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Figure 1. Structures of 1 an
A novel class of 3,6-disubstituted 2-pyridinecarboxamide derivatives was designed based on X-ray anal-
ysis of the 2-aminobenzamide lead class. Subsequent chemical modification led to the discovery of potent
GK activators which eliminate potential toxicity concerns associated with an aniline group of the lead
structure. Compound 7 demonstrated glucose lowering effect in a rat OGTT model.

� 2009 Elsevier Ltd. All rights reserved.
Glucokinase (GK) catalyzes the phosphorylation of glucose to
glucose-6-phosphate and is predominantly expressed in liver and
pancreatic b-cells. GK acts as a glucose sensor regulating hepatic
glucose metabolism and glucose-dependent insulin secretion.1,2

Based on the dual hepatic and pancreatic effects, GK activators rep-
resent novel and promising approach for the treatment of type 2
diabetes.3–5 In fact, many pharmaceutical companies have actively
pursued a program aiming at the development of GK activators.6–9

Of these, several companies including Roche and OSI/Prosidion
have entered their compounds into clinical study.3,10,11

We previously reported a 2-aminobenzamide class of allosteric
GK activators exemplified by compound 1 (Fig. 1).12 Compound 1
showed good in vitro GK potency and glucose lowering effect in
a rat OGTT model. Moreover, crystal structure of 1 with GK protein
revealed a binding mode at an allosteric site distinct from the glu-
cose binding and catalytic sites. This structure elucidation has pro-
vided helpful information to further perform SAR study. However,
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there is a potential toxicity concern associated with the aniline
group contained in the structure of 1.13,14 Therefore, a new struc-
tural class without an aniline group was strongly desired to further
develop a promising GK activator. Here we describe the design and
synthesis of a novel class of 3,6-disubstituted 2-pyridinecarboxa-
mide GK activators which eliminate the aniline group of the lead
compound 1 and thus overcome the potential toxicity concern.

The crystal structure of GK-compound 1 complex and SAR study
around the 2-aminobenzamide class revealed that the aniline NH2

group has the critical role of showing good GK potency.12 Accord-
ing to the reported co-crystal structure of GK in complex with 1,
the aniline NH interacted with Tyr215 OH by a hydrogen bond
(Fig. 2A). In addition, another aniline NH may form an intra-molec-
ular hydrogen bond with the amide carbonyl group in 1 to fix the
conformation. Our continuous efforts provided an additional crys-
tal information on a related compound 2 (Fig. 2B).15,16 Although 2
still contains an aniline structure and the difference between the
two compounds (1 and 2) is only the presence or absence of a
methyl group on the aniline NH, generation of a new binding pock-
et surrounding the methyl group was observed in the crystal struc-
ture of GK-2 complex. In contrast to 1, the methyl group in 2
disrupted the hydrogen bond interaction with Tyr215, as it pushed
the tyrosine side chain and consequently generated a new hydro-
phobic pocket. From these observations, we assumed that an
appropriate substituent could replace the aniline group by effi-
ciently occupying the new binding pocket, resulting in the
enhancement of GK potency.

Based on this assumption, we designed 3,6-disubstituted
2-pyridinecarboxamide 3 (Fig. 3). The central benzene ring in 1
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Figure 2. The activator binding mode of GK. Compound 1 (Panel A) and Compound 2 (Panel B) were shown in yellow stick representation. Final 2Fo-Fc electron densities (1.2
r level) for compounds and Tyr215 were shown as orange mesh. This figure was prepared using the PyMOL.27
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was replaced by pyridine ring in 3 in order to lock the conforma-
tion by intra-molecular hydrogen bonding between the nitrogen
atom of the pyridine ring and the amide NH group. The resulting
orientation will allow 1) the aminothiazole part to favorably bind
to Arg63 and 2) the hydrophobic group at 3-position on the pyri-
dine ring to efficiently occupy the new binding pocket.

As a result of extensive efforts on the modification at the 3-po-
sition17, 4-fluorophenylthio group was eventually discovered as a
replaceable structure for the amino group. Compound 4 showed
better GK potency18 (EC50 0.25 lM) than the lead compounds 1
and 2 (EC50 0.42 lM and 1.07 lM). To confirm the predicted bind-
ing mode, co-crystal structure of GK with 4 was solved (Fig. 4).16,19
Figure 4. Binding mode of compound 4. Final 2Fo-Fc electron densities (1.2 r level)
for compound 4 and Tyr215 were shown as orange mesh.
As we predicted, the 4-fluorophenylthio group occupied the new
binding pocket by making hydrophobic interactions with Tyr214,
Leu451 and Gly97. Moreover, intra-molecular hydrogen bonding
interaction of the pyridine nitrogen with the amide NH was
observed, suggesting that the pyridine nitrogen locks the confor-
mation and makes the aminothiazole part preferable for binding
to Arg63. This importance of the pyridine nitrogen was verified
by the fact that phenyl analog 5 exhibited reduced potency. Thus,
compound 4 was found to be a potent GK activator without the
aniline group and selected for further optimization.

