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Highlights
> Design, synthesis of Benzosceptrin C-derived compounds as new necroptosis
inhibitors.

> SAR study on the 54 benzazoles on the TNF-a induced necroptosis in human Jurkat

FADD-deficient cells.
> Compounds AV123 (12) and MBM105 (67) inhibited RIPK1 with ICso values of
12.12 and 2.89 uM, respectively.
> Potent, non-toxic and selective MBM105 (67) blocked the necroptotic but not the
apoptotic cell death.
Abstract
With the aim to develop new chemical tools based on simplified natural metabolites to help
deciphering the molecular mechanism of necroptosis, simplified benzazole fragments
including 2-aminobenzimidazole and the 2-aminobenzothiazole analogs were prepared during
the synthesis of the marine benzosceptrin C. Conpounds inhibiting the RIPK1 protein kinase
were discovered. A library of 54 synthetic analogues were prepared and evaluated through a

phenotypic screen using the inhibition of the necrotic cell death induced by TNF-a in human



Jurkat T cells deficient for the FADD protein. This article reports the design, synthesis and
biological evaluation of a series of 2-aminobenzazoles on the necroptotic cell death through
the inhibition of RIPK1 protein kinase. The 2-aminobenzimidazole and 2-aminobenzothiazole
platforms presented herein can serve as novel chemical tools to study the molecular regulation
of necroptosis and further develop lead drug candidates for chronic pathologies involving

necroptosis.

1. Introduction

The regulation of cell death is crucial for the homeostasis control for all living beings. The
concept of programmed cell death (PCD), that emerged early in the 1960s, referred to the
sequence of molecular events that lead to death of the cell.[1] This physiological process,
which occurs in the absence of any exogenous perturbations, is notably essential for the
development of multicellular organisms and for maintaining the tissue homeostasis in the
whole organism. The “regulated cell death” (RCD) was then introduced to define the
molecular processes that were initiated from perturbations of intracellular or extracellular
micro-environment, when adaptive responses are incapable of restoring cellular homeostasis.
As defined by the Nomenclature Committee on Cell Death (NCCD), the major RCD
subroutines includes extrinsic and intrinsic apoptosis, entotic cell death, NETotic cell death,
lysosome-dependent cell death, autophagy-dependent cell death, immunogenic cell death,
mitotic death, pyroptosis, parthanatos, mitochondrial permeability transition (MPT)-driven
necrosis, ferroptosis and necroptosis.[2]

Necroptosis is a RCD that has attracted increasing consideration regarding its involvement in
numerous pathologies including ischemia-reperfusion injuries (including stroke, myocardial
infarction, resuscitation, solid organ transplantation or heart surgery) in brain, heart and
kidney, inflammatory diseases, sepsis, retinal disorders, neurodegenerative diseases,
infectious disorders and liver disease.[3—5] Necroptosis may be activated upon stimulation by
the cytokines TNF-a (Tumor Necrosis Factor-a), FasL (Fas Ligand) and TRAIL (tumor-
necrosis-factor related apoptosis inducing ligand) and relies on the activity of two serine-
threonine kinases, RIPK1 (Receptor-Interacting Protein Kinase-1) and RIPK3, and on the
pseudo-kinase MLKL (Mixed Lineage Kinase domain-Like). After the stimulation of

receptors by the corresponding cytokines, necroptosis may occur under apoptotic deficient



conditions: e.g. deficiency in caspase-8 or in Fas-Associated protein with Death Domain -
FADD protein (see Zhou and Yuan, 2014, for review[6]). The enzymatic inhibition of
caspases by zVAD.fmk was used in 2005 by Degterev et al. to identify the first small-
molecule inhibitor of necroptosis, the necrostatin-1 (Nec-1, 1).[7] Nec-1, bearing a methyl-
thiohydantoin-tryptophan (MTH-Trp) scaffold, was characterized in a phenotypic screen for
small-molecules able to inhibit the necrotic cell death induced by TNF-a in human monocytic
U937 cells. The chlorinated analogue of Nec-1, Nec-1s (2), was then described to be endowed
with a better pharmacokinetic profile, an increased specificity for RIPK1 over a broad range
of kinases and an absence of indoleamine-2,3-dioxygenase (IDO)- inhibitory activity.[8]
Necrostatins served as privileged tools to better understand the necroptosis cascade. However,
their development as drugs was hampered due especially to poor SAR profile as well as
unfavorable pharmacokinetic factors.[9]

Following the necrostatins, several inhibitors of necroptosis were subsequently described over
the last decade.[10] Representative examples are given in Figure 1. For instance, GSK has
disclosed a chemical series of benzo[b][1,4]oxazepin-4-one analogs [11] that proved to be
effective anti-necroptosis agents.[12] Among them, the clinical candidate GSK2982772 (3)
completed the phase 2 clinical studies for psoriasis, rtheumatoid arthritis, and ulcerative
colitis.[13] ~ Subsequently, Takeda researchers have discovered new brain-penetrating
necroptosis inhibitors based on the benzo[b][1,4]oxazepin-4-one core of lead compound 3.
Subsequently, lead optimization efforts furnished compound 4 having a potent cellular anti-
necroptotic action in vitro for the treatment of neurodegenerative diseases. Moreover,
compound 4 was able to significantly diminish disease progression in an experimental
autoimmune encephalomyelitis (EAE) murine model of multiple sclerosis.[14] In order to
find additional chemotypes, Harris et al. initiated a high throughput screen on the GSK
compound collection to identify novel inhibitors targeting the allosteric binding site in
RIPK1. This has led to the discovery of the 4,5-dihydropyrazole GSK963 (5) [15] which
furnished after lead optimization efforts compounds 6 and 7, orally bioavailable and highly
selective RIPK1 inhibitors.[16]  Following an original drug repurposing strategy,[17]
Augustyns and colleagues have devised a series of new Tozasertib analogs as inhibitors of
necroptotic cell death. Tozasertib is a Type I pan-Aurora kinase inhibitor that was also found

to inhibit the mTNF-induced necroptosis. Interestingly, compound 8 did not inhibit the Aurora



kinases while strongly inhibiting RIPK1. Compound 8 was also potent in vivo in a TNF-
induced systemic inflammatory response syndrome (SIRS) mouse model.[18] Finally, one of
us and colleagues screened a kinase-focused library and discovered 4-(1H-pyrrolo[2,3-
b]pyridin-2-yl)phenol (9), dubbed Sibiriline, as a new RIPKI inhibitor. Sibiriline was shown
to protect mice from immune-mediated acute hepatitis by significantly decreasing serum

aspartate aminotransferase (AST) and alanine amino transferase (ALT) levels and liver injury.

[4]
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Figure 1. Chemical structures of selected inhibitors of necroptosis. * Nec-1s (2) and Sibiriline
(9) were used as controls in this study.

Therefore, substantial breakthroughs in the knowledge of the medicinal chemistry of
necroptosis through the discovery of new-programmed cell death inhibitors or activators are
expected not only to lead to original and effective drugs, but also to decipher various
molecular mechanisms involved in PCD pathways. Taking into account these latter
developments and our interest in necroptotic cell death mechanisms using kinase inhibitors as
molecular probes, we recently turned our attention to marine natural products and their
simplified fragments. Of particular interest, some marine metabolites bearing the 2-
aminoimidazole or the 2-aminobenzimidazole moieties were found to modulate the enzymatic
activity of several kinases. For example, the marine natural product 10Z-hymenialdisine
showed potent activity on several serine/threonine kinases such as GSK-3p, CDK1 (cyclin-
dependent kinase 1), CDK2, CDKS5, CKI1 (casein kinase-1) and MAPKK-1 (Mitogen-

activated protein kinase kinase 1) that are involved in the cell life cycle.[19]



In a synthetic project targeting the total synthesis of the marine Benzosceptrin C (10) [20] that
inhibits kinase CK16 with an ICso of 0.68 uM, we explored the kinase activity of several
truncated fragments based on the 2-aminobenzimidazole sub-structure. Indeed, structural
simplification of natural products is nowadays a well-established strategy to circumvent
limitations such as narrow synthetic accessibility, unfavorable pharmacokinetics and poor
drug-likeness.[21,22]

In this study, we used the FADD-deficient Jurkat T cells treated with 10 ng/mL human TNF-a
as in vitro model of necroptosis induction. As described in Delehouzé et al., this forward
chemical biology approach can be used to screen chemical libraries for characterization of
RIPK1 inhibitors.[5] Among the various simplified fragments of benzosceptrin C we have
screened (undisclosed results), compound AV123 (12) demonstrated a clear inhibition of
TNF-a induced necroptosis with an ECso of 1.7 uM, highlighting the simple benzazole core as
a promising chemical platform for necroptosis and RIPK1 inhibition. The goal of this study
was to identify further benzosceptrin C-inspired fragments that are easy to diversify in order
to evaluate RIPK1 as a key target in necroptosis inhibition. We therefore launched a medicinal
chemistry project aimed at finding further necroptosis inhibitors based on the 2-
aminobenzazole scaffold of the hit compound AV123 (12) (Figure 2). We show herein that: (i)
RIPK1 is targeted by the more potent hits; (ii) these new RIPKI inhibitors were shown to

block necroptotic but not apoptotic cell death.

Isolated marine metabolite Simplified hit kinase inhibitor 2-Aminobenzazoles derivatives
ref. [20] this work this work
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Br S HN—( 0N Rs
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Benzosceptrin B (10) Necroptosis inhibition EC5q = 1.7 uM X =S, 2-Aminobenzothiazole core
CK16, IC59=0.68 uM RIPK1 IC59 = 12 uM for necroptosis and RIPK1 inhibition

Figure 2. Chemical structures of benzosceptrin B (10), hit compound AV123 (12) and the

general structure of the 2-aminobenzazole derivatives targeted in this work.



2. Results and discussion

2.1. Chemistry

Initially, we were concerned that the structural complexity of the kinase inhibitor
benzosceptrin C make it unsuitable for further development. Thus, we decided to further
explore the simplified hit compound AV123 (12) and its 2-aminobenzimidazole analogs 13-49
that were prepared according to two standard procedures (Scheme 1 and Table 1). The first
procedure involves the reaction of 2-aminobenzimidazoles 10a-k with selected
isothiocyanates in presence of a desulfurization reagent such as dicyclohexylcarbodiimide
(DCC) or diisopropylcarbodiimide (DIC) in acetonitrile. The second procedure involves the
reaction of diaminoarenes 11b, 11f and 11g with selected commercially available isocyanides
in presence of a catalytic amount of elemental selenium. Compounds were obtained in overall

satisfactory yields (Table 1).

R R

R2 NH Conditions a) or b) Ry H R4
)—NH
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11a-k 12-49
Diaminoarenes:
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Scheme 1. Reagents and conditions: a) 1.2 equiv. RiNCS, 1.2 equiv. dialkylcarbodiimide,
ACN or Py, 80°C, 16h; b) 1.5 equiv. RiNC, 1 mol% Se powder, Py, 90-110°C, 24h.

Table 1. Yields of 2-aminobenzimidazoles 12 - 49.

Diaminoarene Ri R> R3 R4 Benzimi-  yield
dazole

11a H NO2 H nBu AV123 (12) 90%¢

11a H NO2 H Et 13 70%¢
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nPr
nHex
nOct
iPr
Allyl
Propargyl
secBu
Methoxyethyl
cHex
Ph
Bn
Bz
p-Br-Ph
p-CN-Ph
p-CF3-Ph
p-NO2-Ph
p-N(Me):-Ph
CH2CO2Et
Et
nBu
nBu
nBu
cHex
iPr
nBu
Methoxyethyl
cHex
Ph
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14
15
16
17
18
19
20
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24
25
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28
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32
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34
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48%¢
74%¢
58%¢
92%¢
80%:
26%:¢
24%a
36%¢
66%
78%¢
66%
70%¢
43%¢a
87%:¢
35%¢
87%¢
70%:¢
49%¢
39%:¢
46%¢
82%:¢
83%:¢
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11f H Me H cHex 43 74%?0
11g H Cl H cHex 44 82%b
11b H Br H cHex 45 70%?
11h H I H nBu 46 43%a
11i H 1\2-tetrazolyl H nBu 47 48%¢
11j H CN H nBu 48 14%¢
11k Br H CF; nBu 49 39%¢

aPrepared according to condition a) in Scheme 1; ¢ Prepared according to condition b) in Scheme 1.

Substituent effects on the phenyl ring of AV123 were then examined. For this purpose, the
nitro group found in the Rz position of AV123 was replaced by aryl substituents. Compounds
50-55 (Scheme 2) were prepared from the above brominated compounds 32-33 and selected
commercially available boronic acids using the Suzuki-Miyaura cross-coupling reaction. Two
conditions palladium/base combinations were used (Pd(PPh3)4/K2CO3 or PAClx(dtbpf))/K3PO4

in 1,4-dioxane/water : 1/0.1).

Suzuki-Miyaura 50, R, = 0-CI-Ph, R4 = Et, 27%

H H

Br N R cross-coupling reaction Ro N R4 51,R,=mNO,-Ph, Ry = Et, 16%
)—NH »—NH 52, R, = m-MeO-Ph, R, = Et, 33%
N N

Conditions 53, R, = m-NO,-Ph, R, = nBu, 16%
32, R, = Et, a)orb) 54, R, = m-MeO-Ph, R, = nBu, 52%
33, R, = nBu 55, R, = 2-thienyl, R, = Et, 69%

Scheme 2. Reagents and conditions: a) R.B(OH)2 (1 equiv.), K2COs3 (3 equiv.), Pd(PPh3)4 (5
mol%, 0.02 mmol), 1,4-dioxane/water: 1/0.1, 16h; b) R2B(OH)2 (1 equiv.), K2COs3 (3 equiv.),
(5 mol%, 0.02 mmol), 1,4-dioxane/water: 1/0.1, 16h.

The triazolyl-containing compound 58 was obtained through the acetylenic intermediate 57
(Scheme 3). First, a Sonogashira cross-coupling reaction between the brominated compound
33 and trimethylsilylacetylene furnished the silylated acetylenic intermediate 56 which was
subsequently desilylated to furnish 57 which was subsequently treated with benzyl azide then

CuS04.5H20/sodium ascorbate to give 58 in a one-pot fashion.



Bn

oK "IN S 8 i NNJQH 50
\C[N%N%UTM;__\C[N%N%%\@[@_N’H ~onepor N/>—N'H
33 56, 57% 57, 49% 58, 40%
Scheme 3. Reagents and conditions: a) 10 mol% PdClx(dtbpf) (0.10 equiv.), 20 mol% (Cul
(0.20 mmol) TEA (5 equiv.), dry DMF (0.5 mL); b) KoCOs (1.1 equiv.), MeOH/water 1:1; c)
BnN; (1.1 equiv.), DMF/water: 1/0.2, 16h; d) 10 mol% CuS0O4.5H20 (0.1 equiv.), 20 mol%
Na ascorbate (0.2 equiv.), 16h.

Selected 2-aminobenzimidazole esters 31 and 34 (Scheme 4) were directly coupled with
appropriate amines using 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD), as an activator of the

ester functionality, in acetonitrile to give the amides 59-63.

