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ABSTRACT: A class of 2-acyliminobenzimidazoles has been developed as
potent and selective inhibitors of anaplastic lymphoma kinase (ALK). Structure
based design facilitated the rapid development of structure−activity relation-
ships (SAR) and the optimization of kinase selectivity. Introduction of an
optimally placed polar substituent was key to solving issues of metabolic
stability and led to the development of potent, selective, orally bioavailable
ALK inhibitors. Compound 49 achieved substantial tumor regression in an
NPM-ALK driven murine tumor xenograft model when dosed qd. Compounds
36 and 49 show favorable potency and PK characteristics in preclinical species
indicative of suitability for further development.

■ INTRODUCTION
Anaplastic lymphoma kinase (ALK) is a receptor tyrosine
kinase classified as belonging to the insulin receptor super-
family. Expressed at high levels prenatally, it is thought to play
an important role in the development of the central nervous
system. However, its expression is dramatically decreased in
healthy adult tissues. Aberrant expression of full-length ALK
occurs in neuroblastoma and is associated with increased gene
copy number or activating point mutations.1 Furthermore,
chromosomal translocation or inversion of the ALK gene can
lead to the generation of novel fusion-ALK proteins that
possess constitutive kinase activity and contribute to oncogenic
processes. The best validated of these include an ALK fusion
protein with nucleophosmin (NPM-ALK), which has been
characterized in a subset of anaplastic large-cell lymphomas2

and an alternate gene splicing event pairing the ALK kinase
domain with echinoderm microtubule-associated protein-like 4
(EML4-ALK), which provides the driving oncogene in a subset
of nonsmall cell lung carcinomas (NSCLC).3 A potent and
selective inhibitor of the ALK kinase domain would have
potential therapeutic utility in a range of cancers. Compound 3,
PF-02341066, now known as Crizotinib, afforded the first
clinical validation of EML4-ALK as an oncology target and is
now FDA approved as a first-line treatment for this patient
population.4 Reports of developing resistance to crizotinib have

provided added impetus to seek significantly more potent
molecules with potential to treat refractory patients.5

Identification of an ALK inhibitor with significant selectivity
over the majority of the known kinome would be very desirable
in order to capitalize on a key characteristic of ALK, namely a
therapeutic target functionally expressed in a subset of cancers,
which is seldom expressed in healthy adult tissue. In pursuit of
this goal, enzymatic activity was routinely monitored against
related tyrosine kinase family members SRC kinase, insulin-like
growth factor receptor 1 (IGF1R), and the janus kinase (JAK)
family6 during the triage of hits from high-throughput screening
(HTS) to identify selective leads and also in the subsequent
lead optimization phase described herein. Selectivity ratios with
respect to ALK enzyme potency are used in this account of the
work; the IC50 values against these off-target enzymes are
reported in the Supporting Information (Table S3). IGF1R was
used as a convenient enzymatic surrogate for the insulin
receptor (INSR), against which a 100-fold selectivity margin
was sought. Inhibition of ALK phosphorylation, measured by
monitoring inhibition of ALK phosphorylation at Tyr1604 in a
whole cell context (pALK cell), was used to assess cellular
potency and was the principal driver of SAR. A functional
cellular assay assessing the ability of compound to inhibit the in
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vitro proliferation of an NPM-ALK-driven cell line (Karpas-
299) was also utilized.7 Excellent correlation between
compound potency as measured in the pALK cellular
biochemical assay and the in vitro functional proliferation
assay was observed. Consequently, the pALK cellular
biochemical readout proved a reliable means to select at an
early point in the screening cascade those compounds
possessing good cellular penetration and hence of identifying
compounds with a greater probability of achieving superior in
vivo potency.
X-ray quality crystals of the ALK kinase domain were

obtained at an early stage of this program; the detailed
structural information from ligand−protein cocrystal structures
proved to be invaluable for structure based design, particularly
in addressing kinase selectivity issues (vide infra).

Two representative members 1 and 2 of a structural class of
hits that emerged from an HTS screen of the Amgen
compound library were intriguing. The 2-acyliminobenzimida-
zole kinase hinge-binding motif is not widely represented in the
kinase literature.10 Selected data for compounds 1 and 2 is
presented in Table 1. These leads possessed significant
selectivity with respect to c-Met in comparison with 3, which
is reported to have 2 nM affinity for c-Met enzyme and to have
an ALK cellular potency of 20 nM.9 Understanding the reason
for the difference in JAK kinase selectivity between 1 and 2 was
of significant interest; X-ray crystal structures of both
compounds bound in the ALK kinase domain were obtained
(Figure 1).11 These compounds interact with the hinge region
of ALK by making hydrogen bonds to Met1199 of the linker
using the benzoyl carbonyl oxygen atom and a benzimidazole
ring NH resulting from adoption of the exocyclic acyliminium
tautomer.10 The benzoyl ring sits adjacent to gatekeeper
residue Leu1196. An overlay of their structures is shown in
Figure 1. It appears that by very different means each molecule
contrives to place a predominantly lipophilic moiety in a pocket
in the enzyme defined by Leu1256, Gly1269 (the X-DFG
residue at the start of the activation loop), and the backbone
atoms of Arg1253/Asn1254. The sulfonamide moiety of 1 sits
just below catalytic Lys1150 (but does not hydrogen bond to

it). The sulfonamide NH forms a hydrogen bond with the
backbone carbonyl of Gly1269, with the allyl appendage
occupying the remainder of the lipophilic pocket; a water
mediated H-bond network between the cyclohexylmethanol
substituent (accommodated in the ribose binding pocket) and
sulfonyl carbonyl appears to stabilize the ligand in its preferred
binding conformation. Compound 2 does not engage with
Gly1269, but the cis-1,4-disposition of the cyclohexyl
carboxylate substitution pattern allows the methyl ester moiety
to project into this region of the protein (which is also occupied
by the fluoro-substituent of 311). The crystallographic data
clearly indicated that a larger substituent would more effectively
engage with this pocket.12 Different orientations of the “water
solubilizing” piperidine side chains are adopted by 1 and 2. The
piperidine moiety in 2 allowed it to reach up and apparently
engage in van der Waals interactions with two backbone
carbonyls on the N-terminal lobe (Gly1121, Leu1122) in a
shallow pocket on the surface of the protein at the entrance to
the ATP binding pocket. For compound 1, the pendant
piperidine ring points out toward residues in the C-terminal
lobe (Gly1201, Glu1202, Pro 1260); its electron density was
poorly defined in the crystallographic data set, indicating
disorder and a lack of a distinctly preferred binding mode for
this moiety.
While we did not obtain crystal structures of 1 and 2 bound

to JAK2, existing JAK2 cocrystal structures permitted modeling
of compounds 1 and 2 in the active site and hence development
of a hypothesis for the difference in selectivity between these
two potent ALK inhibitors with regard to JAK2.13 As shown in
Figure 2, it is notable that the ATP binding pocket of JAK2
appears to be somewhat shorter in length and narrower in
width by comparison with that of ALK. Compound 2 appears

Table 1. Selected Data8 for Screening Hit Compounds 1 and 2 in Amgen In-House Assays

no.

ALK enz IC50
μM

(±SD)
c-Met enz IC50

μM

JAK2 enz
selectivity
(fold)

SRC enz
selectivity
(fold)

IGF1R enz
selectivity
(fold)

pALK cell IC50
μM

(±SD)

liver microsomes Clint
μL/min/mg
rat/human

1 0.005 (±0.002) 5.92 0.4 13 60 0.048 (±0.020) 314/100
2 0.003 (±0.001) NDa 64 103 15 0.054 (±0.017) 459/85

aNot determined for compound 2; for ethyl ester analogue 14 c-Met IC50 5.12 μM.

Figure 1. Overlay of cocrystal structures of 1 (purple) and 2 (green)
in the ATP binding pocket of the ALK kinase domain. Dashed lines
indicate hydrogen bonds and the red sphere denotes an ordered water
molecule associated with 1. PDB codes: 1, 4FOB; 2, 4FOC.
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unable to adopt a conformation of the cyclohexyl linkage
capable of projecting the ester side chain into the
corresponding affinity pocket of JAK2 due to a steric clash of
the cyclohexyl linkage with residues Leu855 and Gly856 of the
narrower ATP binding cavity of JAK2 (Figure 2, right panel).
This may explain a significant loss in binding affinity against
JAK2 vs ALK12 for compound 2. The flexible sulfonamide side
chain of 1 appears able to negotiate the confines of the JAK2
protein and may reside in a very similar binding mode to that
which it adopts in ALK, consistent with the similar affinity for

both proteins. Presumably the loss of the water bridged-
hydrogen bond between the alcohol and sulfonamide
functionalities is compensated by other means, allowing the
cyclohexane moiety to rotate to alleviate the steric clash
without incurring a major impact on the JAK2 binding energy.
By virtue of the shorter cavity in JAK2 vs ALK, the surface
interaction between the protein and the piperidine side chain of
2 is also potentially disrupted; it is unclear whether this
contributes to the 2 orders of magnitude selectivity observed.
With significant enzymatic potency, adequate cellular potency
(10× enzyme-cell shift) and a working hypothesis for the
understanding of the selectivity determinants based on
crystallographic data, 2 represented an attractive starting
point for lead optimization despite compromised in vitro
microsomal stability (Table 1).

■ CHEMISTRY
Compounds of this class were readily synthetically accessible.14

The initial route adopted (Scheme 1) permitted independent
variation of the three main structural appendages for early SAR
exploration purposes.
Commercially available benzyl alcohol 4 was protected as its

TIPS ether, 5, which was then subjected to SNAr reaction with
ester 614 to afford adduct 7. Transfer hydrogenation gave
aniline 8, which was then reacted with cyanogen bromide to
give 2-aminobenzimidazole 9. Acylation of 9 with benzoyl
chloride, followed by fluoride mediated deprotection of the silyl
ether, afforded benzyl alcohol 10, which was converted into

Figure 2. A comparison of the binding modes of compounds 1 and 2,
cocrystallized with ALK (left panel) and superimposed onto a JAK2
crystal structure (right panel). A comparison of the binding modes of
compound 1 (purple) and 2 (green), cocrystallized with ALK (left
panel; PBB = 4FOB and 4FOC) and superimposed onto a JAK2
crystal structure (right panel; PDB = 3LPB). The surfaces of residues
Leu855 and Gly856 in JAK2 are colored yellow. Both proteins are
shown at the same scale and relative orientation to illustrate differences
in the dimensions of their ATP binding pockets.

Scheme 1a

aReagents and conditions: (a) 2,6-lutidine, TIPSOTf, DCM, 99%; (b) DIPEA, CH3CN, 50 °C, 60%; (c) NH4HCO2, 10% Pd/C, EtOH, 100%; (d)
CNBr, EtOH, 25 °C, 92%; (e) (i) PhCOCl, Et3N, DCM, 0 °C, (ii) TBAF, THF, 0−25 °C, 63%; (f) (i) SOCl2, 0 °C, (ii) piperidine, DMSO, 25°,
75%; (g) NaOH, MeOH, 95%; (h) (i) SOCl2, neat, 0 °C, (ii) EtNH2, THF 0−25 °C, 90%.
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benzyl chloride 11 using thionyl chloride and then displaced
with piperidine to give 2. Saponification of the methyl ester,
conversion of the resulting acid 12 to acid chloride 13, and
subsequent treatment with ethylamine gave compound 15. The
substitution of ethylamine with other nucleophiles gave access
to the compounds shown in Table 2.
For optimization of the piperidine moiety, the order of steps

in the synthetic route was modified to allow more efficient
access to SAR in this region of the molecule: the invariant
isopropyl carboxamide would be installed early in the sequence
(Scheme 2). Thus isopropyl amide 1914 underwent SNAr
reaction with 3-fluoro-4-nitrobenzyl alcohol 4 to give adduct

20, which was reduced to the diamine and then reacted with 4-
fluorobenzoyl isothiocyanate 21. Benzimidazole ring closure
was effected in situ by treatment with EDCI to afford 22.
Finally, the benzyl alcohol of 22 was converted to the
corresponding benzyl chloride on exposure to thionyl chloride
and then reacted with with 23 to produce 36. Substitution of
piperidine 23 with the nucleophile of choice gave the
compounds in Table 3.
A further modification to the route was made to explore a

diversity of benzoyl substituents (Scheme 3). Reductive
amination of benzaldehyde 41 with amine 23 gave adduct 42,
which underwent SNAr with amine 19 and was then reduced to

Table 2. Cyclohexylcarboxyl SAR8 Affords a Means of Achieving Selectivity over JAK2

Scheme 2a

aReagents and conditions: (a) iPr2EtN, CH3CN, 50 °C, 71%; (b) (i) H2/10% Pd/C, EtOH, (ii) 21, THF, (iii) EDCI, iPr2EtN, 80% overall; (c) (i)
SOCl2, 0 °C, (ii) 23, DCM, 25 °C; 56% overall.
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diamine 44. For exploration of benzamide SAR, 44 was reacted
with acetyl isothiocyanate, ring closure was effected with EDCI,
and the acetyl protecting group cleaved by acidic hydrolysis to
afford aminobenzimidazole 46 as a key precursor for

subsequent benzoylation. EDCI/HOBt coupling conditions
were not particularly efficient on this substrate (yields of 15−
24% were typical), however, the procedure was widely
applicable. Ultimately, this route was adapted for an efficient

Table 3. Selected Piperidine Replacement SAR8 Addressing Metabolic Stability

Journal of Medicinal Chemistry Article

dx.doi.org/10.1021/jm3005866 | J. Med. Chem. 2012, 55, 6523−65406527



larger scale synthesis of compounds advancing to animal
studies. The diamine 44 reacted smoothly with benzoyl
isothiocyanates such as 45 (conveniently generated by the
action of potassium isothiocyanate on the corresponding
benzoyl chloride), followed by EDCI mediated ring closure
to give good yields (72% for 49) of final product (46% overall
from benzaldehyde 41).

