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ABSTRACT: The design and the synthesis of several
chemical subclasses of imidazole containing γ-secretase
modulators (GSMs) is described. Conformational restriction
of pyridone 4 into bicyclic pyridone isosteres has led to
compounds with high in vitro and in vivo potency. This has
resulted in the identification of benzimidazole 44a as a GSM
with low nanomolar potency in vitro. In mouse, rat, and dog,
this compound displayed the typical γ-secretase modulatory
profile by lowering Aβ42 and Aβ40 levels combined with an especially pronounced increase in Aβ38 and Aβ37 levels while
leaving the total levels of amyloid peptides unchanged.

■ INTRODUCTION
Alzheimer’s disease (AD) is a chronic and progressive
neurodegenerative disorder characterized by the deposition of
extraneuronal amyloid plaques and intraneuronal neurofibrillary
tangles of hyperphosphorylated tau protein in the limbic and
cortical regions of the brain.1 These pathological depositions
were first discovered in 1906 by Alois Alzheimer during the
autopsy of patients with loss of memory, cognition, and
behavioral stability.2 Nowadays, AD is the leading form of
dementia and the third leading cause of death after
cardiovascular disease and cancer.
AD does not have a simple etiology, but a substantial body of

evidence supports the amyloid hypothesis which supposes that
the accumulation of the amyloid-β peptide (Aβ) caused by
altered production or clearance is the causative event in AD.3

Aβ-peptides are derived from the amyloid precursor protein
(APP) by two sequential proteolytic cleavages. The first
cleavage of APP is catalyzed by the aspartyl protease BACE1
(β-secretase), yielding a soluble N-terminal fragment (sAPP)
which is excreted from the cell, and a short membrane-bound
C-terminal fragment (C99). The latter is a substrate for γ-
secretase, and it is cleaved at variable positions of the
transmembrane domain to release a 37−43 amino acid long
Aβ-peptide. The two most common forms of Aβ produced in
this way are Aβ40 and Aβ42, containing 40 and 42 amino acid
residues respectively. It is the longer and more hydrophobic
Aβ42 that forms the nucleus of the amyloid plaques and is
thought to cause the neurotoxicity associated with AD.
The search for γ-secretase inhibitors (GSIs) that lower the

production of all Aβ isoforms has been a first strategy to
prevent the formation of amyloid plaques. Several GSIs have
moved to the clinic, and their progress has been reviewed
recently.4 The development of the most advanced compound,

semagacestat, was interrupted during a phase III clinical trial as
it was associated with worsening of clinical measures of
cognition and an increase in the risk of skin cancer. Multiple
reasons have been proposed to explain the lack of efficacy and
observed side effects, including the rebound effect on Aβ42 at
low levels of semagacestat, poor selectivity versus Notch
cleavage, and accumulation of neurotoxic C99.4b,5 In contrast to
GSIs, γ-secretase modulators (GSMs) are defined as molecules
that change the relative proportion of the Aβ isoforms while
maintaining the rate at which APP is processed.6 Targeted
modulation of γ-secretase activity in such a way that the release
of the longer amyloidogenic Aβ-peptides, especially Aβ42, is
disfavored with regard to the shorter and more soluble Aβ-
peptides, especially Aβ37 and Aβ38, has been and still is an
important strategy to tackle AD.7,8 Mechanistically, GSMs have
been postulated to act as activators of the γ-secretase complex,
enhancing the stepwise cleavage of APP toward the shorter Aβ-
peptides.9 In a recent study to further discriminate between
modulation and inhibition, a GSM successfully improved
cognitive deficits in APP-transgenic mice whereas a GSI caused
cognitive impairment likely due to accumulation of C99.5

Two major classes of compounds are known to modulate the
γ-secretase activity.10 The first of these are carboxylic acids
derived from nonsteroidal anti-inflammatory drugs
(NSAIDs).11 Initial examples of this class, such as tarenflurbil
(1), were of low potency and displayed poor brain penetration,
resulting in the failure of 1 in phase III clinical trials (Figure 1).
Subsequent, more potent analogues suffered from very high
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lipophilicity, limiting the potential use of these compounds as
GSMs. The second class of GSMs is characterized by non-
NSAID-scaffolds without a carboxylic acid group. These were
initially reported by Neurogenetics in 2004, claiming imidazole
containing compounds of general structure 2 as Aβ-modulating
agents with potencies below 1 μM.12 Subsequent work by Eisai
has led to E-2012 (3), the first compound from this series
entering the clinic (Figure 1).13 However, further development
of E-2012 was halted due to lenticular toxicity in preclinical
trials.6 Compound 3 was used as a starting point for the design
of our own non-NSAID γ-secretase modulators for the
treatment of AD.14

The cinnamide group in 3 has an E orientation of the double
bond. Our first hit was obtained by speculating that an NH
linker as in compound 4 would preserve a similar geometry due
to favorable electrostatic interaction between the NH and the
carbonyl oxygen. Also, a steric clash between the carbonyl and
the methoxyphenyl ring of 4 would disfavor alternative
conformations. Computational modeling of 4 suggested that
the orientation as sketched was the most energetically favorable
conformation.15 This type of aminopyridones has also been
described by Schering/Merck, including 4.14a Despite the
conformational similarity between 3 and 4, subsequent testing
of both compounds in vitro showed a loss in potency of 4
versus 3 (550 vs 81 nM, respectively). Upon oral admin-
istration in mice at 30 mg/kg, no significant change in Aβ brain
levels was observed after 4 h for 4, while dosing of 3 resulted in
a 43% reduction of Aβ42 levels. To improve the in vitro
potency and in vivo activity of 4, we set out to further
conformationally restrict the aminopyridone scaffold in 4. In
this paper, we will discuss our findings in this area and the
development of a number of subseries with high in vitro and in
vivo potency.16

■ CHEMISTRY

All the final compounds were synthesized via a Buchwald
coupling between the anilino- or bromo-derivatives I and the
corresponding halo- or anilino- heterocylic intermediates II,
respectively (Scheme 1).

Synthesis of Intermediates I. In a first approach, the
aniline precursors (I, R′′ = NH2) were prepared in two steps,
starting from commercially available 4-halo-nitroarenes, as
exemplified for anilines 8(a,c,f) in Scheme 2. Nucleophilic
aromatic substitution of a 4-halide in 5 with 4-methylimidazole
gave a mixture of regioisomers, from which 7 was isolated in
good yield. Subsequent catalytic hydrogenation of the nitro
functionality in 7 provided the desired anilines 8(a,c,f) in good
yields. 8a could then be submitted to Sandmeyer reaction
conditions to provide the bromo precursor 11 (I, R′′ = Br). In
another approach, the selective substitution of the 5-bromide in
2,5-dibromopyridine with 4-methylimidazole followed by a
copper oxide amination with ammonium hydroxide afforded
aniline 8e.17 Alternatively, compounds 8b and 8d were
prepared in one step, via an Ullmann type coupling of the 4-
methylimidazole with 4-halo-anilines 9b and 9d, respectively.18

Separation of the two regioisomers provided the major, and
desired, regioisomers 8b and 8d in good yields. A different
approach was used for synthesis of the pyridylmethoxy
derivative 14. Regioselective nucleophilic addition of sodium
methoxide to commercially available 3-amino-2,6-dibromopyr-
idine provided the methoxypyridylamine 12.19 The amine
moiety in 12 was converted to the desired 4-methylimidazole
ring in 13 in a sequence of reactions that included formylation
with acetic formic anhydride,20 followed by alkylation with 1-
chloropropanone and finally ring closure of the resulting
formyloxopropyl amine with ammonium acetate. Bromo-
intermediate 13 could easily be converted to amino-derivative

Figure 1. Examples of γ-secretase modulators. In vitro data were obtained from in-house experiments. The IC50 values are a mean of at least three
determinations.

Scheme 1
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14 via copper oxide catalyzed amination with ammonium
hydroxide.17

Synthesis of Intermediates II. Imidazopyridines. The
imidazopyridine nucleus 17 was prepared by condensation of 2-
amino-3-bromopyridine 15 with α-haloketones 16 (Scheme 3).
Benzimidazoles. The initial synthesis of benzimidazole

analogues involved acylation of 1,2-diamino-3-nitrobenzene
(18) to provide the corresponding anilides (Scheme 3). These
compounds were then condensed to a benzimidazole ring
system 19 at 150 °C in strong acidic conditions under
microwave irradiation. Selective alkylation at N1 of 19 with the
corresponding alkylbromides, followed by reduction of the
nitro moiety, gave the desired 1,2-substituted 4-amino-
benzimidazoles 20(a,b,c,e).
Alternatively, benzimidazoles 23(a,d,f,h) were prepared from

2-bromo-6-fluoro-nitrobenzene (21). Aromatic nucleophilic
substitution on 21 with methylamine followed by reduction
of the nitro functionality provided aniline 22, which was
cyclized with acyl derivatives 25 to provide 23 in good yields.
Indazoles. Condensation of 3-bromo-2-nitrotoluene 24 with

dimethylformamide dimethyl acetal (DMF-DMA) in the
presence of pyrrolidine, followed by oxidation with NaIO4,
gave 3-bromo-2-nitrobenzaldehyde 26 in a modest 20% yield
over two steps (Scheme 4). Alternatively, oxidation of the
commercially available 3-chloro-2-nitrobenzyl alcohol 25 gave

Scheme 2. General Synthetic Route Towards Intermediates Ia

aReagents and conditions: (a) 4-methylimidazole, K2CO3, DMSO, 150 °C, 6 h; (b) H2, Pd(C), MeOH, 50 °C, 12 h; (c) NaNO2, H2SO4, 10 °C, 30
min, then CuBr, HBr; 10 °C to rt, 1 h; (d) 4-methylimidazole, CuI, 1,10-phenanthroline, Cs2CO3, DMSO, 130 °C, 2 d; (e) NaOMe, 1,4-dioxane, rt,
8 h; (f) AcOH, HCO2H, THF, 60 °C, 12 h; (g) 1-chloropropanone, KI, Cs2CO3, DMF, rt, 12 h; (h) NH4OAc, AcOH, 100 °C, 1 h; (i) Cu2O,
NH4OH, ethylene glycol, 100 °C, 16 h.

Scheme 3. Synthesis of Imidazopyridines and Benzimidazole
Building Blocksa

aReagents and conditions: (a) EtOH, reflux, 4 h; (b) RCOCl, Et3N,
CH2Cl2, rt, 2 h; (c) AcOH, HCl, MW 150 °C, 30 min; (d) LiHMDS,
R′Br, THF, 0−150 °C, 1−4 h; (e) Fe, AcOH, 60 °C, 1 h; (f) MeNH2,
EtOH, 0 °C−rt, 15 h; (g) Et3N, CH2Cl2, rt, 15 h then AcOH, HCl,
100 °C, 2 h.

Journal of Medicinal Chemistry Article

dx.doi.org/10.1021/jm201710f | J. Med. Chem. 2012, 55, 9089−91069091



the 3-chloro analogue 27, which was also used to synthesize the
final products. Reductive amination of benzaldehydes 26 and
27 with the corresponding anilines or benzylamines, followed
by reduction of the nitro group with concomitant cyclization to
the indazole nucleus, provided 28.21 The 3-position of 28a and
28c was also methylated using lithium diisopropyl amide
(LDA) and methyl iodide in THF to provide bromo indazoles
29a and 29c, respectively.
This synthetic route proceeded smoothly when the R

substituent at the 2-position of indazoles was an aromatic
ring. When R was an alkyl substituent, the major product of the
cyclization step (e) in Scheme 4 was a reduced diamino-
derivative such as 30, which was not isolated. Therefore an
alternative route for the preparation of the 2-alkyl indazoles was
applied, starting from 2-bromo-6-methylaniline 31. Diazotation
of 31 followed by condensation with t-butylmercaptan afforded
diazene 32. Subsequently, 32 underwent cyclization to indazole
33 by treatment with potassium t-butylate.22 N-Alkylation of
33, either with a dialkylsulfate, or with an alkylhalide, gave a
mixture of the two regioisomers 34 and 35, which could be
separated via chromatography.
Benzoxazoles. The synthesis of benzoxazole analogues is

shown in Scheme 4. Acylation of dibromoaniline 36 with the
corresponding acyl chlorides provided anilides 37. In turn,
these compounds were submitted to cyclization via Ullmann-
type coupling conditions in the presence of a catalytic Cu(I)−
phenanthroline system23 to give bromobenzoxazoles 38 in
good to excellent yields.

