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Glycogen synthase kinase 3 regulates glycogen synthase, the rate-determining enzyme for
glycogen synthesis. Liver and muscle glycogen synthesis is defective in type 2 diabetics, resulting
in elevated plasma glucose levels. Inhibition of GSK-3 could potentially be an effective method
to control plasma glucose levels in type 2 diabetics. Structure-activity studies on a N-phenyl-
4-pyrazolo[1,5-b]pyridazin-3-ylpyrimidin-2-amine series have led to the identification of potent
and selective compounds with good cellular efficacy. Molecular modeling studies have given
insights into the mode of binding of these inhibitors. Since the initial leads were also potent
inhibitors of CDK-2/CDK-4, an extensive SAR was performed at various positions of the
pyrazolo[1,5-b]pyridazin core to afford potent GSK-3 inhibitors that were highly selective over
CDK-2. In addition, these inhibitors also exhibited very good cell efficacy and functional
response. A representative example was shown to have good oral exposure levels, extending
their utility in an in vivo setting. These inhibitors provide a viable lead series in the discovery
of new therapies for the treatment of type 2 diabetes.

Introduction

Glycogen synthase kinase 3 (GSK-3) is a ubiquitously
expressed serine/threonine protein kinase, originally
identified as an enzyme that regulates glycogen syn-
thase (GS) in response to insulin.1 There are two highly
homologous forms of mammalian GSK-3, designated R
and â, with molecular weights of 51 and 46 kDa,
respectively, and catalytic domains with about 90%
identity.2 The differential expression of GSK-3R and â
in tissues suggests that these two isoforms are differ-
entially regulated.2c GSK-3 has specific requirements
for the recognition of some of its substrates such as GS
and tau protein.3 For example, GS inhibition requires
prior phosphorylation by a priming kinase such as
casein kinase II to form the motif Ser/T-X-X-X-X-
S(P)/T(P) before phosphorylation by GSK-3 is possible.3a

GSK-3 regulates GS, the rate-determining enzyme for
glycogen synthesis and is of importance in type 2
diabetes. Phosphorylation of GS by GSK-3 results in its
deactivation, causing an increase in plasma glucose in
type 2 diabetics. Inhibition of GSK-3 would result in an
overall state of more active GS, which should lower
plasma glucose by increasing glycogen levels. Liver and
muscle glycogen synthesis is defective in type 2 diabet-
ics. In addition, the activity of GS itself is also reduced,
along with the elevated expression and activity of GSK-
3.4a-c GSK-3 has been attributed as a negative regulator
of insulin synthesis, resulting in impaired glycogen

synthesis. Recent studies have demonstrated the in vivo
efficacy of GSK-3 inhibitors in ZDF rats as well as the
ex vivo effects on human skeletal muscle. These studies
have shown that GSK-3 inhibition increases liver gly-
cogen levels, resulting in improved oral glucose disposal
and enhanced insulin action of glucose transport in
skeletal muscle.4d,e In addition, selective inhibition of
GSK-3 has been shown to reduce the expression of two
key gluconeogenic genes such as glucose-6-phosphatase
and phosphoenolpyruvate.4f

In mammalian cells, GSK-3R is phosphorylated at
serine 21, and GSK-3â is phosphorylated at serine 9 by
insulin, resulting in their deactivation. This action of
insulin is mediated through IRS-2 via PKB/Akt, a
serine/threonine kinase located downstream from PI3K.5b

Glycogen accumulation by the deactivation of GSK-3â
via an insulin-independent mechanism has also recently
been reported. This involves the activation of p90rsk
(RSK1 isoform) followed by the activation of ERK1/2 and
serine 9 phosphorylation.7d In addition, serine 21 in
GSK-3R and serine 9 in GSK-3â are also physiological
substrates of cAMP-dependent protein kinase A (PKA).6
Besides PKA and PKB, other known negative regulators
of GSK-3 are EGF via p90Rsk, PKC, and p70S6.5a,7 In
contrast to inhibitory modulation that occurs via serine
phosphorylation, tyrosine phosphorylation (Y216) on the
activation loop is known to increase GSK-3 activity.
Such activators include ZAK1, Fyn, and transient
calcium increases.8 These endogenous physiological
modifiers of GSK-3 tightly regulate GSK-3 activity.

GSK-3 has also been linked to abnormalities associ-
ated with Alzheimer’s disease via hyperphosphorylation
of the microtubule-associated protein tau.9 Recent stud-
ies indicate that the isoform GSK-3â facilitates amyloid
precursor protein (APP) processing, resulting in the

* Author to whom correspondence should be addressed. Phone: (919)
483-7456. Fax: (919) 483-6053. E-mail: fxt66911@gsk.com.

† Department of Medicinal Chemistry.
‡ Department of Metabolic Diseases.
§ Department of Computational, Analytical, and Structural Sciences.
| Department of Research Bioanalysis and Drug Metabolism.
⊥ Department of Biochemical and Analytical Pharmacology.

4716 J. Med. Chem. 2004, 47, 4716-4730

10.1021/jm040063i CCC: $27.50 © 2004 American Chemical Society
Published on Web 08/13/2004



increased production and aggregation of amyloid-â (Ab)
peptides.10 In addition to its role in metabolic and
neurological abnormalities, GSK-3 is also implicated in
the regulation of many transcriptional factors. These
include cyclic AMP response element binding protein,
the nuclear factor of activated T cells, heat shock factor-
1, activator protein-1, â-catenin, NF-kB, and Myc.6b,11

There have been several reports on the regulation of
GSK-3 activity involving both genetic methods and
small-molecule inhibitors. The conditional overexpres-
sion of GSK-3â in mice results in neurodegeneration via
hyperphosphorylation of tau in the hippocampal neu-
rons.12 Antisense targeting of GSK-3 has also been used
to inhibit cellular GSK-3 activity.12 Because genetic
techniques can sometimes have spurious effects on cell
physiology that are independent of GSK-3, it would be
highly desirable to have a specific small-molecule
inhibitor of GSK-3 to address its physiological effects.
Lithium chloride was one of the early compounds that
was found to competitively inhibit GSK-3 with respect
to the Mg ion but not substrate or ATP.14 However, LiCl
is not a selective inhibitor of GSK-3 but also has low
millimolar inhibitory activity against casein kinase 2,
p38 regulated/activated kinase, and MAP-activated
protein kinase.15 Recent reports on the development of
small-molecule GSK-3 inhibitors that compete revers-
ibly with ATP have been disclosed. Among these GSK-3
inhibitors are the indirubins, paullones, hymenialdisine,
anilinomaleimides, CHIR98023, diaminothiazoles, ox-
alylpyridines, triazole-4-carboxylic acid derivatives, 1-(4-
aminofurazan-3-yl)-5-dialkylaminomethyl-1-H-[1,2,3]-
triazole-4-carboxylic acid derivatives, bis-7-azaindolyl-

maleimides, and pyrazolo[3,4-b]pyridines.16 In addition,
there are reports of non-ATP competitive GSK-3â
inhibitors.17

The synthetic efforts in our laboratories have focused
on the pyrazolo[ 1,5-b]pyridazine screening hit 16 (IC50
) 0.019 µM) from the in-house GSK compound collec-
tion. The aim was to optimize the kinase selectivity,
GSK-3 potency, efficacy, and physiochemical features
of 16 by examining the changes in the 2, 3, 5, and 6
positions of the pyrazolo[1,5-b]pyridazine core (Figure
1). A search of the literature revealed that most com-
pounds that are potent GSK-3 inhibitors also inhibit
cyclin-dependent kinases (CDKs).18 This was not sur-
prising considering the high degree of homology between
the two kinases in the ATP binding site (∼86% homol-
ogy). In light of the fact that CDKs are key regulators
of the cell cycle, the complex process by which cells
divide,19 it was highly desirable to avoid inhibiting the
CDKs. Due to the activity of screening hit 16 at GSK-
3, CDK-2, and CDK-4, the efforts from our laboratories
focused initially on dialing out CDK activity using
structure-based design and homology modeling. The
synthesis and kinase selectivity of these compounds is
described herein. In addition, a functional assay of
GSK-3 inhibitors showing increased glycogen accumula-
tion in muscle L6 cells will be reported. Furthermore,
oral exposure of a representative example will be
described briefly, extending the utility of this class of
molecules in an in vivo setting.

Chemistry

The general synthesis of substituted pyrimidines (16-
37, 57-107) is shown in Scheme 1. Pyridazine 1 was
treated with hydroxylamine-O-sulfonic acid (HOSA) to
provide the intermediate substituted 1-aminopyridazin-
ium salt. The subsequent addition of substituted 3-bu-
tyne-2-ones in the presence of a base afforded the
1-pyrazolo[1,5-b]pyridazin-3-ylethanones (2).20 The treat-
ment of 2 with dimethylformamide di-tert-butylacetal
provided substituted (2E)-3-(dimethylamino)-1- pyra-
zolo[1,5-b]pyridazin-3-yl-2-propen-1-ones (3), which upon
reaction with phenyl guanidines afforded the substi-
tuted pyrimidines. The aryl-guanidines 17a, 18a, 31a,
and 34a-36a were synthesized using known proce-
dures.21

Figure 1.

Scheme 1. Synthetic Routes to Targets 16-37 and 57-107

(a) HOSA, aqueous KHCO3, pH 5.0; (b) 3-butyne-2-ones, CH2Cl2, r.t.; (c) dimethylformamide di-tert-butylacetal, 90 °C; (d) phenyl
guanidines.
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Compounds 22-28 (Table 1) were synthesized using
the method shown in Scheme 2. The treatment of
4-chloro-2-(methylthio)pyrimidine (4) with HI yielded
4-iodo-2-(methylthio)pyrimidine. The subsequent reac-
tion with TMS-acetylene under Sonogashihara condi-
tions,22 followed by the desilylation of the TMS group
with KF, afforded 4-ethynyl-2-(methylthio)pyrimidine
(5). The treatment of compound 5 with 1-aminopyr-
idazinium iodide in the presence of a base yielded 3-[2-
(methylthio)pyrimidin-4-yl]pyrazolo[1,5-b]pyridazine,
which was subjected to m-CPBA, affording sulfone 6.

The sulfonyl group was displaced with substituted
anilines to provide the pyrimidines.

The pyrazolopyridazines containing an alkoxy group
in the 6 position were synthesized as shown in Scheme
3. The displacement of one of the chloro groups in 7 with
alkoxides, followed by reductive heterogenolysis, yielded
3-alkoxypypidazines (8). Amination to 8 with HOSA
followed by cyclization with 3-butyne-2-one gave 9.
Compound 9 was sequentially treated with dimethyl-
formamide di-tert-butylacetal and phenyl guanidines to
afford the pyrimidines shown in Table 2 (38-50).

The pyrimidines (R6 ) Ph, Me) were synthesized as
shown in Scheme 4. The sequential treatment of 3-chloro-
4-substituted pyridazine (10) with Pd/C/H2, HOSA, and
3-butyne-2-one afforded intermediate 11. The treatment
of 11 with dimethylformamide di-tert-butylacetal pro-
vided the intermediate-substituted (2E)-3-(dimethyl-
amino)-1- pyrazolo[1,5-b]pyridazin-3-yl-2-propen-1-ones,
which upon reaction with phenyl guanidines afforded
the substituted pyrimidines in Table 2 (51-56).

Compound 107 was synthesized from 12 as follows
(Scheme 5). The displacement of the 5-chloro group from
4,5-dichloropyridazin-3(2H)-one upon treatment with
sodium methoxide followed by the removal of the
4-chloro substituent using Pd/C under hydrogen af-
forded 5-methoxypyridazin-3(2H)-one (13). The treat-
ment of compound 13 with phosphorus oxychloride
followed by the removal of the chloro group gave
4-methoxypyridazine 14. Compound 14 was sequentially
treated with HOSA, butyne-2-one, and dimethylforma-
mide di-tert-butylacetal to afford (2E)-3-(dimethylamino)-
1-(5-methoxypyrazolo[1,5-b]pyridazin-3-yl)prop-2-en-1-
one (15) with the expected regiochemistry of the methoxy
group. Compound 15 on treatment with 3-methoxyphen-
yl guanidine in the presence of potassium carbonate in
methoxyethanol afforded 4-[5-(2-methoxyethoxy)pyra-

Table 1. Inhibitory Potencies (IC50) vs Human GSK-3â,
CDK-2, and CDK-4

compd
structure

(Y) R

GSK-3
(µM)
Ki

a
CDK-2
(µM)

CDK-4
(µM)

16 H H 0.019 0.005 0.158
17 H Me >19.90 >19.90 nd
18 2-Me H 6.0 nd nd
19 3-OMe H 0.010 0.002 0.063
20 4-CN H <0.010 (0.002) 0.001 0.063
21 4-NO2 H <0.010 (0.002) 0.022 0.025
22 4-CH(CH3)2 H 0.031 0.016 1.99
23 4-CH(C2H5)(CH3) H 0.125 0.158 0.316
24 4-C(CH3)3 H 0.050 0.158 1.99
25 3-OMe, 4-OMe H 0.012 0.050 0.199
26 3,4-OCH2O- H <0.010 (0.002) 0.019 0.794
27 3,4-O(CH2)2O- H <0.010 (0.001) 0.006 0.015
28 3-F, 4-F H 0.010 0.002 nd
29 3,4-O(CH2)3O- H <0.010 (0.001) 0.006 0.316
30 3-Cl, 4-Cl H 0.010 0.001 0.199
31 4-Cl, 3-CF3 H <0.010 (0.002) 0.012 0.015
32 3-OMe, 5-OMe H 0.012 0.015 0.019
33 3-OMe, 5-CF3 H <0.010 (0.002) 0.015 0.199
34 3-Br, 5-CF3 H <0.010 (0.00030) 0.012 0.251
35 3-F, 5-F H <0.010 (0.002) 0.001 0.006
36 3-Cl, 5-Cl H <0.010 (0.001) 0.316 1.99
37 3-Me, 5-Me H <0.010 (0.001) 0.003 1.58
a Numbers in parentheses represent Ki values.

