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An SAR study that identified a series of thienopyridine-based potent IxkB Kinase B (IKKB) inhibitors is
described. With focuses on the structural optimization at C4 and Cg of structure 1 (Fig. 1), the study
reveals that small alkyl and certain aromatic groups are preferred at C4, whereas polar groups with proper
orientation at Cg efficiently enhance compound potency. The most potent analogues inhibit IKKB with
ICsps as low as 40 nM, suppress LPS-induced TNF-a production in vitro and in vivo, display good kinase
selectivity profiles, and are active in a HeLa cell NF-xB reporter gene assay, demonstrating that they
directly interfere with the NF-xB signaling pathway.

© 2009 Elsevier Ltd. All rights reserved.

The NF-xB family of transcription factors plays a major role in a
broad range of biological processes, including immune responses
and cell growth.! Activated NF-xB induces the expression of a large
number of pro-inflammatory genes, including those encoding che-
mokines, cytokines, and cell adhesion molecules. NF-kB also acti-
vates genes whose protein products control growth responses
and suppress apoptotic pathways.

IxB kinase (IKK) is an enzyme complex critical for the activation
of the NF-xB pathway.? IKKp, one of the catalytic subunits in the
IKK complex, has been identified as essential for the activation of
the complex in response to inflammatory stimuli.? The potential
for utilizing IKKB inhibitors as treatment for cancer and immuno-
logical disorders has been widely recognized and actively pursued
by the pharmaceutical industry, as evidenced by a plethora of pub-
lications and patent applications in recent years.>*

In a previous paper, we reported a lead identification process
that identified a class of IKKB inhibitors characterized by a thieno-
pyridine core (Fig. 1).°> These compounds exhibited moderate activ-
ity in an IKKB enzyme assay (ICsq = 2-20 M) and showed marginal
cellular activity in an NF-xB luciferase reporter gene assay.!?? Pre-
liminary SAR revealed that aliphatic substitutions of moderate
sizes at C4 and Cg of structure 1 are tolerated, indicating the possi-
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bility for further improvement. This profile, coupled with a struc-
ture amenable to chemical modification, encouraged us to
further pursue this class of IKKp inhibitors in a lead optimization
program. In this Letter, we report the SAR studies that led to the
discovery of a series of potent IKKB inhibitors based on structure 1.

Early exploratory studies had revealed that substitutions of
moderate sizes at C4 and Cg positions of structure 1 are tolerated,
while modifications at Cs and the 2,3-aminoamide moieties gener-
ally reduce compound potency.” We therefore decided to focus on
C4 and Cg of structure 1.

Compounds 21-24 in Table 1 were synthesized according to
Scheme 1. Treatment of 2-chloro-3-cyano-4-methoxypyridine
(2)® with HBr in acetic acid followed by alkylation gave a 2:1
mixture of 2-bromo and 2-chloro pyridyl ethers 3a and 3b. The
mixture of 3a and 3b was then reacted with 2-mercaptoacetamide
and NaH to give the thienopyridyl derivative 4.

Compounds 25-33 in Table 1 were prepared according to
Scheme 2. Reaction of compound 57 with 2-cyanothioacetamide

4
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Figure 1. Thienopyridine-based IKKp inhibitors.
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Table 1
Structure-activity-relationship at C4 position
R NH
4 2 o
7NN

Compd R* R® IKKB ICso (M)

16° H Me 12.7°

172 Me Me 27404

18° Pr Me 1.3+0.1

19? Bu Me 2.5+0.2

20° CH,0H Me 13.5+0.7

21 OMe H 47402

22 OEt H 2002

23 OPr H 22402

24 o>~ OMe H 108+0.2

25 ,U Me 1102
N

26 0 Me 169+ 1.1
N

27 S | Me 2.0+0.7
N\

28 7\ Me 6.0+1.0
N —

29 @ Me 7.4+05

30 O CH, Me 85+2.3

31 O Cl Me 14.0°

32 @ SO,CH, Me 13202

33 @ OH Me >20

2 For synthesis of compounds 16-20, see Ref. 5.
b Result of single test.

OR
a CN NH,
e H
2 3a, X = Br; 4

3b, X =Cl.
(3a:3b ~ 2:1)

Scheme 1. (a) 30% HBr/AcOH, 100 °C, ~60%; (b) NaH, RBr, DMF, 60 °C, 20-60%; (c)
HSCH,C(0)NH,, NaH, DMF, 60 °C, 40-60%.

produced thiopyridine derivative 6. Compound 6 was then reacted
with 2-bromoacetamide in the presence of sodium methoxide to
give the thienopyridine derivative 7. Cross coupling of thioether
7 with an arylboronic acid (8) using Pd-Cu catalyst® gave the 4-aryl
derivative 9.