■ BIOLOGY

Cellular in Vitro Assay. All compounds were tested using
SKNBE2 cells carrying the APP 695−wild type according to

modification of the assay as described.24 The cell/compound
mixtures were incubated overnight at 37 °C, 5% CO2. Aβ42
and Aβtotal concentrations were quantified in the cell
supernatant using sandwich immunoassays via the Alphalisa
technology (Perkin-Elmer). To obtain the reported IC50 values,
the data are calculated as percentage of the maximum amount
of Aβ42 or Aβtotal measured in the absence of the test
compound. The IC50 represents the concentration of a
compound that is required for reducing the Aβ peptide levels
by 50%. In this assay, a GSM will lead to a lowering of Aβ42
while leaving Aβtotal levels unchanged. Other mechanisms of
lowering the Aβ levels, such as γ- or β-secretase inhibition or
cytotoxicity, would result in lowering of all Aβ peptides levels,
including Aβtotal. None of the described compounds showed a
significant lowering of the Aβtotal levels up to the highest
concentration tested (10 μM), confirming that they are not γ-
or β-secretase inhibitors.

In Vivo Mouse Screening Assay. To determine the effect
on Aβ42 and Aβtotal levels upon acute administration of a
compound in vivo, nontransgenic CD1 mice were used.
Compounds were formulated as suspensions in 20% of Captisol
(a sulfobutyl ether of β-cyclodextrin) in water and administered
as a single oral dose of 30 mg/kg. After four hours, the animals
were sacrificed and their brains dissected in two. One half was
used for quantification of Aβ levels using sandwich immuno-
assays. The other half was analyzed for compound levels and
compared to compound levels in blood plasma collected at the
same time point. Each quoted value is the mean of at least six
animals. Changes in Aβ peptide levels are expressed as a
percentage relative to untreated animals. Reduction of Aβ
peptide levels of greater than 20% are considered significant. In
all runs, compound 3 was dosed as the positive control. In

Scheme 4. Synthesis of Indazole and Benzoxazole Building Blocksa

aReagents and conditions: (a) DMF−DMA, pyrrolidine, 115 °C, 22 h; (b) NaIO4, DMF/H2O, 3 h, rt; (c) PCC, CH2Cl2, rt, 2 h; (d) R(CH2)nNH2,
sodium triacetoxyborohydride, HOAc, 1,2-dichloroethane, rt, 3 h; (e) SnCl2·2H2O, EtOH, 40 °C, 16 h; (f) LDA, THF, −78 to 0 °C, 15 min, MeI,
−78 °C to rt, 16 h; (g) (1) NaNO2, 6N aq HCl soln, H2O, 30 min, 60 °C, (2) t-butylmercaptan, EtOH, 1 h, 0 °C; (h) KOtBu, DMSO, 2 h, rt; (i)
R2SO4, toluene, 16 h, 110 °C or RBr, N-methyl-dicyclohexylamine, DMF, 16 h, 30 °C; (j) RCOCl, THF, rt, 15 h; (k) CuI, 1,10-phenantroline,
Cs2CO3, DME, 90 °C, 15 h.
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agreement with the cellular in vitro data (vide supra), none of
the tested compounds showed a significant lowering of the
Aβtotal levels.
Further biological experiments are explained in the next

section and detailed in the Experimental Section or Supporting
Information.

■ RESULTS AND DISCUSSION

Imidazopyridines. To regain the loss in potency, when
going from cinnamide 3 to aminopyridone 4 (Figure 1), we set
up to investigate conformational restriction of 4. Assuming that
the proposed intramolecular hydrogen bond in 4 would indeed
mimic the conformation of the cinnamide 3, the N-pyridone
benzyl substituent was targeted, being the most flexible part of
the molecule. A bioisosteric replacement of a pyridone by an
imidazopyridine heterocycle has been described as a successful
strategy for other targets25 and would preserve the intra-
molecular hydrogen bond arrangement present in 4. The 4-
fluorophenyl ring present in both 3 and 4 can be oriented in
two ways on the imidazopyridine ring, and both regioisomers
were prepared (39 and 40, Scheme 5). Only regioisomer 40, in
which the aromatic ring was attached to the 2-position, showed
an improvement of in vitro activity.26 Although with an IC50 of
182 nM still lower in potency than cinnamide 3, this now
translated in vivo into a 35% reduction of Aβ42 levels in mouse
brain 4 h after an oral dose of 30 mg/kg.
Given this result, the influence of various substituents at the

2-position of the imidazopyridine ring in 40 was evaluated. The
most relevant data are presented in Table 1. In general, an
aromatic substituent at the 2-position of imidazopyridines
brought good in vitro potency, with a range of ring
substitutions being allowed. For instance, replacing the para-
fluorine atom on the aromatic ring in 40a by an electron
donating meta-methoxy group (40b) slightly increased the
potency. A reasonable in vitro activity was also achieved with an
unsubstituted phenyl ring (40c). The introduction of a weak
basic center, such as a 3-pyridyl ring in 40f, led to a loss of
primary activity. When the hydrogen atom at the 3-position of
the imidazopyridines was replaced by a bulkier group, such as a
methyl group, potency was improved further, see 40c versus
40d. Most of the compounds in Table 1, which were screened

in vivo in mice, displayed a moderate 20−40% lowering of
Aβ42 brain levels, with total levels of Aβ peptides remaining
unchanged. No clear correlation could be observed between in
vitro potency and in vivo activity, even upon consideration of

Scheme 5. Rationale for the Synthesis of Imidazopyridine 40a

aMouse in vivo at 30 mpk po after 4 h (n = 6) expressed as a percentage of Aβ42 lowering in brain compared with untreated animals.

Table 1. In Vitro/in Vivo Activities, Brain/Plasma Levels,
and Solubility for Imidazopyridines

compd R′ R

IC50
(nM)
Aβ42a

brain levels
(μM)b

plasma
levels
(μM)b

inhib
Aβ42
vivo
(%)c

40a H 4-F-Ph 182 11.7 ± 0.7 17.2 ± 0.7 35
40b H 3-MeO-

Ph
138 3.0 ± 0.3 11.1 ± 0.7 20

40c H Ph 339 16.2 ± 1.1 26.3 ± 1.6 15
40d Me Ph 78 5.4 ± 0.4 16.0 ± 2.0 34
40e Me 2-CF3-

Ph
26 1.2 ± 0.3 4.9 ± 0.8 44

40f H 3-
pyridyl

1216 nd nd nd

40g H 4-F-Ph-
CH2

100 6.2 ± 0.3 17.5 ± 0.7 44

40h H Me 442 13.6 ± 1.5 15.5 ± 1.6 33
40id H n-Bu 194 4.9 ± 0.3 10 ± 0.2 13
40j H THP 213 5.6 ± 0.4 11.3 ± 0.7 7

aIC50 represents the concentration of a compound that is required for
reducing the Aβ42 level by 50%. The IC50 values are a mean of at least
three determinations. The confidence intervals for the IC50 values are
reported in the Supporting Information. bPlasma and brain samples
were analyzed for the tested compound using a qualified research LC-
MS/MS method. Data are expressed as the geometric mean values of
at least 4 runs ± the standard error of the mean (SEM). nd: not
determined. cMouse in vivo at 30 mpk p.o. after 4 h (n = 6) expressed
as a percentage of Aβ42 lowering in brain compared with untreated
animals. nd: not determined. dMouse in vivo at 20 mpk p.o. after 4 h
(n = 4) expressed as a percentage of Aβ42 lowering in brain compared
with vehicle treated animals.

Journal of Medicinal Chemistry Article

dx.doi.org/10.1021/jm201710f | J. Med. Chem. 2012, 55, 9089−91069093



compound brain levels. An effort was made to correlate in vivo
activity with the estimated free brain concentration, using the
fraction unbound in brain ( f u,brain).

27 For most in vivo active
compounds, f u,brain was less than 0.1% and therefore could not
be accurately determined. Nevertheless, we observed that many
compounds demonstrated robust vivo activity while the
estimated free brain concentration was substantially lower
than the in vitro IC50 for Aβ42 lowering. Notably, 40e was one
of the most potent compounds in vivo with 44% lowering of
Aβ42 levels after 4 h, despite relatively low brain levels and
f u,brain < 0.03%. In terms of ADME parameters, most of the 2-
aryl substituted analogues had poor kinetic solubility at pH =
7.4 (<2 μM) and were cytochrome P450 (CyP) inhibitors and
hERG channel binders (data not shown). Replacement of the
2-aryl group on the imidazopyridine nucleus by various alkyl
groups (40h−40j) resulted in active compounds and did
increase the solubility but overall did not improve the ADME
profile. Compound 40g, bearing a benzyl substituent, was one
of the most potent analogues in vivo, lowering the Aβ42 levels
with 44% in mice at 30 mg/kg per os (po). Upon oral dosing,
most analogues of the imidazopyridine series displayed high
compound plasma levels despite their low solubility. On the
other hand, the most soluble compound within this series, the
tetrahydropyranyl (THP) derivative 40j (kinetic solubility at
pH 7.4 = 75 μM), had no significant effect on Aβ42 levels in
vivo despite moderate in vitro activity, good brain levels, and
f u,brain = 1.9%, highlighting again the disconnect between free
brain concentrations and vivo activity.
Having identified activity with the imidazopyridines 40,

alternative bicyclic systems were synthesized which also
contained a hydrogen bond acceptor in the same position
relative to the NH linker (Figure 2). These examples included

benzimidazole, benzoxazole, and indazole heterocycles. A
preference was given to compounds bearing a relatively large
substituent R at the 2-position of the heterocyclic nucleus in
order to preserve the preferred orientation established within
the imidazopyridine series 40.
Benzimidazoles. In general, the benzimidazole series

retained the potency of the imidazopyridines and showed a
similar SAR profile as for the imidazopyridines (Table 2). The
positive influence on potency of an additional substituent R′ at
the 3-position of the benzimidazole nucleus became even more
apparent in this series, with 41a being at least 10-fold less
potent than 41b and 41c. For compound 41b, the high in vitro
potency translated into a good in vivo efficacy, this compound
lowered the levels of Aβ42 peptides in mouse by 43%. As in the
imidazopyridine series, a drop in potency was observed when
small aliphatic substituents were introduced at the 2-position of
the benzimidazole ring (41g). Larger alkyl substituents, such as
in 41h, retained good in vitro potency, and despite a lower
metabolic stability (data not shown), this compound displayed
high brain levels which translated to a 45% reduction of Aβ42
levels.

Indazoles. Also compounds from the indazole (Table 3)
series turned out to be highly potent. The most active in vitro
compounds were substituted on the 2-position of the indazole
nucleus with an aromatic ring either directly connected (42a−
c) or via a methylene spacer (42d). Again, additional
substitution on the 3-position, for instance with a methyl
group, resulted in an improvement of the primary activity (42c
versus 42b). In the case of an alkyl substituent on the 2-
position, good in vitro activity was retained with a n-butyl
group (42f), whereas a smaller substituent such as a methyl
group (42e) led to a poorly active compound. Several
compounds demonstrated in vivo activity, with up to 41%
inhibition of Aβ42 lowering in mouse for compound 42c.

Benzoxazoles. Benzoxazole derivatives were clearly less
active than their imidazopyridine or benzimidazole analogues
(Table 4). For instance 4-F-Ph derivative 43a was almost 2
orders of magnitude less active than the corresponding
imidazopyridine 40a. In this series, the most active compounds
were substituted either with an alkyl substituent on the 2-
position of the benzoxazole nucleus (43d) or an alkylaryl
substituent (43c). However, both compounds were not potent
enough to significantly reduce Aβ42 levels in vivo.
The high potency of compounds across the imidazopyridine,

benzimidazole, and indazole series underlines the benefit of
conformational restriction of the original pyridone core in 4.
Additionally, the cyclization promotes a beneficial orientation
of the aromatic substituent at the 2-position and allows
augmentation of the hydrogen bonding capability of the sp2
nitrogen at the 1-position. The same heterocyclic nitrogen can
form an intramolecular interaction to the NH aniline linker and
stabilize an E-like conformation similar to 3 and 4.

Figure 2. Isosteres of imidazopyridines.

