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The discovery of two classes of pyrimidine-based inhibitors of GSK-3 is described. Optimization of these
series led to inhibitors with IC50 < 10 nM and >100-fold selectivity over Aurora A kinase. A proposed bind-
ing mode of 21b is presented. One compound (33) of the pyrimidine series showed promising pharma-
cokinetic parameters.
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Glycogen synthase kinase-3 (GSK-3) is a serine/threonine ki-
nase which was first discovered for its role in phosphorylation-
mediated deactivation of glycogen synthase, the rate-limiting
enzyme in glycogen biosynthesis. Subsequently, GSK-3 has been
found to be ubiquitously distributed throughout the body and to
play a central role in many cellular and physiological events,
including Wnt and Hedgehog signaling, transcription, insulin ac-
tion, neuronal function and many others.1 As a result, inhibition
of GSK-3 has emerged as a potential therapeutic approach for a
number of pathologies including Alzheimer’s disease, bipolar dis-
orders, and type II diabetes.2 GSK-3 exists in two forms, a and b,
which share 85% homology (95% in the catalytic domain), but
which have shown distinct pharmacology.1,3 We here report the
All rights reserved.
identification and SAR evolution of two classes of molecules which
are potent GSK-3 inhibitors and show good selectivity against
other targets.

We obtained our initial hit 1 (Table 1) from screening our kinase
compound collection.4 Modifications based on the purinone scaf-
fold failed to produce significant gains in potency. For example,
reducing the size of the N-alkyl substituent in 2–4 yielded no
improvements. However, removing the alkyl group entirely in 6
eliminated activity. Substitutions at the para position on the 5-
arylamino ring with a carboxylic acid once again led to compounds
in the micromolar range. However, in the course of screening the
synthetic intermediates of these purinones, we observed that the
nitropyrimidine 10 (Table 2) was also active. In contrast to the ini-
tial template, however, substitutions on the nitropyrimidine 2-
arylamino group produced significant improvements in potency,
particularly with carboxylic acid groups (Table 4, compounds
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Table 1
GSK-3a and GSK-3b assay results for compounds 1–9
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Compound # R1 R2 GSK-3a %inh,
10 lM

GSK-3b %inh,
10 lM

GSK-3b
IC50 (lM)

1 t-Bu H 88 93 2.4
2 i-Pr H 71 2.9
3 Et H 73 78 >10
4 Me H 94 96 1.7
5 cHx H 16 14
6 H H �7 20
7 H 4-CO2n-Bu 6 �5
8 H 4-CO2H 93 88 4.0
9 H 3-CO2H 1 3

Table 2
GSK-3a and GSK-3b assay results for compounds 10–15
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Compound # X GSK-3a IC50 (lM) GSK-3b IC50 (lM)

10 NO2 0.27 0.15
11 Br 82%a 3.20
12 4-Pyridyl 1.87 0.54
13 5-Triazolyl 2.85 1.17
14 CF3 0.75 0.49
15 F 3.76 4.17

a % inhibition at 10 lM.

Table 3
GSK-3a and GSK-3b assay results for compounds 16–19
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Compound # GSK-3a IC50 (lM) GSK-3b IC50 (lM)

16 1.02 0.96
17 1.90 0.76
18 0.35 0.18
19 6.7 3.5
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25a, 28a, 29a, and 30a). Nitropyrimidines have been reported in a
number of recent patents as inhibitors of kinases such as PKC-h,
CDKs, CHK, and others.5–8 Because the aryl nitro moiety poses a
risk for toxic metabolites, we attempted to find a replacement.
However, with a set of groups which varied in size as in 11–15,
potency was reduced appreciably in all cases. Therefore, despite
their potential liabilities the synthetic ease of generating nitropyr-
imidine derivatives made these compounds a valuable informa-
tion-gathering tool for SAR exploration that could be applied to
other templates.

In our search for a scaffold which would match the improved
potency of the nitropyrimidine we initially looked into other fused
ring systems 16–19 as replacement for the purinone (Table 3).
Compound 18 showed a distinct potency advantage despite a close
steric similarity with 16 and 17. Although 18 contained a reactive
functional group, it provided us with some useful information
moving forward. In combination with the nitropyrimidine results,
we observed that potency rank order correlated inversely to the
electron density of the pyrimidine portion of the molecule.

This directed our design toward electron-poor substituents on
the pyrimidine ring. A survey of the Hammett constants of com-
mon aromatic substitutions revealed the diazonium ion as the
most electron-poor substituent available (rp = 1.93).9 To that
effect, the azapurine 20b (Table 4) was envisioned, which is the
result of the intramolecular reaction of the diazonium moiety with
the adjacent amino group to form a 5,6-fused ring system. The en-
hanced electron-withdrawing effect of this fused triazole on the
pyrimidine ring is supported by the proton NMR shifts. For
example, the C-7-H shift in 20b appears at d 9.20 (DMSO-d6), com-
pared to d 9.15 and d 8.2 for the analogous protons in the nitropyr-
imidine 20a and purinone 8, respectively. Compounds of this class
showed even greater potency than the nitropyrimidine, as evi-
denced by the 4-fold improvement over 20a in the GSK-3b po-
tency. Compound 20b was submicromolar in potency even in the
absence of the carboxylic acid substituent.

