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26 ABSTRACT: The free fatty acid receptor 1 (FFA1 or GPR40) is established as an interesting potential target for treatment of type
27 2 diabetes. However, to obtain optimal ligands, it may be necessary to limit both lipophilicity and polar surface area, translating to a
28 need for small compounds. We here describe the identification of 24, a potent FFA1 agonist with low lipophilicity and very high
29 ligand efficiency that exhibit robust glucose lowering effect.
30
31
32
33 The long-chain free fatty acid receptor FFA1 (formerly essarily will be either lipophilic or polar, minimizing both
34 GPRA40) is a G-protein coupled 7-transmembrane receptor that would imply developing smaller ligands.
35 is expressed in pancreatic PB-cells and that upon activation Chart 1. Structures of selected FFA1 agonists®
36 leads to insulin release in a glucose dependent manner.'” Tar-
geting the receptor with synthetic agonists can provide a via- " 2

37 ble treatment option for type 2 diabetes, averting the risk of TN e o
38 hypoglycemia associated with other insulin secretagogues “pECs= 5. )
39 such as the sulfonylureas.® Phase II and III clinical trials with Q\é? o C"EEP:O%S‘, A 0
40 the selective FFA1 agonist 1 (TAK-875, fasiglifam) provided (\/ Me OH
41 proof for this concept.” Unfortunately, 1 was withdrawn from m
42 phase III studies due to liver safety concerns even though dis- ]
43 closed results indicate only slightly higher incidence of 3-fold Me O pECas- 785 , oo 275 ,
44 elevated alanine transaminase (ALT) between 1 and placebo- CLog T oA = pa A Clogh =50 oA =37 A
45 treated groups, and no difference in 5-fold elevated ALT.® The 0 o
46 basis for the concerns of hepatotoxicity is currently not N OH
47 known. However, as FFAL is not found to be expressed in oH =
48 human liver, it is widely presumed that the observed effects FiC ©\<s o X
49 are compound related.>”"" Most current FFA1 agonists have a }\]I\ Al-asgs N Jucg9
50 somewhat high lipophilicity (e.g. Chart 1),12 likely a conse- SLOQF.” 43 tPSA = 80 A2 ! CLogpi‘gZ?t_ps'A:so A2

1 quence of the hydrophobic nature of the free fatty acid recep- . LE=034, LLE=37 LE=048 LLE=28
> tor binding site(s) and possibly due to the need for ligands to N Q

X V
52 enter the binding site sideways via the lipid bilayer rather than MeO oo o : 9 OH
53 from the top," a factor that could preclude entrance of ligands N e S OH
54 with high polar surface area (PSA). A high lipophilicity is Me” “Me N
. . . 3 (Amgen) TUG-770

55 generally considered a deleterious property for potential drugs PECsp = 6.79 (Ca®") / 9.2 (IPy) PECso =821 .
56 as it is correlated with poor absorption, toxicity, off-target ClogP = 6.0, PSA = 90 A2 L s el
57 effects and metabolic instability and thereby higher risk of o )
58 failure in clinical trials.""'® In the case that both low lipo- “ClogP and tPSA values calculated using ChemBioDraw 14.0.
59 philicity and a IO.W PSA are required features of safe and effi- LE = RTInKp, presuming ECsy = Kp. Values are given in kcal
60 cient FFA1 agonists, and since the surface of any ligand nec- mol ! per non-hydrogen atom. LLE is calculated by pECs, —

ClogP.
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Considerable efforts have been directed towards lowering
lipophilicity in various compound series. For example, the
series to which the previous clinical candidate 1 belongs was
optimized by attachment of polar appendages,'”'® the potent
agonist TUG-469 was optimized further by adopting the same
appendage,””* and replacement of benzene rings with het-
eroaromatic rings has been used by Amgen for the same pur-
pose in the development of AM-4668 and 3 (Chart 1).*"** In
efforts to decrease lipophilicity and increase potency of the
alkyne FFA1 agonist 2 (TUG-424),> we have employed both
replacement of benzene rings with heterocycles and attach-
ment of polar appendages,”*” leading to the discovery of
TUG-770.° Herein, we report efforts at replacing the terminal
aromatic ring of these moderately sized molecules with ali-
phatic moieties leading to further truncation and reduction of
lipophilicity while keeping PSA at a minimum and preserving
high potency.