Scheme 2. Synthetic Route to Targets 22-28

(a) HI; (b) TMS-acetylene, PdCl2, CuI, THF, Et3N; (c) TBAF/
THF; (d) 1-aminopyridazinium iodide, r.t.; (e) m-CPBA; (f) anilines,
170 °C, 15 min.

Table 2. Inhibitory Potencies (IC50) vs Human GSK-3â,
CDK-2, and CDK-4

compd
structure

(Y) R6
GSK-3
(µM)

CDK-2
(µM)

CDK-4
(µM)

38 3-CF3 OH 0.016 0.008 nd
39 3-CF3 OMe 0.050 0.160 >19.95
40 3-CF3 OC2H5 0.199 1.995 nd
41 3-CF3 OC3H7 0.794 1.26 nd
42 3-OMe OMe 0.100 0.063 >19.95
43 3-OCF3 OMe 0.050 0.199 >19.95
44 4-CN OMe 0.050 0.501 0.158
45 4-NO2 OMe 0.079 0.020 0.100
46 3-OMe, 5-OMe OMe 0.125 0.199 >19.95
47 3-OMe, 5-CF3 OMe 0.199 0.794 >19.95
48 3-OMe, 5-CF3 OC2H5 3.162 >19.95 nd
49 3-CF3, 5-CF3 OMe 0.630 >19.95 nd
50 3,4-O(CH2)2O- OMe 0.039 0.100 1.58
51 3-CF3 Me <0.010 0.050 0.031
52 4-CF3 Me 0.050 0.199 nd
53 3-OMe, 5-CF3 Me 0.010 0.020 0.398
54 3,4-O(CH2)2O- Me 0.010 0.006 0.079
55 3-CF3 Ph 0.158 2.50 nd
56 3,4-O(CH2)2O- Ph 0.125 >19.95 nd
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zolo[1,5-b]pyridazin-3-yl]-N-(3-methoxyphenyl)pyrimi-
din-2-amine (107).

Results and Discussion
In the process of developing selective GSK-3 inhibi-

tors, we identified compound 16 (GSK-3 IC50 ) 0.019
µM) to be a potential starting point in the program. The
IC50 values are the mean of two or three inhibition
assays with a 2-fold standard deviation. The KI values
are also the mean of two or three inhibition assays with
an error bar of 12%. From Table 1, it can be seen that
compound 16 is also a very potent inhibitor of CDK-2
(IC50 ) 0.005 µM) and CDK-4 (IC50 ) 0.158 µM). To
reduce CDK activity selectively, it was important to
consider the key residues that were involved in the
binding of 16 to both GSK-3 and CDK-2. To determine

the necessity of the NH in binding to the backbone of
the ATP binding loop, we synthesized compounds 17
(IC50 >19.9 µM) and 18 (IC50 ) 6.0 µM). The addition
of an N-methyl group destroyed the activity at GSK-3.
Also, having an ortho-methyl substituent resulted in a
dramatic decrease in activity, suggesting that the NH
formed an important hydrogen-bonding interaction with
the enzyme.

In the absence of an X-ray structure of 16, we used
information on the published X-ray crystal structure
complexed with FRATtide16j and an in-house cocrystal
structure of pyrazolo[3,4-b]pyridazine16k to elucidate the
binding mode of 16. Compound 16 was also docked into
an in-house crystal structure of cyclin A/CDK-216n. The
results from the automated docking of 16 in GSK-3 and
CDK-2 are shown in Figure 2. As can be seen in Figure

Scheme 3. Synthetic Route to Targes 38-50

(a) Sodium alkoxide, r.t.; (b) H2, Pd/C; (c) HOSA, aqueous KHCO3, pH 8.0; (d) 3-butyne-2-ones, CH2Cl2, r.t.; (e) dimethylformamide
di-tert-butylacetal, 90 °C; (f) phenyl guanidines (16a-21a, 29a-37a).

Scheme 4. Synthetic Route to Targets 51-56

(a) Sodium alkoxide, r.t; (b) H2, Pd/C; (c) HOSA, aqueous KHCO3, pH 5.0; (d) 3-butyne-2-ones, CH2Cl2, r.t.; (e) dimethylformamide
di-tert-butylacetal, 90 °C; (f) phenyl guanidines.

Scheme 5. Synthetic Route to Target 107

(a) Sodium methoxide, MeOH; (b) H2, Pd/C; (c) POCl3 (d) H2, Pd/C; (e) HOSA, aqueous KHCO3, pH 5.0; (f) 3-butyne-2-ones, CH2Cl2,
r.t.; (g) dimethylformamide di-tert-butylacetal, 90 °C; (h) N-(3-methoxyphenyl)guanidine, methoxyethanol.
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2, the NH and the adjacent nitrogen in the pyrimidine
ring of the ligand make hydrogen-bonding interactions
with the hinge region of both kinases. In GSK-3â
(Figure 2a), it is Val 135, whereas in CDK2 (Figure 2b),

it is Leu 83. A key difference in these binding sites is
located in the back pocket, where there is a leucine (Leu
132) in GSK-3 and a phenylalanine (Phe 80) in CDK-2.
The hydrogen at the 2 position in compound 16 ap-
peared to favorably interact with the face of the phenyl
group of Phe 80 in the CDK-2 model. The two models
also suggested a slightly different interaction with the
conserved lysines. The pyrazolopyridazine nitrogens
appeared to be able to make a direct hydrogen bond with
the hydrogens on the protonated nitrogens on Lys 33
in CDK-2, whereas in GSK-3, they appear to interact
with the slightly electropositive chain of the residue (Lys
85). The front of the binding sites was largely solvent
exposed and appeared to be more open in the GSK-3
model.

The monosubstituted aniline analogues (Table 1,
compds 19-24) were potent inhibitors of GSK-3, with
a tendency to be slightly less potent at CDK-2 when
compared to unsubstituted parent 16. On the basis of
our binding model highlighted in Figure 2b, increasing
the steric bulk at the 4′ position of compound 16 docked
into CDK-2 suggested that steric repulsion with amino
acid Asp 86 (CDK-2) and amino acid residue Lys 89
(CDK-4) could potentially provide us with selectivity
over CDK-2 and CDK-4. SAR at this position (com-
pounds 22-24) was consistent with our binding model
with improvements in selectivity versus CDK-2. From
Table 1, it can be seen that there was a 2-fold loss in
potency against GSK-3 on going from unsubstituent
parent 16 to tert-butyl analogue 24, but there were
correspondingly greater losses in potency in CDK-2 (31-
fold) and CDK-4 (12-fold).

The influence of the substitution pattern at the
anilino moiety on the inhibitory activity of the com-
pounds was also examined. The addition of 3′,4′- and
3′,5′-disubstituted analogues was considered (compds
25-37, Table 1). From modeling studies, the substitu-
ents at the 3′ and 4′ positions were well placed for a
charged interaction with positively charged Arg 141
(GSK-3) or negatively charged Asp 86 (CDK-2). There
was no overriding electronic component to the activity
at these positions. Compounds with electron-donating
and electron-withdrawing groups in the anilino sub-
stituent resulted in very potent inhibitors of GSK-3
(compare 25 vs 28 and 30, and 35 and 36 vs 37). Also,
potency gains in the disubstituted analogues of com-
pound 16 were not as dramatic, suggesting that any
gain in binding due to favorable substituent interactions
may be compromised by the energy needed for the
desolvation process. Additionally, the incorporation of
electron-rich substituents, such as in compounds 19 and
25-29, provided no selectivity over CDK-2 in spite of
the potential for a favorable interaction with positively
charged Arg 141 (GSK-3â) and an unfavorable electronic/
steric repulsion with negatively charged Asp 86 (CDK-
2). Such favorable/unfavorable electronic interactions
have been fruitful in gaining selectivity over CDK-2 for
some recently disclosed GSK-3 inhibitors.16k,m 3′,5′-
Dichloro analogue 36 was found to be the most selective
inhibitor of GSK-3 (Table 1), with over 30-fold selectivity
over CDK-2 and greater than 190-fold selectivity over
CDK-4. However, compound 36 was apparently found
to be the least efficacious analogue in terms of glycogen
accumulation. Interestingly, compound 37 was also

Figure 2. Binding mode of compound 16 in the ATP sites of
GSK-3â (a) and CDK-2 (b). The backs of the pockets are shown
at the top. Key H bonds between 16 and the active site are
highlighted by yellow lines. (c) Surface of active site of GSK-
3â.
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found to be one of the most potent compounds in this
series. Favorable hydrophobic binding and the absence
of an unfavorable desolvation penalty might explain the
increase in potency of 37.

On the basis of our GSK-3 inhibitor binding model
(Figure 2a), there was the potential of having substit-
uents at the 6 position that might provide opportunities
to improve the selectivity and physiochemical properties
of these inhibitors. For example, hydroxyl compound 38
was found to be a potent inhibitor of GSK-3. Increasing
the steric bulk at the hydroxyl, as in compounds 39-
41, 47, and 48, resulted in a loss in potency. This loss
was more pronounced with the CDKs. Molecular model-
ing calculations suggested that the low-energy confor-
mation of the alkoxy points toward the N 7 nitrogen.
Such an orientation would have the alkoxy group
bumping into Phe 67 in the p loop of GSK-3 and would
presumably result in a considerable loss of potency. The
addition of a bulky alkoxy substituent at the 5 position,
as in analogue 107 (GSK-3 IC50 ) 0.080 µM), resulted
in a potent GSK-3 inhibitor. This was consistent with
our binding model, which orients the 5 position into an
open space within the enzyme active site that appeared
to accommodate large substituents. In the alkoxy series,
compound 49 was found to be the most GSK-3-selective
inhibitor versus CDK-2. 6-methyl analogues 51-54
were well tolerated (compound 53 vs 33 and 54 vs 29)
and generally more potent compared to the alkoxy
derivatives (compound 51 vs 39 and 53 vs 47). The
6-methyl analogues were not found to be selective over
CDK-2. 6-Phenyl analogues 55-56 showed a reduction
in potency similar to that of the 6-alkoxy compounds.
However, compound 56 was found to be the most
selective 6-substituted analogue.

Our binding model indicated that substituents in the
2 position of the pyrazolopyridine core would project in
the direction of the gatekeeper. As observed in Figure
2a and b, the gatekeeper in CDK-2 is sterically more
demanding (Phe 80) compared to that in GSK-3â (Leu
132). To take advantage of the differences in steric
congestion and possibly to provide potency/selectivity
over CDKs, we made compounds with substitutions at
the 2 position. In addition, mix-and-match combinations
with a set of anilino compounds, including the incorpo-
ration of the 6-methyl substituent, were made (Table
3). As can be seen from Table 3, 2-phenyl compound 57
(GSK-3 IC50 ) 0.010 µM) was a potent inhibitor of
GSK-3 with a selectivity of about 400-fold over CDK-2.
The addition of a 3′-trifluoromethyl phenyl substituent
(compound 58, GSK-3 IC50 ) 0.012 µM) gave an
extremely selective (>1600-fold over CDK-2) and potent
inhibitor of GSK-3. The disubstituted anilino analogues
(59-62) also showed a similar trend. The additional
gain in selectivity with substituted anilino groups
versus compound 57 indicates that the accommodation
of the anilino substituents in the narrow cleft is less
favorable in CDK-2 than in GSK-3. To explore the steric
requirements at the gatekeeper region, we made various
2-aryl analogues. The addition of a 2-(4-fluorophenyl)
substituent (compounds 63-67) provided highly potent
and selective compounds. Interestingly, the addition of
the fluoro group at the 4 position of 57 (compound 63)
provided greater selectivity against CDK-2. The incor-
poration of the 6-methyl group in the 2-phenyl and 2-(4-

fluoro phenyl) analogues (compounds 87-91, 98-102)
also provided potent and selective inhibitors of GSK-3.
As can be seen from Table 3 (compounds 68-72), the
addition of a 4-methoxyphenyl group was found to be
detrimental, with a drop of between 500- and 3000-fold
in activity (57-62 vs 68-72). The incorporation of a 3-
or 4-trifluoromethylphenyl group at the 2 position
(compounds 73-81) led to a greater loss in GSK-3
activity. A similar trend was observed for the 6-methyl
analogues having a 4-trifluoromethylphenyl group at
the 2 position (compounds 96-97). The incorporation
of a 6-methyl substituent along with the 3-trifluoro-
methyl phenyl group (compounds 92-95 vs 78-81)

