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Allosteric activators of the glucose-sensing enzyme glucokinase (GK) are currently attracting much interest
as potential antidiabetic therapies because they can achieve powerful blood glucose lowering through actions
in multiple organs. Here, the optimization of a weakly active high-throughput screening hit to (2R)-2-(4-
cyclopropanesulfonylphenyl)-N-(5-fluorothiazol-2-yl)-3-(tetrahydropyran-4-yl)propionamide (PSN-GK1), a
potent GK activator with an improved pharmacokinetic and safety profile, is described. Following oral
administration, this compound elicited robust glucose lowering in rats.

Introduction

Type 2 diabetes (T2D),a a disease characterized by elevated
blood glucose concentrations, i.e., hyperglycemia, is becoming
ever more prevalent as a result of the recent dramatic rise in
obesity levels.1 Currently, no single marketed drug is capable
of achieving enduring blood glucose control in the majority of
T2D patients.2 Therefore, many physicians now advocate the
use of combination therapies at an earlier stage in the treatment
of the disease.3 The glucose-phosphorylating enzyme glucoki-
nase (GK) represents an attractive target for T2D therapies4

because it plays a critical role in whole-body glucose control
through its actions in multiple organs.5–8 In particular, in the
�-cells of the pancreas, GK acts as the glucose sensor that
determines the threshold for insulin secretion, while in the liver,
this enzyme is rate-determining for glucose metabolism. Com-
pounds that activate9–17 GK by binding to an allosteric
pocket18,19 some 20 Å remote from the glucose binding site
have been discovered recently. These GK activators have been
shown9,12,20,21 to engender potent antihyperglycemic actions in
rodents, both by increasing pancreatic insulin secretion and by
augmenting hepatic glucose metabolism. In effect, these dual
pancreatic and hepatic actions represent a “double whammy”
on the hyperglycemia associated with T2D, and it may be that

GK activators could provide enhanced glycemic control by
combining, in a single molecule, the glucose-lowering effects
of insulin secretagogues, e.g., sulfonylureas, with hepatic
antidiabetic actions reminiscent of the biguanide metformin. As
a result of promising preclinical data, several GK activators,
e.g., RO-28-1675 (1)9,22 and piragliatin (2),23 have entered
human clinical trials as prospective T2D therapies. Here, we
describe the discovery of the weakly activating high-throughput
screening (HTS) hit 3 and its subsequent optimization to 26
(PSN-GK1), a novel, potent GK activator with excellent oral
bioavailability and in vivo efficacy in rodents.21

Results and Discussion

The (E)-R,�-unsaturated amide24 3 was obtained following
a HTS campaign where GK activity was assayed by coupling
the production of glucose 6-phosphate (G6P) by human liver
GKsexpressed as its glutathione S-transferase fusion proteinsto
the generation of NADPH by G6P dehydrogenase (G6PDH).11

Rapid analoguing of 3 was straightforward because (E)-2-aryl-
3-thiophen-2-ylacrylic acids25 are easily prepared by the Perkin
condensation reaction.26 The amide 4, wherein the aminopyra-
zine group of 3 is replaced by 2-aminothiazole, displayed
enhanced activity (Table 1). Activity could be further improved
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by situating a 4-methanesulfonyl substituent27 on the phenyl
ring, as evidenced by the reduced concentration of 5 required
to double GK activity. Unfortunately, potent GK activator 5
had very poor aqueous solubility at pH 6.5 (0.5 µg/mL), a
feature that was accompanied by relatively low stability in
mouse liver microsomes (t1/2 ) 27 min). As a consequence,
this compound exhibited poor exposure when administered
orally at 30 mg/kg to female C57Bl/6J mice in 10% aqueous
Gelucire 44/14 (C0.5 h ) 35 ng/mL). Moreover, an additional
peak, which could possibly correspond to the (Z)-isomer of 5,
was detected in the plasma samples with targeted MS/MS
detection.

