d, J =7.9 Hz, 2H), 6.88 (d, J = 8.0 Hz, 2H), 5.55 (s, 2H), 2.99 (s, 3H), 2.23 (s, 3H).
13C NMR-APT (126 MHz, DMSO-de): 6 153.1, 143.1, 139.3, 137.2, 136.4, 134.2, 131.7, 130.3,
129.8 (2C), 126.6 (2C), 124.5, 123.3, 122.7, 121.4, 120.7, 119.8, 111.7, 47.7, 40.3, 21.1. (ESI-
TOF) HRMS m/z: [M+H]* caled for C22H2:N302S: 392.1427; found: 392.1438. HPLC
purity: 99.5%, HPLC #gr: 2.49 min.
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4.1.4.2. N-(3-(1-(4-methylbenzyl)-1H-benzimidazol-2-
yl)phenyl)cyclopropanesulfonamide (25a). Rr=0.25 (DCM/MeOH 9.8:0.2). Yellow solid, yield
35%, mp: 238-240 °C. 'H NMR (500 MHz, DMSO-dq): 6 9.97 (s, 1H), 7.73 (q, / = 2.9 Hz, 1H),
7.68 (s, 1H), 7.48 (q, J = 5.2 Hz, 2H), 7.44 (d, J = 7.7 Hz, 1H), 7.40 (d, J = 7.9 Hz, 1H), 7.29 -
7.23 (m, 2H), 7.08 (d, J = 7.9 Hz, 2H), 6.88 (d, J = 7.9 Hz, 2H), 5.55 (s, 2H), 2.63 - 2.56 (m, 1H),
2.22 (s, 3H), 0.91 (t, J = 4.0 Hz, 4H). 3C NMR (126 MHz, DMSO-d¢): 6 153.1, 143.0, 139.3,
137.2,136.4,134.2,131.5, 130.2, 129.8 (2C), 126.6 (2C), 124.6, 123.3,122.7,122.0, 121.4, 119.8,
111.7, 47.7, 30.1, 21.1, 54 (2C). (ESI-TOF) HRMS m/z: [M+H]* caled for
C24H24N302S: 418.1583; found: 418.1585. HPLC purity: 96.4%, HPLC tr: 2.66 min.

4.1.4.3. N-(3-(1-(4-methylbenzyl)-1H-benzimidazol-2-yl)phenyl)benzenesulfonamide
(25b). Rr=0.25 (EtOAc/hexane 1:2). Buff solid, yield 48%, mp: 200-202 °C.'H NMR (500 MHz,
DMSO-de): 6 10.56 (s, 1H), 7.75 (q, J = 2.9 Hz, 2H), 7.72 - 7.69 (m, 1H), 7.62 - 7.57 (m, 1H),
7.55 (t, J=1.7 Hz, 1H), 7.52 (q, J = 5.1 Hz, 2H), 7.45 - 7.41 (m, 1H), 7.39 (t, J = 7.7 Hz, 1H),
7.37 - 7.35 (m, 1H), 7.28 - 7.21 (m, 3H), 7.05 (d, J = 7.9 Hz, 2H), 6.79 (d, J = 8.0 Hz, 2H), 5.43
(s, 2H), 2.23 (s, 3H). 3C NMR (126 MHz, DMSO-dq): 6 152.9, 143.0, 139.7, 138.6, 137.2, 136.2,
134.0, 133.5, 131.5, 130.2, 129.8 (2C), 129.7 (2C), 127.1 (2C), 126.6 (2C), 125.0, 123.2, 122.7,
121.7, 121.0, 119.8, 111.7, 47.6, 21.1. (ESI-TOF) HRMS m/z: [M+H]* caled for
C27H24N302S: 454.1583; found: 454.1585. HPLC purity: 98.2%, HPLC tr: 2.91 min.

4.1.4.4. 4-chloro-N-(3-(1-(4-methylbenzyl)-1H-benzimidazol-2-
yl))phenyl)benzenesulfonamide (25¢). Rf = 0.25 (DCM/MeOH 9.8:0.2). White solid, yield 32%,
mp: 227-229 °C. 'H NMR (500 MHz, DMSO-dq): 6 10.65 (s, 1H), 7.75 (dt, J = 2.9, 3.4 Hz, 2H),
7.73 - 7.70 (m, 1H), 7.60 (dt, J = 2.9, 3.4 Hz, 2H), 7.55 (t, J/ = 1.2 Hz, 1H), 7.46 - 7.43 (m, 1H),
7.41 (t,J =4.7 Hz, 2H), 7.27 (dt, J = 2.4, 4.6 Hz, 1H), 7.24 (tt, J = 2.1, 4.6 Hz, 2H), 7.05 (d, J =
7.9 Hz, 2H), 6.79 (d, J = 8.1 Hz, 2H), 5.44 (s, 2H), 2.23 (s, 3H). 3C NMR (126 MHz, DMSO-
de): 0 152.8, 143.0, 138.5, 138.4, 138.3, 137.2, 136.2, 134.0, 131.6, 130.4, 130.0 (2C), 129.7 (2C),
129.0 (20), 126.6 (2C), 125.3, 123.3, 122.8, 121.9, 121.2, 119.8, 111.7, 47.6, 21.1. (ESI-TOF)
HRMS m/z: [M+H]* caled for C27H23CIN3O:2S: 488.1194; found: 488.1192. HPLC
purity: 98.8%, HPLC #r: 3.14 min.

