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ABSTRACT: A series of biaryl chromans exhibiting potent and selective agonism for the
GPR40 receptor with positive allosteric modulation of endogenous ligands (AgoPAM) were
discovered as potential therapeutics for the treatment of type II diabetes. Optimization of
physicochemical properties through modification of the pendant aryl rings resulted in the
identification of compound AP5, which possesses an improved metabolic profile while
demonstrating sustained glucose lowering.
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The GPR40 (FFAR1 or FFA1) receptor has recently
attracted much interest as a novel target for the treatment

of type 2 diabetes due to its ability to stimulate insulin
secretion upon activation by fatty acids, in a glucose-dependent
fashion.1−3 GPR40 agonists are theorized to reduce the risk of
hypoglycemia as compared to other insulin secretagogues.4−7

Thus far, all of the GPR40 agonists that have been assessed in a
clinical setting have been pharmacologically classified as partial
agonists. However, researchers at Amgen8−10 and Bristol-
Myers-Squibb11 have recently disclosed several GPR40
agonists that exhibit superior levels of receptor activation and
in vivo efficacy, by operating as full agonists with positive
allosteric modulation (AgoPAMs)12,13 of endogenous ligands
such as docosahexaenoic acid (DHA). In addition to directly
stimulating more insulin secretion via the pancreas, they drive
GLP-1 secretion in the gut, potentially accounting for the
observed enhancement in preclinical efficacy over partial
agonists.14

We recently reported the discovery of a novel class of biaryl
chromans (1 and 2) that operate as selective GPR40
AgoPAMs.15 Although these compounds demonstrated supe-
rior in vivo glucose lowering efficacy over GPR40 partial
agonists such as TAK-875 with no indication of desensitization
in rat 2-week and 4-week studies,16 these initial analogs
possessed the potential to form phenol metabolites and were
potent inhibitors of the bile salt export pump (BSEP).17,18

Herein, we report how these issues were addressed through a
systematic exploration of the pendant aryl A and B rings
(Figure 1) leading to the discovery of AP5, a metabolically
more stable GPR40 AgoPAM.

Our SAR investigation of the aryl B-ring began with a library
synthesis based on the model system 4 and culminated in the
discovery of key substitutions critical for potency (Table 1).
Suzuki coupling of the intermediate 319 with the appropriately
substituted aryl boronic acids followed by saponification
afforded the desired chromans as a mixture of diastereomers
(Scheme 1).
Initially, compounds were tested as diastereomeric mixtures

in a cell-based assay, which measures inositol monophosphate
(IP1) accumulation in a recombinant hGPR40/HEK293 cell

Received: March 29, 2018
Accepted: June 11, 2018
Published: June 14, 2018

Figure 1. GPR40 AgoPAM structural leads.

Scheme 1. Library Synthesis for B-Ring Modificationsa

aReagents and conditions: (a) R-B(OH)2, 2 M K2CO3, Pd(dtbpf)Cl2,
dioxane, 90 °C, 3 h; (b) 1 N NaOH, MeOH, rt, 3 h (8−44% yield
over 2 steps).
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line designed to differentiate the efficacy of full and partial
agonists as described in Plummer et al. (2017).15,20 In
addition, this assay was performed in the presence of 100%
human serum (HS) to assess the impact of plasma protein on
potency (EC50).
We began our investigation by determining the impact of the

meta-methoxy and ortho-fluoro substituents present in our lead
compounds 1 and 2 on in vitro potency. Compound 515 is
listed in Table 1 for reference. Removing the fluorine
substituent in the ortho position as in 6 led to a 3−4-fold
loss in potency. Next, in an effort to remove the metabolic
liability of the methoxy group, we sought to remove it
altogether as in 7 or replace it with other substituents such as a
thioether (10) or a trifluoromethyl group (9). These
modifications were less tolerated and resulted in a substantial
loss in functional potency. The corresponding phenol analog 8
was also shown to be less active. Efforts to further improve
physicochemical properties and thereby mitigate potential
liabilites for phenol metabolites arising from cleavage of the
methoxy group led us to incorporate heteroatoms into the B-
ring as in compounds 11−13. Although the introduction of the
pyridyl B-ring did increase PSA and reduce cLogD values, it
became clear that the placement of the nitrogen atom was
critical for potency. The nitrogen in the para-position proved
to be optimal as demonstrated by the 16-fold improvement in
IP1 potency of 11 over its ortho-regioisomer 12. Interestingly
with the pyridyl B-ring, the impact of the ortho-fluorine
substituent on potency was less pronouced, resulting in
compounds 11 and 13 being essentially equipotent. In
particular, compound 13 had a comparable IP1 potency and
serum shift profile to the reference compound 5.
With the optimal B-ring substitutions identified, we focused