0 H 0

H
O:N N < a) O2N N, <4 5o R=Et 62%
)—NH o~ — »)—NH NHR 60, R = nBu, 42%
N N
31
0 H 0
N R H 61, R = Bn, 64%
MeO a) ‘N N 62, R = 2-Phenethyl, 16%
)—NH — A )—NH AN LA
N N 63, R = Phenylpropyl, 46%
34

Scheme 4. Reagents and conditions: a) TBD (1 equiv.), amine (5 equiv.), ACN or neat.

The reaction of the commercially available 2-chlorobenzothiazoles 64 and 65 with n-
butylamine in the presence of DBU and NaHCO; afforded the corresponding 2-

aminobenzothiazoles regioisomers 66 and 67 in good yields (Scheme 5).[23]

Ry S a) Ro S /—/7
ToLpe = L
R3 N Rj N

64, R, = H, R3 = NO, 66, R, = H, R3 = NO,, 60%
65, R, = NOy, Ry = H MBM105 (67), R, = NO,, R3 = H, 58%

Scheme 5. Reagents and conditions: a) DBU, nBuNH>, NaHCO3, neat.



2.2. Biological results
2.2.1. Characterization of the 2-aminobenzazole derivatives as new inhibitors of
necroptosis

To evaluate the antinecroptotic activity of the selected compounds, the regulated necrosis was
induced by TNF-a in human FADD-deficient Jurkat T cells resistant to extrinsic apoptosis
(Table 2). Structure-activity relationships studies revealed that only few modifications were
tolerated at the Ry, Rz, R3 and R4 positions of the benzimidazole core. For instance, a
complete loss of necroptotic activity was observed when replacing the nitro group at Rz by
any aryl/heteroaryl (compounds 47, 50, 51, 52, 53, 54, 55, 56, 58), ester (compound 34),
amide (compounds 61-63) or alkynyl groups (compounds 56 and 57). Nevertheless,
compound 44 bearing a chloro- substituent and 48 bearing a cyano substituent at R> showed
an ECso of 4.4 uM and 8.9 uM, respectively. Varying the substitution at R4 while fixing Ry =
H, R> = NO2 and R3 = H, showed that the n-butyl found in AV123 (12) or the sec-butyl groups
in compound compound 20 were the most promising compounds. Moreover, the switch from
the 2-aminobenzimidazole to the 2-aminobenzothiazole nucleus proved to be beneficial for
the anti-necroptotic activity. Indeed, the structurally related benzothiazoles 66 (R1 = H, R>=
NO, R3 = H, R4= nBu) and MBM105 (67) (R1 = H, R> = H, R3 = NO», R4= nBu) showed an
ECso of 6.9 and 4.7 uM, respectively. As a result, the 2-aminobenzimidazole AV123 and the
2-aminobenzothiazole MBM105 (67) emerged as promising hit molecules. They are potent
inhibitors of cell-death phenotype but also poorly toxic. Four other compounds, namely 20,
22, 23 and 44, were also shown to be potent inhibitors of necroptosis but they are toxic when
used above 10 pM concentration (see supplementary Figure 1 in Supporting Information for
details). Even if AV123 inhibited the cell viability of FADD-deficient Jurkat cells at the
highest doses tested (> 25uM), we decided to select this compound because it emerged as the
most potent inhibitor of necroptosis (ECso= 1.7 uM). The ability of the selected molecules to
inhibit necroptosis was also compared to known inhibitors of RIPK1 kinase, Nec-1s and

Sibiriline.

Table 2. Primary cell-based screening on the TNF-a-induced necroptosis in Jurkat FADD

deficient cells.«
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ECso

Cmpd X R R: R3 R4 Pr(;:)elfle[ at (M)

AXIZ? NH H NO2 H nBu 56.9 1.7
13 NH H NO; H Et 6.4 ND
14 NH H NO2 H nPr 20 14.4
15 NH H NO2 H nHex 23.6 ND¢?
16 NH H NO2 H nOct 6.4 ND
17 NH H NO2 H iPr 16.2 > 25
18 NH H NO2 H Allyl 4.7 ND
19 NH H NO2 H Propargyl 34 ND
20 NH H NO2 H secBu 53.7 2.2
21 NH H NO2 H Methoxyethyl 5.6 ND
22 NH H NO2 H cHex 68.1 1.04
23 NH H NO2 H Ph 41.9 2.5
24 NH H NO; H Bn 9 ND
25 NH H NO; H Bz -21.3 ND
26 NH H NO2 H p-Br- Ph -6.1 ND
27 NH H NO2 H p-CN- Ph -31.4 ND
28 NH H NO2 H p-CFs- Ph -30.8 ND
29 NH H NO2 H p-NO2- Ph 3.6 ND
30 NH H NO2 H p-(NMe)2-Ph 14.0 ND
31 NH H NO2 H CH2COEt 15.3 ND
32 NH H Br H Et 10.4 ND
33 NH H Br H nBu 7.3 ND
34 NH H CO:Me H nBu 2.9 ND
35 NH CO:Me H H nBu 29.2 18.1
36 NH CO:Me H H cHex 21.7 9c
37 NH NO2 H H iPr 1 ND

11
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-2.3
13.0
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38.2
43.7
-16.3
-1.32
6.3
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-12.8
-20.6
-16.8
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-18.5
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ND
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ND
ND
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Ph _
63 NH H ~yH nBu 3.6 ND
o]
64 NH H s~y H nBu 0.1 ND
H
66 S H NO; H nBu 28.0 6.9
MBM105
S H H NO B 56.1 4.7
(67) 2 npu
Sibiriline
57.9 1.1
9)

a The table displays the % of remaining viable cells after co-treatment with 10 pM of the tested compound and with TNF-a
(10 ng/ml). Cell viability was measured by MTS reduction assay as mentioned in the Experimental part section. The values
were normalized, considering 100 % viable cells in the control treated only with DMSO (n = 3). The level of protection
against the TNF-a-induced cell death of each tested compounds is estimated using the “protection delta” (ProtecA) values.
These values are determined by subtracting the smaller number (value obtained with TNF-a and without the tested
compound) from the larger one (value obtained for co-treatment with TNF-a and with the tested compound). In some cases,
the tested compounds can be toxic and thus we may have to subtract the larger one from the smaller one. This might result in
a negative number. The ECso of the more effective molecules (ProtecA>16) were determined from the dose-response curves
using Graphpad PRISM software (data are mean, n = 3). ND, not determined.

b A treatment with more than 10 uM of compounds 15 and 45 compound decreased strongly the viability of Jurkat FADD
deficient cells. It was thus impossible to determine an ECso value for this compound.

¢ A treatment with more than 25 pM of compound 36 was shown to have a negative effect on the viability of Jurkat FADD
deficient cells that could correspond to a toxic effect. Nevertheless, it was possible to calculate an ECso from the dose-

response curve.

As shown on Figure 3, panel A, AV123 (12) and MBMI105 (67) efficiently blocked
necroptosis in a dose-dependent manner, and with an efficacy almost similar to Sibiriline.
Moreover, cell viability analysis of retina cell line grown in presence of AV123 (12) and
MBM105 (67) for 24 hours indicated that none of the two compounds exhibited toxicity to
RPE-1 cells at concentrations from 0.01 to 50 uM (Figure 2, panel B). The bioactivities of
AV123 (12) and MBM105 (67) were studied in the work reported here.

13
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Figure 3. Dose-dependent inhibition of TNF-a-induced necroptosis by increasing
concentrations of AV123 (12) and MBM105 (67). (A) After a 24-h incubation of Jurkat
FADD deficient cells with or without (w/0) 10 ng/ml TNF-a and increasing concentrations of
tested compounds. The effect of the co-treatment on the cell viability was evaluated by MTS
reduction assay. Treatments without TNF-a were used to estimate the toxicity of the tested
compound. The values were normalized as a percentage of cell viability, considering 100%
viable cells in the control treated with DMSO (n = 3, mean = SD). (B) Evaluation of the
toxicity of AV123 (12) and MBM105 (67) on hTERT-immortalized retinal pigment epithelial
cell line, hTERT RPE-1. RPE-1 retina cells were exposed for 24-hours to increasing
concentrations of the tested compound (ranging from 0.01 to 50 uM). Cell viability was
assessed and plotted as mentioned here above. A similar experiment was performed to
measure cellular death (LDH release assay; left axis). Results are plotted in % of maximal

LDH release (cell lysis). Data are mean = SD (n= 3).
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2.2.2. AV123 (12) and MBM10S5 (67) are inhibitors of human RIPK1

In order to decipher the mechanism of action of AV123 (12) and MBM105 (67), the RIPK1
enzymatic activity was monitored in the presence of the compounds. The catalytic activity of
RIPK1 was quantified by monitoring the phosphorylation of myelin basic protein (MBP), a
known substrate of RIPK1 (KinaseProfiler™ assay, Eurofins Discovery, Celle-L’Evescault,
France). As shown in Figure 4, AV123 (12) and MBM105 (67) efficiently inhibit the
phosphorylation of MBP by RIPK1 in a dose-dependent manner with ICso equal to 12.12 and
2.89 uM, respectively. The inhibition of the enzymatic activity by AV123 (12) was also
observed using an in vitro auto-phosphorylation assay using recombinant full-length RIPK1
(GST-tagged). This assay showed an inhibition of RIPK1 auto-phosphorylation by AV123
(12) in a dose-dependent manner. Taken altogether, these data demonstrated that the selected
molecules AV123 (12) and MBM105 (67) are inhibitors of RIPK 1 kinase activity. In a recent

paper, a RIPK 1 inhitor including similar benzothiozole motif was described.[24]
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Figure 4. Effects of AV123 (12) and MBM105 (67) on the catalytic activity of RIPK1 kinase.
RIPK1 was assayed in the presence of increasing concentrations (ranging from 0.01 to
100uM) of AV123 (12) and MBM10S5 (67). ATP concentration used in the kinase assays was
155 uM. Kinase activities are expressed in % of RIPK1 maximal activity, i.e. measured with
the same amount of DMSO and in the absence of inhibitor. Data are mean + range, n= 2. We
further evaluated the bioactivity of compounds AV123 (12) and MBM105 (67) against a short
panel of disease-related serine/threonine protein kinases: three human cyclin dependent
kinases (CDK2/Cyclin A, CDK5/p25 and CDKY9/Cyclin T), mouse CDC2-like kinase 1
(CLK1), rat dual specificity tyrosine-phosphorylation-regulated kinase 1A (DYRKIA),
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human proto-oncogene PIM1, human Janus Kinase 3 (JAK3), human Abelson murine
leukemia viral oncogene homolog 1 (ABL1), human mitotic kinases Haspin and Aurora B,
casein kinase 1 isoform epsilon (CK1g), receptor-interacting protein 3 (RIPK3). As reported
on Table 3, AV123 (12) and MBM105 (67) were shown to inhibit DYRKI1A with ICs of 1.80
and 2.21 uM, respectively. AV123 (12) was shown to be putatively less selective compared to
MBM105 (67) as AV123 (12) was also shown to inhibit CDK9/Cyclin T and CLK1 with sub-
micromolar ICso of 0.48 and 0.80 uM, respectively.

Table 3. Inhibitory activities of AV123 (12) and MBM105 (67) against a short panel of
disease-related protein kinases. The table displays the ICso values determined from the dose-
response curves. ATP concentration used in the kinase assays was 10 uM (values are means,

n= 2). Kinases are from human origin unless specified: (Mm), Mus musculus; (Rn), Rattus

norvegicus.
CDK2/ CDK5/ C D KO/ Mm R  Hasp ABL RIPK AUR
Cpd | Cyclina | p25 CyclinT CLK1 ll)AY RK N Piml | CKlz | JAKS |, 3 KB
> 10 > 10> 10[> 10 > 10> 10> 10
INGE >10uM | 0.48 0.80 180 M v 1o |
MBM1 |> 10 > 10 > 10|> 10]> 10 > 10> 10> 10
05 M >10puM | > 10 uM M 220 | v M e | Z10eM o v Lo

2.2.3. The more selective RIPK1 inhibitor, MBM105, blocks necroptotic but not
apoptotic cell death
To further analyze the bioactivity of MBM105 (67), we next tested its ability to inhibit
apoptotic cell death. As shown by the results reported on Figure 4, MBM105 (67) did not
rescue WT Jurkat cells from death-receptor (DR)-induced apoptosis (induction by treatment
with the cytokine TRAIL) or DR-independant induced apoptosis (induction by treatment with
the pan-kinase inhibitor, Staurosporine, STS). In the same conditions, the pan-caspase
inhibitor Z-VAD-fmk was shown to inhibit both ways of apoptosis induction. As STS is
known to induce both caspase-dependent and caspase-independent cell-death modalities,[25]
the inhibition of staurosporine-induced cell-death by Z-VAD-fmk was less potent compared to
TRAIL-induced apoptosis (Figure 5). Note here that the specificity toward necroptosis was
also observed for Sibiriline and necrostatin-1 by Le Cann et al.[4] Overall, these data indicate

that the lead compound MBM105 (67) is selective towards necroptosis.
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Figure 5. MBM105 (67) does not inhibit TRAIL and staurosporine-induced apoptosis.
Apoptosis was induced in Jurkat wild-type cells by treatment with either (panel A) TRAIL-
Flag (20 ng.mL-1) or (panel B) staurosporine (STS, 100 nM). Cells were then simultaneously
treated by increasing doses of MBM105 (67) or Z-VAD-fmk (20 uM) as cell-permeant pan-
caspase inhibitor. After a 24-h incubation, the effect of the tested compound on the cell

viability was evaluated by MTS reduction assay and is expressed in % of survival in cells

treated with DMSO. Data are mean + SD (n= 3).

2.3.  Molecular docking

The interaction of RIPK1 with representative inhibitors synthesized in this work was studied
using molecular docking calculations. First, the reliability of our protocol was evaluated by
docking the compound 2-benzyl-5-nitro-1H-benzimidazole in the binding site of RIPK1 (PDB
code 6C3E).[14] As shown in Figure 6a, b; the docking conformation reproduces well the X-
ray structure of the ligand, with a root-mean-square deviation (RMSD) of 0.59 A. The ligand
is stabilized by hydrogen bond interactions of N-3 with backbone NH of Asp156 and of NH-1
with backbone O of Val76, as well as mainly hydrophobic interactions between the phenyl
ring and a subpocket defined by the side chains of residues Leu70, Val75, Ile154, Leul29,
Vall34, Phel62, Serl61, His136 and Asp156 (Figure 6a, b). Compound AV123 (12) binds in
a similar manner, with the NH-nBu substituent in the hydrophobic pocket and the hydrogen
bond of N-3 with backbone NH of Asp156 (Figure 6¢, d). This latter interaction seems to
control the global orientation of the ligand in the binding site, positioning the nitro group
between the side chains of Leu90 and Met92, slightly shifted upwards compared with the
reference ligand. The same conformation is observed for MBM105 (67), again strongly

influenced by the hydrogen bond of N-3 with backbone NH of Asp156 (Figure 6e,f). Overall,
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these complexes show a very good shape complementarity between the protein and the ligand

(Figure 6a, c, €), with a good tolerance of the nitro group in the positions 5 and 6.