4.1.4.5. 3-chloro-N-(3-(1-(4-methylbenzyl)-1H-benzimidazol-2-
yl)phenyl)benzenesulfonamide (25d). R = 0.30 (EtOAc/hexane 1:2). White solid, yield 58%,
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mp: 176-178 °C. FT-IR (¥ max, ecm™): 3448 (NH sulfonamide), 3058 (CH aromatic), 2925 (CH
aliphatic), 1685 (C=N), 1604 (C=C). 'H NMR (500 MHz, DMSO-d): 6 10.66 (s, 1H), 7.77 (t, J
= 1.8 Hz, 1H), 7.73 - 7.67 (m, 3H), 7.58 - 7.54 (m, 2H), 7.46 - 7.43 (m, 1H), 7.42 (t, J = 4.7 Hz,
2H), 7.29 - 7.26 (m, 1H), 7.26 - 7.22 (m, 2H), 7.05 (d, J = 7.9 Hz, 2H), 6.80 (d, J = 8.0 Hz, 2H),
5.45 (s, 2H), 2.22 (s, 3H). 3C NMR (126 MHz, DMSO-d¢): 06 152.8, 143.0, 141.5, 138.1, 137.2,
136.3, 134.4, 134.0, 133.6, 131.9, 131.6, 130.4, 129.7 (2C), 126.7, 126.6 (2C), 125.8, 125.5, 123.3,
122.8, 122.1, 121.5, 119.8, 111.7, 47.6, 21.1. (ESI-TOF) HRMS m/z: [M+H]* calcd for
C27H23CIN302S: 488.1194; found: 488.1204. HPLC purity: 99.7%, HPLC tr: 3.14 min.

4.1.4.6. 4-bromo-N-(3-(1-(4-methylbenzyl)-1H-benzimidazol-2-
yl))phenyl)benzenesulfonamide (25¢). Ry = 0.35 (EtOAc/hexane 1:2). Off-white solid, yield 32%,
mp: 213-215 °C. 'H NMR (500 MHz, DMSO-dq): 6 10.66 (s, 1H), 7.75 (dd, J = 2.0, 6.7 Hz, 2H),
7.71 (ddd, J = 2.8, 2.8, 5.2 Hz, 1H), 7.67 (dd, J = 2.0, 6.7 Hz, 2H), 7.56 (t, / = 1.2 Hz, 1H), 7.44
(ddd, J=2.3,2.3,5.3 Hz, 1H), 7.41 (t, J = 4.5 Hz, 2H), 7.27 (dt, J = 2.4, 4.6 Hz, 1H), 7.24 (tt, J =
2.2,4.6 Hz, 2H), 7.05 (d, J = 7.9 Hz, 2H), 6.79 (d, J = 8.1 Hz, 2H), 5.44 (s, 2H), 2.23 (s, 3H). 13C
NMR (126 MHz, DMSO-dq): 6 152.8, 143.0, 139.0, 138.3,137.2, 136.2, 134.0, 132.9 (2C), 131.6,
130.4, 129.7 (2C), 129.1 (20), 127.5, 126.6 (2C), 125.3, 123.3, 122.8, 121.8, 121.1, 119.8, 111.7,
47.6, 21.1. (ESI-TOF) HRMS m/z: [2M+H]* caled for
Cs4H45Br2Ne¢4S2: 1063.1305; found: 1063.1323.

4.14.7. 3-bromo-N-(3-(1-(4-methylbenzyl)-1H-benzimidazol-2-
yl))phenyl)benzenesulfonamide (25f). Rf = 0.35 (DCM/MeOH 9.8:0.2). White solid, yield 33%,
mp: 98-100 °C. 'H NMR (500 MHz, DMSO-d): 6 10.65 (s, 1H), 7.91 (s, IH), 7.82 (d, J =7.6
Hz, 1H), 7.72 (s, 2H), 7.56 (s, 1H), 7.50 (t, J = 7.9 Hz, 1H), 7.41 (d, J = 8.6 Hz, 3H), 7.26 (t, J =
8.8 Hz, 3H), 7.05 (d, J=7.4 Hz, 2H), 6.80 (d, /= 7.4 Hz, 2H), 5.45 (s, 2H), 2.23 (s, 3H). BC NMR
(126 MHz, DMSO-d¢): 0 152.8, 143.0, 141.6, 138.1, 137.2, 136.4, 136.3, 134.0, 132.1, 131.6,
130.4, 129.7 (2C), 129.5, 126.6 (2C), 126.1, 125.5, 123.3, 122.8, 122.7,122.1, 121.5, 119.8, 111.7,
47.6, 21.1. (ESI-TOF) HRMS m/z: [M+H]* caled for
C27H23BrN302S: 532.0688; found: 532.0686. HPLC purity: 98.5%, HPLC tr: 3.18 min.