Table 2. In Vitro/in Vivo Activities, Brain/Plasma Levels,
and Solubility for Benzimidazoles

compd R′ R

IC50
Aβ42
(nM)a

brain levels
(μM)b

plasma
levels
(μM)b

inhib
Aβ42
vivo
(%)c

41a H 4-F-Ph 203 nd nd nd
41b Me 4-F-Ph 17 7.0 ± 0.6 17.3 ± 1.3 43
41c iPr 4-F-Ph 25 nd nd nd
41d Me 3-

OMePh
43 5.5 ± 0.5 19 ± 1.0 45

41e Me 2,4-F-Ph 69 10.3 ± 0.8 27 ± 1.6 54
41f Me 4-F-Ph-

CH2

82 4.8 ± 0.4 15.7 ± 1.8 23

41g Me Me 1660 nd nd nd
41h Me iBu 107 10.8 ± 1.3 14.1 ± 1.3 45

aIC50 represents the concentration of a compound that is required for
reducing the Aβ42 level by 50%. The IC50 values are a mean of at least
three determinations. The confidence intervals for the IC50 values are
reported in the Supporting Information bPlasma and brain samples
were analyzed for the tested compound using a qualified research LC-
MS/MS method. Data are expressed as the geometric mean values of
at least four runs ± the standard error of the mean (SEM). nd: not
determined. cMouse in vivo at 30 mpk po after 4 h (n = 6, except for
41(d,f), where n = 4) expressed as a percentage of Aβ42 lowering in
brain compared with untreated animals. nd: not determined.
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The most potent compounds within the various series are
those where the aromatic substituent at the 2-position is
pushed out of the plane of the central bicyclic heteroaromatic

ring. This is achieved by the presence of a small alkyl
substituent at the 3-position of the imidazopyridines,
benzimidazoles, and indazoles (steric clash indicated in Figure
3). The inherent lack of such a substituent in the benzoxazoles

can explain the overall lower potency of this series. Non-
planarity is also achieved by using ortho-substituted aromatic
rings or replacing the aromatic ring with a benzylic or alkyl
group. Indeed, in the benzoxazole series all these variations led
to an increase in potency (43a versus 43b, 43c, and 43d,
respectively).
The carbonyl of the cinnamide 3 and pyridone 4 as well as

the heterocyclic sp2 nitrogen in the series presented here all
maintain a hydrogen bond acceptor in the same position. It was
expected that this is an important feature for the activity of
these molecules. The hydrogen bonding capability of the
heterocyclic nitrogen (N1, Figure 3) was evaluated by
calculating the minimum electrostatic potential, Vmin, for this
atom. This parameter has been shown to be a useful predictor
for hydrogen bond strength.28 A weak correlation (r2 0.38) was
seen between the Vmin descriptor and activity, with more
negative values of Vmin and therefore stronger H-bond acceptor
capability correlating with potency, see Supporting Information
for more details. When comparing analogous molecules, the
imidazopyridine and benzimidazoles had the strongest hydro-
gen bond acceptor potential, while the benzoxazole tended to
be the weakest. The hydrogen bond acceptor capabilities of the
heterocyclic acceptor were modulated by the introduction of a
methyl substituent at the 3-position, as in methyl substituted
41b, Vmin −25.7 kcal/mol, and unsubstituted 41a, Vmin −20.3
kcal/mol. The effects of the methyl are likely 2-fold: electron
donating and, as discussed before, disturbing the planarity
between the benzimidazole and the 4-F-phenyl- substituent and
thereby reducing electron delocalization. Although there was
weak overall correlation, a single descriptor is unlikely to
capture all properties important for activity and the correlation
was seen to break down as more structural diversity at the 2-
position was included. Nevertheless, the calculations illustrate
an important consideration in the design of the target
molecules.
In general, the designed series of compounds showed

moderate to excellent in vitro activity, which in some cases
translated in very good lowering of Aβ42 peptides in vivo. In
contrast to γ-secretase inhibitors, no relevant reduction in
Aβtotal levels was observed for any of the tested compounds
and no inhibition of Notch processing up to the highest
concentration tested (10 μM, data not shown). In all chemical
classes, the high potency was accompanied by high lipophilicity
(in general, cLogP >5) and a TPSA below 75 Å, explaining the

Table 3. In Vitro/in Vivo Activities, Brain/Plasma Levels,
and Solubility for Indazoles

compd R′ R

IC50
(nM)
Aβ42a

brain levels
(μM)b

plasma
levels
(μM)b

inhib
Aβ42 vivo

(%)c

42a Me 2,4-diF-
Ph

133 nd nd nd

42b H 3-
OMe-
Ph

131 6.9 ± 0.3 12.8 ± 0.6 6

42c Me 3-
OMe-
Ph

18 4.7 ± 1.0 14.4 ± 0.6 41

42d H 4-F-Ph-
CH2

69 6.8 ± 0.6 11.6 ± 1.0 31

42e H Me 2252 nd nd nd
42f H n-Bu 363 nd nd nd

aIC50 represents the concentration of a compound that is required for
reducing the Aβ42 level by 50%. The IC50 values are a mean of at least
three determinations. The confidence intervals for the IC50 values are
reported in the Supporting Information. bPlasma and brain samples
were analyzed for the tested compound using a qualified research LC-
MS/MS method. Data are expressed as the geometric mean values of
at least four runs ± the standard error of the mean (SEM). nd: not
determined. cMouse in vivo at 30 mpk po after 4 h (n = 6) expressed
as a percentage of Aβ42 lowering in brain compared with vehicle
treated animals. nd: not determined.

Table 4. In Vitro/in Vivo Activities, Brain/Plasma Levels,
and Solubility for Benzoxazoles

compd R
IC50 (nM)
Aβ42a

brain levels
(μM)b

plasma
levels
(μM)b

inhib Aβ42
vivo (%)c

43a 4-F-Ph 5289 11.6 ± 1.1 6.4 ± 0.3 3
43b 2-

OMePh
2113 nd nd nd

43c 4-F-Ph-
CH2−

696 6.8 ± 0.7 9.4 ± 1.0 15

43d iBu 603 10 ± 2.4 4.7 ± 0.9 18
aIC50 represents the concentration of a compound that is required for
reducing the Aβ42 level by 50%. The IC50 values are a mean of at least
three determinations. The confidence intervals for the IC50 values are
reported in the Supporting Information. bPlasma and brain samples
were analyzed for the tested compound using a qualified research LC-
MS/MS method. Data are expressed as the geometric mean values of
at least four runs ± the standard error of the mean (SEM). cMouse in
vivo at 30 mpk po after 4 h (n = 6) expressed as a percentage of Aβ42
lowering in brain compared with vehicle treated animals. nd: not
determined.

Figure 3. Factors influencing the potency in the bicyclic heterocycles
series.
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good brain penetration.29 However, the majority of compounds
also suffered from hERG binding with IC50s below 1 μM, CyP
inhibition and low solubility, particularly at pH = 7.4 (data not
shown). These unfavorable ADME properties can likely be
attributed to the combination of high lipophilicity and low
TPSA.30 Despite the low solubility, most of the compounds had
good oral bioavailability, with high levels in plasma and brain.
We speculate that this is likely related to the weakly basic
character of the imidazole moiety (pKa 5−6), helping to

solubilize the compounds in the acidic environment of the
stomach, for subsequent absorption in the small intestine.31

Among the most potent in vivo γ-secretase modulators were
benzimidazoles 41b and 41e (Table 2), which prompted us to
further explore the benzimidazole series. To improve the drug-
likeness, analogues were designed in which the benzimidazole
nucleus (see Figure 4) was kept constant while variations were
made on the methoxyphenyl ring as illustrated in compounds
44a−44f, Table 5.

Figure 4. Aza benzimidazole analogues. The IC50 values are a mean of at least three determinations.

Table 5. In Vitro/in Vivo Activities, Brain/Plasma Levels, Solubility, and hERG Binding of Methoxyphenyl Variations

aIC50 represents the concentration of a compound that is required for reducing the Aβ42 level by 50%. The IC50 values are a mean of at least three
determinations. The confidence intervals for the IC50 values are reported in the Supporting Information. bPlasma and brain samples were analyzed
for the tested compound using a qualified research LC-MS/MS method. Data are expressed as the geometric mean values of at least six runs ± the
standard error of the mean (SEM). nd: not determined. cMouse in vivo at 30 mpk po after 4 h (n = 6, except for 44a where n = 4) expressed as a
percentage of Aβ42 lowering in brain compared with untreated animals. dInhibition of binding of tritiated dofetilide to the human ether-a-go-go
related gene (hERG) expressed in HEK-293 cells.
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In the majority of these modifications, the in vitro potency
remained below 100 nM, which in vivo translated in the
reduction of Aβ42 levels. Gratifyingly, some of the in vitro
ADME parameters were also improved. For example, where
compound 41b inhibited the hERG channel with an IC50 of 2
μM, several of the analogues had an IC50 above 5 μM.
Compound 44a showed the best in vivo lowering of Aβ42
peptides (62%) in mouse brain 4 h after a dose of 30 mg/kg po,
most likely related to the improved brain/plasma ratio
compared to 41b and other 44 analogues. Additional nitrogen
analogues 44g and 44h were also prepared (Figure 4).
Compound 44g, with the N-atom transferred to the
benzimidazole and ortho to the aniline linker, maintained the
in vitro activity but showed a lower reduction of the Aβ42
peptides. Interestingly, with ortho N-atoms present in both
adjacent rings to the amino linker as in 44h, the in vitro activity
of 44h was reduced 10-fold compared to 44a or 44g. This may
be due to an electronically induced unfavorable torsion angle
between the two heteroaromatic rings in 44h.
Compound 44a remained the best analogue of the

benzimidazole series and also one of the most potent GSMs
reported to date. The compound was extensively evaluated for
its in vitro ADME properties and in vivo potency in several
species. The most relevant physicochemical and in vitro data
are tabulated in Table 6. The metabolic stability of 44a was
shown to be good across multiple species with a low turnover
in human, mouse, and rat microsomes and a moderate turnover
in dog microsomes.32 In human liver microsomes, no reactive
metabolites were observed upon trapping experiments with
glutathione or cyanide (data not shown). 44a was a moderate
to weak inhibitor of cytochromes P450, with IC50 values
varying from 2.9 to more than 30 μM for the different isoforms
in human liver microsomes. No genotoxicity alerts were found
in the Ames II33 or GreenScreen HC34 tests. In accordance
with the high lipophilicity of 44a, over 98% plasma protein
binding was observed across species. The weak affinity of 44a
to bind to the hERG channel (IC50 8.5 μM) translated into
only a weak effect on the potassium membrane current
recorded with an automated patch-clamp system (30%
inhibition at 3 μM versus 17% for vehicle). Compound 44a
was poorly soluble across pH range (<0.001 mg/mL at pH 4
and pH 7.4, Table 6), but it did solubilize in a strongly acidic
environment (1.2−2.3 mg/mL in 0.01 N HCl).31 To have an
estimate of the solubility of 44a in the gastro-intestinal tract
(GI tract), the solubility was determined also in the fasted-state
and fed-state simulated intestinal fluid buffers (FaSSIF and
FeSSIF respectively, Table 6).35 In the FeSSIF test, 44a showed
an improved, albeit low solubility of 20 μg/mL (Table 6). The
fact that 44a had a moderate melting point of 139 °C (see
Experimental Section) would also suggest a better solubility
across the GI tract than that determined with the pH 4 and pH
7.4 buffers.36 44a displayed a moderate permeability in MDR1-
expressing LLC-PK1 cells (LLC-MDR1, 8 × 10−6 cm/s, Table
6),37 with no indication of P-glycoprotein mediated efflux (0.5
efflux ratio).
In addition, 44a was screened on 51 receptors and

transporters and 37 enzymes in a selectivity screen performed
at CEREP.38 Selectivity overall was good, and the only
interactions greater than 50% at 10 μM were with NK3
(71%) and with the Na+ channel (site 2, 60%).
For the in vivo evaluation, 44a was first tested further in

mouse at multiple time points at a dose of 10 and 30 mg/kg po
and including measurement of Aβ38 (Figure 5). A dose

dependent reduction in Aβ42 was observed, with a concomitant
increase in Aβ38 levels. As expected for a GSM, no significant
change in Aβ total level was observed, although at 8 h a
tendency of reduction was observed. After 24 h, Aβ levels were
normalized, except for the Aβ42 level at the 30 mg/kg dose,
where still some reduction appeared to be present (77 ± 3%
versus vehicle). In this experiment, an additional analysis was
performed at 48 h, at which time-point also Aβ42 levels had
returned to normal (101 ± 7% versus vehicle, plasma and brain
levels of 44a below quantifiable limit (BQL), data not shown in
Figure 5).
Standard pharmacokinetic (PK) studies in multiple species

revealed a good and rapid absorption in mouse and dog and a
good and slow absorption in rat. Bioavailability for all species
was high in rat (95%), mouse (100%), and dog (64%). Detailed
PK data can be found in the Supporting Information. Although
these PK data were generated with 44a formulated as a solution