RESULTS AND DISCUSSION

Using a modified Sonogashira procedure,” compounds
were synthesized in two steps from the aryl bromide 4 or from
the alkynes 5°° or 6> (Scheme 1). The compounds were tested
on human FFAT1 and counter screened on human FFA4, anoth-
er GPCR responding to long-chain free fatty acids that gener-

ally recognize ligands similar to FFA1.*>*
Scheme 1.”
i (@), )
OMe
1 o
Br 4
OH
o = X
R
OMe  (a), (b)
5: X=H
7 X & x=F

"Reagents and conditions: (a) Alkyne or vinyl halide, Na,PdCl,,
PIntB, Cul, TMEDA, water, 70 — 80 °C, 0.5-2 h, 45-84%; (b)
LiOH (aq), THF, room temp, 2-12 h, 47-97%.

The use and validity of metrics such as ligand efficiency
(LE)’" and ligand lipophilicity efficiency (LLE)" to guide
drug design has recently been debated.””™" Especially LE has
been criticized for being more sensitive to changes in smaller
molecules than in larger molecules and for treating all heavy
atoms the same. Although values from such metrics should be
treated as guidelines only and are not guaranteed to reflect the
optimal compromise between potency, lipophilicity and size,
we find both LE and LLE to be useful tools in the lead optimi-
zation process in general and especially when focus is on size
and lipophilicity, as in the present case. Lipophilicity was cal-
culated using BioByte’s ClogP algorithm (ChemBioDraw), as
this previously was found to correlate best with experimental
log D, 4 values for this series.”

The terminal phenyl ring of parent structure 7 is critical for
activity on both FFA1 and FFA4, as evident from 8 (Table 1).
Elongation by n-heptyl to produce fatty acid-like 6 unsurpris-
ingly also resembles the natural long-chain free fatty acids in
potency on the two receptors. Extending the alkyne of 7 by
methylene and ethylene to homologues 10 and 11 results in
erosion of activity on FFA1 and preserved or slightly gained
activity on FFA4 with no improvement in overall properties.
Of the smaller alicyclic terminal parts (12-15), the smallest
cyclopropyl group (12) gave a loss in potency but preserved

LLE due to its lower lipophilicity, whereas the larger cyclo-
pentyl (13) and cyclohexyl (14) regained potency but also
lipophilicity. The presence of a hydroxyl group in 15 abol-
ished activity on both FFA1 and FFA4. Thus, none of the ali-
phatic or alicyclic terminal groups represented an advantage
over the aromatic 7. However, conjugating the alkyne to a
double bond to reintroduce some of the features of the phenyl
ring in the extension of the alkyne (16) boosted the potency on
FFAL1 back to the level of 7 whereas activity remained absent
on FFA4. Due to its lower ClogP, 16 represented the first clear
improvement over 7 in terms of LE and LLE.

Further exploring the enyne system, a truncation to 2-
propenyl (17) gave a moderate reduction in potency but the
smaller size and lower lipophilicity increased both LE and
LLE. It is also interesting to note an order of magnitude in-
crease in potency between the isomers 12 and 17, again
demonstrating the beneficial effect of extending the alkyne =-
system. Introduction of a terminal methyl in E- or Z-
configuration (18 and 19) significantly boosted activity, for
the Z-form 19 by close to an order of magnitude. Interestingly,
the terminal methyl of 19 corresponds to the positioning of the
ortho-methyl of 2 and with essentially identical potency (Chart
1). The combination of both terminal methyl substituents in 20
displayed lowered activity relative to 19, probably due to ste-
ric issues in the narrow binding pocket.

We have previously seen a robust boost of potency in the
alkyne series after introduction of a 2-fluoro substituent at the
central benzene ring.”® The same effect was observed upon
introduction of the 2-fluoro substituent at 17, 18 and 19, with
ApECs, values of 0.71 for 21, 0.38 for 23 and for 24 with 0.44
to 7.69. Activity on FFA4 was low or absent for all com-
pounds and there was no sign of any 2-fluoro effect. To map
the contributions of the various methyl groups, Z- and E-
analogues 22 and 25 lacking the proximal methyl groups were
investigated and confirmed that the Z-methyl contributes sig-
nificantly to activity, in contrast to the E-methyl. Finally, in-
troduction of a hydroxy group at the terminal methyl of 24
was investigated (26) leading to 20-fold deteriorated potency
even if LLE increased due to the lower lipophilicity. Notably,
all compounds except 15 and 26 have the same PSA (37 A%) as
free fatty acids.

Altogether, it can be concluded that the truncated part of the
terminal benzene ring of 2 contributes minimally to the poten-
cy of the compound on FFAI, but that the same part is im-
portant for activity at FFA4, as the truncated compounds in
general are an order of magnitude less potent than the corre-
sponding phenyl congeners.