To enhance solubility and increase metabolic stability,28 we
decided to replace the 2-thienyl ring of 5 with another, more
polar, heterocyclic group. The 4-tetrahydropyranyl (4-THP)
group29 was selected in this regard because it (1) reduces
calculated Log P values by ca. 1.7 compared to 2-thienyl, (2)
does not add a further chiral center, unlike other heterocyclic
ring systems such as 2-tetrahydrofuranyl, and (3) does not have
a heteroatom conjugated with the electron-deficient unsaturated
amide-arylsulfone π-system, which might facilitate (E)-(Z)-
isomerization. The syntheses of 4-THP-containing amides are
delineated in Schemes 1 and 2. The (E)-R,�-unsaturated

carboxylic acid 7 was obtained (Scheme 1) following saponi-
fication/isomerization of a mixture of the corresponding (E)-
and (Z)-ethyl esters.30 This acid was condensed with 2-ami-
nothiazole to afford the enamide 11. Although 11 activated GK
less potently than 5, it displayed markedly improved aqueous
solubility and microsomal stability, traits that led to enhanced
plasma exposure in a mouse PK screen (Table 2). However, it
was found that this compound’s exposure did not increase
following oral administration to rats at doses greater than 10
mg/kg, probably as a result of solubility-limited absorption.31

The hydrogenated analogue 12 was found to have improved
solubility compared to 11, albeit with a further reduction in
potency. The acid precursor of 12, i.e., 8, was resolvedsvia
diastereoisomeric acyloxazolidinones32sand the resulting ho-
mochiral acids coupled with 2-aminothiazole to provide the
enantiomeric amides 13 and 14. The (R)-enantiomer 13, whose
absolute configuration was confirmed by X-ray crystallogra-
phy,26 was found to be the eutomer (Table 2). This compound
regained some of the potency lost on saturating the double bond
of 11, unlike its antipode 14, which was inactive. Pleasingly,
in addition to enhanced potency, 13 also exhibited improved

Table 1. Activation of Glucokinase by (E)-2-Aryl-3-thiophen-2-ylacrylamidesa

a Data reported as means ( SEM. b Maximum fold activation of GK over control levels. c Concentration required to double GK activity.

Scheme 1a

a Reagents and conditions: (a) (i) 4-THP-CH2PPh3I, C6H13Li, THF, 0 °C, (ii) mCPBA, CH2Cl2, 0-25 °C, (iii) NaOH, H2O, MeOH, 64-66 °C. (b) H2,
10% Pd/C, EtOAc, 20 °C. (c) (i) t-BuCOCl, NEt3, THF, 0 °C, (ii) (R)-(+)-4-benzyl-2-oxazolidinone, n-BuLi, THF, -78 to 20 °C, (iii) LiOH, H2O2, H2O,
THF, 0 °C. (d) 2-Aminothiazole, EDCI, HOBt, DMF, 20 °C. (e) For 13 and 14: (i) (COCl)2, DMF, CH2Cl2, -20 °C, (ii) 2-aminothiazole, collidine,
-15 °C. (f) For 15: (i) NBS, PPh3, CH2Cl2, 0-20 °C, (ii) 2-amino-5-fluorothiazole hydrochloride, pyridine.
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solubility, a feature that allowed it to display linear pharmaco-
kinetics in rats following oral administration at doses up to 300
mg/kg.

An asymmetric route to the (R)-carboxylic acids 18 and 19
was developed (Scheme 2),33 which relied on the enantiose-
lective hydrogenation of the corresponding (E)-R,�-unsaturated
carboxylic acids 16 and 17 in the presence of a rhodium catalyst
and the Mandyphos ligand 29.

Condensation of the enantiopure cyclopropanesulfonyl-contain-
ing carboxylic acid 18 with 2-aminothiazole furnished amide
24. This compound was a substantially more potent GK activator
than its methanesulfonyl-bearing counterpart 13 despite only
showing slight reductions in its aqueous solubility and microso-
mal stability (Table 2). Unfortunately, 13 and 24 were both
found to be extremely toxic in acute toxicology studies in rats,
causing death in many instances at doses of 100 mg/kg po or
greater. 2-Aminothiazole derivatives like 13 and 24 are now
recognized34 as structural alerts for bioactivation-related tox-
icities. These toxicities are a consequence of the oxidative ring-
opening of the thiazole moiety,35 a process that yields toxic
thioureas36 in vivo (Figure 1). Indeed, analysis of plasma