Figure 6. Docking conformations of selected RIPK1 inhibitors. (a, b) Docking conformation

(brown) superposed on the X-ray structure (cyan, PDB code 6C3E) [14]of 2-benzyl-5-
nitro-1H-benzimidazole in the binding site of RIPK1; (¢, d) Docking conformation of AV123
(12) in the binding site of RIPK1; (e, f) Docking conformation of MBM105 (67) in the

binding site of RIPK1. The protein is represented as pink surface (a, ¢, e) or cartoon with
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residues within 5 A from the ligand visible (b, d, f). Hydrogen bonds are represented as cyan

colored springs.

3. Conclusion

In this study, we identified the first marine-derived compounds as RIPK1 inhibitors that can
block necroptotic cell death. This new series of derivatives are based on the 2-
aminobenzazole scaffold, a building brick of the larger benzosceptrin C extracted from a
marine sponge. Among the 54 compounds synthesized, the 2-aminobenzimidazole AV123
(12) and the 2-aminobenzothiazole MBM105 (67) significantly blocked the necroptotic cell-
death induced by TNF-a in human FADD-deficient Jurkat T cells with ECso values in the low
micromolar range (1.7 and 4.7 uM, respectively). We have shown also that the inhibition of
the catalytic activity of RIPK1 can explain the cellular effect observed. In particular, hit
compound MBM105 (67) showed the best inhibitory effect against HsRIPK 1, with an ICsg
value of 2.89 uM. This compound is also rather selective toward a panel of 12 disease-related
protein kinases. In vitro studies on human RPE]1 retina cells and Jurkat wild-type lymphocyte
cells confirmed their interest. Indeed, MBM105 (67) is non-cytotoxic and blocks the
necroptotic but not the apoptotic cell death. Thus, the 2-aminobenzothiazole MBM105 (67)
represents an attractive chemical probe for the study of necroptosis but also serves as a new

chemical platform for further development of innovative therapeutic modalities.

4. Experimental part

4.1. Chemistry

4.1.1. General considerations

All reagents were of analytical grade and were used without further purification. All reactions
were monitored by TLC using pre-coated silica gel aluminium plates (Macherey—Nagel) and
visualized by UV light (254 nm). Flash column chromatography was carried out with silica
gel 60 (70-230 mesh, Macherey—Nagel). 'H and 13C NMR spectra were acquired at 300 and
75 MHz, respectively, on Bruker spectrometers: Avance 300 MHz (QNP-13C, 31P, 19F -probe
or Dual 13C probe) and Avance 500 MHz (BBO-ATM probe or BBI-ATM probe). Chemical
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shifts (d) are reported in parts per million (ppm) relative to the residual solvent signals, and
coupling constants (J) are reported in hertz (Hz). The following abbreviations are used: s,
singlet; d, doublet; dd, doublet of doublet; t, triplet; q, quadruplet; quintuplet, quint; dhept,
doublet of heptuplet; m, multiplet. IR spectra were recorded on a PerkinElmer Spectrum 65
spectrophotometer using an attenuated total reflectance (ATR) device (v in cm-1). High-
resolution MS data were obtained on a Waters LCT Micromass spectrometer in positive

electrospray ionization-time of flight (ESI-TOF) mode. Reported yields are unoptimized.

4.1.2. General procedures for the synthesis of 2-Aminobenzimidazoles 12-49
Procedure A

A mixture of the corresponding substituted-phenylenediamine (limiting reagent),
isothiocyanate (1.2 equiv.) and dialkylcarbodiimide (1.2 equiv.) was stirred in pyridine or
acetonitrile (3 mL) at 80 °C for 16 h. After, the reaction mixture was evaporated to remove
volatiles. The residue was either purified by flash column chromatography on silica gel
(CH2Cl12/CH30H: 95/5) or filtrated and washed with a 1:1 mixture of Et2O and acetonitrile
(3x10 mL).

Procedure B

A mixture of the corresponding o-phenylenediamine (limiting reagent), isonitrile (1.5 equiv),
1 mol% elemental selenium powder and pyridine (0.2 mL) were added at rt. The mixture was
then charged with oxygen (1 atm) and stirred at the appropriate temperature for 24 h. After the
reaction time, the reaction was filtered to remove solid particles. The filtrate was dried to

remove volatiles. The residue was purified by flash column chromatography on silica gel

(CH2CL/CH3;0H : 95/5).

N-Butyl-6-nitro-1H-benzo|d]imidazol-2-amine AV123 (12)

4-Nitro-o-phenylenediamine (459 mg, 3 mmol), n-butyl isothiocyanate (434 pL, 3.6 mmol),
diisopropylcarbodiimide (561 puL, 3.6 mmol) were reacted in pyridine (1 mL) according to the
procedure A for the synthesis of the 2-aminobenzimidazoles. Flash column chromatography
afforded AV123 (12) (632 mg, 90%) as a yellow amorphous solid. IR (neat): 3279, 2955,
2937, 1650, 1470, 1320, 1254, 1064, 991 cm-'. 'H NMR (300 MHz, DMSO-d6) ¢ 11.27 (s,
1H), 7.93 (d, J= 2.2 Hz, 1H), 7.88 (d, J = 8.3 Hz, 1H), 7.45 (s, 1H), 7.20 (d, /= 8.7 Hz, 1H),
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3.47 - 3.16 (m, 2H), 1.65 — 1.45 (m, 1H), 1.35 (dq, J = 14.1, 7.2 Hz, 1H), 0.90 (t, /= 7.3 Hz,
1H). 13C NMR (75 MHz, DMSO-d6) 6 159.3, 150.8, 138.9, 133.2, 117.6, 113.1, 104.2, 41.8,
31.3, 19.5, 13.6. HRMS ESI-TOF [M+H]* m/z caled for C1iHisN4Os . 235.1195, Found:
235.1195.

N-Ethyl-6-nitro-1H-benzo|d]imidazol-2-amine (13)

4-Nitro-o-phenylenediamine (459 mg, 3 mmol), ethyl isothiocyanate (315 pL, 3.6 mmol),
diisopropylcarbodiimide (557 pL, 3.6 mmol) were reacted in pyridine according to the
procedure A for the synthesis of the 2-aminobenzimidazoles. Flash column chromatography
afforded compound 13 (436 mg, 70%) as a light yellow foam. IR (neat): 3270, 2983, 1661,
1608, 1582, 1473, 1256, 1123, 1060, 1018 cm-!. 'H NMR (300 MHz, CD30D) ¢ 8.00 (d, J =
2.2 Hz, 1H), 7.94 (dd, J=8.7, 2.2 Hz, 1H), 7.20 (d, J = 8.7 Hz, 1H), 3.42 (q, /= 7.1 Hz, 2H),
1.28 (t, /= 7.1 Hz, 3H). 13C NMR (75 MHz, CD;0D) ¢ 160.0, 146.7, 142.8, 134.3, 118.5,
112.4,107.9, 38.9, 15.6. HRMS ESI-TOF [M+H]* m/z calcd for CoH11N4O2 207.0882. Found
207.0873.

6-Nitro-N-propyl-1H-benzo[d]imidazol-2-amine (14)

4-Nitro-o-phenylenediamine (306 mg, 2 mmol), propyl isothiocyanate (250 uL, 2.4 mmol),
diisopropylcarbodiimide (372 pL, 2.4 mmol) were reacted in acetonitrile according to the for
the synthesis of the 2-aminobenzimidazoles. The resulting solid was filtrated and washed with
a 8:2 mixture of Et2O and acetonitrile (3x10 mL) to afford compound 14 (211 mg, 48%) as a
yellow amorphous solid. IR (neat): 3330, 2959, 1659, 1581, 1471, 1446, 1255, 1220, 1061,
992, 883 cm-l.'H NMR (300 MHz, DMSO) ¢ 11.28 (s, 1H), 7.93 (d, J = 2.3 Hz, 1H), 7.87
(dd, J=8.7, 2.3 Hz, 1H), 7.37 (s, 1H), 7.19 (d, J = 8.7 Hz, 1H), 3.28 (dd, J = 13.1, 6.7 Hz,
2H), 1.70 — 1.47 (m, 2H), 0.91 (t, J = 7.4 Hz, 3H).13C NMR (75 MHz, DMSO-d6) ¢ 158.99,
116.93, 112.16, 105.17, 43.87, 22.45, 11.21. Some quaternary carbons and aromatic CH too
broad to be seen due to very slow relaxation. HRMS ESI-TOF [M+H]* m/z calcd for
C10H13N402221.1039. Found: 221.1037.

6-Nitro-N-hexyl-1H-benzo|d]imidazol-2-amine (15)
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4-Nitro-o-phenylenediamine (459 mg, 3 mmol), n-hexyl isothiocyanate (591 pL, 3.6 mmol),
diisopropylcarbodiimide (557 pL, 3.6 mmol) were reacted in pyridine according to the
procedure A for the synthesis of the 2-aminobenzimidazoles. Flash column chromatography
afforded compound 15 (584 mg, 74%) as a yellow amorphous solid. IR (neat): 3337, 3107,
2955, 2856, 1660, 1586, 1465, 1263, 1067, 944 cm-!. 'H NMR (300 MHz, DMSO-d6) 0 11.27
(s, 1H), 7.94 (d, /= 2.3 Hz, 1H), 7.87 (dd, J = 8.7, 2.3 Hz, 1H), 7.35 (s, 1H), 7.19 (d, J = 8.7
Hz, 1H), 3.31 (dd, J = 12.8, 6.8 Hz, 2H), 1.69 — 1.42 (m, 2H), 1.46 — 1.16 (m, 6H), 0.84 (t,J =
6.8 Hz, 3H). 13C NMR (75 MHz, DMSO-d6) ¢ 158.94, 159.58, 116.85, 112.23, 104.91, 42.13,
30.96, 29.16, 25.98, 22.03, 13.81. Some quaternary carbons and aromatic CH too broad to be
seen due to very slow relaxation. HRMS ESI-TOF [M+H]* m/z calcd for
C13H19N402263.1508. Found: 263.1495.

6-Nitro-N-octyl-1H-benzo|d]imidazol-2-amine (16)

4-Nitro-o-phenylenediamine (459 mg, 3 mmol), n-octyl isothiocyanate (678 pL, 3.6 mmol),
diisopropylcarbodiimide (557 pL, 3.6 mmol) were reacted in pyridine according to the
procedure A for the synthesis of the 2-aminobenzimidazoles. Flash column chromatography
afforded compound 16 (508 mg, 58%) as a yellow amorphous solid. IR (neat): 3348, 2923,
2853, 1660, 1586, 1466, 1269, 1067, 944 cm-1. 'H NMR (300 MHz, DMSO-d6) ¢ 11.27 (s,
1H), 7.93 (s, 1H), 7.87 (d, J = 8.6 Hz, 1H), 7.29 (m, 1H), 7.20 (d, /= 8.6 Hz, 1H), 1.76 — 1.41
(m, 2H), 1.41 — 1.08 (m, 12H), 0.94 — 0.68 (m, 3H). 13C NMR (75 MHz, DMSO-d6) ¢ 158.94,
139.56, 116.76, 111.49, 105.48, 42.12, 31.18, 29.19, 28.68, 28.64, 26.31, 22.01, 13.84. Some
quaternary carbons and aromatic CH too broad to be seen due to very slow relaxation. HRMS

ESI-TOF [M+H]" m/z calcd for C1sH22N402291.1821. Found: 291.1825.

N-Isopropyl-6-nitro-1H-benzo|d]imidazol-2-amine (17) [26]

4-Nitro-o-phenylenediamine (459 mg, 3 mmol), isopropyl isothiocyanate (384 pL, 3.6 mmol),
diisopropylcarbodiimide (557 pL, 3.6 mmol) were reacted in pyridine according to the
procedure A for the synthesis of the 2-aminobenzimidazoles. Flash column chromatography
afforded 17 (607 mg, 92%) as a light yellow amorphous solid. 'H NMR (300 MHz, CD50D)
0 8.00 (d, J=2.2 Hz, 1H), 7.94 (dd, J = 8.7, 2.2 Hz, 1H), 7.20 (d, J = 8.7 Hz, 1H), 3.98 (m,
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1H), 1.29 (d, J = 6.6 Hz, 6H). 13C NMR (75 MHz, CD;OD) § 159.3, 149.6, 142.9, 135.0,
118.4, 112.4, 107.9, 46.0, 23.3.

N-Allyl-6-nitro-1H-benzo|d]imidazol-2-amine (18)

4-Nitro-o-phenylenediamine (459 mg, 3 mmol), allyl isothiocyanate (352 puL, 3.6 mmol),
diisopropylcarbodiimide (557 pL, 3.6 mmol) were reacted in pyridine according to the
procedure A for the synthesis of the 2-aminobenzimidazoles. Flash column chromatography
afforded compound 18 (522 mg, 80%) as a light yellow amorphous solid. IR (neat): 3280,
2976, 1665, 1606, 1583, 1475, 1319, 1256, 1219, 1062, 1004, 922, 880, 816 cm-1. TH NMR
(300 MHz, CDs0OD) ¢ 8.02 (d, J = 2.3 Hz, 1H), 7.96 (dd, J = 8.8, 2.3 Hz, 1H), 7.22 (d, J =
8.8 Hz, 1H), 5.99 (m, 1H), 5.29 (m, 1H), 5.16 (m, 1H), 4.02 (m, 2H). 2H missing due to
chemical exchange with MeOD. 13C NMR (75 MHz, DMSO-d6) 6 158.7, 139.7, 135.4, 116.9,
115.3, 112.6, 105.1, 44.3. Some quaternary carbons and aromatic CH too broad to be seen due
to very slow relaxation. HRMS ESI-TOF [M+H]* m/z calcd for C1o0H11N4O2: 219.0867. Found
219.0882.

6-Nitro-/N-(prop-2-yn-1-yl)-1H-benzo|d]imidazol-2-amine (19)
4-Nitro-o-phenylenediamine (306 mg, 2 mmol), propargyl isothiocyanate (226 uL, 2.4
mmol), diisopropylcarbodiimide (372 uL, 2.4 mmol) were reacted in acetonitrile according to
the procedure A for the synthesis of the 2-aminobenzimidazoles. Flash column
chromatography afforded compound 19 (133 mg, 26%) as a yellow amorphous solid. IR
(neat): 3332, 3266, 2903, 2740, 2643, 1574, 1466, 1320, 1066, 1037, 867, 819 cm-1. 'H NMR
(300 MHz, DMSO) ¢ 11.48 (s, 1H), 8.00 (s, 1H), 7.94 — 7.82 (m, 1H), 7.85 — 7.40 (m, 1H),
7.28 (d, J= 8.7 Hz, 1H), 4.16 (d, J = 3.2 Hz, 2H), 3.16 (s, IH). 13C NMR (75 MHz, DMSO-
d6) o 117.47, 115.46, 113.83, 109.91, 108.58, 104.75, 81.45, 73.38, 31.57. HRMS ESI-TOF
[M+H]* m/z calcd. for C1o0H9N4O2217.0726. Found: 217.0718.