our attention on combining B-ring modifications with A-ring

exploration in the more active alpha-methyl series (Table 2,
compounds 14−33). As previously reported, installation of a
methyl group alpha to the carboxylic acid in the S-
configuration (trans-relative configuration) not only afforded
a remarkable improvement in potency but also reduced the
magnitude of the plasma protein shift on potency.15

Compounds were initially tested in both the human
(hGPR40/HEK293) and rat (rGPR40/CHO-K1) cell lines
for IP1 accumulation.20 In general, rat IP1 EC50 values were
consistent with human IP1 EC50 values and are given for select
compounds listed in Table 4.21 Compounds that demonstrated
an hIP1 EC50 < 20 nM against the GPR40 receptor (%
activation >200%)22 and selectivity over the GPR120 receptor

Table 1. Exploration of B-Ring SAR

aMean of at least 2 runs. bHS = human serum. cCalculated cLogD at
pH 7.4 using ACD Percepta software. dCalculated polar surface area
using the TPSA method published in J. Med. Chem. 2000, 43, 3714-
3717.

Table 2. A and B-Ring SAR in the α-Methyl Series

aMean of at least two runs. bHS = human serum. c% Activation
>179%22. d% Inhibition of net glucose AUC. eExperimentally
determined; see Supporting Information.

Scheme 2. Achiral Synthesis of 28 and 29 Using HDAa

aReagents and conditions: (a) xylenes, 170 °C, 50 min, 41%; (b) 1 M
aqueous LiOH, MeOH/THF, 65 °C, 19 h, 89%; (c) SFC separation:
Chiral-pak AD-H (50 × 250 mm; 65% MeOH/CO2, 67%; (d) 1 M
aqueous NaOH, MeCN/H2O, 95%.
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(EC50 > 10 uM) were then further profiled in our key in vivo
rodent models, the rat intraperitoneal glucose tolerance test
(ipGTT),23 and the Goto Kakizaki rat oral glucose tolerance
test (oGTT).24 The rat ipGTT was used to screen compounds
for in vivo efficacy at a fixed dose of 3 mg/kg, and the percent
inhibition of blood glucose AUC compared to control is
reported (Table 2). Further prioritization of active compounds
was accomplished by dose titration in the Goto Kakizaki rat
oGTT, where glucose lowering was examined across a range of
doses (0.1 mg/kg−30 mg/kg). The dose and plasma
concentrations at the three hour time point that afforded
maximum efficacious glucose lowering (MED) are represented
in Table 4.
Utilizing the hetero-Diels−Alder (HDA) methodology

described in our early work,15,19 we were able to quickly
prepare compounds listed in Table 2, varying substituents and
heteroatoms in both the A and B rings in a modular fashion
(Scheme 2). In general, electron-rich dienophiles delivered
better yields in the HDA reaction. Although the mixture of

diastereomers was readily separable by SFC, the absolute
configuration of the chroman ring was not determined.
The diastereomeric pairs, 14/15 and 16/17, described in

our earlier work,15 are listed in Table 2 for comparison.
Consistent with previous observations, applying the (S)-α
methyl phenyl propionic acid headpiece to the analogs (5, 11,
and 13) containing the optimal B-ring modifications
attenuated serum shift by 100-fold and increased potency in
the hIP1 assay (diastereomeric pairs 14/15, 20/21, and 22/
23). In general, the chroman stereochemistry had minimal
effect on in vitro potency, with both diastereomers being active,
and further differentiation was only observed in the magnitude
of their serum-shifted IP1 potency. For example, in the case of
the diastereomic pair, 28 and 29, the impact of human serum
on IP1 potency was far greater for 28 (>5000-fold shift)
compared to 29 (170-fold shift).
In an effort to further reduce logD and increase PSA, we

replaced the A-ring phenyl with a pyridine ring. As observed
with the B-ring SAR, the location of the heteroatom was
critical for activity. By moving the nitrogen atom in the ortho-
position relative to the chroman ring (16/17), a 10-fold
improvement in hIP1 potency compared to the meta-position
(18/19) was observed. Further improvement in potency and in
vivo efficacy was achieved through the installation of a fluorine
atom on either the A or B ring. Diastereomeric pairs AP5/25
and 20/21 demonstrated better potency and glucose lowering
than the nonfluorinated compounds 22/23. However,
simultaneously installing fluorine in both the A and B ring

