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Abstract—The discovery of a series of potent, carboline-based MK2 inhibitors is described. These compounds inhibit MK2 with
1Csps as low as 10 nM, as measured in a DELFIA assay. An X-ray crystal structure reveals that they bind in a region near the

p-loop and the hinge region of MK?2a.
© 2007 Elsevier Ltd. All rights reserved.

Mitogen activated protein kinases (MAPKSs) are signal
transduction molecules that control the expression of a
variety of gene products involved in inflammation, cell
proliferation, and apoptosis.! Of the four major classes
of MAPKs,? the p38 MAPK family activates a wide
range of regulatory proteins upon stimulation by exter-
nal signals. The p38 pathway has long been a drug dis-
covery target for pharmaceutical companies.?

MAPKAP-K2 (MK2), a substrate of p38 MAPKs, plays
central roles in p38 mediated signal transduction. In
mice genetically deficient in MK2, the production of
pro-inflammatory cytokines, such as tumor necrosis fac-
tor-a (TNF-a), interleukin-1§ (IL-1B), IL-6, and inter-
feron-y (IFN-y), is inhibited significantly following
stimulation of splenocytes with lipopolysaccharide
(LPS). Moreover, this phenotype cannot be rescued by
the expression of a kinase dead MK2 mutant, indicating
that the kinase function of MK2 is required for pro-
inflammatory cytokine production.* Thus, inhibitors of
MK?2 kinase activity are potentially useful for treatment
of inflammatory diseases such as toxic shock syndrome,
rheumatoid arthritis, osteoarthritis, diabetes, and
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inflammatory bowel disease.’ In fact, a number of phar-
maceutical companies have disclosed drug discovery
programs targeting this kinase.®

Our program to develop small molecule MK2 inhibitors
began with high throughput screening that identified
two carboline analogs, 1 and 2, as moderate MK2 inhib-
itors (Fig. 1).” A simple combination of the structural
features of 1 and 2 produced a more potent analog 3.
This prompted us to start a chemistry program to fur-
ther explore this class of compounds. In this paper, we
report our SAR studies that led to a series of potent
carboline-based MK2 inhibitors.

Compounds in Tables 1-6 were prepared according to
Schemes 1 and 2. Reaction of methylacrylonitrile (4)
and diethyl malonate (5) under basic conditions provided
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Figure 1. MK2 inhibitors discovered via high throughput screening.
1Cs0s were obtained in a DELFIA assay.7
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Scheme 1. Reagents and conditions: (a) NaOEt, EtOH, rt, 88%; (b)
1—H,, Pt,0, EtOH, 2—100 °C, 70-80%; (c) 1-—NaNO,, HCI, 0-
10 °C, 2—KOH, 70-80%; (d) formic acid, reflux, 50-70%.
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Scheme 2. Reagents and conditions: (a) EDC, HOBT, DMAP (cat.),
DMF, rt to 60 °C, overnight 50-90%.
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Figure 2. Preliminary SAR.

compound 6. Hydrogenation of compound 6 followed by
heating gave a cyclic lactam 7. Compound 7 was next
reacted with a diazonium intermediate derived from
aniline 8 to generate hydrazone 9, which was refluxed
in formic acid to provide a carboline analog 10 (Scheme 1).

Amide analogs 12 were prepared via EDC mediated
coupling of carboline 6-carboxylic acid 11 and corre-
sponding amines (Scheme 2).

Our initial SAR studies were aimed at identifying
structural features exploitable for improving compound
potency. Thus, the major functional groups in
compound 3 were individually modified (Fig. 2 and

Table 1. SAR at 6-position

H
N O
RB/CLCNH

Compound R® ICso (M)
20 H >40

21 Me >40

22 Ph >40

23 Br 1513
24 HO >40

17 MeO 45+29
25 BnO >40

26 AcNH >40

27 H,N(CO) 54429

Table 1). Removal of the carbonyl group at C1 diminished
potency (13). Methylation of either N2 or N9 gave inac-
tive compounds (14 and 15). At C4, replacement of the
gem-dimethyl group with a cyclobutyl group or removal
of one of the methyl groups did not show significant
effects (16 and 17). However, larger alkyl substituents
or substituents containing polar groups were not tolerated
(18 and 19) (Fig. 2). On the left side of the structure,
replacement of the C6-OMe group in compound 178
with H, Ph, Me, OH or AcNH abolished activity (20—
26). The larger benzyl ether analog 25 was also inactive.
The only C6-OMe replacement tolerated was an amide
group: compound 27 displayed potency comparable to
that of compound 17 (Table 1).