Table 6. In Vitro Drug-Like Profile of 44a

assay 44a

LogP 5.25

Metabolic Stability (% Conversion)a

human 6
mouse 0
rat 16
dog 37

CyP450 Inhibition, IC50 (μM)b

3A4 (midazolam) 8.7
3A4 (testosterone) 2.9
2D6 (dextrometorphan) 3.6
2C9 (tolbutamide) 21.9
2C19 (S-mephenytoin) 3.5
1A2 (phenacetin) >30

Genotoxicity
Ames II31 negative
GreenScreen HC32 negative

Plasma Protein Binding (% free)
human 0.13
mouse 0.04
rat 0.04
dog 0.03
hERG patch clamp (%inh, at 3 μM) 30

Thermodynamic Solubility
buffer pH 4.0 <0.001 mg/mL
buffer pH 7.4 <0.001 mg/mL
0.01N HCl 1.17−2.33 mg/mL
FaSSIF 0.003 mg/mL
FeSSIF 0.020 mg/mL

Permeability (LLC-MDR1 Cells)c

Papp (A−B) (10−6 cm/s) 8
Papp (B−A) (10−6 cm/s) 4

aMetabolism after incubation of 44a at 1 μM with liver microsomes
for 15 min.30 bInhibition of the metabolism of isoform specific
substrates (given in parentheses) in human liver microsomes. The IC50
values are given as a mean of three determinations. cA−B = apical to
basolateral; B−A = basolateral to apical.
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(1 mg/mL in 20% aqueous SBE-β-cyclodextrin solution at pH
4), a comparable exposure was observed when dosed as a
methocell suspension. Subsequent in vivo experiments were
therefore carried out using methocell suspensions. We recently
reported on the use of a canine model to evaluate efficacy and
safety of γ-secretase inhibitors (GSIs) and GSMs.39 In Figure 6,

the effect of 44a on Aβ38, 40, and 42 in beagle dog
cerebrospinal fluid (CSF) is shown after a single oral dose of
20 mg/kg, as determined via MesoScale Discovery analysis. At
8 h, an increase of 84% in Aβ38 and a decrease of 36% and 48%
of the longer Aβ-isoforms Aβ40 and Aβ42, respectively, were
observed. After 24 h, the Aβ levels were normalized again.
Although the compound levels were substantially higher at 4 h
than at 8 h, at 4 h only a marginal reduction in Aβ40 and Aβ42
was seen. This can be explained by a delay in Aβ-level changes
in CSF compared to brain, where the actual production of Aβ
peptides is taking place.
To bridge the data obtained in mouse brain with those in dog

CSF, in a subsequent experiment rats were treated with 10 mg/
kg of 44a in order to investigate its efficacy to modulate the
release of Aβ-peptides in brain and CSF within the same
species. In addition, the MesoScale analysis was expanded to
include the measurement of Aβ37 levels. In agreement with the
experiments in mouse and dog, a decrease in Aβ40 and Aβ42
was seen in both brain and CSF. The shorter isoforms Aβ37

and Aβ38 were increased, with an especially strong increase in
Aβ37 of 4-fold in brain and 8-fold in CSF (Figure 7). Apart
from this difference in change for the shorter Aβ species, in rat
no significant difference or time delay was observed for the Aβ
changes in brain versus CSF.

■ CONCLUSIONS

The present studies described the successful application of
conformational restriction of aminopyridone 4 into pyridone
isosteres such as imidazopyridines, benzimidazoles, benzox-
azoles, and indazoles, resulting in new series of GSMs with
good in vitro and in vivo activity. The potency was enhanced
further by inducing nonplanarity between the central bicyclic
heterocycle and the pendant 2-substituent. (Figure 3). Despite
the low solubility across the series, good oral bioavailability
combined with acceptable brain penetration resulted in
considerable reductions in Aβ42 levels in mouse brain without
significant changes in Aβtotal levels. Replacement of the
methoxyphenyl ring with a methoxypyridyl ring has led to 44a
with an improved drug-like profile and enhanced in vivo
activity. Benzimidazole analogue 44a had an IC50 of 16 nM in
lowering Aβ42 in a cellular assay and displayed good in vivo
activity across species such as mouse, rat, and dog. In all three
species, a typical γ-secretase modulatory profile was observed
with a decrease in the longer Aβ-isoforms Aβ40 and Aβ42 and
an increase in the shorter isoforms Aβ37 and Aβ38. Unlike
carboxylic acid-derived GSMs recently described40 with no
effect on Aβ40 levels, 44a is efficient in lowering Aβ40,
suggesting a different mode of interaction with the γ-secretase
complex. The especially strong increase in the short Aβ-
peptides Aβ37 and Aβ38 after treatment with 44a is
noteworthy. Currently, little is known about the toxicity or
relevance to plaque formation of these more soluble isoforms
Aβ37 and Aβ38. Studies with compounds such as 44a may
provide further insight in the role of these isoforms.8 As many
of the GSMs described to date, the series detailed in this paper,
including 44a, is suffering from suboptimal physicochemical
properties: low solubility, high lipophilicity, and high
aromaticity.30 For 44a, this has translated into signs of liver
toxicity after dosing in dog at 20 mg/kg.39 Further optimization
of the drug-like properties of this series is ongoing. For this
work, 44a will be serving as a benchmark for potency, as well as
in studies toward required changes of Aβ-levels needed for
disease modification of Alzheimer’s disease.

Figure 5. Changes in mouse brain Aβ-levels after a single 10 and 30 mg/kg dose of 44a. Expressed as mean % change versus T = 0 h, n = 4.

Figure 6. Changes in dog CSF Aβ-levels after a single 20 mg/kg dose
of 44a. Expressed as mean % change versus T = 0 h, n = 4.
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■ EXPERIMENTAL SECTION
Chemistry. Melting points were determined with a DSC823e

(Mettler-Toledo) and were measured with a temperature gradient of
30 °C/min. The reported values are peak values. 1H NMR spectra
were recorded with Bruker Avance DPX 400 and 360 spectrometers,
and chemical shifts (δ) are expressed in parts per million (ppm) with
TMS as internal standard. Elemental analyses were performed with a
Carlo-Erba EA1110 analyzer. Mass spectral data were obtained via
GC-MS analysis, using an Agilent 6890 series GC combined with a
5973N mass selected detector. Combustion analytical results were
within 0.4% of the theoretical values except when noted otherwise. For
all tested and final compounds where no analytical purity is
mentioned, compounds were confirmed >95% pure via HPLC
methods. The analytical LC measurement was performed using an
Acquity UPLC (Waters) system comprising a binary pump, a sample
organizer, a column heater (set at 55 °C), a diode array detector
(DAD), and a bridged ethylsiloxane/silica hybrid (BEH) C18 column
(1.7 μm, 2.1 mm × 50 mm; Waters Acquity) with a flow rate of 0.8
mL/min. Two mobile phases (mobile phase A consisting of 0.1%
formic acid in H2O/methanol 95/5; mobile phase B consisting of
methanol) were used to run a gradient condition from 95% A and 5%
B to 5% A and 95% B in 1.3 min and held for 0.2 min. An injection
volume of 0.5 μL was used. Cone voltage was 10 V for positive
ionization mode and 20 V for negative ionization mode. Flow from the
column was split to a mass spectrometer. The MS detector was
configured with an electrospray ionization source. Mass spectra were
acquired by scanning from 100 to 1000 in 0.18 s using a dwell time of
0.02 s. The capillary needle voltage was 3.5 kV, and the source
temperature was maintained at 140 °C. Nitrogen was used as the
nebulizer gas. Sensitive reactions were performed under nitrogen.
Commercial solvents were used without any pretreatment. Preparative
HPLC purifications were carried out using a Shandon Hyperprep
column: C18 base deactivated silica (BDS), 8 μm, 250 g, I.D. 5 cm,
and eluting with a gradient of three subsequent mobile phases (phase

A, a 0.25% NH4HCO3 solution in water; phase B, CH3OH; phase C,
CH3CN).

In general, final compounds obtained as solids were triturated with
diisopropylether (DIPE). Alternatively, some compounds were
precipitated and isolated as HCl salt by dissolving them in
diethylether, followed by the addition of a 1N HCl solution in
diethylether.

Compounds 313 and 414a were synthesized according to literature
procedures.

1-(2-Methoxy-4-nitro-phenyl)-4-methyl-1H-imidazole (7a). A
mixture of 1-chloro-2-methoxy-4-nitrobenzene (150 g, 0.8 mol), 4-
methyl-1H-imidazole (131.3 g, 1.6 mol), and K2CO3 (110.5 g, 0.8
mol) in DMSO (1.5 L) was reacted in an autoclave under a N2
atmosphere for 6 h at 150 °C. The reaction mixture was poured into
ice−water (6 L). The solid was filtered and washed with water, and
then it was dissolved in CH2Cl2 and further washed with water. The
residue was partitioned between CH2Cl2 and water. The organic layer
was dried over MgSO4, filtered, and then the filtrate was concentrated.
The residue was purified by chromatography over silica gel (eluent:
CH2Cl2/methanol 100/0 to 97/3). The desired fractions were
collected and the solvent was evaporated. The residue was triturated
in DIPE, filtered off and dried to give 48.5 g (26%) of 7a; mp 136.9
°C. 1H NMR (360 MHz, DMSO-d6) δ (ppm) 2.17 (s, 3 H), 3.99 (s, 3
H), 7.31 (s, 1 H), 7.70 (d, J = 8.4 Hz, 1 H), 7.95 (dd, J = 8.8, 2.5 Hz, 1
H), 7.97−8.01 (m, 2 H). MS (ESI) m/z 234 [M + H]+.

3-Methoxy-4-(4-methyl-imidazol-1-yl)-phenylamine (8a). To
a solution of 7a (48.5 g, 0.21 mol) in MeOH (1 L) was added Pd/C
(10%, 5.0 g), and the resulting suspension was stirred at 50 °C under
an atmospheric pressure of H2 overnight, until 3 equiv of H2 were
absorbed. The catalyst was filtered over dicalite. The filtrate was
concentrated, and the resulting residue was suspended in DIPE and
stirred for 1 h. The solid was filtered and dried to yield 39.9 g (94%) of
8a; mp 128.3 °C. 1H NMR (360 MHz, DMSO-d6) δ (ppm) 2.10 (s, 3
H), 3.67 (s, 3 H), 5.37 (br s, 2 H), 6.17 (dd, J = 8.0, 2.2 Hz, 1 H), 6.34
(d, J = 2.2 Hz, 1 H), 6.88 (s, 1 H), 6.91 (d, J = 8.4 Hz, 1 H), 7.49 (d, J
= 1.4 Hz, 1 H). MS (ESI) m/z 204 [M + H]+.