Table 3. Inhibitory Potencies (IC50) vs Human GSK-3â and
CDK-2

compd structure (Y) R6 B

GSK-3
(µM)
Ki

a
CDK-2
(µM)

57 H H H 0.010 3.98
58 3-CF3 H H 0.012 >19.95
59 3-F, 4-F H H 0.010 >19.95
60 3-F, 5-F H H 0.011 >19.95
61 4-Cl, 3-CF3 H H 0.020 >19.95
62 3,4-O(CH2)2O- H H <0.010 (0.002) >19.95
63 H H 4-F 0.020 >19.95
64 3-CF3 H 4-F 0.020 >19.95
65 3-F, 4-F H 4-F 0.025 >19.95
66 4-Cl, 3-CF3 H 4-F 0.040 >19.95
67 3,4-O(CH2)2O- H 4-F 0.010 >19.95
68 H H 4-OMe 5.01 >19.95
69 3-CF3 H 4-OMe 31.6 >19.95
70 3-F, 4-F H 4-OMe 7.94 >19.95
71 4-Cl, 3-CF3 H 4-OMe 31.0 >19.95
72 3,4-O(CH2)2O- H 4-OMe 5.01 >19.95
73 H H 4-CF3 >31.6 >19.95
74 3-CF3 H 4-CF3 >31.6 >19.95
75 3-F, 4-F H 4-CF3 >31.6 >19.95
76 3,4-O(CH2)2O- H 4-CF3 >31.6 >19.95
77 4-Cl, 3-CF3 H 4-CF3 >31.6 >19.95
78 H H 3-CF3 0.158 >19.95
79 3-F, 4-F H 3-CF3 0.316 >19.95
80 3,4-O(CH2)2O- H 3-CF3 0.050 >19.95
81 4-Cl, 3-CF3 H 3-CF3 1.0 >19.95
82 H H 4-Cl 1.25 >19.95
83 3-CF3 H 4-Cl 2.51 >19.95
84 3-F, 4-F H 4-Cl 1.0 >19.95
85 4-Cl, 3-CF3 H 4-Cl 3.98 >19.95
86 3,4-O(CH2)2O- H 4-Cl 0.796 >19.95
87 H Me H 0.050 >19.95
88 3-CF3 Me H 0.040 >19.95
89 3-F, 4-F Me H 0.031 >19.95
90 4-Cl, 3-CF3 Me H 0.100 >19.95
91 3,4-O(CH2)2O- Me H 0.032 >19.95
92 H Me 3-CF3 0.794 >19.95
93 3-F, 4-F Me 3-CF3 1.58 >19.95
94 4-Cl, 3-CF3 Me 3-CF3 0.630 >19.95
95 3,4-O(CH2)2O- Me 3-CF3 0.158 5.0
96 H Me 4-CF3 >31.6 >19.95
97 3,4-O(CH2)2O- Me 4-CF3 >31.6 >19.95
98 H Me 4-F 0.025 >19.95
99 3-CF3 Me 4-F 0.025 >19.95

100 3-F, 4-F Me 4-F 0.016 >19.95
101 3,4-O(CH2)2O- Me 4-F 0.016 >19.95
102 4-Cl, 3-CF3 Me 4-F 0.050 >19.95

a Numbers in parentheses represent Ki values.
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resulted in the maintenance of potency at GSK-3.
Interestingly, a smaller 4-chlorophenyl substituent at
the 2 position was better accommodated in the binding
pocket with a smaller drop (80-400-fold) in potency
against GSK-3 than the corresponding 4-trifluoromethyl
analogues (compounds 57-62 vs 83-86). The SAR that
was generated from the substituents on the 2-phenyl
ring suggests that smaller substituents such as fluoro
and chloro are easily accommodated at the 4 position.

An incorporation of groups at the 2 position other than
aryl was also made (compounds 103-106). The 2-cy-
clopropyl and the bulkier 2-cyclohexyl analogues were
weak inhibitors of GSK-3, suggesting that the binding
space at the 2 position may be unique for the accom-
modation of a phenyl substituent.

Although a thorough pharmacokinetic analysis was
not done, a representative example was shown to exhibit
very good oral exposure in an abbreviated pk setting in
mice. Compound 99 dosed at 10 mg/kg was found to
have an AUC (0-6 h) ) 2.619 h‚µg/mL and a Cmax )
0.558 µg/mL. The concentration in the final sample was
0.435 mg/mL, indicating that the total AUC would have
been significantly greater than that determined for the
6-h sampling interval. This compound had moderate
permeability in the MDCK cell line (Papp ) 66 nm/s).

Cellular Activities
To measure the functional effects of GSK-3 inhibition,

we evaluated compounds on the basis of their ability to
increase glycogen deposition in a rat skeletal muscle L6
myoblast cell line. The EC50 and percent response values
in Table 5 are the means of three inhibition assays;
individual data points in each experiment were within
15 and 6% error, respectively. Most compounds were
fairly active in the L6 cell line. Analogue work on the
HTS hit 16 (EC50 ) 2.9 µM) allowed for improvements
in cellular potency and enhanced glycogen accumula-
tion. In Table 5, representative examples from the
pyrazolo[1,5-b]pyridazine class of GSK-3 inhibitors are
shown. With respect to insulin response (100%), the
glycogen accumulation with GSK-3 inhibitors, with the

exception of 16 and 36, ranged from 27 to 78%, indicat-
ing that this class of inhibitors showed not only in vitro
enzyme inhibition but also functional activity in the
relevant L6 cell line.

Conclusions

Starting with a GSK-3 inhibitor that was equipotent
against CDK-2, we used analogue design and modeling
work to dial out CDK potency by studying the effects of
substution at the 2, 3, 5, and 6 positions of the
pyrazolopyridazine core. The knowledge of the initial
modifications that led to the selectivity in the 3 position
was applied to analogue design in the 2 and 6 positions.
Although some degree of selectivity was achieved in the
6 position, modifications in the 2 position led to the most
selective GSK-3 inhibitors having virtually no activity
against the CDKs. Further modifications of HTS hit 16
afforded compounds with improved cell potency and
functional response with respect to the same properties
in insulin. In addition, a representative example from
this class showed good oral exposure. Since many of the
GSK-3 inhibitors reported in the literature also possess
potent CDK activity, this work for the first time provides
direction in the kinase area to solve this extremely
difficult problem by making use of key residues in the
back pocket to afford extremely CDK-2-selective GSK-3
inhibitors. Combined with their good cell efficacy and
functional response, this series represents a viable lead
in the study of the pharmacological effects of GSK-3
inhibition.

Experimental Section
Chemistry. General Methods. Melting points were de-

termined using a Thomas-Hoover melting point apparatus
and are uncorrected. Unless stated otherwise, reagents were
obtained from commercial sources and were used directly.
Reactions involving air- or moisture-sensitive reagents were
carried out under a nitrogen atmosphere. If not specified,
reactions were carried out at ambient temperature. Silica gel
(EM Science, 230-400 mesh) was used for chromatographic
purification unless otherwise indicated. Anhydrous solvents
were obtained from Aldrich (Sure Seal). 1H NMR spectra were
recorded on a Varian spectrometer; chemical shifts are re-
ported in ppm relative to TMS. The following abbreviations
are used to describe peak patterns when appropriate: b )
broad, s ) singlet, d ) doublet, t ) triplet, q ) quartet, and m
) multiplet. High-performance liquid chromatography (HPLC)

Table 4. Inhibitory Potencies (IC50) vs Human GSK-3â and
CDK-2

compd structure (Y) R5 R2
GSK-3
(µM)

CDK-2
(µM)

103 H H 19 3.98

104 3-F, 4-F H 23 >19.95

105 H H >19.95 >19.95

106 3-F, 4-F H >19.95 >19.95

107 3-OMe O(CH2)2OMe H 0.080 >19.95

Table 5. Cell Efficacy and Functional Response for Selected
Compounds

compd EC50 (µM) % responsea

16 2.9 18
19 1.3 56
25 1.5 27
27 0.8 27
31 1.0 38
33 1.2 43
35 1.0 47
36 1.0 14
37 1.8 58
57 1.6 78
58 2.1 76
59 4.2 69
64 2.8 35
87 3.6 56
89 3.4 66
99 6.8 38

a Maximal effect of compound vs insulin effect toward glycogen
accumulation.

4722 Journal of Medicinal Chemistry, 2004, Vol. 47, No. 19 Tavares et al.

http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/jm040063i&iName=master.img-010.png&w=71&h=68


was performed on a Beckman 126 chromatograph with a
Beckman 166 UV detector (monitoring at 215 nm) with a
Rainin Dynamax-60A column using a gradient consisting of
20:80 A/B to 10:90 A/B over 20 min, where A ) 1% aqueous
trifluoroacetic acid (TFA) and B ) 1% TFA in CH3CN.
Elemental analyses, performed by Atlantic Microlab, Inc.,
Norcross, GA, were within 0.4% of the theoretical values
calculated for C, H, and N. For compounds that did not
undergo elemental analysis, purity was determined by using
two different methods (method A: MeOH/H2O from 0 to 100%;
method B: CH3CN/H2O from 10 to 100%). Compounds were
found to be >95% pure by both methods A and B unless
otherwise as stated in the experimental specifications.

General Procedure for the Preparation of Guanidine
Nitrates. To a solution of aniline (20 mmol) in ethanol (15
mL) was added 1.8 mL (20 mmol) of conc nitric acid followed
by a 50% aqueous solution of cyanamide (2.52 mL, 30 mmol)).
The reaction mixture was then heated under reflux for 16 h.
The reaction was cooled to 0 °C followed by the addition of
ether (100 mL). The contents were then refrigerated overnight,
and the resulting solid was filtered, affording the product in
70-80% yield.

General Procedure for the Preparation of Compounds
16-21, and 29-37. a. 1-Pyrazolo[1,5-b]pyridazin-3-yl-
ethanone. To a solution of hydroxylamine-O-sulfonic acid (42
g, 375 mmol) neutralized with 2.5 M potassium bicarbonate
to pH 5 was added pyridazine (20 g, 250 mmol) at 70 °C over
15 min. The reaction was stirred at 70 °C for 2 h followed by
cooling to room temperature. After neutralization of the
reaction mixture to pH 8, but-3-yn-2-one (8.5 g, 125 mmol) in
500 mL of dichloromethane and 26 g (468 mmol) of potassium
hydroxide were added, and the contents was stirred at room
temperature overnight. The reaction was extracted with
dichloromethane (200 × 3), and the combined organic layer
was washed with brine and then dried over magnesium
sulfate. The removal of the solvent under vacuum and puri-
fication by column chromatography with hexane/ethyl acetate
(4:1) afforded 23 g of product as a brown solid in 57% yield.
1H NMR (300 MHz, DMSO-d6) δ: 8.79 (s, 1H), 8.71 - 8.64
(m, 2H), 7.60 (dd, J ) 4.5, 4.6 Hz, 1H), 2.56 (s, 3H). MS (ESI)
(M + H)+ 162

b. (2E)-3-(Dimethylamino)-1-pyrazolo[1,5-b]pyridazin-
3-ylprop-2-en-1-one. To 1-Pyrazolo[1,5-b]pyridazin-3-yletha-
none (4.5 g, 27.9 mmol) in 10 mL of DMF was added N,N-
dimethylformamide di-tert-butyl (17.0 mL, 83.7 mmol), and the
contents was heated to 100 °C for 3 h. After removal of the
solvent under vacuum, ether was added, and the mixture was
kept at 4 °C overnight. Filtration gave 6.03 g of product as a
brown solid in quantative yield. 1H NMR (300 MHz, DMSO-
d6) δ: 8.76 (d, J ) 8.6 Hz, 1H), 8.72 (s, 1H), 8.59 (m, 1H), 7.71
(d, J ) 12.2 Hz, 1H), 7.44 (dd, J ) 4.4, 4.6 Hz, 1H), 5.87 (d, J
) 12.4 Hz, 1H), 3.15 (s, 3H), 2.95 (s, 3H). MS (ESI) (M + H)+

217.
c. General Procedure for the Preparation of Com-

pounds 16-21 and 29-37. To (2E)-3-(dimethylamino)-1-
pyrazolo[1,5-b]pyridazin-3-ylprop-2-en-1-one (0.2 g, 0.926 mmol)
in methoxyethanol (5.0 mL) were added solid potassium
carbonate (0.255 g, 1.852 mmol) and guanidine (1.20 mmol).
The contents were refluxed overnight, and the crude reaction
mixture was purified over silica gel using ethyl acetate/hexane
as the eluent to afford the desired product in 50-70% yield.

N-methyl-N-phenyl-4-pyrazolo[1,5-b]pyridazin-3-yl-
pyrimidin-2-amine (17). This compd was prepared following
the general procedure using N-methyl-N-phenylguanidine
nitrate. 1H NMR (300 MHz, DMSO-d6) δ: 8.86 (s, 1H), 8.55
(s, 1H), 8.44 (d, J ) 5.2 Hz, 1H), 8.26 (d, J ) 7.8 Hz, 1H),
7.55-7.17 (m, 7H), 3.57 (s, 3H). Elemental analysis was done
for C, H, and N.

