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a b s t r a c t

Glycogen synthase kinase-3b (GSK-3b) is implicated in abnormal hyperphosphorylation of tau protein
and its inhibitors are expected to be a promising therapeutic agents for the treatment of Alzheimer’s dis-
ease. Here we report design, synthesis and structure–activity relationships of a novel series of oxadiazole
derivatives as GSK-3b inhibitors. Among these inhibitors, compound 20x showed highly selective and
potent GSK-3b inhibitory activity in vitro and its binding mode was determined by obtaining the X-ray
co-crystal structure of 20x and GSK-3b.

� 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Alzheimer’s disease (AD) is a neurodegenerative disease having
pathological features of neurofibrillary tangles (NFTs) and senile
plaque. The temporal and spatial distribution of NFTs correlates
well with the clinical disease severity. This suggests new strategies
to inhibit factor(s) leading to NFT formation and neuronal cell
death for the prevention of AD.1–8 NFTs are composed of abnor-
mally hyperphosphorylated microtubule-associated protein tau.
Hyperphosphorylated tau loses its normal function of stabilizing
microtubules, leading to a disruption in microtubule assembly
and deficits in axonal transport. GSK-3b is a serine/threonine ki-
nase and is thought to be a key factor for aberrant tau phosphory-
lation.9 Activated GSK-3b coexists with progression of NFTs and
neurodegeneration in the AD brain.10–12 A conditional GSK-3b
overexpressing transgenic mouse exhibits persistent tau hyper-
phosphorylation, pretangle-like somatodendritic localization of
tau, neuronal death in hippocampus and cognitive deficits.13,14

These studies suggest that GSK-3b is associated with AD progres-
sion, and GSK-3b inhibition is expected to be a promising thera-
peutic approach for AD.

Many GSK-3b inhibitors have been reported and they reviewed
in the literature.15–17 Maleimide derivatives have been reported
from many groups.18,19 In addition, CHIR98023,20 SB-41528621

and 2,5-diaminopyrimidines22 with different chemical structure
have been reported. Furthermore, natural product derived GSK-
3b inhibitors such as indurubin,23 paullones,24 manzamines25 have
been described.

In this paper, we report the design and synthesis of novel
small molecule GSK-3b inhibitors based on the 1,3,4-oxadiazole
scaffold.

2. Inhibitor design

High-throughput screening of our proprietary compound collec-
tion identified hit compound 1 with an IC50 value of 65 nM in in vitro
assay. The X-ray co-crystal structure of this compound with GSK-3b
indicates that this compound binds to the ATP binding site and that
the O1 oxygen atom and hydrogen atom on the C2-carbon of the ben-
zodioxole made hydrogen bonds with the amide NH hydrogen and
carbonyl oxygen of Val135 in the hinge region, respectively. The 4-
methoxy-3-fluorobenzyl group fills the hydrophobic site and both
the N3 and N4-nitrogen atoms of the oxadiazole are incorporated
into the unique hydrogen bond network between Lys85-Glu97-
Asp200 through two water molecules, as shown in Figure 1.
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The X-ray co-crystal analysis suggested that the 1,3,4-oxadiazole
was suitable for interaction with the Lys85-Glu97-Asp200 hydrogen
bond network. Thus we fixed the 1,3,4-oxadiazole ring and designed
novel compounds having 6,5 or 6,6-fused heterocyclic rings with
heteroatom (Z = O, N) and hydrogen atom at appropriate positions
for hydrogen bond interaction with the hinge region (Val135). In
addition, hydrophobic amino acids were observed near the benzodi-
oxole ring and Arg141 was found adjacent to the gatekeeper. To en-
hance potency, we also designed compounds incorporating a 4-
methoxyphenyl group on the 6,5-fused heterocyclic core, aiming
to fill in the hydrophobic site with a phenyl ring and interaction be-
tween Arg141 and methoxy group (Fig. 2).

3. Chemistry

The heterobicyclic esters and the hydrazide, the starting materi-
als for oxadiazole derivatives 20a–y were prepared as shown in
Scheme 1. Reaction of commercially available aldehyde 4 with io-
dine and KOH gave ester 5. Oxidation of dihydrobenzofuran ring
of 5 with N-bromosuccinimide (NBS) yielded benzofuran 6. Bro-
mination of benzofuran 6 at the 3-position using bromine gave 3-
bromobenzofuran 7 and subsequent coupling with 4-meth-
oxyphenylboronic acid yielded 3-(4-methoxyphenyl)benzofuran
8. Esterification of carboxylic acid 9 followed by reaction with p-
anisidine or methylamine gave anilines 11a,b. The nitro groups of
11a,b were reduced with sodium hydrosulfite to provide anilines
12a,b, which were cyclized with formic acid to form benzimidaz-
oles 13a,b. Condensation of the acid 14 with tert-butyl carbazate
yielded tert-butyloxycarbonyl (Boc) hydrazide 15 and removal of
the Boc group by exposure to trifluoroacetic acid (TFA) yielded
hydrazide 16.