Figure 7. Changes in rat brain and CSF Aβ and compound levels of 44a after a single oral dose (10 mg/kg). Expressed as mean % change versus T =
0 h, n = 5.
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4-Methoxy-5-(4-methyl-imidazol-1-yl)-pyridin-2-ylamine
(8b). A solution of tert-butyl (5-iodo-4-methoxy-pyridin-2-yl)-
carbamate (1.2 g, 3.4 mmol), K2CO3 (947 mg, 6.9 mmol), 4-
methyl-1H-imidazole (394 mg, 4.8 mmol), CuI (653 mg, 3.4 mmol),
and 1,10-phenanthroline (618 mg, 3.4 mmol) in DMF (15 mL) was
degassed and stirred for 6 days at 120 °C. The reaction mixture was
cooled to room temperature and filtered through dicalite. The filtrate
was concentrated, and the residue was dissolved in EtOAc and washed
with a saturated aqueous NaHCO3 solution and brine. The organic
layer was dried over MgSO4, filtered, and concentrated. The crude
residue was purified via reversed phase HPLC to provide 120 mg
(17%) of 8b. 1H NMR (360 MHz, CDCl3) δ (ppm) 2.28 (s, 3 H),
3.82 (s, 3 H), 4.65 (br s, 2 H), 6.09 (s, 1 H), 6.79 (br s, 1 H), 7.52 (br
s, 1 H), 7.89 (br s, 1 H). MS (ESI) m/z 205 [M + H]+.
5-Methoxy-6-(4-methyl-imidazol-1-yl)-pyridin-3-ylamine

(8c). Na2CO3 (528 mg, 5 mmol) and 4-methyl-1H-imidazole (409 mg,
5 mmol) were added to a solution of 2-chloro-3-methoxy-5-nitro-
pyridine (940 mg, 5 mmol) in DMF (10 mL). The reaction mixture
was stirred at 100 °C for 16 h, and then it was cooled to room
temperature and the solvent was evaporated under reduced pressure.
The residue was dissolved in EtOAc and was washed with water. The
water layer was extracted with EtOAc, and the combined organic layers
were dried over MgSO4, filtered, and concentrated. The crude residue
(7c) was added to a suspension of iron powder (835 mg, 15 mmol) in
acetic acid (10 mL). The reaction mixture was stirred at 60 °C for 1 h,
after which the solvent was evaporated. The residue was dissolved in
EtOAc and washed with a saturated aqueous solution of NaHCO3 and
brine. The organic layer was dried over MgSO4, filtered, and
concentrated to provide 245 mg (21%) of 8c, which was used as
such in the next reaction. MS (ESI) m/z 205 [M + H]+.
5-(4-Methyl-imidazol-1-yl)-pyridin-2-ylamine (8d). CuI (8.26

g, 43.4 mmol) was added to a solution of Cs2CO3 (9.4 g, 28.9 mmol),
4-methyl-1H-imidazole (5.9 g, 72.3 mmol), and 5-bromo-pyridin-2-
ylamine (5 g, 29 mmol) in DMSO (100 mL). The reaction mixture
was stirred at 130 °C for 2 days, after which it was cooled to room
temperature, triturated in acetonitrile, and filtered. The filtrate was
concentrated, and the residue was dissolved in CH2Cl2. The organic
layer was washed with water, dried over MgSO4, filtered, and
concentrated. The residue was purified by flash column chromatog-
raphy over silica gel (eluent: CH2Cl2/(7N NH3 in MeOH), 100/0 to
96/4) to provide 160 mg of 8d. The water layer was concentrated until
a precipitate started to form. The solid was filtered, yielding an
additional 628 mg of 8d (15% overall yield) as a single regioisomer. 1H
NMR (360 MHz, CDCl3) δ (ppm) 2.29 (s, 3 H), 4.68 (br s, 2 H),
6.58 (d, J = 8.8 Hz, 1 H), 6.87 (s, 1 H), 7.42 (dd, J = 8.8, 2.56 Hz, 1
H), 7.60 (s, 1 H), 8.11 (d, J = 2.9 Hz, 1 H). MS (ESI) m/z 175 [M +
H]+ .
6-(4-Methyl-imidazol-1-yl)-pyridin-3-ylamine (8e). Step 1.

Synthesis of 5-Bromo-2-(4-methyl-imidazol-1-yl)-pyridine. K2CO3
(8.8 g, 63 mmol) and 4-methyl-1H-imidazole (3.5 g, 42 mmol) were
added to a solution of 2,5-dibromo-pyridine (5 g, 21 mmol) in N-
methyl-2-pyrrolidone (50 mL). The reaction mixture was stirred at 85
°C for 16 h, and then it was cooled to room temperature and
partitioned between CH2Cl2 and water. The two layers were separated,
and the organic layer was dried over MgSO4 and concentrated under
reduced pressure (85 °C at 10 mmHg) to provide 3.3 g (62%) of the
title compound as a mixture of regioisomers (85/10). MS (ESI) m/z
238 [M + H]+.
Step 2. Synthesis of 8e. A 250 mL stainless steel autoclave was

charged with a solution of the intermediate from step 1 (2.8 g, 12
mmol) in THF (10 mL). Ammonia (90 mL) and Cu2O (90 mg, 0.6
mmol) were added. The autoclave was closed, and the reaction
mixture was stirred and heated at 150 °C for 18 h. The mixture was
allowed to cool to room temperature and extracted three times with
CH2Cl2. The combined organic layers were dried over MgSO4,
filtered, and concentrated. The residue was purified via reversed phase
HPLC to provide 250 mg (12%) of 8e. 1H NMR (360 MHz, CDCl3)
δ (ppm) 2.29 (d, J = 1.1 Hz, 3 H), 3.76 (br s, 2 H), 7.11 (d, J = 1.1 Hz,
1 H), 7.11 (s, 1 H), 7.22−7.24 (m, 1 H), 7.93 (dd, J = 2.2, 1.5 Hz, 1
H), 8.07 (d, J = 1.5 Hz, 1 H). MS m/z 175 [M + H]+.

3-Fluoro-4-(4-methyl-imidazol-1-yl)-phenylamine (8f). Step
1. Synthesis of 1-(2-Fluoro-4-nitro-phenyl)-4-methyl-1H-imidazole
(7f). K2CO3 (15.3 g, 111 mmol) and 4-methyl-1H-imidazole (9.1 g,
111 mmol) were added to a solution of 3,4-difluoro-nitrobenzene (15
g, 92 mmol) in DMF (200 mL). The reaction mixture was stirred at
125 °C for 4 h. The reaction mixture was cooled down to room
temperature, diluted with water, and extracted with EtOAc. The
organic layer was dried over MgSO4 and concentrated. The residue
was purified via reversed phase. The desired fractions were collected,
and the solvent was evaporated and coevaporated with methanol,
yielding 13 g (64%) of 7f. 1H NMR (360 MHz, CDCl3) δ (ppm) 2.32
(s, 3 H), 7.01−7.17 (m, 1 H), 7.51−7.66 (m, 1 H), 7.88 (s, 1 H),
8.08−8.28 (m, 2 H). MS (ESI) m/z 222 [M + H]+.

Step 2. Synthesis of 8f. Intermediate 7f (7.5 g, 34 mmol) and 1 mL
of 4% thiophene solution in DIPE were added to a solution of 1 g of
palladium on carbon (10% Pd) in methanol (150 mL). The reaction
mixture was stirred at 25 °C under hydrogen atmosphere until 3 equiv
of H2 were absorbed. The catalyst was removed by filtration over
dicalite. The filtrate was concentrated, and the residue was triturated in
heptane, filtered, and dried in vacuo to 6.4 g (100% yield) of 7f, which
was used as such in the next step. MS (ESI) m/z 192 [M + H]+.

1-(4-Bromo-2-methoxy-phenyl)-4-methyl-1H-imidazole
(11). A solution of 8a (20.0 g, 98.4 mmol) in AcOH (200 mL) was
added at 10 °C to a stirred solution of NaNO2 (7.47 g, 108 mmol) in
concd H2SO4 (160 mL) at such a rate that the temperature of the
reaction was maintained below 10 °C. After addition was completed,
the resulting mixture was stirred at room temperature for 30 min
before being added dropwise to a stirred solution of CuBr (28.2 g, 197
mmol) in 48% HBr (200 mL). The ensuing reaction was stirred for 1 h
and then diluted with ice−water (1 L). The resulting white precipitate
was filtered, washed with water, and then suspended in a biphasic
mixture of CH2Cl2 and saturated aqueous Na2CO3 solution (1:1). The
resulting slurry was filtered over dicalite. The layers were separated,
and the organic layer was washed with a diluted ammonia solution.
The organic phase was dried over MgSO4, filtered, and concentrated
to give a first batch of 11 (8.1 g) as a brown solid. The aqueous filtrate
was brought to pH = 10 by addition of solid Na2CO3 and then
extracted 3 times with CH2Cl2. The combined organic extracts were
washed with diluted ammonia until the disappearance of the blue color
of the water phase. The organic phase was dried over MgSO4 and
filtered. The first batch of 11 was added to the filtrate, which was
concentrated to give 24.0 g of the title compound (91.3%) as a brown
solid; mp 69.4−70.7 °C. 1H NMR (360 MHz, CDCl3) δ (ppm) 2.27
(s, 3 H), 3.83 (s, 3 H), 6.84−6.89 (m, 1 H), 7.10 (dd, J = 7.3, 1.1 Hz, 1
H), 7.13 (d, J = 1.8 Hz, 1 H), 7.15 (s, 1 H), 7.63 (d, J = 1.4 Hz, 1 H).
MS (ESI) m/z 267 [M + H]+.

6-Bromo-2-methoxy-pyridin-3-ylamine (12). NaOCH3 (176 g,
3.3 mol) was added portionwise to a solution of 3-amino-2,6-
dibromopyridine (100 g, 0.4 mol) in 1,4-dioxane (1 L), and the
resulting mixture was refluxed for 3 h. The reaction mixture was then
allowed to cool to room temperature, after which it was poured into an
aqueous saturated NH4Cl solution (2 L). After stirring for 30 min,
diethyl ether (2 L) was added and the bilayer was stirred for 30 min.
The layers were separated, and the aqueous layer was diluted with
water (1.5 L) and then extracted with diethyl ether (6 × 500 mL). The
combined organic layers were washed brine (2 × 500 mL), dried over
MgSO4, and concentrated. The residue was purified by silica gel
chromatography (eluent: CH2Cl2) to provide 67 g (78%) of 12, as a
brown−orange solid. GC-MS m/z 202.

6-Bromo-2-methoxy-3-(4-methyl-imidazol-1-yl)-pyridine
(13). Step 1. Synthesis of N-(6-Bromo-2-methoxy-pyridin-3-yl)-
formamide. A mixture of formic acid (12.8 mL, 340 mmol) and acetic
acid anhydride (8.54 mL, 91 mmol) was stirred at room temperature
for 40 min. Subsequently, a solution of 3-amino-6-bromo-2-methoxy-
pyridine (12) (5.0 g, 24.6 mmol) in THF (30 mL) was added
dropwise, and the resulting reaction mixture was stirred overnight at
60 °C. The mixture was cooled and poured into ice−water. The
resulting solid was filtered, washed with water, and dried to give 5.2 g
(76%) of the title compound, which was used as such in the next step.
MS (ESI) m/z 231 [M + H]+
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Step 2. Synthesis of N-(6-Bromo-2-methoxy-pyridin-3-yl)-N-(2-
oxo-propyl)-formamide. 1-Chloro-propan-2-one (4.34 g, 46.9 mmol)
was added dropwise to a mixture of N-(6-bromo-2-methoxy-pyridin-3-
yl)-formamide (5.2 g, 18.8 mmol), KI (0.34 g, 2.0 mmol), and Cs2CO3
(21.4 g, 66 mmol) in DMF (50 mL). The reaction mixture was stirred
at room temperature overnight, and then it was poured into ice−water
and extracted with EtOAc. The combined organic layers were dried
over MgSO4, filtered, and concentrated. The residue was triturated
with DIPE, filtered, and dried to give 4.43 g (82%) of the title
compound. 1H NMR (360 MHz, CDCl3) δ (ppm) 2.18 (s, 3 H), 4.00
(s, 3 H), 4.48 (s, 2 H), 7.14 (d, J = 8.0 Hz, 1 H), 7.49 (d, J = 8.0 Hz, 1
H), 8.23 (s, 1 H). GC-MS m/z 286.
Step 3. Synthesis of 13. N-(6-Bromo-2-methoxy-pyridin-3-yl)-N-

(2-oxo-propyl)-formamide (4.4 g, 15.3 mmol) was added to a mixture
of NH4OAc (5.41 g, 70.2 mmol) in AcOH (50 mL). The reaction
mixture was heated at reflux for 1 h, and then it was cooled to room
temperature and poured into ice−water. The mixture was brought to
pH 9 via the addition of an aqueous NaOH solution (50% w/v), and
then it was extracted with EtOAc. The organic layer was separated,
dried over MgSO4, filtered, and concentrated to give 3.0 g (73%) of 13
as a solid, which was used as such in the next step. 1H NMR (360
MHz, CDCl3) δ (ppm) 2.29 (s, 3 H), 4.03 (s, 3 H), 6.92 (t, J = 1.1 Hz,
1 H), 7.17 (d, J = 8.0 Hz, 1 H), 7.40 (d, J = 7.7 Hz, 1 H), 7.73 (d, J =
1.4 Hz, 1 H). MS (ESI) m/z 268 [M + H]+.
6-Methoxy-5-(4-methyl-imidazol-1-yl)-pyridin-2-ylamine