General Procedure for the Preparation of Compounds
22-28. a. 4-Iodo-2-(methylthio)pyrimidine. To an aqueous
solution of 56% HI in water (140 mL) was added 4-chloro-2-
(methylthio) pyrimidine (25 g, 155 mmol). The contents was
stirred at room temperature for 12 h in the dark. Extraction
with dichloromethane (500 mL) was followed by the subse-

quent washing of the organic phase with a 10% solution of
sodium bisulfite (200 mL) and saturated sodium bicarbonate.
The organic layer was then dried with magnesium sulfate and
concentrated under vacuum to afford 27 g (69%) of a colorless
oil, which was taken directly to the next step. 1H NMR (300
MHz, DMSO-d6) δ: 8.23 (d, J ) 5.3 Hz, 1H), 7.73 (d, J ) 5.3
Hz, 1H), 2.51 (s, 3H).

b. 4-Ethynyl-2-(methylthio)pyrimidine. To a solution of
the iodo compound (27.09 g, 107 mmol) was added triethyl-
amine (18.76 g, 134 mmol), cuprous iodide (1.02 g, 5.35 mmol)
and palladium chloride bis-triphenylphosphine (2.25 g, 3.21
mmol). To the reaction mixture was slowly added TMS-
acetylene (18.86 mL, 134 mmol), and the contents was stirred
at room temperature for 16 h. The reaction mixture was
diluted with hexanes, and the solids were filtered off. The
concentrated filtrate gave 28.0 g of the silylated intermediate.
To the crude silylated intermediate (28.0 g, 128 mmol) in
methanol (90 mL) was added potassium fluoride (7.42 g, 128
mmol), and the reaction contents was stirred at room temper-
ature for 10 min. Concentration under vacuum followed by
column chromatography over silica gel with ethyl acetate/
hexane (2:8) gave 7.8 g (48%) of a brown solid. 1H NMR (300
MHz, DMSO-d6) δ: 8.70 (d, J ) 5.1 Hz, 1H), 7.36 (d, J ) 5.1
Hz, 1H), 4.82 (s, 1H), 2.52 (s, 3H). MS (ESI) (M + H)+ 151.

3-[2-(methylthio)pyrimidin-4-yl]pyrazolo[1,5-b]pyr-
idazine. To a solution of the iodonium salt (15.0 g, 67 mmol)
in dichloromethane (200 mL) was added 4-ethynyl-2-(meth-
ylthio)pyrimidine (5.02 g, 33.5 mmol) and potassium hydroxide
(9.39 g, 167.5 mmol). The reaction mixture was stirred for 20
h at room temperature, and the layers were separated. The
organic layer was dried with magnesium sulfate and then
separated by column chromatography over silica gel with ethyl
acetate/hexane (1:1) to afford 15.3 g (63%) of the product as a
brown solid. 1H NMR (300 MHz, DMSO-d6) δ: 8.96 (s, 1H),
8.94 (m, 1H), 8.66 (m, 1H), 8.61 (d, J ) 5.3 Hz, 1H), 7.72 (d, J
) 5.3 Hz, 1H), 7.55 (m, 1H), 2.63 (s, 3H). MS (ESI) (M + H)+

244.
3-[2-(Methylsulfonyl)pyrimidin-4-yl]pyrazolo[1,5-b]-

pyridazine. To a solution of the thiol (1.0 g, 4.10 mmol) in
dichloromethane (70 mL) was added m-perchlorobenzoic acid
(2.44 g, 10.25 mmol). After stirring for an hour, the reaction
mixture was washed with 10% sodium bisulfite followed by a
saturated sodium bicarbonate solution. The organic phase was
dried with magnesium sulfate and concentrated under vacuum
to afford 1.1 g (88%) of the product. 1H NMR (300 MHz, DMSO-
d6) δ: 9.14 (s, 1H), 9.04 (s, 1H), 8.93 (m,1H), 8.74 (m, 1H),
7.67 (m, 1H), 3.53 (s, 3H). MS (ESI) (M + H)+ 276.

General Procedure for the Preparation of Compounds
22-28. To 3-[2-(methylsulfonyl)pyrimidin-4-yl]pyrazolo[1,5-b]-
pyridazine (0.1 g, 0.363 mmol) was added the substituted
anilines (3.63 mmol), and the contents was heated at 170 °C
for 15 min. After cooling to room temperature, methanol was
added, and the resulting solid was filtered and then washed
with methanol. Column chromatography with ethyl acetate/
hexane afforded the desired product in 60-70% yield.

N-(4-Isopropylphenyl)-4-pyrazolo[1,5-b]pyridazin-3-
ylpyrimidin-2-amine (22). This compound was prepared
following the general procedure using 4-isopropylaniline. 1H
NMR (300 MHz, DMSO-d6) δ: 9.46 (s, 1H), 9.16 (d, J ) 8.8
Hz, 1H), 8.97 (s, 1H), 8.87 (s, 1H), 8.43 (d, J ) 5.1 Hz, 1H),
7.63 (d, J ) 7.4 Hz, 2H), 7.33 (d, J ) 5.1 Hz, 1H), 7.20 (d, J )
7.4 Hz, 2H), 2.89 (m, 1H), 1.21 (d, J ) 6.9 Hz, 6H). Elemental
analysis was done using method A.

3-(2-{[3-(Trifluoromethyl)phenyl]amino}-4-pyrimidin-
yl)pyrazolo[1,5-b]pyridazin-6-ol (38). To a solution of (0.5
g, 1.29 mmol) of compound 39 was added morpholine (10 mL),
and the contents was heated at 120 °C for 14 h. After cooling,
the solvents were evaporated under vacuum, and the crude
product was purified over silica gel using dichloromethane/
methanol (95:5) to afford 0.385 g (80%) of the title compound
as a pale-yellow solid. 1H NMR (300 MHz, DMSO-d6) δ: 9.93
(s, 1H), 8.97 (d, J ) 9.6 Hz, 1H), 8.65 (s, 1H), 8.53 (d, J ) 5.4
Hz, 1H), 8.32 (s, 1H), 8.01 (d, J ) 8.1 Hz, 1H), 7.58 (dd, J )
8.1 and 7.8 Hz, 1H), 7.41 (d, J ) 5.4 Hz, 1H), 7.33 (d, J ) 7.8
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Hz, 1H), 7.01 (d, J ) 9.6 Hz, 1H). Elemental analysis was
performed for C, H, and N.

4-[6-(Methyloxy)pyrazolo[1,5-b]pyridazin-3-yl]-N-[3-
(trifluoromethyl)phenyl]-2-pyrimidinamine (39). 1-[6-
(Methoxy)pyrazolo[1,5-b]pyridazin-3-yl]ethanone (39a).
In a similar manner to that described in the general procedure
for compounds 16-21 and 29-37 (method a), we obtained the
title compound from 3-methoxypyridazine as a brown solid.
1H NMR (300 MHz, CDCl3) δ: 8.58 (d, J ) 9.4 Hz, 1H), 8.26
(s, 1H), 6.96 (d, J ) 9.4 Hz, 1H), 4.14 (s, 3H). MS (ESI) (M +
H)+ 192.

(2E)-3-(Dimethylamino)-1-[6-(methoxy)pyrazolo[1,5-b]-
pyridazin-3-yl]-2-propen-1-one (39b). In a similar manner
to that described in the general procedure for compounds 16-
21 and 29-37 (method b), we obtained 39b as a brown solid
from 39a. 1H NMR (300 MHz, DMSO-d6) δ: 8.57 (d, J ) 9.4
Hz, 1H), 8.51 (s, 1H), 7.67 (d, J ) 12.3 Hz, 1H), 7.08 (d, J )
9.4 Hz, 1H), 5.80 (d, J ) 12.3 Hz, 1H), 4.06 (s, 3H), 3.14 (br,
3H), 2.92 (br, 3H). MS (ESI) (M + H)+ 247.

4-[6-(Methyloxy)pyrazolo[1,5-b]pyridazin-3-yl]-N-[3-
(trifluoromethyl)phenyl]-2-pyrimidinamine (39). In a
similar manner to that described in the general procedure for
compounds 16-21 and 29-37 (method c), we obtained 39 from
39b as a brown solid. 1H NMR (300 MHz, DMSO-d6) δ: 9.96
(s, 1H), 9.03 (d, J ) 9.6 Hz, 1H), 8.74 (s, 1H), 8.55 (d, J ) 5.4
Hz, 1H), 8.30 (s, 1H), 8.00 (d, J ) 8.0 Hz, 1H), 7.58 (t, J ) 8.0
Hz, 1H), 7.44 (d, J ) 5.4 Hz, 1H), 7.33 (d, J ) 8.0 Hz, 1H),
7.17 (d, J ) 9.6 Hz, 1H), 4.04 (s, 3H). Elemental analysis was
performed for C, H, and N.

4-[6-(Ethyloxy)pyrazolo[1,5-b]pyridazin-3-yl]-N-[3-(tri-
fluoromethyl)phenyl]-2-pyrimidinamine (40). 3-Chloro-
6-(ethyloxy)pyridazine (40a). To a solution of (5 g, 33.6
mmol) 3,6-dichloropyridazine in 60 mL of dry ethanol was
added 13.1 mL (35.1 mmol) of 21% sodium ethoxide in ethanol
at 0 °C. The reaction was stirred at room temperature for 3.5
h. The solvent was removed, and the residue was redissolved
in water. The aqueous phase was extracted with dichlo-
romethane, and the combined organic phase was washed with
brine and dried over magnesium sulfate. The removal of the
solvent gave 5.0 g of the product as a yellow solid in 94% yield.
1H NMR (300 MHz, CDCl3) δ: 7.38 (d, J ) 9.1 Hz, 1H), 6.98
(d, J ) 9.1 Hz, 1H), 4.57 (q, J ) 7.1 Hz, 2H), 1.47 (t, J ) 7.1
Hz, 3H). MS (ESI) (M + H)+ 159.

3-(Ethyloxy)pyridazine (40b). A mixture of 15.5 g (98
mol) of 3-chloro-6-(ethyloxy)pyridazine in 150 mL of methanol
with 1.5 g of 10% palladium on carbon was hydrogenated
under 50 psi overnight. The catalyst was filtered, and the
solvent was removed. The residue was redissolved in 300 mL
of dichloromethane, and 9 g (107 mol) of sodium bicarbonate
was added. The mixture was stirred at room temperature for
30 min and was dried over magnesium sulfate. The removal
of solvent followed by column chromatography with hexane/
ethyl acetate (2:1) gave 9.7 g of product in 80% yield. 1H NMR
(400 MHz, CDCl3) δ: 8.80 (d, J ) 4.4 Hz, 1H), 7.33 (dd, J )
9.0, 4.4 Hz, 1H), 6.93 (d, J ) 9.0 Hz, 1H), 4.57 (q, J ) 7.1 Hz,
2H), 1.43 (t, J ) 7.1 Hz, 3H). MS (ESI) (M + H)+ 125.

1-[6-(Ethyloxy)pyrazolo[1,5-b]pyridazin-3-yl]etha-
none (40c). In a similar manner to that described in the
general procedure for compounds 16-21 and 29-37 (method
a), we obtained the title compound from 3-(ethyloxy)pyridazine
as a brown solid. 1H NMR (300 MHz, CDCl3) δ: 8.55 (d, J )
9.5 Hz, 1H), 8.26 (s, 1H), 6.96 (d, J ) 9.5 Hz, 1H), 4.52 (q, J )
7.1 Hz, 2H), 2.58 (s, 3H), 1.50 (t, J ) 7.1 Hz, 3H). MS (ESI)
(M + H)+ 206.

(2E)-3-(Dimethylamino)-1-[6-(ethyloxy)pyrazolo[1,5-b]-
pyridazin-3-yl]-2-propen-1-one (40d). In a similar manner
to that described in the general procedure for compounds 16-
21 and 29-37 (method b), we obtained the title compound from
40c as a brown solid. 1H NMR (300 MHz, DMSO-d6) δ: 8.57
(d, J ) 9.5 Hz, 1H), 8.50 (s, 1H), 7.67 (d, J ) 12.3 Hz, 1H),
7.08 (d, J ) 9.5 Hz, 1H), 5.80 (d, J ) 12.3 Hz, 1H), 4.40 (q, J
) 7.0 Hz, 2H), 3.14 (br, 3H), 2.92 (br, 3H), 1.42 (t, J ) 7.0 Hz,
3H). MS (ESI) (M + H)+ 261.

4-[6-(Ethyloxy)pyrazolo[1,5-b]pyridazin-3-yl]-N-[3-(tri-
fluoromethyl)phenyl]-2-pyrimidinamine (40). In a similar
manner to that described in the general procedure for com-
pounds 16-21 and 29-37 (method c), we obtained the title
compound from 40d as a brown solid. 1H NMR (300 MHz,
DMSO-d6) δ: 9.96 (s, 1H), 9.03 (d, J ) 9.5 Hz, 1H), 8.73 (s,
1H), 8.55 (d, J ) 5.2 Hz, 1H), 8.31 (s, 1H), 7.99 (d, J ) 7.8 Hz,
1H), 7.58 (t, J ) 7.8 Hz, 1H), 7.44 (d, J ) 5.2 Hz, 1H), 7.32 (d,
J ) 7.8 Hz, 1H), 7.15 (d, J ) 9.5 Hz, 1H), 4.44 (q, J ) 7.0 Hz,
2H), 1.44 (t, J ) 7.0 Hz, 3H). Elemental analysis was
performed for C, H, and N.