The synthesis of oxadiazole derivatives 20a–y was performed as
outlined in Scheme 2. The heterobicyclic esters 5,6,8,13a,b,17a–c
were treated with hydrazine monohydrate to give hydrazides
18a–h. Treatment of hydrazides 16,18a–g in EtOH with carbon
disulfide and potassium hydroxide or Et3N yielded oxadiazolethi-

ols 19a–h. Oxadiazoles 20a–y were prepared by benzylation of
oxadiazolethiols 19b–d,f–h or directly converted from the corre-
sponding hydrazides 18a,d,h without isolation of the intermediate
oxadiazolethiols.

Conversion of the linker (S–CH2) between the oxadiazole and
the phenyl ring to ethylene (CH2CH2), aminomethylene (NH–
CH2), oxymethylene (O–CH2) and methylenethio (CH2–S) is shown
in Scheme 3. Condensation of hydrazide 18a with 3-(3-fluoro-
phenyl)propionic acid in phosphorus oxychloride provided phen-
ethyl oxadiazole 21. Reaction of 18a with 3-fluorobenzyl
isocyanate and subsequent cyclization using polystyrene-bound
triphenylphosphine resin (PS–PPh3) gave the benzylamino oxadi-
azole 23. Methylation of thiol 19a and subsequent oxidation of
the sulfide yielded sulfone 25 followed by substitution of sulfone
with 3-fluorobenzyl alcohol to give the benzyloxy oxadiazole 26.
Treatment of 18a with 2-chloro-1,1,1-triethoxyethane yielded
chloromethyl oxadiazole 27 and substitution of chloride with 3-
fluorobenzenethiol provided 28.

4. Results and discussion

The compounds were evaluated for GSK-3b inhibitory activity in
a non-RI kinase assay using Kinase-Glo reagent (Promega, U.S.A.) and
the results are shown in Table 1. Initially, we replaced the benzodi-
oxole core as the hinge binding unit of compound 1 to dihydroben-
zofuran. The dihydrobenzofuran derivative 20j showed improved
activity with an IC50 value of 44 nM compared to compound 1.

Next, we examined the effect of substituents on the S-benzyl
group of dihydrobenzofuran derivatives. Removal of the methoxy
group and fluorine atom of 20j led to unsubstituted phenyl deriv-
ative 20a, which resulted in a 5-fold decrease in activity. The 3-flu-
orobenzyl derivative 20b retained activity, however the 4-
methoxybenzyl derivative 20c showed less activity than 20j. Intro-
duction of a chlorine atom at the 3-position of the phenyl ring
showed a 2-fold enhancement of activity compared to 20a, while
introduction at the 2- or 4-position showed no improvement of
activity (20d,f). Compound 20g, with an electron-withdrawing cy-
ano group at the 3-position, showed similar activity to 3-chloro
derivative 20e, and introduction of a 3-trifluoromethyl group
(20i) slightly increased activity compared to 3-chlorobenzyl deriv-
ative 20e. However 3-methoxycarbonylbenzyl derivative 20h was
less potent than 3-chlorobenzyl derivative 20e. It is speculated that
introduction of an electron-withdrawing group of the appropriate
size into the 3-position increased activity. Furthermore, introduc-
tion of a methoxy group at the 4-position of the phenyl ring in
3-chloro, 3-cyano and 3-trifluoromethyl benzyl derivatives (20k–
m) resulted in high potency compared to compound 1 or benzyl
derivatives monosubstituted at the 3-position (20e,g,i). Among
these derivatives, 4-methoxy-3-(trifluoromethyl)benzyl derivative
20m showed the most potent inhibitory activity with an IC50 of
5.7 nM. These results suggested that combination of an electron-
withdrawing group at the 3-position and an electron-donating
methoxy group at 4-position on the phenyl ring enhanced activity.

Next, we modified the linker between the oxadiazole and the
phenyl ring. Replacement of the sulfur atom to carbon or nitrogen
( 21,23) resulted in a 6-fold less potency compared to 20b and
replacement of the sulfur atom with oxygen (26) markedly re-
duced potency. Phenylthiomethyl derivative 28 showed about
10-fold less potency than 20b.

On the basis of these results, we further examined the effect of
other heterocycles as potential hinge binders. Benzofuran deriva-
tive 20n showed a slight increase in activity and benzothiazole
derivative 20o showed a 2-fold increase in activity compared to
dihydrobenzofuran derivative 20m. Indazole, imidazo[1,2-a]pyri-
dine and quinoline derivatives 20p–r showed decreased activity.

Figure 1. X-ray co-crystal structure of 1 in complex with GSK-3b. The figure was
prepared with PyMOL.26

Figure 2. Structure of the hit compound 1 and design of 1,3,4-oxadiazole
derivatives 2 and 3.
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