The effects of methyl groups on the thiazole and triazole rings
were examined to improve the potency of 4 (Table 1). Removal
of the methyl group on the thiazole (6) slightly increased the po-
tency. Additional enhancement of the potency was obtained by re-
moval of the methyl group on the triazole ring (7). Compound 7
displayed good GK potency with EC50 of 0.076 lM.

Next, SAR at the 4-fluorophenylthio part in 7 was investigated
by incorporating commercially available thiophenols. As shown
in Table 2, most of the compounds tested were tolerable in terms
of GK potency regardless of substituents on the phenyl ring.
Although SAR data was limited, there was no clear correlation be-
tween the GK potency and the nature of electron density of the
phenyl ring. Bulkiness of the substituents slightly affected the po-
tency. Compounds bearing small sized substituents such as fluo-
rine (8, 9) and hydrogen (10) showed better potencies, however
their metabolic stability predicted from in vitro screening method
using rat hepatocytes was less than that of 7.20
Table 1
In vitro GK potency for 4–7

XS

S

O

N
H

N

S R2

F

N

N N

R1

Compound X R1 R2 GK potency18 EC50 (lM)

4 N Me Me 0.25
5 CH Me Me 0.97
6 N Me H 0.12
7 N H H 0.076



Table 2
In vitro GK potency and metabolic stability for 7–14
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Compound R GK potency18

EC50 (lM)
Metabolic stability20

FH
a (%)

7 4-F 0.076 100
8 2-F 0.057 71
9 3-F 0.040 89
10 H 0.038 77
11 4-MeO 0.12 35
12 4-CF3 0.16 NTb

13 3-MeO 0.16 NTb

14 3-Me 0.10 69

a In vitro hepatic availability in rat hepatocyte.
b Not tested.

Vehicle 10 30
0

100

200

300

400

500

600

Compound 7 (mpk)

*

AU
C

 g
lu

co
se

 (m
g/

dL
*3

.5
hr

)

Figure 7. AUC levels in a rat OGTT model.
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Scheme 1. Reagents and conditions: (a) EDCI, HOBt, 2-amino-4-methylthiazole,
CHCl3, rt, 24 h, 64%; (b) 4-fluorothiophenol, K2CO3, DMF, rt, 3 h, 77%; (c) 3-
mercapto-4-methyl-1,2,4-triazole, t-BuOK, DMA, 120 �C, 20 h, 75%.
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Based on the balance of in vitro GK potency and metabolic sta-
bility, compound 7 was selected and tested in pharmacokinetic and
in vivo efficacy studies to see the potential of this class for further
drug development. With respect to the pharmacokinetic profile, 7
exhibited moderate oral bioavailability (23%) with T1/2 of 4.0 h in
rats (Fig. 5). The reason for the moderate bioavailability of 7 may
be due to its low absorption. In a rat OGTT model,21 7 demon-
strated significant glucose lowering effect after oral dosing at
30 mpk, indicating that 7 is an orally active GK activator (Figs. 6
and 7).

Synthesis of the representative compound 4 is shown in Scheme
1. As a key synthetic intermediate, 3,6-dichloro-2-pyridinecarbox-
amide 16 was selected in terms of its feasibility to quickly explore
SAR. Coupling of acid 1522 with 4-methyl-2-aminothiazole gave 16.
Substitution of 16 by 4-fluorothiophenol under basic conditions
(K2CO3/DMF) and chromatographic separation of the regio-isomer
afforded compound 17 in 77% yield. Subsequent treatment of 17
with 3-mercapto-4-methyl-1,2,4-triazole produced 4 in 75% yield.
Other analogs (6–14) were similarly prepared by using the corre-
sponding thiophenols.
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Figure 5. Pharmacokinetic profile of 7 in rats.
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Figure 6. Plasma glucose lowering effect of 7.
Preparation of phenyl analog 5 is depicted in Scheme 2. Starting
from 2-fluoro-5-iodobenzoic acid 18,23 coupling with 4-methyl-2-
aminothiazole gave amide 19 in 69% yield. The amide 19 was
treated with 4-fluorothiophenol in the presence of K2CO3 to yield
compound 20. Coupling of the iodide 20 with 3-mercapto-
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Scheme 2. Reagents and conditions: (a) EDCI, HOBt, 2-amino-4-methylthiazole,
CHCl3, rt, 20 h, 69%; (b) 4-fluorothiophenol, K2CO3, DMF, rt, 1 h, 98%; (c) 3-
mercapto-4-methyl-1,2,4-triazole, CuI, K2CO3, DMF, 125 �C, 14 h, 56%.
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4-methyl-1,2,4-triazole by copper-catalyzed reaction produced 5
in 56% yield.

In conclusion, we designed a novel class of 3,6-disubstituted 2-
pyridinecarboxamide GK activators based on the crystal informa-
tion from a GK-allosteric activator complex. Chemical modification
led to the discovery of a series of potent GK activators which elim-
inates the aniline group of the lead compound 1 and serve as a
good source for the development of GK activators suitable for clin-
ical study. Further optimization of this series is ongoing to improve
drug-like properties such as ADME/PK and in vivo efficacy. Detailed
SAR and biological profiles of this novel class will be reported
elsewhere.
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