4-[6-(Propyloxy)pyrazolo[1,5-b]pyridazin-3-yl]-N-[3-
(trifluoromethyl)phenyl]-2-pyrimidinamine(41). 3-Chloro-
6-(propyloxy)pyridazine (41a). In a similar manner to that
described for 40a, by the reaction of 3, 6-dichloropyridazine
with sodiumpropoxide, we obtained the title compound as a
yellow solid. 1H NMR (400 MHz, CDCl3) δ: 7.33 (d, J ) 9.1
Hz, 1H), 6.93 (d, J ) 9.1 Hz, 1H), 4.42 (t, J ) 6.7 Hz, 2H),
1.83 (m, 2H), 1.02 (t, J ) 7.5 Hz, 3H). MS (ESI) (M + H)+ 173.

3-(Propyloxy)pyridazine (41b). In a similar manner to
that described in example 40b, we obtained the title compound
as a white solid. 1H NMR (400 MHz, CDCl3) δ: 8.80 (d, J )
4.4 Hz, 1H), 7.34 (m, 1H), 6.94 (d, J ) 9.0 Hz, 1H), 4.46 (t, J
) 6.7 Hz, 2H), 1.84 (m, 2H), 1.01 (t, J ) 7.3 Hz, 3H). MS (ESI)
(M + H)+ 139.

1-[6-(Propyloxy)pyrazolo[1,5-b]pyridazin-3-yl]etha-
none (41c). In a similar manner to that described in the
general procedure for compounds 16-21 and 29-37 (method
a), we obtained the title compound from 41b as a brown solid.
1H NMR(400 MHz, CDCl3) δ: 8.51 (d, J ) 9.5 Hz, 1H), 8.22
(s, 1H), 6.93 (d, J ) 9.5 Hz, 1H), 4.37 (t, J ) 6.6 Hz, 2H), 2.53
(s, 3H), 1.85 (m, 2H), 1.03 (t, J ) 7.4 Hz, 3H). MS (ESI) (M +
H)+ 220.

(2E)-3-(Dimethylamino)-1-[6-(propyloxy)pyrazolo[1,5-
b]pyridazin-3-yl]-2-propen-1-one (41d). In a similar man-
ner to that described in the general procedure for compounds
16-21 and 29-37 (method b), we obtained the title compound
from 41c as a brown solid. 1H NMR (300 MHz, DMSO-d6) δ:
8.57 (d, J ) 9.5 Hz, 1H), 8.50 (s, 1H), 7.67 (d, J ) 12.4 Hz,
1H), 7.09 (d, J ) 9.5 Hz, 1H), 5.60 (d, J ) 12.4 Hz, 1H), 4.31
(t, J ) 6.6 Hz, 2H), 3.14 (br, 3H), 2.92 (br, 3H), 1.82 (m, 2H),
1.03 (t, J ) 7.3 Hz, 3H). MS (ESI) (M + H)+ 275.

4-[6-(Propyloxy)pyrazolo[1,5-b]pyridazin-3-yl]-N-[3-
(trifluoromethyl)phenyl]-2-pyrimidinamine (41). In a
similar manner to that described in the general procedure for
compounds 16-21 and 29-37 (method c), we obtained the title
compound from 41d as a brown solid. 1H NMR (300 MHz,
DMSO-d6) δ: 9.96 (s, 1H), 9.03 (d, J ) 9.6 Hz, 1H), 8.73 (s,
1H), 8.55 (d, J ) 5.2 Hz, 1H), 8.31 (s, 1H), 8.00 (d, J ) 8.0 Hz,
1H), 7.58 (dd, J ) 8.0 and 7.8 Hz, 1H), 7.24 (d, J ) 5.2 Hz,
1H), 7.33 (d, J ) 7.8 Hz, 1H), 7.17 (d, J ) 9.6 Hz, 1H), 4.35 (t,
J ) 6.6 Hz, 2H), 1.84 (m, 2H), 1.05 (t, J ) 7.4 Hz, 3H).
Elemental analysis was performed for C, H, and N.

4-(6-Methylpyrazolo[1,5-b]pyridazin-3-yl)-N-[3-(trifluo-
romethyl)phenyl]-2-pyrimidinamine (51). 1-(6-Meth-
ylpyrazolo[1,5-b]pyridazin-3-yl)ethanone (51a). In a simi-
lar manner to that described in the general procedure for
compounds 16-21 and 29-37 (method a), we obtained the title
compound from 3-methylpyridazine as a brown solid. 1H NMR
(300 MHz, DMSO-d6) δ: 8.61 (d, J ) 5.4 Hz, 1H), 8.39 (s, 1H),
7.23 (s, 1H), 7.19 (d, J ) 5.4 Hz, 1H), 2.65 (s, 3H), 2.56 (s,
3H). MS (ESI) (M + H)+ 176.

(2E)-3-(Dimethylamino)-1-(6-methylpyrazolo[1,5-b]pyr-
idazin-3-yl)prop-2-en-1-one (51b). In a similar manner to
that described in the general procedure for compounds 16-
21 and 29-37 (method b), we obtained the title compound from
51a as a brown solid. 1H NMR (300 MHz, DMSO-d6) δ: 8.60
(d, J ) 5.3 Hz, 1H), 8.59 (s, 1H), 7,61 (d, J ) 12.3 Hz, 1H),
7.30 (d, J ) 5.3 Hz, 1H), 5.78 (d, J ) 12.3 Hz, 1H), 3.23 (s,
3H), 2.86 (s, 3H), 2.51 (s, 3H). MS (ESI) (M + H)+ 231.

4-(6-Methylpyrazolo[1,5-b]pyridazin-3-yl)-N-[3-(trifluo-
romethyl)phenyl]-2-pyrimidinamine (51). In a similar
manner to that described in the general procedure for com-
pounds 16-21 and 29-37 (method c), by the reaction of 51b
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with N-[3-(trifluoromethyl)phenyl]guanidine, we obtained the
title compound as a brown solid. 1H NMR (300 MHz, DMSO-
d6) δ: 9.96 (s, 1H), 9.04 (d, J ) 9.1 Hz, 1H), 8.85 (s, 1H), 8.55
(d, J ) 5.3 Hz, 1H), 8.31 (s, 1H), 8.01 (d, J ) 8.2 Hz, 1H), 7.59
(dd, J ) 8.2 and 7.8 Hz, 1H), 7.46 (d, J ) 5.3 Hz, 1H), 7.44 (d,
J ) 9.1 Hz, 1H), 7.34 (d, J ) 7.8 Hz, 1H), 2.62 (s, 3H). The
composition of the compound was analyzed using methods A
and B.

4-(6-Phenylpyrazolo[1,5-b]pyridazin-3-yl)-N-[3-(trifluo-
romethyl)phenyl]-2-pyrimidinamine (55). 3-Phenylpyr-
idazine (55a). In a similar manner to that described for 40b,
we obtained the title compound from 3-chloro-6-phenylpyr-
idazine as a white solid. 1H NMR (300 MHz, CDCl3) δ: 9.20
(dd, J ) 4.9 and 1.5 Hz, 1H), 8.12 (m, 2H), 7.89 (dd, J ) 8.5
and 1.5 Hz, 1H), 7.59 (m, 4H). MS (ESI) (M + H)+ 157.

1-(6-Phenylpyrazolo[1,5-b]pyridazin-3-yl)ethanone(55b).
In a similar manner to that described in the general procedure
for compounds 16-21 and 29-37 (method a), we obtained the
title compound from 55a as a brown solid. 1H NMR (300 MHz,
DMSO-d6) δ: 8.83 (s, 1H), 8.72 (d, J ) 9.5 Hz, 1H), 8.19 (d, J
) 9.5 Hz, 1H), 8.16 (m, 2H), 7.61 (m, 3H), 2.59 (s, 3H). MS
(ESI) (M + H)+ 238.

(2E)-3-(Dimethylamino)-1-(6-phenylpyrazolo[1,5-b]pyr-
idazin-3-yl)-2-propen-1-one (55c). In a similar manner to
that described in the general procedure for compounds 16-
21 and 29-37 (method b), we obtained the title compound from
55b as a brown solid. 1H NMR (300 MHz, DMSO-d6) δ: 8.80
(d, J ) 9.3 Hz, 1H), 8.75 (s, 1H), 8.14 (m, 2H), 8.04 (d, J ) 9.3
Hz, 1H), 7.71 (d, J ) 12.4 Hz, 1H), 7.62 (m, 3H), 5.87 (d, J )
12.4 Hz, 1H), 3.16 (br, 3H), 2.96 (br, 3H). MS (ESI) (M + H)+

293.
4-(6-Phenylpyrazolo[1,5-b]pyridazin-3-yl)-N-[3-(triflu-

oromethyl)phenyl]-2-pyrimidinamine (55). In a similar
manner to that described in the general procedure for com-
pounds 16-21 and 29-37 (method c), we obtained the title
compound from 55c as a brown solid. 1H NMR (300 MHz,
DMSO-d6) δ: 10.02 (s, 1H), 9.22 (d, J ) 9.2 Hz, 1H), 8.98 (s,
1H), 8.58 (d, J ) 5.2 Hz, 1H), 8.31 (s, 1H), 8.19 (m, 2H), 8.06
(m, 2H), 7.62 (m, 4H), 7.50 (d, J ) 5.2 Hz, 1H), 7.35 (d, J )
6.7 Hz, 1H). Elemental analysis was performed for C, H, and
N.

N-Phenyl-4-(2-phenylpyrazolo[1,5-b]pyridazin-3-yl)-2-
pyrimidinamine (57). 1-(2-Phenylpyrazolo[1,5-b]pyr-
idazin-3-ylethanone (57a). In a similar manner to that
described in the general procedure for compounds 16-21 and
29-37 (method a), we obtained the title compound from
4-phenylbut-3-yn-2-one as a brown solid. 1H NMR (300 MHz,
d6-DMSO) δ: 8.74 (m, 3H), 7.71-7.55 (m, 5H), 2.21 (s, 3H).

(2E)-3-(dimethylamino)-1-(2-phenylpyrazolo[1,5-b]pyr-
idazin-3-yl)-2-propen-1-one (57b). In a similar manner as
that described in the general procedure for compounds 16-
21 and 29-37 (method b), we obtained the title compound from
57a as a brown solid. 1H NMR (300 MHz, DMSO-d6) δ: 8.59
(m, 3H), 7.74-7.50 (m, 6H), 5.10 (d, J ) 12.5 Hz, 1H), 3.36
(brs, 3H), 2.52 (brs, 3H). MS (ESI) (M + H)+ 293.

N-Phenyl-4-(2-phenylpyrazolo[1,5-b]pyridazin-3-yl)-2-
pyrimidinamine (57). In a similar manner to that described
in the general procedure for compounds 16-21, 29-37 (method
c), we obtained the title compound from 57b as a brown solid.
1H NMR (300 MHz, DMSO-d6) δ: 9.66 (s, 1H), 8.95 (d, J )
8.9 Hz, 1H), 8.65 (m, 1H), 8.35 (d, J ) 5.2, 1H), 7.71-7.46 (m,
8H), 7.29 (t, J ) 4.3 Hz, 2H), 6.99 (t, J ) 7.8 Hz, 1H), 6.57 (d,
J ) 7.3 Hz, 1H). Elemental analysis was performed for C, H,
and N.

4-[2-(4-Fluorophenyl)pyrazolo[1,5-b]pyridazin-3-yl]-N-
phenyl-2-pyrimidinamine (63). 4-(4-Fluorophenyl)but-3-
yn-2-on (63a). To a solution of 5 g (37.9 mmol) of 1-ethynyl-
4-methoxybenzene in 100 mL of tetrahydrofuran was added
28.4 mL (45.4 mmol) of 1.6 M n-butyllithium at -78 °C. The
reaction was warmed gradually from -78 °C to room temper-
ature over a period of 2 h. The reaction was then cooled back
to -78 °C, and 5.8 mL (45.7 mmol) of boron trifluoride etherate
was added; after 5.0 min, 4.7 mL (49.8 mmol) of acetic
anhydride was added. The reaction was warmed gradually

from -78 °C to room temperature over a period of 2 h. To the
reaction mixture 1 N sodium hydroxide was added until the
solution was neutral. The mixture was extracted with ether
(three times), and the combined ether extracts were washed
with brine (three times) and dried over magnesium sulfate.
The removal of the solvent under vacuum followed by purifica-
tion by column chromatography with hexane/ethyl acetate (20:
1) as the eluant gave 1.6 g of product as a colorless oil in 24%
yield. 1H NMR (300 MHz, DMSO-d6) δ: 7.81-7.59 (m, 4H),
2.21 (s, 3H).

1-[2-(4-Fluorophenyl)pyrazolo[1,5-b]pyridazin-3-yl]-
ethanone (63b). In a similar manner to that described in the
general procedure for compounds 16-21 and 29-37 (method
a), we obtained the title compound from 4-(4-fluorophenyl)-
but-3-yn-2-one as a brown solid. 1H NMR (300 MHz, DMSO-
d6) δ: 8.73 (m, 1H), 7.79-7.59 (m, 4H), 7.42-7.36 (m, 2H),
2.25 (s, 3H).

