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Abstract— Glycogen synthase kinase-3 plays an essential role in multiple biochemical pathways in the cell, particularly in 
regards to energy regulation.  As such, Glycogen synthase kinase-3 is an attractive target for pharmacological intervention in 
a variety of disease states, particularly non-insulin dependent diabetes mellitus.  However, due to homology with other crucial 
kinases, such as the cyclin-dependent protein kinase CDC2, developing compounds that are both potent and selective is 
challenging.  A novel series of derivatives of 5-nitro-N2-(2-(pyridine-2ylamino)ethyl)pyridine-2,6-diamine were synthesized 
and have been shown to potently inhibit glycogen synthase kinase-3 (GSK3).  Potency in the low nanomolar range was 
obtained along with remarkable selectivity. The compounds activate glycogen synthase in insulin receptor-expressing CHO-
IR cells and in primary rat hepatocytes, and have acceptable pharmacokinetics and pharmacodynamics to allow for oral 
dosing. The X-ray co-crystal structure of human GSK3- in complex with compound 2 is reported and provides insights into 
the structural determinants of the series responsible for its potency and selectivity. 
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Non-insulin dependent diabetes mellitus (NIDDM), 
also known as type II diabetes is an increasingly 
prevalent disease in aging populations and is 
characterized by distinct metabolic changes, including 
a decreased sensitivity to insulin and a compensatory 
elevation in circulating insulin concentrations.  
Glycogen synthase kinase (GSK3)1–3 is one of many 
signaling components downstream from the insulin 
receptor (IR). GSK3 is a serine/threonine kinase for 
which 2 isoforms,  and  have been identified4. Both 
isoforms are constitutively active in resting cells, but 
show distinct tissue distribution. GSK3 was originally 
identified as a kinase responsible for inactivating 
glycogen synthase (GS) by direct phosphorylation5,6. 
During insulin signaling, GSK3- is inactivated by a 
specific phosphorylation event near its N-terminus, 
leading to increased GS activity and increased glucose 
disposal into glycogen.   The central role of GSK- in 
glucose metabolism makes it an exciting target for 
controlling hyperglycemia, and inhibition of GSK3- 
represents a novel mechanism for improving glucose 
disposal in an insulin-conserving manner7,8. 
 
GSK3 has been the focus of intensive medicinal 
chemistry efforts and many GSK3 inhibitors have been 
published9–11.  Our earlier publication presents a novel 
class of pyrimidines, which are both potent and 
exquisitely selective inhibitors of GSK312–14.  In order 
to improve the physicochemical, pharmacokinetic and 
pharmacological properties of the pyrimidine series, a 
novel class of pyridines as was synthesized.  Replacing 
the central pyrimidine ring in compound 1 (known as 
CHIR-911, CT-99021, or CHIR-73911; EC50 of 0.77 
M) with a pyridine ring provided a new scaffold with 
improved cell permeability as shown by IR-CHO cell 
activity (EC50 of 0.13 M).  The pharmacokinetic 
profile was also improved, showing longer half-life in 
both Zucker diabetic fatty (ZDF) rats (205 min) and 
beagle dogs (163 min) compared to CHIR-73911.  We 
discovered that the metabolically labile imidazole in the 
pyrimidine core could be replaced with a 
monoketopiperazine (MKP) group in the pyridines.  
This resulted in a compound 2 (known as CHIR-637, 
CT-20026, or CHIR-118637) with improved solubility 
and stability over the earlier pyrimidine series. 

 

 
 
Two structural features were found to be critical in both 
series.  Earlier studies showed that 2,4-dichlorophenyl 
was the optimal group at the 4-position, which forms a 
highly specific interaction with the P-loop of the kinase.  
Likewise, the ethylene diamine linker between the 
arenes was required for the GSK3 activity. The 
synthesis of the pyridines (Scheme 1) was initiated 
from the 2,6-dichloro-3-nitropyridine. Selective Suzuki 
coupling at the 2-position was achieved after some 
optimization.  The 2-chloro group was selectively 
substituted when the 2,6-dichloronitro pyridine was 
reacted with the corresponding boronic acids, in the 
presence of triphenylphosphite-palladium complex 
with sodium carbonate in THF/Water (3:1) to provide 
2-aryl substituted nitrochloropyridine. The ethylene 
diamine was introduced via SnAr with acetonitrile as 
solvent, in the presence of DIEA as base.  The resulting 
nitro pyridine was reduced to the aniline and was 
acylated with the corresponding acylbromides. The 
acylbromide was then displaced with aminoethanol, 
which was in turn cyclized to give the MKP ring under 
Mitsunobu conditions to yield 2. 
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Scheme 1.  General synthesis of pyridines, 7-14.  Reagents and 
conditions:  (a) Pd(Ph3P)3,  THF,  water,  rt;  (b)  NH2CH2CH2NHBOC,  