Scheme 3 outlines the synthesis of the compounds in Tables 2
and 3. Compound 10a or 10b, prepared according to literature pro-

_ SMe
o S a = CN b
MS/ — || —
SH
5
6

7~

8™ NH, . N NHz
o e O
SNTTS NH, N""S NH

Scheme 2. (a) 2-Cyanothioacetamide, NaO'Pr, HO'Pr, reflux, 95%; (b) 2-bromoacet-
amide, NaOMe, MeOH, reflux, 41%; (c) Ar-B(OH); (8), Pd,dbas/Cu(I)TC, (o-furyl)sP,
THF, 60 °C, 30-40%.

o) N
H 2
10a, R, = Me; 11a, R, = Me;
10b, R, = n-Pr 11b, R, = n-Pr
4 4
N R NH
I Cc _ 20
/—4 > Y
R'O N H, RO NS  NH,
12 13
4 4
NH
11a d e 2
or 4> ) CN O — = A o]
11b TIO TSNS NH,  FONTSNTTST A,
14 R® 15

Scheme 3. (a) BrCH,C(O)NH,, K,CO3, DMF, 70 °C, 80%; (b) R'Br, K,CO3, DMF, 70 °C;
(c) Na,CO3, DMF, 100 °C; 50-70%, two steps; (d) Tf,NPh, iPr,NEt, dioxane, rt, 90%;
(e) R'R?>NH,, DMF, 100 °C then Na,CO3, DMF, 100 °C, 50-80%.

Table 2
Structure-activity-relationship at Cg

CH; NH,

Compd R® IKKB ICso (M)
34 HO(CH,),0 6.6+ 0.4
35 HO(CH,);0 51+0.1
36 HO(CH,),N 58+03
37 H,N(CH,),0 29+0.1
38 H,N(CH,);0 >50
39 ¢ N— 2400
40 O N— 2.5+0.1
__/
Ni
a1 24+0.2
HO
42 HO —CN — 0.75 £ 0.02
43 HN  N— 0.68 +0.03
N

#Result from single test.
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Table 3 Table 3 (continued)
Structure-activity-relationship at Cg
Compd R® IKKB ICs0 (M)
n-Pr NH,
o}
i 7N 62 H,N N~ 0.50£0.07
RSN S NH,
Compd RS IKKB ICs (UM N~
omp Pl (0 63 C 0.072 £0.001
N
N— H
44 Q 0.57 £ 0.08
HO _
N
45 HOCN — 0.28 £ 0.07 64 Q 0.632
NH,
46 HN N— 0.12 £ 0.00
_/
o\
\ —~
7 5 N 0.68° 65 HNDN 0.14001
48 H,N CN* 0.041 £0.002 2 Results of single test.
" The absolute stereochemistry of 57 and 58 was not determined.
49 H N— 0.12 £ 0.02
/
cedures,® was reacted with 2-bromoacetamide to give the corre-
50 NCN* 0.68+0.14 sponding thioether 11a or 11b. Thioether 11a or 11b was then re-
/ R acted with an alkyl bromide R'Br to provide the alkoxy
intermediate 12, which was directly treated with Na,CO3 to give
5 Me-N  N— SO0 compound 1.3. Alt?rnat}vely, 11a or 11b was converte(j into tqﬂate
s 14 by reaction with bis(trifluoromethanesulfonyl)aniline. Triflate
0 14 was subsequently reacted with an amine followed by Na,CO3
52 | 50404 to give the 6-aminothienopyridine derivatives 15.
HN  N— h We started our SAR studies at the C4 position. A series of com-
ounds with various aliphatic and aromatic substitutions at C4 po-
— pounds with liphatic and tic substitut tCap
0 sition were prepared and tested in the IKKB enzyme assay.'?? As
53 \>—<3N* 1.3+0.1 shown in Table 1, most of the compounds gave ICsgs of 1-15 pM
HN in the enzyme assay, showing no clear SAR trends. Among the best
. analogues, C4-propyl analogue 18 and C4-furyl derivative 25 dis-
. \%N/ N— S ET played ICso’s of §I?out 1 ul\_/l. . _
HN At the Cg position, previous SAR revealed that unfunctionalized

alkyl groups were tolerated but resulted in flat SAR.> This steered
0 us to explore the effects of polar functional groups. With a methyl
55 ?—CNf 7.8° group fixed at C4 position, hydroxyalkyl and aminoalkyl substitu-
tions were introduced at the Cg position (Table 2). Compounds
34-38, in which the polar groups were attached to flexible ali-
H{;N, phatic chains, did not show improvement in potency over those

