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Molecular Facultad de Quı́mica, Universidad de Barcelona, Martı́ i Franqués 1, 08028 Barcelona (Spain), and Departamento
de Fisicoquı́mica, Facultad de Farmacia, Universidad de Barcelona, Av. Diagonal 643, 08028 Barcelona (Spain)
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The 2,4-disubstituted thiadiazolidinones (TDZD) are described as the first ATP-noncompetitive
GSK-3 inhibitors. Following an SAR study about TDZD, different structural modifications in
the heterocyclic ring aimed to test the influence of each heteroatom on the biological study are
here reported here. Various compounds such as hydantoins, dithiazolidindiones, rhodanines,
maleimides, and triazoles were synthesized and screened as GSK-3 inhibitors. After an extensive
SAR study among these different heterocyclic families, TDZDs have been revealed as a
privileged scaffold for the selective inhibition of GSK-3. A CoMFA analysis was also performed
highlighting the molecular electrostatic field interaction in the interaction of TDZDs with GSK-
3. Moreover, first mapping studies indicate two binding modes which in turn might imply
relevant differences in the mechanism that underly the inhibitory activity of TDZDs.

Introduction

Glycogen synthase kinase-3 (GSK-3) is a ubiquitous
serine/threonine kinase which plays a key role in a large
number of cellular processes and diseases. Two func-
tional aspects make GSK-3 a peculiar kinase: its
activity is constitutive and down regulated after cell
activation by phosphorylation or interaction with inhibi-
tory proteins, and the enzyme prefers substrates that
are prephosphorylated by other kinases.1 Its pleiotropic
but unique activities have made GSK-3 a much sought-
after target for the treatment of prevalent human
diseases2 such as type 2 diabetes,3 Alzheimer’s disease,4
CNS disorders such as manic depressive disorder and
neurodegenerative diseases, and chronic inflammatory
disorders.5

Nowadays, the search for GSK-3 inhibitors is a very
active research field for both academic centers and
pharmaceutical companies.6,7 The most frequent ap-
proach until now for discovering GSK-3 inhibitors
has exploited screening programs, specifically aimed
at finding new ‘hits’ which exhibit other pharmaco-
logical profiles. This is the case for kinase inhibitors
hymenialdisine,8 paullones,9 indirubines,10 maleim-
ides,11 and TDZDs12 (Figure 1). However, because of the
availability of X-ray crystallographic data of GSK-

3â,13-17 rational drug optimization is now being applied
to discover new lead compounds.18

Among the great diversity of chemical structures with
GSK-3 inhibition already found,19 the 2,4-disubstituted
thiadiazolidinones (TDZD) are presented as the first
ATP-noncompetitive GSK-3 inhibitors.12 These com-
pounds are of great interest since they did not show
inhibitory activity on other kinases such as PKA, PKC,
CK-2, and CDK1/cyclin B. Preliminary structure-
activity relationship (SAR) studies suggested that the
substituent attached to the N2 of the thiadiazolidinone
ring, as well as the nature of the substituent of N4,
seems to be important for GSK-3 inhibition. Moreover,
both C5 and C3 carbonyl groups could mediate favorable
interactions with the enzyme.

In this study different structural modifications are
introduced in the heterocyclic ring with the aim to test
the influence of each heteroatom on the biological
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Figure 1. Common GSK-3 inhibitors.
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activity. Thus, the biological activity of a large set of
different heterocyclic compounds structurally related to
TDZDs was evaluated. The common scaffold was a
pentagonal ring containing carbonyl and thiocarbonyl
groups in a 1,3 relative disubstitution. Among these
heterocycles we have screened as GSK-3 inhibitors
different compounds such as hydantoins, dithiazolidin-
diones, rhodanines, maleimides, and triazoles (Figure
2). The CoMFA methodology,20 in conjunction with
mapping studies, are used to gain insight into the
molecular determinants that mediate the GSK-3 inhibi-
tory activity of these compounds.

Chemistry. The chemical modifications on the dif-
ferent target heterocyclic systems, except for dithiazo-
lidinedione, were achieved using the more suitable
method of alkylation in each case. Thus, maleimides
4-9 and some rhodanine derivatives (compounds 22,
23, 26, and 27) were prepared using Mitsunobu reaction
modification,21 whereas N-alkylation of the rhodanine
ring to yield 24 and 25 derivatives occurred using a
weak base and the corresponding alkyl halide in acetone
(Scheme 1).

A previously described method22 using chlorocarbonyl-
sulfenyl chloride with different formamides was selected
for the preparation of dithiazolidinedione derivatives
28-30 (Scheme 2).

Different triazolidinedione (compounds 32-34) and
hydantoin (compound 37) derivatives were synthesized

using the commercial 4-phenyl-urazole (compound 31)
or hydantoin (compound 36), respectively, as starting
material under classical alkylation conditions (alkaline
medium and alkyl halide)23 (Scheme 3).

Biological Results and SAR Studies. Maleimides.
The maleimide derivatives are an important family of
compounds in chemical24 and biochemical areas.25,26 The
maleimide scaffold could be considered structurally
related to the TDZD, one in which two heteroatoms, the
sulfur atom, and the nitrogen directly attached to it are
eliminated. However, the planarity of the ring is pre-
served with the double bond between both carbon atoms.

Our previous study on TDZDs12 indicated that the
attachment of aromatic or hydrophobic substituents at
N4 leads to an increase of the activity. Therefore,
derivatives where the nitrogen atom is bonded through
different linkers to an aromatic ring containing func-
tional groups capable of establishing hydrogen-bond
interactions or an ester group were prepared. These new
derivatives (compounds 4-9), together with a wide set
of commercially available related compounds (com-
pounds 1-3 and 10-16), were evaluated as GSK-3
inhibitors following the method described in the Ex-
perimental Section.

In general, these compounds are GSK-3 inhibitors at
micromolar level (see Table 1). Inhibitory activity
increased when the nitrogen atom of the maleimide ring
was substituted by any aromatic or ester substituent
(compound 1 and 2 versus 3-5). Moreover, the length
of the linker between the aryl group and the heterocyclic
nitrogen does not influence the inhibitory activity
(compounds 6-9). Considering the nature of the atom
that bridges the two carbonyl groups, the inhibitory
activity decreases in the sequence N>C .. O (com-
pounds 1, 10, and 11). Finally, it is clear that the
presence of carbonyl groups and the double bond
between the two carbons attached to the carbonyl
groups are prerequisites for the inhibitory activity
(compounds 13-16).

Rhodanines and Thiazolidines. These compounds,
which have a broad pharmacological profile (antibacte-
rial,27 antiviral,28 anticonvulsive,29 and antihyper-
glicemic30 activity), differ from TDZDs by the presence
of only one nitrogen atom in the ring. Even though some

Figure 2. Schematic representation of the structural differ-
ences in the heteroaromatic rings of the different classes of
compounds considered in the study.