(14). Cu2O (166 mg, 1.16 mmol) and ammonia (24 mL) were added
to a solution of 13 (3.12 g, 11.64 mmol) in ethylene glycol (25 mL).
The mixture was stirred at 100 °C during 16 h. It was then cooled,
diluted with water, and extracted with EtOAc. The organic layer was
dried over Na2SO4 and concentrated. The residue was triturated with
DIPE to yield 1.51 g (63%) of 14 as a light-brown solid. 1H NMR
(360 MHz, CDCl3) δ (ppm) 2.28 (s, 3 H), 3.89 (s, 3 H), 4.45 (br s, 2
H), 6.10 (d, J = 8.0 Hz, 1 H), 6.80 (s, 1 H), 7.29 (d, J = 8.0 Hz, 1 H),
7.55 (s, 1 H). MS (ESI) m/z 205 [M + H]+.
8-Bromo-2-(4-fluoro-phenyl)-imidazo[1,2-a]pyridine (17a). A

solution of 2-amino-3-bromopyridine (50.0 g, 0.29 mol) and 4-
fluorophenacyl bromide (75.3 g, 0.35 mol) in ethanol (300 mL) was
stirred at reflux temperature for 17 h. After this time, the reaction
mixture was cooled to room temperature. The resulting precipitate was
filtered, and the filtrate was partially concentrated to result in a second
crop of precipitate. The combined precipitates were triturated with
acetonitrile and ethanol. The resulting solid was suspended in a
saturated aqueous solution of NaHCO3 (500 mL) and stirred for 30
min. Then, the mixture was extracted with CH2Cl2. The organic layer
was separated, dried over Na2SO4, and concentrated. The residue was
recrystallized from EtOAc, to provide 46.5 g (55%) of 17a as a white
solid; mp 165.3 °C. 1H NMR (360 MHz, DMSO-d6) δ (ppm) 6.83 (t,
J = 6.9 Hz, 1 H), 7.29 (m, 2 H), 7.60 (d, J = 7.3 Hz, 1 H) 8.02 (m, J =
5.8 Hz, 2 H) 8.53 (s, 1 H) 8.56 (d, J = 7.0 Hz, 1 H). MS (ESI) m/z
291 [M + H]+.
2-(4-Fluoro-phenyl)-4-nitro-1H-benzimidazole (19a, R = 4-F-

Ph, R′ = H). Step 1 Synthesis of N-(2-amino-3-nitro-phenyl)-4-
fluoro-benzamide. A solution of 1,2-diamino-3-nitrobenzene (1.53 g,
10 mmol), triethylamine (2.78 mL, 20 mmol), and 4-fluorobenzoyl
chloride (1.58 g, 10 mmol) in a mixture of CH2Cl2/acetonitrile (2/1,
75 mL) was stirred at room temperature for 2 h. After this time, the
reaction mixture was diluted with CH2Cl2 (20 mL) and washed with
water (20 mL). The two layers were separated, and the organic layer
was dried over MgSO4, filtered, and concentrated. The resulting
residue triturated with DIPE to give 2.3 g (83%) of the title
compound; mp 181.5 °C. 1H NMR (360 MHz, DMSO-d6) δ (ppm)
6.70 (dd, J = 8.6, 7.5 Hz, 1 H), 7.21 (s, 2 H), 7.32−7.42 (m, 2 H), 7.48
(dd, J = 7.3, 1.1 Hz, 1 H), 7.99 (dd, J = 8.8, 1.4 Hz, 1 H), 8.05−8.16
(m, 2 H), 9.89 (s, 1 H). MS (ESI) m/z 551 [2M + H]+.
Step 2. Synthesis of 19a. A solution of N-(2-amino-3-nitro-

phenyl)-4-fluoro-benzamide (1.35 g, 5.0 mmol) and concd aq HCl
(0.5 mL, 6.0 mmol) in acetic acid (15.0 mL) was submitted to
microwave irradiation at 150 °C, for 30 min. The reaction mixture was
cooled to room temperature, and the product precipitated upon
cooling. The precipitate was filtered, washed with acetic acid and

DIPE, and then dried to provide 1.00 g (69%) of 19a as HCl salt. 1H
NMR (360 MHz, DMSO-d6) δ (ppm) 6.82 (br. s, 2 H), 7.36−7.58
(m, 3 H), 8.16 (t, J = 8.0 Hz, 2 H), 8.37−8.56 (m, 2 H). MS (ESI) m/
z 258 [M + H]+.

2-(4-Fluoro-phenyl)-1-methyl-1H-benzimidazol-4-ylamine
(20b, R = 4-F-Ph, R′ = Me). Step 1. Synthesis of 2-(4-Fluoro-
phenyl)-1-methyl-4-nitro-1H-benzimidazole. A solution of lithium
hexamethyldisilazide (1 M in THF, 2.96 mL, 2.96 mmol) was added
dropwise at 0 °C to a solution of 19 (290 mg, 0.99 mmol) in THF (10
mL) under a flow of nitrogen, and the resulting mixture was stirred at
this temperature for 30 min. Then CH3I (92 μL, 1.48 mmol) was
added and the resulting mixture was stirred at 55 °C for 12 h. The
reaction was quenched with brine. The organic layer was separated,
dried over MgSO4, filtered, and concentrated. The resulting residue
was triturated with a DIPE/2-propanol mixture. The precipitate was
filtered and dried to provide 160 mg (60%) of the title compound. 1H
NMR (400 MHz, DMSO-d6) δ (ppm) 3.97 (s, 3 H), 7.41−7.55 (m, 3
H), 7.93−8.02 (m, 2 H), 8.12 (ddd, J = 12.9, 8.1, 0.8 Hz, 2 H). MS
(ESI) m/z 272 [M + H]+.

Step 2. Synthesis of 20b. Iron (812 mg, 14.5 mmol) was added to a
solution of 2-(4-fluoro-phenyl)-1-methyl-4-nitro-1H-benzimidazole
(750 mg, 2.76 mmol) in AcOH (50 mL), and the resulting mixture
was mechanically stirred at 60 °C for 1 h. After this time, the solvent
was removed under reduced pressure. The resulting residue was
dissolved in CH2Cl2 and washed with a saturated aqueous solution of
NaHCO3 and then brine. The organic layer was separated, active
charcoal and MgSO4 were added, and the resulting mixture stirred at
room temperature for 20 min. Filtration over dicalite, followed by
concentration of the filtrate, yielded 250 mg (37%) of 20b. 1H NMR
(360 MHz, DMSO-d6) δ (ppm) 3.77 (s, 3 H), 6.41 (d, J = 7.3 Hz, 1
H), 6.73 (d, J = 8.0 Hz, 1 H), 6.98 (t, J = 7.9 Hz, 1 H), 7.37−7.43 (m,
2 H), 7.84−7.90 (m, 2 H). MS (ESI) m/z 242 [M + H]+.

3-Bromo-N1-methyl-benzene-1,2-diamine (22). A solution of
methylamine in ethanol (8M, 100 mL, 0.8 mol) was added at 0−5 °C
to 1-bromo-3-fluoro-2-nitro-benzene (19.8 g, 90 mmol). The mixture
was stirred overnight at room temperature, and then the solvent was
evaporated and the residue was partitioned between water and
CH2Cl2. The organic layer was dried over MgSO4, filtered, and
concentrated to provide 20 g (96%) of crude (3-bromo-2-nitro-
phenyl)-methyl-amine, which was dissolved in HOAc (150 mL). Iron
powder (15 g, 269 mmol) was added, and the resulting suspension was
stirred and heated at 60 °C for 1 h. The reaction mixture was
concentrated in vacuo, and the residue was partitioned between
CH2Cl2 and a saturated aqueous NaHCO3 solution. The organic layer
was dried over MgSO4, filtered, and concentrated to give 14 g (80%)
of 22, which was used as such in the next step. 1H NMR (360 MHz,
CDCl3) δ (ppm) 2.87 (s, 3 H), 3.73 (br s, 3 H), 6.60 (dd, J = 7.8, 1.3
Hz, 1 H), 6.71 (t, J = 8.1 Hz, 1 H), 6.95 (dd, J = 8.1, 1.1 Hz, 1 H). GC-
MS m/z 200.

4-Bromo-2-(4-fluoro-phenyl)-1-methyl-1H-benzimidazole
(23a, R = 4-F-Ph, R′ = Me). 4-Fluoro-benzoylchloride (5.5 g, 34.7
mmol) was added at room temperature to a solution of 22 (10.0 g,
39.8 mmol) and triethylamine (8.05 g, 79.6 mmol) in CH2Cl2 (250
mL), and the resulting mixture was stirred for 15 h. The reaction
mixture was quenched with water, and the two layers were separated.
The organic layer was dried over MgSO4, filtered, and concentrated.
The residue was dissolved in HOAc (100 mL), and concd aq HCl (3
mL), and the resulting solution was stirred for 2 h at 100 °C. The
solvent was removed by evaporation, and the residue was dissolved in
CH2Cl2 and washed with a saturated aqueous NaHCO3 solution. The
organic layer was dried over MgSO4, filtered, and concentrated. The
residue was triturated with DIPE/2-propanol and then filtered to give
6.8 g (64%) of 23a. 1H NMR (400 MHz, DMSO-d6) δ (ppm) 3.88 (s,
3 H), 7.24 (t, J = 7.7 Hz, 1 H), 7.40−7.47 (m, 2 H), 7.49 (dd, J = 7.7,
0.8 Hz, 1 H), 7.66 (dd, J = 8.1, 0.8 Hz, 1 H), 7.90−7.97 (m, 2 H). MS
(ESI) m/z 305 [M + H]+ .

3-Bromo-2-nitro-benzaldehyde (26). A mixture of 3-bromo-2-
nitrotoluene (10 g, 46.3 mmol), N,N-dimethylformamide dimethyl
acetal (16.5 g, 139 mmol), and pyrrolidine (3.3 g, 46.3 mmol) was
heated at 115 °C for 22 h. The reaction mixture was cooled to 0 °C,
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and a cooled solution of NaIO4 (29.7 g, 139 mmol) in DMF (75 mL)
and water (100 mL) was added dropwise. After the addition, the
reaction mixture was allowed to warm to room temperature. The
suspension was filtered on dicalite and washed with EtOAc (400 mL).
The filtrate was washed with water (2 × 150 mL), and the organic
layer was concentrated. The residue was purified by flash
chromatography over silica gel (eluent: heptane/CH2Cl2 1/1 to 0/
1). The product fractions were collected, and the solvent was
evaporated to give 2.72 g (20%) of 26a, which was used as such in the
next step. 1H NMR (360 MHz, CDCl3) δ ppm 7.59 (t, J = 7.9 Hz, 1
H), 7.92−7.96 (m, 2 H), 9.90 (s, 1 H).
7-Bromo-2-(3-methoxy-phenyl)-2H-indazole (28b, R = 3-

CH3O-Ph, R′ = H). Step 1. Synthesis of (3-Bromo-2-nitro-benzyl)-(3-
methoxy-phenyl)-amine. To a solution of 3-bromo-2-nitro-benzalde-
hyde (5.5 g, 23.9 mmol), 3-methoxy-aniline (2.94 g, 23.9 mmol), and
HOAc (7.18 g, 119 mmol) in 1,2-dichloroethane (60 mL) was added
sodium triacetoxyborohydride (7.6 g, 35.8 mmol). The reaction
mixture was stirred for 3 h at room temperature. The reaction mixture
was diluted with CH2Cl2 and washed with an aqueous 10% K2CO3
solution and brine. The organic layer was dried over MgSO4, filtered,
and concentrated. The residue was purified via reversed phase HPLC.
The desired fraction was collected and the solvent was evaporated,
yielding 5.68 g (70%) of the title compound. 1H NMR (360 MHz,
CDCl3) δ (ppm) 3.75 (s, 3 H), 4.18 (br s, 1 H), 4.38 (s, 2 H), 6.11 (t,
J = 2.4 Hz, 1 H), 6.19 (ddd, J = 8.1, 2.4, 0.9 Hz, 1 H), 6.27−6.36 (m, 1
H), 7.08 (t, J = 8.1 Hz, 1 H), 7.31 (t, J = 8.1 Hz, 1 H), 7.48−7.64 (m, 2
H). MS (ESI) m/z 337 [M + H]+.
Step 2. Synthesis of 28b. To a solution of (3-bromo-2-nitro-

benzyl)-(3-methoxy-phenyl)-amine (5.68 g, 16.8 mmol) in EtOH (100
mL) was added tin chloride dihydrate (7.6 g, 34 mmol). The reaction
mixture was stirred at 40−60 °C overnight. The solvent was
evaporated, and CH2Cl2 was added together with a small amount of
water. The mixture was filtered on dicalite, and the filtrate was washed
with water. The water layer was extracted with CH2Cl2, and the
organic layer was dried over MgSO4 and concentrated. The residue
was purified by flash chromatography on silica gel (eluent: heptane/
CH2Cl2 40/60 to 0/100) to yield 3.63 g (71%) of 27b. 1H NMR (360
MHz, CDCl3) δ (ppm) 3.92 (s, 3 H), 6.92−7.04 (m, 2 H), 7.39−7.50
(m, 2 H), 7.51−7.59 (m, 2 H), 7.67 (d, J = 8.4 Hz, 1 H), 8.49 (s, 1 H).
MS (ESI) m/z 303 [M + H]+.
7-Bromo-2-(3-methoxy-phenyl)-3-methyl-2H-indazole (29c,