N-Isobutyl-6-nitro-1H-benzo|d]imidazol-2-amine (20)
4-Nitro-o-phenylenediamine (306 mg, 2 mmol), isobutyl isothiocyanate (291 pL, 2.4 mmol),
diisopropylcarbodiimide (372 pL, 2.4 mmol) were reacted in acetonitrile according to the

procedure A for the synthesis of the 2-aminobenzimidazoles. The resulting solid was filtrated
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and washed with a 8:2 mixture of Et;O and acetonitrile (3x10 mL) to afford compound 20
(114 mg, 24%) as a yellow amorphous solid. IR (neat): 3354, 3110, 2964, 1613, 1592, 1289,
1065, 1020, 816 cml. 'TH NMR (300 MHz, DMSO-d6) 6 11.19 (s, 1H), 7.93 (d, J = 2.1 Hz,
1H), 7.87 (d, J=8.7 Hz, 1H), 7.43 (s, 1H), 7.19 (d, J = 8.7 Hz, 1H), 3.14 (t, J = 6.4 Hz, 2H),
1.88 (dp, J = 13.4, 6.7 Hz, 1H), 0.91 (d, J = 6.7 Hz, 6H). 13C NMR (75 MHz, DMSO-d6) ¢
117.58, 113.00, 104.65, 49.63, 27.97, 22.66, 19.94. Some quaternary carbons and aromatic
CH too broad to be seen due to very slow relaxation. HRMS ESI-TOF [M+H]* m/z calcd. for
C11H15sN402235.1195. Found: 235.1185.

N-(2-Methoxyethyl)-6-nitro-1H-benzo|d]imidazol-2-amine (21)
4-Nitro-o-phenylenediamine (164 mg, 1.5 mmol), 2-methoxyethyl isothiocyanate (195 pL,
1.8 mmol), dicyclohexylcarbodiimide (371 mg, 1.8 mmol) were reacted in pyridine according
to the procedure A for the synthesis of the 2-aminobenzimidazoles. Flash column
chromatography afforded compound 21 (126 mg, 36%) as a light yellow solid. IR (neat):
3287, 2922, 2828, 1657, 1584, 1466, 1261, 1103, 1061 cm-l. 'H NMR (500 MHz, DMSO-d6)
0 11.21 (s, 1H), 7.94 (t, J=9.1 Hz, 1H), 7.88 (dd, /= 8.7, 2.2 Hz, 1H), 7.43 (s, 1H), 7.22 (d, J
= 8.7 Hz, 1H), 3.50 (m, 2H), 3.29 (s, 3H). 13C NMR (75 MHz, DMSO-d6) ¢ 117.4, 113.3,
109.2, 104.5, 70.6, 58.0, 41.8. Some quaternary carbons and aromatic CH too broad to be
seen due to very slow relaxation. HRMS ESI-TOF [M+H]* m/z calcd for
C10H13N402237.0988. Found 237.0989.

N-Cyclohexyl-6-nitro-1H-benzo|d]imidazol-2-amine (22) [27]

4-Nitro-o-phenylenediamine (229 mg, 1 mmol), cyclohexyl isocyanide (280 puL, 1.5 mmol),
elemental selenium (1 mg, 1 mol%) and oxygen (1 atm) were reacted at 90°C in pyridine (0.2
mL) according to the procedure B for the synthesis of the 2-aminobenzimidazoles. Flash
column chromatography afforded compound 22 (172 mg, 66%) as a pale yellow amorphous
solid. 'H NMR (300 MHz, CD;0D) ¢ 8.02 (d, J= 7.9 Hz, 1H), 7.97 (d, /= 1.2 Hz, 1H), 7.22
(dd, J=17.9, 1.2 Hz, 1H), 3.63 (m, 1H), 2.06-1.37 (m, 10H). 13C NMR (75 MHz, CD30D) ¢
150.6, 142.5, 139.0, 134.0, 117.7, 113.3, 104.2, 51.0, 32.7, 25.2, 24.6.

N-Benzyl-6-nitro-1H-benzo[d]imidazol-2-amine (23) [26]
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4-Nitro-o-phenylenediamine (459 mg, 3 mmol), phenyl isothiocyanate (430 pL, 3.6 mmol),
diisopropylcarbodiimide (557 pL, 3.6 mmol) were reacted in pyridine according to the
procedure A for the synthesis of the 2-aminobenzimidazoles. Flash column chromatography
afforded compound 23 (624 mg, 78%) as a light yellow amorphous solid. 'TH NMR (300
MHz, DMSO-d6) ¢ 12.87 (s, 1H), 12.43 (s, 1H), 8.37 (d, J = 1.9 Hz, 1H), 8.18 — 7.94 (m,
3H), 7.75 — 7.46 (m, 4H). 13C NMR (75 MHz, DMSO-d6) 6 166.7, 150.9, 141.9, 132.8, 132.5,
128.5, 128.3, 117.4.

N-(6-Nitro-1H-benzo|d]imidazol-2-yl)benzamide (24) [27]

4-Nitro-o-phenylenediamine (459 mg, 3 mmol), benzyl isothiocyanate (477 uL, 3.6 mmol),
diisopropylcarbodiimide (557 pL, 3.6 mmol) were reacted in pyridine according to procedure
A for the synthesis of the 2-aminobenzimidazoles. Flash column chromatography afforded
compound 25 (561 mg, 66%) as a light yellow amorphous solid. 'H NMR (300 MHz, MeOD)
08.03 (d, J=2.2 Hz, 1H), 8.00 — 7.88 (m, 1H), 7.46 — 7.29 (m, 4H), 7.29 — 7.13 (m, 2H), 4.61
(s, 2H), 2H missing due to chemical exchange with MeOD. 13C NMR (75 MHz, MeOD) ¢
140.0, 129.6, 128.3, 128.4, 118.3, 112.5, 107.8, 47.3. Some quaternary carbons and aromatic
CH too broad to be seen due to very slow relaxation. HRMS ESI-TOF [M+H]* m/z calcd for
C14H13N402269.1039. Found 269.1036.

6-Nitro-/N-phenyl-1H-benzo[d]imidazol-2-amine (25)

4-Nitro-o-phenylenediamine (459 mg, 3 mmol), benzoyl isothiocyanate (484 pL, 3.6 mmol),
diisopropylcarbodiimide (557 pL, 3.6 mmol) were reacted in pyridine according to the
procedure A for the synthesis of the 2-aminobenzimidazoles. Flash column chromatography
afforded compound 25 (528 mg, 70%) as a light yellow amorphous solid. IR (neat): 3287,
2975, 2868, 1642, 1577, 1455, 1318, 1256, 1061, 996 cm-1. 'H NMR (300 MHz, DMSO-d6) 6
11.44 (s, 1H), 9.94 (s, 1H), 8.15 (d, J= 2.3 Hz, 1H), 7.97 (dd, J=8.7, 2.3 Hz, 1H), 7.75 (dd, J
= 8.6, 1.0 Hz, 2H), 7.43 (d, J = 8.7 Hz, 1H), 7.38 — 7.25 (m, 2H), 7.00 (t, /= 7.4 Hz, 1H). 13C
NMR (75 MHz, DMSO-d6) 6 139.7, 128.9, 121.7, 117.9, 117.0. Some quaternary carbons and
aromatic CH too broad to be seen due to very slow relaxation. HRMS ESI-TOF [M+H]* m/z
calcd for C14H11N40O3283.0831. Found 283.0835.
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N-(4-Bromophenyl)-6-nitro-1H-benzo[d]imidazol-2-amine (26)
4-Nitro-o-phenylenediamine (306 mg, 2 mmol), 4-bromophenyl isothiocyanate (513 mg, 2.4
mmol), diisopropylcarbodiimide (372 pL, 2.4 mmol) were reacted in acetonitrile according to
the procedure A for the synthesis of the 2-aminobenzimidazoles. The resulting solid was
filtrated and washed with a 8:2 mixture of Et;O and acetonitrile (3x10 mL) to afford
compound 26 (286 mg, 43%) as a yellow amorphous solid. IR (neat): 3279, 2845, 1661,
1572, 1491, 1315, 1273, 1072, 1010, 891 cm-1. 'H NMR (300 MHz, DMSO) ¢ 11.52 (s, 1H),
10.07 (s, 1H), 8.16 (d, J = 2.3 Hz, 1H), 7.98 (dd, J = 8.8, 2.3 Hz, 1H), 7.81 — 7.71 (m, 2H),
7.59 — 7.48 (m, 2H), 7.45 (d, J = 8.7 Hz, 1H). 13C NMR (75 MHz, DMSO-d6) ¢ 153.73,
141.05, 139.20, 131.58, 119.74, 117.05, 112.99. Some quaternary carbons and aromatic CH
too broad to be seen due to very slow relaxation. HRMS ESI-TOF [M+H]* m/z calcd for
C13H97BrN402 332.9987. Found: 332.9991.

4-((6-Nitro-1H-benzo|d]imidazol-2-yl)amino)benzonitrile (27)
4-Nitro-o-phenylenediamine (306 mg, 2 mmol), (218 mg, 2 mmol), 4-cyanophenyl
isothiocyanate (384 mg, 2.4 mmol), diisopropylcarbodiimide (372 pL, 2.4 mmol) were
reacted in acetonitrile according to the procedure A for the synthesis of the 2-
aminobenzimidazoles. The resulting solid was filtrated and washed with a 8:2 mixture of EtcO
and acetonitrile (3x10 mL) to afford compound 27 (488 mg, 87%) as a yellow amorphous
solid. IR (neat): 3274, 2842, 2226, 1658, 1562, 1505, 1320, 1233, 1178, 1066, 1020 cm-1. 'H
NMR (300 MHz, DMSO-d6) ¢ 11.68 (s, 1H), 10.50 (s, 1H), 8.23 (d, J = 2.2 Hz, 1H), 8.07 —
7.89 (m, 3H), 7.89 — 7.71 (m, 2H), 7.52 (d, J = 8.8 Hz, 1H). 13C NMR (75 MHz, DMSO) ¢
144.0, 133.4, 119.4, 117.6, 102.8. Some quaternary carbons and aromatic CH too broad to be
seen due to very slow relaxation. HRMS ESI-TOF [M+H]* m/z calcd for
C14H10N502 280.0834. Found: 280.0840.

6-Nitro-N-(4-(trifluoromethyl)phenyl)-1H-benzo[d]imidazol-2-amine (28)

4-Nitro-o-phenylenediamine (306 mg, 2 mmol), (218 mg, 2 mmol), 4-(trifluoromethyl)-
phenyl isothiocyanate (487 mg, 2.4 mmol), diisopropylcarbodiimide (372 pL, 2.4 mmol) were
reacted in acetonitrile according to the procedure A for the synthesis of the 2-
aminobenzimidazoles. The resulting solid was filtrated and washed with a 8:2 mixture of Et2O

and acetonitrile (3x10 mL) to afford compound 28 (224 mg, 35%) as a yellow amorphous
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solid. IR (neat): 3317, 1615, 1572, 1320, 1284, 1098, 1066, 1015, 822 cm-!. 'H NMR (300
MHz, DMSO-d6) 6 11.64 (s, 1H), 10.37 (s, 1H), 8.21 (d, J = 2.2 Hz, 1H), 8.07 — 7.91 (m,
3H), 7.70 (d, J = 8.6 Hz, 2H), 7.50 (d, J = 8.8 Hz, 1H). 13C NMR (75 MHz, DMSO-d6) ¢
153.25, 143.35, 141.19, 116.19, 121.40 (q, J = 40 Hz, 1C), 117.43, 117.12. Some quaternary
carbons and aromatic CH too broad to be seen due to very slow relaxation. 1F NMR (282
MHz, DMSO-d6) 6 — 59.96 (s, 3F). HRMS ESI-TOF [M+H]* m/z calcd for
C14H10F3N402Na 364.0997. Found: 364.0998.

6-Nitro-N-(4-nitrophenyl)-1H-benzo|[d]imidazol-2-amine (29)
4-Nitro-o-phenylenediamine (306 mg, 2 mmol), (218 mg, 2 mmol), 4-nitrophenyl
isothiocyanate (487 mg, 2.4 mmol), diisopropylcarbodiimide (372 pL, 2.4 mmol) were
reacted in acetonitrile according to the procedure A for the synthesis of the 2-
aminobenzimidazoles. The resulting solid was filtrated and washed with a 8:2 mixture of EtcO
and acetonitrile (3x10 mL) to afford compound 29 (488 mg, 87%) as a yellow solid. IR (neat):
3389, 3305, 3108, 2919, 1578, 1485, 1321, 1290, 1251, 1114, 1072 cm-1. 'H NMR (300 MHz,
DMSO-d6) 6 11.42 (s, 1H), 8.24 (d, /= 8.9 Hz, 3H), 8.10 — 7.85 (m, 4H), 7.52 (d, J = 8.8 Hz,
1H). 3C NMR (75 MHz, DMSO-d6) ¢ 153.01, 146.36, 143.02, 141.30, 140.48, 137.00,
125.24, 117.09, 116.91, 113.12, 108.68. HRMS ESI-TOF [M+H]* m/z caled for
C13H10N504300.0733. Found: 300.0737.

N1, N'-Dimethyl-V4-(6-nitro-1H-benzo|d]imidazol-2-yl)benzene-1,4-diamine (30)

4-Nitro-o-phenylenediamine (306 mg, 2 mmol), 4-dimethylaminophenyl isothiocyanate
(427mg, 2.4 mmol), diisopropylcarbodiimide (372 puL, 2.4 mmol) were reacted in acetonitrile
according to the procedure A for the synthesis of the 2-aminobenzimidazoles. The resulting
solid was filtrated and washed with a 8:2 mixture of Et20O and acetonitrile (3x10 mL) to afford
compound 30 (416 mg, 70%) as a red amorphous solid. IR (neat): 3408, 2796, 1669, 1572,
1490, 1472, 1310, 1258, 1225, 1070, 945, 812 cm-!. 'TH NMR (300 MHz, DMSO) ¢ 11.25 (s,
1H), 9.58 (s, 1H), 8.05 (d, J=2.2 Hz, 1H), 7.93 (d, /= 8.1 Hz, 1H), 7.48 (d, J= 8.7 Hz, 2H),
7.33 (d, J= 8.7 Hz, 1H), 6.78 (d, J = 8.9 Hz, 2H), 2.87 (s, 6H). 13C NMR (75 MHz, DMSO-
do) o 146.78, 129.18, 120.68, 117.55, 113.24, 104.84, 40.61. Some quaternary carbons and
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aromatic CH too broad to be seen due to very slow relaxation. HRMS ESI-TOF [M+H]* m/z
calcd for C15sH16N504298.1304. Found: 298.1306.