Scheme 1a

a Reagents: (i) R-OH, Ph3P, DIAD or DEAD, THF, rt, 24 h; (ii)
R-X, alkaline medium, CH3COCH3.

Scheme 2a

a Reagents: (i) THF or toluene, r.t., 20 h.

Scheme 3a

a Reagents: (i) R′-X (X ) Cl, Br, I), alkaline medium.
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of them are commercially available (compounds 17-21),
we introduced different aromatic or hydrogen-bonding
acceptor substituents at the nitrogen position in order
to increase the chemical diversity among these struc-
tures (compounds 22-27).

The GSK-3 inhibition data are given in Table 2. The
N-benzyl-rhodanine derivative (compound 22) was found
to have the best inhibitory activity, thus supporting the
important role played by the aromatic substituent at
this position. However, the activity diminishes when the
linker between the aromatic moiety and the nitrogen
atom is longer (compound 23). More remarkably, the
presence of a thiocarbonyl group is a prerequisite for
activity in these compounds, as its replacement by a
carbonyl group (compare compound 22-compound 25)
is detrimental.

Dithiazolidinediones, Triazolidinediones, and
Hydantoins. 1,2,4-Dithiazolidine-3,5-diones derivatives
bear a sulfur atom instead of the nitrogen atom at
position 2 in TDZDs. In constrast, in triazolidinedione
ring a nitrogen atom replaces the sulfur atom present
in TDZDs. Finally, some hydantoin compounds, where
the sulfur atom is replaced by carbon, were also included
in the study.

The results of the biological assays against GSK-3
(Table 3) corroborated our previous findings. Thus, an

aromatic substituent attached to the nitrogen atom,
flanked by the two carbonyl groups, seems to be
important for activity (compound 28 versus 29 and 30).
However, the activity, nevertheless, is completely lost
in triazolidindione and hydantoin compounds, which
suggests a crucial role for the sulfur atom of the TDZD
scaffold in modulating the inhibitory activity against
GSK-3.

Mode of Inhibition and Selectivity Studies. To
verify the ATP noncompetitive mechanism of action and
the selectivity of TDZD compounds and the rest of
derivatives examined in this study, several kinetic and
selectivity experiments were performed. Kinetic analysis
were carried out using combinations of six ATP concen-
trations (from 6.5 to 100 µM) and two inhibitor concen-
trations for two different GSK-3 inhibitors: a derivative
of dithiazolidinedione family (compound 30) and a
compound of the known TDZD family (compound 44).
Figure 3 shows that while the enzyme maximal rate
decreases in the presence of the inhibitor, the Michaelis
constant remains unaltered, thus indicating that com-
pounds 30 and 44 act as ATP-non competitive inhibitors.

Selectivity of kinase inhibition is critical for pathway
analysis in vivo and in cellular systems. In our previous
studies12 TDZD compounds did not show inhibitory
activity on PKA, PKC, CK-2, and CDK1/cyclin B. To
further examine the selectivity profile of the TDZD
family, some of the more representative TDZD com-
pounds (41, 43, 45, 50, 55, and 59) were evaluated
against a panel of seven related kinases: Abl-K, CAM
KII, EGF-TyrK, IRK MAPK, MEK1K, and PKp56. The
inhibitory assays were performed by using a 10 µM
concentration for the different inhibitors. The results
reported in Table 4 show that TDZD compounds do not
in general have a significant inhibitory effect on the
whole set of kinases, which in turn demonstrates the
remarkable specificity of TDZD with respect to GSK-3.

CoMFA and Mapping Studies. The preceding data
pointed out the important role played by the nature of
the heteroaromatic ring and by certain substituents in
mediating the GSK-3 inhibition. To further explore the
relationship between the chemical structure and the
biological activity of TDZDs, a 3D-QSAR study was
carried out by using CoMFA methodology. For this
purpose, we selected 48 compounds, which include a
variety of TDZDs (compounds 38-57; Table 5) as well
as representative members of the other heterocyclic

Table 1. GSK-3 Inhibition of Maleimide-Related Compounds

compd X Y Z A B R
IC50
(µM)

1 CH CH N CdO CdO H 6
2 CH CH N CdO CdO CH3 5
3 CH CH N CdO CdO CH2Ph 1
4 CH CH N CdO CdO CH2CO2Et 3
5 CH CH N CdO CdO CH2Ph-p-OCH3 2.5
6 CH CH N CdO CdO (CH2)2Ph 2
7 CH CH N CdO CdO (CH2)2Ph-p-OCH3 3
8 CH CH N CdO CdO (CH2)3Ph 3
9 CH CH N CdO CdO (CH2)5Ph 3
10 CH CH CH2 CdO CdO 12
11 CH CH O CdO CdO >100
12 CH2 CH2 CH2 CdO CdO >100
13 CH2 CH2 N CdO CdO H >100
14 CH2 CH2 N CdO CdO CH2Ph >50
15 CH2 CH2 N CdO CH2 CH2Ph >100
16 CH CH N CH2 CH2 CH2Ph >100

Table 2. GSK-3 Inhibition of the Rhodanine-Related
Derivatives

compd X Y R IC50 (µM)

17 S CH2 H 100
18 S CH2 CH3 100
19 S CH2 CH2COOH 100
20 S CH2 NH2 100
21 O CH2 H 100
22 S CH2 Bn 25
23 S CH2 (CH2)2Ph 35
24 S CH2 CH2COPh 50
25 O CH2 Bn 100
26 S CH2 Bn-p-OMe 65
27 S CH2 (CH2)2Ph-p-OMe 100

Table 3. GSK-3 Inhibition of Dithiazolidindione,
Triazolidinedione, and Hydantoin Derivatives

compd X Y R R′ R′′ IC50 (µM)

28 S S CH3 - - 100
29 S S Ph - - 12
30 S S CH2Ph - - 12
31 N N Ph H H 100
32 N N Ph CH3 CH3 100
33 N N Ph COPh COPh 100
34 N N Ph CH2COPh CH2COPh 100
35 N N Ph - - 100
36 N CH2 H H - 100
37 N CH2 CH2Ph H - 100
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compounds examined here (compounds 1-19, 22-25,
28, 31, 32, and 35).

CoMFA models were calculated for each molecular
field considered alone or in combination (see Table 6).
The best PLS analysis was obtained by combining steric
and electrostatic fields (see model D in Table 6), leading
to a good correlation between the IC50 values predicted
from the principal components extracted from these two
fields and the experimental data (r2 ) 0.922, q2 ) 0.654,
and n ) 5; see Figure 4). To further validate model D,
we have attempted to predict the activities of five
representative compounds not included in the training
set (compounds 4, 5, 7, 58, and 59). The predicted IC50
values are also in good agreement with experimental
values, which gives support to the predictive power of
the model.