R = 3-CH3O-Ph, R′ = Me). A 2 M LDA-solution in THF (7.4 mL,
14.8 mmol) was added dropwise to a solution of 28b (3 g, 9.9 mmol)
in THF (50 mL) at −78 °C. The reaction mixture was allowed to
warm up to 0 °C, stirred at 0 °C for 5 min, and then cooled again to
−78 °C. CH3I (0.92 mL, 14.8 mmol) was added, and the reaction
mixture was allowed to warm up to room temperature. After stirring
for 16 h, water was added and the water layer was extracted with
diethyl ether. The organic layer was dried over MgSO4, filtered, and
concentrated. The residue was purified by flash chromatography on
silica gel (eluent: heptane/CH2Cl2 50/50 to 0/100) to yield 2.2 g
(70%) of 29c. 1H NMR (360 MHz, DMSO-d6) δ ppm 2.64 (s, 3 H),
3.85 (s, 3 H), 6.98 (dd, J = 8.4, 7.3 Hz, 1 H), 7.10−7.19 (m, 1 H),
7.20−7.29 (m, 2 H), 7.48−7.56 (m, 1 H), 7.58 (d, J = 7.3 Hz, 1 H),
7.81 (d, J = 8.4 Hz, 1 H). MS (ESI) m/z 317 [M + H]+.
N-(2,6-Dibromo-phenyl)-3-methyl-butyramide (37d, R = i-

Bu). Isovaleryl chloride (2.9 mL, 23.9 mmol) was added at room
temperature to a solution of 2,6-dibromoaniline (2.00 g, 7.98 mmol) in
THF (30 mL). The reaction mixture was stirred at room temperature
overnight, and then it was diluted with EtOAc and the organic phase
was washed with a saturated aqueous NaHCO3 solution, dried over
MgSO4, filtered, and concentrated. The residue was triturated with
heptane, filtered, extensively washed with heptanes, and then dried to
yield 2.19 g (82%) of 37d. 1H NMR (360 MHz, CDCl3) δ (ppm) 1.09
(d, J = 6.2 Hz, 6 H), 2.16−2.41 (m, 3 H), 6.97 (br s, 1 H), 7.03 (t, J =
8.1 Hz, 1 H), 7.59 (d, J = 8.1 Hz, 2 H). MS (ESI) m/z 334 [M + H]+ .
4-Bromo-2-isobutyl-benzooxazole (38d, R = i-Bu). A mixture

of 37d (0.21 g, 0.63 mmol), CuI (12 mg, 0.063 mmol), Cs2CO3 (0.31
g, 0.94 mmol), and 1,10-phenantroline (23 mg, 0.125 mmol) in DME
(3 mL) was stirred at 90 °C in a sealed tube overnight. The mixture

was partitioned between water and CH2Cl2. The organic layer was
dried over MgSO4, filtered, and concentrated. The residue was purified
by flash column chromatography over silica gel (eluent: heptane/
CH2Cl2, 30/70) to give 110 mg (69%) of 38d. 1H NMR (360 MHz,
CDCl3) δ (ppm) 1.04 (d, J = 6.6 Hz, 6 H), 2.23−2.42 (m, 1 H), 2.85
(d, J = 7.3 Hz, 2 H), 7.18 (t, J = 8.1 Hz, 1 H), 7.44 (d, J = 8.1 Hz, 1
H), 7.48 (d, J = 8.1 Hz, 1 H). MS ESI m/z 254 [M + H]+.

[2-(4-Fluoro-phenyl)-imidazo[1,2-a]pyridin-8-yl]-[3-me-
thoxy-4-(4-methyl-imidazol-1-yl)-phenyl]-amine (40a). Sodium
tert-butoxide (0.77 g, 8 mmol), BINAP (93 mg, 0.15 mmol),
Pd(OAc)2 (22 mg, 0.1 mmol), and 8a (0.72 g, 3 mmol) were added
to a solution of 17a (0.58 g, 2 mmol) in toluene (15 mL), and the
mixture was purged with N2 for 5 min. The reaction mixture was
stirred and heated at 100 °C overnight under a N2 atmosphere. The
reaction mixture was cooled to room temperature, water was added,
and the mixture was extracted with CH2Cl2. The organic layer was
dried over MgSO4, filtered, and concentrated. The residue was purified
via reversed phase HPLC. The desired fraction were collected, and the
solvent was evaporated. The residue was crystallized from CH3CN/
DIPE. The solid was collected and dried to give 0.42 g (51%) of 40a;
mp 209.2 °C. 1H NMR (360 MHz, DMSO-d6) δ (ppm) 2.15 (s, 3 H),
3.80 (s, 3 H), 6.80 (t, J = 6.9 Hz, 1 H), 6.98−7.08 (m, 3 H), 7.22−7.34
(m, 4 H), 7.68 (d, J = 1.4 Hz, 1 H), 8.01−8.10 (m, 3 H), 8.38 (s, 1 H),
8.46 (s, 1 H). MS (ESI) m/z 414 [M + H]+. HRMS calcd for
C24H21FN5O (M + H)+, 414.1730, found, 414.1739.

[2-(4-Fluoro-phenyl)-1-methyl-1H-benzoimidazol-4-yl]-[3-
methoxy-4-(4-methyl-imidazol-1-yl)-phenyl]-amine (41 b).
Compound 41b was prepared starting from 11 and 20b in a manner
identical to the preparation of 40a. The crude residue was purified via
column chromatography on silica gel [eluent: CH2Cl2/(7N NH3 in
MeOH), 100/0 to 97/3)] to give 41b in 63% yield; mp 130.9 °C. 1H
NMR (360 MHz, DMSO-d6) δ (ppm) 2.14 (s, 3 H), 3.74 (s, 3 H),
3.86 (s, 3 H), 6.93 (dd, J = 8.5, 2.2 Hz, 1 H), 7.01 (s, 1 H), 7.12−7.23
(m, 5 H), 7.43 (t, J = 8.8 Hz, 2 H), 7.63 (d, J = 1.3 Hz, 1 H), 7.92 (dd,
J = 8.6, 5.5 Hz, 2 H), 8.46 (s, 1 H). MS (ESI) m/z 428 [M + H]+.
Anal. (C25H22FN5O) C, H, N. HRMS calcd for C25H23FN5O (M +
H)+, 428.1886; found, 428.1882.

[2-(3-Methoxy-phenyl)-3-methyl-2H-indazol-7-yl]-[3-me-
thoxy-4-(4-methyl-imidazol-1-yl)-phenyl]-amine (42c). Cs2CO3
(0.47 g, 1.44 mmol), X-Phos (50 mg, 0.105 mmol), Pd2(dba)3 (44 mg,
0.048 mmol), and 8a (97 mg, 0.48 mmol) were added to a solution of
28c (152 mg, 0.48 mmol) in tert-butanol (10 mL), and the mixture
was purged with N2 for 5 min. The reaction mixture was stirred and
heated at 110 °C for 20 h under a N2 atmosphere. The reaction
mixture was cooled to room temperature, and water was added. The
mixture was extracted with CH2Cl2. The organic layer was dried over
MgSO4, filtered, and concentrated. The residue was purified by
column chromatography on silica gel (eluent: CH2Cl2/MeOH, 100/0
to 95/5) to yield 0.13 g (62%) of 42c; mp 184.4 °C. 1H NMR (360
MHz, DMSO-d6) δ (ppm) 2.14 (s, 3 H), 2.64 (s, 3 H), 3.75 (s, 3 H),
3.84 (s, 3 H), 6.92−7.00 (m, 2 H), 7.01 (s, 1 H), 7.09−7.16 (m, 3 H),
7.19 6 (d, J = 8.5 Hz, 1 H), 7.23−7.31 (m, 3 H), 7.52 (t, J = 8.4 Hz, 1
H), 7.63 (d, J = 1.1 Hz, 1 H), 8.33 (s, 1 H). MS (ESI) m/z 440 [M +
H]+. HRMS calcd for C26H26N5O2 (M + H)+, 440.2086; found,
440.2083.

(2-Isobutyl-benzooxazol-4-yl)-[3-methoxy-4-(4-methyl-imi-
dazol-1-yl)-phenyl]-amine (43d). Compound 43d was prepared
starting from 8a and 38a in a manner identical to the preparation of
42c, yielding 71% of 43d. 1H NMR (360 MHz, CDCl3) δ (ppm) 1.05
(d, J = 6.7 Hz, 6 H), 2.23−2.36 (m, 1 H), 2.30 (s, 3 H), 2.81 (d, J = 7.2
Hz, 2 H), 3.81 (s, 3 H), 6.72 (s, 1 H), 6.86−6.91 (m, 3 H), 7.03−7.09
(m, 1 H), 7.16 (d, J = 9.1 Hz, 1 H), 7.19−7.24 (m, 2 H), 7.62 (d, J =
1.3 Hz, 1 H). MS(ESI) m/z 377 [M + H]+. HRMS calcd for
C22H25N4O2 (M + H)+, 377.1977; found, 377.1970.

[2-(4-Fluoro-phenyl)-1-methyl-1H-benzoimidazol-4-yl]-[6-
methoxy-5-(4-methyl-imidazol-1-yl)-pyridin-2-yl]-amine (44a).
To a solution of 23a (6.0 g, 19.6 mmol) in tert-butanol (250 mL) were
added aniline 14 (4.0 g, 19.66 mmol), Pd2(dba)3 (1.44 g, 1.57 mmol),
X-Phos (2.25 g, 4.72 mmol), and Cs2CO3 (19.23 g, 59.0 mmol) under
a N2 atmosphere. The reaction mixture was heated at 100 °C for 3 h.
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The solvent was evaporated. Then water was added and the mixture
was extracted twice with CH2Cl2. The combined organic layers were
dried over MgSO4, filtered, and concentrated. The residue was purified
by flash column chromatography [eluent: CH2Cl2/(7N NH3 in
MeOH) 100/0 to 96/4]. The product fractions were collected and
concentrated. The residue was triturated with DIPE and dried, yielding
5.34 g (63.4%) of 44a; mp 139.3 °C. 1H NMR (360 MHz, CDCl3) δ
(ppm) 2.31 (s, 3 H), 3.86 (s, 3 H), 4.08 (s, 3 H), 6.60 (d, J = 8.4 Hz, 1
H), 6.84−6.91 (m, 1 H), 7.04 (dd, J = 8.0, 0.7 Hz, 1 H), 7.22−7.27
(m, 1 H), 7.28−7.32 (m, 1 H), 7.34 (d, J = 1.0 Hz, 1 H), 7.42 (d, J =
8.0 Hz, 1 H), 7.62−7.66 d, J = 1.0 Hz, 1 H), 7.72−7.80 (m, 2 H), 7.93
(s, 1 H), 8.19 (d, J = 8.0 Hz, 1 H). ESI(MS) m/z 429 [M + H]+. Anal.
(C24H21FN6O) C, H, N. HRMS calcd for C24H22FN6O (M + H)+,
429.1839; found, 429.1854.
[2-(4-Fluoro-phenyl)-1-methyl-1H-benzoimidazol-4-yl]-[4-