(2E)-3-(Dimethylamino)-1-[2-(4-fluorophenyl)pyrazolo-
[1,5-b]pyridazin-3-yl]-2-propen-1-one (63c). In a similar
manner to that described in the general procedure for com-
pounds 16-21 and 29-37 (method b), we obtained the title
compound from 63b as a brown solid. 1H NMR (300 MHz,
DMSO-d6) δ: 8.59 (m, 2H), 7.81 (m, 2H), 7.60 (m, 1H), 7.40
(m, 3H), 5.12 (d, J ) 12.4 Hz, 1H), 3.06 (brs, 3H), 2.59 (brs,
3H); MS (ESI) (M + H)+ 311.

4-[2-(4-Fluorophenyl)pyrazolo[1,5-b]pyridazin-3-yl]-N-
phenyl-2-pyrimidinamine (63). In a similar manner to that
described in the general procedure for compounds 16-21 and
29-37 (method c), by the reaction of 63c with N-phenylguani-
dinium nitrate was obtained the title compound as a brown
solid. 1H NMR (300 MHz, DMSO-d6) δ: 9.64 (s, 1H), 8.87 (m,
1H), 8.63 (s, 1H), 8.35 (s, 1H), 7.68-7.24 (m, 9H), 6.95 (s, 1H),
6.58 (s, 1H). Elemental analysis was performed for C, H, and
N.

4-[2-(4-Methoxyphenyl)pyrazolo[1,5-b]pyridazin-3-yl]-
N-phenylpyrimidin-2-amine (68). 4-(4-Methoxyphenyl)-
but-3-yn-2-one (68a). In a similar manner to that described
for 63a, we obtained the title compound from 1-ethynyl-4-
methoxybenzene as a colorless oil. 1H NMR (300 MHz, CDCl3)
δ: 7.56 (d, J ) 8.8 Hz, 2H), 6.93 (d, J ) 8.8 Hz, 2H), 3.88 (s,
3H), 2.47 (s, 3H). MS (ESI) (M + H)+ 175.

1-[2-(4-Methoxyphenyl)pyrazolo[1,5-b]pyridazin-3-yl]-
ethanone (68b). In a similar manner to that described in the
general procedure for compounds 16-21 and 29-37 (method
a), we obtained the title compound from 68a as a brown solid.
1H NMR (300 MHz, DMSO-d6) δ: 8.7 (m, 2H), 7.6 (d, J ) 8.5
Hz, 2H), 7.58 (m, 1H), 7.1 (d, J ) 8.5 Hz, 2H), 3.87 (s, 3H),
2.24 (s, 3H). MS (ESI) (M + H)+ 268.

(2E)-3-(Dimethylamino)-1-[2-(4-methoxyphenyl)pyra-
zolo[1,5-b]pyridazin-3-yl]prop-2-en-1-one (68c). In a simi-
lar manner to that described in the general procedure for
compounds 16-21 and 29-37 (method b), we obtained the title
compound from 68b as a brown solid. 1H NMR (300 MHz,
DMSO-d6) δ: 8.53 (m, 2H), 7.68 (d, J ) 8.2 Hz, 2H), 7.57 (d,
J ) 12.5 Hz, 1H), 7.38 (m, 1H), 7.08 (d, J ) 8.2 Hz, 2H), 5.14
(d, J ) 12.5 Hz, 1H), 3.84 (s, 3H), 3.06 (br, 3H), 2.57 (br, 3H).
MS (ESI) (M + H)+ 323.

4-[2-(4-Methoxyphenyl)pyrazolo[1,5-b]pyridazin-3-yl]-
N-phenylpyrimidin-2-amine (68). In a similar manner to
that described in the general procedure for compounds 16-
21 and 29-37 (method c), by the reaction of 68c with
N-phenylguanidinium nitrate was obtained the title compound
as a brown solid. 1H NMR (400 MHz, DMSO-d6) δ: 9.6 (s, 1H),
8.86 (d, J ) 8.9 Hz, 1H), 8.57 (m, 1H), 8.30 (d, J ) 5.2 Hz,
1H), 7.67 (d, J ) 8.0 Hz, 2H), 7.55 (d, J ) 8.6 Hz, 2H), 7.39
(m, 1H), 7.23 (dd, J ) 8.0 Hz, 2H), 7.05 (d, J ) 8.6 Hz, 2H),
6.92(dd, J ) 7.3 Hz, 1H), 6.56 (d, J ) 5.2 Hz, 1H), 3.80 (s,
3H). Elemental analysis was performed for C, H, and N.

N-Phenyl-4-{2-[4-(trifluoromethyl)phenyl]pyrazolo-
[1,5-b]pyridazin-3-yl}pyrimidin-2-amine (73). 4-(4-Tri-
fluorophenyl)but-3-yn-2-one (73a). In a similar manner to
that described for 63a, we obtained the title compound from
1-ethynyl-4-(trifluoromethyl)benzene as a colorless oil. 1H
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NMR (300 MHz, CDCl3) δ: 7.63 (m, 4H), 2.52 (s, 3H). CI-MS
(M - 1) 211.

1-[2-(4-Trifluoromethylphenyl)pyrazolo[1,5-b]pyridazin-
3-yl]ethanone (73b). In a similar manner to that described
in the general procedure for compounds 16-21 and 29-37
(method a), by the reaction of 73a was obtained the title
compound as a brown solid. 1H NMR (300 MHz, DMSO-d6) δ:
8.75 (br, 1H), 8.73 (br, 1H), 7.93 (m, 4H), 7.64 (m, 1H), 2.31
(s, 3H). MS (ESI) (M + H)+ 306.

(2E)-3-(Dimethylamino)-1-[2-(4-trifluoromethylphenyl)-
pyrazolo[1,5-b]pyridazin-3-yl]prop-2-en-1-one (73c). In a
similar manner to that described in the general procedure for
compounds 16-21 and 29-37 (method b), by the reaction of
73b was obtained the title compound as a brown solid. 1H NMR
(300 MHz, DMSO-d6) δ: 8.61 (br, 1H), 8.52 (d, J ) 8.8 Hz,
1H), 7.98 (d, J ) 8.1 Hz, 2H), 7.98 (d, J ) 8.1 Hz, 2H), 7.60 (d,
J ) 12.3 Hz, 1H), 7.56 (m, 1H), 5.10 (d, J ) 12.3 Hz, 1H), 3.06
(br, 3H), 2.61 (br, 3H). MS (ESI) (M + H)+ 306.

N-Phenyl-4-{2-[4-(trifluoromethyl)phenyl]pyrazolo-
[1,5-b]pyridazin-3-yl}pyrimidin-2-amine (73). In a similar
manner to that described in the general procedure for com-
pounds 16-21 and 29-37 (method c), by the reaction of 73c
with N-phenylguanidinium nitrate was obtained the title
compound as a brown solid.1H NMR (300 MHz, DMSO-d6) δ:
9.68 (s, 1H), 8.86 (d, J ) 8.8 Hz, 1H), 8.69 (m, 1H), 8.43 (d, J
) 5.2 Hz, 1H), 7.91 (m, 4H), 7.63 (d, J ) 7.9 Hz, 2H), 7.49 (m,
1H), 7.22 (dd, J ) 7.9, 7.3 Hz, 2H), 6.94 (t, J ) 7.3 Hz, 1H),
6.69 (d, J ) 5.1 Hz). Elemental analysis was performed for C,
H, and N.

N-Phenyl-4-{2-[3-(trifluoromethyl)phenyl]pyrazolo-
[1,5-b]pyridazin-3-yl}-2-pyrimidinamine (78). 4-[3-(Tri-
fluoromethyl)phenyl]-3-butyn-2-one (78a). In a similar
manner to that described for 63a, we obtained the title
compound from 1-ethynyl-3-(trifluoromethyl)benzene as a
colorless oil. 1H NMR (300 MHz, DMSO-d6) δ: 8.01-7.60 (m,
4H), 2.44 (s, 3H). GC-MS (CI) (M + H)+ 213.

1-[2-(4-Fluorophenyl)pyrazolo[1,5-b]pyridazin-3-yl]-
ethanone (78b). In a similar manner to that described in the
general procedure for compounds 16-21 and 29-37 (method
a), we obtained the title compound from 78a as a brown solid.
1H NMR (300 MHz, DMSO-d6) δ: 8.76 (m, 2H), 8.08-7.62 (m,
5H), 2.32 (s, 3H).

(2E)-3-(Dimethylamino)-1-{2-[3-(trifluoromethyl)phen-
yl]pyrazolo[1,5-b]pyridazin-3-yl}-2-propen-1-one (78c). In
a similar manner to that described in the general procedure
for compounds 16-21 and 29-37 (method b), we obtained the
title compound from 78b as a brown solid. 1H NMR (300 MHz,
DMSO-d6) δ: 8.53 (m, 2H), 7.98 (m, 2H), 7.76 (m, 2H), 7.50
(m, 1H), 7.32 (m, 1H), 5.05 (d, 1H, J ) 12.5 Hz), 2.97 (brs,
3H), 2.51 (brs, 3H). MS (ESI) (M + H)+ 361.

N-Phenyl-4-{2-[3-(trifluoromethyl)phenyl]pyrazolo-
[1,5-b]pyridazin-3-yl}-2-pyrimidinamine (78). In a similar
manner to that described in the general procedure for com-
pounds 16-21 and 29-37 (method b), by the reaction of 78c
with N-phenylguanidinium nitrate was obtained the title
compound as a brown solid. 1H NMR (300 MHz, DMSO-d6) δ:
9.68 (s, 1H), 8.88 (d, J ) 8.8 Hz, 1H), 8.69 (m, 1H), 8.42 (d, J
) 5.3 Hz, 1H), 8.02-7.74 (m, 6H), 7.65 (d, J ) 8.0 Hz, 1H),
7.48 (m, 1H), 7.25 (m, 1H), 6.67 (d, J ) 5.2 Hz, 1H). Elemental
analysis was performed for C, H, and N.

4-[2-(4-Chlorophenyl)pyrazolo[1,5-b]pyridazin-3-yl]-N-
phenylpyrimidin-2-amine (82). 4-(4-Chlorophenyl)but-3-
yn-2-one (82a). In a similar manner to that described for 63a,
we obtained the title compound from 1-ethynyl-4-chloroben-
zene as a colorless oil. 1H NMR (400 Mz, DMSO-d6) δ: 7.49
(d, J ) 8.4 Hz, 1H), 7.39 (d, J ) 8.4 Hz, 1H), 7.35 (d, J ) 8.4
Hz, 1H), 7.27 (d, J ) 8.5 Hz, 1H), 2.43 (s, 3H). GC-MS (CI)
(M+ - 15) 163.

1-[2-(4-Chlorophenyl)pyrazolo[1,5-b]pyridazin-3-yl]-
ethanone (82b). In a similar manner to that described in the
general procedure for compounds 16-21 and 29-37 (method
a), we obtained the title compound from 82a as a brown solid.
1H NMR (400 Mz, DMSO-d6) δ: 8.68 (m, 2H), 7.69 (d, J ) 8.4
Hz, 2H), 7.56 (m, 3H), 2.23 (s, 3H). MS (ESI) (M + H)+ 272.

(2E)-1-[2-(4-Chlorophenyl)pyrazolo[1,5-b]pyridazin-3-
yl]-3-(dimethylamino)prop-2-en-1-one (82c). In a similar
manner to that described in the general procedure for com-
pounds 16-21 and 29-37 (method b), we obtained the title
compound from 82b as a brown solid. 1H NMR (300 MHz,
DMSO-d6) δ: 8.59 (m, 1H), 8.50 (d, J ) 8.9 Hz, 1H), 7.78 (d,
J ) 8.4 Hz, 2H), 7.59 (m, 3H), 7.39 (m, 1H), 5.13 (d, J ) 12.5
Hz, 1H), 3.07 (br, 3H), 2.62 (br, 3H). MS (ESI) (M + H)+ 327.

4-[2-(4-Chlorophenyl)pyrazolo[1,5-b]pyridazin-3-yl]-N-
phenylpyrimidin-2-amine (82). In a similar manner to that
described in the general procedure for compounds 16-21 and
29-37 (method c), by the reaction of 82c with N-phenylguani-
dinium nitrate was obtained the title compound as a brown
solid. 1H NMR (300 MHz, DMSO-d6) δ: 9.67 (s, 1H), 8.89 (d,
J ) 8.9 Hz, 1H), 8.67 (d, J ) 2.8 Hz, 1H), 8.40 (d, J ) 5.0 Hz,
1H), 7.66 (m, 6H), 7.47 (m, 1H), 7.25 (dd, J ) 7.4 Hz, 2H),
6.96 (t, J ) 7.4 Hz, 1H), 6.64 (d, J ) 5.0 Hz, 1H). Elemental
analysis was performed for C, H, and N.