Since the relative contributions of steric and electro-
static molecular field were 42% and 58%, respectively,
it seems that the inhibitory activity in TDZD and
related compounds is modulated by a subtle balance of
the two fields. Figure 5 shows the graphical representa-
tion of CoMFA results. Sterically favorable regions

Table 4. Inhibitory Activity (% inhibition)a Exhibited by Selected TDZD Compounds for Several Kinases

compd (10 µM) Abl-K CAM K II EGF-TyrK IRK MAP K MEK 1 K PK p 56

41 - 23 - - - - -
43 - 16 25 20 - - 35
45 - 35 - 19 - - 27
50 - - 17 36 - - -
55 - - 40 46 10 -
59 - 15 19 50 - 19 -

a The symbol - indicates an inhibition of less than 10%.

Figure 3. Double-reciprocal plot of kinetic data determined
for compounds 30 and 44. Each point is the mean of two
different experiments, each one analyzed in duplicate.

Table 5. GSK-3 Inhibition of TDZD Compounds 38-59 Used
in the CoMFA Study

compd R R′ IC50 (µM)

38 Et Me 5
39 Et Pr 10
40 Et iPr 35
41 Et c-hex 10
42 Et Et 25
43 Bn Me 2
44 Bn Et 7
45 Bn Bn 10
46 Ph Me 2
47 Ph-p-Br Me 1.1
48 Ph-m-Br Me 4
49 Ph-o-Br Me 6
50 Ph-p-CF3 Me 6
51 Ph-p-Cl Me 4
52 Ph-p-F Me 4
53 Ph-p-OMe Me 2
54 Ph-p-Me Me 5
55 Ph-p-NO2 Et 8.5
56 1-naphthyl Me 2
57 c-hex Me 100
58 Ph Et 6
59 CH2CO2Et Me 2

Table 6. Statistical Resultsa of CoMFA Analysis

model field q2 n r2 s F

A steric 0.403 5 0.862 0.251 49.85
B electrostatic 0.495 3 0.775 0.313 48.22
C h bond 0.194 2 0.393 0.507 13.92
D steric+electrostatic 0.654 5 0.922 0.189 94.32
E steric+lipophilic 0.274 2 0.498 0.462 21.30
F electrostatic+ lipophilic 0.440 4 0.780 0.313 36.33
G steric+electrostatic +

lipophilic
0.556 5 0.859 0.253 48.84

a q2, n, r2, s, and F are the squared cross-validated correlation
coefficient, the number of components, the squared correlation
coefficient, the standard deviation of regression equation, and the
F ratio, respectively.

Table 7. IC50 Data (µM) for GSK-3 Inhibitors Including in the
CoMFA Validation Set

compound experimental predicted

4 3 3.8
5 2.5 3.5
7 3 3
58 6 17
59 2 3.5
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(Figure 5a) are found around the aromatic substituent
attached to N4 as well as in the vicinity of N2. Moreover,
an increase of the steric field in the region between N2
and S is detrimental for the inhibitory activity. The
influence exerted by the nature of the heteroaromatic
ring is reflected in the electrostatic contour shown in
Figure 5b, which indicates that a negatively charged
region around the ring is favorable for activity.

Because of the availability of X-ray crystallographic
data for GSK-3, a mapping study was performed using
the docking module of CMIP program.31 To validate this
computational approach, we first explored the docking
of three GSK3 inhibitors (I-5, indirubin-3′-monoxime,
and alsterpaullone; Figure 6), whose binding mode has
been determined by solving the X-ray structure of the
complexes with GSK-3â (PDB entries 1Q4L, 1Q4I, and
1Q3W).32 To avoid any bias toward the X-ray solution,
CMIP calculations were performed by using the X-ray
structure of the unbound enzyme (PDB entry 1I09).
Present calculations, therefore, represent a stringent
test because the side chains of certain residues (for
instance, Arg141) exhibit notable differences between

the X-ray structures determined for the enzyme bound
to those inhibitors. For the three inhibitors, we identi-
fied the best poses out of first 10 possible solutions by
comparing the positional root-mean square deviation
(rmsd) between predicted and experimentally deter-
mined solutions (a RMSD threshold of ∼2 Å is usually
considered to be the upper limit for drug discovery).33

For I-5, the best pose predicted correctly the experi-
mental binding mode of the inhibitor with an rmsd of
1.3 Å. Two other poses close in energy to the best pose
also reflected the alignment of the inhibitor with rmsds
of 1.7 and 2.2 Å. Similar results were found for indi-
rubin-3′-monoxime, where two poses reflected the ex-
perimentally determined solution with rmsds of 1.4 and
1.8 Å. Finally, six poses placed alsterpaullone at the
same binding site detected in the X-ray structure, but
with partial success, since the ligand was predicted to
be rotated by ∼180° along its main inertial axis, thus
inverting the position of the pyrrole NH and amide CdO
groups. This result can be mainly attributed to the
absence of explicit water molecules in the enzyme
structure used for docking, since binding of those groups
is mediated by bridging water molecules. On the basis
of these findings, though caution is required to deter-
mine accurately the binding mode of TDZDs, CMIP
calculations appear suitable to identify potential binding
sites in the enzyme.

The CMIP analysis was performed for TDZD com-
pound 45 and allowed us to identify two potential
binding sites. One of them is located in the vicinity of
the activation loop, near residues Arg96, Arg180, and
Lys205 (pocket on the right side of the enzyme as shown
in Figure 5). There seems to be a nice shape comple-
mentarity between the binding pocket and the ligand,
which adopts an eclipsed-like conformation with the two
phenyl rings pointing toward the same face of the TDZD
heteroaromatic ring. In this conformation cation-π
interactions can be formed between the phenyl rings and
the positively charged Arg92 and Arg96 residues. The
binding of TDZDs to this pocket, which would explain
the non-ATP competitive nature of these inhibitors (see
above) might hinder the proper alignment of the sub-
strate in the binding site, thus leading to inhibition of
the phosphorylation mechanism. On the other hand, an
alternative binding site is also found in the ATP-binding
cavity (pocket on the left side of the enzyme as shown
in Figure 7), where the ligand adopts an extended
conformation. This recognition mode might not a priori
justify the non-ATP competitive nature of TDZDs.
However, based on the sensitivity of the GSK3 inhibi-
tory data to the nature of the heteroaromatic ring and
particularly the requirement of the sulfur atom in the

Figure 4. Graphical representation of experimental and
predicted (model D) IC50 data for compounds included in the
training set.

Figure 5. Graphical representation of CoMFA analysis
(model D). (a) Steric contour plots: The yellow area represents
the region where an increase of steric bulk is predicted to
increase activity, whereas the green area represents the region
where an increase of steric bulk is predicted to decrease
activity. (b) Electrostatic contour plots: blue contour means
the region where a negative electrostatic potential enhances
the inhibitory activity.

