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The 4-(5-fluoro-6-methyl-pyridin-2-yl)-5-quinoxalin-6-yl-1H-imidazol-2-ylamine 3 is a potent and
selective inhibitor of TGF-BR1. Substitution of the amino group of 3 typically led to a slight decrease in
the affinity for the receptor and in TGF-B-inducted PAl-luciferase reporter activity. However, 2-acetami-
doimidazoles were identified as attractive candidates for further optimization as a result of their signif-

icant activity combined to their superior pharmacokinetic profile.
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Transforming growth factor-beta (TGF-B) is an ubiquitous cyto-
kine that affects various biological processes such as regulation of
cell proliferation, immune responses, growth, differentiation, angi-
ogenesis, and apoptosis of various cell types. The TGF-B ligand ini-
tiates signaling through binding to the type 2 receptor (TGF-BR2), a
serine/threonine kinase, expressed on the cell surface. Upon ligand
binding, a hetero-tetrameric complex consisting of two type 2
receptors and two type 1 receptors (TGF-BR1 or activin-like kinase
receptor-5 (ALK-5)) is formed. In the receptor complex, the ligand-
bound type 2 receptor phosphorylates the TGF-BR1 in the GS re-
gion (glycine/serine rich domain), which, in turn, allows the type
I receptor to phosphorylate the transcriptional regulators, Smad2
and Smad3.! Phosphorylated Smad2 or Smad3 then complex with
Smad4. The resulting hetero-Smad complex finally translocates to
the nucleus to trigger the regulation of various TGF-B-responsive
genes.2 TGF-pPR1 represents a key target for the pharmaceutical
industry. In particular, small molecules inhibitors of TGF-BR1 offer
an attractive way to regulate the TGF-B pathway and can therefore
find applications in the treatment of various diseases, in particular,
cancer.?

Our on-going interest in imidazole-based TGF-BR1 inhibitors*
and recent reports about 2-aminothiazoles showing ALK-5 inhibi-
tion,> led us to synthesize novel 2-aminoimidazoles® and evaluate
them in vitro for their ability to (i) bind to human TGF-pR17 and (ii)
inhibit the TGF-B-inducted PAl-luciferase reporter activity in trans-
fected HepG2 cells.®

* Corresponding authors.
E-mail addresses: dominique.bonafoux@abbott.com (D. Bonafoux), wen-chern-
g.lee@biogenidec.com (W.-C. Lee).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.11.119

The 4-(5-fluoro-6-methyl-pyridin-2-yl)-5-quinoxalin-6-yl-1H-
imidazol-2-ylamine 3 was synthesized via bromination of the
1-(5-fluoro-6-methyl-pyridin-2-yl)-2-quinoxalin-6-yl-ethanone
14 followed by condensation of the resulting bromoketone 2
with N-acetylguanidine® before acidic deprotection of the amino
group (Scheme 1). According to previous reports on related com-
pounds,>!%1! both the 2-pyridyl and the quinoxalinyl-substitu-
ents are involved in key interactions with human ALK-5. The
nitrogen of the 2-pyridyl group is engaged in a water mediated
hydrogen bond network with the side chains of Tyr-249 and
Glu-245 as well as the backbone of Asp-351, while the quinox-
alinyl substituent directly binds to the backbone of His-283 in
the hinge region. Aminoimidazole 3, bearing both the 2-pyridi-
nyl- and the quinoxalinyl-substituents, was therefore predicted
to be a potent inhibitor. This expectation was confirmed with
a subnanomolar affinity for TGF-BR1 (K; = 0.7 nM) and a very sig-
nificant inhibition of PAI reporter activity (ICso=33.5 nM). Com-
pound 3 was also evaluated on p38,'? because of its structural
similarity to known p38 inhibitors,’®> and showed not activity
(ICs50=12.5 uM). Interestingly, acetamidoimidazole precursor 2
also exhibited noticeable inhibition of TGF-BR1 with a K; of
7.1 nM, indicating that some degree of substitution of the 2-ami-
no group in 3 can be tolerated without complete loss of potency.
In the light of this result, we assessed 2-acetylated aminoimidaz-
oles 2 and 6-11, as well as substituted 2-aminoimidazoles 16-20
for their ability to inhibit TGF-BR1.

2-Acetamidoimidazoles 6 and 7, bearing a triazolo[1,5-a]pyrid-
inyl substituent in the hinge region, were synthesized following
the conditions highlighted in Scheme 1, from the 1-(6-methyl-
pyridin-2-yl)- (4) and the 1-(5-fluoro-6-methyl-pyridin-2-yl)-2-
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Scheme 1. Reagents and conditions: (a) Br, dioxane, rt, quantitative; (b) N-acetylguanidine, CH3CN, 1 h, 40%; (c) H,SO4, MeOH, reflux 4 h, 60%.