56 O, 0.098 +0.011

S o with unfunctionalized Cg substitutions. When certain polar groups

were attached to six-membered rings, a modest improvement in

. potency was observed. Compound 42, with a 4’-hydroxypiperidyl

57° HOQ - 0.0422 group at Cg, gave an ICso of 0.75 M, three times more potent than
the Cg-piperidyl analogue 39. Compound 43, which contains Cgs-

piperazinyl group, also showed better potency (ICso=0.68 pLM).
s8> HOQN Sere Compound. 41, the Cg-(3'-hydroxypiperidyl) apalovgue, did not
show any improvement compared to the Cg-piperidyl analogue
39, revealing an orientation effect of the functional groups. It ap-
pears that the amino and hydroxyl groups in compounds 42 and
59 HO"r-GN/ 1.45 +0.05 43 are engaged in polar interactions.

Having identified Cg substitutions that improved the enzyme
potency, we next incorporated the C4-propyl group to determine
HO~GN/ 195005 if we could further increase the potency. As shown in Table 3,
e compounds 44-46 displayed better potency compared to their
C4-methyl analogues 41-43. Therefore, an n-propyl group was

maintained at the C4 position for further Cs SAR.
61 H,N . N7 0.59 +0.01 Subsequent SAR studies were directed toward understanding
and further optimizing the polar interaction(s) around Cg (Table
3). Methylation of the OH group in 45 reduced compound potency

60



5550 J.-P. Wu et al./Bioorg. Med. Chem. Lett. 19 (2009) 5547-5551

Figure 2. Homology model of the IKKB/ATP binding site. Compound 48 is shown.

(47, 1C50 = 0.68 uM), suggesting that the OH in 45 might be a
H-bond donor. The 4-aminopiperidyl analogue 48
(IC50 = 0.041 uM) was sevenfold more potent than compound 45,
indicating a possible acid-base interaction. Mono-methylation of
the NH, group in 48 decreased potency (49, ICso = 0.12 uM), and
di-methylation further lowered activity (50, IC50 = 0.68 pnM). Simi-
larly, methylation of the NH group in the pyrazinyl analogue 46
also reduced potency (compare 46, and 51). It appears that in addi-
tion to possible acid-base interactions, the presence of H-bond do-
nors in 48 and 46 contribute to compound activities.

Other modifications involved substituting the OH group in 45
with other functional groups. The amide/urea/ester analogues
53-55 are less potent, whereas the sulfonamide analogue 56
(IC50 = 0.098 uM) has similar potency compared to the amino ana-
logue 48. The piperazonyl anologue 52, in which the nitrogen atom
is non-basic, is less potent (ICso = 2.0 pM).

Table 4
Cellular and in vivo profiles (selected compounds)

The stereoselective nature of the interactions around Cg was re-
vealed by two enantiomers 57 and 58. Compound 57 gave an ICsg
of 0.042 nM, whereas its enantiomer 58 was five times less potent
(ICs0 = 0.24 pM).1°

Analogues with different ring sizes were also examined (59-
65). While some seven-membered ring analogues are comparable
to their six-membered counterparts (63), five-membered ring
derivatives are less active (compounds 59-62).

An IKKB homology model'! provided structural insight into the
interactions around the Cg region. As shown in Figure 2, this region
is lined with polar amino acid residues, providing opportunities for
polar-polar interactions. The presence of the acidic residues aspar-
tate and glutamate suggest the possibility of acid-base interactions.