Ethyl (6-nitro-1H-benzo[d]imidazol-2-yl)glycinate (31)

4-Nitro-o-phenylenediamine (613 g, 4 mmol), Ethyl isothiocyanatoacetate (601 uL, 4.8
mmol), diisopropylcarbodiimide (743 pL, 4.8 mmol) were reacted in acetonitrile according to
the procedure A for the synthesis of the 2-aminobenzimidazoles. Flash column
chromatography afforded compound 31 (523 g, 49%) as a brown amorphous solid. 'H NMR
(300 MHz, MeOD) ¢ 8.07 (d, /= 2.2 Hz, 1H), 7.99 (dd, /= 8.7, 2.2 Hz, 1H), 7.27 (d, J = 8.7
Hz, 1H), 4.23 (q, J = 7.1 Hz, 2H), 4.20 (s, 2H), 1.29 (t, /= 7.1 Hz, 3H). 3C NMR (75 MHz,
MeOD) 0 118.4, 62.4, 44.9, 14.4. Some quaternary carbons are not visible.

6-Bromo-N-ethyl-1H-benzo|d]imidazol-2-amine (32)

4-Bromo-o-phenylenediamine (561 mg, 3 mmol), ethyl isothiocyanate (315 uL, 3.6 mmol),
diisopropylcarbodiimide (557 pL, 3.6 mmol) were reacted in pyridine according to the
procedure A for the synthesis of the 2-aminobenzimidazoles. Flash column chromatography
afforded compound 32 (284 mg, 39%) as a deep red amorphous solid. 'TH NMR (300 MHz,
CDCl3) 0 7.36 (t,J=9.1 Hz, 1H), 7.22 — 7.04 (m, 2H), 6.89 (s, 1H), 5.48 (s, 1H), 3.42 (q, J =
7.2 Hz, 2H), 1.21 (t, J = 7.2 Hz, 3H).13C NMR (75 MHz, CDCI3) ¢ 155.2, 138.9, 135.8,
123.8, 115.2, 113.6, 112.9, 38.1, 15.0. Some quaternary carbons and aromatic CH too broad to
be seen due to very slow relaxation. HRMS ESI-TOF [M~+H]* m/z calcd for CoH117°BrNs:
240.0136, found: 240.0146.

6-Bromo-N-butyl-1H-benzo|d]imidazol-2-amine (33)

4-Bromo-o-phenylenediamine (2 g, 10.7 mmol), n-butyl isothiocyanate (1.5 mL, 12.8 mmol),
diisopropylcarbodiimide (2 mL, 12.8 mmol) were reacted in acetonitrile according to the
procedure A for the synthesis of the 2-aminobenzimidazoles. Flash column chromatography
afforded compound 33 (1.33 g, 46%) as a deep red hygroscopic solid. 'H NMR (300 MHz,
CDCl) 0 9.26 (s, 1H), 7.40 (d, J = 1.2 Hz, 1H), 7.14 (m, 2H), 5.38 (s, 1H), 3.41 (t, J= 7.1
Hz, 2H), 1.70 — 1.41 (m, 2H), 1.39 — 1.22 (q, J = 7.3 Hz, 2H), 0.85 (t, J/ = 7.3 Hz, 3H).13C
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NMR (75 MHz, CDCls) ¢ 156.4, 139.7, 136.5, 123.4, 115.1, 113.2, 112.8, 43.1, 31.9, 20.0,
13.7. HRMS ESI-TOF [M+H]* m/z calcd for C11H157°BrNa4: 268.0449, found: 268.0444.

Methyl 2-(butylamino)-1H-benzo[d]imidazole-6-carboxylate (34)

Methyl 3,4-diaminobenzoate (664 g, 4 mmol), n-butyl isothiocyanate (435 pL, 4.8 mmol),
diisopropylcarbodiimide (743 pL, 4.8 mmol) were reacted in acetonitrile according to the
procedure A for the synthesis of the 2-aminobenzimidazoles. Flash column chromatography
afforded compound 34 (813 mg, 82%) as a white amorphous solid. IR (neat): 3332, 3102,
2938, 1685, 1653, 1567, 1432, 1276, 1205, 1131, 1099, 999 cm-l. TH NMR (300 MHz,
DMSO-d6) 6 10.98 (s, 1H), 7.70 (d, J = 1.6 Hz, 1H), 7.58 (dd, /= 8.2, 1.6 Hz, 1H), 7.15 (d, J
= 8.2 Hz, 1H), 6.97 (s, 1H), 3.80 (s, 3H), 3.27 (q, J = 7.3 Hz, 2H), 1.63 — 1.43 (m, 2H), 1.36
(dq, J=14.2, 7.2 Hz, 2H), 0.91 (t, J = 7.3 Hz, 3H). 13C NMR (75 MHz, DMSO-d6) ¢ 167.1,
157.5, 121.7, 112.1, 51.5, 31.4, 19.5, 13.7. Some quaternary carbons and aromatic CH too
broad to be seen due to very slow relaxation. HRMS ESI-TOF [M+H]* m/z calcd for
C13H18N302: 248.1399, found: 248.1398.

Ethyl 2-(butylamino)-1H-benzo[d]imidazole-7-carboxylate (35)

Ethyl 2,3-diaminobenzoate (665 g, 4 mmol), n-butyl isothiocyanate (435 uL, 4.8 mmol),
diisopropylcarbodiimide (743 pL, 4.8 mmol) were reacted in acetonitrile according to the
procedure A for the synthesis of the 2-aminobenzimidazoles. Flash column chromatography
afforded compound 35 (820 g, 83%) as a brown amorphous solid. IR (neat): 3336, 2956,
1701, 1578, 1436, 1258, 1199, 1147, 1055, 1034 cm-l. 'H NMR (300 MHz, CDCl3) ¢ 9.43 (s,
1H), 7.63 — 7.50 (m, 2H), 7.14 — 6.99 (m, 1H), 5.83 (s, 1H), 3.84 (s, 3H), 3.46 (t, /= 7.1 Hz,
2H), 1.66 — 1.49 (m, 2H), 1.43 — 1.27 (m, 2H), 0.87 (t, J = 7.3 Hz, 3H). 13C NMR (75 MHz,
CDCl3) o 167.5, 156.2, 144.0, 134.5, 120.6, 120.0, 111.0, 51.8, 42.8, 31.9, 23.4, 20.0, 13.7.
HRMS ESI-TOF [M+H]" m/z calcd. for C13H1sN302248.1399. Found: 248.1393.

Methyl 2-(cyclohexylamino)-1H-benzo|d]imidazole-6-carboxylate (36) [28]
Methyl 3,4-diaminobenzoate (249 mg, 1 mmol), cyclohexyl isocyanide (280 uL, 1.5 mmol),
elemental selenium (1 mg, 1 mol%) and oxygen (1 atm) were reacted at 90°C in pyridine (0.2

mL) according to the procedure B for the synthesis of the 2-aminobenzimidazoles. Flash
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column chromatography afforded compound 36 (154 mg, 56%) as a white amorphous solid.
'H NMR (300 MHz, CD3;0D) ¢ 7.82 (d, J= 1.4 Hz, 1H), 7.71 (dd, J = 8.2, 1.4 Hz, 1H), 7.19
(d, J=8.2 Hz, 1H), 3.87 (s, 3H, H16), 3.61 (m, 1H, H11), 2.06-1.35 (m, 10H). 13C NMR (75
MHz, CD;0D) 6 169.9, 145.2, 142.1, 134.7, 128.7, 124.0, 117.5, 113.1, 52.8, 52.4, 34.6, 26.9,
26.3.

N-isopropyl-7-nitro-1H-benzo[d]imidazol-2-amine (37)

3-Nitro-o-phenylenediamine (459 mg, 3 mmol), phenyl isothiocyanate (384 uL, 3.6 mmol),
diisopropylcarbodiimide (557 pL, 3.6 mmol) were reacted in pyridine according to the
procedure A for the synthesis of the 2-aminobenzimidazoles. Flash column chromatography
afforded compound 37 (630 mg, 95%) as a yellow solid. IR (neat): 3227, 3042, 2973, 1605,
1580, 1507, 1256, 1172, 1127, 1059 cm-l. ITH NMR (300 MHz, DMSO-d6) J 11.29 (s, 1H),
7.67 (d,J=8.4 Hz, 1H), 7.55 (d, /= 7.6 Hz, 1H), 7.09 (t, /= 8.1 Hz, 1H), 6.27 (d, /= 7.6 Hz,
1H), 3.98 (m, 1H), 1.23 (d, J = 6.5 Hz, 6H). 13C NMR (75 MHz, DMSO-d6) ¢ 156.34,
147.23, 130.48, 128.74, 121.12, 119.95, 113.45, 43.96, 22.62. HRMS ESI-TOF [M+H]* m/z
calcd. for C10H13N402221.1039 . Found: 221.1034.

N-Butyl-7-nitro-1H-benzo|d]imidazol-2-amine (38)

3-Nitro-o-phenylenediamine (459 mg, 3 mmol), n-butyl isothiocyanate (434 uL, 3.6 mmol),
diisopropylcarbodiimide (557 pL, 3.6 mmol) were reacted in pyridine according to the
procedure A for the synthesis of the 2-aminobenzimidazoles. Flash column chromatography
afforded compound 38 (665 mg, 95%) as a yellow amorphous solid. IR (neat): 3385, 2960,
2928, 1608, 1582, 1503, 1335, 1261, 1181 cm-!. 'H NMR (300 MHz, DMSO-d6) o 11.47 (s,
1H), 7.68 (d, J = 8.2 Hz, 1H), 7.55 (d, /= 7.4 Hz, 1H), 7.09 (t, J = 7.8 Hz, 1H), 6.41 (s, 1H),
3.54 —3.23 (m, 2H), 1.56 (dd, J = 14.0, 6.9 Hz, 2H), 1.36 (dd, J = 14.4, 7.2 Hz, 2H), 0.92 (t, J
= 7.2 Hz, 3H). 3C NMR (75 MHz, DMSO-d6) ¢ 157.72, 147.68, 130.94, 129.44, 121.53,
120.44, 113.90, 42.20, 31.78, 19.95, 14.14. HRMS ESI-TOF [M+H]* m/z calcd. for
C11H1sN402235.1195. Found: 235.1193.

N-(2-Methoxyethyl)-7-nitro-1H-benzo|d]imidazol-2-amine (39)
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3-Nitro-o-phenylenediamine (459 mg, 3 mmol), 2-methoxyethyl isothiocyanate (391 pL, 3.6
mmol), diisopropylcarbodiimide (557 pL, 3.6 mmol) were reacted in pyridine according to
the procedure A for the synthesis of the 2-aminobenzimidazoles. Flash column
chromatography afforded compound 39 (590 mg, 84%) as a red-orange amorphous solid. IR
(neat): 3266, 2916, 2831, 1666, 1498, 1333, 1270, 1190, 1103 cm-!. 'H NMR (300 MHz,
DMSO-d6) 6 11.51 (s, 1H), 7.66 (t, J=14.1 Hz, 1H), 7.55 (d, J= 7.6 Hz, 1H), 7.10 (t, J= 8.0
Hz, 1H), 6.52 (s, 1H), 3.60 — 3.44 (m, 4H), 3.30 (s, 3H). 13C NMR (75 MHz, DMSO-d6) o
157.08, 146.96, 130.52, 128.86, 121.19, 120.00, 113.57, 70.56, 57.97. HRMS ESI-TOF
[M+H]* m/z calcd. for C10H13N403237.0988. Found: 237.0983.

N-Butyl-7-nitro-1H-benzo|d]imidazol-2-amine (40)

3-Nitro-o-phenylenediamine (459 mg, 3 mmol), cyclohexyl isothiocyanate (510 uL, 3.6
mmol), diisopropylcarbodiimide (557 pL, 3.6 mmol) were reacted in pyridine according to
the procedure A for the synthesis of the 2-aminobenzimidazoles. Flash column
chromatography afforded compound 40 (394 mg, 50%) as a yellow amorphous solid. IR
(neat): 3287, 2932, 2850, 1649, 1581, 1512, 1339, 1259, 1173, 1109, 1062 cm-1.'"H NMR (300
MHz, DMSO-d6) 6 11.27 (s, 1H), 7.67 (d, J= 8.4 Hz, 1H), 7.55 (d, J= 7.6 Hz, 1H), 7.09 (t, J
= 8.1 Hz, 1H), 6.38 (d, J= 7.9 Hz, 1H), 3.69 (s, 1H), 1.97 (d,/=9.8 Hz, 2H), 1.82 — 1.62 (m,
2H), 1.47 — 1.15 (m, 6H). 13C NMR (75 MHz, DMSO-d6) ¢ 156.27, 147.19, 130.42, 128.75,
121.05, 119.98, 113.40, 50.50, 32.43, 25.14, 24.13. HRMS ESI-TOF [M+H]* m/z calcd. for
C13H17N402261.1352. Found: 261.1357.

7-Nitro-N-phenyl-1H-benzo|d]imidazol-2-amine (41)

3-Nitro-o-phenylenediamine (459 mg, 3 mmol), phenyl isothiocyanate (430 pL, 3.6 mmol),
diisopropylcarbodiimide (557 pL, 3.6 mmol) were reacted in pyridine according to the
procedure A for the synthesis of the 2-aminobenzimidazoles. Flash column chromatography
afforded compound 41 AV118 (730 mg, 96%) as an orange-red amorphous solid. IR (neat):
3434, 3371, 3082, 1648, 1570, 1335, 1232, 1148, 1051, 987 cm-l. 'H NMR (300 MHz,
DMSO-d6) ¢ 11.60 (s, 1H), 9.15 (s, 1H), 7.87 — 7.66 (m, 4H), 7.46 — 7.29 (m, 2H), 7.27 —
7.11 (m, 1H), 7.01 (t, J = 7.3 Hz, 1H).13C NMR (75 MHz, DMSO-d6) ¢ 152.4, 146.4, 139.3,
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131.0, 129.0, 127.5, 122.8, 121.6, 120.5, 117.2, 115.2. HRMS ESI-TOF [M+H]* m/z calcd.
for C13H11N402255.0882. Found: 255.0880.

N-Benzyl-7-nitro-1H-benzo|d]imidazol-2-amine (42)

3-Nitro-o-phenylenediamine (459 mg, 3 mmol), benzyl isothiocyanate (477 pL, 3.6 mmol),
diisopropylcarbodiimide (557 pL, 3.6 mmol) were reacted in pyridine according to the
procedure A for the synthesis of the 2-aminobenzimidazoles. Flash column chromatography
afforded compound 42 (586 mg, 73%) as an orange-red amorphous solid. IR (neat): 3375,
3074, 2964, 2869, 1656, 1584, 1495, 1332, 1274, 1221, 1113, 982, 910 cm-l. 'H NMR (300
MHz, DMSO-d6) ¢ 11.66 (s, 1H), 7.70 (d, J = 8.4 Hz, 1H), 7.55 (d, J = 7.3 Hz, 1H), 7.41 —
7.30 (m, 4H), 7.25 (ddd, J = 6.9, 3.8, 1.5 Hz, 1H), 7.10 (t, J = 7.8 Hz, 1H), 6.96 — 6.80 (m,
1H), 4.62 (d, J = 6.2 Hz, 2H). 13C NMR (75 MHz, DMSO-d6) ¢ 157.18, 146.93, 139.56,
130.62, 128.94, 128.32, 127.05, 126.88, 121.30, 120.04, 113.68, 45.47. HRMS ESI-TOF
[M+H]* m/z calcd. for C14H13N402269.1039. Found: 269.1038.