■ RESULTS AND DISCUSSION
Ester 2 afforded a good starting point in terms of potent
enzymatic inhibition of ALK. However, significant improve-
ments to cellular potency, off-target kinase selectivity profile,
and a dramatic improvement in metabolic stability were
required. A brief examination of SAR of the methyl ester
moiety of 2 (Table 2) indicated that replacement of the ester
moiety of 14 with an ethyl amide 15 afforded an improvement
in cellular potency, together with significant enhancement of
selectivity against JAK2. A modest impact on SRC selectivity
was noted, without significant change in selectivity against
IGF1R.
An unsubstituted primary amide 17, or bis-substitution of the

amide nitrogen 16, resulted in a significant loss in both cellular
and enzymatic potency and consequent erosion in selectivity
against SRC. From a wide range of ester and amide isosteres
and alternative alkyl substituents explored (data not shown),
the isopropyl amide 18 emerged as offering the most atom
efficient combination of cellular potency and selectivity. It was
also noted that the primary amide 17 displayed significantly
improved microsomal stability16 in comparison with the more

elaborate derivatives. Oxidative N-dealkylation of the amide was
observed to be a significant metabolic pathway in liver
microsomal incubations. A second site of extensive metabolism
was, as expected, the piperidine moiety. A wide variety of
changes to this part of the molecule were explored, and a
selection of the more informative is included in Table 3. A
variety of standard techniques to modify the basicity of the
nitrogen (e.g., 26) retained the cell potency but also retained
the poor microsomal stability of lead 25. Attempts to block
metabolism by the introduction of steric crowding in the
vicinity of the amine nitrogen led to a loss of potency.
Complete excision of the side chain (24) resulted in a 35-fold
loss in cellular potency without impacting microsomal stability.
A range of aromatic heterocyclic replacements for the
piperidine were explored, again without utility. Typically
these compounds either retained cellular potency but had
marginal impact on microsomal stability as with triazole (27) or
suffered from a significant loss in cellular potency as with
pyridine 28. Interestingly, piperazine 29 retained cellular
potency and displayed a marked improvement in microsomal
stability but had clearance greater than liver blood flow on IV
dosing in rat. Piperidinone analogue 30 behaved likewise,
however, 4-aminomethylpiperidine 31 displayed astonishing
microsomal stability, which translated into improved rat IV
clearance amounting to 30% of liver blood flow. As a result of
this unexpected finding, a wide range of polar substituents were
explored in a variety of configurations. Carboxylic acids such as
32 and 33 furnished zwitterions which were stable toward
microsomal transformation, however, cellular potency was

Scheme 3a

aReagents and conditions: (a) Na(AcO)3BH, DCM, 88%; (b) iPr2EtN, CH3CN, 50 °C, 73%; (c) NH4HCO2, Pd/C, EtOH, 100%; (d)
iPr2EtN/

EDCI, 72%; (e) (i) MeCONCS, dioxan, 100 °C, (ii) EDCI, iPr2EtN, 60 °C, HCl aq (2N), 50 °C, 82% overall; (f) ArCO2H, EDCI, HOBt,
iPr2EtN,

DMF, 50 °C, 15−24%
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significantly impacted. The primary amides of these acids were
investigated and found to retain cellular potency, however, they
varied significantly in their microsomal stability depending on
the location of the amide moiety; compare, for example, 34 and
35. The most promising, 34, was found to have high clearance
on IV dosing in rat. A tertiary alcohol at the 4-position of the
piperidine ring 36 recapitulated the remarkable metabolic
stability of amine 31 and displayed good PK properties in rat
(vide infra). The disposition of the alcohol substituent relative
to the amine was important for controlling the in vitro
metabolic stability of this class of molecule. Analogues 36 and
40 shared the improved PK characteristics of 31, whereas
analogues 37, 38 and 39 were less optimal. Tertiary alcohol 36
appeared to be optimal. These observations lead us to speculate
that a correctly placed polar moiety influences microsomal
stability by perturbing CYP molecular recognition; docking of
the molecule in the active site of the metabolizing CYP450 in an
orientation that presents the metabolic soft spots to the
catalytic heme is disfavored.
X-ray crystallography (Figure 3) shows that the benzamide

motif of 36 sits deep in the ATP binding site of the kinase, in

relatively close proximity to gatekeeper residue, Leu 1196, in a
pocket also defined by Val1180 and Leu1256. It was therefore
anticipated that the substitution pattern of the aryl ring may
permit fine-tuning of the kinase selectivity profile.15 In
exploration of the SAR of the iminobenzamide moiety, it was
necessary to retain the bias toward the exocyclic acylimine
tautomer in order to maintain key H-bond donor−acceptor
interactions with the hinge region of the kinase. This tautomer
is favored by extended π-delocalization into the pendant aryl
ring, achieved by retaining a coplanar arrangement between
benzamide and benzimidazole moieties.10 The SAR was
necessarily constrained to aryl or heteroaryl substituents lacking
ortho-substitution to avoid steric or lone-pair−lone-pair peri-
interactions, disrupting the optimal coplanar disposition of
these moieties. In the crystal structure of 36, there is also
evidence of a favorable interaction between the ortho-CH and
backbone carbonyl of Glu1197 (3.2 Å), which was desirable to
preserve. Initial SAR studies (Table 4) concentrated on the
evaluation and optimization of selectivity over the related SRC

and IGF1R kinases, with an expectation that the cyclo-
hexylbenzamide motif would provide the necessary selectivity
over the JAK family kinases as discussed above. Overall, this
proved to be correct, however, it was notable that meta- or
para- cyano substituents (55, 51) resulted in a measurable
erosion of selectivity against JAK 2. Table 4 illustrates a
selection of substitution patterns that retained high enzymatic
potency on ALK. meta-Chloro or -cyano substituents (54, 55,
57, 58) conferred improved IGF1R selectivity as did meta-
pyridyl 52, however, these changes resulted in compromised
cellular activity against ALK. The cellular context was used to
drive SAR development, as this strategy provided a means of
identifying those compounds most likely to have superior
potency in vivo. Fluoro substituents were well tolerated at the
meta- and para- positions (36, 48, 49, 53) and retained the low
ALK enzyme cell shift of the parent benzamide.
Analogues with acceptable selectivity profiles (>50-fold) and

liver microsomal stability indicative of modest clearance were
progressed to rat PK, where p-fluoro analogue 36 and 3,5-
difluoro analogue 49 had acceptable PK distribution and
clearance parameters and were therefore progressed to beagle
dog PK, where results were superior to the rat (Table 5).
Plasma protein binding in dog was comparable with that
measured in human plasma. The bioavailability obtained with
an unoptimized formulation was considered acceptable at this
stage and prompted further profiling of these two molecules.
Routes of metabolism studies for both 36 and 49 in isolated
liver microsomes indicated that the principal oxidative
transformations were oxidative hydrolysis of the piperidine
ring, leading to a primary benzylamine as an observable
metabolite as well as oxidative dealkylation of the isopropyl
amide moiety to afford a primary cyclohexylcarboxamide. These
metabolites were observed in the microsomal incubations of all
four species studied (mouse, rat, dog, human). Oxidations on
the core molecular scaffold were not observed.
Both compounds were profiled against an Ambit panel of

442 kinases, which indicated that the difluoroaryl ring of 49
conferred an overall superior selectivity profile in comparison
with 36 as indicated by the kinome tree plots of Figure 4. The
S(10) selectivity score was 0.07 for 36 and 0.036 for 49.
Selected kinases identified from the most active hits in the
Ambit kinome panel were followed up with titrated Kd
determinations, shown in Table 6.
Insulin receptor (INSR) activity was followed up separately

in a functional cellular context;18 pINSR activity was measured
for both compounds: 49 pINSR IC50 536 nM (pALK IC50 5.5
nM; 97-fold selective) and 36 pINSR IC50 231 nM (pALK IC50
6.0 nM; 38-fold selective).
Compounds 36 and 49 were also profiled against ALK

enzymes bearing point mutations R1275Q or L1196M and
were found to fully retain their potency against these mutants.19

The L1196 M “gatekeeper mutation” has been observed
clinically in patients with developed resistance to crizotinib.5

Upon examination of compound 36 in a murine PD model,20

very rapid clearance of the compound from plasma was
observed; the clearance mechanism was traced to a murine-
specific amidase, resulting in cleavage of the benzamide moiety.
The compound was not subject to this route of metabolism in
rat, dog, or human whole blood, but it did limit the value of
performing further experiments in mice with 36. A detailed
study of the mechanism, kinetics, and SAR of this mode of
metabolism will be reported elsewhere.21 In contrast, close
analogue 49 had significantly better mouse PK (T1/2 (IV) 1.05

Figure 3. Co-crystal structure of ALK with compound 36. The
solubilizing group is observed to adopt two possible orientations (A or
B). Dashed lines indicate hydrogen bonds. PDB code is 4FOD.
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h), which permitted evaluation in a range of pharmacodynamic
(PD) and tumor xenograft models of ALK driven disease.20 In
particular, compound 49 exhibited dose-dependent inhibition
in an NPM-ALK driven tumor xenograft model utilizing the

Karpas-299 cell line, Figure 5. Approximately 10−12 days after
Karpas-299 cell implantation, SCID-beige mice with well-
formed tumors of similar size were placed into groups (n = 10/
group) so that the average tumor size was similar in each group

Table 4. Optimization of the Acylbenzamide Moiety to Enhance Kinase Selectivity8
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(ranging from approximately 150−250 mm3) at initiation of
dosing. Compound was dosed orally (po) at 10, 30, or 60 mg/
kilogram (mpk), once daily (qd); tumor volume was assessed
for each animal periodically over the 15 day treatment period
and compared with tumors growing in a vehicle control group;
*p values were calculated using RMANOVA with Dunnett’s
comparison. A 10 mpk qd dose of 49 resulted in observed
tumor growth inhibition (TGI) of 41% (*p = 0.019) after 15
days of dosing. At 30 mpk qd 89% (*p < 0.0001) TGI was
observed at day 15. Furthermore, a 60 mpk qd dose of 49 over
the same period led to 96% (*p < 0.0001) tumor regression,
with no visible tumor remaining in 6 of 10 animals at study
termination. The compound was very well tolerated by the
animals at all tested doses, as assessed by minimal change in
body weight observed over the course of the study.20

Terminal PK measurement following the final dose indicated
that the 60 mpk dose maintained a plasma free fraction level of
drug above the cellular IC50 for 17 h post dose, with target IC50
coverage exceeding 13 h at the 30 mpk dose. The data provides
an indication of the benefits of extended duration of target
coverage over the cellular IC50, resulting in substantial tumor
regression in this model.

■ CONCLUSION
A class of 2-acyliminobenzimidazoles was identified as potent
and selective inhibitors of anaplastic lymphoma kinase.
Structure based design was instrumental in developing an
understanding of SAR and facilitated the optimization of kinase
selectivity. Introduction of an optimally placed polar substituent
was key to solving issues of metabolic stability and led to the
development of potent orally bioavailable ALK inhibitors with
substantial in vivo potency in an ALK-driven xenograft model
of cancer. These compounds appear to be able to better retain
their potency against point mutations in the enzyme which are
thought to confer resistance to crizotinib. Compounds from
this class have significant promise for development as useful
therapeutics for the treatment of ALK driven cancers.22

Additional in vivo characterization of these molecules will be
the subject of subsequent publications.

■ EXPERIMENTAL DETAILS
General. All reagents and solvents were obtained from commercial

suppliers and used without further purification. Silica gel chromatog-
raphy was performed using prepacked silica gel cartridges (ISCO). 1H
NMR spectra were obtained on either a Bruker Avance 1 400 MHz
spectrometer or a Bruker Avance 2 600 MHz spectrometer with a 5
mm TXI cryoprobe using the residual solvent peak as the reference. All
tested compounds were purified to >95% purity at 215 and 254 nm as
determined by HPLC. HPLC analysis was obtained on an Agilent
1100 system, using an Agilent Zorbax SB-C8 column (150 mm × 4.6
mm, 5 μ) at 40 °C with a 1.5 mL/min flow rate using a gradient of 5−
100% [0.1% TFA in acetonitrile] in [0.1% TFA in water] over 15 min.
Electrospray mass (ESI) measurements were obtained on an Agilent
1100 series LC/MSD system, using one of the following two
separation methods: [A] Agilent Zorbax SB-C18 column (50 mm ×
3.0 mm, 3.5 μ) at 40 °C and a gradient of 5−95% [0.1% TFA in
acetonitrile] in [0.1% TFA in water] over 3.5 min; [B] Phenomenex

Table 5. Pharmacokinetic Parameters and Plasma Protein Binding Measured for Compounds 36 and 49

rat dog plasma protein binding %

no. Vss L/kg Clp L/kg/h T1/2 (IV) h F % Vss L/kg Clp L/kg/h T1/2 (IV) h F % rat dog human

36 6.4 0.813 5.6 20 1.58 0.201 5.7 52 92.5 94.8 94.7
49 5.42 0.717 5.8 11 1.82 0.167 7.9 71 95.1 97.8 96.3

Figure 4. AMBIT kinome screening at 1 μM, annotated on (n = 442)
enzymes in the human 36 and 49 with hits showing % control at 1 μM
(i.e., 0%, largest spot is most active) overlaid on the kinome
phylogenetic tree.17

Table 6. Selected Ambit Kinome Panel Data (442 Kinases
from the Human Kinome with POC Data Generated at 1.0
μM Compound Concentration) with Titrated Kd Follow Up

36 49

kinase

POC
at

1 μM

Ambit
titrated
Kd (nM)

selectivity
vs ALK

POC
at

1 μM

Ambit
titrated
Kd (nM)

selectivity
vs ALK

ALK 0.55 0.36 1 2.7 0.24 1
AXL 0.75 29 80 82 1600 6656
FLT3 7.9 42 116 42 ND ND
INSR 16 ND ND 38 72 300
IRAK1 0.2 5.7 16 0.15 5.6 23
LCK 1 28 77 6.4 110 458
LTK 0.1 2.5 7 0.35 8.2 34
MAP4K2 0.05 11 31 0.35 25 104
MER 1.3 18 50 1 72 300