4.1.4.8. 3,4-difluoro-N-(3-(1-(4-methylbenzyl)-1H-benzimidazol-2-
yl)phenyl)benzenesulfonamide (25g). Rr = 0.40 (DCM/MeOH 9.8:0.2). White solid, yield 33%,
mp: 128-130 °C. 'H NMR (500 MHz, DMSO-dq): 6 10.67 (s, 1H), 7.80 (t, J = 8.1 Hz, 1H), 7.71
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(d,J=6.7Hz, 1H), 7.61 (d, J = 3.4 Hz, 2H), 7.55 (s, 1H), 7.44 (t, J = 7.5 Hz, 3H), 7.29 (t, / = 6.1
Hz, 1H), 7.22 (t, J = 7.2 Hz, 2H), 7.05 (d, J = 7.7 Hz, 2H), 6.79 (d, J = 7.7 Hz, 2H), 5.45 (s, 2H),
2.22 (s, 3H). 3C NMR (126 MHz, DMSO-de): § 152.8, 152.6 (dd, 'Jc.r, 2Jcr = 253.3, 12.5 Hz),
149.7 (dd, "Je.r, 2Jcr=253.3, 13.5 Hz), 143.0, 138.1, 137.2, 136.9 (q, Jcr = 3.9 Hz), 136.3, 134.0,
131.6, 130.4, 129.7 (2C), 126.5 (2C), 125.5, 125.1 (q, Jcr = 3.8 Hz), 123.3, 122.8, 122.2, 121.5,
119.8,119.4 (d, Jcr=18.6 Hz), 117.0 (d, Jc.r = 199 Hz), 111.7, 47.6, 21.0. (ESI-TOF) HRMS
m/z: [M+H]*  caled for  C27H22F2N302S: 490.1395; found: 490.1391. HPLC
purity: 96.2%, HPLC ¢r: 3.09 min.

4.1.4.9. 3-chloro-4-fluoro-N-(3-(1-(4-methylbenzyl)-1H-benzimidazol-2-
y))phenyl)benzenesulfonamide (25h). Rr = 0.35 (EtOAc/hexane 1:2). White solid, yield 40%,
mp: 154-156 °C. 'H NMR (500 MHz, DMSO-ds): 6 10.66 (s, 1H), 7.94 (q, J = 3.0 Hz, 1H), 7.76
-7.73 (m, 1H), 7.73 - 7.70 (m, 1H), 7.59 (t, J = 8.9 Hz, 1H), 7.56 (q, J = 1.2 Hz, 1H), 7.46 - 7.43
(m, 3H), 7.30 - 7.27 (m, 1H), 7.26 - 7.22 (m, 2H), 7.04 (d, J = 7.8 Hz, 2H), 6.79 (d, J = 8.1 Hz,
2H), 5.45 (s, 2H), 2.22 (s, 3H). 3C NMR (126 MHz, DMSO-ds): 5 161.1 (d, 'Jcr = 255.4 Hz),
152.8, 143.0, 138.0, 137.19, 137.16 (d, “Jcr = 3.8 Hz), 136.3, 134.0, 131.7, 130.4, 129.7 (2C),
129.67, 128.6 (d, *Jcr = 8.9 Hz), 126.6 (2C), 125.6, 123.3, 122.8, 122.3, 121.6, 121.4 (d, 2JcF =
18.8 Hz), 119.8, 118.7 (d, 2Jc.r = 22.4 Hz), 111.7, 47.6, 21.1. (ESI-TOF) HRMS m/z: [M+H]*
caled for C27H22CIFN30:2S: 506.1099; found: 506.1105. HPLC purity: 99.3%, HPLC tr: 3.20

min.

4.1.4.10. N-(3-(1-(4-methylbenzyl)-1H-benzimidazol-2-yl)phenyl)-4-
(trifluoromethyl)benzenesulfonamide (25i). Rf = 0.5 (DCM/MeOH 9.9:0.1). White solid, yield
30%, mp: 173-175 °C. "H NMR (500 MHz, DMSO-dq): 6 10.82 (s, 1H), 7.97 (d, J = 8.4 Hz, 2H),
7.93 (d, J = 8.5 Hz, 2H), 7.71 (dd, J = 2.4, 6.3 Hz, 1H), 7.59 (s, 1H), 7.45 (dd, J = 2.5, 6.3 Hz,
1H), 7.42 (d, J = 6.9 Hz, 2H), 7.28 (dt, J = 2.3, 4.5 Hz, 1H), 7.24 (tt, J = 2.1, 4.6 Hz, 2H), 7.04 (d,
J=17.9Hz, 2H), 6.78 (d, J = 8.0 Hz, 2H), 5.45 (s, 2H), 2.21 (s, 3H). 3C NMR (126 MHz, DMSO-
de): & 152.8, 143.7, 143.0, 138.1, 137.2, 136.3, 134.0, 133.1 (q, 2Jc-r = 32.5 Hz), 131.7, 130.4,
129.7 (20), 128.1 (2C), 127.1 (2C, q, *Jcr = 3.8 Hz), 126.5 (2C), 125.4, 123.8 (q, 'Jer = 274.2
Hz),123.3,122.8,121.9,121.2,119.8, 111.7,47.6, 21.0. (ESI-TOF) HRMS m/z: [2M+H]* caled
for CseHasFsN6OaS2: 1043.2842; found: 1043.2882.
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4.14.11. N-(3-(1-(4-methylbenzyl)-1H-benzimidazol-2-yl)phenyl)-4-
(trifluoromethoxy)benzenesulfonamide (25j). Ry = 0.50 (EtOAc/hexane 1:2). White solid, yield
38%, mp: 164-166 °C. TH NMR (500 MHz, DMSO-dg): 6 10.70 (s, 1H), 7.89 (d, J = 8.6 Hz, 2H),
7.71 (d, J = 6.8 Hz, 1H), 7.58 (s, 1H), 7.52 (d, J = 8.2 Hz, 2H), 7.43 (m, 3H), 7.25 (m, 3H), 7.05
(d, J =7.6 Hz, 2H), 6.79 (d, J = 7.6 Hz, 2H), 5.45 (s, 2H), 2.22 (s, 3H). 3C NMR (126 MHz,
DMSO-dq): 6 152.8, 151.6, 143.0, 138.6, 138.3, 137.2, 136.2, 134.1, 131.6, 130.4, 129.79 (20),
129.76, 129.7 (2C), 126.6 (2C), 125.3, 123.3, 122.8, 121.9 (2C), 121.2, 120.2 (q, 'Jc.r = 260 Hz),
119.8, 111.7, 47.6, 21.0. (ESI-TOF) HRMS wm/z: [2M+H]* caled for
Cs6HasF6N6Oe6S2: 1075.2741; found: 1075.2776.