DIPEA,  CH3CN,  90°C,  2h;  (c)  Fe,  acetic acid,  ethanol;  (d)  

BrCH2COCl,  NaHCO3, EtOAc,  water,  0°C to rt;  (e)  
CH3NHCH2CH2OH,  CH3CN,  50°C,  2h;  (f)  PH3P,  DIAD,  THF,  70°C,  

16h;  (g)  4N HCl,  dioxane,  methanol;  (h)  6-chloro-3-nitropyridine-2-

amine,  DIPEA,  CH3CN,  90°C,  2h. 

 

 
Extensive SAR data was generated for the pyridine 
series, and Table 1 lists the potency of the compounds 
with different aryl substitutions. Detailed assay 
protocols are given elsewhere15. These compounds 
were tested in both cell-free and cell-based assays.  
Groups such as 4-chlorophenyl (8), 2-chlorophenyl (9), 
3-chlorophenyl (10), 2,4-difluorophenyl (11), 4-
ethylphenyl (12) and 2-trifluoromethylphenyl (13) 
were less active in comparison with its 2,4-
dichlorophenyl analog (2) in the cell free assay.  The 4-
chlorophenyl (8) and 2-trifluoromethylphenyl (13) 
analogs were more active in an insulin-responsive CHO 
cell line.  All Ar1 replacements for the 2,4-
dichlorophenyl group, including the unsubstituted 
phenyl (14) and heteroycyclic analog (15) proved less 
potent than the parent compound 2.   

 

 

 

 

 

 

 

 

 

 

 

 
Table 1.  GSK3 IC50 and EC50 assay results for compounds 2,8-15 
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Compounds Ar1 IC50(nM) EC50(M) 

2 2,4-dichlorophenyl 8   0.13 

8 4-chlorophenyl 44 0.76 

9 2-chlorophenyl 29 1.35 

10 3-chlorophenyl 74 3.00 

11 2,4-diflurophenyl 69 1.08 

12 4-ethylphenyl 52 0.29 

13 2-trifluromethylphenyl 57 0.76 

14 Phenyl 202 ND 

15 3-furyl 3700 ND 

 

 
Varying the monoketopiperazine substituent in 2 
generated additional SAR. The monoketopiperazine 
replacements given in Table 2 exhibited similar IC50 
values in the cell-free GSK3 assay. Replacement of the 
methyl group in the MKP ring with a cyclopropyl ring, 
as in example 17 had very little effect on both the IC50 
and EC50 values as compared to 2.  The removal of the 
charge on the nitrogen of the piperazinone ring was not 
tolerated as observed by the EC50 values.  Compound 
18, obtained by the acylation of the nitrogen on the 
piperazinone ring, and 19, obtained by the 
trifluroethylation  of the nitrogen, showed lower EC50 
values compared to 2. Replacing the 
monoketopiperazine ring with a morpholine as in 20 
exhibited a moderate EC50 value when compared to 2.  
The removal of the nitrogen to make a 5- or 6-
membered lactam, as in 21, was productive and 
maintained an equivalent EC50. Compound 22 was also 
productive.  Compound 23, derived by the ring opening 
of the MKP, was not favorable as observed by the EC50 

value. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Table 2.  GSK3 IC50 and EC 50 assay results for compounds 16-23 
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Table 3 illustrates compounds in which the ethylene 

diamine linker was modified.  The NH adjacent to the 
distal pyridine is essential as a hydrogen-bond donor to 
the hinge region, which is shown in the section that 
follows.  At the proximal amine, compound 24 shows 
that substituting the nitrogen with methyl did not alter 
the compound’s potency significantly.  Likewise, the 
scaffold accommodates the introduction of a methyl 
group on the ethylene diamine linker. The S-isomer, 25, 
exhibited a minimal decrease in potency compared to 
the R-isomer, 26, which is 20-fold less potent.   
 