Figure 5. Compound 49 dosed (10, 30, 60 mpk, po, qd) in SCID-
beige mice bearing Karpas-299 xenografts. **After 15 days of
treatment with 49 at the 60 mpk dose, the tumors in 6 of the 10
animals had completely regressed. See Supporting Information Figure
S1 for body weight data from this study.
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Gemini C18 column (50 mm × 3.0 mm, 3 μ) at 40 °C with a 1.5 mL/
min flow rate using a gradient of 5−95% [0.1% formic acid in
acetonitrile] in [0.1% formic acid in water] over 3.5 min. Preparative
HPLC was performed on one of two systems: (A) Gilson preparative
HPLC system using a Phenomenex Gemini-NX C18 110A column
(100 mm × 21 mm, 5 μ); (B) Agilent mass-directed preparative
HPLC system using an xBridge C18 column (100 mm × 19 mm, 10
μ). Exact mass (HRMS) measurements were performed on an Agilent
1100 HPLC by flow injection analysis, eluting with [1:1 water/
acetonitrile with 0.1% formic acid] at 2 mL/min, with MS detection by
an Agilent G1969A time-of-flight (TOF) mass spectrometer
((3-Fluoro-4-nitrobenzyl)oxy)triisopropylsilane (5). To a

solution of 4 (Bionet, 4.7 g, 27.5 mmol) in DCM (47 mL) was
added triisopropylsilyl trifluoromethanesulfonate (9.26 g, 30.2 mmol)
and 2,6-dimethylpyridine (3.53 g, 33.0 mmol). The resulting mixture
was stirred for 3 h at ambient temperature and then washed with
saturated aqueous ammonium chloride and water. The organic layer
was collected, dried over sodium sulfate, filtered, and concentrated to
produce 5 (8.9 g, 99% yield) as a light-yellow oil.
(1s,4s)-Methyl 4-Aminocyclohexanecarboxylate (6). To a

solution of (1s,4s)-4-aminocyclohexanecarboxylic acid (15 g, 105
mmol) in methanol (150 mL) was added sulfuric acid (10.27 g, 105
mmol), and the reaction was stirred at 80 °C for 18 h. The reaction
mixture was then cooled to 0 °C, neutralized with aqueous ammonium
hydroxide, and extracted with DCM. The organic layer was dried over
sodium sulfate, filtered, and concentrated to afford 6 (16.00 g, 97%
yield) as a light-yellow oil. 1H NMR (400 MHz, CDCl3) δ 3.68 (s, 3
H), 2.86−2.92 (m, 1 H), 2.34−2.58 (m, 1 H), 2.14 (br s, 2 H), 2.00−
2.06 (m, 2 H), 1.66−1.78 (m, 2 H), 1.54−1.66 (m, 2 H), 1.32−1.50
(m, 2 H).
(1s,4s)-Methyl 4-((2-Nitro-5-(((triisopropylsilyl)oxy)methyl)-

phenyl)amino)cyclohexanecarboxylate (7). To a solution of 5
(6.3 g, 19.2) and 6 (3.63 g, 23.1 mmol) in acetonitrile (32 mL) was
added N,N-diisopropylethylamine (10.0 mL, 57.7 mmol), and the
reaction mixture was stirred at 50 °C for 20 h. After the reaction was
complete, the reaction mixture was allowed to cool to ambient
temperature and diluted with water (20 mL) and DCM (50 mL). The
organic layer was collected, dried over anhydrous sodium sulfate,
filtered, and concentrated. The crude product was purified by column
chromatography, eluting with 10−30% ethyl acetate in hexanes, to
produce 7 (5.35 g, 60% yield) as an orange solid.
(1s,4s)-Methyl 4-(2-Amino-5-((triisopropylsilyloxy)methyl)-

phenylamino)cyclohexanecarboxylate (8). To a solution of 7
(2.80 g, 6.0 mmol) in ethanol (48.5 mL), under a nitrogen
atmosphere, was added 10% palladium on carbon (0.65 g, 0.6
mmol) and ammonium formate (3.79 g, 60.0 mmol). The reaction was
stirred at ambient temperature for 2 h and then filtered through a
Celite pad. The filter cake was rinsed with ethanol and DCM, and the
combined filtrates were concentrated and partitioned between DCM
and water. The organic portion was dried over anhydrous sodium
sulfate, filtered, and concentrated to afford 8 (2.61 g, 100% yield) as a
purple oil. LC/MS (ESI+) m/z = 435.2 (M + H).
(1s,4s)-Methyl 4-(2-Amino-6-((triisopropylsilyloxy)methyl)-

1H-benzo[d]imidazol-1-yl)cyclohexanecarboxylate (9). To a
solution of 8 (2.50 g, 5.8 mmol) in ethanol was added cyanogen
bromide (0.91 g, 8.6 mmol), and the reaction was stirred at ambient
temperature for 16 h. The reaction mixture was concentrated in vacuo,
diluted with DCM, and washed with aqueous sodium hydroxide. The
organic portion was dried over anhydrous sodium sulfate, filtered, and
concentrated to afford 9 (2.4 g, 92% yield) as a brown solid. LC/MS
(ESI+) m/z = 460.2 (M + H).
(1s,4s)-Methyl 4-((E)-2-(Benzoylimino)-6-(hydroxymethyl)-

2 , 3 - d i h y d r o - 1 H - b e n z o [ d ] i m i d a z o l - 1 - y l ) -
cyclohexanecarboxylate (10). Step 1: To a solution of benzoyl
chloride (0.33 g, 2.3 mmol) in dichloromethane (7.3 mL), cooled to 0
°C, was added 9 (1.00 g, 2.2 mmol) portionwise, followed by
triethylamine (1.21 mL, 8.7 mmol). The reaction was stirred at 0 °C
for 30 min. The ice bath was then removed, and the reaction was
stirred at ambient temperature for 1 h. The reaction mixture was
partitioned between aqueous ammonium chloride and DCM. The

organic portion was dried over sodium sulfate, filtered, and
concentrated to afford (1s,4s)-methyl 4-((E)-2-(benzoylimino)-6-
(((triisopropylsilyl)oxy)methyl)-2,3-dihydro-1H-benzo[d]imidazol-1-
yl)cyclohexanecarboxylate as a brown oil.

Step 2: To a solution of (1s,4s)-methyl 4-((E)-2-(benzoylimino)-6-
(((triisopropylsilyl)oxy)methyl)-2,3-dihydro-1H-benzo[d]imidazol-1-
yl)cyclohexanecarboxylate (1.22 g, 2.2 mmol) in THF (4.33 mL),
cooled to 0 °C, was added a 1 M solution of tetrabutylammonium
fluoride in THF (3.30 mL, 3.3 mmol) dropwise. The reaction was
stirred at 0 °C for 15 min and then stirred at ambient temperature for
2 h. The reaction mixture was quenched with water and diluted with
DCM. The organic portion was dried over sodium sulfate, filtered, and
concentrated. The crude product was purified by column chromatog-
raphy, eluting with 30−50% ethyl acetate in hexanes, to afford 10
(0.56 g, 63% yield). LC/MS (ESI+) m/z = 408.2 (M + H).

(1s,4s)-Methyl 4-((E)-2-(Benzoylimino)-6-(chloromethyl)-2,3-
dihydro-1H-benzo[d]imidazol-1-yl)cyclohexanecarboxylate
(11). To a solution of 10 (0.40 g, 0.98 mmol) in DCM (9.8 mL),
cooled to 0 °C, was added thionyl chloride (1.43 mL, 19.6 mmol)
dropwise. The reaction was stirred at 0 °C for 15 min and then stirred
at ambient temperature for 30 min. The reaction mixture was then
concentrated in vacuo to afford 11 as a white solid. LC/MS (ESI+) m/
z = 426.2 (M + H).

(1s,4s)-Methyl 4-((E)-2-(Benzoylimino)-6-(piperidin-1-yl-
me thy l ) - 2 , 3 -d i hyd ro -1H - benzo [d ] im idazo l - 1 - y l ) -
cyclohexanecarboxylate (2). To a solution of 11 (0.41 g, 0.96
mmol) in DMSO (4 mL) was added piperidine (0.97 mL, 9.8 mmol)
dropwise. The reaction was stirred at ambient temperature for 1 h.
The reaction mixture was then diluted with DCM and washed with
water. The organic layer was dried over sodium sulfate, filtered, and
concentrated. The residue was triturated with 10% water in methanol
to afford 2 (0.34 g, 75% yield) as a white solid. 1H NMR (400 MHz,
DMSO-d6) δ 12.80 (br s, 1 H), 8.11−8.21 (m, 2 H), 7.36−7.58 (m, 5
H), 7.13 (d, J = 8.03 Hz, 1 H), 4.62−4.88 (m, 1 H), 3.77 (s, 3H), 3.50
(br s, 2 H), 2.80−2.91 (m, 1 H), 2.53−2.71 (m, 2 H), 2.19−2.43 (m, 6
H), 1.62−1.93 (m, 4 H), 1.35−1.60 (m, 6 H). HRMS (m/z): [MH+]
calcd for C28H35N4O3, 475.2704; found, 475.2705.

(1s,4s)-Ethyl 4-((E)-2-(Benzoylimino)-6-(piperidin-1-ylmeth-
y l ) - 2 , 3 - d i h y d r o - 1 H - b e n z o [ d ] i m i d a z o l - 1 - y l ) -
cyclohexanecarboxylate (14). Compound 14 was prepared
according to the reaction sequence described for the synthesis of 2,
substituting ethanol for methanol in the first step to afford the ethyl
ester. 1H NMR (400 MHz, CDCl3) δ 8.31−8.35 (m, 2 H), 7.35−7.68
(m, 6 H), 4.28 (q, J = 7.11 Hz, 2 H), 4.23−4.26 (m, 1 H), 3.38−3.55
(m, 2 H), 2.47−2.89 (m, 5 H), 2.24−2.44 (m, 4 H), 1.80−1.98 (m, 8
H), 1.58−1.70 (m, 2 H), 1.34 (t, J = 7.09 Hz, 3 H). HRMS (m/z):
[MH+] calcd for C29H37N4O3, 489.2860; found, 489.2867.

Preparation of 15−18. General Procedure A. Step 1: To a
suspension of 2 (0.23 g, 0.49 mmol) in methanol (7 mL) was added 1
N aqueous sodium hydroxide (7.3 mL, 7.3 mmol), and the resulting
mixture was stirred at ambient temperature overnight. The reaction
was neutralized with 1 N aqueous HCl and extracted with DCM (50
mL). The organic portion was dried over sodium sulfate, filtered, and
concentrated to afford 12.

Step 2: A suspension of 12 (50 mg, 0.11 mmol) in thionyl chloride
(0.5 mL) was stirred at ambient temperature for 30 min. The reaction
mixture was then concentrated in vacuo, and the residue was
suspended in THF (1.1 mL), cooled to 0 °C, and treated with an
amine (0.11 mmol). The resulting mixture was stirred at 0 °C for 30
min and then stirred at ambient temperature for 1 h. The reaction
mixture was partitioned between water and DCM. The organic portion
was dried over anhydrous sodium sulfate, filtered, and concentrated to
afford the desired product.

(E)-N-(1-((1s,4s)-4-(Ethylcarbamoyl)cyclohexyl)-6-(piperidin-
1-ylmethyl)-1H-benzo[d]imidazol-2(3H)-ylidene)benzamide
(15). General procedure A, with ethylamine, was used to produce 15
(40 mg, 76% yield). 1H NMR (400 MHz, DMSO-d6) δ 9.98 (br s, 1
H), 8.23−8.31 (m, 2 H), 7.90 (s, 1 H) 7.83−7.88 (m, 1 H), 7.60 (d, J
= 8.02 Hz, 1 H), 7.37−7.57 (m, 4 H), 4.58−4.83 (m, 1 H), 4.33 (m, 2
H), 3.38 (m, 2 H), 3.16−3.28 (m, 2 H), 2.69−2.97 (m, 4 H), 2.18 (m,
2 H), 1.59−1.88 (m, 9 H), 1.30−1.45 (m, 2 H), 1.07 (t, J = 7.19 Hz, 3
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H). HRMS (m/z): [MH+] calcd for C29H38N5O2, 488.3020; found,
488.3016.
(E)-N-(1-((1s,4s)-4-(Diethylcarbamoyl)cyclohexyl)-6-(piperi-

din-1-ylmethyl)-1H-benzo[d] imidazol-2(3H)-ylidene)-
benzamide (16). General procedure A, with diethylamine, was used
to produce 16 (35 mg, 63% yield). 1H NMR (400 MHz, DMSO-d6) δ
12.77 (br s, 1 H), 8.30 (m, 2 H), 7.76 (s, 1 H), 7.42−7.57 (m, 4 H),
7.09−7.20 (m, 1 H), 4.73−5.03 (m, 1 H), 3.44−3.59 (m, 1 H), 3.38
(m, 3 H), 2.95−3.01 (m, 2 H), 2.93 (q, J = 7.27 Hz, 4 H), 2.27−2.42
(m, 3 H), 1.89−2.05 (m, 2 H), 1.73−1.89 (m, 2 H), 1.47−1.70 (m, 6
H), 1.32−1.44 (m, 2 H), 1.17 (t, J = 7.28 Hz, 6 H). HRMS (m/z):
[MH+] calcd for C31H42N5O2, 516.3333; found, 516.3329.
(E)-N-(1-((1s,4s)-4-Carbamoylcyclohexyl)-6-(piperidin-1-yl-

methyl)-1H-benzo[d]imidazol-2(3H)-ylidene)benzamide (17).
General procedure A, with ammonia, was used to produce 17 (20
mg, 40% yield). 1H NMR (400 MHz, DMSO-d6) δ 12.77 (br s, 1 H),
8.17−8.30 (m, 2 H), 7.44−7.54 (m, 5 H), 7.17 (d, J = 8.31 Hz, 1 H),
6.86−6.93 (br s, 2 H), 4.63−4.98 (m, 1 H), 3.42−3.55 (m, 2 H),
2.66−2.84 (m, 2 H), 2.53−2.58 (m, 1H), 2.26−2.42 (m, 4 H), 2.12−
2.25 (m, 2 H), 1.68−1.81 (m, 2 H), 1.59−1.68 (m, 2 H), 1.46−1.57
(m, 4 H), 1.34−1.44 (m, 2 H). HRMS (m/z): [MH+] calcd for
C27H34N5O2, 460.2707; found, 460.2712.
(E)-N-(1-((1s,4s)-4-(Isopropylcarbamoyl)cyclohexyl)-6-(piper-

idin-1-ylmethyl)-1H-benzo[d]imidazol-2(3H)-ylidene)-
benzamide (18). General procedure A, with isopropylamine, was
used to produce 18 (35 mg, 64% yield). 1H NMR (400 MHz, DMSO-
d6) δ 9.93 (s, 1 H), 8.25−8.31 (m, 2 H), 7.91 (s, 1 H) 7.66−7.73 (m, 1
H), 7.61 (d, J = 8.22 Hz, 1 H), 7.44−7.57 (m, 3 H), 7.36−7.43 (m, 1
H), 4.64−4.78 (m, 1 H), 4.28−4.38 (m, 3 H), 4.00−4.14 (m, 1 H),
3.31−3.45 (m, 2 H), 2.76−2.97 (m, 3 H), 2.53−2.61 (m, 1 H), 2.07−
2.22 (m, 2 H), 1.75−1.90 (m, 2 H), 1.64−1.76 (m, 4 H), 1.17−1.32
(m, 2 H), 1.10 (d, J = 6.55 Hz, 6 H). HRMS (m/z): [MH+] calcd for
C30H40N5O2, 502.3177; found, 502.3183.
(1s,4s)-4-((5-(Hydroxymethyl)-2-nitrophenyl)amino)-N-iso-

