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Discovery, synthesis and biological evaluation of
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Abstract—The identification, synthesis and SAR of a novel series of glucokinase activators is described. The interplay between lipo-
philicity, potency and physical properties is discussed, and compound 22 highlighted as having a suitable balance. In vivo pharma-
cokinetic and acute efficacy studies on this compound are also presented.
� 2005 Elsevier Ltd. All rights reserved.
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Type 2 Diabetes is a complex disease caused by defects
in both the action and secretion of insulin, leading to
fasting hyperglycaemia and vascular complications. It
has become the fourth leading cause of death and affects
150 million people worldwide, with its prevalence ex-
pected to double by the year 2025.1 Current therapies
do not achieve adequate glycaemic control,2 hence there
is a need for new, effective pharmacological agents.

The elevated blood glucose levels that characterise Type
2 Diabetes result from a combination of defects in hepa-
tic glucose balance and the failure of pancreatic b-cells
to secrete sufficient insulin to overcome insulin resis-
tance. Glucokinase (GK) is the rate-limiting enzyme
for glucose utilisation3 both in the liver, where its func-
tion is regulated by a 68 kDa regulatory protein,4 and in
pancreatic b-cells. Phosphorylation of glucose by GK in
the liver promotes glycogen synthesis, whilst in the b-cell
this results in glucose-sensitive insulin release.5 Activa-
tion of GK is therefore expected to improve glycaemic
control by modulating hepatic glucose balance and
decreasing the threshold for insulin secretion.
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Whilst small molecule kinase inhibitors are well prece-
dented,6 kinase activation by small molecules is rela-
tively unknown. However, a recent report by Grimsby
et al. disclosed the identification and in vivo evaluation
of the GK activator RO-28-1675 (1).7,8 The Hoffmann–
La-Roche group have also described the co-crystallisa-
tion of GK with a bound analogue.9 Banyu, in collabo-
ration with Merck, have published10 a similar crystal
structure of the bound GK activator 2 (Fig. 1).

Several recent reports of GK activators have also ap-
peared in the patent literature.11 We have recently de-
scribed detailed in vitro studies with our own series of
GK activators,12 and herein describe our approach to
the identification and SAR of this novel series.13 The
importance of physical properties, and the in vivo profile
of a lead candidate, are reported for the first time.
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Figure 1. Glucokinase activators reported by Hoffmann–La-Roche (1)

and Banyu (2).
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Figure 2. Structure of HTS lead compound.
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A high throughput screen (HTS) of the company com-
pound collection was carried out, with hits selected
based upon their activation of recombinant human pan-
creatic enzyme.14 Of the hits identified, compound 3 was
of particular interest, mediating GK activation with an
EC50 of 3.2 lM14 (Fig. 2).

We were aware that compounds such as 3 were potential
Michael acceptors, and therefore decided to investigate
alternatives to the unsaturated linker group. Preliminary
studies indicated that whilst saturated alkyl (4), ether
(5), �reversed� ether (6) and �reversed� amide (7, 8) linkers
were not tolerated, amide linkers (9) retained activity.
As a result, compounds such as 9 represented a more
attractive startpoint based on their anticipated chemical
stability and synthetic accessibility (Table 1).
Table 1. Identification of lead series and investigation of linker

SAR

XR5

R2
R3

N

CO2H

Y

Compd R2 R3 R5 X–Y EC50

(lM)14

3 –OCH2Ph H –SCH3 –CH@CH– 3.20

4 H –OCH2Ph –OCH2Ph –CH2CH2– >10

5 H –OCH3 –OCH3 –OCH2– >10

6 H –OCH2Ph –OCH2Ph –CH2O– >10

7 H –OCH2Ph –OCH2Ph –NHCO– >10

8 –OCH2Ph H –SCH3 –NHCO– >10

9 –OCH2Ph H –SCH3 –CONH– 4.22

Table 2. Identification of phenyl ring substitution pattern

R5

R2
R3

O

N
H

Compd R2 R3

10 –OCH2Ph H

11 H –OCH2–o-Cl–P

12 –OCH2–o-Cl–Ph –OCH2–o-Cl–P

13 H –OCH(CH3)2

14 H –OCH2Ph

15 H –OCH2–o-F–P
Further SAR studies demonstrated that although the 2-
monobenzyl analogue 10 was less active, a single substi-
tuent at R3 (11) gave a significant increase in potency.
Given the disubstituted nature of the original lead, we
investigated the effect of adding additional substitution
within this series. Whilst 2,3-dibenzyloxy substitution
(12) led to a drop in potency, 3,5-dialkoxy substitution
(13) gave a modest improvement. 3,5-Dibenzyloxy (14)
and the corresponding ortho-functionalised analogues
(15) also showed increased potency, with the latter dem-
onstrating an EC50 < 100 nM for the first time (Table 2).

Despite promising potency, compounds such as 14 and
15 suffered from poor aqueous solubility and very high
plasma protein binding (>99.9% bound). We therefore
sought to decrease lipophilicity in order to achieve im-
proved physical properties.

Our initial attempts focused on replacing the benzyl
groups with more polar substituents. Whilst such
changes allowed us to demonstrate the expected
improvements in both solubility and unbound drug,
the data for the tetrahydropyran analogue 16 illustrates
that such compounds were significantly less potent
(Table 3).