Selected compounds were further evaluated for their ability to
inhibit TNF-a production in cells and in mice. Some of the results
are shown in Table 4. In a human whole blood assay,'?® com-
pounds 44-46 and 48 reduced LPS-stimulated TNF-o production,
with ICsg’s between 1 and 10 pM. In a mouse model of LPS-stimu-
lated TNF-a. production,’?¢ compounds 44-46 showed inhibitory
effects at 30 mg/kg (oral dosing). Compound 48, the most potent
compound in the enzyme and cellular assay, was active at
100 mg/kg but not at 30 mg/kg. The lower in vivo efficacy of com-
pound 48 was attributed to its poor pharmacokinetic properties as
indicated by a low plasma level (0.02 uM at 30 mg/kg, 120 min
post-dosing).!® Efforts aimed at improving PK properties will be re-
ported in subsequent publications.

Kinase selectivity is a general concern with any kinase inhibitor.
For IKKB inhibitors, a specific issue concerns the selectivity against
IKKo.. To assess the selectivity of the current series of IKKp inhib-
itors, selected compounds were tested against IKKo and 29 serine/
threonine kinases and 14 tyrosine kinases.'” In the IKKo assay,
compound 48 gave an ICso of 0.090 uM, merely twofold less potent
than its activity against IKKB, while 44-46 displayed better selec-
tivity (>28-fold). In the serine/threonine screen, at concentration
of 10 uM, none of the compounds in Table 5 inhibited any of the

Compd hu. wh. blood % Inhib. LPS-induced TNF-o in mice and plasma levels® (UM, in parentheses)
a
ICs0 (LM) 100 mg/kg 30 mg/kg 10 mg/kg
44 13.0 93 (22.5+1.4) 67 (3.1+0.3) 14° (0.17)
p=0.001 p <0.05
45 9.8 98 (42.3+5.2) 94 (15.5+1.3) 42 (1.6)
p =0.0007 p <0.05 p <0.05
46 3.2 74 (3.5+1.5) 35 (<0.01) 12€(<0.01)
p <0.05 p <0.05
48 1.6 81(2.8+0.2) 14€(0.02) 17¢ (<0.01)
p =0.0006 — —
2 Values are means of at least two experiments. Standard deviations are typically within 50% of reported value.
> 120 min post-dosing.
¢ Not significant.
Table 5
Kinase selectivity and action mechanism
Compd IKKB ICs0 (LM) IKKot IC50 (LM) Hit against Ser/Tyr kinases® Hit against Tyr kinases® Hela NFkB (uM)
44 0.57 + 0.08 13.3+0.7 0 0 6.1+0.6
45 0.28 £ 0.07 11.2° 0 2¢ 53+19
46 0.12 £ 0.00 34+03 0 14 7.5+0.7
48 0.041 + 0.002 0.090 + 0.008 0 1€ 1.5+0.2

Number of serine/threonine kinases inhibited at 50% POC or less at 10 uM. 29 Serine/threonine kinases were screened.
Number of tyrosine kinases inhibited at ICso <10 uM. 14 Tyrosine kinases were screened.

Compound 46 hit HEK at 8 uM, PDGFRa at 0.3 pM.
Compound 52 hit HEK at 7 uM.
f Result from single test.

a
b
¢ Compound 45 hit HEK at 9 puM, TrkA at 8 pM.
d
e
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kinases at 50% POC (percent of control) or less. For the tyrosine ki-
nase panel, with the exception that compound 46 inhibits PDGFRa
at 0.3 uM (ICsp), no other kinases were inhibited at ICs¢’s below
7 UM. Overall, these compounds demonstrated excellent kinase
selectivity profiles (Table 5, columns 3-5).

Another issue relates to the mechanism by which these com-
pounds inhibit TNFo production, which could be due to mecha-
nisms other than interference with the NF-kB pathway. As a
mechanistic verification, compounds 44-46 and 48 were tested
in a HeLa cell NF-kB reporter gene assay, a cellular assay specific
for the NF-kB pathway.'?® In this assay, compounds 44-46 and
48 gave ICso’s in the low micromolar range, indicating that they in-
deed interfere with the NF-xB pathway (Table 5, column 6).

To summarize, we have identified a series of potent IKKB inhib-
itors from the thienopyridine structural class. These compounds
inhibit IKKB in the low nanomolar range, suppress LPS-induced
TNF-o production in human whole blood and in mice (oral dosing),
and have good selectivity profiles against IKKo and a range of ser-
ine/threonine and tyrosine kinases. In addition, they demonstrate
activity in a cell based reporter gene assay dependent upon signal-
ing through NF-kB, showing that these compounds directly inter-
fere with the target pathway.
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