samples obtained following administration of a 250 mg/kg po
dose of 24 to male Sprague-Dawley rats revealed a peak having
the mass of the corresponding thiourea (m/z ) 397 [M + H]+).
To block the oxidative metabolism that leads to the ring-opening
process, methyl and fluorine substituents were situated on the
5-position of the thiazole ring. Of the resulting amides, the
5-fluorothiazole 26 was clearly better than its 5-methylthiazole
counterpart 25 because it displayed improved exposure in mouse
pharmacokinetic screening and enhanced potency. Gratifyingly,
this compound displayed no evidence of overt toxicity when
administered at 250 mg/kg po to male Sprague-Dawley rats
in 10% aqueous Gelucire 44/14, a dose that gave significant
exposure (Cmax ) 49.2 ( 3.6 µg/mL; AUC0-24 h ) 897.8 (
69.1 µg ·h/mL). Moreover, in contrast to the situation found
for 24, masses for the putative thiourea metabolites could not
be detected in the plasma samples by scanning time-of-flight
mass spectrometry.

2-Amino-5-fluorothiazole amides were investigated in more
detail following the discovery that the fluorine atom enhances
both the potencies and the safety profiles of the GK activators.
The methanesulfonyl-containing amide 15, prepared (Scheme
1) by condensing resolved acid 9 with 2-amino-5-fluorothiaz-
ole,37 was significantly less potent than the corresponding
cyclopropanesulfonyl-bearing compound 26. Amides containing
cyclobutanesulfonyl (27) and cyclopentanesulfonyl (28) moieties
were prepared from their respective acid precursors 19 and 20,
which were themselves obtained through the Mandyphos-
induced asymmetric reduction (vide supra) and the asymmetric

Table 2. Data for GK-Activating, 4-THP-Containing 2-(4-Sulfonylphenyl)-N-thiazol-2-ylacetamidesa

a In vitro activation and concentration data reported as means ( SEM. b Maximum fold activation of GK over control levels. c Concentration required to
double GK activity. d Half-life in mouse liver microsomes. e Solubility in pH 6.5 buffer. f Compound concentration achieved 0.5 h after administration to
female C57Bl/6 mice in 10% aqueous Gelucire 44/14.
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alkylation38 of pseudoephedrine amide 22 (Scheme 2). Although
27 and 28 were both potent GK activators, they were much
less stable in mouse liver microsome preparations than their
cyclopropanesulfonyl-containing counterpart 26, a feature that
led to reduced exposures in vivo (Table 2).

GK activator 26 exhibited an excellent pharmacokinetic
profile, with high oral bioavailability, in the rat (Table 3). This
compound’s glucose-lowering properties were evaluated in
mildly fasted, male Sprague-Dawley rats, where marked
reductions in blood glucose levels were seen (Figure 2). These
blood glucose reductions were accompanied by a trend toward
increased pancreatic insulin release, as evidenced by the insulin
AUCs for the 6 h following compound administration (26: 431
( 51 pM ·h; vehicle: 314 ( 36 pM ·h, p ) 0.08). Separately,
the antihyperglycemic actions of 26 have been shown to be a
result of both pancreatic and hepatic effects.21 In addition, this
GK activator engenders potent antihyperglycemic effects in
diabetic rodents without causing hypoglycemia, an undesirable
characteristic common to many other antidiabetic therapies.

Conclusions

Optimization of the weak HTS hit 3 afforded 26, a potent
GK activator displaying excellent oral bioavailability and in vivo
efficacy in rodents.21 Key to the discovery of 26 were the
findings that (1) replacement of the 2-thienyl ring of 3 with a
4-THP group enhanced solubility and increased metabolic
stability, resulting in improved oral exposure in rodents, (2) the
more flexible saturated amides had superior solubilities, which
led to dose-dependent pharmacokinetics, (3) a 4-cyclopropane-
sulfonyl substituent on the phenyl ring provided the optimum
potency-pharmacokinetic profile, and (4) no potentially toxic
thiourea metabolites could be detected in plasma following

administration of the 2-amino-5-fluorothiazoles to rats. It is
hoped that the powerful antihyperglycemic effects of 26 in
rodents,21 effects that are a consequence of multiorgan actions,
will pave the way for GK activators that exhibit efficacies greater
than those of currently available antidiabetic therapies. Thus,
the results of clinical trials with GK activators are eagerly
awaited.