4.1.4.12. 4-methyl-N-(3-(1-(4-methylbenzyl)-1H-benzimidazol-2-
yl)phenyl)benzenesulfonamide (25k). R = 0.25 (DCM/MeOH 9.8:0.2). White solid, yield 47%,
mp: 207-209 °C. TH NMR (500 MHz, DMSO-ds): 6 10.50 (s, 1H), 7.70 (q, J = 2.8 Hz, 1H), 7.64
(d, J=8.2 Hz, 2H), 7.55 (s, 1H), 7.44 (q, J = 2.9 Hz, 1H), 7.39 (t, J=7.8 Hz, 1H), 7.35 (d, J = 7.7
Hz, 1H), 7.31 (d, J = 8.1 Hz, 2H), 7.27 (d, J = 7.4 Hz, 1H), 7.25 - 7.21 (m, 2H), 7.05 (d, J=7.9
Hz, 2H), 6.79 (d, J = 7.9 Hz, 2H), 5.42 (s, 2H), 2.29 (s, 3H), 2.23 (s, 3H). 13C NMR (126 MHz,
DMSO-d): 6 152.9, 143.9, 143.0, 138.8, 137.2, 136.9, 136.2, 134.0, 131.5, 130.2 (2C), 129.7
(20), 127.2 (20), 126.6 (2C), 124.9, 123.2, 122.7, 121.5, 120.8, 119.8, 111.7, 47.6, 21.4, 21.1.
(ESI-TOF) HRMS m/z: [M+H]"* calcd for C2sH26N302S: 468.1740; found: 468.1741. HPLC
purity: 98.1%, HPLC tr: 3.04 min.

4.14.13. 4-methoxy-N-(3-(1-(4-methylbenzyl)-1H-benzimidazol-2-
yl))phenyl)benzenesulfonamide (251). R = 0.25 (DCM/MeOH 9.8:0.2). White solid, yield 70%,
mp: 206-208 °C. 'H NMR (500 MHz, DMSO-d¢6 10.43 (s, 1H), 7.72 - 7.68 (m, 3H), 7.55 (t, J =
1.8 Hz, 1H), 7.45 - 7.42 (m, 1H), 7.39 (t, J = 7.8 Hz, 1H), 7.35 (dt, J = 2.5, 4.5 Hz, 1H), 7.26 (ddd,
J=1.2,22,7.9 Hz, 1H), 7.23 (tt, J = 2.2, 4.6 Hz, 2H), 7.05 (d, J/ = 7.9 Hz, 2H), 7.02 (dd, J = 2.1,
6.9 Hz, 2H), 6.79 (d, J = 8.1 Hz, 2H), 5.43 (s, 2H), 3.76 (s, 3H), 2.22 (s, 3H). 13C NMR (126 MHz,
DMSO-dq): & 163.0, 153.0, 143.0, 138.9, 137.2, 136.2, 134.0, 131.5, 131.3, 130.2, 129.7 (20),
129.3 (20), 126.6 (20), 124.8, 123.2, 122.7, 121.4, 120.7, 119.8, 114.9 (2C), 111.7, 56.1, 47.6,
21.1. (ESI-TOF) HRMS m/z: [M+H]* caled for C28H26N303S: 484.1689; found: 484.1696.
HPLC purity: 99.1%, HPLC tr: 2.94 min.
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4.1.4.14. 4-isopropyl-N-(3-(1-(4-methylbenzyl)-1H-benzimidazol-2-
yl)phenyl)benzenesulfonamide (25m). R¢ = 0.45 (DCM/MeOH 9.8:0.2). White solid, yield 55%,
mp: 126-128 °C. 'H NMR (500 MHz, DMSO-de): 5 10.53 (s, 1H), 7.70 (d, J = 8.2 Hz, 3H), 7.58
(s, 1H), 7.45 (t, J=4.1 Hz, 1H), 7.39 (t, /= 7.1 Hz, 3H), 7.34 (d, /= 7.5 Hz, 1H), 7.28 (d, J = 8.1
Hz, 1H), 7.22 (q, J =4.9 Hz, 2H), 7.05 (d, J = 7.8 Hz, 2H), 6.79 (d, J = 7.8 Hz, 2H), 5.43 (s, 2H),
2.89 (dq,J=6.8,6.8 Hz, 1H), 2.22 (s, 3H), 1.13 (d, /= 6.9 Hz, 6H). 3C NMR (126 MHz, DMSO-
de): 0 154.3, 153.0, 143.0, 138.8, 137.4, 137.2, 136.2, 134.1, 131.5, 130.3, 129.7 (2C), 127.7 (2C),
127.3 (2C), 126.7 (2C), 124.8, 123.2, 122.7, 121.3, 120.5, 119.8, 111.7, 47.6, 33.8, 23.8, 21.1.
(ESI-TOF) HRMS m/z: [2M+H]* caled for CeoHs9N6O4S2: 991.4034; found: 991.4073.