propylcyclohexanecarboxamide (20). To a suspension of 19
(7.09 g, 32.1 mmol) and N,N-diisopropylethylamine (15.3 mL, 88
mmol) in acetonitrile (50 mL) was added 4 (5.0 g, 29.2 mmol), and
the reaction was stirred overnight at 80 °C. After 16 h, the reaction
mixture was cooled to ambient temperature and concentrated. The
crude product was purified by column chromatography, eluting with
0−100% ethyl acetate in DCM to provide 20 (7.0 g, 71% yield) as an
orange solid. 1H NMR (400 MHz, DMSO-d6) δ 8.35 (d, J = 7.5 Hz, 1
H), 8.04 (d, J = 8.9 Hz, 1 H), 7.57 (d, J = 8.0 Hz, 1 H), 6.99 (s, 1 H),
6.62 (dd, J = 1.7 Hz, 8.9 Hz, 1 H), 5.41 (t, J = 5.8 Hz, 1 H), 4.51 (d, J
= 5.5 Hz, 2 H), 3.89−3.96 (m, 1 H), 3.77−3.86 (m, 1 H), 2.16−2.25
(m, 1 H), 1.81−1.89 (m, 2 H), 1.57−1.74 (m, 6 H), 1.03 (d, J = 6.5
Hz, 6 H). LC/MS (ESI+) m/z = 336.0 (M + H).
4-Fluorobenzoyl Isothiocyanate (21). To a suspension of

potassium thiocyanate (16.2 g, 167 mmol) in acetone (93 mL) was
added 4-fluorobenzoyl chloride (16.4 mL, 139 mmol) dropwise, and
the reaction was stirred for 7 h at 50 °C. After the reaction was
complete, the reaction mixture was cooled to ambient temperature and
filtered through a pad of Celite. The filtrate was concentrated, and the
residue was dissolved in DCM (25 mL) and passed through a silica gel
pad, eluting with 1:1 hexanes/DCM. The product fractions were
combined and concentrated to produce 21 (11.1 g, 44% yield) as an
orange liquid that solidified upon standing. 1H NMR (400 MHz,
CDCl3) δ 8.10 (dd, J = 5.3 Hz, 9.0 Hz, 2 H), 7.18 (dd, J = 8.2 Hz, 9.0
Hz, 2 H).
(E ) - 4 -F luoro -N - ( 6 - (hydroxymethy l ) - 1 - ( (1 s , 4 s ) - 4 -

(isopropylcarbamoyl)cyclohexyl)-1H-benzo[d]imidazol-2(3H)-
ylidene)benzamide (22). Step 1: To a solution of 20 (2.0 g, 5.96
mmol) in ethanol (25 mL) was added 10% (w/w) palladium on
carbon (0.635 g, 0.596 mmol). A hydrogen balloon was installed, and
the reaction was stirred under a hydrogen atmosphere for 3 h. After 3
h, the reaction mixture was filtered through a Celite pad and
concentrated to produce (1s,4s)-4-(2-amino-5-(hydroxymethyl)-
phenylamino)-N-isopropylcyclohexanecarboxamide as a brown oil.
Step 2: To a solution of the crude (1s,4s)-4-(2-amino-5-

(hydroxymethyl)phenylamino)-N-isopropylcyclohexanecarboxamide
in tetrahydrofuran (30 mL) at 0 °C was added 21 (1.30 g, 7.15 mmol),

and the reaction was stirred at 0 °C for 15 min. After 15 min, N,N-
diisopropylethylamine (1.56 mL, 8.94 mmol) and 1-(3-dimethylami-
nopropyl)-3-ethylcarbodiimide hydrochloride (1.71 g, 8.94 mmol)
were added, and the reaction was stirred for 2 h at 60 °C and then
overnight at ambient temperature. The reaction mixture was
concentrated, and the residue was partitioned between water and
DCM. The organic layer was dried over anhydrous magnesium sulfate,
filtered, and concentrated. The crude product was purified by column
chromatography, eluting with 0−100% ethyl acetate in DCM, to
produce 22 (2.14 g, 80% yield over two steps) as a tan solid. 1H NMR
(400 MHz, DMSO-d6) δ 12.75 (s, 1 H), 8.33 (dd, J = 5.9 Hz, 8.8 Hz, 2
H), 7.63 (d, J = 7.9 Hz, 1 H), 7.58 (s, 1 H), 7.49 (d, J = 8.2 Hz, 1 H),
7.13−7.28 (m, 3 H), 5.20 (t, J = 5.6 Hz, 1 H), 4.75−4.86 (m, 1 H),
4.56 (d, J = 5.6 Hz, 2 H), 3.99−4.09 (m, 1 H), 2.71−2.84 (m, 2 H),
2.53−2.59 (m, 1 H), 2.10−2.20 (m, 2 H), 1.67−1.79 (m, 2 H), 1.57−
1.67 (m, 2 H), 1.10 (d, J = 6.6 Hz, 6 H). LC/MS (ESI+) m/z = 453.0
(M + H).

(E ) -4-Fluoro-N - (1-( (1s ,4s ) -4-( isopropylcarbamoyl)-
cyclohexyl)-1H-benzo[d]imidazol-2(3H)-ylidene)benzamide
(24). Step 1: In an analogous sequence to the reactions described for
20, 8, and 9, 4-chloro-2-fluoro-1-nitrobenzene (159 mg, 0.91 mmol)
was converted to (1s,4s)-4-(2-amino-1H-benzo[d]imidazol-1-yl)-N-
isopropylcyclohexanecarboxamide (162 mg, 60% yield for three steps).
LC/MS (ESI+) m/z = 300.9 (M + H).

Step 2: To a solution of (1s,4s)-4-(2-amino-1H-benzo[d]imidazol-1-
yl)-N-isopropylcyclohexanecarboxamide (162 mg, 0.54 mmol) and
pyridine (87 μL, 1.08 mmol) in DCM (5 mL) at 0 °C was added 4-
fluorobenzoyl chloride (64 μL, 0.54 mmol). The reaction was allowed
to warm to ambient temperature and stirred overnight. The reaction
mixture was concentrated and purified by column chromatography,
eluting with 20−100% ethyl acetate in hexanes, to produce 24 (62 mg,
27% yield) as an off-white solid. 1H NMR (400 MHz, DMSO-d6) δ
12.79 (br s, 1 H), 8.28−8.35 (m, 2 H), 7.69 (d, J = 6.8 Hz, 2 H),
7.54−7.58 (m, 1 H), 7.18−7.28 (m, 4 H), 4.82−4.96 (m, 1 H), 3.95−
4.06 (m, 1 H), 2.71−2.84 (m, 2 H), 2.52−2.57 (m, 1 H), 2.04−2.14
(m, 2 H), 1.67−1.79 (m, 2 H), 1.57−1.67 (m, 2 H), 1.10 (d, J = 6.5
Hz, 6 H). HRMS (m/z): [MH+] calcd for C24H27FN4O2, 423.2191;
found, 423.2193.

(E ) -4-Fluoro-N - (1-( (1s ,4s ) -4-( isopropylcarbamoyl)-
cyclohexyl)-6-(piperidin-1-ylmethyl)-1H-benzo[d]imidazol-
2(3H)-ylidene)benzamide (25). 25 (40 mg, 73.7% yield) was
prepared from 9 using the reaction sequence described for 18,
substituting 4-fluorobenzoyl chloride for benzoyl chloride. 1H NMR
(400 MHz, DMSO-d6) δ 10.54 (s, 1 H), 8.32−8.47 (m, 2 H), 8.01 (s,
1 H), 7.76 (d, J = 7.73 Hz, 1 H), 7.64 (d, J = 8.22 Hz, 1 H), 7.47−7.53
(m, 1 H), 7.25−7.34 (m, 2 H), 4.63−4.82 (m, 1 H), 4.29−4.44 (m, 2
H), 4.05−4.19 (m, 1 H), 3.89−4.03 (m, 1 H), 3.33−3.47 (m, 2 H),
2.84−3.03 (m, 4 H), 2.59−2.64 (m, 1 H), 2.12−2.25 (m, 2 H), 1.81−
1.89 (m, 3 H), 1.68−1.79 (m, 4 H), 1.27−1.34 (m, 2 H), 1.15 (d, J =
6.55 Hz, 6 H). HRMS (m/z): [MH+] calcd for C30H39FN5O2,
520.3082; found, 520.3084.

Preparation of 26, 29−30, and 34−40. General Procedure B.
To a solution of 22 (100 mg, 0.221 mmol) in DCM (2.5 mL) at 0 °C
was added thionyl chloride (81 μL, 1.11 mmol) dropwise, and the
reaction was stirred at 0 °C for 30 min. After 30 min, the reaction
mixture was concentrated and dried in vacuo. To a suspension of the
crude intermediate in acetonitrile (2 mL) was added an amine, and the
reaction was stirred overnight at ambient temperature. After 16 h, the
reaction was concentrated and the crude product was purified by
reverse-phase preparative HPLC using a gradient of 15−90% [0.1%
TFA in acetonitrile] in [0.1% TFA in water], to provide the desired
product.

(E)-N-(6-((1,1-Dioxidothiomorpholino)methyl)-1-((1s,4s)-4-
(isopropylcarbamoyl)cyclohexyl)-1H-benzo[d]imidazol-2(3H)-
ylidene)-4-fluorobenzamide (26). General procedure B, with
thiomorpholine 1,1-dioxide (TCI America, 299 mg, 2.21 mmol), was
used to produce 26 (67 mg, 53.2% yield) as a light-yellow solid. 1H
NMR (400 MHz, DMSO-d6) δ 12.75 (s, 1 H), 8.31 (dd, J = 6.2 Hz,
8.7 Hz, 2 H), 7.80 (s, 1 H), 7.68 (d, J = 7.8 Hz, 1 H), 7.49 (d, J = 8.2
Hz, 1 H), 7.25 (dd, J = 8.6 Hz, 8.6 Hz, 2 H), 7.13, (d, J = 8.6 Hz, 1 H),
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4.86−4.97 (m, 1 H), 4.00−4.07 (m, 1 H), 3.76 (s, 2 H), 3.18−3.25
(m, 4 H), 2.88−2.96 (m, 4 H), 2.72−2.86 (m, 2 H), 2.53−2.60 (m, 1
H), 2.05−2.14 (m, 2 H), 1.69−1.79 (m, 2 H), 1.59−1.65 (m, 2 H),
1.21−1.30 (m, 1H), 1.11 (d, J = 6.6 Hz, 6 H). HRMS (m/z): [MH+]
calcd for C29H37FN5O4S, 570.2545; found, 570.2545.
(E)-N-(6-((1H-1,2,4-Triazol-1-yl)methyl)-1-((1s ,4s)-4-

(isopropylcarbamoyl)cyclohexyl)-1H-benzo[d]imidazol-2(3H)-
ylidene)-4-fluorobenzamide (27). To a solution of 22 (100 mg,
0.221 mmol) in DCM (2.5 mL) at 0 °C was added thionyl chloride
(81 μL, 1.11 mmol) dropwise, and the reaction was stirred at 0 °C for
30 min. After 30 min, the reaction mixture was concentrated and dried
in vacuo. The residue was suspended in acetonitrile (2 mL) and cooled
to 0 °C. To the suspension were added 1,2,4-triazole (153 mg, 2.21
mmol), potassium carbonate (305 mg, 2.21 mmol), and sodium iodide
(33.1 mg, 0.221 mmol), and the reaction was allowed to warm to
ambient temperature. After 16 h, the reaction mixture was partitioned
between water and DCM; the aqueous layer was acidified to pH 8 with
1 N aqueous HCl and extracted with DCM. The combined organic
layers were concentrated, adsorbed onto a silica gel loading column,
and purified by column chromatography, eluting with 0−10%
methanol in DCM to produce 27 (35 mg, 31.5% yield) as a light-
yellow solid. 1H NMR (400 MHz, DMSO-d6) δ 12.80 (s, 1 H), 8.69
(s, 1 H), 8.33 (dd, J = 6.0 Hz, 8.6 Hz, 2 H), 7.95 (s, 1 H), 7.76 (s, 1
H), 7.67 (d, J = 7.6 Hz, 1 H), 7.50 (d, J = 8.1 Hz, 1 H), 7.24 (dd, J =
8.8 Hz, 8.8 Hz, 2 H), 7.15 (d, J = 8.2 Hz, 1 H), 5.45 (s, 2 H), 4.72−
4.84 (m, 1 H), 4.03−4.13 (m, 1 H), 2.71−2.87 (m, 2 H), 2.52−2.57
(m, 1 H), 2.06−2.17 (m, 2 H), 1.66−1.79 (m, 2 H), 1.55−1.65 (m, 2
H), 1.21−1.30 (m, 1H), 1.11 (d, J = 6.6 Hz, 6 H). HRMS (m/z):
[MH+] calcd for C27H31FN7O2, 504.2518; found, 504.2517.
(E ) -4-Fluoro-N- (1-( (1s ,4s ) -4-( isopropylcarbamoyl)-

cyclohexyl)-6-(pyridin-2-yloxy)-1H-benzo[d]imidazol-2(3H)-
ylidene)benzamide (28). Step 1: To a solution of 3-fluoro-4-
nitrophenol (2.96 g, 18.8 mmol) in DMF (18.8 mL) was added 1-
(chloromethyl)-4-methoxybenzene (2.55 mL, 18.8 mmol) and
potassium carbonate (5.20 g, 37.6 mmol), and the reaction was
stirred overnight at ambient temperature. After 16 h, the reaction
mixture was partitioned between water and ethyl acetate, and the
aqueous layer was extracted with ethyl acetate. The combined organic
layers were washed with 1 N aqueous sodium hydroxide and brine,
dried over anhydrous sodium sulfate, filtered, and concentrated. The
residue was triturated with ether produce 2-fluoro-4-(4-methoxyben-
zyloxy)-1-nitrobenzene (4.39 g, 84% yield).
Step 2: 2-Fluoro-4-(4-methoxybenzyloxy)-1-nitrobenzene (507 mg,

1.83 mmol) and 19 (404 mg, 1.83 mmol) were converted to (1s,4s)-N-
isopropyl-4-((5-((4-methoxybenzyl)oxy)-2-nitrophenyl)amino)-
cyclohexanecarboxamide (476 mg, 59.0% yield) as described for 20.
LC/MS (ESI+) m/z = 442.2 (M + H).
Step 3: To a solution of (1s,4s)-N-isopropyl-4-((5-((4-

methoxybenzyl)oxy)-2-nitrophenyl)amino)cyclohexanecarboxamide
(452 mg, 1.02 mmol) in methanol (5.1 mL) was added acetic acid
(0.29 mL, 5.12 mmol) and zinc (669 mg, 10.2 mmol), and the mixture
was stirred at ambient temperature for 3 h. The reaction was filtered
through a pad of Celite, and the filtrate was concentrated to produce
(1s,4s)-4-(2-amino-5-(4-methoxybenzyloxy)phenylamino)-N-isopro-
pylcyclohexanecarboxamide (421 mg, quantitative yield). LC/MS
(ESI+) m/z = 412.2 (M + H).
Step 4: To a solut ion of (1 s ,4 s)-4-(2-amino-5-(4-

methoxybenzyloxy)phenylamino)-N-isopropylcyclohexanecarboxa-
mide (400 mg, 0.97 mmol) in ethanol (4.9 mL) was added cyanogen
bromide (165 mg, 1.55 mmol), and the reaction was stirred at ambient
temperature for 2 h. The reaction mixture was concentrated, and the
residue was redissolved in DCM (10 mL), washed with water, 1 N
aqueous sodium hydroxide, and brine. The organic layer was dried
over anhydrous sodium sulfate, filtered, and concentrated to produce
(1s,4s)-4-(2-amino-6-((4-methoxybenzyloxy)-1H-benzo[d]imidazol-1-
yl)-N-isopropylcyclohexanecarboxamide. LC/MS (ESI+) m/z = 437.2
(M + H).
Step 5: To a solution of (1s,4s)-4-(2-amino-6-((4-methoxybenzy-

loxy)-1H-benzo[d]imidazol-1-yl)-N-isopropylcyclohexanecarboxamide
(424 mg, 0.97 mmol) and 4-fluorobenzoyl chloride (0.17 mL, 1.46

mmol) in DCM was added triethylamine (0.27 mL, 1.94 mmol), and
the reaction was stirred at ambient temperature for 10 min. The
reaction mixture was then diluted with DCM, washed with water and
brine, and concentrated. After column chromatography, eluting with
0−10% methanol in DCM, a mixture of the mono- and bis-acylated
products, in an approximately 2:1 ratio, was obtained.