Experimental Section

Triphenyl(tetrahydropyran-4-ylmethyl)phosphonium Iodide
(31). A mixture of 4-iodomethyltetrahydropyran (350 g, 1.55 mol)
and PPh3 (406 g, 1.55 mol) in MeCN (1.6 L) was heated under
reflux for 27 h. On cooling, the mixture was filtered, then the filter
cake was washed with Et2O and air-dried to provide the title
compound as a white solid (504 g). The filtrate and washings were
returned to reflux, before being concentrated to ca. 750 mL. Reflux
was maintained for 16 h, then the reaction mixture was cooled and
diluted with Et2O (1.2 L). The mixture was stirred for 30 min, then
the precipitate formed was collected, washed with Et2O (2 × 300
mL), and air-dried to yield a further crop (100 g). The overall yield
of the title compound was 604 g (80%). 1H NMR (CDCl3): δ
1.51-1.73 (m, 4H), 2.00-2.17 (m, 1H), 3.16-3.28 (m, 2H),
3.76-3.90 (m, 4H), 7.68-7.77 (m, 6H), 7.78-7.86 (m, 3H),
7.88-7.97 (m, 6H). m/z (ES+) ) 361 [M]+.

Ethyl (4-Cyclopropylsulfonylphenyl)oxoacetate (32). AlCl3

(104.6 g, 0.79 mol) was suspended in CH2Cl2 (1.15 L), then the
mixture was cooled in an ice-salt bath to 0 °C with stirring.
ClCOCO2Et (84.8 g, 0.62 mol) was then added over 10 min, the
temperature being maintained at 0-2 °C. The mixture was then
stirred for 30 min at 0 °C, then cyclopropyl phenyl sulfide (85.0 g,
0.57 mol) was added over 45 min, the temperature being kept at
0-8 °C. The resulting mixture was allowed to warm to room
temperature and then stirred for a further 2 h. Ice-water (275 mL)
was added, employing ice bath cooling to keep the temperature at
20 °C. The organic layer was separated and washed with H2O (2
× 250 mL), saturated aqueous NaHCO3 (2 × 250 mL), and H2O
(250 mL), before being dried (MgSO4), filtered, and concentrated
to provide ethyl (4-cyclopropylsulfanylphenyl)oxoacetate (134.0 g,
94%). 1H NMR (CDCl3): δ 0.67-0.78 (m, 2H), 1.11-1.22 (m,
2H), 1.41 (t, J ) 7 Hz, 3H), 2.15-2.25 (m, 1H), 4.43 (q, J ) 7
Hz, 2H), 7.43 (d, J ) 9 Hz, 2H), 7.90 (d, J ) 9 Hz, 2H). A stirred
solution of this thioether (49.4 g, 0.2 mol) in CH2Cl2 (180 mL)
was treated with a solution of mCPBA (75%, 92.0 g, 0.40 mol) in
CH2Cl2 (650 mL) over 45 min, the temperature being maintained
at 15-25 °C. TLC (CH2Cl2-EtOAc, 1:10) indicated that starting
material still remained, so more mCPBA (75%, 7.8 g, 34 mmol)
was added, then the reaction continued for 3.5 h. Thereupon, the
reaction was treated with 2 M Na2CO3 (500 mL), then the aqueous

Scheme 2a

a Reagents and conditions: (a) H2 (50 bar), [Rh(nbd)2](BF4), 29, MeOH, PhMe, 30 °C. (b) (i) (COCl)2, DMF, CH2Cl2, -20 °C, (ii) appropriate
2-aminothiazole, collidine, -15 °C. (c) (i) c-C5H9Br, NaOH, EtOH, H2O, 20 °C, (ii) CDI, THF, 20 °C, (iii) (1R,2R)-(-)-pseudoephedrine, 20 °C. (d) (i)
LDA, THF, -60 °C, (ii) 4-THP-CH2I, -60 to 20 °C, (iii) MMPP, EtOH, H2O, 80 °C. (e) HCl, H2O, dioxane, 100 °C.