Figure 6. Chemical structures of I-5, indirubin-3-monoxime,
and alsterpaullone

SAR and 3D-QSAR Studies on Thiadiazolidinones Journal of Medicinal Chemistry, 2005, Vol. 48, No. 23 7107



TDZD scaffold for inhibitory activity, one might re-
interpret the electrostatic requirement found in the
CoMFA analysis in terms of the chemical susceptibility
of TDZDs to react with the thiol group of Cys199, which
lies close to the heteroaromatic ring of TDZD in some
of the structures docked into the ATP-binding site. This
finding would explain the apparent GSK3 specificity
exhibited by TDZDs. During the revision of this manu-
script, “selectivity filters” in the ATP-binding pocket of
protein kinases discovered by bioinformatics techniques
have been described.34 One of them is a reactive cysteine
residue within the active site. These data supports our
preliminary conclusion.

Conclusion
Inspection of the results obtained for the different

series of TDZD-related compounds examined here points
out the important role played by the nature of the
heteroaromatic ring in modulating the GSK3 inhibitory
activity of these compounds. After an extensive SAR
study among different heterocyclic families, TDZDs have
been revealed as a privileged scaffold for the selective
inhibition of GSK-3. Moreover, the SAR study also
proves the influence played by aromatic substituents
attached to the two nitrogen atoms of the TDZD ring.
Mapping studies permit us to hypothesize two binding
modes, which in turn might imply relevant differences
in the mechanism that underly the inhibitory activity
of TDZDs. Further studies, including directed mutagen-
esis and proteomic analysis, are in progress to clarify
the mechanistic implications provided by these results.
In the meantime, TDZDs have proved their in vivo
activity, reducing the hyperphosphorylation of tau
protein in a tet/GSK-3 double transgenic model,35 being
valuables candidates for drug development in the next
future Alzheimer’s therapy.

Experimental Section
Chemical Procedures. Melting points were determined

with a Reichert-Jung Thermovar apparatus and are uncor-

rected. Flash column chromatography was carried out at
medium pressure using silica gel (E. Merck, Grade 60, particle
size 0.040-0.063 mm, 230-240 mesh ASTM) and preparative
centrifugal circular thin-layer chromatography (CCTLC) on a
circular plate coated with a 1 mm layer of Kieselgel 60 PF254,
Merk, by using a Chromatotron with the indicated solvent as
eluent. Compounds were detected with UV light (254 nm). 1H
NMR spectra were obtained on Varian XL-300 and Gemini-
200 spectrometers working at 300 and 200 MHz, respectively.
Typical spectral parameters: spectral width 10 ppm, pulse
width 9 µs (57°), data size 32 K. 13C NMR experiments were
carried out on the Varian Gemini-200 spectrometer operating
at 50 MHz. The acquisiton parameters: spectral width 16 kHz,
acquisition time 0.99 s, pulse width 9 µs (57°), data size 32 K.
Chemical shifts are reported in values (ppm) relative to
internal Me4Si and J values are reported in Hertz. Elemental
analyses were performed by the analytical department at C.
N. Q. O. (CSIC), and the results obtained were within (0.4%
of the theoretical values.

General Method for the Synthesis of N-Alkyl-male-
imides. A 50 mL round botton flask was charged with Ph3P
to which was added 25 mL of dry THF. The resulting clear
solution was cooled to -70 °C, under nitrogen atmosphere.
DIAD or DEAD depending of each case was added over 2-3
min. The yellow reaction mixture was stirred 5 min after which
the corresponding alkyl alcohol was added over 1 min and
stirred for 5 min. Then, maleimide was added to the reaction
mixture as a solid. The resulting suspension was allowed to
remain at -70 °C for 5 min during which time most of the
maleimide dissolved. The cooling bath was then removed, and
the reaction was stirred overnight at ambient temperature.
The solvent was evaporated to dryness in vacuo and the
residue purified by silica gel column chromatography using
as eluent mixtures of solvents in the proportions indicated for
each particulate case.

N-(Ethoxycarbonylmethyl)-maleimide (4). Reagents:
Ph3P (1.31 g, 5 mmol), DEAD (0.8 mL, 5 mmol), ethyl glycolate
(0.71 mL, 7.5 mmol), and maleimide (0.48 g, 5 mmol). Condi-
tions: room temperature, overnight. Purification: silica gel
column chromatography using AcOEt/hexane (1:3). Yield: 0.30
g (33%) as a colorless oil. 1H NMR (CDCl3): 1.25 (t, 3H,
CH2CO2CH2CH3, J ) 7.1 Hz); 4.20 (q, 2H, CH2CO2CH2CH3, J
) 7.1 Hz); 4.24 (s, 2H,. CH2CO2CH2CH3); 6.76 (d, 2H, CHdCH,
J ) 6.4 Hz). 13C NMR (CDCl3): 13.7 (CH2CO2CH2CH3); 38.4
(CH2CO2CH2CH3); 61.5 (CH2CO2-CH2CH3); 134.3 (CdC); 166.9
(CO2); 169.6 (CdO ). Anal. (C8H9NO4) C, H, N, S.

N-(p-Methoxy-benzyl)-maleimide (5). Reagents: Ph3P
(1.31 g, 5 mmol), DEAD (0.8 mL, 5 mmol), p-methoxybenzyl
alcohol (0.93 mL, 7.5 mmol), and maleimide (0.48 g, 5 mmol).
Conditions: room temperature, overnight. Purification: silica
gel column chromatography using AcOEt/hexane (1:3). Yield:
0.50 g (46%) as white solid; mp 99-102 °C. 1H NMR (CDCl3):
3.74 (s, 3H, OCH3); 4.58 (s, 2H, CH2Ph); 6.65 (d, 2H, CHdCH,
J ) 6.4 Hz); 6.8-7.2 (m, 4H, arom). 13C NMR (CDCl3): 40.4
(CH2Ph-OCH3); 54.8 (OCH3); 113.6; 128.2; 129.5; 158.8 (C
arom); 133.8 (CdC); 170.1 (CdO) Anal. (C12H11NO3) C, H, N,
S.

N-Phenethyl-maleimide (6). Reagents: Ph3P (0.65 g, 2.5
mmol), DEAD (0.4 mL, 2.5 mmol), phenethyl alcohol (0.5 mL,
3.75 mmol), and maleimide (0.24 g, 2.5 mmol). Conditions:
room temperature, overnight. Purification: silica gel column
chromatography using AcOEt/hexane (1:4). Yield: 0.15 g (30%)
as a white-yellow solid; mp 109-110 °C (lit.: 112 °C).21 1H
NMR (CDCl3): 2.90 (m, 2H, CH2CH2Ph); 3.77 (m, 2H,
CH2CH2Ph); 6.66 (d, 2H, CHdCH, J ) 6.4 Hz); 7.19-7.32
(m, 5H, arom). 13C NMR (CDCl3): 34.5 (CH2CH2Ph); 38.9
(CH2CH2Ph); 126.6; 128.5; 128.7; 137.8 (C arom); 133.9 (CdC);
170.5 (CdO). Anal. (C12H11NO2) C, H, N, S.