4.14.15. 4-(tert-butyl)-N-(3-(1-(4-methylbenzyl)-1H-benzimidazol-2-
ylD)phenyl)benzenesulfonamide (25n). Rr = 0.30 (DCM/MeOH 9.9:0.1).White solid, yield 53%,
mp: 110-112 °C. 'H NMR (400 MHz, DMSO-d¢) & 10.57 (s, 1H), 7.75 — 7.64 (m, 3H), 7.58 (s,
1H), 7.53 (d, J = 8.1 Hz, 2H), 7.47 — 7.20 (m, 6H), 7.04 (d, J = 7.3 Hz, 2H), 6.78 (d, J = 7.3 Hz,
2H), 5.42 (s, 2H), 2.21 (s, 3H), 1.21 (s, 9H).

4.1.4.16. N-(4-(N-(3-(1-(4-methylbenzyl)-1H-benzimidazol-2-
yl))phenyl)sulfamoyl)phenyl)acetamide (250). Rf = 0.40 (DCM/MeOH 9.5:0.5). White solid,
yield 76%, mp: 156-158 °C. 'H NMR (500 MHz, DMSO-dq): 6 10.45 (s, 1H), 10.30 (s, 1H), 7.72
-7.66 (m, 5SH), 7.55 (d, J=1.6 Hz, 1H), 7.44 (q, J = 2.9 Hz, 1H), 7.39 (t, /= 7.7 Hz, 1H), 7.36 (q,
J=2.6Hz, 1H), 7.27 - 7.21 (m, 3H), 7.03 (d, J/ = 7.9 Hz, 2H), 6.78 (d, J = 8.0 Hz, 2H), 5.43 (s,
2H), 2.22 (s, 3H), 2.06 (s, 3H). 3C NMR (126 MHz, DMSO-dq): 6 169.5, 153.0, 143.7, 143.0,
138.8, 137.2, 136.2, 134.0, 133.2, 131.5, 130.2, 129.7 (2C), 128.4 (2C), 126.6 (2C), 124.8, 123.2,
122.7,121.6, 120.9, 119.8, 119.0 (2C), 111.7, 47.6, 24.6, 21.0. (ESI-TOF) HRMS m/z: [M+H]*
caled for C20H27N40O3S: 511.1798; found: 511.1820.

4.14.17. 3,4-dimethoxy-N-(3-(1-(4-methylbenzyl)-1H-benzimidazol-2-
yl)phenyl)benzenesulfonamide (25p). Ry = 0.20 (DCM/MeOH 9.8:0.2). White solid, yield 47%,
mp: 120-122 °C. TH NMR (500 MHz, DMSO-dq): 6 10.37 (s, 1H), 7.72 - 7.69 (m, 1H), 7.59 (t, J
= 1.7 Hz, 1H), 7.46 - 7.43 (m, 1H), 7.40 (t, /= 7.8 Hz, 1H), 7.35 (q, /= 2.6 Hz, 1H), 7.32 (dd, J =
2.2,8.5Hz, 1H), 7.30 (d, / = 2.1 Hz, 1H), 7.27 (dq, J = 1.2, 3.3 Hz, 1H), 7.23 (tt, / = 2.2, 4.6 Hz,
2H), 7.04 (d, J=7.9 Hz, 2H), 7.01 (d, J = 8.5 Hz, 1H), 6.78 (d, J = 8.0 Hz, 2H), 5.43 (s, 2H), 3.75
(s, 6H), 2.22 (s, 3H). 3C NMR-APT (126 MHz, DMSO-d¢): 6 153.0, 152.7, 149.1, 143.0, 138.9,
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137.2,136.2,134.0,131.4, 131.1, 130.2, 129.7 (2C), 126.6 (2C), 124.8, 123.2, 122.7, 121.7, 121.0,
120.9, 119.7, 111.8, 111.5, 109.8, 56.2, 56.2, 47.6, 21.0. (ESI-TOF) HRMS m/z: [M+H]* caled
for C20H28N304S: 514.1795; found: 514.1798. HPLC purity: 99.8%, HPLC tr: 2.83 min.