Figure 1. Oxidative metabolism of 2-amidothiazoles gives rise to
thioureas, compounds which often display severe toxicities.
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layer was separated and its pH raised to 9-10 before re-extraction
with CH2Cl2. The combined organic extracts were washed with
water (2 × 400 mL), dried (MgSO4), filtered, and concentrated in
vacuo to yield the title compound (54.1 g, 96%). 1H NMR (CDCl3):
δ 0.99-1.06 (m, 2H), 1.25-1.32 (m, 2H), 1.36 (t, J ) 7 Hz, 3H),
2.42-2.50 (m, 1H), 4.41 (q, J ) 7 Hz, 2H), 7.97 (d, J ) 8 Hz,
2H), 8.14 (d, J ) 8 Hz, 2H).

(E)-2-(4-Cyclopropanesulfonylphenyl)-3-(tetrahydropyran-4-
yl)acrylic Acid (16). A solution of LHMDS (1.05 M in THF, 4.39
kg, 5.18 mol) was added over 30 min to a suspension of
triphenyl(tetrahydropyran-4-ylmethyl)phosphonium iodide (31, 2.49
kg, 5.10 mol) in anhydrous THF (5 L) at -5 to 0 °C. The resulting
mixture was then warmed to 15 °C, stirred for 2 h, and recooled to
0-5 °C. A solution of ethyl (4-cyclopropylsulfonylphenyl)oxoacetate
(32, 1.25 kg, 4.43 mol) in anhydrous THF (2.5 L) was then added
over 1 h, the temperature being maintained at 0-5 °C. The reaction
was stirred for 16 h at 20-25 °C before being quenched with brine
(3.8 L).The phases were separated with the aid of additional brine
(1.3 L), then the aqueous phase was re-extracted with t-BuOMe (2
× 2.5 L). The combined organic extracts were washed with brine
(2 × 3.8 L) before being concentrated under reduced pressure. The
residue was dissolved in MeOH (15 L), then aqueous NaOH (2 M,
4.34 L) was added and the reaction heated at 65-67 °C for 4 h.
The mixture was cooled, and the solvents removed under vacuum
at 35-40 °C until water started to distill. The residue was diluted
with water (15 L), then the solid Ph3PO was filtered off and washed
with water (2.5 L). The filtrate was separated, then the aqueous
phase was washed with t-BuOMe (5 and 3.5 L) before being
acidified with 5 M HCl (1.9 L) in the presence of t-BuOMe (10
L). The organic phase was separated, then the aqueous phase was
re-extracted with t-BuOMe (5 L). The combined organic extracts
were washed with saturated brine (2 × 1 L) before being
concentrated under reduced pressure. MeOH (2 L) was added and
then removed under vacuum in a process that was then repeated.
The residue was brought to a total weight of 4.0 kg by addition of
MeOH, then the mixture was stirred at ambient temperature to
crystallize the product. Filtration of the solid and washing with
chilled MeOH (500 mL) gave, after vacuum-drying at 40 °C, the
title compound (654 g, 41%). 1H NMR (CDCl3): δ 1.04-1.12 (m,
2H), 1.36-1.43 (m, 2H), 1.47-1.53 (m, 2H), 1.56-1.69 (m, 2H),
2.25-2.38 (m, 1H), 2.47-2.55 (m, 1H), 3.24-3.34 (m, 2H),
3.89-3.97 (m, 2H), 7.05 (d, J ) 11 Hz, 1H), 7.37 (d, J ) 8 Hz,
2H), 7.93 (d, J ) 8 Hz, 2H). m/z (ES+) ) 673.5 [2M + H]+.

(2R)-2-(4-Cyclopropanesulfonylphenyl)-3-(tetrahydropyran-
4-yl)propionic acid (18). A solution of [Rh(nbd)2](BF4) (30.5 mg,
0.08 mmol) and All-MOD-Mandyphos (29, 90.4 mg, 0.08 mmol)
in MeOH (10 mL) was stirred at ambient temperature for 1 h. This
catalyst solution was then added to a solution of (E)-2-(4-