methoxy-5-(4-methyl-imidazol-1-yl)-pyridin-2-yl]-amine (44b).
Compound 44b was prepared starting from 8b and 23a in a manner
identical to the preparation of 42c. The crude residue was purified by
flash column chromatography over silica gel (eluent: CH2Cl2/(7N
NH3 in MeOH), 100/0 to 96/4), yielding 100 mg (40%) of 44b. 1H
NMR (360 MHz, DMSO-d6) δ (ppm) 2.15 (s, 3 H), 3.83 (s, 3 H),
3.86 (s, 3 H), 7.05 (s, 1 H), 7.13−7.27 (m, 3 H), 7.45 (t, J = 9.0 Hz, 2
H), 7.67 (s, 1 H), 6 7.95 (dd, J = 8.8, 5.5 Hz, 2 H), 8.08 (s, 1 H), 8.32
(d, J = 7.3 Hz, 1 H), 9.05 (s, 1 H). MS (ESI) m/z 429 [M + H]+.
HRMS calcd for C24H22FN6O (M + H)+, 429.1839; found, 429.1840.
[2-(4-Fluoro-phenyl)-1-methyl-1H-benzoimidazol-4-yl]-[5-

methoxy-6-(4-methyl-imidazol-1-yl)-pyridin-3-yl]-amine (44c).
Sodium tert-butoxide (288 mg, 3.0 mmol), BINAP (94 mg, 0.15
mmol), Pd(OAc)2 (23 mg, 0.1 mmol), and 23a (305 mg, 1 mmol)
were added to a solution of 8c (245 mg, 1.2 mmol) in toluene (15
mL), and the mixture was purged with N2 for 5 min. The reaction
mixture was stirred and heated at 150 °C for 5 h under microwave
irradiation, and then it was cooled to room temperature. Water was
added, and the mixture was extracted CH2Cl2. The organic layer was
separated, dried (MgSO4), filtered, and concentrated. The residue was
purified via reversed phase HPLC, to provide 79 mg (18%) of 44c. 1H
NMR (360 MHz, DMSO-d6) δ (ppm) 2.16 (s, 3 H), 3.84 (s, 3 H),
3.86 (s, 3 H), 7.14−7.27 (m, 3 H), 7.37 (s, 1 H), 7.43 (t, J = 9.0 Hz, 2
H), 7.53 (d, J = 2.2 Hz, 1 H), 7.92 (dd, J = 8.8, 5.5 Hz, 2 H), 8.03 (d, J
= 2.2 Hz, 1 H), 8.04 (br s, 1 H), 8.69 (s, 1 H). MS (ESI) m/z 429 [M
+ H]+. HRMS calcd for C24H22FN6O (M + H)+, 429.1839; found,
429.1853.
[2-(4-Fluoro-phenyl)-1-methyl-1H-benzoimidazol-4-yl]-[5-

(4-methyl-imidazol-1-yl)-pyridin-2-yl]-amine (44d). Compound
44d was prepared starting from 8d and 23a in a manner identical to
the preparation of 42c. The residue was purified by flash column
chromatography over silica gel (eluent: CH2Cl2/(7N NH3 in MeOH),
100/0 to 98/2) to provide 50 mg (16%) of 44d. 1H NMR (360 MHz,
CDCl3) δ (ppm) 2.31 (s, 3 H), 3.86 (s, 3 H), 6.93 (s, 1 H), 6.99−7.06
(m, 2 H), 7.26 (t, 2 H), 7.34 (t, J = 8.2 Hz, 1 H), 7.53 (dd, J = 8.8, 2.7
Hz, 1 H), 7.66 (s, 1 H), 7.76 (dd, J = 8.5, 5.3 Hz, 2 H), 7.92 (s, 1 H),
8.24 (d, J = 8.0 Hz, 1 H), 8.36 (d, J = 2.7 Hz, 1 H). MS (ESI) m/z 399
[M + H]+. HRMS calcd for C23H20FN6 (M + H)+, 399.1733; found,
399.1724.
[2-(4-Fluoro-phenyl)-1-methyl-1H-benzoimidazol-4-yl]-[6-

(4-methyl-imidazol-1-yl)-pyridin-3-yl]-amine (44e). Compound
44e was prepared starting from 8e and 23a in a manner identical to
the preparation of 42c. The crude residue was purified by flash column
chromatography over silica gel (eluent: CH2Cl2/(7N NH3 in MeOH),
100/0 to 98/2). The product fractions were collected, yielding 95 mg
(23%) of 44e. 1H NMR (360 MHz, CDCl3) δ (ppm) 2.31 (d, J = 0.7
Hz, 3 H), 3.86 (s, 3 H), 6.95−7.04 (m, 2 H), 7.11 (d, J =7.3 Hz, 1 H),
7.17−7. 32 (m, 5 H), 7.69−7.80 (m, 3 H), 8.16 (d, J = 1.1 Hz, 1 H),
8.45 (d, J = 2.6 Hz, 1 H). MS (ESI) m/z 399 [M + H]+. HRMS calcd
for C23H20FN6 (M + H)+, 399.1733; found, 399.1767.
[3-Fluoro-4-(4-methyl-imidazol-1-yl)-phenyl]-[2-(4-fluoro-

phenyl)-1-methyl-1H-benzoimidazol-4-yl]-amine (44f). Com-
pound 44f was prepared starting from 8f and 23a in a manner
identical to the preparation of 42c. The crude residue was purified by
flash column chromatography over silica gel (eluent: CH2Cl2/(7N

NH3 in MeOH), 100/0 to 98/2). The resulting residue was purified
further via reversed phase HPLC to provide 95 mg (23%); mp 116 °C.
1H NMR (400 MHz, CDCl3) δ (ppm) 2.31 (s, 3 H), 3.85 (s, 3 H),
6.92 (s, 1 H), 6.99−7.03 (m, 1 H), 7.06 (dd, J = 8.7, 2.5 Hz, 1 H), 7.15
(s, 1 H), 7.18−7.30 (m, 6 H), 7.65 (s, 1 H), 7.74 (dd, J = 8.5, 5.3 Hz, 2
H). MS (ESI) m/z 416 [M + H]+. HRMS calcd for C24H20F2N5 (M +
H)+, 416.1687; found, 416.1680.

Biology. Cell-Based in Vitro Assay Method. Screening was carried
out using SKNBE2 human neuroblastoma cells carrying the hAPP
695−wild type, grown in Dulbecco’s Modified Eagle’s Medium/
Nutrient mixture F-12 (DMEM/NUT-mix F-12) (HAM) provided by
Invitrogen (cat. no. 10371−029) containing 5% Serum/Fe supple-
mented with 1% nonessential amino acids, L-glutamine 2 mM, Hepes
15 mM, penicillin 50 U/mL (units/ml), and streptomycin 50 μg/mL.
Cells were grown to near confluency.

The screening was performed using a modification of the assay as
described.24 Briefly, cells were plated in a 384-well plate at 104 cells/
well in Ultraculture (Lonza, BE12−725F) supplemented with 1%
glutamine (Invitrogen, 25030−024), 1% nonessential amino acid
(NEAA), penicillin 50 U/mL, and streptomycin 50 μg/mL in the
presence of test compound at different test concentrations. The cell/
compound mixture was incubated overnight at 37 °C, 5% CO2. The
next day, the media were assayed for Aβ42 and Aβtotal by two
sandwich immunoassays, using the AphaLisa technology (Perkin-
Elmer) according to the manufacturer’s instructions. To quantify the
amount of Aβ42 in the cell supernatant, monoclonal antibody specific
to the C-terminus of Aβ42 (JRF/cAβ42/26) was coupled to the
receptor beads and biotinylated antibody specific to the N-terminus of
Aβ (JRF/AβN/25) was used to react with the donor beads. To
quantify the amount of Aβtotal in the cell supernatant, monoclonal
antibody specific to the N-terminus of Aβ (JRF/AβN/25) was coupled
to the receptor beads and biotinylated antibody specific to the mid
region of Aβ (biotinylated 4G8) was used to react with the donor
beads.

Mouse in Vivo Assay Method. Compounds were formulated in
20% of Captisol (a sulfobutyl ether of β-cyclodextrin) in water. The
compounds were administered as a single oral dose to overnight fasted,
male CD1 Swiss Specific Pathogen Free (SPF) mice (Charles River,
Germany). After the desired time of treatment (4 h in the screening
model), the animals were sacrificed and Aβ levels were analyzed. Blood
was collected by decapitation and exsanguinations in EDTA-treated
collection tubes. Blood was centrifuged at 1900g for 10 min (min) at 4
°C and the plasma recovered and flash frozen for later analysis. The
brain was removed from the cranium and hindbrain. The cerebellum
was removed, and the left and right hemisphere were separated. The
left hemisphere was stored at −18 °C for quantitative analysis of test
compound levels. The right hemisphere was rinsed with phosphate-
buffered saline (PBS) buffer and immediately frozen on dry ice and
stored at −80 °C until homogenization for biochemical assays.

Mouse brains were resuspended in 8 volumes of 0.4% diethylamine
(DEA)/50 mM NaCl containing protease inhibitors (Roche-
11873580001 or 04693159001) per gram of tissue, e.g., for 0.158 g
brain, add 1.264 mL of 0.4% DEA. All samples were homogenized in
the FastPrep-24 system (MP Biomedicals) using lysing matrix D
(MPBio no. 6913−100) at 6 m/s for 20 s. Homogenates were
centrifuged at 221300g for 50 min. The resulting high speed
supernatants were then transferred to fresh Eppendorf tubes. Nine
parts of supernatant were neutralized with 1 part 0.5 M Tris-HCl pH
6.8 and used to quantify Aß-peptide levels. To quantify the amount of
Aβ-peptides in the soluble fraction of the brain homogenates, Enzyme-
linked immunosorbent assays (ELISA) were used. Briefly, the
standards (a dilution of synthetic Aβ42, Bachem, and Aβ38,
ANASPEC) were prepared in a 1.5 mL Eppendorf tube in
Ultraculture, with final concentrations ranging from 10000 to 0.3
pg/mL. The samples and standards were coincubated with HRPO-
labeled N-terminal antibodies for Aβ42 and Aβ38 detection and with
the biotinylated mid-domain antibody 4G8 for Aβtotal detection.
Then 50 μL of conjugate/sample or conjugate/standards mixtures
were added to the antibody-coated plate. The capture antibodies
selectively recognize the C-terminal end of Aβ42 and Aβ38 and the N-
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terminal end for Aβ-total detection. Antibody JRF/cAβ42/26 was used
for Aβ42 detection, antibody J&JPRD/Aβ38/5 for Aβ38 detection,
and antibody JRF/rAβ/2 for Aβtotal detection. The plate was allowed
to incubate overnight at 4 °C in order to allow formation of the
antibody−amyloid complex. Following this incubation and subsequent
wash steps, the ELISA for Aβ42 and Aβ38 quantification was finished
by addition of Quanta Blu fluorogenic peroxidase substrate according
to the manufacturer’s instructions (Pierce Corp., Rockford, Il). A
reading was performed after 10−15 min (excitation 320 nm/emission
420 nm). For Aβtotal detection, a streptavidine-peroxidase conjugate
was added, followed 60 min later by an addional wash step and
addition of Quanta Blu fluorogenic peroxidase substrate according to
the manufacturer’s instructions (Pierce Corp., Rockford, Il). A reading
was performed after 10−15 min (excitation 320 nm/emission 420
nm).
Dog and Rat in Vivo Assays. For details on the in vivo

experimental procedures for the dog experiment; see ref 39. The
experiments in rat were carried out using male Sprague−Dawley rats of
180−220 g, which were fasted overnight before dosing. 44a was dosed
via gastric intubation of a 5 mg/mL suspension in 0.5%
methocellulose. After the indicated time points (2, 4, 7, and 25 h),
the rats were anesthesized in isoflurane, and 50 μL of CSF was
sampled from the cisterna magna and frozen on dry ice. Then the
animals were sacrificed by decapitation, and blood and brain were
collected. Further analysis of compound levels and Aβ levels were
performed in analogy to the mouse in vivo assay. Aβ levels in dog and
rat derived samples were measured using MesoScale Discovery
technology-based sandwich immune-assays. The antibodies against
Aβ38 and Aβ42 were the same as described above. For Aβ40, the JRF/
cAβ40/28 antibody was used; for Aβ37, the antibody JRD/Aβ37/3
was used.
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