4.1.4.18. N-(3-(1-(4-methylbenzyl)-1H-benzimidazol-2-yl)phenyl)-4-
nitrobenzenesulfonamide (25q). Rr = 0.20 (EtOAc/hexane 1:2). Off-white solid, yield 60%, mp:
178-180 °C. FT-IR (¥ max, cm™!): 3588 (NH sulfonamide), 2967, 2920 (CH aliphatic), 1676
(C=N), 1617 (C=C), 1529 and 1348 (NO2). 'H NMR (500 MHz, DMSO-d¢): 6 10.88 (s, 1H), 8.34
(dd, J=2.1, 6.9 Hz, 2H), 7.99 (dd, J = 2.1, 6.9 Hz, 2H), 7.70 (ddd, J = 1.8, 1.8, 6.1 Hz, 1H), 7.56
(t,J=12Hz, 1H), 7.43 (ddd, J = 2.1, 3.8, 7.5 Hz, 3H), 7.30 (ddd, J = 2.7, 4.5, 6.8 Hz, 1H), 7.23
(tt, J = 2.3, 4.6 Hz, 2H), 7.03 (d, J = 7.9 Hz, 2H), 6.78 (d, J = 8.1 Hz, 2H), 5.44 (s, 2H), 2.22 (s,
3H). BC NMR (126 MHz, DMSO-dq): 6 152.7, 150.3, 145.1, 143.0, 137.9, 137.2, 136.2, 134.0,
131.7, 130.5, 129.7 (20), 128.7 (2C), 126.5 (2C), 125.7, 125.2 (2C), 123.3, 122.8, 122.3, 121.5,
119.8, 111.7, 47.6, 21.0. (ESI-TOF) HRMS wm/z: [2M+H]* caled for
Cs54H45Ns0sS2: 997.2796; found: 997.2829.

4.1.4.19. N-(3-(1-(4-methylbenzyl)-1H-benzimidazol-2-yl)phenyl)-3-
nitrobenzenesulfonamide (25r). Rr=0.30 (EtOAc/hexane 1:2). White solid, yield 57%, mp: 184-
185 °C. FT-IR (¥ max, cm™): 3566 (NH sulfonamide), 3061 (CH aromatic), 2920 (CH aliphatic),
1651 (C=N), 1607 (C=C), 1526 and 1350 (NO>). 'H NMR (500 MHz, DMSO-ds): & 10.82 (s,
1H), 8.51 (t, J = 2.0 Hz, 1H), 8.45 - 8.42 (m, 1H), 8.12 - 8.09 (m, 1H), 7.83 (t, / = 8.1 Hz, 1H),
7.71 -7.69 (m, 1H), 7.55 (d, J = 1.1 Hz, 1H), 7.45 - 7.41 (m, 3H), 7.31 - 7.28 (m, 1H), 7.26 - 7.21
(m, 2H), 7.03 (d, J = 7.9 Hz, 2H), 6.79 (d, J = 8.0 Hz, 2H), 5.43 (s, 2H), 2.22 (s, 3H). 3C NMR-
APT (126 MHz, DMSO-dq): 6 152.7, 148.4, 143.0, 141.2, 137.8, 137.2, 136.2, 134.0, 133, 131.9,
131.7, 130.5, 129.7 (2C), 128.2, 126.5 (2C), 125.8, 123.3, 122.8, 122.6, 121.9, 121.9, 119.8, 111.7,
47.6, 21.1. (ESI-TOF) HRMS m/z: [M+H]* caled for
C27H23N404S: 499.1434; found: 499.1436. HPLC purity: 98.2%, HPLC #r: 3.02 min.

4.1.4.20. N-(3-(1-(4-methylbenzyl)-1H-benzimidazol-2-yl)phenyl)-2-
nitrobenzenesulfonamide (25s). Rr = 0.30 (EtOAc/hexane 1:2). White solid, yield 42%, mp: 198-
200 °C. FT-IR (¥ max, cm™!): 3566 (NH sulfonamide), 1651 (C=N), 1614 (C=C), 1541 and 1395
(NO2). TH NMR (500 MHz, DMSO-d¢): 6 10.97 (s, 1H), 7.97 (ddd, J=1.3,7.9,9.2 Hz, 2H), 7.84
(td, J =3.9,9.2 Hz, 1H), 7.78 (td, J = 3.8, 9.0 Hz, 1H), 7.73 - 7.70 (m, 1H), 7.58 (t, J = 1.2 Hz,
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1H), 7.46 - 7.43 (m, 3H), 7.31 (dt, J = 2.4, 4.7 Hz, 1H), 7.26 - 7.22 (m, 2H), 7.04 (d, J = 7.8 Hz,
2H), 6.80 (d, J = 8.1 Hz, 2H), 5.44 (s, 2H), 2.22 (s, 3H). 3C NMR-APT (126 MHz, DMSO-d):
0 152.8, 148.3, 143.0, 137.6, 137.2, 136.2, 135.3, 134.0, 133.1, 131.7, 130.4, 130.3, 129.7 (2C),
126.6 (2C), 125.7, 125.3,123.3,122.8, 122.2, 121.6, 119.8, 111.8, 47.7, 21.1. (ESI-TOF) HRMS
m/z: [M+H]* caled for C27H23N404S: 499.1434; found: 499.1445. HPLC
purity: 98.9%, HPLC tr: 2.97 min.

