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ABSTRACT: GPR40 (FFAR1 or FFA1) is a target of high interest
being pursued to treat type II diabetes due to its unique mechanism
leading to little risk of hypoglycemia. We recently reported the
discovery of AM-1638 (2), a potent full agonist of GPR40. In this
report, we present the discovery of GPR40 full agonists containing
conformationally constrained tricyclic spirocycles and their structure−
activity relationships leading to more potent agonists such as AM-5262
(26) with improved rat PK profile and general selectivity profile. AM-
5262 enhanced glucose stimulated insulin secretion (mouse and
human islets) and improved glucose homeostasis in vivo (OGTT in
HF/STZ mice) when compared to AM-1638.
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Type II diabetic patients lose their ability to maintain
glucose homeostasis due to defects in both insulin

secretion and action.1 GPR40 (FFAR1 or FFA1) is a G-
protein-coupled receptor, primarily expressed in pancreatic islet
β-cells and intestinal enteroendocrine cells.2 When activated by
medium to long chain fatty acids, GPR40 elicits increased
insulin secretion from islet β-cells only in the presence of
elevated glucose levels.3 This unique mechanism to treat type II
diabetes potentially mitigates the risk of hypoglycemia seen
with standard insulin secretagogues and has triggered significant
efforts at identifying therapeutic agents utilizing this target.4−21

We previously described the discovery of a GPR40 partial
agonist AMG 837 (1, Figure 1)16 and a GPR40 full agonist
AM-1638 (2).21 AM-1638 showed greater antidiabetic efficacy
in several rodent models21,22 and provided compelling evidence
that GPR40 full agonists can afford access to a powerful
mechanism for maintaining glycemic control and great
potential for the treatment of type II diabetic patients.

In this letter, we describe further optimization beyond AM-
1638. We took on an approach to add conformational
constraints, especially at the flexible phenylpropanoic acid
region (subsequently referred to as the “head group”, Figure 1).
Our efforts to define conformational constraints that

maintain full agonist activity are shown in Table 1. Compared
to phenylpropanoic acid (3), constraining the phenyl with a
fused 5-membered ring (4) showed a modest improvement in
potency. To further constrain the carboxylic acid, we explored
fusing a cyclopropane to the cyclopentane ring of the 2,3-
dihydro-1H-indene (4). Incorporation of cyclopropane through
the fused connection (examples 5−8) proved to be detrimental
to potency, although 8 still retained full agonism. However,
switching to a spiro-cyclopropane attached to the dihydroin-
dene (examples 9−12) resulted in increased potency (12 vs 4),
while maintaining full agonism on GPR40. Note that only one
of the four possible stereoisomers maintains both high potency
and full efficacy on the target. To probe whether the tricyclic
constraint was necessary, we eliminated the cyclopentane ring
and made 2-phenylcyclopropanecarboxylic acids 13 and 14.
This change resulted in a 10-fold loss in potency and reduced
efficacy.
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A large scale synthetic route to prepare head groups shown in
examples 9−12 was developed (Scheme 1). Commercially
available 6-hydroxy-1-indanone (250 g) was protected with tert-
butyldiphenylsilyl group, followed by a Wittig reaction to
deliver the terminal olefin 16 in quantitative yields for both
steps. Rhodium acetate catalyzed cyclopropanation with ethyl
diazoacetate resulted in 17 in 80% yield. Deprotection followed
by chiral separation delivered the head groups 18−21.
The relative configurations of the head groups shown in

compounds 5−12 were assigned based on NMR studies.

Absolute configurations were defined based on comparison of
experimental and calculated vibrational circular dichroism
(VCD)23 spectra and optical rotations.24 The configuration of
head group 19 (in compound 11, Table 1) was further verified
by X-ray analysis of its brominated analogue.25

We then turned our attention to optimize the sizes of the
spirocyclic rings (Table 2). Compared to the spiro[2,4]heptane
in 12, the spiro[2,5]octane in 22 showed equal potency and
efficacy. Other variations on ring sizes (23−25) showed
decreased potencies and thus indicated less optimal conforma-
tional restrictions than 12 and 22; however, they were still
equal to or better than the flexible phenylpropanoic acid 3.

Table 1. Identification of Spirocyclic Head Groups

aMean of at least two runs. b% maximal efficacy compared to 2.

Scheme 1

aReagents and conditions: (a) TBDPSCl, imidazole, DMF, 60 °C,
100%; (b) Ph3PCH3Br, t-BuOK, THF, 99%; (c) Rh2(OAc)4,
N2CHCOOEt, CH2Cl2, 45 °C, 80%; (d) TBAF, THF, 0 °C, 62%
(total); chiral separation of four isomers: Chiracel AD-H column, 5%
IPA/hexane.

Table 2. Optimization of Spirocyclic Ring Sizes

aMean of at least two runs. b% maximal efficacy compared to 2.
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Reduction of the cyclopentene in the tail region of 12
resulted in potency improvement for 26, but not its
diastereoisomer 27, although both have full efficacy (Table
3). The spiro[2,5]octanes (28−30) again showed similar
potency as spiro[2,4]heptane (26).
The preparation of these spirocyclic GPR40 full agonists is

exemplified by the synthesis of 26 (Scheme 2). Asymmetric
approaches to 18 were explored, and the chiral ruthenium
bis(oxazolinyl) pyridine catalyst reported by Nishiyama26 was

found to be most effective to deliver the 18 precursor 32 in
94% yield with 90% ee. Coupling the head group 18 with tail
group 33 was accomplished at room temperature with Cs2CO3
in DMSO, followed by hydrolysis with aqueous LiOH and
MeOH to deliver 26 in one pot.
Highly conformationally constrained molecules, like 26 and

30, were expected to improve off-target selectivity.27 Both 26
and 30 showed better selectivity than 2 against a broad panel of
101 GPCRs, ion channels, transporters, and enzymes at 10 μM
(Table 4, additional detail in Supporting Information).