Scheme 3. Stereoselective Synthesis of AP5a

aReagents and conditions: (a) t-BuX-Phos Palladacycle, Cy2NMe,
toluene, 90 °C, 18 h, 49%; (b) formic acid, NEt3, RuCl[(R,R)-
Tsdpen](Mesitylene), EtOAc, 22 h, quant.; (c) tBu3P, DIAD, THF, 1
h, 94%; purity upgrade by SFC, 74%; (d) 1 M aqueous LiOH,
MeOH/THF, 55−58 °C, 17 h, 96%; (e) 1 M aqueous NaOH,
MeCN/H2O, 95%.

Table 3. PK Comparison of Key Compounds

Wistar-Han Rat PKa

Cpd fu Cl (mL/min/kg) Vdss (L/kg) T1/2 (h) F (%)

14 0.005 3.1 0.41 3.5 50
16 0.003 1.1 0.35 6.2 50
AP5 0.0002 2.8 0.48 3.7 81
29 0.001 1.2 0.41 6.4 100

aAdministered at a dose of 1 mg/kg iv, 2 mg/kg po.

Table 4. Rat IP1, GK Rat oGTT, BSEP, and Off-Target
Activity Comparison of Key Compounds

Cmpd
rat IP1a (EC50
nm ± SD)

GK rat oGTT MEDb

(pl concc @ 3 h, dose)

Off-
target
Hitsd #

BSEPe (IC50
μM ± SEM)

14 1.2 ± 0.35 3.0 μm @ 10 mg/kg 9 1.4 ± 0.1
16 2.3 ± 0.40 13.9 μm @ 30 mg/kg 3 0.3 ± 0.04
AP5 0.49 ± 0.28 4.9 μm @ 10 mg/kg 4 3.5 ± 0.2
29 5.2 ± 1.6 32 μm @ 30 mg/kg 1 3.2 ± 0.4

aMean of at least two runs, % activation >370%.22 bMED = maximum
efficacious dose. cpl conc = plasma concentration. d>50% inhibition
@ 10 μM; see Supporting Information for specific receptors. eMean of
three measurements.

Figure 2. GK rat oGTT titrations for AP5 and 29.

Figure 3. Dose-dependent GLP-1 secretion31 with AP5.
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did not correspond to an additive effect on ipGTT efficacy
(26/27 vs AP5/25) despite similar hIP1 potencies.
Based on the in vitro IP1 potency, moderate serum shift, and

in vivo efficacy demonstrated in the ipGTT, AP5 and 29 were
selected for further profiling. A stereoselective route (Scheme
3) featuring a Noyori reduction of the ketone intermediate 36
to establish the chroman stereocenter25 was utilized for the
large scale preparation of AP5. Ketone 36 was prepared via a
Pd-mediated Heck coupling of the allylic alcohol 34 and the
iodophenol 35. Using RuCl[(R,R)-Tsdpen](Mesitylene) cata-
lyst, the key benzylic alcohol intermediate 37 was obtained as a
86:14 mixture of diastereomers enriched in the preferred “S”
configuration. Further diastereomeric upgrade to >99% dr was
accomplished with chiral SFC separation after a subsequent
Mitsunobu reaction to form the chroman intermediate 38.
Hydrolysis with aqueous LiOH and conversion to the
corresponding sodium salt with aqueous NaOH afforded the
final compound AP5. The absolute configuration at the
chroman stereocenter of AP5 was further confirmed by
electronic circular dichroism (ECD) of its corresponding
methyl ester 38.26