The mixture of products was redissolved in methanol (3.25 mL)
and 1,4-dioxane (3.25 mL) and treated with sodium hydroxide (47 mg,
1.17 mmol). After 1 h, the reaction mixture was diluted with DCM,
washed with 1 N aqueous sodium hydroxide and brine, and
concentrated. The residue was purified by column chromatography,
eluting with 0−50% ethyl acetate in hexanes, to produce (E)-4-fluoro-
N - (1 -((1 s , 4 s) -4 -( i sopropy lcarbamoy l)cyc lohexy l) -6 -((4-
methoxybenzyl)oxy)-1H-benzo[d]imidazol-2(3H)-ylidene)benzamide
(275 mg, 51% yield). LC/MS (ESI+) m/z = 559.2 (M + H).

Step 6: To a solution of (E)-4-fluoro-N-(1-((1s,4s)-4-
(isopropylcarbamoyl)cyclohexyl)-6-((4-methoxybenzyl)oxy)-1H-
benzo[d]imidazol-2(3H)-ylidene)benzamide (232 mg, 0.42 mmol) in
DCM was added trifluoroacetic acid (96 μL, 1.25 mmol), and the
reaction was stirred at ambient temperature for 90 min. Another
portion of trifluoroacetic acid (96 μL, 1.25 mmol) was added, and the
reaction was stirred at ambient temperature for an additional hour.
The reaction was then partitioned between DCM and 1 N aqueous
sodium hydroxide. The aqueous layer was washed with DCM, and the
pH was adjusted to about 8 with 6 N aqueous HCl and saturated
aqueous ammonium chloride. The resulting precipitate was collected
by vacuum filtration, washed with water, and dried in vacuo to produce
(E)-4-fluoro-N-(6-hydroxy-1-((1s,4s)-4-(isopropylcarbamoyl)-
cyclohexyl)-1H-benzo[d]imidazol-2(3H)-ylidene)benzamide. LC/MS
(ESI+) m/z = 439.2 (M + H).

To a solution of (E)-4-fluoro-N-(6-hydroxy-1-((1s,4s)-4-
(isopropylcarbamoyl)cyclohexyl)-1H-benzo[d]imidazol-2(3H)-
ylidene)benzamide and cesium carbonate (166 mg, 0.511 mmol) in
NMP (0.6 mL) in a microwave vial was added 2-chloropyridine (0.036
mL,0.383 mmol), and the reaction was irradiated for 6 h at 160 °C in a
Biotage Initiator microwave. The reaction mixture was partitioned
between water and ethyl acetate, and the aqueous layer was extracted
with ethyl acetate. The combined organic layers were washed with
brine, dried over anhydrous sodium sulfate, filtered, and concentrated.
The crude product was purified by preparative HPLC, using a gradient
of 10−90% [0.1% TFA in acetonitrile] in [0.1% TFA in water]. The
product fractions were partitioned between saturated aqueous sodium
bicarbonate and 5% 2-propanol in DCM. The organic layer was
washed with brine, dried over anhydrous sodium sulfate, filtered, and
concentrated to produce 28 (32 mg, 35% yield) as an off-white solid.
1H NMR (400 MHz, DMSO-d6) δ 12.81 (s, 1 H), 8.27−8.38 (m, 2
H), 8.07−8.19 (m, 1 H), 7.80−7.90 (m, 1 H), 7.51−7.62 (m, 2 H),
7.48 (d, J = 2.05 Hz, 1 H), 7.20−7.29 (m, 2 H), 7.00−7.18 (m, 1 H),
6.97 (dd, J = 8.56 Hz, 2.10 Hz, 1 H), 6.95−7.10 (m, 1 H), 4.80−4.95
(m, 1 H), 3.75−3.93 (m, 1 H), 2.56−2.77 (m, 2 H), 2.42−2.56 (m, 1
H), 2.01−2.14 (m, 2 H), 1.54−1.82 (m, 4 H), 0.98 (d, J = 8.00 Hz, 6
H). HRMS (m/z): [MH+] calcd for C29H31FN5O3, 516.2405; found,
516.2410.

(E ) -4-Fluoro-N - (1-( (1s ,4s ) -4-( isopropylcarbamoyl)-
cyclohexyl)-6-(piperazin-1-ylmethyl)-1H-benzo[d]imidazol-
2(3H)-ylidene)benzamide (29). General procedure B, with
piperazine (190 mg, 2.21 mmol), was used to produce 29 (58 mg,
50.4% yield) as a white solid. 1H NMR (400 MHz, DMSO-d6) δ 8.30
(dd, J = 5.8 Hz, 8.8 Hz, 2 H), 7.67 (d, J = 7.9 Hz, 1 H), 7.61 (s, 1 H),
7.48 (d, J = 8.2 Hz, 1 H), 7.24 (dd, J = 8.8 Hz, 9.0 Hz, 2 H), 7.15 (d, J
= 8.1 Hz, 1 H), 4.79−4.92 (m, 1 H), 3.98−4.10 (m, 1 H), 3.55 (s, 2
H), 2.80−2.91 (m, 2 H), 2.64−2.79 (m, 2 H), 2.53−2.57 (m, 1 H),
2.34−2.44 (m, 4 H), 2.09−2.19 (m, 2 H), 1.55−1.79 (m, 4 H), 1.21−
1.30 (m, 1 H), 1.11 (d, J = 6.6 Hz, 6 H). HRMS (m/z): [MH+] calcd
for C29H38FN6O2, 521.3035; found, 521.3034.

(E ) -4-Fluoro-N - (1-( (1s ,4s ) -4-( isopropylcarbamoyl)-
cyclohexyl)-6-((3-oxopiperazin-1-yl)methyl)-1H-benzo[d]-
imidazol-2(3H)-ylidene)benzamide (30). General procedure B,
with piperazin-2-one (221 mg, 2.21 mmol), was used to produce 30
(72 mg, 50.3% yield) as a white solid. 1H NMR (400 MHz, DMSO-d6)
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δ 12.79 (br, 1 H), 8.26−8.38 (m, 2 H), 7.65 (d, J = 7.5 Hz, 1 H),
7.69−7.82 (m, 1 H), 7.49−7.60 (m, 2 H), 7.13−7.30 (m, 3 H), 4.73−
4.91 (m, 1 H), 3.98−4.10 (m, 1 H), 3.54−3.63 (m, 2 H), 3.12−3.26
(m, 2 H), 2.65−3.03 (m, 4 H), 2.53−2.61 (m, 1 H), 2.09−2.20 (m, 2
H), 1.57−1.79 (m, 4 H), 1.11 (d, J = 6.7 Hz, 6 H). HRMS (m/z):
[MH+] calcd for C29H36FN6O3, 535.2827; found, 535.2827.
(E)-N-(6-((4-(Aminomethyl)piperidin-1-yl)methyl)-1-((1s,4s)-

4-(isopropylcarbamoyl)cyclohexyl)-1H-benzo[d]imidazol-
2(3H)-ylidene)-4-fluorobenzamide (31). Step 1: Using the
reaction sequence described for the synthesis of 25, substituting tert-
butyl piperidine-4-ylcarbamate (Matrix Scientific) for piperidine, 9
(400 mg, 0.94 mmol) was converted to tert-butyl ((1-(((E)-2-((4-
fluorobenzoyl)imino)-3-((1s,4s)-4-(isopropylcarbamoyl)cyclohexyl)-
2,3-dihydro-1H-benzo[d]imidazol-5-yl)methyl)piperidin-4-yl)methyl)-
carbamate.
Step 2: The tert-butyl ((1-(((E)-2-((4-fluorobenzoyl)imino)-3-

((1s,4s)-4-(isopropylcarbamoyl)cyclohexyl)-2,3-dihydro-1H-benzo[d]-
imidazol-5-yl)methyl)piperidin-4-yl)methyl)carbamate was suspended
in a solution of 4 M HCl in 1,4-dioxane (23.5 mL. 94 mmol), and the
reaction was stirred at ambient temperature overnight. After 16 h, the
reaction mixture was concentrated. The residue was resuspended in
DCM, washed with aqueous sodium bicarbonate, and concentrated.
The crude product was purified by column chromatography, eluting
with 10−100% [9:1 DCM/methanol with 1% ammonium hydroxide]
in [0.1% ammonium hydroxide in DCM] to produce 31 (300 mg, 58%
yield over two steps). 1H NMR (400 MHz, DMSO-d6) δ 8.31 (dd, J =
4.9 Hz, 8.9 Hz, 2 H), 7.64 (d, J = 7.4 Hz, 1 H), 7.58 (s, 1 H), 7.47 (d, J
= 8.1 Hz, 1 H), 7.24 (dd, J = 8.9 Hz, 8.9 Hz, 2 H), 7.14 (dd, J = 1.2
Hz, 8.2 Hz, 1 H), 4.79−4.92 (m, 1 H), 3.80−4.09 (m, 1 H), 3.51 (s, 2
H), 2.65−2.88 (m, 4 H), 2.52−2.56 (m, 1 H), 2.45 (d, J = 5.9 Hz, 1
H), 2.09−2.19 (m, 2 H), 1.84−1.93 (m, 2 H), 1.54−1.78 (m, 6 H),
1.13−1.35 (m, 5 H), 1.11 (d, J = 6.7 Hz, 6 H). HRMS (m/z): [MH+]
calcd for C31H42FN6O2, 549.3348; found, 549.3352.
1 - ( ( (E ) - 2 - ( ( 4 - F luo robenzoy l ) im ino ) -3 - ( ( 1 s , 4 s ) - 4 -

(isopropylcarbamoyl)cyclohexyl)-2,3-dihydro-1H-benzo[d]-
imidazol-5-yl)methyl)piperidine-2-carboxylic acid hydrochlor-
ide (32). Step 1: To a suspension of tert-butyl piperidine-2-carboxylate
hydrochloride (AstaTech, Inc., 229 mg, 1.38 mmol) in DCM (5 mL)
was added 1 N aqueous sodium hydroxide (1.38 mL, 1.38 mmol), and
the mixture was shaken. The layers were separated, and the organic
layer was dried over anhydrous sodium sulfate, filtered, and
concentrated to produce tert-butyl piperidine-2-carboxylate.
Step 2: To a suspension of 22 (0.042 g, 0.093 mmol) in DCM (1

mL) at 0 °C was added thionyl chloride (0.11 g, 0.93 mmol), and the
reaction was stirred at ambient temperature for 30 min. After 30 min,
the reaction mixture was concentrated and dried in vacuo. The residue
was suspended in DMSO (2 mL), and tert-butyl piperidine-2-
carboxylate (100 mg, 0.538 mmol) was added. The reaction was
stirred at ambient temperature for 2 h, diluted with water (2 mL), and
extracted with DCM (10 mL). The organic layer was dried over
anhydrous sodium sulfate, filtered, and concentrated. The crude ester
was purified by preparative HPLC, using a gradient of 10−70% [0.1%
TFA in acetonitrile] in [0.1% TFA in water]. The product fractions
were combined and concentrated to produce tert-butyl 1-(((E)-2-((4-
fluorobenzoyl)imino)-3-((1s,4s)-4-(isopropylcarbamoyl)cyclohexyl)-
2,3-dihydro-1H-benzo[d]imidazol-5-yl)methyl)piperidine-2-carboxy-
late, which was then dissolved in 4 M HCl in 1,4-dioxane (1.16 mL,
4.64 mmol) and stirred for 16 h at ambient temperature. The reaction
mixture was concentrated and dried in vacuo to produce 32 (20 mg,
35.9% yield). 1H NMR (400 MHz, DMSO-d6) δ 10.09 (br s, 1 H),
8.34 (dd, J = 5.9 Hz, 8.6 Hz, 2 H), 7.82 (s, 1 H), 7.72 (d, J = 7.5 Hz, 1
H), 7.61 (d, J = 8.3 Hz, 1 H), 7.21−7.34 (m, 3 H), 4.62−4.77 (m, 1
H), 4.41−4.59 (m, 1 H), 4.20−4.30 (m, 3 H), 3.97−4.11 (m, 1 H),
3.35−3.44 (m, 1 H), 3.00−3.13 (m, 1 H), 2.78−2.96 (m, 2 H), 2.53−
2.59 (m, 1 H), 2.06−2.27 (m, 3 H), 1.59−1.85 (m, 8 H), 1.42−1.59
(m, 1 H), 1.09 (d, J = 6.6 Hz, 6 H). HRMS (m/z): [MH+] calcd for
C31H39FN5O4, 564.2981; found, 564.2978.
1 - ( ( (E ) - 2 - ( ( 4 - F luo robenzoy l ) im ino ) -3 - ( ( 1 s , 4 s ) - 4 -

(isopropylcarbamoyl)cyclohexyl)-2,3-dihydro-1H-benzo[d]-
imidazol-5-yl)methyl)piperidine-4-carboxylic acid hydrochlor-
ide (33). 33 (20 mg, 24.3% yield) was prepared according to the

procedures in 32, substituting tert-butyl piperidine-4-carboxylate
hydrochloride (0.229 g, 1.38 mmol) for tert-butyl piperidine-2-
carboxylate hydrochloride. 1H NMR (400 MHz, DMSO-d6) δ 10.05
(br s, 1 H), 8.31−8.38 (m, 2 H), 7.78−7.93 (m, 1 H), 7.69 (d, J = 7.5
Hz, 1 H), 7.59 (d, J = 8.2 Hz, 1 H), 7.24 (dd, J = 8.7 Hz, 8.7 Hz, 2 H),
4.62−4.75 (m, 1 H), 4.30−4.41 (m, 2 H), 4.00−4.10 (m, 1 H), 3.65−
3.74 (m, 1 H), 3.41−3.50 (m, 1 H), 2.82−3.05 (m, 3 H), 2.56−2.62
(m, 1 H), 1.93−2.18 (m, 4 H), 1.54−1.89 (m, 4 H), 1.19−1.32 (m, 2
H), 1.09 (d, J = 6.6 Hz, 6 H). HRMS (m/z): [MH+] calcd for
C31H39FN5O4, 564.2981; found, 564.2985.