[1,2,4]triazolo-[1,5-a]pyridin-6-yl-ethanones (5).* The 2-methyl-
propionyl- (8), propionyl- (9), methoxyacetyl- (10), and methoxy-
propionyl- (11) analogs, were also prepared according to Scheme 1,
using acylated guanidines that were obtained via addition of gua-
nidine to the suitable ethylesters'* (Scheme 2).

The 2-piperidinyl- (16), the 2-morpholino- (17) and 2-piperaz-
inyl derivatives (18-20) were synthesized, with yields ranging
from 12% to 40%, through the condensation of the 1-(5-fluoro-6-
methyl-pyridin-2-yl)-2-[1,2,4]triazolo[1,5-a]pyridin-6-yl-ethane-
1,2-dione (15) with substituted guanidines, followed by Pd/C-cata-
lyzed dehydration (Scheme 3).!°

The acetamidoimidazoles 2, 6 and 7 displayed comparable
affinities for TGF-BR1 with K; values ranging from 2.07 nM to
7.1nM and comparable levels of inhibition of TGF-p-inducted
PAl-luciferase reporter activity with ICsos between 110 and
180 nM and were selective versus p38. These results demonstrated
that the quinoxaline and the triazolo[1,5-a]pyridine series offer
similar overall profiles (Table 1). As a result, both series will be
treated as fully comparable during this work.

The replacement of the acetyl group in 2 with flexible linear
groups, such as, propionyl- (9), methoxyacetyl- (10) and methoxy-
propionyl- (11) did not affect the affinity for TGF-BR1 at all,
whereas the introduction of the bulkier methylpropionyl-group
(8) led to a complete loss of potency (Table 2).

Acylated imidazoles 2, 6, 7 and 9-11 showed comparable levels
of inhibition of TGF-B-inducted PAl-luciferase reporter activity as
well as selectivity towards p38.

Tightening the 2-amino group of 3 to form a six membered ring
(16-20), much like the corresponding acylation, led to a slight de-
crease in affinity for the receptor with K; values typically ranging
from 3 nM to 16.4 nM (Table 3). The absence of a polar substituent
at position 4 of the six membered ring was found to be rather unfa-
vorable, since the 2-piperidinylimidazole 16 suffered an average
3.5-fold decrease in affinity for the receptor compared to 2-mor-
pholino- (17), 2-(N-methylpiperazinyl)- (18), 2-(N-acetylpiperazi-
nyl)- (19) and 2-(N-methanesulfonyl-piperazinyl)-imidazole (20).
2-Aminoimidazoles 17-20 showed a cellular activity overall com-
parable to the acylated analogs.

In order to confirm the binding mode for the acetylated imida-
zoles, the structure of 2 complexed to hu-TGF-BR1 was solved with
crystallographic methods using procedures previously described.!!
The 3.2 A structure has an Rpceor and Rgee Of 0.231 and 0.279,

respectively.'® The data confirmed that the quinoxaline ring binds
to the hinge region and accepts a hydrogen bond from the NH of
His-283 and that the fluoro-methylpyridine ring binds in the
hydrophobic pocket. In addition, the NH of the aminoacetyl group
in 2 donates a hydrogen bond to the side chain of Asp-351. It is
worth noting that, even though Asp 351 has previously been
shown to accept a hydrogen bond from pyrazole based inhibitors, "
in the structure of 2 in TGF-BR1 the Asp 351 side chain has rotated
~45 deg about chil and shifted the position of the acid carbonyl
1.8 A in order to accommodate the substitution off the imidazole
ring (Fig. 1).

Using the co-crystal structure of 2 complexed to TGF-pR1, we
carried out ligand receptor docking'” in order to help rationalize
the SAR presented in Table 2. In particular, we sought to under-
stand why the methylpropionyl substituent in 8 was not tolerated
whereas more flexible linear groups, such as in 9-11, did not lead
to a loss of potency. The crystallographically observed binding
mode of 2 was recapitulated via molecular docking to within
0.1 A, thus preserving the hydrogen-bonding patterns observed in
the X-ray co-crystal structure. The top scoring poses generated
from docking of the linearly substituted analogs 9-11 were pre-
dicted to bind in the same mode as was observed for 2. For these
ligands, the imidazole core, quinoxaline substituent at the hinge,
and the fluoro-methylpyridine ring in the hydrophobic pocket, of
the docked poses were nearly overlapped with the corresponding
groups in the X-ray structure. In other words, the acyl substituents
did not disrupt any of the hydrogen bonding and hydrophobic
interactions observed in the X-ray co-crystal. For these ligands,
the linear acyl substituents were predicted to extend into the re-
gion next to the p-loop of the kinase. In contrast, docking was
not able to generate a pose for 8 that preserved the interactions ob-
served in the X-ray structure. The top scoring poses required at
least a 0.5 A shift of the ligand, presumably to accommodate the
bulkier methylpropionyl substituent. Although the predicted
shifted binding mode of 8 is generally similar to that of 2, each
of the hydrogen bonds to the receptor is weakened substantially.
In addition, the planarity of the amide bond in 8 is compromised
in every docked pose, introducing ligand strain not present in the
docked poses of compounds 2, 9-11. These factors serve as an
acceptable rationale for the observed lack of activity of 8 (Fig. 2).