The Wistar-Han rat PK profiles of AP5 and 29 are listed in
Table 3 along with 14 and 16 for comparison. Both
compounds exhibited acceptable half-lives and exposures
projecting to QD dosing in humans and plasma exposures
ripe for further evaluation in rodents.
In the GK rat oGTT, oral administration of AP5 and 29 1 h

before an oral dextrose challenge showed that both compounds
significantly reduced blood glucose levels compared to the
vehicle (Figure 2, Table 4). Compound AP5 was determined
to be more efficacious in this model, demonstrating maximally
efficacious glucose lowering at a plasma concentration of 4.9
μM at 10 mg/kg. Compounds AP5 and 29 were further
evaluated in vitro for inhibition of the BSEP and found to have
marginal improvement over our initial analogs, 14 and 16
(Table 4).27 These compounds were also screened against 40
receptors that included a broad panel of GPCR’s, ion channels,
transporters, and enzymes at 10 μM (Table 4). The number of
off-target hits with greater than 50% inhibition was reduced
from nine in 14 to just four in AP5.28 Incorporating nitrogen
atoms in both the A and B ring, as in 29, further reduced the

number of off-target hits to one, demonstrating an excellent
correlation between physical properties and off-target activity.
In addition, AP5 showed enhanced GLP-1 secretion that

was dose-dependent (Figure 3), consistent with the observed
GPR40 AgoPAM mechanism of action.16 In contrast,
measurable GLP-1 release is not observed with partial agonists
such as TAK-875.
Furthermore, AP5’s acceptable rat PK profile translated into

higher species including dog and monkey with a projected
human oral bioavailability of 70% (Table 5). Using allometric
scaling29 from the rat, dog (beagle), and rhesus, AP5 is
projected to have a human dose of 7−15 mg along with a
human half-life of 10−16 h making the compound suitable for
QD dosing. In addition, in vitro metabolism studies in human
hepatocytes showed that formation of phenol metabolites was
not observed in AP5 through the introduction of the B-ring
heteroatom, with the major metabolite being formation of the
acyl-gluoronide (75%).30 In contrast, the starting analog, 14,
showed that the B-ring phenol and its sulfonated derivative
accounted for 67% of metabolites formed in vitro in human
hepatocytes.30

In view of compound AP5’s significant glucose lowering
effect in the GK rat oGTT, demonstrated increase in GLP-1
secretion, and improved off-target and PK profile over 14, AP5
was selected to undergo further assessment in a subchronic 4-
day high dose safety and tolerability study in Wistar rats dosed
at 200 and 750 mg/kg/day. Compound AP5’s plasma
concentration levels reached 2309 μM·h and 7354 μM·h,
respectively. At these exposures, no mortalities, serum
biochemistry changes (including cardiac troponin I), liver
weight increases, gross findings, or changes in the functional
observational battery were observed. The only observed effect
was a decrease in body weight gain reported in Table 6.
In conclusion, through a systematic exploration of A and B

ring SAR, AP5 was identified as a potent and selective GPR40
AgoPAM that demonstrates excellent in vivo efficacy with a
projected human dose of 7−15 mg. By introducing key
modifications, such as nitrogen atom incorporation into the B
ring and fluorine substitution in the A-ring, phenol metabolite
formation was mitigated, off-target activity was reduced, and
marginal lowering was seen in BSEP inhibition, all of which led
to a clean safety and tolerability profile of AP5 in a sub chronic
4-day high dose study.
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Table 5. PK Profile of AP5 in Preclinical Speciesa

Species fu Clint, hep (mL/min/kg) Clp (mL/min/kg) Vdss (L/kg) T1/2, eff (h) F (%)

Rat 0.00021 241 2.8 0.48 3.7 81
Dog 0.015 126 1.6 0.45 6.9 79
Rhesus 0.00071 102 0.72 0.48 10.0 64
Human 0.00044 111 0.58−0.98 0.45 5.3−9.0 70

aAdministered at a dose of 1 mg/kg iv, 2 mg/kg po. bHuman pK prediction based on allometry method.29

Table 6. Subchronic 4-Day High Dose Safety and
Tolerability Study with AP5 in Wistar Ratsa

Dose
(mg/kg/day)

AUC0−24 h
(μM·h) Cmax (μM)

Cmin
(μM)

Tmax
(h)

Body
Weight
Gainb

200 2309 ± 804 223 ± 34 70 1−2 72%
decrease

750 7354 ± 2321 545 ± 81 328 1−2 90%
decrease

aVehicle = 0.5% (w/v) methylcellulose in deionized water.
bCompared to concurrent controls.
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