We therefore decided to undertake an iterative
approach, seeking to build on the balance of moderate
potency and better physical properties exhibited by com-
pounds such as the isopropyl derivative 13. These stud-
ies demonstrated that cyclopentylmethyloxy (17) and
cyclopentylethyloxy (18) substituents were potent, but
failed to show an improvement in physical properties.
Polar heterocyclic terminal groups such as 3- or 4-
pyridyl (19, 20) showed a dramatic reduction in potency
despite exhibiting good solubility and unbound levels. In
contrast, phenyl (21) and, in particular, less polar het-
erocylic terminal groups such as thiophene (22) demon-
strated excellent potency whilst retaining accept-
able physical properties. Attempts to achieve further
improvements by chain length modification (23, 24) or
aromatic ring substitution (25) proved unfruitful due
to the deleterious effects on potency and physical prop-
erties, respectively (Table 3).

Benzamides 13 and 16–25 were synthesised in five steps
from methyl 3,5-dihydroxybenzoate according to the
N

CO2H

R5 EC50 (lM)14

H >10

h H 0.91

h H >10

–OCH2CH(CH3)2 0.57

–OCH2Ph 0.40

h –OCH2–o-F–Ph 0.09



Table 3. Balancing potency and physical properties

O

OR

O

N
H

N

CO2H

Compd R Solubilitya

(lM)

% Freeb

(rat)

EC50

(lM)14

13 –CH2CH(CH3)2 198 0.53 0.57

16 –CH2CH2–4-THP 2380 7.38 1.33

17 –CH2–cPent 44 0.15 0.65

18 –CH2CH2–cPent 3 0.11 0.17

19 –CH2CH2–3-pyridyl 3080 5.11 1.26

20 –CH2CH2–4-pyridyl NDc 6.35 1.78

21 –CH2CH2Ph 29 0.26 0.13

22 –CH2CH2–3-thiophene 48 0.26 0.09

23 –CH2Ph 15 0.20 0.29

24 –CH2CH2CH2Ph 15 0.13 0.42

25 –CH2–o-F–Ph 9 0.14 0.10

a Solubility measured in 0.1 M phosphate buffer at pH 7.4.
b Protein binding measured by equilibrium dialysis.
c Not determined.
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Figure 3. Correlation of lipophilicity with (a) potency, and (b) plasma

protein binding.
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route highlighted in Scheme 1. A key feature of the syn-
thesis is the use of sequential alkylation and/or Mitsun-
obu reactions to install the ether side chains. Benzoate
cleavage, followed by amide coupling (via the acid
chloride due to the relatively low nucleophilicity of
methyl 6-aminonicotinate17) and hydrolysis of the
methyl ester yielded the final compounds. The chemistry
described in Scheme 1 proved to be a quick and robust
route to a diverse set of analogues, and as such consti-
tuted an attractive strategy for lead optimisation.

Obtaining a suitable balance between potency and phys-
ical properties is a common problem in medicinal chem-
istry,15 especially when optimising a lipophilic lead. This
is emphasised by Figure 3a, which demonstrates the
relationship observed for this series between the enzyme
pEC50 and clogP. Since we also observed a good correl-
ation between clogP and plasma protein binding (as
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Scheme 1. General synthetic route to benzamides 13 and 16–25. Reagents an

ROH, THF or RBr, K2CO3, DMF (60–80%); (iii) 1 M NaOH, THF/H2

aminonicotinate, THF, pyridine (70%); (v) 1 M NaOH, THF/H2O (90%).
represented by the first apparent binding constant
K1app, Fig. 3b), the challenge faced to simultaneously
optimise both potency and free drug levels is evident.

Compound 22 was considered to have a suitable balance
of potency and physical properties, and was selected for
further evaluation. In vivo pharmacokinetic studies were
carried out in female Han-Wistar rats (Charles River
Laboratories), which demonstrated that the compound
had low clearance and good bioavailability (Table 4).

The acute in vivo efficacy of compound 22was also evalu-
ated in an Oral Glucose Tolerance Test (OGTT) in fe-
male Zucker rats fed with a high fat diet to render
them insulin resistant.16 Administration of a 30 mg/kg
oral dose of compound 22 delivered a statistically signi-
ficant reduction in plasma glucose levels following the
oral glucose challenge (Fig. 4a), resulting in a 14%
reduction in the area under the glucose curve16 (Fig. 4b).

In summary, we have described the discovery, synthesis
and detailed SAR studies of a novel series of glucoki-
nase activators, and highlighted the interdependence of
N

CO2H

O

OR

O

N
H

N

CO2Me

O

OR

CO2Me2Me (ii)

d conditions: (i) (CH3)2 CHBr, K2CO3, DMF (35%); (ii) Ph3P, DEAD,

O (90%); (iv) (COCl)2, CH2Cl2, DMF (cat.) followed by methyl 6-



Table 4. Pharmacokinetic parameters of compound 22a

S

O

O

O

N
H

N

CO2H

Volume of

distribution (L/kg)

Clearance

(mL/min/kg)

Half life

(h)

Bioavailability

(%)

0.3 3.8 0.9 100

a Doses 1 mg/kg (iv) and 10 mg/kg (po).

3

4

5

6

7

8

9

10

Pre
Cpd

0 20 40 60

Time (min)

Pl
as

m
a 

G
lu

co
se

 (
m

m
ol

/L
)

Vehicle

Cpd 22

5.0

5.5

6.0

6.5

7.0

7.5

8.0

8.5

9.0

Pl
as

m
a 

G
lu

co
se

 A
U

C
 (

m
m

ol
.h

/L
)

Vehicle Cpd 22

(a) (b)

Figure 4. In vivo OGTT efficacy data for compound 22 (30 mg/kg po).
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potency, lipophilicity and physical properties within the
series. Thiophene 22 was identified as having a suitable
balance of potency and physical properties, and has
been shown to demonstrate low clearance, good bio-
availability and promising in vivo efficacy in an acute
rat model. Further studies, including our attempts to
uncouple the relationship between potency and plasma
protein binding, will be communicated in due course.
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