4.1.4.21. N-(3-(1-(4-methylbenzyl)-1H-benzimidazol-2-yl)phenyl)naphthalene-2-
sulfonamide (25t). Ry = 0.25 (DCM/MeOH 9.8:0.2). Off-white solid, yield 58%, mp: 98-100 °C.
H NMR (500 MHz, DMSO-dq): 6 10.68 (s, 1H), 8.46 (d, J = 1.6 Hz, 1H), 8.07 (dd, J =5.8, 8.1
Hz, 2H), 7.98 (d, J = 8.1 Hz, 1H), 7.78 (dd, J = 1.9, 8.7 Hz, 1H), 7.68 (tt, J = 2.1, 5.8 Hz, 2H),
7.63 (td, J=3.8, 8.7 Hz, 1H), 7.60 (t, J = 1.7 Hz, 1H), 7.41 (ddd, J =2.2, 2.2, 5.3 Hz, 1H), 7.36 (t,
J=7.8Hz, 1H), 7.30 (tt, J = 2.3, 6.5 Hz, 2H), 7.22 (tt, J = 2.3, 4.6 Hz, 2H), 6.91 (d, J = 7.9 Hz,
2H), 6.67 (d, J=8.1 Hz, 2H), 5.36 (s, 2H), 2.16 (s, 3H). ¥*C NMR (126 MHz, DMSO-d¢): 6 152.9,
143.0, 138.6, 137.1, 136.7, 136.2, 134.8, 134.0, 132.0, 131.5, 130.2, 130.1, 129.7, 129.6 (2C),
129.5, 128.5, 128.3, 128.2, 126.5 (2C), 125.0, 123.2, 122.7, 122.3, 121.6, 121.0, 119.8, 111.7,
47.5, 21.0. (ESI-TOF) HRMS m/z: [M+H]* caled for
C31H26N302S: 504.1740; found: 504.1762.

4.1.4.22. N-(3-(1-(4-methylbenzyl)-1H-benzimidazol-2-yl)phenyl)-[1,1'-biphenyl]-4-
sulfonamide (25u). Ry = 0.30 (DCM/MeOH 9.8:0.2). White solid, yield 23%, mp: 116-118 °C. 'H
NMR (400 MHz, DMSO-d¢) 6 10.63 (s, 1H), 7.92 — 7.75 (m, 4H), 7.74 — 7.62 (m, 3H), 7.59 (s,
1H), 7.52 - 7.36 (m, 6H), 7.31 (d, / = 6.1 Hz, 1H), 7.26 — 7.16 (m, 2H), 6.97 (d, J = 6.1 Hz, 2H),
6.74 (d, J = 6.3 Hz, 2H), 5.42 (s, 2H), 2.13 (s, 3H).

4.1.4.23. 4-amino-N-(3-(1-(4-methylbenzyl)-1H-benzimidazol-2-
yl))phenyl)benzenesulfonamide (26a). R = 0.25 (EtOAc/hexane 1:1). Off-white solid, yield 43%,
mp: 172-174 °C. FT-IR (¥ max, em™): 3364, 3246 (NHy), 2969, 2935 (CH aliphatic), 1697
(C=N), 1595 (C=C). '"H NMR (500 MHz, DMSO-ds): 6 10.14 (s, 1H), 7.71 (dd, J = 2.0, 6.5 Hz,
1H), 7.55 (s, 1H), 7.43 (dd, J = 2.1, 6.6 Hz, 1H), 7.39 (t, / = 6.4 Hz, 2H), 7.35 (d, /= 7.9 Hz, 1H),
7.30 (d, J =7.7 Hz, 1H), 7.26 - 7.21 (m, 3H), 7.06 (d, J = 7.9 Hz, 2H), 6.81 (d, J = 8.0 Hz, 2H),
6.53 (d, J = 8.8 Hz, 2H), 6.01 (s, 2H), 5.45 (s, 2H), 2.23 (s, 3H). 3C NMR (126 MHz, DMSO-
de): 0 153.5,153.2,143.1, 139.4, 137.2, 136.2, 134.1, 131.3, 130.0, 129.7 (2C), 129.2 (2C), 126.6
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(20), 124.5, 124.2, 123.2, 122.7, 121.0, 120.3, 119.8, 113.1 (2C), 111.7, 47.6, 21.1. (ESI-TOF)
HRMS m/z: [2M+H]* caled for CsaHa9NsO4S2: 937.3312; found: 937.3335.

4.1.4.24. 3-amino-N-(3-(1-(4-methylbenzyl)-1H-benzimidazol-2-
ylD)phenyl)benzenesulfonamide (26b). Rt = 0.40 (EtOAc/hexane 1:1). Off-white solid, yield 53%,
mp: 116-118 °C. FT-IR (¥ max, em™): 3379, 3226 (NH>), 3061 (CH aromatic), 2964, 2927 (CH
aliphatic), 1697 (C=N), 1598 (C=C). 'TH NMR (500 MHz, DMSO-ds): 6 10.43 (s, IH), 7.72 - 7.69
(m, 1H), 7.55 (t, J = 1.8 Hz, 1H), 7.44 - 7.41 (m, 1H), 7.38 (t, / = 7.9 Hz, 1H), 7.31 (dt, J = 2.5,
4.5 Hz, 1H), 7.27 - 7.21 (m, 3H), 7.11 (t, /= 7.9 Hz, 1H), 7.05 (d, J = 7.9 Hz, 2H), 7.01 (t, J = 2.0
Hz, 1H), 6.85 (dq, J = 0.9, 3.2 Hz, 1H), 6.80 (d, J = 8.1 Hz, 2H), 6.71 (ddd, J = 0.8, 2.3, 8.1 Hz,
1H), 5.61 (s, 2H), 5.44 (s, 2H), 2.22 (s, 3H). 3C NMR-APT (126 MHz, DMSO-d¢): o6 153.1,
149.9, 143.0, 140.5, 139.1, 137.1, 136.2, 134.1, 131.4, 130.1, 129.7 (2C), 126.6 (2C), 124.4, 123.2,
122.7, 121.2, 120.6, 119.8, 118.2, 113.7, 111.7, 111.5, 47.6, 21.1. (ESI-TOF) HRMS m/z:
[M+H]* caled for C27H25N40:2S: 469.1692; found: 469.1693. HPLC purity: 96.8%, HPLC
tr: 2.62 min.