N-(p-Methoxy-phenethyl)-maleimide (7). Reagents: Ph3P
(1.31 g, 5 mmol), DEAD (0.8 mL, 5 mmol), p-methoxyphenethyl
alcohol (1.2 g, 7.5 mmol), and maleimide (0.48 g, 5 mmol).
Conditions: room temperature, overnight. Purification: silica
gel column chromatography using AcOEt/hexane (1:5). Yield:
0.71 g (60%) as a yellow solid; mp 79-81°C. 1H NMR (CDCl3):

Figure 7. Preferred binding sites determined from CMIP
mapping studies for TDZD inhibitor 45 onto the X-ray crystal-
lographic structure of GSK3 (PDB entry 1I09).
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2.80 (m, 2H, CH2CH2Ph); 3.70 (m, 2H, CH2CH2Ph); 3.75 (s,
3H, OCH3); 6.63 (d, 2H, CHdCH, J ) 6.4 Hz); 6.8-7.1 (m,
4H, arom). 13C NMR (CDCl3): 33.5 (CH2CH2Ph-OCH3); 39.2
(CH2CH2Ph-OCH3); 55.5 (OCH3); 114.0; 129.7; 129.9; 158.4 (C
arom); 133.9 (CdC); 170.5 (CdO). Anal. (C13H13NO3) C, H, N,
S.

N-(3-Phenyl-propyl)-maleimide (8). Reagents: Ph3P (0.65
g, 2.5 mmol), DIAD (0.5 mL, 2.5 mmol), 3-phenyl-1-propanol
(0.48 mL, 3.75 mmol), and maleimide (0.24 g, 2.5 mmol).
Conditions: room temperature, overnight. Purification: silica
gel column chromatography using AcOEt/hexane (1:4). Yield:
0.20 g (37%) as a white solid; mp 79-80 °C. 1H NMR (CDCl3):
1.92 (q, 2H, CH2CH2CH2Ph, J ) 7.1 Hz); 2.60 (t, 2H,
CH2CH2CH2Ph, J ) 7.1 Hz); 3.55 (t, 2H, CH2CH2CH2Ph, J )
7.1 Hz); 6.27 (d, 2H, CHdCH, J ) 6.4 Hz); 7.12-7.28 (m, 5H,
arom). 13C NMR (CDCl3): 29.6 (CH2CH2CH2Ph); 32.8
(CH2CH2CH2Ph); 37.4 (CH2CH2CH2Ph); 125.8; 128.1; 128.2;
140.7 (C arom); 133.7 (CdC); 170.6 (CdO) Anal. (C13H13NO2)
C, H, N, S.

N-(5-Phenyl-pentanyl)-maleimide (9). Reagents: Ph3P
(0.65 g, 2.5 mmol), DIAD (0.5 mL, 2.5 mmol), 5-phenyl-1-
pentanol (0.63 mL, 3.75 mmol), and maleimide (0.24 g, 2.5
mmol). Conditions: room temperature, overnight. Purifica-
tion: silica gel column chromatography using AcOEt/hexane
(1:4). Yield: 0.32 g (52%) as white-yellow solid; mp 49-51 °C.
1H NMR (CDCl3): 1.20-138 (m, 2H, CH2CH2CH2CH2-CH2Ph);
1.52-2.02 (m, 4H, CH2CH2CH2CH2CH2Ph); 2.57 (t, 2H,
CH2CH2CH2CH2CH2Ph, J ) 7.3 Hz); 3.5 (t, 2H, CH2CH2CH2-
CH2CH2Ph, J ) 7.3 Hz); 6.65 (d, 2H, CHdCH, J ) 6.4 Hz);
7.11-7.28 (m, 5H, arom). 13C NMR (CDCl3): 25.9 (CH2-
CH2CH2CH2CH2Ph); 28.0 (CH2CH2CH2CH2CH2Ph); 30.6
(CH2CH2CH2CH2CH2Ph); 35.4 (CH2CH2CH2CH2CH2Ph); 37.3
(CH2CH2CH2CH2CH2Ph); 125.4; 127.9; 128.0; 142.0 (C arom);
133.6 (CdC); 170.5 (CdO). Anal. (C15H17NO2) C, H, N, S.

General Method for the Synthesis of Alkyl-rhoda-
nines. Method A: To an equimolecular solution of rhodanine
with a base, 1 equiv of alkyl agent (alkyl halide) was added,
with the conditions indicated for each particular case. The
solvent was evaporated to dryness in vacuo and the residue
purified by silica gel column chromatography using the ap-
propriated eluent.

Method B: A 50 mL round-bottom flask was charged with
Ph3P to which was added 25 mL of dry THF. The resulting
clear solution was cooled to -70 °C, under nitrogen atmo-
sphere. DIAD or DEAD depending of each case was added over
2-3 min. The yellow reaction mixture was stirred 5 min after
which the corresponding alkyl alcohol was added over 1 min
and stirred for 5 min. Then, rhodanine was added to the
reaction mixture as solid. The resulting suspension was
allowed to remain at -70 °C for 5 min during, which time most
of the rhodanine dissolved. The cooling bath was then removed,
and the reaction was stirred overnight at ambient tempera-
ture. The solvent was evaporated to dryness in vacuo and the
residue purified by silica gel column chromatography using
as eluent mixtures of solvents in the proportions indicated for
each particulate case.

N-Benzyl-rhodanine (22). Method B: Reagents: Ph3P
(1.31 g, 5 mmol), DIAD (1 mL, 5 mmol), benzyl alcohol (0.78
mL, 7.5 mmol), and rhodanine (0.67 g, 5 mmol). Conditions:
12 h at room temperature. Purification: silica gel column
chromatography using AcOEt/hexane (1:4). Yield: 0.25 g (22%)
as yellow solid, mp 84-85 °C (lit.: 85 °C).36 1H NMR (CDCl3):
3.9 (s, 2H); 5.2 (s, 2H, CH2Ph); 7.3-7.4 (m, 5H, arom). 13C NMR
(CDCl3): 35.4 (CH2); 47.6 (CH2Ph); 128.2; 128,6; 129.1; 134.7
(C arom); 153.8 (CdO); 173.8 (CdS). Anal. (C10H9NS2O) C, H,
N, S.