1 - ( ( (E ) - 2 - ( (4 - F luo robenzoy l ) im ino ) -3 - ( (1 s , 4 s ) - 4 -
(isopropylcarbamoyl)cyclohexyl)-2,3-dihydro-1H-benzo[d]-
imidazol-5-yl)methyl)piperidine-4-carboxamide (34). General
procedure B, with piperidine-4-carboxamide (283 mg, 2.21 mmol),
was used to produce 34 (57 mg, 46.0% yield) as a white solid. 1H
NMR (400 MHz, DMSO-d6) δ 12.96 (br s, 1 H), 8.32 (dd, J = 6.1 Hz,
14.2 Hz, 2 H), 8.10 (d, J = 6.8 Hz, 1 H), 7.54−7.70 (m, 2 H), 7.37−
7.47 (m, 1 H), 7.26 (dd, J = 6.7 Hz, 8.8 Hz, 2 H), 4.72−4.97 (m, 3 H),
3.59−3.72 (m, 2 H), 3.37−3.52 (m, 2 H), 3.16−3.27 (m, 1 H), 2.71−
2.94 (m, 2 H), 2.41−2.48 (m, 1 H), 2.21−2.35 (m, 2 H), 1.89−2.02
(m, 2 H), 1.53−1.80 (m, 5 H), 1.07−1.15 (m, 3 H), 0.75−0.89 (m, 6
H). HRMS (m/z): [MH+] calcd for C31H40FN6O3, 563.3140; found,
563.3144.

(S ) -1-( ((E )-2-((4-Fluorobenzoyl)imino)-3-((1s ,4R )-4-
(isopropylcarbamoyl)cyclohexyl)-2,3-dihydro-1H-benzo[d]-
imidazol-5-yl)methyl)pyrrolidine-2-carboxamide (35). General
procedure B, with (S)-pyrrolidine-2-carboxamide (Bachem AG, 252
mg, 2.21 mmol), was used to produce 35 (41 mg, 33.9% yield) as a
white solid. 1H NMR (400 MHz, DMSO-d6) δ 12.73 (br s, 1 H), 8.31
(dd, J = 5.8 Hz, 8.8 Hz, 2 H), 7.92 (s, 1 H), 7.74 (d, J = 7.7 Hz, 1 H),
7.25 (dd, J = 8.9 Hz, 8.9 Hz, 2 H), 7.43−7.53 (m, 2 H), 7.14 (d, J = 8.2
Hz, 1 H), 7.01−7.07 (m, 1 H), 4.87−4.99 (m, 1 H), 3.92−4.06 (m, 2
H), 3.42−3.49 (m, 1 H), 2.87−3.00 (m, 2 H), 2.65−2.79 (m, 1 H),
2.53−2.59 (m, 1 H), 2.01−2.27 (m, 4 H), 1.56−1.83 (m, 8 H), 1.07−
1.13 (m, 6 H). HRMS (m/z): [MH+] calcd for C30H37FN6O3,
549.2984; found, 549.2982.

(E)-4-Fluoro-N-(6-((4-(2-hydroxypropan-2-yl)piperidin-1-yl)-
methyl)-1-((1s,4s)-4-(isopropylcarbamoyl)cyclohexyl)-1H-
benzo[d]imidazol-2(3H)-ylidene)benzamide (36). General pro-
cedure B, with 23 (TCI America, 200 mg, 1.39 mmol), was used to
produce 36 (77 mg, 60.3% yield) as a white solid. 1H NMR (400
MHz, DMSO-d6) δ 12.75 (br s, 1 H), 8.32 (dd, J = 6.0 Hz, 8.6 Hz, 2
H), 7.63 (d, J = 7.7 Hz, 1 H), 7.57 (s, 1 H), 7.48 (d, J = 7.9 Hz, 1 H),
7.24 (dd, J = 8.8 Hz, 8.8 Hz, 2 H), 7.16 (d, J = 7.8 Hz, 1 H), 4.76−4.91
(m, 1 H), 4.00−4.08 (m, 2 H), 3.43−3.58 (m, 2 H), 2.82−2.98 (m, 2
H), 2.65−2.80 (m, 2 H), 2.54−2.57 (m, 1 H), 2.11−2.20 (m, 2 H),
1.78−1.90 (m, 2 H), 1.59−1.78 (m, 6 H), 1.18−1.33 (m, 3 H), 1.11
(d, J = 6.6 Hz, 6 H), 1.02 (s, 6 H). HRMS (m/z): [MH+] calcd for
C33H45FN5O3, 578.3428; found, 578.3493.

(E)-4-Fluoro-N-(6-(((S)-2-(2-hydroxypropan-2-yl)pyrrolidin-1-
yl)methyl)-1-((1s,4R)-4-(isopropylcarbamoyl)cyclohexyl)-1H-
benzo[d]imidazol-2(3H)-ylidene)benzamide (37). General pro-
cedure B, with a premixed solution of (S)-2-(pyrrolidin-2-yl)propan-2-
ol hydrochloride23 (183 mg, 1.11 mmol) and sodium hydride (60%
dispersion in mineral oil, 44 mg, 1.11 mmol) in acetonitrile (2 mL),
was used to produce 37 (44 mg, 35.3% yield) as a dark solid. 1H NMR
(400 MHz, DMSO-d6) δ 12.71 (s, 1 H), 8.30 (dd, J = 5.9 Hz, 8.9 Hz, 2
H), 7.79 (s, 1 H), 7.70 (d, J = 8.0 Hz, 1 H), 7.46 (d, J = 8.0 Hz, 1 H),
7.22−7.29 (m, 2 H), 7.18 (d, J = 8.0 Hz, 1 H), 4.86−4.96 (m, 1 H),
4.36 (d, J = 13.3 Hz, 1 H), 4.14 (s, 1 H), 3.98−4.09 (m, 1 H), 3.51 (d,
J = 14.4 Hz, 1 H), 2.76−2.90 (m, 3 H), 2.62−2.68 (m, 1 H), 2.52−
2.57 (m, 1 H), 2.19−2.28 (m, 1 H), 2.07−2.13 (m, 2 H), 1.55−1.81
(m, 8 H), 1.14 (s, 6 H), 1.09 (d, J = 6.6 Hz, 6 H). HRMS (m/z):
[MH+] calcd for C32H42FN5O3, 564.3344; found, 564.3342.

(E)-4-Fluoro-N-(6-((3-(2-hydroxypropan-2-yl)pyrrolidin-1-yl)-
methyl)-1-((1s,4s)-4-(isopropylcarbamoyl)cyclohexyl)-1H-
benzo[d]imidazol-2(3H)-ylidene)benzamide (38). General pro-
cedure B, with 2-(pyrrolidin-3-yl)propan-2-ol hydrochloride24 (110
mg, 0.66 mmol) and triethylamine (0.15 mL, 1.11 mmol), was used to
produce 38 (65 mg, 52.2% yield) as a light-yellow solid. 1H NMR (400
MHz, DMSO-d6) δ 12.74 (br s, 1 H), 8.32 (dd, J = 6.0 Hz, 8.7 Hz, 2

Journal of Medicinal Chemistry Article

dx.doi.org/10.1021/jm3005866 | J. Med. Chem. 2012, 55, 6523−65406535



H), 7.55−7.66 (m, 2 H), 7.48 (d, J = 8.0 Hz, 1 H), 7.24 (dd, J = 8.9
Hz, 8.9 Hz, 2 H), 7.14−7.19 (m, 1 H), 4.75−4.90 (m, 1 H), 3.99−4.10
(m, 2 H), 3.45−3.77 (m, 2 H), 2.69−2.84 (m, 2 H), 2.52−2.63 (m, 2
H), 2.25−2.41 (m, 2 H), 2.09−2.19 (m, 2 H), 1.54−1.79 (m, 8 H),
1.11 (d, J = 6.7 Hz, 6 H), 1.03 (s, 6 H). HRMS (m/z): [MH+] calcd
for C32H43FN5O3, 564.3344; found, 564.3346.
(E)-4-Fluoro-N-(6-(((2-hydroxy-2-methylpropyl)amino)-

methyl)-1-((1s,4s)-4-(isopropylcarbamoyl)cyclohexyl)-1H-
benzo[d]imidazol-2(3H)-ylidene)benzamide (39). General pro-
cedure B, with 1-amino-2-methylpropan-2-ol (Tyger Scientific, 197
mg, 2.21 mmol), was used to produce 39 (24 mg, 17.1% yield) as a
white solid. 1H NMR (400 MHz, DMSO-d6) δ 12.75 (br s, 1 H), 8.32
(dd, J = 5.8 Hz, 8.6 Hz, 2 H), 7.60−7.70 (m, 2 H), 7.49 (d, J = 8.2 Hz,
1 H), 7.19−7.28 (m, 3 H), 4.75−4.88 (m, 1 H), 2.72−2.87 (m, 2 H),
3.99−4.10 (m, 1 H), 3.79−3.93 (m, 2 H), 2.52−2.57 (m, 1 H), 2.40−
2.48 (m, 1 H), 2.09−2.17 (m, 2 H), 1.56−1.79 (m, 4 H), 1.23−1.28
(m, 2 H), 1.06−1.15 (m, 12 H). HRMS (m/z): [MH+] calcd for
C29H39FN5O3, 524.3031; found, 524.3032.
(E)-4-Fluoro-N-(6-((3-(2-hydroxypropan-2-yl)azetidin-1-yl)-

methyl)-1-((1s,4s)-4-(isopropylcarbamoyl)cyclohexyl)-1H-
benzo[d]imidazol-2(3H)-ylidene)benzamide (40). General Pro-
cedure B, with 2-(azetidin-3-yl)propan-2-ol hydrochloride25 (101 mg,
0.66 mmol) and DBU (0.10 mL, 0.66 mmol), was used to produce 40
(26 mg, 21.4% yield) as a white solid. 1H NMR (400 MHz, DMSO-d6)
δ 12.77 (br s, 1 H), 8.27−8.36 (m, 2 H), 7.55−7.70 (m, 2H), 7.50 (d, J
= 5.9 Hz, 1 H), 7.24 (dd, J = 8.9 Hz, 8.9 Hz, 2 H), 7.12−7.20 (m, 1
H), 4.76−4.89 (m, 1 H), 4.01−4.11 (m, 1 H), 3.29 (s, 2 H), 2.70−2.85
(m, 2 H), 2.52−2.57 (m, 1 H), 2.09−2.19 (m, 2 H), 1.67−1.79 (m, 2
H), 1.57−1.67 (m, 2 H), 1.21−1.30 (m, 2 H), 1.11 (d, J = 6.6 Hz, 6
H), 1.02 (s, 6 H). HRMS (m/z): [MH+] calcd for C31H41FN5O3,
550.3188; found, 550.3192.
2-(1-(3-Fluoro-4-nitrobenzyl)piperidin-4-yl)propan-2-ol (42).

To a solution of 3-fluoro-4-nitrobenzenecarbaldehyde (Bionet
Research, 5.50 g, 32.5 mmol) in DCM (100 mL) was added acetic
acid (0.17 mL). The reaction was cooled in an ice−water bath to 5 °C,
and then 23 (4.66 g, 32.5 mmol) was added, followed by sodium
triacetoxyborohydride (7.10 g, 33.5 mmol) and additional DCM (50
mL). The reaction was stirred at 5 °C for 45 min, allowed to warm to
ambient temperature, and stirred at ambient temperature for 1 h. The
reaction mixture was concentrated, and the residue was diluted with
ethyl acetate and washed with saturated aqueous sodium bicarbonate
and brine. The organic phase was concentrated, adsorbed onto a silica-
gel loading column, and purified by chromatography, eluting with 50−
100% ethyl acetate in hexanes, to afford 42 (8.48 g, 88% yield) as a
yellow oil. 1H NMR (400 MHz, CDCl3) δ 8.02 (t, J = 8.0 Hz, 1 H),
7.34 (d, J = 8.1 Hz, 1 H), 7.27 (br s, 1 H), 3.55 (br s, 2 H), 2.87−2.98
(m, 2 H), 1.95−2.07 (m, 2 H), 1.53−1.87 (m, 2 H), 1.37−1.50 (m, 2
H), 1.29−1.35 (m, 1 H), 1.20 (s, 6 H). LC/MS (ESI+) m/z = 297.2
(M + H).
(1s,4s)-4-((5-((4-(2-Hydroxypropan-2-yl)piperidin-1-yl)-

methyl)-2-nitrophenyl)amino)-N-isopropylcyclohexanecar-
boxamide (43). To a solution of 42 (8.48 g, 28.6 mmol) in
acetonitrile (50 mL) was added 19 (7.10 g, 32.2 mmol), followed by
N,N-diisopropylethylamine (14.9 mL, 86 mmol). The reaction was
stirred for 15 min at ambient temperature and then at 80 °C for 24 h.
After cooling to ambient temperature, the reaction mixture was
concentrated in vacuo, and the residue was partitioned between ethyl
acetate and aqueous potassium carbonate. The aqueous layer was
extracted with ethyl acetate three times; the combined organic phases
were washed with brine and concentrated. The crude product was
adsorbed onto a silica gel pad and eluted with ethyl acetate, followed
by 90:10:1 DCM:methanol:ammonium hydroxide when the product
began to elute. The product fractions were combined and
concentrated; the residue was recrystallized from hot toluene/hexanes
to afford 43 (9.62 g, 73% yield). 1H NMR (400 MHz, DMSO-d6) δ
8.28 (d, J = 7.5 Hz, 1 H), 8.03 (d, J = 8.9 Hz, 1 H), 7.54 (d, J = 7.7 Hz,
1 H), 6.97 (s, 1 H), 6.65 (dd, J = 1.5 Hz, 8.9 Hz, 1 H), 4.01 (s, 1 H),
3.88−3.95 (m, 1 H), 3.77−3.87 (m, 1 H), 3.43 (s, 2 H), 2.70−2.98
(m, 2 H), 2.17−2.25 (m, 1 H), 1.79−1.92 (m, 4 H), 1.58−1.74 (m, 8

H), 1.10−1.30 (m, 3 H), 1.03 (d, J = 6.5 Hz, 6 H), 1.03 (s, 6 H). LC/
MS (ESI+) m/z = 461.2 (M + H).