In order to establish the impact of the substitution pattern of 2-
aminoimidazoles on their pharmacokinetic profiles, acylated
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Scheme 2. Reagents and conditions: (a) Bry, dioxane, rt, quantitative; (b) N-acylguanidine, CH5CN, 1 h, 13-36%.
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Table 1

Table 3
Inhibitory profile for acetamidoimiadazoles 2, 6 and 7

Inhibitory profile for various 2-aminoimidoimiadazoles 15-19
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Table 2
Inhibitory profile for various acylated imidoimiadazoles 8-11

F
=
) Q
X

N R
[
N

7 H
X

N £
i .
‘ O
R TGF-BR1 K2 (nM) ~ PAI ECso® (nM) 38 ECso? (M) y ) )

2 Gk vl 180 g Figure 1. Interactions of 2 in the TGF-BR1 active site. Hydrogen bonds are shown as
8 (CHs),CH >28,000 nd nd .

dotted lines.
9 CH5CH, 8.8 156 13.53
10  CH;0CH, 7.2 61 15.0 P i

imidazoles 2, 6 and 11 as well as 2-aminoimidazoles 3 and 17 were
11 CH30CH,CH, 19 148 14.83

evaluated in rat PK. The data is summarized in Table 4 and unam-
* Averaged values (n=2). biguously shows that the nature of the substituent on the 2-amino
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Figure 2. Docked structures of 2 (yellow) and 8 (green) overlaid.

Table 4
Selected pharmacokinetic parameters for the oral administration of acetamio- and
aminoimidazoles to fasted male Sprague-Dawley rats

Compound T;2° (h) P (%)
2¢ 7.8 66
6° 7.1 100
11¢ 13.2 41
3d 0.6 28
17¢ 0.4 25
25¢ 7.4 87

@ Values are means of 4 iv experiments.

" Values are means of 8 experiments (4 iv, 4 po).
¢ Vehicle, 20% captisol.

4 Vehicle, NMP/H,0 (1/1).

= /N
N Ki(TGF-BR1) = 0.33 nM
ECso(PAl) = 80 nM
ECasy(p38) = 22 uM

N
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Figure 3. Structure of the 2-aminothiazole 24 and its in vitro data.

group dramatically impacts the PK profile, since the acylated imi-
dazoles 2, 6 and 11 displayed a superior profile compared to 2-ami-
noimidazoles 3 and 17, with higher bioavailabilities 66%, 100% and
41%, respectively, versus 28% and 25% and longer half-lives of 7.8 h,
7.1 hand 13.2 h versus 0.6 h and 0.4 h.

Furthermore, a comparison between the unsubstituted 2-
aminoimidazole 3 and the closely related unsubstituted 2-amino-
thiazole derivative 25 (Fig. 3) indicated that switching from a imid-
azole to a thiazole core was also a favorable modification. This
imidazole/thiazole switch is thus a structural change that could
be used to fine tune the PK profile of such inhibitors in further
studies.

In conclusion, we have confirmed that 2-aminoimidazoles and
2-acetamidoimidazoles are potent and selective inhibitors of
TGF-BR1. We found that tightening the nitrogen at position 2 of
the imidazole within a six membered ring or acylating it with flex-
ible linear groups led to a slight decrease in potency (up to 10-fold
on TGF-BR1 binding affinity and about 5-fold on the inhibition of
TGF-B-inducted PAl-luciferase reporter activity) compared to fully
unsubstituted analog 3. This slight decrease in potency is however
compensated for, in the case of 2-acetamidoimidazoles 2, 6 and 11
with a superior pharmacokinetic profile. These results indicate that
acylated 2-aminoimidazoles TGF-BR1-inhibitors, in particular 2-
acetamidoimidazole 6, provide attractive, orally bioavailable can-
didates for further in vivo studies.
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