Table 3.  GSK IC50 and EC50 assay results for compounds 24-28 with 

modification of the ethylene diamine linker 

 

 
 

Compou

nds 

R1 R2 R3 IC50(nM) EC50(M) 

24 Me H H 15 0.22 

25 H ‘S’-Me H 36 0.31 

26 H ‘R’-Me H 207 ND 

27 H H ‘S’-Me 66 1.05 

28 H H ‘R’-Me 1 ND 

 
To fully rationalize the observed SAR, we 

determined the co-structure of 2 bound to human 

GSK3- by X-ray crystallography.  This was very 

challenging and requires a unique crystallization 

protocol15.  The necessity to develop this protocol is 

likely due to the significant structural shifts that the 

kinase undergoes upon binding of the compound, which 

lead to the rapid disintegration of an apo-crystal upon 

soaking with compound.  The compound series is ATP-

competitive, and, not surprisingly, occupies the volume 

of the kinase active site occupied by ATP.  The 

interactions of 2 which lead to the exceptional potency 

against GSK3- are shown in Figure 1.  There is a 

donor-acceptor-donor interaction between the 6-amino-

5-nitro-pyridine group and the ‘hinge’ region between 

the N- and C-terminal domains of the kinase.  The 

exocyclic amino group at the 2-position donates a 

hydrogen-bond to main-chain carbonyl of Val135 at the 

n+2 position, the nitrogen of the pyridine ring accepts a 

hydrogen-bond from the main-chain amide of Val135, 

and the exocyclic amino group at the 6-position donates 

a hydrogen-bond to the main-chain carbonyl of 

Asp133.  The nitro group at the 5-position accepts a 

hydrogen-bond from a structural water at the base of 
binding pocket; this structural water in turn donates a 

hydrogen-bond to the main-chain amide of Asp200.  

The relative arrangements of the amino groups and 



 

nitro group serve to polarize the proximal pyridine for 

optimal hydrogen-bonding to the hinge.  The 

compound’s ethylene diamine linker spans the binding 

site and positions the 2,4-dichlorophenyl group to form 

hydrophobic contacts by positioning the chloro groups 

both in a hydrophobic ‘dimple’ within the P-loop, 

formed by residues Ile62, Gly63, and Val70, and in a 

hydrophobic pocket at the bottom of the ATP binding 

pocket, formed by residues Val70, Lys85, and Asp200.  

This represents the optimal position for the chloro 

groups.  A - interaction is putatively formed between 

Phe67, the residue positioned at the tip of the P-loop, 

and the 2,4-dichlorophenyl group, which in turn forms 

a - interaction with the nitroaminopyridine group.   

Formation of the - interaction with Phe67 and the 

compound requires the phenylalanine to move more 

than 7 Å from its position in the ATP-bound form.  The 

2,4-dichlorophenyl ring occupies the volume typically 

occupied by the ribose ring of ATP.   The linker length 

and linker flexibility are critical components in 

positioning the hydrogen-bonding groups of the 

nitroaminopyridine as well as the 2,4-dichlorophenyl 

group.  The monoketopiperazine group forms a 

hydrogen-bond with an adjacent structural water, which 

in turns forms a hydrogen-bond with the sidechain of 

Thr138.  Finally, there is likely a weak hydrogen-bond 

formed between the ethylene diamine linker and the 

mainchain carbonyl of Pro136.  The kinase maintains 

an active, DFG-in conformation with the compound 

bound (see Protein Data Bank accession code ----). 

 
Figure 1.  Co-crystal structure of 2 in the ATP-binding site of human 

GSK3-.  The resolution of the co-structure is approximately 2.6 
Angstroms.  The electrostatic character is superimposed on the solvent-

accessible surface of human GSK3-.  The visualizations were 

performed using the PYMOL program16.  Red indicates negative 
potential, blue indicates positive potential, and green indicates a neutral 

(aliphatic) area.  The N-terminal and C-terminal domains of the kinase 

are positioned as indicated. Key residues are labeled.  Structural waters 
are labeled as ‘W’. (A) Overall view of the ATP-binding pocket with 2 

bound; key hydrogen bonds are shown as dashed lines and key residues 

are labelled; key waters are shown as red spheres; the N-terminal -
strand kinase domain is to the right and the C-terminal helical kinase 

domain is to the left.  (B) Orthogonal view of the pocket at an 

approximately 90º rotation along both axis; the N-terminal -strand 
kinase domain is on the top and the C-terminal helical kinase domain is 

on the bottom.  The coordinates are available in the Protein Data Bank 

and can be accessed by PDB accession code ----. 