cyclopropanesulfonylphenyl)-3-(tetrahydropyran-4-yl)acrylic acid
(16, 110 g, 0.327 mol) in MeOH/PhMe (5:1, 1.4 L). The mixture
was transferred to a 2.5 L autoclave, which was pressurized to 50
bar of H2, and heated to 30 °C. After 18 h, the pressure was released,
then the solution was treated with active charcoal (3 g). The mixture
was stirred for 1 h, before being filtered to remove the charcoal.
Further filtrations over Hyflo and a Zeta-Bond filter gave a solution
that was concentrated under partial pressure to furnish a solid that
was dried under high vacuum. This solid (105 g) was recrystallized
from i-BuOAc-nC7H16 to yield the title compound (77.2 g, 70%,
99% ee). 1H NMR (CDCl3): δ 1.05 (m, 2H), 1.20-1.50 (m, 5H),
1.60 (m, 2H), 1.75 (m, 1H), 2.10 (m, 1H), 2.45 (m, 1H), 3.35 (m,
2H), 3.80 (t, J ) 8 Hz, 1H), 3.95 (br d, 2H), 7.50 (d, J ) 7 Hz,
2H), 7.85 (d, J ) 7 Hz, 2H). m/z (ES+) ) 694.5 [2M + NH4]+.
[R]D

23 -48.8 (c ) 1.02, CHCl3). Anal. calcd for C17H22O5S: C,
60.34; H, 6.55; S, 9.47. Found: C, 60.36; H, 6.44; S, 9.44.

(2R)-2-(4-Cyclopropanesulfonylphenyl)-N-(5-fluorothiazol-2-
yl)-3-(tetrahydropyran-4-yl)propionamide (26). A mixture of
anhydrous CH2Cl2 (1.35 L) and DMF (35.9 mL, 0.465 mol) was
cooled to -20 °C, then (COCl)2 (39.4 mL, 0.465 mol) was added
slowly. After stirring for 45 min, (2R)-2-(4-cyclopropanesulfo-
nylphenyl)-3-(tetrahydropyran-4-yl)propionic acid (18, 105.0 g,
0.310 mol) was added. After a further 1 h at -20 °C, collidine
(185 mL, 1.395 mol) was added slowly. Stirring was continued
for 15 min, then 2-amino-5-fluorothiazole hydrochloride37 (52.7
g, 0.341 mol) was added at -15 °C. The resulting suspension was
kept at -15 °C for 2 h, after which the ice bath was removed and
the reaction slowly warmed to ambient temperature over 2 h. The
mixture was evaporated to dryness to afford a semisolid, which
was treated portionwise with 4 M HCl (1.5 mL). The remainder
was extracted with EtOAc (3 L) and the organic fraction washed
with H2O (1 L) and saturated aqueous NaHCO3 (1 L). The solvent
was removed under partial vacuum to give the title compound
(135.0 g, 99%). 1H NMR (CDCl3): δ 1.00-1.06 (m, 2H),
1.25-1.50 (m, 5H), 1.55-1.65 (m, 2H), 1.75-1.85 (m, 1H),
2.15-2.25 (m, 1H), 2.42-2.51 (m, 1H), 3.25-3.33 (m, 2H),
3.76-3.85 (m, 1H), 3.88-3.96 (m, 2H), 7.02 (d, J ) 2 Hz, 1H),
7.46 (d, J ) 7 Hz, 2H), 7.84 (d, J ) 7 Hz, 2H), 10.49 (s, 1H). m/z
(ES+) ) 439 [M + H]+. [R]D

31 -60.9 (c ) 0.97, CHCl3). Anal.
calcd for C20H23FN2O4S2: C, 54.78; H, 5.29; N, 6.39; S, 14.62.
Found: C, 54.21; H, 5.41; N, 5.99; S, 14.60.
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Table 3. Pharmacokinetic Data for 26 in Male Sprague-Dawley Rats Following Intravenous and Oral Administration

route Cl (min/mL/kg) Vss (L/kg) t1/2 (h) AUC0-∞ (µg ·h/mL) Cmax (µg/mL) tmax (h) Fpo (%)

intravenousa 10.0 2.1 3.2 1.66
oralb 3.4 10.74 1.13 1.0 129
a Administered at 1 mg/5 mL/kg in 40% DMSO-60% saline. b Administered at 5 mg/10 mL/kg in 10% aqueous Gelucire 44/14.

Figure 2. (a) At 10 mg/kg po, GK activator 26 lowers blood glucose concentrations significantly in mildly fasted male Sprague-Dawley rats, as
compared to vehicle control (10% aqueous Gelucire 44/14); /p < 0.05. (b) Accompanying pharmacokinetic profile.
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