N-Cyclohexyl-6-methyl-1H-benzo[d]imidazol-2-amine (43) [29]
4-Methyl-o-phenylenediamine (183 mg, 1 mmol), cyclohexyl isocyanide (280 pL, 1.5 mmol),
elemental selenium (1 mg, 1 mol%) and oxygen (1 atm) were reacted at 90°C in pyridine (0.2
mL) according to the procedure B for the synthesis of the 2-aminobenzimidazoles. Flash
column chromatography afforded compound 43 (170 mg, 74%) as a brown amorphous solid.
'H NMR (300 MHz, CDs0OD) ¢ 7.03 (d, /= 7.9 Hz, 1H), 6.98 (d, J= 1.2 Hz, 1H), 6.75 (dd, J
= 7.9, 1.2 Hz, 1H), 3.55 (m, 1H), 2.32 (s, 3H), 2.01-1.30 (m, 10H).13C NMR (75 MHz,
CDs;0D) ¢ 156.2, 139.3, 137.0, 130.8, 122.2, 113.1, 112.3, 52.8, 34.7, 26.9, 26.2, 21.8.

6-Chloro-N-cyclohexyl-1H-benzo|d]imidazol-2-amine (44) [30]

4-Chloro-o-phenylenediamine (214 mg, 1 mmol), cyclohexyl isocyanide (280 uL, 1.5 mmol),
elemental selenium (1 mg, 1 mol%) and oxygen (1 atm) were reacted at 90°C in pyridine (0.2
mL) according to the procedure B for the synthesis of the 2-aminobenzimidazoles. Flash
column chromatography afforded compound 44 (204 mg, 82%) as a pale yellow solid. 'H
NMR (300 MHz, CD3;0D) ¢ 7.14 (d, J = 2.0 Hz, 1H), 7.08 (d, J = 8.3 Hz, 1H), 6.90 (dd, J =
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8.3, 2.0 Hz, 1H), 3.57 (s, 1H), 2.05-1.36 (m, 10H).13C NMR (75 MHz, CD;0D) 6 157.2,
143.7, 140.8, 126.6, 121.0, 113.1, 112.9, 52.9, 34.7, 26.9, 26.3.

6-Bromo-N-cyclohexyl-1H-benzo[d]imidazol-2-amine (45)

4-Bromo-o-phenylenediamine (214 mg, 1 mmol), cyclohexyl isocyanide (280 uL, 1.5 mmol),
elemental selenium (1 mg, 1 mol%) and oxygen (1 atm) were reacted at 100°C in pyridine
(0.2 mL) according to the procedure B for the synthesis of the 2-aminobenzimidazoles. Flash
column chromatography afforded compound 45 (206 mg, 70%) as a black oil. IR (neat):
2971, 2901, 1632, 1572, 1463, 1394, 1259, 1066, 1048, 879, 798 cm-1.'H NMR (300 MHz,
CD;0OD) 0 7.23 (d, J= 1.9 Hz, 1H), 7.04 (d, J = 8.3 Hz, 1H), 6.95 (dd, J = 8.3, 1.9 Hz, 1H),
6.69 (d, J = 8.0 Hz, 1H), 3.54 (m, 1H), 1.93-1.25 (m, 10H).13C NMR (75 MHz, CD30D) ¢
155.6, 143.9, 135.5, 121.0, 115.8, 114.6, 113.4, 50.9, 32.9, 25.3, 24.7.HRMS ESI-TOF [M+H]
+m/z caled for C13H17BrN3 294.0606. Found 294.0602.

N-Butyl-6-iodo-1H-benzo|d]imidazol-2-amine (46)

4-lodo-o-phenylenediamine (306 mg, 2 mmol), (218 mg, 2 mmol), n-butyl isothiocyanate
(289 uL, 2.4 mmol), diisopropylcarbodiimide (372 uL, 2.4 mmol) were reacted in acetonitrile
according to the procedure A for the synthesis of the 2-aminobenzimidazoles. The resulting
solid was filtrated and washed with a 8:2 mixture of Et2O and acetonitrile (3x10 mL) to afford
compound 46 (273 mg, 43%) as a brown foam. IR (neat): 3395, 2955, 2927, 1629, 1594,
1568, 1458, 1264, 1014, 902 cm-!. 'H NMR (300 MHz, DMSO-d6) ¢ 10.84 (s, 1H), 7.43 (d, J
= 1.5 Hz, 1H), 7.14 (dd, J = 8.1, 1.6 Hz, 1H), 6.96 (d, J = 8.1 Hz, 1H), 6.85 — 6.67 (m, 1H),
3.28 (q, J = 6.7 Hz, 2H), 1.64 — 1.45 (m, 2H), 1.45 — 1.24 (m, 2H), 0.90 (t, J = 7.0 Hz, 3H).
13C NMR (75 MHz, DMSO-d6) 6 156.07, 127.03, 119.90, 113.35, 81.48, 41.88, 31.45, 19.55,
13.71. Some quaternary carbons and aromatic CH too broad to be seen due to very slow

relaxation. HRMS ESI-TOF [M+H]* m/z calcd. for C11H14!27IN3316.0311. Found: 316.0326.

N-Butyl-6-(1H-tetrazol-1-yl)-1H-benzo|d]imidazol-2-amine (47)
4-(1H-Tetrazol-1-yl)benzene-1,2-diamine (352mg, 2 mmol), n-butyl isothiocyanate (288 L,
2.4 mmol), diisopropylcarbodiimide (372 pL, 2.4 mmol) were reacted in acetonitrile

according to the procedure A for the synthesis of the 2-aminobenzimidazoles. The resulting
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solid was filtrated and washed with a 8:2 mixture of Et20O and acetonitrile (3x10 mL) to afford
compound 47 (250 mg, 48%) as a beige foam. IR (neat): 2958, 2930, 1678, 1586, 1462,
1404, 1276, 1090, 1002, 918 cm-1. 'H NMR (300 MHz, DMSO) 6 11.17 (s, 1H), 9.94 (s, 1H),
7.57 (d,J= 1.8 Hz, 1H), 7.40 — 7.20 (m, 2H), 6.94 (t, /= 5.6 Hz, 1H), 3.30 (dd, J = 12.8, 6.9
Hz, 2H), 1.66 — 1.44 (m, 2H), 1.36 (dq, J = 14.2, 7.2 Hz, 2H), 0.96 — 0.81 (m, 3H). 13C NMR
(75 MHz, DMSO-d6) ¢ 171.92, 157.30, 142.14, 139.52, 126.12, 112.47, 111.14, 105.13,
41.86, 31.39, 19.52, 13.67. HRMS ESI-TOF [M+H]* m/z calcd for Ci2HisN7 258.1467.
Found: 258.1463.

2-(Butylamino)-1H-benzo|[d]imidazole-6-carbonitrile (48)

4-Cyano-o-phenylenediamine (266 mg, 2 mmol), n-butyl isothiocyanate (289 pL, 2.4 mmol),
diisopropylcarbodiimide (372 pL, 2.4 mmol) were reacted in acetonitrile according to the
procedure A for the synthesis of the 2-aminobenzimidazoles. Flash column chromatography
afforded compound 48 (58 mg, 14%) as a white amorphous solid. IR (neat): 3267, 2949,
2867, 2213, 1663, 1605, 1568, 1287, 1126, 997 cm-l. 'H NMR (300 MHz, DMSO) 6 11.16 (s,
1H), 7.46 (s, 1H), 7.32 — 7.12 (m, 2H), 7.06 (s, 1H), 3.39 — 3.14 (m, 2H), 1.66 — 1.44 (m, 2H),
1.44 — 1.24 (m, 2H), 0.88 (t, J = 7.2 Hz, 3H). 13C NMR (75 MHz, DMSO-d6) ¢ 157.62,
123.88, 120.87, 113.32, 41.79, 31.34, 19.49, 13.65. Some quaternary carbons and aromatic
CH too broad to be seen due to very slow relaxation. HRMS ESI-TOF [M+H]* m/z calcd. for
C12H15N4215.1297. Found: 215.1301.

7-Bromo-N-butyl-5-(trifluoromethyl)-1H-benzo|d]imidazol-2-amine (49)

3-Bromo-5-(trifluoromethyl)benzene-1,2-diamine (510 mg, 2 mmol), n-butyl isothiocyanate
(289 uL, 2.4 mmol), diisopropylcarbodiimide (372 pL, 2.4 mmol) were reacted in acetonitrile
according to the procedure A for the synthesis of the 2-aminobenzimidazoles. Flash column
chromatography afforded compound 49 (264 mg, 39%) as a white amorphous solid. IR (neat):
3413, 2933, 1641, 1598, 1425, 1313, 1111, 963 cm-l. 'H NMR (300 MHz, DMSO-d6) ¢ 11.34
(s, 1H), 7.38 (m, 3H), 3.32 (dd, J = 12.9, 6.8 Hz, 2H), 1.67 — 1.47 (m, 2H), 1.43 — 1.25 (m,
2H), 0.89 (t, J = 7.3 Hz, 3H). 13C NMR (75 MHz, DMSO-d6) ¢ 157.73, 145.50, 133.96,
126.35, 122.76, 119.65, 106.28, 104.71, 41.83, 31.40, 19.44, 13.58.19F NMR (282 MHz,
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DMSO-d6) 6 — 58.53 (s, 3F). HRMS ESI-TOF [M+H]* m/z caled for
C12H1479BrF3N;3 336.0323. Found: 336.0326.

4.1.3. General procedures for the Suzuki-Miyaura cross-coupling reaction

A mixture of aryl bromide (1 equiv.), boronic acid (1 equiv.) and base (3 equiv.) in dioxanne
(ImL) and water (0.1 mL) was degassed under a flow of Argon for 5 minutes. Palladium
catalyst (5 mol%) was then added and the reaction mixture was heated at 80°C for 16h. The
reaction mixture was allowed to cool to room temperature then concentrated under reduced

pressure. The crude was purified by flash column chromatography on silica gel (CH2Cly/

CH;OH: 95/5).

6-(2-Chlorophenyl)-N-ethyl-1H-benzo|d]imidazol-2-amine (50)
6-Bromo-N-ethyl-1H-benzo[d]imidazol-2-amine (108 mg, 0.45 mmol), (2-
chlorophenyl)boronic acid (70 mg, 0.45 mmol), KoCO3 (186 mg, 1.35 mmol) and Pd(PPh3);
(26 mg, 0.02 mmol, 5 mol%) were reacted in dioxanne (3 mL) and water (1 mL) according to
the general procedure for the Suzuki cross-couplings. Flash column chromatography afforded
compound 50 (33 mg, 27%) as a brown foam. IR (neat): 3055, 2925, 1634, 1578, 1598, 1460,
1269, 1034 cm-!. 'TH NMR (300 MHz, CDCls3) ¢ 8.17 (s, 1H), 7.55 — 7.15 (m, 6H), 7.12 (dd, J
= 8.1, 1.6 Hz, 1H), 5.70 (s, 1H), 3.47 (q, J = 7.2 Hz, 1H), 1.20 (t, J = 7.2 Hz, 3H). 13C NMR
(75 MHz, CDCl3) ¢ 155.2, 141.4, 137.4, 132.7, 132.2, 131.8, 129.9, 128.0, 126.7, 122.6,
113.2, 111.8, 38.2, 15.2. HRMS ESI-TOF [M+H]* m/z calcd for CisH;s35CINg 272.0955.
Found 272.0966.

N-Ethyl-6-(3-nitrophenyl)-1H-benzo[d]imidazol-2-amine (51)

6-Bromo-N-ethyl-1H-benzo[d]imidazol-2-amine (108 mg, 0.45 mmol), (3-
nitrophenyl)boronic acid (75 mg, 0.45 mmol), K3PO4 (286 mg, 1.35 mmol) and PdCl>(dtbpf)
(15 mg, 0.02 mmol, 5 mol%) were reacted in dioxanne and water according to the general
procedure for the Suzuki cross-couplings. Flash column chromatography afforded compound
51 (21 mg, 16%) as a yellow foam. IR (neat): 3075, 2926, 1603, 1519, 1467, 1342, 1267,
1034 cm-1. 'TH NMR (300 MHz, CD30D) 6 8.48 — 8.36 (m, 1H), 8.23 — 8.09 (m, 1H), 8.09 —
7.96 (m, 1H), 7.64 (dd, J = 16.3, 8.3 Hz, 1H), 7.57 (s, 1H), 7.50 — 7.33 (m, 2H), 3.49 (q, J =
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7.2 Hz, 2H), 1.36 (t, J = 7.2 Hz, 2H). 2H missing due to chemical exchange. 13C NMR (75
MHz, CD3;0D) ¢ 155.6, 150.2, 144.6, 140.3, 136.3, 134.1, 131.1, 129.2, 128.1, 122.4, 122.2,
113.2, 111.2, 38.8, 15.1. HRMS ESI-TOF [M+H]* m/z calcd. for C15sH15sN4O2283.1195. Found
283.1184.

N-Ethyl-6-(3-methoxyphenyl)-1H-benzo|d]imidazol-2-amine (52)
6-Bromo-N-ethyl-1H-benzo[d]imidazol-2-amine (108 mg, 0.45 mmol), (3-
methoxyphenyl)boronic acid (68 mg, 0.45 mmol), K3POs (286 mg, 1.35 mmol) and
PdClz(dtbpf) (15 mg, 0.02 mmol, 5 mol%) were reacted in dioxanne and water according to
the general procedure for the Suzuki cross-couplings. Flash column chromatography afforded
compound 52 (40 mg, 33%) as a light brown foam. IR (neat): 3386, 2931, 2833, 1635, 1575,
1465, 1269, 1220, 1163, 1047, 1023 cm-l. 'H NMR (300 MHz, CDCl3) 6 7.51 (s, 1H), 7.42 —
7.24 (m, 3H), 7.24 — 7.08 (m, 2H), 6.90 — 6.78 (m, 1H), 6.35 (s, 1H), 5.19 (s, 1H), 3.83 (s,
3H), 3.48 (q, J = 7.2 Hz, 2H), 1.23 (t, J = 7.2 Hz, 3H). 13C NMR (75 MHz, CDCI3) ¢ 159.9,
155.8, 143.7, 137.9, 134.1, 126.6, 120.3, 119.7, 112.9, 112.4, 111.9, 110.6, 55.2, 38.1, 15.2.
HRMS ESI-TOF [M+H]" m/z calcd. for Ci6H1sN30 268.1450. Found 268.1443.