 

 

The compounds in the pyridine series are extremely 

selective, showing from a hundred-fold to thousand-

fold selectivity against most human kinases as 

illustrated in the selectivity profile of 2 (Figure 2).  

Several interactions form the basis of the exquisite 

selectivity of 2.  The first is the hydrogen-bonding of 

the compound with the main-chain carbonyl of Val135.  



 

The presence of Pro136 at the n+3 position ensures that 

the main-chain carbonyl faces inwards towards the 

binding site to allow this interaction.  Only a few human 

kinases maintain a proline at the n+3 position of the 

hinge region17.  The direct interaction of the compound 

linker with Pro136 also provides some selectivity for 

the same reasons.  Finally, the positioning of the 2,4-

dichlorophenyl group allows the insertion a chloro-

group into the hydrophobic dimple within the P-loop 

and also allows the interaction between the 2,4-

dichlorophenyl group and Phe67 to form a face-to-face 

- interaction.  These two crucial interactions can be 

formed without compromising the donor-acceptor-

donor interactions formed with the hinge.  In other 

closely related kinases, sequence differences within the 

P-loop that form the hydrophobic dimple or the residue 

in an equivalent position to Phe67 prevent the 

possibility for the formation of the hydrophobic dimple 

and/or the - interaction at the tip of the P-loop.  For 

example, in CDC2 kinase, where the sequence within 

the P-loop is highly homologous, there is a tyrosine 

(Tyr15) at the position equivalent to Phe67 at the tip of 

the P-loop.  However, an equivalent conformation of 

the tyrosine sidechain which allows a similar - 

interaction to form with the 2,4-dichlorophenyl group 

cannot be attained as the exocyclic hydroxyl group of 

the tyrosine group would collide with the main-chain of 

the P-loop.  This collision prevents the necessary 

conformation and thus the formation of the interaction.  

So-called ‘folded P-loop’ conformations have been 

seen with other selective kinase inhibitors and are 

associated with a high-degree of selectivity18,19.  As 

GSK3- and – have virtually no sequence differences 

in the ATP-binding pocket, 2 is not isoform selective. 

 

 

 

 

 

 
 
Figure 2.  KINOMEscanTM profiling of 2.  Kinase activities were 

screened at a concentration of 10,000 nM (10 M) of 2.  Kinases whose 

activities were inhibited at levels of 90% or greater are denoted by red 

circles.  The most potently inhibited kinases are:  GSK3- (99.45% 

inhibition), GSK3- (95.8% inhibition), JNK1 (92.2% inhibition), JNK2 

(97.4% inhibition), JNK3 (98.3% inhibition), and B-RAF (91.8% 
inhibition).    The S-score (10) gives the fraction of the 442 kinases tested 

that were inhibited at 90% of baseline or greater.  Image generated using 

TREEspot™ Software Tool and reprinted with permission from 
KINOMEscan®, a division of DiscoveRx Corporation.   
 
 In addition, the use of a 2-aminopyridine core in place 
of a pyrimidine core generally yielded compounds with 
a better overall metabolic profile and improved cell 
permeability and longer half-life (t1/2) in ZDF rats (205 
min versus 92 min, for 2 and 1, respectively).   In beagle 
dogs, the half-life was 163 min.  In an oral Glucose 
tolerance test (oGTT) in ZDF rats, the compound 
exhibited an ED50 of 10mg/kg after a single oral 
administration with a 30% oral bioavailability.   

 
In conclusion, a series of potent and selective GSK3 
inhibitors were derived from 5-nitro-N2-(2-(pyridine-
2ylamino)ethyl)pyridine-2,6-diamines.  Exploration of 
the scaffold’s structure/activity relationships and 
pharmacology revealed that 2 had superior in vitro and 
in vivo properties than the previously described 
pyrimidine series15.  In addition to their demonstrated 
efficacy in the treatment of NIDDM, the compounds 
have been investigated for use in maintaining 
embryonic stem cells in a pluripotent state for efficient 
culturing20,21, as well as for the treatment of hair loss 
and hair follicle regeneration22.  Recent work in natural 
products has suggested that these compounds and other 
GSK3 inhibitors could serve as an entry point for the 
treatment of epilepsy23.  Complete synthetic procedures 
for presented compounds are available24. 
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