Table 3. Combination of Best Head and Tail Groups

aMean of at least two runs. b% maximal efficacy compared to 2.

Scheme 2

aReagents and conditions: (a) [Ru(p-cymene)Cl2]2, 2,6-Bis[(4S)-
(−)-isopropyl-2-oxazolin-2-yl]pyridine, N2CHCO2Et, THF, 60 °C,
94%, 90% ee; (b) Pd/C, H2, EtOAc, 95%; (c) Cs2CO3, DMSO, 16 h;
then added 2 N aqueous LiOH and MeOH, 50 °C, 15 h, 72%.

Table 4. Binding Activity Screen against 101 Receptors

number of receptors that have

compd >90% POCa >80% POCa >70% POCa

2 4 9 12
26 1 3 6
30 2 6 6

aPercent inhibition of control values or control specific binding.

Table 5. Improvement in Pharmacokinetic Properties

compd species Cla (L/h/kg) Vdss
a (L/kg) iv t1/2

a (h) % Fb

2 rat 0.91 1.1 1.8 15
cynoc 0.81 2.0 2.1 71

26 rat 0.25 0.7 4.2 28
cynoc 0.84 1.4 2.2 69

30 rat 0.17 0.8 4.1 61
cynoc 0.11 0.4 3.7 44

aiv dose at 0.5 mg/kg. bOral dose at 2 mg/kg. cCynomolgus monkey.

Figure 2. Binding of AM-5262 was examined in cross-interaction
experiments with [3H] AMG 837 (A) and [3H] AM-1638 (B). Data
are expressed as cpm specific binding and shown as means ± SEM of
2−3 independent experiments. The curves are fitted to an allosteric
ternary complex model.

Figure 3. Characterization of AM-5262 activity in isolated primary
cells. Stimulation of (A) GLP-1 and (B) GIP secretion by AM-1638
and AM-5262 from rat fetal intestinal cells. Potentiation of glucose-
dependent insulin secretion from (C) mouse and (D) human islets in
response to indicated treatments.
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Compound 2 showed greater than 70% inhibition compared to
controls for the adenosine A1 receptor, thyrotropin releasing
hormone TRH1 receptor, the norepinephrine transporter, the
cholecystokinin CCK2 receptor, the histamine H4 receptor, the
dopamine D1 receptor, and the kappa opioid receptor; while 26
and 30 displayed less than 70% inhibition against these
receptors.
Compound 2 has medium clearance in both rats (Cl = 0.91

L/h/kg) and cynomolgus monkeys (cyno, Cl = 0.81 L/h/kg).
Table 5 showed that 26 improved clearance in rat (0.25 L/h/
kg) and that 30 improved clearance by 5−7-fold in both rat and
cyno.
Binding data obtained from reciprocal competition experi-

ments demonstrated that similarly to AM-1638 (2), AM-5262
(26) exhibits positive cooperativity and occupies a different
binding site from AMG 837 (Figure 2).28 Conversely,
experiments with radiolabeled AM-1638 clearly showed that
AM-5262 binds at the same site as AM-1638, further providing
evidence of allosteric behavior with AMG 837.
GPR40 full agonists stimulate incretin and insulin secretion

in vitro and in vivo.22 The activity of AM-5262 was compared
head-to-head with AM-1638 in isolated primary cells from
rodents and humans. AM-5262 stimulated GLP-1 and GIP
secretion from rat intestinal cells, and the potency of AM-5262

was 2−5-fold greater than AM-1638 (Figure 3A,B). AM-5262
potentiated glucose stimulated insulin secretion from both
mouse (Figure 3C) and human islets (Figure 3D), and the
activity was greater than that of exendin-4 in human islets.
When compared for their ability to improve glycemic control

in HF/STZ type II diabetic mice,22 AM-5262 showed similar
efficacy at 30 mg/kg dose compared to AM-1638 at 60 mg/kg
during an oral glucose tolerance test (OGTT, Figure 4A). AM-
1638 displays maximal efficacy at 60 mg/kg in this model.
Glucose AUC improved ∼48% in response to 30 mg/kg AM-
5262, and this was associated with an increase in insulin
secretion (Figure 4B). Total plasma levels of drugs were
measured one hour post-dose (Figure 4C). Total drug plasma
levels were 6−7-fold lower for AM-5262 at 30 mg/kg compared
to AM-1638 at 60 mg/kg, suggesting that AM-5262 displays
greater potency in vivo.
In conclusion, we have described the discovery and SAR of

potent GPR40 full agonists with highly conformationally
constrained tricyclic head groups. These compounds demon-
strated improved rat PK and off-target selectivity profiles
compared to their unconstrained parent compounds. AM-5262
(26) binds to the same ligand site on GPR40 as AM-1638 and
has enhanced glucose stimulated insulin secretion (mouse and
human islets) and improved glucose homeostasis in vivo
(OGTT in HF/STZ mice).
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