4-(6-Methyl-2-phenylpyrazolo[1,5-b]pyridazin-3-yl)-N-
phenyl-2-pyrimidinamine (87). 1-(6-Methyl-2-phenylpyra-
zolo[1,5-b]pyridazin-3-yl)ethanone (87a). In a similar man-
ner to that described in the general procedure for compounds
16-21 and 29-37 (method a), we obtained the title compound
from 3-methylpyridazine and 4-phenylbut-3-yn-2-one as a
brown solid. 1H NMR (300 MHz, DMSO-d6) δ: 8.60 (d, J )
9.2 Hz, 1H), 7.69 (m, 2H), 7.56-7.50 (m, 4H), 2.62 (s, 3H), 2.19
(s, 3H).

(2E)-3-(Dimethylamino)-1-(6-methyl-2-phenylpyrazolo-
[1,5-b]pyridazin-3-yl)-2-propen-1-one (87b). In a similar
manner to that described in the general procedure for com-
pounds 16-21 and 29-37 (method b), we obtained the title
compound from 87a as a brown solid. 1H NMR (300 MHz,
DMSO-d6) δ: 8.56 (m, 2H), 7.74-7.50 (m, 6H), 5.10 (d, J )
12.5 Hz, 1H), 3.36 (brs, 3H), 2.52 (brs, 3H); 2.57 (s, 3H). MS
(ESI) (M + Na)+ 329.

4-(6-Methyl-2-phenylpyrazolo[1,5-b]pyridazin-3-yl)-N-
phenyl-2-pyrimidinamine (87). In a similar manner to that
described in the general procedure for compounds 16-21 and
29-37 (method c), we obtained the title compound from 87b
as a brown solid. 1H NMR (300 MHz, DMSO-d6) δ: 9.60 (s,
1H), 8.81 (d, J ) 9.1 Hz, 1H), 8.29 (d, J ) 5.3 Hz, 1H), 7.69-
7.21 (m 9H), 6.96 (m, 2H), 6.67 (d, J ) 5.1 Hz, 1H), 2.59 (s,
3H). Elemental analysis was performed for C, H, and N.

4-{6-Methyl-2-[3-(trifluoromethyl)phenyl]pyrazolo[1,5-
b]pyridazin-3-yl}-N-phenyl-2-pyrimidinamine (92). 1-
{6-Methyl-2-[3-(trifluoromethyl)phenyl]pyrazolo-
[1,5-b]-pyridazin-3-yl}ethanone (92a). In a similar manner
to that described in the general procedure for compounds 16-
21 and 29-37 (method a), we obtained the title compound from
3-methylpyridazine and 4-[3-(trifluoromethyl)phenyl]-3-butyn-
2-one as a brown solid. 1H NMR (300 MHz, DMSO-d6) δ: 8.63
(d, J ) 9.4 Hz, 1H), 8.06 (m, 2H), 7.93 (m, 1H), 7.81 (m, 1H),
7.56 (d, J ) 9.2 Hz, 1H), 2.63 (s, 3H), 2.31 (s, 3H). MS (ESI)
(M + H)+ 320.

(2E)-3-(Dimethylamino)-1-{6-methyl-2-[3-(trifluoro-
methyl)phenyl]pyrazolo[1,5-b]pyridazin-3-yl}-2-propen-
1-one (92b). In a similar manner to that described in the
general procedure for compounds 16-21 and 29-37 (method
b), we obtained the title compound from 92a as a brown solid.
1H NMR (300 MHz, DMSO-d6) δ: 8.53 (m, 1H), 7.98 (m, 2H),
7.76 (m, 2H), 7.50 (m, 1H), 7.32 (m, 1H), 5.05 (d, J ) 12.5 Hz,
1H), 2.97 (brs, 3H), 2.51 (brs, 3H), (2.58 s, 3H).

4-{6-Methyl-2-[3-(trifluoromethyl)phenyl]pyrazolo[1,5-
b]pyridazin-3-yl}-N-phenyl-2-pyrimidinamine (92). In a
similar manner to that described in the general procedure for
compounds 16-21 and 29-37 (method b), by the reaction of
92b with N-phenylguanidinium nitrate was obtained the title
compound as a brown solid. 1H NMR (300 MHz, DMSO-d6) δ:
9.92 (s, 1H), 8.70 (d, J ) 8.2 Hz, 1H), 8.42 (m, 1H), 8.34-7.19
(m, 10 H), 6.66 (d, J ) 5.1 Hz, 1H), 2.61 (s, 3H). Elemental
analysis was perfomed by methods A and B.

4-{6-Methyl-2-[4-(trifluoromethyl)phenyl]pyrazolo[1,5-
b]pyridazin-3-yl}-N-phenylpyrimidin-2-amine(96).1-{6-
Methyl-2-[4-(trifluoromethyl)phenyl]pyrazolo[1,5-b]-
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pyridazin-3-yl}ethanone (96a). In a similar manner to that
described in the general procedure for compounds 16-21 and
29-37 (method a), we obtained the title compound from
3-methylpyridazine and 4-[4-(trifluoromethyl)phenyl]-3-butyn-
2-one as a brown solid. 1H NMR (300 MHz, DMSO-d6) δ:
8.58(d, J ) 9.3 Hz, 1H), 7.88 (m, 4H), 7.51(d, J ) 9.3 Hz, 1H),
2.59 (s, 3H), 2.26 (s, 3H). MS (ESI) (M + H)+ 320.

(2E)-3-(Dimethylamino)-1-{6-methyl-2-[4-(trifluoro-
methyl)phenyl]pyrazolo[1,5-b]pyridazin-3-yl}prop-2-en-
1-one (96b). In a similar manner to that described in the
general procedure for compounds 16-21 and 29-37 (method
b), we obtained the title compound from 96a as a brown solid.
1H NMR (300 MHz, DMSO-d6) δ: 8.37 (d, J ) 9.2 Hz, 1H),
7.93 (d, J ) 8.3 Hz, 2H), 7.83 (d, J ) 8.3 Hz, 2H), 7.54 (d, J )
12.5 Hz, 1H), 7.30 (d, J ) 9.2 Hz, 1H), 5.05 (d, J ) 12.5 Hz,
1H), 3.02 (s, 3H), 2.56 (s, 3H), 2.48 (s, 3H). MS (ESI) (M +
H)+ 374.

4-{6-Methyl-2-[4-(trifluoromethyl)phenyl]pyrazolo[1,5-
b]pyridazin-3-yl}-N-phenylpyrimidin-2-amine (96). In a
similar manner to that described in the general procedure for
compounds 16-21 and 29-37 (method b), by the reaction of
96b with N-phenylguanidinium nitrate was obtained the title
compound as a brown solid. 1H NMR (300 MHz, DMSO-d6) δ:
9.62 (s, 1H), 8.71 (d, J ) 9.2 Hz, 1H), 8.36 (d, J ) 5.0 Hz, 1H),
7.85 (br, 4H), 7.59 (d, J ) 7.8 Hz, 1H), 7.37 (d, J ) 9.2 Hz,
1H), 7.32 (m, 1H), 7.18(dd, J ) 7.8, 7.5 Hz, 2H), 6.91 (m, 1H),
6.62 (d, J ) 5.0 Hz, 1H), 2.59 (s, 3H). Elemental analysis was
performed for C, H, and N.

4-[2-(4-Fluorophenyl)-6-methylpyrazolo[1,5-b]pyridazin-
3-yl]-N-phenyl-2-pyrimidinamine (98). 1-[2-(4-Fluorophen-
yl)-6-methylpyrazolo[1,5-b]pyridazin-3-yl]ethanone (98a).
In a similar manner to that described in the general procedure
for compounds 16-21 and 29-37 (method a), we obtained the
title compound from 3-methylpyridazine and 4-[4-(fluoro)-
phenyl]-3-butyn-2-one as a brown solid. 1H NMR (300 MHz,
DMSO-d6) δ: 8.56 (d, J ) 9.2 Hz, 1H), 7.72 (m, 2H), 7.50 (d,
J ) 9.3 Hz, 1H), 7.37 (m, 2H), 2.58 (s, 3H), 2.19 (m, 3H). MS
(ESI) (M + H)+ 270.

(2E)-3-(Dimethylamino)-1-[2-(4-fluorophenyl)-6-meth-
ylpyrazolo[1,5-b]pyridazin-3-yl]-2-propen-1-one (98b). In
a similar manner to that described in the general procedure
for compounds 16-21 and 29-37 (method b), we obtained the
title compound from 98a as a brown solid. 1H NMR (300 MHz,
DMSO-d6) δ: 8.39 (d, J ) 9.2 Hz, 1H), 7.75-7.51 (m, 2H),
7.33-7.25 (m, 3H), 5.06 (d, J ) 12.5 Hz, 1H), 3.02 (brs, 3H),
2.54 (brs, 3H), 2.48 (s, 3H). MS (ESI) (M + H)+ 325.

4-[2-(4-Fluorophenyl)-6-methylpyrazolo[1,5-b]pyridazin-
3-yl]-N-phenyl-2-pyrimidinamine (98). In a similar manner
to that described in the general procedure for compounds 16-
21 and 29-37 (method c), by the reaction of 98b with
N-phenylguanidinium nitrate was obtained the title compound
as a brown solid. 1H NMR (300 MHz, DMSO-d6) δ: 9.43 (s,
1H), 8.77 (d, J ) 9.2 Hz, 1H), 8.32 (d, J ) 5.2 Hz, 1H), 7.68
(m, 3H), 7.37 (m, 6H), 6.95 (t, J ) 7.3 Hz, 1H), 6.55 (d, J ) 5.3
Hz, 1H), 2.58 (s, 3H). Elemental analysis was performed for
C, H, and N.

4-(2-Cyclopropylpyrazolo[1,5-b]pyridazin-3-yl)-N-phen-
ylpyrimidin-2-amine (103). 4-Cyclopropylbut-3-yn-2-one
(103a). In a similar manner to that described for 63a, by the
reaction of cyclopropyl acetylene with acetic anhydride was
obtained the title compound as a colorless oil after column
chromatography with hexane/ethyl acetate (9:1) to afford the
title compound in 64% yield. 1H NMR (300 MHz, CDCl3) δ:
2.31 (s, 3H), 1.46-1.26 (m, 1H), 1.02-0.90 (m, 4H)). GC-MS
(M + H)+ 109.

1-(2-Cyclopropylpyrazolo[1,5-b]pyridazin-3-yl)etha-
none (103b). In a similar manner to that described in the
general procedure for compounds 16-21 and 29-37 (method
a), we obtained the title compound from pyridazine and 103a
as a brown solid. 1H NMR (300 MHz, DMSO-d6) δ: 8.63 (m,
2H), 7.54 (dd, J ) 8.9, 8.7 Hz, 1H), 2.95 (m, 1H), 2.68 (s, 3H),
1.14-1.04 (m, 4H). MS (ESI) (M + H)+ 202.

(2E)-1-(2-Cyclopropylpyrazolo[1,5-b]pyridazin-3-yl)-3-
(dimethylamino)prop-2-en-1-one (103c). In a similar man-

ner to that described in the general procedure for compounds
16-21 and 29-37 (method b), we obtained the title compound
from 103b as a brown solid. 1H NMR (300 MHz, DMSO-d6) δ:
8.55 (m, 2H), 7.75 (d, J ) 12.3 Hz, 1H)), 7.36 (dd, J ) 9.0, 9.0
Hz, 1H), 5.75 (d, J ) 12.4 Hz, 1H), 3.17 (brs, 3H), 2.92 (brs,
3H), 2.69 (m, 1H), 2.53 (s, 3H), 1.14-1.11 (m 4H). MS (ESI)
(M + H)+ 257.

4-(2-Cyclopropylpyrazolo[1,5-b]pyridazin-3-yl)-N-phen-
ylpyrimidin-2-amine (103). In a similar manner to that
described in the general procedure for compounds 16-21 and
29-37 (method c), by the reaction of 103c with N-phen-
ylguanidinium nitrate was obtained the title compound as a
brown solid. 1H NMR (300 MHz, DMSO-d6) δ: 9.62 (s, 1H),
8.96 (d, J ) 9.1 Hz, 1H), 8.56 (m, 2H), 7.83 (d, J ) 7.7 Hz,
2H), 7.41-7.31 (m, 5H), 2.68 (m, 1H), 1.21-1.05 (m, 4H).
Elemental analysis was performed for C, H, and N.

4-(2-Cyclohexylpyrazolo[1,5-b]pyridazin-3-yl)-N-phen-
ylpyrimidin-2-amine (105). 4-Cyclohexylbut-3-yn-2-one
(105a). In a similar manner to that described for 63a, by the
reaction of cyclohexyl acetylene with acetic anhydride was
obtained the title compound as a colorless oil after column
chromatography with hexane/ethyl acetate (9:1) to afford the
title compound in 35% yield. 1H NMR (300 MHz, CDCl3) δ:
2.32 (s, 3H), 1.96-1.26 (m, 11H). GC-MS (M + H)+ 151.

1-(2-Cyclohexylpyrazolo[1,5-b]pyridazin-3-yl)etha-
none (105b). In a similar manner to that described in the
general procedure for compounds 16-21 and 29-37 (method
a), we obtained the title compound from pyridazine and 105a
as a brown solid. 1H NMR (300 MHz, DMSO-d6) δ: 8.65 (m,
2H), 7.55 (dd, J ) 9.0, 9.0 Hz, 1H), 3.44 (m, 1H), 2.63 (s, 3H),
2.0-1.31 (m, 10H). MS (ESI) (M + H)+ 244.