N-Phenethyl-rhodanine (23). Method B: Reagents: Ph3P
(1.31 g, 5 mmol), DIAD (1 mL, 5 mmol), phenethyl alcohol (0.78
mL, 7.5 mmol), and rhodanine (0.67 g, 5 mmol). Conditions:
Stirred at room temperature for 12 h. Purification: silica gel
column chromatography using AcOEt/hexane (1:4). Yield: 0.55
g (42%) as yellow solid. mp 108-110 °C. 1H NMR (CDCl3): 2.9
(t, 2H, CH2CH2Ph, J ) 8.1), 3.9 (s, 2H); 4.2 (s, 2H, CH2CH2Ph,
J ) 8.1); 7.4-7.9 (m, 5H, arom). 13C NMR (CDCl3): 32.6

(CH2CH2Ph); 35.3 (CH2); 45.7 (CH2CH2Ph); 126.8; 128,6; 128.6;
137.4 (C arom); 173.5 (CdO); 200.9 (CdS). Anal. (C11H11NS2O)
C, H, N, S.

N-Phenacyl-rhodanine (24). Method A: Reagents: Rhoda-
nine (0.13 g, 1 mmol), K2CO3 (exceed), and acetophenone
bromide (0.2 g, 1 mmol) in 25 mL of acetone. Conditions:
Stirred at room temperature for 3 h. Isolation: The carbonate
was filtered and the solvent evaporated to dryness in vacuo.
Purification: preparative centrifugal circular thin-layer chro-
matography (CCTLC) using CH2Cl2. Yield: 0.04 g (15%) as
brown oil. 1H NMR (CDCl3): 3.9 (s, 2H); 4.2 (s, 2H, CH2COPh);
7.4-7.9 (m, 5H, arom). 13C NMR (CDCl3): 37.6 (CH2); 45.3
(CH2COPh); 128.6; 128,7; 133.5; 135.3 (C arom); 170.5 (Cd
O); 194.1 (CH2COPh); 197.6 (CdS). Anal. (C11H9NS2O2) C, H,
N, S.

4-Benzyl-2,4-thiazolidine-3,5-dione (25). Method A: Re-
agents: 2,4-Thiazolidinedione (0.12 g, 1 mmol), sodium hy-
dride (1 mmol, 0.04 g), and benzyl bromide (0.12 mL, 1 mmol)
in 15 mL of DMF. Conditions: Stirred at room temper-
ature for 8 h. Isolation: the solvent evaporated to dryness in
vacuo. Purification: silica gel column chromatography using
CH2Cl2.Yield: 0.14 g (66%) as white solid. mp 39-41 °C. 1H
NMR (CDCl3): 3.8 (s, 2H, CH2); 4.7 (s, 2H, CH2Ph); 7.2-7.3
(m, 5H, arom); 13C NMR (CDCl3): 33.6 (CH2); 45.1 (CH2Ph);
128.1; 128.5; 128.7; 134.9 (C arom); 171.0 (4-CdO); 171.5 (2-
CdO). Anal. (C10H9NO2S) C, H, N, S.

N-(p-Methoxy-benzyl)-rhodanine (26). Method B: Re-
agents: Ph3P (0.65 g, 2.5 mmol), DEAD (0.4 mL, 2.5 mmol),
p-methoxybenzyl alcohol (0.5 mL, 3.75 mmol), and rhodanine
(0.33 g, 2.5 mmol). Conditions: room temperature, overnight.
Purification: silica gel column chromatography using AcOEt/
hexane (1:3). Yield: 0.15 g (32%) as a yellow oil; 1H NMR
(CDCl3): 3.5 (s, 3H, CH2Ph-p-OCH3); 3.8 (s, 2H); 4.9 (s, 2H,
CH2Ph-p-OCH3); 7.5-7.8 (m, 5H, arom). 13C NMR (CDCl3):
37.5 (CH2); 46.5 (CH2Ph-p-OCH3); 56.3 (CH2Ph-p-OCH3); 113.9;
126.5; 128.7; 159.8 (C arom); 171.2 (CdO); 197.6 (CdS). Anal.
(C10H9NO2S) C, H, N, S.

N-(p-Methoxy-phenethyl)-rhodanine (27). Method B:
Reagents: Ph3P (0.65 g, 2.5 mmol), DIAD (0.4 mL, 2.5 mmol),
p-methoxyphenethyl alcohol (0.3 mL, 5 mmol), and rhodanine
(0.33 g, 2.5 mmol). Conditions: room temperature, overnight.
Purification: silica gel column chromatography using AcOEt/
hexane (1:4). Yield: 0.22 g (33%), as a brown solid. mp 104-
105 °C. 1H NMR (CDCl3): 2.8 (m, 2H, CH2CH2Ph); 3.7 (s, 3H,
OCH3); 3.9 (s, 2H, CH2); 4.1 (s, 2H, CH2CH2Ph); 6.8-7.2
(m, 5H, arom, J1 ) 2.8, J2 ) 8.6). 13C NMR (CDCl3): 31.5
(CH2CH2Ph); 35.1 (CH2CH2Ph); 45.6 (CH2); 55.1 (OCH3); 113.9;
129.2; 129.7; 158.9 (C arom); 173.4 (CdO); 200.8 (CdS). Anal.
(C12H13NO2S2) C, H, N, S.

General Method for the Synthesis of Alkyl-dithiazoli-
dinediones. To a solution of N-alkyl-formamide in dry toluene
under nitrogen atmosphere, 2 equiv of chlorocarbonylsulfenyl
chloride was slowly added. The resulting mixture was stirred
at room temperature for 12 h. Then, the solvent was evapo-
rated to dryness in vacuo and the residue purified by silica
gel column chromatography using the appropriate eluent.

4-Methyl-1,2,4-dithiazolidine-3,5-dione (28). Reagents:
N-Methyl-formamide (0.23 mL, 4 mmol) and chlorocarbonyl-
sulfenyl chloride (0.676 mL, 8 mmol) in 20 mL of dry toluene.
Conditions: Stirred at room temperature for 12 h. Purifica-
tion: silica gel column chromatography using AcOEt/hexane
(1:4) as eluent. Yield: 0.15 g (32%) as yellow solid. mp 37-38
°C. (lit.: 38-39 °C).37 1H NMR (CDCl3): 3.2 (s, 3H, CH3);13C
NMR (CDCl3): 32.0 (CH3); 167.1 (CdO). Anal. (C3H3NO2S2)
C, H, N, S.

4-Phenyl-1,2,4-dithiazolidine-3,5-dione (29). Reagents:
formanilide (0.49 g, 4 mmol) and chlorocarbonylsulfenyl
chloride (0.676 mL, 8 mmol) in 20 mL of dry toluene. Condi-
tions: Stirred at room temperature for 12 h. Purification: silica
gel column chromatography using AcOEt/hexane (1:15) as
eluent. Yield: 0.15 g (17%) as a white-yellow solid; mp 165-
167 °C (lit.: 168-169 °C).371H NMR (CDCl3): 7.14-7.5 (m,
5H, arom). 13C NMR (CDCl3): 28.1 (2 CH2); 42.3 (CH2Ph);
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127.5; 129,7; 129.9; 134.2 (C arom); 166.9 (2 CdO). Anal. (C8H5-
NO2S2) C, H, N, S.