4.2. Biology

4.2.1. Determination of MICs against Gram-negative bacterial strains

The antibacterial activity of the benzimidazole compounds was evaluated using the broth
microdilution method as outlined previously [67-70]. Briefly, a 0.5 McFarland standard solution
from each strain was prepared and diluted in cation-adjusted Mueller-Hinton broth to reach a
concentration of ~ 5 x 10° CFU/mL. Serial dilutions of test agents were incubated with bacteria
before recording the MICs. The antibacterial activity of the compounds against N. gonorrhoeae

was evaluated as described in previous reports [71-76].
4.2.2. In vitro cytotoxicity evaluation of the benzimidazole derivative 25d

Compound 25d was assayed for its potential cytotoxicity against kidney fibroblast (Vero)
cells as described previously [77—-82]. Briefly, 25d was incubated with Vero cells for 24 h. DMSO,
at a concentration equal to that in drug-treated wells, served as a negative control. Then, cells were
incubated with MTS 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium) reagent for 3 h before measuring absorbance values (ODa490).

4.2.3. Time-kill kinetics assay of 25d
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To determine the mode of the killing of 25d, a standard time-kill kinetics assay was performed
against E. coli JW55031 as described previously [68,72,83-86]. E. coli was grown in tryptone soy
broth (TSB) to logarithmic phase and further diluted to reach an initial inoculum of ~10% CFU/mL.
25d was then added (at 5x and 10x MIC in triplicates), and further incubated at 37 °C for 24 h.
Bacteria exposed to DMSO (solvent of compounds) served as a negative control. An aliquot from
each treatment was collected after the corresponding times of incubation and subsequently serially
diluted and plated onto tryptone soy agar plates. Plates were incubated for 18-20 h at 37 °C before

viable CFU/mL was determined.
4.3. Formulation studies of III and 25d derivatives
4.3.1. Materials

Solutol HS 15, tween 80, stearylamine, verapamil and cremophor RH 40 were purchased
from Sigma Aldrich, Germany. Labrafac Lipophile WL 1349 was kindly obtained as gift from
Gattefosse’ company, France. Phospholipid (Epikuron 200) was kindly obtained as gift from

Cargill company, Germany.
4.3.2 Preparation of nanoparticles

Lipidic nanoparticles (nanocapsules) for compounds III and 25d were prepared using the
phase inversion temperature method, as shown in Table A [87,88]. Twenty mg of either
compounds, in addition to the functional additives (if present) were dispersed in 1 mL Labrafac
Lipophile, then mixed with Solutol® HS15. Distilled water (3 mL) and phospholipid (110 mg), in
addition to the mixture were heated under magnetic stirring up to 85°C for the formation of the
w/o emulsion. The emulsion was then cooled to 55°C, accompanied by phase inversion to o/w
emulsion. This cycle was repeated twice before adding a certain amount of distilled water at 4 C.
The nanoparticulate dispersion was then stirred for 10 min before further analysis. The final weight
of the formulation components was set to 10 grams, yielding a concentration of 2 mg/mL of either
III or 25d. As shown in Table A, some formulations (Blank A, B, C, D, and E) served as control
formulations, not containing any drugs. The nanoparticles were characterized for their particle
size, polydispersity, zeta potential using the Zetasizer device (Malvern, UK) after dilution 1:100
with deionized water. The encapsulation efficiency of the loaded selected molecules III and 25d

was measured using UV spectrophotometer (Shimadzu, Japan) at 254 nm.
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Table A. Composition of different nanoparticulate formulations containing either III or 25d.

Formula code Compound Amount of Functional additive Amount of functional
loaded Solutol (mg) present additive (mg)

Formula A1 (IIT) III 900 Tween 80 100
Formula A2 (25d) 25d 900 Tween 80 100
Blank A -- 900 Tween 80 100
Formula B1 (I1I) III 900 Tween 80 100
Stearylamine 10

Formula B2 (25d) 25d 900 Tween 80 100
Stearylamine 10

Blank B -- 900 Tween 80 100
Stearylamine 10

Formula C (25d) 25d 1000 Stearylamine 20
Blank C -- 1000 Stearylamine 20
Formula D (25d) 25d 900 Cremophor RH 40 100
Stearylamine 10

Blank D -- 900 Cremophor RH 40 100
Stearylamine 10

Formula E (25d) 25d 900 Verapamil 100
Stearylamine 10

Blank E -- 900 Verapamil 100
Stearylamine 10
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