Docking models of 20b into PDB structure 1q5k of GSK-3b10

(Fig. 1) suggested that the N-6 and the 5-NH form hydrogen bonds
to the hinge region in GSK-3b at the Val-135 amide and carbonyl,
respectively. These correspond to hydrogen bonds at the N-1 and
the 2-NH of the nitropyrimidines. We hypothesize that the en-
hanced potency of this class is due to polarization of the C-7-H
bond so that the hydrogen can participate in a third hydrogen bond
to the carbonyl of Asp-133. This polarization is supported by the
aforementioned proton NMR shifts. C–H� � �O hydrogen bonds of
this nature have been described previously in protein ligand inter-
actions and supported by ab initio calculations.11

Although we now had a series with potencies consistently in
the submicromolar range, the potential issues associated with car-
boxylic acids such as low blood–brain barrier permeability were
compounded by cross-reactivity to Aurora A, revealed through
selectivity screens. Docking models suggested that the enhanced
potency of the carboxyl substituted phenyl ring were due to a
charge–charge interaction with Arg141 on the C-lobe at the
entrance to the GSK-3b ATP pocket (Fig. 1). We hypothesized that
the lack of selectivity was due a similar interaction with the Lys171
of Aurora, which is in the homologous region. We speculated that
replacing the carboxylic acid moieties with hydrogen bond donors
in specific orientations would avoid the non-specific charge–
charge interactions and take advantage specific hydrogen bonds
to the Arg141 in GSK-3b. To that effect 23b, 27b, 32a, and 32b were
synthesized and shown to retain potency on GSK-3a and b with
good selectivity against Aurora A.

During the course of our studies, patents emerged outlining the
use of azapurines in the inhibition of GSK-3.12–15 A subset of our
compounds containing aliphatic rings or bicyclic systems at the
5-amino position, or bridged rings at N-3 (exemplified by 23b,
27b, and 28b) allowed us some freedom to operate, so we decided
to focus on these series.

Docking models of 20b also suggest that the substituent at the
azapurine 3-position resides in the hydrophobic pocket normally



Table 4
GSK-3a and GSK-3b assay results for compounds 20–32
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Compound # R1 R2 GSK-3a IC50 (nM) GSK-3b IC50 (nM) Aurora A IC50 (nM)

20a Ph Ph 52%a 2800 ND
20b Ph Ph 330 628 ND
10 Ph 4-PhCO2H 267 146 346
21b Ph 4-PhCO2H 32 49 292
22b Ph 4-Ph(CH2)2CO2H 20 24 375
23a Ph 4-trans-cHex-OH 172 281 ND
23b Ph 4-trans-cHex-OH 123 279 25%a

24b Ph 4-PhCH@CHCO2H 13 7 112
25a Ph 4-PhOCH2CO2H 74 92 85
25b Ph 4-PhOCH2CO2H 9 13 128
26a Ph 4-PhOCH2CO2Me ND 41%a ND
26b Ph 4-PhOCH2CO2Me 204 477 ND
27b Ph Isobenzofuran-[3H]-1-one 23 23 7300
28a Adamantyl 4-PhCO2H 34 26 ND
28b Adamantyl 4-PhCO2H 80 75 910
29a 3-OH-adamantyl 4-PhCO2H 4.5 3 156
29b 3-OH-adamantyl 4-PhCO2H 66 51 ND
30a Adamantyl 4-Ph(CH2)2CO2H 38 105 ND
31b 3-OH-adamantyl 4-PhOCH2CO2H 96 169 ND
32a 3-OH-adamantyl 4-trans-cHex-OH 123 198 33%a

32b 3-OH-adamantyl 4-trans-cHex-OH 444 744 23%a

ND, IC50 not determined.
a % Inhibition at 10 lM.

Figure 1. Docking model of compound 20b into GSK-3b X-ray crystal structure
1q5k using Glide (Schrödinger) showing hydrogen bonds to the hinge region and to
Arg-141 of GSK-3b.

Table 5
GSK-3a and GSK-3b assay results for compounds 33–35
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Compound # X GSK3a
IC50 (nM)

GSK3b
IC50 (nM)

Aurora A %
inh, 10 lM

33 CF3 61 41 45%
34 Br 91 125 69%
35 Cl 133 230 65%
36 F 1499 ND ND

ND, IC50 not determined.
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occupied by the ATP ribose group and that the phenyl group was
only partially filling this pocket. The adamantyl group is approxi-
mately the size of a phenyl rotated through 180� and was envi-
sioned as replacement for the phenyl group to increase
lipophilicity (potentially improving BBB penetration) and gain
van der Waals binding energy. Nitropyrimidines with this moiety
(28a) were more potent than similarly substituted azapurines
(28b), probably because some flexibility was required to allow
the adamantyl group to access the proper pocket. The 3-hydroxy-
adamantyl in 29a improved potency to single-digit nanomolar, al-
beit with modest Aurora A selectivity. However, by replacing the
carboxyphenyl group with trans-4-hydroxycyclohexyl, we were
able to maintain 100 nM activity with good Aurora A selectivity.

We also found that the nitro group was no longer essential and
that other substitutions (Table 5, compounds 33 and 34) actually
offered improvements to sub 100 nM potency. This was approxi-
mately 10-fold improved potency compared to the phenyl analogs
14 and 11, respectively. This suggested that the binding energy of
the hydroxyadamantyl group was more important for potency
than the hydrogen bond to Asp-133. In vivo studies of compound
33 in rat (Table 6) showed it to have 34% oral bioavailability and
good exposure. Clearance and half-life were consistent with
once-daily dosing, however, the low volume of distribution re-
mains a challenge for attaining an efficacious CNS drug. Com-
pounds of this class are undergoing further studies which will be
reported in due course.



Table 6
Pharmacokinetic parameters for compound 33

Dose Cmax (lg/mL) Tmax (h) AUC (lg h/mL) CL (mL/min/kg) Vss (L/kg) T1/2 (h) F%

iv (5 mg/kg) 24.2 20.1 4.2 0.3 3.7
po (20 mg/kg) 5.7 0.5 27.4 6.1 34
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