(2E)-1-(2-Cyclohexylpyrazolo[1,5-b]pyridazin-3-yl)-3-
(dimethylamino)prop-2-en-1-one (105c). In a similar man-
ner to that described in the general procedure for compounds
16-21 and 29-37 (method b), we obtained the title compound
from 105b as a brown solid. 1H NMR (300 MHz, DMSO-d6) δ:
8.51 (m, 2H), 7.73 (d, J ) 12.3 Hz, 1H)), 7.36 (dd, J ) 8.9, 8.9
Hz, 1H), 5.48 (d, J ) 12.2 Hz, 1H), 3.42 (m, 1H), 3.16 (brs,
3H), 2.92 (brs, 3H), 2.14-1.38 (m 10H). MS (ESI) (M + H)+

299.
4-(2-Cyclohexylpyrazolo[1,5-b]pyridazin-3-yl)-N-phen-

ylpyrimidin-2-amine (105). In a similar manner to that
described in the general procedure for compounds 16-21 and
29-37 (method c), by the reaction of 105c with N-phen-
ylguanidinium nitrate was obtained the title compound as a
brown solid. 1H NMR (300 MHz, DMSO-d6) δ: 9.61 (s, 1H),
8.82 (d, J ) 8.7 Hz, 1H), 8.56 (m, 2H), 7.81 (d, J ) 7.8 Hz,
2H), 7.39-7.30 (m, 3H), 7.09-6.98 (m, 2H), 3.52 (m, 1H), 2.30-
1.28 (m, 10H). Elemental analysis was performed for C, H,
and N.

4-[5-(2-Methoxyethoxy)pyrazolo[1,5-b]pyridazin-3-yl]-
N-(3-methoxyphenyl)pyrimidin-2-amine (107). 4-Chloro-
5-methoxypyridazin-3(2H)-one (107a). To methanol (500
mL) was added sodium (6.64 g, 0.302 mmol) followed by 4,5-
dichloropyridazin-3(2H)-one (25.0 g, 151 mmol). The reaction
mixture was refluxed under nitrogen for 48 h. The solvent was
evaporated, and the contents were acidified with acetic acid
to afford a solid that was filtered and washed with water,
providing 19.5 g (80%) of a white solid. 1H NMR (300 MHz,
DMSO-d6) δ: 13.3 (s, 1H), 8.17 (s, 1H), 4.04 (s, 3H). GC-MS
(M + H)+ 161.

5-Methoxypyridazin-3(2H)-one (107b). To 4-chloro-5-
methoxypyridazin-3(2H)-one (3.0 g, 18.7 mmol) was added
water (70 mL), 2 N sodium hydroxide (10 mL), and 10% Pd/C
(0.3 g), and the contents was stirred under hydrogen at 30 psi
for 16 h. After the removal of the excess hydrogen, the reaction
was heated and filtered while it was hot. Cooling of the filtrate
afforded a white solid that was filtered, providing 1.4 g (59%)
of the desired compound. 1H NMR (300 MHz, DMSO-d6) δ:
8.21 (s, 1H), 8.17 (d, J ) 2.7 Hz, 1H), 6.20 (d, J ) 2.7 Hz, 1H),
4.06 (s, 3H). GC-MS (M + H)+ 127.

3-Chloro-5-methoxypyridazine (107c). To 5-methoxy-
pyridazin-3(2H)-one (1.0 g, 7.9 mmol) was added phosphorus-
oxychloride (10 mL), and the contents was heated at 105 °C
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for 15 min. After the removal of the excess reagent, the crude
product was taken in dichloromethane and added slowly to
an ice-cold solution of sodium bicarbonate. The organic layer
was separated, and the aqueous layer was washed with
dichloromethane (50 mL × 3). The combined organic phase
was dried with magnesium sulfate and concentrated under
vacuum to afford 0.63 g (55%) of the product. 1H NMR (300
MHz, DMSO-d6) δ: 9.03 (d, J ) 2.5 Hz, 1H), 7.57 (d, J ) 2.5
Hz, 1H), 4.17 (s, 3H). GC-MS (M + H)+ 145.

4-Methoxypyridazine (107d). A mixture of 3.2 g (0.022
mmol) of 3-chloro-5-methoxypyridazine in 60 mL of methanol
and 0.4 g of 10% palladium on carbon was hydrogenated under
30 psi overnight. The catalyst was filtered, and the solvent
was removed under vacuum. The residue was redissolved in
100 mL of dichloromethane and was washed with sodium
bicarbonate solution. The organic phase was separated and
dried with magnesium sulfate. Concentration under vacuum
afforded the product in quantative yield. 1H NMR (300 MHz,
DMSO-d6) δ: 9.03 (dd, J ) 9.0, 2.8 Hz, 1H), 7.30 (dd, J ) 9.0,
2.5 Hz, 1H), 3.92 (s, 3H). GC-MS (M + H)+ 95.

1-(5-Methoxypyrazolo[1,5-b]pyridazin-3-yl)ethanone
(107e). In a similar manner to that described in the general
procedure for compounds 16-21 and 29-37 (method a), we
obtained the title compound from 4-methoxypyridazine and
107d as a brown oil. 1H NMR (300 MHz, DMSO-d6) δ: 8.67
(s, 1H), 8.53 (d, J ) 3.3 Hz, 1H), 7.86 (d, J ) 3.3 Hz, 1H), 4.06
(s, 3H), 2.54 (s, 3H). MS (ESI) (M + H)+ 192.

(2E)-3-(Dimethylamino)-1-(5-methoxypyrazolo[1,5-b]-
pyridazin-3-yl)prop-2-en-1-one (107f). In a similar manner
to that described in the general procedure for compounds 16-
21 and 29-37 (method b), we obtained the title compound from
107c as a brown oil. 1H NMR (300 MHz, DMSO-d6) δ: 8.56
(s, 1H), 8.36 (d, J ) 3.3 Hz, 1H)), 7.95 (d, J ) 3.3 Hz, 1H),
7.60 (d, J ) 12.5, 1H), 5.77 (d, J ) 12.5 Hz, 1H), 3.92 (s, 3H),
3.38 (brs, 3H), 3.33 (brs, 3H). MS (ESI) (M + H)+ 233.

4-[5-(2-Methoxyethoxy)pyrazolo[1,5-b]pyridazin-3-yl]-
N-(3-methoxyphenyl)pyrimidin-2-amine (107). In a simi-
lar manner to that described in the general procedure for
compounds 16-21 and 29-37 (method c), by the reaction of
107f with N-(3-methoxyphenyl)guanidinium nitrate was ob-
tained the title compound as a brown solid. 1H NMR (300 MHz,
DMSO-d6) δ: 9.51 (s, 1H), 8.80 (s, 1H)), 8.48 (m, 2H), 8.24 (s,
1H), 7.43-7.25 (m, 3H), 6.65 (m, 2H), 3.81 (m, 2H), 3.78 (s,
3H), 3.73 (m, 2H), 3.32 (s, 3H). Elemental analysis was
performed using methods A and B.

Enzymology. Enzyme assays were performed in 96 well
plates in an SPA format. Briefly, compounds were diluted in
100% DMSO and transferred in 100% DMSO. Serial 3-fold
dilutions were made. The DMSO solutions were then diluted
to 10 µL with H2O. A 3X-peptide solution (10 µL) and a 3X-
enzyme/ATP solution (10 µL) were then added to initiate the
reaction. The assays contained 100 mM HEPES (pH 7.2), 10
mM MgCl2, 0.1 mg/mL BSA, 0.3 mg/mL heparin, 1 mM DTT,
6.6% DMSO (with and without inhibitor), 2.5 µM [γ-32P]ATP
(0.2 µCi/well), 2.8 µM of the peptide biotin-aminohexyl-Ala-
Ala-Ala-Lys-Arg-Arg-Glu-Ile-Leu-Ser-Arg-Arg-Pro-Ser(PO3)-
Tyr-Arg-amide, and 20 nM enzyme. The reactions were
allowed to proceed for 40 min at room temperature. The
enzyme reactions were terminated by the addition of 20 µL of
250 mM EDTA (pH 8.0) and 2.5 mM unlabeled ATP. After the
reactions were terminated, 195 µL of PBS containing 0.25 mg
of Streptavidin-coated SPA beads (Amersham Pharmacia) was
added to each well. The plates were allowed to equilibrate for
8-24 h prior to quantitation using a scintillation counter
(Packard TopCount, 1 min/well).

Values for pIC50 were obtained using nonlinear regression
analysis according to eq 1

where B0 is the enzymatic activity in the absence of inhibitor
and y is the enzymatic activity in the presence of the

compound. The average standard deviation of pIC50 values for
this assay was 0.36.

Binding Assays. The binding affinities of compounds with
pIC50 values of 8.0 or greater (in the enzyme assay) were
determined using a fluorescence intensity-based competitive
displacement assay. A large molar excess of a fluorescent
ligand (GR34521A, 200 to 500 nM) with a known binding
affinity (KL ) 10 nM) was equilibrated with 25 nM GSK-3â in
100 mM HEPES (pH 7.2), 10 mM MgCl2, and 1 mM DTT. The
ligand was then displaced by titration with a compound of
unknown affinity. The fluorescence intensity of GR34521A (an
ATP-competitive inhibitor of GSK-3 â) when bound to GSK-
3â was 40-fold greater than that of free GR34521A. Conse-
quently, displacement of GR34521A from E-GR34521A re-
sulted in a fluorescence change. The fluorescence displacement
data were normalized and fit using a fixed value of Et (25 nM)
and eq 2. F(x) is the observed normalized fluorescence at each
concentration of x, ∆F∞ is the maximum change in fluorescence
at infinite x, [Et] is the total concentration of enzyme, Ki app is
the apparent affinity of the compound for the enzyme, and x
is the total concentration of the compound.

The observed Ki app of a compound at a known concentration of
GR34521A, was related to the true Ki by eq 3

where [L] is the concentration (nM) of GR34521A and KL is
the dissociation constant (10 nM) of the GR34521A/enzyme
complex. The model implicitly assumes that the compound
displaces GR34521A from the active site of the enzyme. KL

was determined independently by steady-state titration of the
protein with excess ligand or by titration of the ligand with
excess protein. The KL value was also determined by two
independent kinetic methods measuring the bimolecular as-
sociation rate constant kon (9.8 × 107 M-1s-1) and koff (1.4 s-1)
by globally fitting rate and amplitude data. The solubility limit
of GR34521A in binding buffer was 6 µM. The highest
concentration used in the titration of the compounds was 400
nM. No assumptions were made with respect to the solubility
of the compounds. The enzyme active site titration was
determined using GR34521A. The average standard deviation
of Ki values was 12% of the determined value.

General Methods. Fluorescence spectra were recorded
with a Perkin-Elmer LS50B spectrofluorometer. The excitation
wavelength was 360 nm, and the emission wavelength was
450 nm for GR34521A. Rapid reactions were monitored on an
Applied Photophysics SX17MV spectrophotometer (Leather-
head, England). The entrance and exit slits were 2 mm in the
fluorescence mode. All fluorescence data were corrected for
filter effects empirically. The correction factors were deter-
mined by the titration of the compound with the ligand
(GR34521A). The dynamic and static quenching contributions
to the fluorescence quenching of GR34521A by compounds are
minimal at the concentrations employed in these experiments.
The appropriate equations were fit to the data by nonlinear
least squares using SigmaPlot from Jandel Scientific (Corte
Madera, CA). All determinations were made at 25 °C.

Cellular Assay. The L6 rat skeletal muscle myoblast cell
line was used to study the effects of GSK-3 inhibition. Glycogen
synthesis was measured as the incorporation of 14C-glucose
into 14C-glycogen. Differentiated L6 cells were incubated with
and without the test compound in a modified Krebs Henseleit
medium with 14C-glucose. The cells were then dissolved, and
the 14C-glycogen product separated from excess 14C-glucose
substrate by the binding of the glycogen to 3-mm chromatog-
raphy filter paper; extensive washing with ethanol was fol-
lowed by quantitation by scintillation counting. The com-

y ) bkgnd + ( (B0 - bkgnd)

(1 + [inhibitor]

10-pIC50 )) (1)

F(x) ) 1 -
∆F∞

2[Et]
(Kiapp

+ [Et] + x) -

((Kiapp
+ [Et] + x)2 -4[Et]x)0.5 (2)

Ki app
) Ki(1 +

[L]
KL

) (3)
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pounds were diluted just before use with 10 mM stock solutions
in 100% DMSO. All dilutions were prepared in 100% DMSO
in 96-well format. EC50 values were determined if compounds
had >15% maximal activation (with respect to 1 µM insulin).
The percent maximal activation was used to compare the
maximal effect of the compound versus insulin effect.

Pharmacokinetic Studies in Mice. Female CD-1 nude
mice (weight range 20-30 g) were dosed po with compound
99 as a solution in 99/1 PEG 400/Tween 80. Blood samples
were collected prior to dosing and at 1-, 3-, and 6-h time points
post-dosing via cardiac puncture with EDTA. LC-MS analyses
were performed on extracts of whole blood.
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