The C6 amide moiety in 27 was further derivatized. A
series of aliphatic and aromatic amides were synthesized
(Table 2). Aliphatic amides were not active (29-31, 33,
and 34), the only exception being the methyl amide 28,
which was weakly active (ICso = 12 uM). On the other
hand, aromatic or heteroaromatic amides mostly dis-
played better potency compared to the unsubstituted
amide 27 (32 and 35-42). Among the more potent ana-
logs were pyridyl amides 35, 36 and thiazole amide 37,
showing ICsq values below 1 pM.

Following up on these findings, we next examined the
effects of substitution on the aromatic amides. A series
of substituted phenyl amides were initially synthesized
(Table 3). Substitutions at C2’ were not tolerated (43—
47). At C3’, large groups reduced potency (49 and 50),
while smaller substitutions had no significant effect (51—
53 and 55-57). An exception was the 3’-CN group, which
lowered the ICsy to 770 nM (54). At C4’, most substitu-
tions showed no significant effects (58-64 and 66). How-
ever, amide and ester groups at this position improved
compound potency moderately (65, 67, ICsq < 1 uM).

Encouraged by the beneficial effects of amide and ester
groups, we next incorporated these groups onto pyridyl
and thiazole amides 35 and 37. As shown in Table 4,
neither ester nor amide moiety improved the potency
of pyridyl amide 35 (68 and 69). However, an amide
substitution increased the potency of thiazole analog
37 significantly: compounds 71 and 73 gave 1Csq values
of 83 and 120 nM, respectively.
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Table 2. C6-amide analogs

Table 3. Effects of substitution on phenyl amide

H , H
N O 3 R" H N O
Ry ! NH R DN {_NH
o} R* o
Compound R’ ICso (WM) Compound ~ R” R¥ R ICsy (uM)
27 H,N 54%29 32 H H H 29%0.1
43 Me H H >20
44 F H H 9.7t19
28 MeHN 12+1 45 Br H H >10
46 CN H H >10
47 CONH, H H 30(n=1)
48 H Me H 34
2 Me:N >20 49 H i-Pr H >20
50 H t-Bu H >20
¢ 51 H F H 1.7 (m=1)
30 O‘” >20 52 H cl H 1.3+0.4
53 H Br H 27m=1)
54 H CN H 0.77 £ 0.57
31 C[\H- >20 55 H CO,Et H 74402
56 H AcNH H 44 (n=1)
57 H CONH, H 27m=1)
kY @ \” 29040.1 58 H H Me 3.0+0.7
N 59 H H i-Pr 77402
60 H H t-Bu >20
< 61 H H F 30(n=1)
33 g” >20 62 H H cl 1.7+0.6
63 H H Br 70n=1)
N 64 H H CN 17405
34 >20 65 H H CO,Me  0.93%0.02
Q_/_H 66 H H AcNH 1.8 (n=1)
_N 67 H H CONH, 0.62 +0.13
35 S N 0.52£0.15
H
NG
36 NSNS 0.76 £0.17
: amide nitrogen lowered potency a few fold (75), sug-
37 I '}LN\\, 0.82 + 0.26 gesting.the.lt one of the amide N-H might be engaged
S H in a binding interaction with MK2. Several analogs
_ containing polar groups were also prepared, leading
38 O\I_A\Nk 150 (n = to compounds with improved potency (76-81,
N S0(m=1) . o
H 1Cs9 ~ 20-30 nM). Larger lipophilic groups, such as
N cyclohexyl group in 83, also had beneficial effect.
39 (R 150 +0.14 Incorporation of an N-methyl amino group into the
N H 6-membered ring further improved potency, providing
compound 85 with an ICsq of 10 nM. Note that com-
N, pound 84, which contains a polar group and a 6-mem-
40 E ,l . 044 +0.11 bered moiety but lacks an amide N-H, was less active
N H\ than the parent compound 71, again demonstrating
the importance of the amide N-H. Similar modifica-
| \L\l\ ) tions to compound 73 did not show beneficial effects.
41 NTNS >20 In fact, substitution of the amides with polar groups
H reduced activity (86 and 87).
N
42 Q;;khk 1.5+0.8 An X-ray crystal structure of MK2a—compound 76

Further derivatization of the thiazole amides followed
(Table 5). For analogs of 71, addition of one methyl
group to the amide nitrogen gave a compound of sim-
ilar potency (74). However, dimethylation of the

complex was obtained (2.9 A resolution, Fig. 3).°
The structure revealed that compound 76 binds be-
tween the p-loop and residues V118, T206, L1193,
and Y194 (all not shown), and interacts with the hinge
region M138-D142. The oxygen atom of the internal
carbonyl amide (at C6) is in close proximity to the
NH of L141 (2.6 A) for H-bonding. The thiazole aryl
is nearly co-planar with the carboline scaffold, with
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Table 4. Substituted pyridyl and thiazole amides

