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a b s t r a c t

A series of novel 2-substituted-5-hydroxyindoles were synthesized and evaluated for their inhibitory
activity against CaMKII. Structure and activity relationship results indicated that potent inhibitory activ-
ity could be achieved by modification at the para-position of the phenyl ring of the high throughput
screening hit compound 2. Among the prepared compounds, we identified 14 as a novel CaMKII inhibitor
with an activity stronger than that of KN-93, a known CaMKII inhibitor.

� 2011 Elsevier Ltd. All rights reserved.
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Calcium (Ca2+) is an important intracellular messenger, control-
ling a diverse range of cellular processes, such as apoptosis, ion
channel and cell cycle regulation, and cellular response to oxida-
tive stress.1,2 A rise in intracellular Ca2+ concentration leads to
binding of Ca2+ ions to calmodulin (CaM), which binds to and acti-
vates Ca2+/CaM-dependent protein kinases (CaMKs). CaMKs, which
are ubiquitous serine/threonine kinases classified into three sub-
types (I, II, and IV), modulate many cellular functions in response
to intracellular Ca2+ levels.3,4 CaMKII, a member of CaMKs family,
assembles into a complex of dodecamers with four isoforms
(a, b, c, and d), having each a subunit composed of three main
parts; catalytic, regulatory and association domains.5–7 CaMKII is
well established for its modulating effects on synaptic plasticity
and processes like learning and memory.8 In addition, CaMKII plays
a role in osteoclast differentiation and bone resorption,9 and active
CaMKII is known to enhance proliferation and cytotoxic activity of
T cells.10

CaM-competitive inhibitor KN(93) (1)11 and autocamtide-2-re-
lated inhibitory peptide (AIP)12 are well-known CaMKII inhibitors.
Recently, Ca2+/CaM antagonists13 and CaM non-competitive inhib-
itors14 were reported. We considered CaMKII to be a good target
for anti-inflammatory agents. In search for potent CaMKII inhibi-
tors, we have recently run a high throughput screening (HTS) cam-
paign of our library compounds and found compound 215 as a hit
with a novel structure (Fig. 1). The inhibitory activity of 2 against
All rights reserved.
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CaMKII was sixfold weaker than that of 1 (2; IC50 = 10 lM vs 1;
IC50 = 1.6 lM). Based on the structure of compound 2, we initiated
a structure and activity relationship (SAR) study to improve the
inhibitory activity for CaMKII. Here, we report the synthesis and
biological evaluation of a novel series of 2-(substituted benzoyl)-
hydroxyindoles.

The synthetic routes for the indole compounds are described in
Schemes 1 and 2. The various indole compounds were prepared
from the commercially available indoles 3–5. According to the re-
ported method,16 NH group in 3–5 was protected by using carbon
dioxide, followed by treatment with tert-butyllithium to afford 2-
lithium carbanion. Nucleophilic addition of the carbanion to an
appropriate benzaldehyde (R2–C6H4CHO), followed by oxidation
of the hydroxyl group with MnO2 produced the 2-acylindole deriv-
atives. The 2-acylindole derivatives except 16–18 underwent
deprotection of tert-butyldimethylsilyl (TBS) group with tetrabu-
tylammonium fluoride (TBAF) to afford 6–15. Hydrogenation of
compound 18, which was prepared in a similar manner above, gave
the key intermediate 19 in good yield. Mitsunobu reaction of 19
21 (KN-93)

Figure 1. Structures of 1 and HTS hit compound 2.
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Scheme 1. Reagents and conditions: (a) (i) n-BuLi (1.2 equiv), CO2(s), THF, �78 �C,
1 h; (ii) t-BuLi (1.1 equiv); (iii) R2–C6H4CHO (1.1 equiv), �78 �C to rt, 2 h; (iv) MnO2

(10 equiv), acetone, rt, overnight, 30–83%; (b) TBAF (1.1 equiv), THF, rt, 1 h, 45–95%;
(c) 10% Pd/C (25 wt %), H2, THF, EtOAc, rt, 4 h, 64%; (d) alcohols (1.5 equiv), PPh3

(2.0 equiv), diisopropyl azodicarboxylate (2.0 equiv), THF, rt, overnight, 48–85%;
(e) trifluoroacetic acid, CHCl3, rt, overnight, 68%.
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Scheme 2. Reagents and conditions: (a) R3X (1.1 equiv), NaH (1.1 equiv), DMF,
0–50 �C, 4 h, 26–75% in two steps; (b) TBAF (1.1 equiv), THF, rt, 1 h; (c) 1 M NaOH aq
(1.2 equiv), THF, MeOH, rt, overnight, 51%.
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Scheme 3. Reagents and conditions: (a) 4-bromodiphenylether (8.0 equiv), n-BuLi
(8.2 equiv), THF, �10 �C, 2 h, 38–74%; (b) MnO2 (10 equiv), CHCl3, rt, 1 h, 50–81%;
(c) BBr3 (4.0 equiv), CH2Cl2, rt, 6 h, 12–71%.