4-Benzyl-1,2,4-dithiazolidine-3,5-dione (30). Reagents:
N-Benzylformamide (540 mg, 4 mmol) and chlorocarbonyl-
sulfenyl chloride (0.676 mL, 8 mmol) in 20 mL of dry toluene.
Conditions: Stirred at room temperature for 12 h. Purifica-
tion: silica gel column chromatography using AcOEt/hexane
(1:15) as eluent. Yield: 146 mg (17%), as a white solid. mp
90-92 °C (Lit.: 93-94 °C).37 1H NMR (CDCl3): 7.4-7.3 (m,
5H, arom); 4.9 (s, 2H, CH2Ph). 13C NMR (CDCl3): 49.3
(CH2Ph); 133.9; 128.8; 128.6; 128.5 (C arom); 167.1 (CdO).

1,2-Dimethyl-4-Phenyl-1,2,4-triazolidine-3,5-dione (32).
Reagents: 4-Phenyl-urazole (31) (0.09 g, 1 mmol), K2CO3

(exceed), and iodomethane (0.14 g, 1 mmol) in 25 mL of
acetone. Conditions: Refluxed for 6 h. Isolation: The carbonate
was filtered and the solvent evaporated to dryness in vacuo.
Purification: preparative centrifugal circular thin-layer chro-
matography (CCTLC) using CH2Cl2. Yield: 0.06 g (56%) as a
white solid; mp 121-123 °C (lit.: 123-124 °C).38 1H NMR
(CDCl3): 3.2 (s, 6H, 2 CH3); 7.3-7.5 (m, 5H, arom). 13C NMR
(CDCl3): 32.3 (2 CH3); 125.4; 128.0; 129.0; 131.5 (C arom);
153.5 (CdO). Anal. (C10H11N3O2) C, H, N, S.

1,2-Dibenzoyl-4-phenyl-1,2,4-triazolidine-3,5-dione (33).
Reagents: 4-phenyl-urazole (31) (0.18 g, 1 mmol), sodium
hydride (0.08 g, 2 mmol), and benzoyl chloride (0.18 mL, 1.5
mmol) in 15 mL of dimethylformamide (DMF). Conditions:
Stirred at room temperature for 6 h. Purification: silica gel
column chromatography using AcOEt/hexane (1:2) as eluent.
Yield: 0.09 g (24%). mp 276-280 °C (Lit.: 272-273 °C),38 1H
NMR (CDCl3): 7.4-7.5 (m, 5H, Ph); 7.5-8.1 (m, 10H, 2 × Bz).
13C NMR (CDCl3): 126.0; 128.2; 130.9; 134.4 (C arom Ph);
129.5; 128.4; 130.2; 133.7 (C arom Bz); 164.5 (CdO); 172.3
(COPh). Anal. (C22H15N3O4) C, H, N, S.

1,2-Bis-(phenylcarbonylmethyl)-4-phenyl-1,2,4-triazo-
lidine-3,5-dione (34). Reagents: 4-phenylurazole (31) (0.35
g, 2 mmol), potassium hydroxide (0.11 g, 2 mmol), and
acetophenone bromide (0.4 g, 2 mmol) in 15 mL of ethanol.
Conditions: Refluxed for 10 h. Isolation: filtration of reaction
mixture. Purification: recrystallization from EtOH/ CH2Cl2.
Yield: 0.24 g (28%), as a white solid. mp 208-210 °C (lit.:
205-206 °C).38 1H NMR (CDCl3): 5.0 (s, 4H, CH2COPh); 7.4-
7.9 (m, 15 H, arom). 13C NMR (CDCl3): 53.0 (CH2COPh); 126.0;
128.7; 128.4; 128.9; 129.2; 131.6; 134.1; 134.2 (C arom); 155.6
(CdO); 192.0 (COPh). Anal. (C24H20N3O4) C, H, N, S.

4-Benzyl-hydantoin (37). Reagents: Hydantoin (0.1 g, 1
mmol), sodium hydride (0.04 g, 1 mmol) and benzyl bromide
(0.12 mL, 1 mmol) in 15 mL of DMF. Conditions: Stirred at
room temperature for 12 h. Isolation: Evaporated to dryness
in vacuo the solvent. Purification: silica gel column chroma-
tography using AcOEt/hexane (1:1). Yield: 0.1 g (50%) as white
solid; mp 138-139 °C. 1H NMR (CDCl3): 3.9 (s, 2H, CH2); 4.6
(s, 2H, CH2Ph); 5.4 (br, 1H, NH); 7.3-7.4 (m, 5H, arom). 13C
NMR (CDCl3): 42.0 (CH2); 46.5 (CH2Ph); 127.9; 128.3; 128.6;
135.8 (C arom.); 158.5 (2-CdO); 171.2 (4-CdO). Anal. (C10H10-
N2O2) C, H, N

General Procedure for the Synthesis of 1,2,4-Thiadia-
zolidine-3,5-dione. Chlorine was bubbled slowly through a
solution of aryl or alkyl isothiocyanate in dry hexane (25 mL),
under nitrogen atmosphere, at -15 °C to -10 °C. Chlorine
was generated by the addition of 35% HCl to KMnO4. The
temperature of the reaction mixture was carefully controlled
during the addition step. At this point, the N-aryl- or N-alkyl-
S-chloroisothiocarbamoyl chloride was formed. Afterward,
alkyl isocyanate was added, yielding, immediately, sparingly
soluble 3-oxathiadiazolium salts. The mixture was stirred at
room temperature between 8 and 10 h, producing the hydroly-
sis of these heterocyclic salts. After this time, the resulting
product was purified by suction filtration and recrystallization
or silica gel column chromatography using the appropriate
eluent.

2-Ethyl-4-(4-nitrophenyl)-1,2,4-thiadiazolidine-3,5-di-
one (55). Reagents: 4-Nitrophenyl isothiocyanate (1.17 g, 6.5
mmol), 35% HCl (3.1 mL), KMnO4 (0.5 g), and ethyl isocyanate
(0.51 mL, 6.5 mmol) in THF. Conditions: room temperature,

10 h. Purification: silica gel column chromatography using
AcOEt/hexane (1:4). Yield: 0.26 g (11%) as a yellow solid; mp
117-118 °C. 1H NMR (CDCl3): 1.34 (t, 3H, CH2CH3, J ) 7.1
Hz); 3.77 (c, 2H, CH2CH3, J ) 7.1 Hz); 7.6-8.4 (m, 5H, arom).
13C NMR (CDCl3): 13.6 (CH2CH3); 40.3 (CH2CH3); 124.3; 127.6;
137.9; 147.1 (C arom.); 150.9 (3-CdO); 164.8 (5-CdO) Anal.
(C10H9N3SO4) C, H, N, S.