N-Butyl-6-(3-nitrophenyl)-1H-benzo[d]imidazol-2-amine (53)
6-Bromo-N-butyl-1H-benzo[d]imidazol-2-amine (107 mg, 0.4 mmol), (3-nitrophenyl)boronic
acid (67 mg, 0.4 mmol), K3PO4 (286 mg, 1.2 mmol) and PdClx(dtbpf) (14 mg, 0.02 mmol, 5
mol%) were reacted in dioxanne and water according to the general procedure for the Suzuki
cross-couplings. Flash column chromatography afforded compound 53 (19 mg, 16%) as a
yellow foam. IR (neat): 3392, 2927, 1635, 1600, 1581, 1524, 1463, 1344, 1270, 1099 cm-!. 'H
NMR (300 MHz, Acetone-d6) ¢ 8.42 (t, J = 2.0 Hz, 1H), 8.17 — 7.98 (m, 2H), 7.69 (t, J= 8.0
Hz, 1H), 7.56 (d, /= 1.2 Hz, 1H), 7.42 — 7.22 (m, 2H), 6.41 (s, 1H), 3.49 (t, /= 7.1 Hz, 2H),
1.76 — 1.58 (m, 2H), 1.53 — 1.33 (m, 2H), 0.93 (t, J = 7.3 Hz, 3H). 13C NMR (300 MHz,
Acetone-d6) 0 157.5, 149.8, 145.2, 141.0, 140.4, 133.7, 130.8, 121.8, 121.4, 119.9, 113.0,
111.0, 43.3, 32.8, 20.7, 14.1. HRMS ESI-TOF [M+H]* m/z calcd for C17H19N4O> 311.1508.
Found 311.1513.

N-Butyl-6-(3-methoxyphenyl)-1H-benzo|d]imidazol-2-amine (54)
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6-Bromo-N-butyl-1H-benzo[d]imidazol-2-amine (107 mg, 0.4 mmol), (3-
methoxyphenyl)boronic acid (61 mg, 0.4 mmol), K3POs (255 mg, 1.2 mmol) and
PdClz(dtbpf) (14 mg, 0.02 mmol, 5 mol%) were reacted in dioxanne and water according to
the general procedure for the Suzuki cross-couplings. Flash column chromatography afforded
compound 54 (61 mg, 52%) as a light brown foam. IR (neat): 3058, 2955, 1636, 1577, 1464,
1270, 1221, 1163, 1047, 1034 cm-l. 'H NMR (300 MHz, CDCl3) ¢ 7.53 (s, 1H), 7.43 — 7.23
(m, 3H), 7.24 — 7.06 (m, 2H), 6.92 — 6.79 (m, 1H), 5.24 (s, 2H), 3.85 (s, 3H), 3.42 (t, J=17.1
Hz, 2H), 1.61 (dt, J = 14.9, 7.4 Hz, 2H), 1.47 — 1.29 (m, 2H), 0.89 (t, J = 7.3 Hz, 3H). 13C
NMR (75 MHz, CDCl3) ¢ 159.9, 155.4, 143.7, 137.4, 134.3, 129.6, 128.6, 120.4, 119.7,
112.8,112.4,111.9, 110.8, 55.2, 43.2, 31.9, 20.0, 13.7. HRMS ESI-TOF [M+H]* m/z calcd for
C1sH22N30 296.1763. Found 296.1762.

N-Butyl-6-(thiophen-3-yl)-1H-benzo[d]imidazol-2-amine (55)
6-Bromo-N-butyl-1H-benzo[d]imidazol-2-amine (107 mg, 0.4 mmol), thiophen-3-ylboronic
acid (51 mg, 0.4 mmol), K3PO4 (255 mg, 1.2 mmol) and PdClx(dtbpf) (14 mg, 0.02 mmol, 5
mol%) were reacted in dioxanne and water according to the general procedure for the Suzuki
cross-couplings. Flash column chromatography afforded compound 55 (75 mg, 69%) as a
light brown foam. IR (neat): 3389, 3100, 2927, 1634, 1575, 1459, 1363, 1271, 1229, 1032
cm-l. TH NMR (300 MHz, CDCl3) ¢ 7.55 (s, 1H), 7.48 (s, 1H), 7.39 — 7.29 (m, 5H), 5.15 (s,
1H), 3.43 (t, J = 7.1 Hz, 2H), 1.66 — 1.46 (m, 2H), 1.40 — 1.23 (m, 2H), 0.85 (t, J = 7.3 Hz,
3H). 13C NMR (75 MHz, CDCl3) ¢ 156.0, 143.2, 137.8, 129.0, 126.6, 125.9, 119.6, 118.8,
109.9, 43.1, 31.9, 20.0, 13.7. HRMS ESI-TOF [M+H]* m/z calcd. for CisHisN3S 272.1221.
Found 272.1217.

N-Butyl-6-((trimethylsilyl)ethynyl)-1H-benzo|d]imidazol-2-amine (56)

A mixture of compound 32 (536 mg, 2 mmol, 1 equiv.), trimethylsilylacetylene (831 uL, 6
mmol, 3 equiv.) and triethylamine (836 pL, 6 mmol, 5 equiv.) in dry DMF (0.5 mL) was
degassed under a flow of Argon for 5 minutes. PdCl2(dtbpf) (68 mg, 0.1 mmol, 10 mol%) and
Cul (38 mg, 0.2 mmol, 20 mol%) were then added and the reaction mixture was heated at
60°C for 16h. The reaction mixture was allowed to cool to room temperature then
concentrated under reduced pressure. The crude was purified by flash column

chromatography on silica gel (CH2Clo/CH30H : 95/5) to afford compound 56 (324 mg, 57%)
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as a brown foam. 'H NMR (300 MHz, CDCl3) 6 9.54 (s, 1H), 7.45 — 6.58 (m, 3H), 5.29 (s,
1H), 3.49 — 2.90 (m, 2H), 1.48 — 1.15 (m, 2H), 1.13 — 0.78 (m, 2H), 0.70 — 0.34 (m, 3H),
-0.03 (s, 9H). 13C NMR (75 MHz, CDCl3) ¢ 156.5, 138.4, 136.4, 125.4, 114.8, 111.8, 106.4,
91.6, 84.8, 42.9, 31.7, 19.8, 13.5, 0.0. HRMS ESI-TOF [M+H]* m/z calcd. For Ci6H24N328Si
286.1740. Found 286.1752.

N-Butyl-6-ethynyl-1H-benzo|d]imidazol-2-amine (57)

Compound 56 (251 mg, 0.88 mmol) and K>CO3 (134 mg, 0.97 mmol) were reacted in
MeOH/water : 1/1 (1 mL) at room temperature for 16h. The reaction mixture was then
concentrated under reduced pressure. The crude was purified by flash column
chromatography on silica gel (CH2Clo/CH30H: 95/5) to afford compound 57 (140 mg, 86%)
as a yellow foam. IR (neat): 3397, 3285, 2957, 2102, 1632, 1593, 1571, 1462, 1273, 1218,
1118 cm-l. ITH NMR (300 MHz, CDCl3) 6 7.35 (s, 1H), 7.33 — 7.14 (m, 2H), 5.34 (s, 1H), 5.10
(s, 1H), 3.41 (t, J=7.1 Hz, 2H), 3.00 (s, 1H), 1.79 — 1.48 (m, 2H), 1.45 — 1.23 (m, 2H), 0.89
(t, J = 7.3 Hz, 3H). 13C NMR (75 MHz, CDCl3) ¢ 156.1, 139.7, 136.9, 125.6, 115.4, 113.7,
112.4, 85.0, 75.0, 43.1, 20.0, 13.7.

6-(1-Benzyl-1H-1,2,3-triazol-4-yl)-N-ethyl-1H-benzo[d]imidazol-2-amine (58)

A mixture of benzyl bromide (52 pL, 0.44 mmol, 1.1 equiv.), NaN3 (29 mg, 0.44 mmol, 1.1
equiv.) was stirred in DMF (0.5 mL) and water (0.1 mL) at room temperature for 16h. Once
the intermediate azide is formed (TLC control using Heptane/EtOAc : 8/2), compound 57 (85
mg, 0.40 mmol, 1 equiv.), CuSO4.5H20 (10 mg, 0.04 mmol, 10 mol%) and sodium ascorbate
(16 mg, 0.08 mmol, 20 mol%) were added. The reaction mixture was stirred for further 16h at
room temperature. Afterward, the reaction mixture was concentrated under reduced pressure
and the crude purified by flash column chromatography on silica gel (CH2Clo/CH30H: 95/5)
to afford compound 58 (56 mg, 40%) as a brown foam. IR (neat): 3031, 2926, 2164, 1671,
1456, 1222, 1071 cm-l. 'H NMR (300 MHz, CD;0D) ¢ 8.39 — 8.24 (m, 1H), 7.77 (s, 1H),
7.60 (t, J = 10.9 Hz, 1H), 7.43 — 7.29 (m, 6H), 5.62 (s, 2H), 1.68 (dt, J = 14.4, 7.0 Hz, 2H),
1.55 = 1.35 (m, 2H), 0.99 (t, J = 7.3 Hz, 3H). 2H missing due to chemical exchange with
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MeOD. 13C NMR (75 MHz, CD;0D) ¢ 153.7, 149.2, 136.8, 133.8, 133.6, 130.1, 129.6, 129.1,
126.7, 122.1, 121.8, 112.8, 109.5, 55.1, 44.1, 32.1, 21.0, 14.1. HRMS ESI-TOF [M+H]* m/z
calcd For Cy0H23Ng 347.1984. Found 347.1977.

4.1.4. General procedure for the amidation with 1,5,7-triazabicyclo[4.4.0]dec-5-ene
(TBD)

Procedure A

A mixture of 2-aminobenzimidazole (limiting reagent) and triazabicyclodecene (TBD, 1
equiv.) was stirred in DMF (1 mL) until the formation of a heavy precipitate, then amine (1.2
equiv.) was added and the reaction mixture was at 90 °C for 16 h under air. After, the reaction
mixture was evaporated to remove volatiles. The residue was either purified by flash column
chromatography on silica gel (CH2Cl2/CH30H : 95/5).

Procedure B

A mixture of 2-aminobenzimidazole (limiting reagent), triazabicyclodecene (TBD, 1 equiv.)
and amine (5 equiv.) was stirred at 90 °C for 16 h under air. After, the reaction mixture was
evaporated to remove volatiles. The residue was either purified by flash column

chromatography on silica gel (CH2Clo/CHsOH : 95/5).

N-Ethyl-2-((6-nitro-1H-benzo|d]imidazol-2-yl)amino)acetamide (59)

Ethyl (6-nitro-1H-benzo[d]imidazol-2-yl)glycinate (70 mg, 0.3 mmol), triazabicyclodecene
(42 mg, 0.3 mmol) and ethylamine (100 pL, 1.5 mmol, 5 equiv.) were reacted according to
the procedure B. Flash column chromatography afforded compound 59 (54 mg, 62%) as a
orange amorphous solid. IR (neat): 3363, 3240, 2922, 1673, 1615, 1515, 1451, 1329, 1242,
1122, 1042 cm-!. 'TH NMR (300 MHz, Acetone-d6) 6 8.04 (d, J= 2.3 Hz, 1H), 7.93 (dd, J =
8.7,2.3 Hz, 1H), 7.51 (s, 1H), 7.28 (d, J = 8.7 Hz, 1H), 6.88 (s, 1H), 4.15 (s, 2H), 3.32 — 3.22
(m, 1H), 1.10 (t, J = 7.2 Hz, 3H). 13C NMR (75 MHz, Acetone-d6) 6 169.7, 159.3, 144.1,
142.0, 139.2, 139.4, 117.6, 112.8, 107.9, 46.5, 34.7, 15.1. HRMS ESI-TOF [M+H]* m/z calcd
For C11H14N503 264.1097. Found: 264.1106.

N-Butyl-2-((6-nitro-1H-benzo|d]imidazol-2-yl)amino)acetamide (60)
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Ethyl (6-nitro-1H-benzo[d]imidazol-2-yl)glycinate (70 mg, 0.3 mmol), triazabicyclodecene
(42 mg, 0.3 mmol) and n-butylamine (148 pL, 1.5 mmol, 5 equiv.) were reacted according to
the procedure B for the amidation. Flash column chromatography afforded compound 60 (37
mg, 42%) as a yellow amorphous solid. IR (neat): 3267, 2956, 2928, 1592, 1530, 1461, 1279,
1092 cm-1. 'H NMR (300 MHz, Acetone-d6) 6 10.71 (s, 1H), 8.06 (d, J=2.2 Hz, 1H), 7.94 (s,
1H), 7.47 (s, 1H), 7.29 (d, J = 8.8 Hz, 1H), 6.84 (s, 1H), 4.14 (s, 2H), 3.40 — 3.09 (m, 2H),
1.57 — 1.42 (m, 2H), 1.40 — 1.15 (m, 2H), 0.89 (t, J = 7.2 Hz, 3H). 13C NMR (75 MHz,
Acetone-d6) 6 168.3, 157.8, 146.5, 143.7, 139.7, 119.4, 114.0, 109.3, 46.6, 39.5, 32.4, 20.6,
14.0. HRMS ESI-TOF [M+H]* m/z calcd. For C13H1sN503 292.140. Found: 292.1407.

N-Benzyl-2-(butylamino)-1H-benzo[d]imidazole-6-carboxamide (61)
2-(Butylamino)-1H-benzo[d]imidazole-6-carboxylate (74 mg, 0.3 mmol), triazabicyclodecene
(42 mg, 0.3 mmol) and benzylamine (68 pL, 1.5 mmol, 5 equiv.) were reacted according to
the procedure B for the amidation. Flash column chromatography afforded compound 61
(62mg, 64%) as a white foam. IR (neat): 3256, 2925, 1606, 1562, 1460, 1280, 1218, 1026
cm-l. TH NMR (300 MHz, DMSO-d6) ¢ 10.90 (s, 1H), 8.78 (t, /= 6.0 Hz, 1H), 7.69 (s, 1H),
7.51 (s, 1H), 7.41 — 7.23 (m, 4H), 7.28 — 7.16 (m, 1H), 7.12 (d, J = 8.2 Hz, 1H), 6.79 (s, 1H),
4.47 (d, J= 6.0 Hz, 2H), 3.33 — 3.19 (m, 2H), 1.56 (dt, J = 14.8, 7.3 Hz, 2H), 1.45 — 1.26 (m,
2H), 0.91 (t, /= 7.3 Hz, 3H). 13C NMR (75 MHz, DMSO-d6) ¢ 167.07, 157.07, 140.2, 128.1,
127.1, 126.5, 119.8, 113.2, 107.9, 42.5, 41.9, 31.5, 19.5, 13.7. HRMS ESI-TOF [M+H]* m/z
caled For C19H23N40 323.1872. Found 323.1862.