Table 1
Inhibitory activity of indole derivatives against CaMKII

O

HNR2
2'3'

4'

R1
5

6

A B

Compd R1 R2 CaMKII IC50 (lM)

1 1.6
2 5-OH H 10
6 5-OH 40-F >10
7 5-OH 40-Cl >10
8 5-OH 40-Me 8.8
9 5-OH 40-OMe >10

10 5-OH 40-OCF3 >10
11 5-OH 40-Ph 6.4
12 5-OH 20-OPh 1.8
13 5-OH 30-OPh 1.7
14 5-OH 40-OPh 0.61
15 6-OH 40-OPh 2.3
16 H 40-OPh 7.5

20 5-OH 4'-O 3.9

21 5-OH 4'-O 2.3

22 5-OH 4'-O O 6.8

24 5-OH NH4'-O >10

25 5-OH NMe4'-O >10

26 5-OH NAc4'-O 9.9
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with an appropriate alcohol followed by deprotection of TBS and/or
Boc afforded 20–26 (Scheme 1). Benzenesulfonylation or alkylation
of 17 with the corresponding halides followed by deprotection of
TBS group gave 27–30, and then hydrolysis of the formed ethyl es-
ter compound 30 gave compound 31 (Scheme 2).

The synthetic route for the azaindole compounds 34 and 35 is
shown in Scheme 3. Aldehyde 32 and 33 were prepared according
to a reported method.17 The aldehyde derivatives were reacted
with 4-lithium diphenylether, which generated by halogen–lith-
ium exchange reaction using n-BuLi. Oxidation of the formed hy-
droxyl group followed by deprotection of the methyl group with
BBr3 gave 34 and 35.
The inhibitory activity of the synthesized indole compounds to-
ward CaMKII is shown in Table 1.18,19 First, we examined the effect
of a substituent on the phenyl moiety (A). An electron-donating or
electron-withdrawing group was introduced to investigate for sub-
stitution at the para position, but no clear electronic effect was ob-
served (6–10). However, the inhibitory activity for CaMKII was
slightly improved in the para phenyl compound 11 compared to
the hit compound 2 (11; IC50 = 6.4 lM). Surprisingly, the phenoxy
compound 1420 demonstrated the most potent inhibitory activity
with an IC50 value about 10-fold greater than that of 11 (14;
IC50 = 0.61 lM). From these results we speculated that sterically
large alkoxy substituents are favorable for better activity. Regard
to the position of the phenoxy group in the phenyl ring (A), the
ortho 12 and meta 13 showed decreased activity compared with
para 14, indicating that the substituent should be in the para-posi-
tion. Based on these findings, we prepared and evaluated various
alkoxy compounds at the para-position, in particular, those with
a sterically large alkoxy group. Compounds 20 and 21 exhibited
moderate activity with IC50 values in the single micromolar range,
whereas compounds with small alkoxy groups, such as a methoxy
(9) or trifluoromethoxy group (10), showed abolished activity. This
confirmed our hypothesis that introduction of sterically large alk-
oxy substituents improves the activity. As both the phenoxy and
cycloalkoxy groups are lipophilic, we therefore changed these



Table 2
Inhibitory activity of substituted 5-hydroxyindole derivatives against CaMKII

O

O N
Y

X
OH

R3

Compd R3 X Y CaMKII IC50 (lM)

14 H CH CH 0.61
27 SO2Ph CH CH >10
28 Me CH CH 1.3
29 CH2CH2OH CH CH 1.9
30 CH2CO2Et CH CH 0.77
31 CH2CO2H CH CH 1.8
34 H N CH >10
35 H CH N 6.8

1 1.6
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groups to find out whether substituent size or lipophilicity is
important for the activity. Compound 22 where the carbon atom
in the cyclopentyl ring was displaced with an oxygen atom, gave
a twofold decreased activity. Conversion of the cyclohexyl ring to
a piperidine or substituted piperidine resulted in a large drop in
the activity (21 vs 24–26). These results indicate that lipophilic
large substituents are preferable as R2 substituents. In addition,
the results of 14 and 21 suggest that the planarity of R2 substituent
is important for CaMKII inhibition. On the other hand, regard to the
position of the hydroxyl group in the indole moiety (B), compound
15 with the hydroxyl group at 6th position resulted in fourfold
drop in activity, and replacement with a hydrogen atom also gave
decreased activity (12-fold). These findings confirmed that the hy-
droxyl group in the indole moiety is important for CaMKII inhibi-
tion, and that its placement in the 5th position is better.

Second, we focused on the effects of a substitution in the indole
moiety (R3), and the results are shown in Table 2. Substitution with
an electron-withdrawing group, such as a benzensulfonyl group
(27), showed in diminished inhibitory activity. Among the substi-
tuted alkyl compounds (28–31), the methyl (28), 2-hydroxyethyl
(29), and carboxymethyl (31) showed a 2–3-fold loss of activity,
leading us to speculate that the acidic proton at the N(1)-position
is important for CaMKII inhibition. However, IC50 value of the
ethoxycarbonylmethyl (30) was almost equivalent to that of 14,
suggesting that further optimization studies are necessary to find
the best substituent.

Finally, in order to clarify the importance of the hydroxyl group
at the 5th position, we modified the indole ring to azaindole. Both
34 and 35 exhibited decreased or diminished activity compared to
the indole 14. We therefore considered two possibilities to explain
these results. One is that the lipophilic ring is better for the activity,
and the other is that the pyridone form is generally stable in 34 and
35. Further optimization work to confirm these two ideas is still
ongoing and will be presented in a future paper.

In summary, we disclosed in this report a novel class of CaMKII
inhibitors. An extensive SAR study based on hit compound 2 ob-
tained by HTS identified the optimal substituents, which are the
hydroxyl group as R1 and the para-phenoxy group as R2. Actually,
compound 14 showed the most potent inhibitory activity against
CaMKII enzyme with IC50 value of 0.61 lM, and the inhibitory
activity was stronger than that of 1, a known CaMKII inhibitor.
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