H
H N_0O
RN ” NH
(0]
Compound R” 1Cso (LM)
35 \_/ ' 0.52+0.15
N
-0
68 — M 0.76 £ 0.13
O N=
H,N
69 2% 0 N 0.62 £0.27
o N
N \
37 < 0.82 +0.26
\s
(0]
70 \\_\\’\i\ < 075 (n=1)
= S
(e}
71 \ \N\ \ 0.083 + 0.028
HN s
N
72 -0, /S»’{ 0.77 % 0.33
(6]
N
73 H2N7y/[s>7‘ 0.12+0.01
o)

dihedral angle of ~17°. The external amide (at 4’ of
thiazole moiety) is nearly co-planar to the thiazole
ring and presents its NH proton inward, forming a
second H-bond with L70 (3.1 A). However, the por-
tion beyond the external amide bond, which appar-
ently contributes to compound potency, is not
shown to engage in binding interactions. Additionally,
the carboline amide oxygen [C1=O] and nitrogen
(N2), shown by SAR to be essential for compound
potency, are not within bonding distances to nearby
amino acid residues or peptide backbones.

Selected compounds were tested for cellular activity
and kinase selectivity (Table 6). In an assay that mea-
sures LPS-stimulated TNF-a production from THP-1
cells,'® the majority of these compounds did not show
measurable activity (ICsp> 10 uM). Compound 83, an
analog without a terminal polar group, was among
the few that were active in the assay.!! In the MKI1
and ERK2 kinase assays,'>!'? these compounds showed
moderate activity (ICso~ 1 uM). Improving cellular
activity and kinase selectivity thus became the focus
of our subsequent chemistry efforts, which will be re-
ported in future publications.

In conclusion, we have discovered a series of potent
carboline-based MK2 inhibitors. In a DELFIA, the
most active compounds inhibit MK2 with 1Csq values

Table 5. Substituted thiazole amides

H
N H{@N/CO
4' X
R N Ng NH
R_5§/s o)
Compound RY RY 1Cso (LM)
ol NH,(CO)- H 0.089 + 0.027
74 MeNH(CO)— H 0.072 +0.014
75 Me,NC(O)- H 0.333 +0.085
76 Me,N(CH,),NHC(O)- H 0.034 +0.014
77 H,N(CH,),NHC(0)- H 0.017 + 0.002
78 Me,N(CH,);NHC(O)- H 0.035 £ 0.010
79 H,N(CO)CH,NHC(0)- H 0.124 +0.054
80 H,N(CO)(CH,), H 0.021 + 0.009
NHC(0)-
81 HO(CH,),NHC(O)~ H 0.031 (n=1)
82 Me(CH,),NHC(0)~ H 0.045 +0.018
a2
83 N H 0.044 +0.004
H
84 \ —<:N 0 H 0.25+0.10
N o]
85 NS H 0.010 £ 0.001
H
73 H H,NC 0.13 +0.02
(0)-
86 H Me,N 13(m=1)
(CHy),
NHC
(0)-
87 H Me,N 0.48 +0.07
(CHy);
NHC(O)-

Table 6. Selectivity and cellular activities

Compound MK2ICs,  MKI ICs, ERK2ICs, THP-1

(M) (M) (M) 1Cso (M)
71 0.089+0.027 0.75+0.01 0.56+0.15 >5
76 0.034+0.014 0.66+0.14 1900 >5
78 0.017 £0.002 — 1.3+0.1 >5
79 0.035+0.010 0.80+021 1.5+04 >5
83 0.044 +0.004 — — 1.60 % 0.00
85 0.011 +£0.001 — — >5
35 0.52 £ 0.15 12£09 021%0.06 >5

in the low nanomolar range. A crystal structure revealed
that this compound class binds between p-loop and res-
idues V118, T206, L193, and Y194, and interact with the
hinge region of MK2a (M138-D142). These compounds
are moderately selective against MK1 and ERK2. How-
ever, most of these analogs are not active in a cellular
(THP-1) assay.
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Figure 3. X-ray structure of MK2a [41-364] co-crystallized with
compound 76.

Supplementary data

Experimental procedures for crystal complex formation
and X-ray data collection; synthetic schemes for com-
pounds in Figure 2. This material is available free of
charge via internet. Supplementary data associated with
this article can be found, in the online version, at
doi:10.1016/j.bmcl.2007.05.101.
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