Methyl 2-(butylamino)-1H-benzo|d]imidazole-6-carboxylate (62)

2-(Butylamino)-1H-benzo[d]imidazole-6-carboxylate (111 mg, 0.45 mmol),
triazabicyclodecene (63 mg, 0.45 mmol) and 2-phenylethylamine (68 pL, 0.45 mmol, 1.2
equiv.) were reacted according to the procedure A for the amidation. Flash column
chromatography afforded compound 62 (21 mg, 14%) as a white foam. IR (neat): 3323, 3212,
2959, 1646, 1604, 1539, 1476, 1282, 1219, 1135, 1135 cm-1. 'H NMR (300 MHz, CD3;0D) ¢
7.65 (d, J= 1.4 Hz, 1H), 7.46 (m, 1H), 7.39 — 7.13 (m, 6H), 3.71 — 3.52 (m, 2H), 3.48 — 3.35
(m, 2H), 3.02 — 2.86 (m, 2H), 1.74 — 1.56 (m, 2H), 1.56 — 1.38 (m, 2H), 1.00 (t, /= 7.3 Hz,
3H). 3H missing due to chemical exchange with MeOD. 13C NMR (75 MHz, CD30D) ¢
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168.7, 154.7, 145.0, 141.3, 129.9, 129.5, 127.3, 121.1, 120.1, 155.0, 112.3, 111.6, 43.6, 42.7,
36.7, 33.0, 21.0, 13.9. HRMS ESI-TOF [M+H]* m/z calcd For C20H25N4O 337.2028. Found
337.2034.

2-(Butylamino)-/N-(3-phenylpropyl)-1H-benzo|d]imidazole-6-carboxamide (63)
2-(Butylamino)-1H-benzo[d]|imidazole-6-carboxylate (74 mg, 0.3 mmol), triazabicyclodecene
(42 mg, 0.3 mmol) and 3-phenylpropylamine (213 pL, 1.5 mmol, 5 equiv.) were reacted
according to the procedure B for the amidation. Flash column chromatography afforded
compound 63 (48 mg, 46%) as a pink foam. IR (neat): 3267, 2956, 2928, 1592, 1530, 1461,
1279, 1092 cm-l. TH NMR (300 MHz, CD3;0D) ¢ 7.69 (d, J = 1.6 Hz, 1H), 7.51 (dd, J = 8.3,
1.7 Hz, 1H), 7.30 — 7.04 (m, 6H), 3.48 — 3.26 (m, 4H), 2.75 — 2.58 (m, 2H), 2.00 — 1.81 (m,
2H), 1.71 — 1.52 (m, 2H), 1.51 — 1.33 (m, 2H), 0.97 (t, J = 7.3 Hz, 3H). 3H missing due to
chemical exchange with MeOD. 13C NMR (75 MHz, CDs;0OD) ¢ 171.3, 158.5, 143.1, 129.4,
127.5, 126.9, 121.1, 112.4, 111.6, 43.6, 40.8, 34.4, 33.0, 32.5, 21.1, 14.2. HRMS ESI-TOF
[M+H]* m/z caled. For C21H27N40 351.2185. Found 351.2168.

4.1.5. General procedure for the synthesis of the 2-aminobenzothiazoles 66 and (67)
[23]

A mixture of the corresponding 2-chloro-6-nitrobenzo[d]thiazole 64 or 2-chloro-5-

nitrobenzo[d]thiazole 65 (429, mg, 2 mmol), DBU (30 pL, 0.2 mmol, 10 mol%), NaHCO3

(190 mg, 1.8 mmol, 0.9 equiv.) was vigorously stirred with a spatula then left on standing for

5 minutes until the reaction mixture became a thick solid. The resulting solid was washed

with water and then recrystallized from ethanol.

N-Butyl-6-nitrobenzo|d]thiazol-2-amine (66)

2-Chloro-6-nitrobenzo[d]thiazole (429 mg, 2 mmol, DBU (30 pL, 0.2 mmol, 10 mol%),
NaHCOs (190 mg, 1.8 mmol, 0.9 equiv.) were reacted following the general procedure for the
synthesis of the 2-aminobenzothiazoles. Recrystallization from ethanol afforded compound 66
(303 mg, 60%) as a yellow solid. IR (neat): 3096, 2957, 2862, 1624, 1562, 1456, 1328, 1286,
1214, 1124, 1037 cm-l. 'H NMR (300 MHz, CDCls) ¢ 8.50 (t, J = 2.6 Hz, 1H), 8.27 — 8.10
(m, 1H), 7.46 (dd, J = 8.9, 2.8 Hz, 1H), 6.78 (s, 1H), 3.46 (td, /= 7.1, 2.7 Hz, 2H), 1.72 (qd, J
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=17.7,2.6 Hz, 2H), 1.54 — 1.31 (m, 2H), 0.97 (td, J = 7.3, 2.8 Hz, 3H). 13C NMR (75 MHz,
CDClh) 0 171.8, 157.6, 141.8, 130.4, 122.6, 117.6, 117.4, 45.8, 31.3, 20.0, 13.6. HRMS ESI-
TOF [M+H]* m/z caled For C11H14N302S 252.0807. Found: 252.0804.

N-Butyl-5-nitrobenzo|d]thiazol-2-amine (67)

2-Chloro-5-nitrobenzo[d]thiazole (429 mg, 2 mmol), DBU (30 pL, 0.2 mmol, 10 mol%),
NaHCOs3 (190 mg, 1.8 mmol, 0.9 equiv.) were reacted following the general procedure for the
synthesis of the 2-aminobenzothiazoles. Recrystallization from ethanol afforded (67) (294
mg, 58%) as a brown solid. IR (neat): 3010, 2855, 1611, 1504, 1329, 1290, 1080, 1058, 944
cm-l. 'TH NMR (300 MHz, CDCls) 6 8.25 (d, J=27.6 Hz, 1H), 7.96 (d, J = 8.6 Hz, 1H), 7.70
(d, J=28.6 Hz, 1H), 6.77 (s, 1H), 3.47 (t, J= 7.1 Hz, 2H), 1.74 (dt, J = 14.8, 7.3 Hz, 2H), 1.48
(dq, J = 14.3, 7.3 Hz, 2H), 0.99 (t, J = 7.3 Hz, 3H). 13C NMR (75 MHz, CDCl;) J 169.9,
153.1, 146.9, 120.8, 116.1, 113.2, 45.7, 31.5, 20.0, 13.7. HRMS ESI-TOF [M~+H]* m/z calcd.
For C11H14N30:S 252.0807. Found: 252.0801.

4.2. Biology

4.2.1. Cell cultures

The human cell lines FADD-deficient Jurkat I 2.1, Jurkat wild-type A3 and RPE-1 hTERT,
were obtained from ATCC (American Type Culture Collection, Rockville, MD, USA). Jurkat
wild type, FADD deficient Jurkat cells were cultured in RPMI containing Glutamax
(Invitrogen) supplemented with 15% FCS. RPE-1 hTERT cells were cultured in DMEM-F12
containing Glutamax (Invitrogen) supplemented with 10% FCS. All cells were cultured under

a 5% CO2 atmosphere at 37 °C.

4.2.2. Reagents
Recombinant human Flag-tagged TRAIL (TRAIL-Flag) and z-VAD-fmk were obtained from
Enzo Life Sciences (Villeurbanne, France). Necrostatin-1s (Nec-1s) were from Calbiochem

(VWR International, Fontenay-sous-Bois, France). Sibiriline (Sib) was a kind gift of
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SeaBeLife Biotech SAS (Roscoff, France). The cytokine TNF-a used for the cell-based assay
was obtained from Invitrogen (Carlsbad, CA, USA).

4.2.3. Cell-based assays

The cell-based screening assay used for the characterization of necroptosis inhibitors has been
previously described in Delehouzé et al.[5] and Le Cann et al.[4] The cell-death by
necroptosis was induced in Jurkat FADD-deficient cells by addition of 10 ng/ml of human
recombinant TNF-a (Invitrogen). The chemical compounds tested here were formatted at 10
mM in 100% DMSO in 96-well plates. The quantification of the cell viability was used as the
main parameter to detect bioactive compounds. The cell viability was evaluated by detection
of MTS reduction according to the manufacturer’s instructions (CellTiter 96® AQueous Non-
Radioactive Cell Proliferation Assay, Promega, Fitchburg, WI, USA) (see Delehouzé et al.[5]
for experimental details). As the reduction of tetrazolium reagents can be occasionally
observed under conditions in which cell death does not occur, we also used the lactate
dehydrogenase (LDH) release assay, as independent cell death assay. The % of maximal cell
death was determined by using the CyQUANT™ LDH Cytotoxicity Assay Kit (Invitrogen,

Carlsbad, CA, USA), according to the manufacturer's instructions.

4.2.4. Protein kinase assays

Kinase enzymatic activities were assayed in 384-well plates using the ADP-Glo™ assay kit
according the recommendations of the manufacturer (Promega, Madison, WI). This assay
provides an homogeneous and high-throughput screening method to measure kinase activity
by quantifying the amount of ADP produced during a kinase.[31] The reactions were carried
in the presence of 10 uM ATP. The transmitted signal was measured using the Envision
(PerkinElmer, Waltham, MA) microplate luminometer and expressed in Relative Light Unit
(RLU). Peptide substrates were obtained from Proteogenix (Schiltigheim, France). These
experiments were performed on the Kinase Inhibitor Specialized Screening facility (KISS,
FR2424, Station Biologique, Roscoff, France).

The following buffers were used: (A) 10 mM MgCl, | mM EGTA, 1 mM DTT, 25 mM Tris-
HCI pH 7.5, 50 pg/ml heparin; (B) 25 mM MOPS, pH7.2, 12.5 mM B-glycerophosphate, 25
mM MgCl, 5 mM EGTA, 2 mM EDTA, 0.25 mM DTT; (C) 5 mM MOPS pH 7.2, 2.5 mM -
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glycerophosphate, 4 mM MgCl, 2.5 mM MnCl,, 1 mM EGTA, 0.5 mM EDTA, 50 pg/ml
BSA, 0.05 mM DTT.

The following protein kinases were analyzed during this study: AuroraB (human,
recombinant, expressed by baculovirus in Sf9 insect cells, SignalChem, product #A31-10G)
was assayed in buffer B with 0.16 pg/ul of myelin basic protein (MBP) as substrate; CDK2/
CyclinA (cyclin-dependent kinase-2, human, kindly provided by Dr. A. Echalier-Glazer,
Leicester, UK) was assayed in buffer A with 0.8 pg/ul of histone H1 as substrate; CDKS/p25
(human, recombinant, expressed in bacteria) was assayed in buffer A with 0.8 pg/ul of
histone H1 as substrate; CDK9/CyeclinT (human, recombinant, expressed by baculovirus in
Sf9 insect cells) was assayed in buffer A with 0.27 pg/ul of the following peptide:
YSPTSPSYSPTSPSYSPTSPSKKKK, as substrate; CKle (human, recombinant, expressed
by baculovirus in Sf9 insect cells) was assayed in buffer A with 0.022 pg/ul of the following
peptide: RRKHAAIGSpAYSITA (“Sp” stands for phosphorylated serine) as CKl1-specific
substrate; HASPIN-kd (human, kinase domain, amino acids 470 to 798, recombinant,
expressed in bacteria) was assayed in buffer A with 0.007 pg/ul of Histone H3 (1-21) peptide
(ARTKQTARKSTGGKAPRKQLA) as substrate; Pim-1 (human proto-oncogene,
recombinant, expressed in bacteria) was assayed in buffer A with 0.083ug/ul of histone H1
(Sigma #H5505) as substrate; RIPK3 (human, recombinant, expressed by baculovirus in Sf9
insect cells) was assayed in buffer C with 0.1 pg/ul of MBP as substrate; MmCLK1 (from
Mus musculus, recombinant, expressed in bacteria) was assayed in buffer A with 0.017 pg/ul
of the following peptide: GRSRSRSRSRSR as substrate; RnDYRKI1A-kd (Rattus
norvegicus, amino acids 1 to 499 including the kinase domain, recombinant, expressed in
bacteria, DNA vector kindly provided by Dr. W. Becker, Aachen, Germany) was assayed in
buffer A with 0.033 pg/ul of the following peptide: KKISGRLSPIMTEQ as substrate; ABL1
(human, amino acids 118 to 535, recombinant, expressed by baculovirus in Sf9 insect cells)
were assayed in buffer A with 0.17 pg/ul of the following peptide (dubbed ABLtide):
EATYAAPFAKKK as ABL1-selective substrate; JAK3 (human, C-terminal fragment, amino
acids 781-1124, recombinant, expressed by baculovirus in Sf9 insect cells) were assayed in
buffer A with 0.17 pg/pl of the following peptide (dubbed JAK3tide):
GGEEEEYFELVKKKK as JAK3-selective substrate.
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To validate each kinase assay, the following model inhibitors were used under the same
conditions than the tested compounds: Barasertib (AZD1152-HQPA, #S1147, Selleckchem)
for AuroraB; Staurosporine from Streptomyces sp. (#S5921, purity =95%, Sigma-Aldrich) for
CKlg; Indirubin-3’-oxime (#10404, Sigma-Aldrich) for CDK2/CyclinA, CDKS5/p25, CDKY9/
CyclinT, RuDYRK1A and MmCLK1; CHR-6494 (#SML0648, Sigma-Aldrich) for HASPIN;
Tofacitinib (CP-690550, #S2789, Selleckchem) for JAK3; Imatinib mesylate (STI571,
#S1026, Selleckchem) for ABL1; GSK’872 (GSK2399872A, #S8465, Selleckchem) for
RIPK3; SGI-1776 (#S2198, Selleckchem) for Pim1.

The catalytic activity of RIPK1 was detected by Eurofins Discovery (Celle-L’Evescault,
France) using a radiometric assay. Briefly, human RIPK1-kd (amino acids 8 to 322 including
the kinase domain, recombinant) was assayed in 8 mM MOPS pH 7.0, 0.2 mM EDTA, 10
mM magnesium acetate with 0.33 mg/ml of MBP as substrate. The reaction was initiated by
the addition of the Mg/[y-3P]JATP mix (155uM is the Km value used as ATP final
concentration). After incubation for 120 minutes at room temperature, the reaction is stopped
by the addition of phosphoric acid to a concentration of 0.5%. 10 pul of the stopped reaction is
spotted onto a P30 filtermat and washed four times for 4 minutes in 0.425% phosphoric acid
and once in methanol prior to drying and scintillation counting. This assay was validated

using the Cdk1/2 Inhibitor III (CAS 443798-55-8) as control inhibitor.

4.3. Molecular docking

Three-dimensional structures of ligands were generated using CORINA 4.2.0 (http:/
www.molecular-networks.com). Two tautomers were considered for the benzimidazole core
of each ligand. Molecular docking calculations were carried out using GOLD software [32]
and GoldScore scoring function, with the structure of RIPK1 (PDB code 6C3E) [14] as
receptor. This structure was selected considering the similarity of the ligand with the
structures reported in our study, as well as the conformation of residues Met67, Met92 and
Phe162 in the binding pocket. The chain A of this structure was used, the missing loops and
atoms being completed using MODELLER.[33] The binding site was defined as a sphere with
15 A radius around the carbonyl oxygen of Asp156. In agreement with our previous studies

[34-40] showing that an enhanced conformational search is beneficial, especially for large
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molecules, a search efficiency of 200 % was used to better explore the ligand conformational
space. All other parameters were used with the default values and 10 poses were generated for
each ligand.

Molecular modeling images were generated using UCSF Chimera.[41]
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