2-Ethyl-4-phenyl-1,2,4-thiadiazolidine-3,5-dione (58).
Reagents: Phenyl isothiocyanate (0.78 mL, 6.5 mmol), 35%
HCl (3.1 mL), KMnO4 (0.5 g), and ethyl isocyanate (0.51 mL,
6.5 mmol). Conditions: room temperature, 8 h. Isolation:
filtration of reaction mixture. Purification: recrystallization
from methanol. Yield: 0.43 g (30%) as a white solid; mp 174-
179 °C. 1H NMR (CDCl3): 1.34 (t, 3H, CH2CH3 , J ) 7.2 Hz);
3.76 (c, 2H, CH2CH3, J ) 7.2 Hz); 7.34-7.50 (m, 5H, arom.).
13C NMR (CDCl3): 13.9 (CH2CH3 ); 40.3 (CH2CH3);127.1; 129.0;
129.2; 132.6 (C arom.); 151.9 (3-CdO); 165.3 (5-CdO). Anal.
(C10H10N2SO2) C, H, N, S.

4-(Ethoxycarbonylmethyl)-2-methyl-1,2,4-thiadiazoli-
dine-3,5-dione (59). Reagents: Ethyl isothiocyanatoacetate
(0.8 mL, 6.5 mmol), 35% HCl (3.1 mL), KMnO4 (0.5 g), and
methyl isocyanate (0.38 mL, 6.5 mmol). Conditions: room
temperature, 8 h. Isolation: filtration of reaction mixture.
Purification: recrystallization from hexane. Yield 0.28 g (20%)
as white solid; mp 67-69 °C; 1H NMR (CDCl3): 1.3 (t, 3H,
CH2CO2CH2CH3, J ) 7.1 Hz); 3.2 (s, 3H, CH3); 4.2 (c, 2H,
CH2CO2CH2CH3, J ) 7.1 Hz); 4.4 (s, 2H,. CH2CO2CH2CH3).

13C NMR (CDCl3): 14.0 (CH2CO2CH2CH3); 31.5 (CH3); 42.7
(CH2CO2CH2CH3); 62.1 (CH2CO2CH2CH3); 152.6 (3-CdO);
166.4 (5-CdO); 166.4 (CO2 ). Anal. (C7H10N2SO3) C, H, N, S.

Biological Procedures. GSK-3 Inhibition Assay. GSK-3
(rabbit GSK-3, Sigma) was incubated at 37 °C for a 20 min
period in buffer [Tris pH ) 7.5 (50 mM), EDTA (1 mM), EGTA
(1 mM), and MgCl2 (10 mM)] supplemented by the synthetic
peptide GS-1 (15 µM final concentration) as substrate, ATP
(15 µM), [γ-32P]ATP (0.2 µCi), and different concentrations of
the product to be tested.39 After that, aliquots of the reaction
mixtures are added on phosphocellulose p81 papers. These
papers are washed three times with phosphoric acid 1%, and
the radioactivity incorporated in the GS-1 peptide is measured
in a liquid scintillation counter. Dose-response profiles were
generated, and the IC50 value (concentration at which a 50%
of enzyme inhibition is shown) for inhibition of GSK-3 by the
test compound was calculated using a four-parameter logistic
function.

Selectivity Panel Protein Kinase Assays. The pan-
kinase screen was performed at CEREP (France). The mem-
bers of the kinase selectivity panel were assessed as was
described previously: Abl kinase assay,40 CAM kinase assay,41

EGF-tyrosine kinase assay,42 IRK assay,43 MAP kinase (ERK
42) assay,44 MEK 1 kinase assay,45 and protein kinase p56
assay.46

The activated protein kinases were assayed for their ability
to phosphorylate the appropriate peptide/protein substrate in
the presence of 10 µM of test substance, respectively. Results
are given as the mean of duplicate determinations for %
inhibition compared to control incubations, in which the
inhibitors were substituted with DMSO and reference com-
pound (staurosporine).

CoMFA Analysis. The compounds were built from frag-
ments in the Sybyl database. Each structure was initially fully
optimized using the standard Tripos molecular mechanics force
field using the default bond distances and angles as well as
Gasteiger-Marsili charges.47 Conformational analysis was
carried out to define the low-energy conformations. The
structures were fully geometrically optimized with the semi-
empirical AM1 Hamiltonian48 using MOPAC-6.0.49 TDZD 43
was used as template molecule on which to align the other
compounds using the minimum-energy conformation obtained
as described above.

The CoMFA analysis is employs carried out using a grid
spacing of 2.0 Å in the x, y, and z directions, and the grid region
was automatically generated to encompass all molecules with
an extension of 4.0 Å in each direction. A sp3 carbon and a
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charge +1 were used as probes to generate the interaction
energies at each lattice point. The default value of 30 kcal.mol-1

was used as the maximum electrostatic and steric energy
cutoff. Additionally, the molecular lipophilicity potential (MLP)
was determined by using the method of Gaillard50 to include
hydrophobic effects into the CoMFA study. Partial least square
(PLS) method was used to identify the relationship between
the inhibitory activity data and the field potential values. Final
non-cross-validated models were chosen on the basis of the best
combinations of mentioned three fields.

All molecular modeling techniques and CoMFA studies
described here were performed on Silicon Graphics workstation
using the Sybyl 6.6 molecular modeling software from Tripos,
Inc. St. Louis, MO.51

CMIP Calculations. Preferential binding sites of TDZDs
on GSK3 protein surface were obtained using the docking
module of the program CMIP.31 The protein (PDB entry 1I09)
was mapped onto a 3D grid of the appropriate size with a 0.5
Å regular spacing (ca. 4000000 grid positions). Binding was
assayed by exhaustive search of 8000 orientations (using
nonredundant Euler angles) for every grid position. When
necessary, flexible molecules were assayed as a family of
standard rotamers. Docked positions were scored using inter-
action energies between the ligand and the protein, which were
evaluated by adding electrostatic and van der Waals contribu-
tions (eq 1).

The solvent-screened electrostatic interaction was determined
by using the Mehler-Solmajer sigmoidal distance-dependent
dielectric model,52 and the van der Waals component was
evaluated by using a Lennard-Jones expression. Parameters
for protein atoms were obtained from the amber98 force field.53

For the ligand molecules, RESP atomic charges54 determined
at the HF/6-31G(d) level were used in conjunction with van
der Waals parameters taken for related atoms in the amber98
force field.
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