(1s,4s)-4-((2-Amino-5-((4-(2-hydroxypropan-2-yl)piperidin-
1-yl)methyl)phenyl)amino)-N-isopropylcyclohexanecarboxa-
mide (44). To a slurry of 5% palladium on carbon (1.42 g, 0.667
mmol) in water (10 mL), under an argon atmosphere, was added
ethanol (100 mL), followed by 43 (9.62 g, 20.9 mmol). The reaction
was cooled in an ice−water bath, and ammonium formate (13.2 g, 209
mmol), and ethanol (20 mL) were added. The reaction was stirred at 5
°C for 135 min. The reaction was filtered through a Celite pad, and the
filter cake was rinsed with ethanol and DCM. The combined filtrates
were concentrated and partitioned between DCM and water. The
aqueous layer was extracted twice with 1-butanol; the combined
organic layers were washed with brine and concentrated. The crude
product was adsorbed onto a silica gel pad and eluted with ethyl
acetate, followed by 90:10:1 DCM:methanol:ammonium hydroxide
when the product began to elute. The product-containing filtrate was
concentrated; the resulting foam was recrystallized from toluene/
hexanes to afford 44 (8.98 g, 100% yield) as a red solid. 1H NMR (400
MHz, CDCl3) δ 6.68 (d, J = 1.4 Hz, 1 H), 6.66 (d, J = 7.8 Hz, 1 H),
6.58 (dd, J = 1.7 Hz, 7.8 Hz, 1 H), 5.28 (d, J = 7.7 Hz, 1 H), 4.05−4.18
(m, 1 H), 3.57−3.63 (m, 1 H), 3.54 (s, 2 H), 2.97−3.21 (m, 2 H),
2.13−2.21 (m, 1 H), 1.98−2.07 (m, 2 H), 1.82−1.92 (m, 3 H), 1.66−
1.77 (m, 6 H), 1.45−1.56 (m, 2 H), 1.26−1.35 (m, 1 H), 1.18 (s, 6 H),
1.16 (d, J = 6.6 Hz, 6 H).

3,5-Difluorobenzoyl Isothiocyanate (45). To a solution of
potassium thiocyanate (5.65 mL, 111 mmol) in acetonitrile (65 mL)
was added 3,5-difluorobenzoyl chloride (16.3 g, 92 mmol) dropwise
via syringe, and the reaction was stirred for 2 h at 50 °C. After the
reaction was complete, the reaction mixture was cooled to ambient
temperature and the precipitated solids were removed by filtration.
The filtrate was concentrated, and the residue was triturated with
benzene. The precipitated solids were again removed by filtration, and
the filtrate was concentrated. The residue was triturated with 3:2
benzene/hexanes, and the precipitated solids were again removed by
filtration. The filtrate was concentrated in vacuo to generate 45 (10.9
g, 59% yield) as a light-orange liquid. 1H NMR (400 MHz, CDCl3) δ
7.56−7.62 (m, 2 H), 7.12 (tt, J = 2.4 Hz, 8.3 Hz, 1 H).

(1s,4s)-4-(2-Amino-6-((4-(2-hydroxypropan-2-yl)piperidin-1-
yl)methyl)-1H-benzo[d]imidazol-1-yl)-N-isopropylcyclohexa-
necarboxamide (46). Step 1: To a solution of 44 (1.86 g, 4.32
mmol) in 1,4-dioxane (22 mL) was added acetyl isothiocyanate (0.379
mL, 4.32 mmol), and the reaction was stirred at 100 °C for 5 min.
After the reaction had cooled to ambient temperature, 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (2.48 g,
13.0 mmol) and N,N-diisopropylethylamine (2.72 mL, 15.6 mmol)
were added, and the reaction was stirred at 60 °C for 1 h. The reaction
mixture was then concentrated onto silica gel and purified by column
chromatography, eluting with 90:10:1 DCM:methanol:ammonium
hydroxide. The product fractions were combined and concentrated to
produce (1s,4s)-4-(2-acetamido-6-((4-(2-hydroxypropan-2-yl)-
piperidin-1-yl)methyl)-1H-benzo[d]imidazol-1-yl)-N-isopropylcyclo-
hexanecarboxamide as an orange solid. LC/MS (ESI+) m/z = 498.2
(M + H).

Step 2: A solution of (1s,4s)-4-(2-acetamido-6-((4-(2-hydroxypro-
pan-2-yl)piperidin-1-yl)methyl)-1H-benzo[d]imidazol-1-yl)-N-isopro-
pylcyclohexanecarboxamide (2.16 g, 4.34 mmol) in 2 N aqueous HCl
(33 mL) was stirred at 50 °C for 24 h. After concentrating the reaction
mixture in vacuo, the crude product was adsorbed onto a silica gel
loading column and purified by column chromatography, eluting with
a gradient of 0−100% [9:1 DCM/methanol with 1% ammonium
hydroxide] in DCM. The product fractions were combined and
concentrated to produce 46 (1.63 g, 82% yield over two steps). 1H
NMR (400 MHz, DMSO-d6) δ 7.60 (d, J = 7.6 Hz, 1 H), 7.20 (s, 1
H), 7.02 (d, J = 8.0 Hz, 1 H), 6.84 (d, J = 8.0 Hz, 1 H), 6.19 (s, 2 H),
4.19 (br s, 1 H), 3.93−4.03 (m, 2 H), 3.40 (s, 2 H), 2.75−2.99 (m, 2
H), 2.41−2.47 (m, 2 H), 1.95−2.25 (m, 2 H), 1.78 (br s, 2 H), 1.50−
1.65 (m, 6 H), 1.16−1.28 (m, 4 H), 1.12 (d, J = 6.5 Hz, 6 H), 1.01 (s,
6 H). LC/MS (ESI+) m/z = 456.2 (M + H).
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Preparation of 47−48 and 50−59. General Procedure C. To a
solution of 46 (100 mg, 0.219 mmol), 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (0.063 g, 0.329 mmol), N-hydrox-
ybenzotriazole (0.034 g, 0.219 mmol), and N,N-diisopropylethylamine
(0.153 mL, 0.878 mmol) in DMF (0.439 mL) was added a benzoic
acid (0.219 mmol). The reaction was stirred at 50 °C for 2 h and then
stirred at ambient temperature overnight. The reaction mixture was
diluted with ethyl acetate and washed with water and brine; the
organic layer was dried over sodium sulfate, filtered, and concentrated.
The crude product was purified via reverse-phase preparative HPLC to
provide the desired product.
(E)-N-(6-((4-(2-Hydroxypropan-2-yl)piperidin-1-yl)methyl)-1-

((1s,4s)-4-(isopropylcarbamoyl)cyclohexyl)-1H-benzo[d]-
imidazol-2(3H)-ylidene)benzamide (47). The title compound was
prepared by general procedure C using benzoic acid. The crude
product was purified using a gradient of 20−80% [0.1% TFA in
acetonitrile] in [0.1% TFA in water] to produce 47 (27 mg, 22.3%
yield). 1H NMR (400 MHz, DMSO-d6) δ 12.75 (br s, 1 H), 8.26 (d, J
= 7.2 Hz, 2 H), 7.63 (d, J = 7.6 Hz, 1 H), 7.56 (s, 1 H), 7.43−7.53 (m,
4 H), 7.15 (d, J = 8.1 Hz, 1 H), 4.79−4.93 (m, 1 H), 4.03−4.12 (m, 1
H), 4.01 (s, 1 H), 3.51 (s, 2 H), 2.82−2.96 (m, 2 H), 2.65−2.78 (m, 2
H), 2.51−2.56 (m, 1 H), 2.11−2.21 (m, 2 H), 1.78−1.93 (m, 2 H),
1.55−1.78 (m, 6 H), 1.20−1.32 (m, 2 H), 1.13−1.18 (m, 1 H), 1.11
(d, J = 6.6 Hz, 6 H), 1.02 (s, 6 H). HRMS (m/z): [MH+] calcd for
C33H46N5O3, 560.3595; found, 560.3598.
(E)-3-Fluoro-N-(6-((4-(2-hydroxypropan-2-yl)piperidin-1-yl)-

methyl)-1-((1s,4s)-4-(isopropylcarbamoyl)cyclohexyl)-1H-
benzo[d]imidazol-2(3H)-ylidene)benzamide (48). The title com-
pound was prepared by general procedure C using 3-fluorobenzoic
acid. The crude product was purified using a gradient of 20−80%
[0.1% TFA in acetonitrile] in [0.1% TFA in water] to produce 48 (33
mg, 39.5% yield). 1H NMR (400 MHz, DMSO-d6) δ 12.80 (br s, 1 H),
8.11 (d, J = 7.8 Hz, 1 H), 7.94 (d, J = 9.9 Hz, 1 H), 7.43−7.69 (m, 4
H), 7.29−7.39 (m, 1 H), 7.11−7.23 (m, 1 H), 4.80−4.92 (m, 1 H),
3.94−4.13 (m, 2 H), 3.44−3.58 (m, 2 H), 2.81−2.96 (m, 2 H), 2.64−
2.80 (m, 2 H), 2.51−2.56 (m, 1 H), 2.09−2.21 (m, 2 H), 1.54−1.92
(m, 8 H), 1.20−1.37 (m, 2 H), 1.13−1.19 (m, 1 H), 1.10 (d, J = 6.6
Hz, 6 H), 1.02 (s, 6 H). HRMS (m/z): [MH+] calcd for
C33H45FN5O3, 578.3501; found, 578.3500.
(E)-3,5-Difluoro-N-(6-((4-(2-hydroxypropan-2-yl)piperidin-1-

yl)methyl)-1-((1s,4s)-4-(isopropylcarbamoyl)cyclohexyl)-1H-
benzo[d]imidazol-2(3H)-ylidene)benzamide (49). To a solution
of 44 (8.98 g, 20.9 mmol) in THF (80 mL) at 0 °C was added a
solution of 45 (4.57 g, 22.9 mmol) in THF. The reaction was stirred at
0 °C for 30 min and then warmed to 20 °C and stirred for 1.5 h to
form the thiourea intermediate.
To the reaction mixture were added N,N-diisopropylethylamine

(4.37 mL, 25.02 mmol) and 1-(3-dimethylaminopropyl)-3-ethyl-
carbodiimide hydrochloride (4.80 g, 25.02 mmol), and the reaction
was stirred at 60 °C for 1 h. The reaction mixture was diluted with
ethyl acetate, washed with water and brine, and concentrated. The
crude product was adsorbed onto a silica gel loading column and
purified by column chromatography, eluting with 1:1 ethyl acetate/
hexanes, followed by 5−10% [9:1 DCM/methanol with 1%
ammonium hydroxide] in DCM. The product fractions were
combined and concentrated; the residue was recrystallized from
acetonitrile to produce 49 (8.95 g, 72% yield) as an off-white
crystalline solid. 1H NMR (400 MHz, DMSO-d6) δ 12.81 (s, 1 H),
7.85 (dd, J = 2.3 Hz, 8.4 Hz, 2 H), 7.56−7.64 (m, 2 H), 7.50 (d, J = 8.2
Hz, 1 H), 7.38 (tt, J = 9.0 Hz, 2.4 Hz, 1 H), 7.18 (dd, J = 8.2 Hz, 8.2
Hz, 1 H), 4.78−4.90 (m, 1 H), 4.00−4.11 (m, 1 H), 3.99 (s, 1 H), 3.50
(s, 2 H), 2.85−2.92 (m, 2 H), 2.63−2.82 (m, 2 H), 2.51−2.56 (m, 1
H), 2.06−2.19 (m, 2 H), 1.69−1.91 (m, 4 H), 1.56−1.69 (m, 4 H),
1.18−1.35 (m, 2 H), 1.12−1.18 (m, 1 H), 1.09 (d, J = 3.6 Hz, 6 H),
1.02 (s, 6 H). HRMS (m/z): [MH+] calcd for C33H43F2N5O3,
596.3407; found, 596.3409.
(E)-N-(6-((4-(2-Hydroxypropan-2-yl)piperidin-1-yl)methyl)-1-

((1s,4s)-4-(isopropylcarbamoyl)cyclohexyl)-1H-benzo[d]-
imidazol-2(3H)-ylidene)isonicotinamide (50). The title com-
pound was prepared by general procedure C using isonicotinic acid.
The crude product was purified using a gradient of 15−75% [0.1%

TFA in acetonitrile] in [0.1% TFA in water] to produce 50 (27 mg,
21.3% yield). 1H NMR (400 MHz, DMSO-d6) δ 12.83 (s, 1 H), 8.70
(dd, J = 1.5 Hz, 4.5 Hz, 2H), 8.11 (dd, J = 1.5 Hz, 4.5 Hz, 2 H), 7.63
(d, J = 7.6 Hz, 1 H), 7.58 (s, 1 H), 7.50 (d, J = 8.1 Hz, 1 H), 7.18 (d, J
= 8.1 Hz, 1 H), 4.80−4.91 (m, 1 H), 4.02−4.11 (m, 1 H), 4.00 (s, 1
H), 3.50 (s, 2 H), 2.85−2.93 (m, 2 H), 2.69−2.81 (m, 2 H), 2.52−2.56
(m, 1 H), 2.12−2.20 (m, 2 H), 1.79−1.88 (m, 2 H), 1.68−1.79 (m, 2
H), 1.58−1.68 (m, 4 H), 1.20−1.31 (m, 2 H), 1.12−1.18 (m, 1 H),
1.10 (d, J = 6.5 Hz, 6 H), 1.02 (s, 6 H). HRMS (m/z): [MH+] calcd
for C32H45N6O3, 561.3548; found, 561.3548.

(E)-4-Cyano-N-(6-((4-(2-Hydroxypropan-2-yl)piperidin-1-yl)-
methyl)-1-((1s,4s)-4-(isopropylcarbamoyl)cyclohexyl)-1H-
benzo[d]imidazol-2(3H)-ylidene)benzamide (51). The title com-
pound was prepared by general procedure C using 4-cyanobenzoic
acid. The crude product was purified using a gradient of 20−80%
[0.1% TFA in acetonitrile] in [0.1% TFA in water] to produce 51 (32
mg, 20.5% yield). 1H NMR (400 MHz, DMSO-d6) δ 12.83 (br s, 1 H),
8.41 (d, J = 8.4 Hz, 2 H), 7.91 (d, J = 8.4 Hz, 2 H), 7.64 (d, J = 7.6 Hz,
1 H), 7.58 (s, 1 H), 7.50 (d, J = 8.1 Hz, 1 H), 7.18 (d, J = 8.2 Hz, 1 H),
4.81−4.92 (m, 1 H), 4.01−4.09 (m, 1 H), 4.00 (s, 1 H), 3.50 (s, 2 H),
2.83−2.93 (m, 2 H), 2.66−2.80 (m, 2 H), 2.52−2.56 (m, 1 H), 2.10−
2.19 (m, 2 H), 1.79−1.89 (m, 2 H), 1.68−1.79 (m, 2 H), 1.58−1.67
(m, 4 H), 1.18−1.31 (m, 2 H), 1.13−1.17 (m, 1 H), 1.11 (d, J = 6.5
Hz, 6 H), 1.02 (s, 6 H). HRMS (m/z): [MH+] calcd for C34H45N6O3,
585.3548; found, 585.3549.

(E)-N-(6-((4-(2-Hydroxypropan-2-yl)piperidin-1-yl)methyl)-1-
((1s,4s)-4-(isopropylcarbamoyl)cyclohexyl)-1H-benzo[d]-
imidazol-2(3H)-ylidene)nicotinamide (52). The title compound
was prepared by general procedure C using nicotinic acid. The crude
product was purified using a gradient of 15−75% [0.1% TFA in
acetonitrile] in [0.1% TFA in water] to produce 52 (27 mg, 23.2%
yield). 1H NMR (400 MHz, DMSO-d6) δ 12.79 (s, 1 H), 9.36 (d, J =
1.4 Hz, 1 H), 8.69 (dd, J = 1.7 Hz, 4.7 Hz, 1 H), 8.56 (d, J = 7.8 Hz, 1
H), 7.63 (d, J = 7.6 Hz, 1 H), 7.58 (s, 1 H), 7.46−7.53 (m, 2 H), 7.18
(d, J = 8.2 Hz, 1 H), 4.85−4.94 (m, 1 H), 4.02−4.11 (m, 1 H), 4.01 (s,
1 H), 3.50 (s, 2 H), 2.83−2.93 (m, 2 H), 2.66−2.77 (m, 2 H), 2.51−
2.56 (m, 1 H), 2.12−2.19 (m, 2 H), 1.80−1.88 (m, 2 H), 1.69−1.80
(m, 2 H), 1.58−1.69 (m, 4 H), 1.20−1.32 (m, 2 H), 1.13−1.17 (m, 1
H), 1.11 (d, J = 6.5 Hz, 6 H), 1.02 (s, 6 H). HRMS (m/z): [MH+]
calcd for C32H45N6O3, 561.3548; found, 561.3552.

(E)-3,4-Difluoro-N-(6-((4-(2-hydroxypropan-2-yl)piperidin-1-
yl)methyl)-1-((1s,4s)-4-(isopropylcarbamoyl)cyclohexyl)-1H-
benzo[d]imidazol-2(3H)-ylidene)benzamide (53). The title com-
pound was prepared by general procedure C using 3,4-difluorobenzoic
acid. The crude product was purified using a gradient of 30−90%
[0.1% TFA in acetonitrile] in [0.1% TFA in water] to produce 53 (35
mg, 16.4% yield). 1H NMR (400 MHz, DMSO-d6) δ 12.77 (s, 1 H),
8.15−8.22 (m, 1 H), 8.09−8.15 (m, 1 H), 7.63 (d, J = 7.7 Hz, 1 H),
7.56 (s, 1 H), 7.44−7.52 (m, 2 H), 7.16 (d, J = 8.3 Hz, 1 H), 4.77−
4.88 (m, 1 H), 4.01−4.10 (m, 1 H), 4.00 (s, 1 H), 3.49 (s, 2 H), 2.84−
2.93 (m, 2 H), 2.68−2.80 (m, 2 H), 2.51−2.56 (m, 1 H), 2.07−2.18
(m, 2 H), 1.79−1.88 (m, 2 H), 1.68−1.79 (m, 2 H), 1.55−1.68 (m, 4
H), 1.20−1.32 (m, 2 H), 1.12−1.17 (m, 1 H), 1.10 (d, J = 6.6 Hz, 6
H), 1.02 (s, 6 H). HRMS (m/z): [MH+] calcd for C33H44F2N5O3,
596.3407; found, 596.3406.

(E)-3-Cyano-5-fluoro-N-(6-((4-(2-hydroxypropan-2-yl)-
piperidin-1-yl)methyl)-1-((1s,4s)-4-(isopropylcarbamoyl)-
cyclohexyl)-1H-benzo[d]imidazol-2(3H)-ylidene)benzamide
(54). The title compound was prepared by general procedure C using
3-cyano-5-fluorobenzoic acid. The crude product was purified using a
gradient of 30−90% [0.1% TFA in acetonitrile] in [0.1% TFA in
water] to produce 54 (36 mg, 17.6% yield). 1H NMR (400 MHz,
DMSO-d6) δ 12.87 (br s, 1 H), 8.43 (s, 1 H), 8.32 (d, J = 1.0 Hz, 1 H),
7.96−8.03 (m, 1 H), 7.58−7.65 (m, 2 H), 7.52 (d, J = 8.1 Hz, 1 H),
7.19 (d, J = 8.2 Hz, 1 H), 4.78−4.90 (m, 1 H), 4.02−4.13 (m, 1 H),
4.00 (s, 1 H), 3.50 (s, 2 H), 2.85−2.92 (m, 2 H), 2.72−2.84 (m, 2 H),
2.52−2.57 (m, 1 H), 2.06−2.15 (m, 2 H), 1.68−1.90 (m, 4 H), 1.58−
1.67 (m, 4 H), 1.19−1.31 (m, 2 H), 1.11−1.18 (m, 1 H), 1.08 (d, J =
6.5 Hz, 6 H), 1.02 (s, 6 H). HRMS (m/z): [MH+] calcd for
C34H44FN6O3, 603.3453; found, 603.3452.
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(E)-3-Cyano-N-(6-((4-(2-hydroxypropan-2-yl)piperidin-1-yl)-
methyl)-1-((1s,4s)-4-(isopropylcarbamoyl)cyclohexyl)-1H-
benzo[d]imidazol-2(3H)-ylidene)benzamide (55). The title com-
pound was prepared by general procedure C using 3-cyanobenzoic
acid. The crude product was purified using a gradient of 20−80%
[0.1% TFA in acetonitrile] in [0.1% TFA in water] to produce 55 (32
mg, 20.2% yield). 1H NMR (400 MHz, DMSO-d6) δ 12.83 (br s, 1 H),
8.60 (d, J = 7.9 Hz, 1 H), 8.56 (s, 1 H), 7.98 (dd, J = 1.3 Hz, 7.7 Hz, 1
H), 7.68 (dd, J = 7.7 Hz, 7.7 Hz, 1 H), 7.63 (d, J = 7.6 Hz, 1 H), 7.58
(s, 1 H), 7.51 (d, J = 8.2 Hz, 1 H), 7.17 (d, J = 8.1 Hz, 1 H), 4.80−4.91
(m, 1 H), 4.03−4.13 (m, 1 H), 4.00 (s, 1 H), 3.50 (s, 2 H), 2.83−2.93
(m, 2 H), 2.69−2.83 (m, 2 H), 2.51−2.56 (m, 1 H), 2.08−2.19 (m, 2
H), 1.69−1.90 (m, 4 H), 1.55−1.69 (m, 4 H), 1.18−1.31 (m, 2 H),
1.12−1.18 (m, 1 H), 1.10 (d, J = 6.5 Hz, 6 H), 1.01 (s, 6 H). HRMS
(m/z): [MH+] calcd for C34H45N6O3, 585.3548; found, 585.3548.
(E)-3-Chloro-5-fluoro-N-(6-((4-(2-hydroxypropan-2-yl)-

piperidin-1-yl)methyl)-1-((1s,4s)-4-(isopropylcarbamoyl)-
cyclohexyl)-1H-benzo[d]imidazol-2(3H)-ylidene)benzamide
(56). The title compound was prepared by general procedure C using
3-chloro-5-fluorobenzoic acid. The crude product was purified using a
gradient of 30−90% [0.1% TFA in acetonitrile] in [0.1% TFA in
water] to produce 56 (38 mg, 21.4% yield). 1H NMR (400 MHz,
DMSO-d6) δ 12.82 (br s, 1 H), 7.96−8.05 (m, 2 H), 7.54−7.66 (m, 3
H), 7.51 (d, J = 8.1 Hz, 1 H), 7.18 (d, J = 8.1 Hz, 1 H), 4.80−4.91 (m,
1 H), 4.01−4.10 (m, 1 H), 4.00 (s, 1 H), 3.50 (s, 2 H), 2.84−2.92 (m,
2 H), 2.64−2.79 (m, 2 H), 2.51−2.56 (m, 1 H), 2.05−2.19 (m, 2 H),
1.79−1.89 (m, 2 H), 1.67−1.79 (m, 2 H), 1.59−1.67 (m, 4 H), 1.12−
1.31 (m, 3 H), 1.10 (d, J = 6.5 Hz, 6 H), 1.02 (s, 6 H). HRMS (m/z):
[MH+] calcd for C33H44ClFN5O3, 612.3111; found, 612.3116.
(E)-3-Chloro-N-(6-((4-(2-hydroxypropan-2-yl)piperidin-1-yl)-

methyl)-1-((1s,4s)-4-(isopropylcarbamoyl)cyclohexyl)-1H-
benzo[d]imidazol-2(3H)-ylidene)benzamide (57). The title com-
pound was prepared by general procedure C using 3-chlorobenzoic
acid. The crude product was purified using a gradient of 30−90%
[0.1% TFA in acetonitrile] in [0.1% TFA in water] to produce 57 (34
mg, 21.4% yield). 1H NMR (400 MHz, DMSO-d6) δ 12.82 (br s, 1 H),
7.96−8.05 (m, 2 H), 7.54−7.66 (m, 3 H), 7.51 (d, J = 8.1 Hz, 1 H),
7.18 (d, J = 8.1 Hz, 1 H), 4.80−4.91 (m, 1 H), 4.01−4.10 (m, 1 H),
4.00 (s, 1 H), 3.50 (s, 2 H), 2.84−2.92 (m, 2 H), 2.64−2.79 (m, 2 H),
2.51−2.56 (m, 1 H), 2.05−2.19 (m, 2 H), 1.79−1.89 (m, 2 H), 1.67−
1.79 (m, 2 H), 1.59−1.67 (m, 4 H), 1.18−1.31 (m, 2 H), 1.14−1.17
(m, 1 H), 1.10 (d, J = 6.5 Hz, 6 H), 1.02 (s, 6 H). HRMS (m/z):
[MH+] calcd for C33H45ClN5O3, 594.3205; found, 594.3204.
(E)-3-Chloro-4-fluoro-N-(6-((4-(2-hydroxypropan-2-yl)-

piperidin-1-yl)methyl)-1-((1s,4s)-4-(isopropylcarbamoyl)-
cyclohexyl)-1H-benzo[d]imidazol-2(3H)-ylidene)benzamide
(58). The title compound was prepared by general procedure C using
3-chloro-4-fluorobenzoic acid. The crude product was purified using a
gradient of 30−90% [0.1% TFA in acetonitrile] in [0.1% TFA in
water] to produce 58 (38 mg, 21.4% yield). 1H NMR (400 MHz,
DMSO-d6) δ 12.77 (br s, 1 H), 8.27−8.34 (m, 2 H), 7.63 (d, J = 7.6
Hz, 1 H), 7.57 (s, 1 H), 7.43−7.54 (m, 2 H), 7.16 (d, J = 8.2 Hz, 1 H),
4.80−4.90 (m, 1 H), 4.02−4.11 (m, 1 H), 4.00 (s, 1 H), 3.49 (s, 2 H),
2.84−2.92 (m, 2 H), 2.66−2.79 (m, 2 H), 2.51−2.57 (m, 1 H), 2.09−
2.18 (m, 2 H), 1.78−1.88 (m, 2 H), 1.67−1.78 (m, 2 H), 1.55−1.67
(m, 4 H), 1.20−1.30 (m, 2 H), 1.12−1.17 (m, 1 H), 1.11 (d, J = 6.5
Hz, 6 H), 1.01 (s, 6 H). HRMS (m/z): [MH+] calcd for
C33H44ClFN5O3, 612.3111; found, 612.3111.
(E)-4-Cyano-3-fluoro-N-(6-((4-(2-hydroxypropan-2-yl)-

piperidin-1-yl)methyl)-1-((1s,4s)-4-(isopropylcarbamoyl)-
cyclohexyl)-1H-benzo[d]imidazol-2(3H)-ylidene)benzamide
(59). The title compound was prepared by general procedure C using
4-cyano-3-fluorobenzoic acid. The crude product was purified using a
gradient of 30−90% [0.1% TFA in acetonitrile] in [0.1% TFA in
water] to produce 59 (36 mg, 21.5% yield). 1H NMR (400 MHz,
DMSO-d6) δ 12.87 (br s, 1 H), 8.20−8.27 (m, 2 H), 7.96−8.02 (m, 1
H), 7.57−7.67 (m, 2 H), 7.52 (d, J = 8.2 Hz, 1 H), 7.19 (d, J = 8.1 Hz,
1 H), 4.79−4.90 (m, 1 H), 4.01−4.10 (m, 1 H), 4.00 (s, 1 H), 3.50 (s,
2 H), 2.83−2.93 (m, 2 H), 2.70−2.82 (m, 2 H), 2.51−2.56 (m, 1 H),
2.08−2.16 (m, 2 H), 1.69−1.89 (m, 4 H), 1.59−1.67 (m, 4 H), 1.19−
1.31 (m, 2 H), 1.12−1.18 (m, 1 H), 1.10 (d, J = 6.6 Hz, 6 H), 1.02 (s,

6 H). HRMS (m/z): [MH+] calcd for C34H44FN6O3, 603.3453; found,
603.3450.
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