Studies at Amgen have indicated the presence of multiple
agonist binding sites at FFA1.*> The recently published crystal
structure of FFA1 bound to 1 indeed shows additional binding
pockets besides the one occupied by 1 (PDB: 4PHU).'""**
Both 2 and 24 docked well in the binding pocket of 1. The
docked 2 and 24 overlap with the methyl groups of both com-
pounds filling a small lipophilic pocket that is left empty with
for example 23 (Figure 1). Moreover, the part of 2 not over-
lapping with 24 is pointing out of the binding pocket (Figure
S1), and thus appears not to contribute to binding to the recep-
tor, whereas 24 docks best of all compounds and seems to
perfectly fill the narrow part of the pocket.

ACS Paragon Plus Environment

Page 2 of 8



Page 3 of 8 Journal of Medicinal Chemistry

Table 1. SAR of aliphatic and alicyclic substituents.

1
2 [0}
3 OH
4

= X
: ~
7 pECsy  (efficacy, %)
g R X hFFAI® hFFA4° ClogP* LEgppar® LLEgpa°
10 7 phenyl H 6'7?138(;'02 5.07 £0.08 (91) 4.54 0.48 2.16
11
12 H H <4 <4 2.17 - -
13 9 n-heptyl H  584+0.04(84)  5.39+0.07(102) 5.88 0.41 -0.04
14
15 10 benzyl H 6'4(11?):3(;'03 498 £0.15 (113) 4.12 0.45 2.29
16
17 11 homobenzyl H 5.7?1;:8(;.07 5.32+£0.10 (102) 4.65 0.37 1.09
ig 12 c-propyl H 5.30+ 0.03 (128) <4 3.15 0.47 2.15
20 13 c-pentyl H 6.31 £0.04 (94) 4.47 £0.17 (105) 4.26 0.50 2.05
21 14 c-hexyl H  629+0.06(98)  5.02+0.03(118) 4.82 0.47 1.47
22 HO
23 15 O)\ H >4 <4 2.74 . .
24
25 6.70 £0.05
26 16 @A H ’ (100)' <4 4.37 0.50 2.33
27
28 6.38 +0.02
29 17 ﬁ»)\ H (108) <4 3.18 0.57 3.20
30
31 18 /ﬁ)‘ H  7.05+0.02 (92) 4.47 +0.15 (103) 3.71 0.59 3.34
32
33
34 198 X H 7.25 £0.04 (95) 4.74 £0.10 (88) 3.71 0.60 3.54
35
36 20 H 7.08£0.03 5.12+0.05 (102) 4.10 0.56 2.98
37 X (105) . . . . .
38
39 21 Y F 7'0(9136(;'04 <4 3.32 0.59 3.77
40
4l 22 A F 6.68%0.04 (97) 4.46 £0.03 (38) 3.45 0.54 3.27
42
ji 23 /ﬁ) F  7.43+0.02(97) 4.58 +0.02 (89) 3.85 0.59 3.58
45
46 24 %)\ F 7'6(91330)'03 470 =0.03 (101) 3.85 0.61 3.84
47
jg 25 K)\ F  7.32+0.04(91) 4.75 +0.22 (49) 3.45 0.61 3.87
50 OH
51 26 %/\ F 6'3(7135(;'03 <4 2.06 0.48 4.31
52
53 m . . 19b . .
54 *Values from a Ca”" assay, efficacy is relative to TUG-20 (3-(4-(benzyloxy)phenyl)propanoic acid).” °*Values from a B-arrestin mobiliza-
55 tion assay, efficacy is relative to 2 (10 pM). *ClogP values calculated using the “ClogP” option of ChemBioDraw 12.0.3.% “LE is defined
56 as = RTInKp, presuming ECsy ~ Kp. Values are given in kcal mol™' per non-hydrogen atom. ‘LLE is calculated by pECsy — ClogP. ‘Con-
57 tained 9% 19 as impurity. *Contained 5% 18 as impurity.
58
59
60

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Journal of Medicinal Chemistry

Figure 1. Docking of 24 in the FFA1 binding pocket of 1
viewed from the side (A) and from front (B).

With its small size (246.3 Da) and high potency, 24 likely to
be the FFA1 agonist with the highest LE known and appears
to represent an optimal combination of high potency, low lip-
ophilicity and low PSA. Further investigations revealed good
aqueous solubility (191 uM in PBS using turbidimetric solu-
bility’” at a maximum concentration of 200 puM) and lipo-
philicity in the optimal range (log Dy, = 1.79)."

We were somewhat concerned about the chemical stability
of the enyne system even though this is found in certain drugs
such as the antifungal terbinafine. Gratifyingly, recovery of 24
after 24 h in PBS or 2 h in simulated gastric and intestinal
fluid was high to quantitative (100% after 24 h in 0.1 M PBS
at 37 °C; 84-87% in FaSSGF, 95-99% in FeSSIF, 100% in
FaSSIF, all after 2 h at 37 °C).

The two vinylic methyl groups of 24 are potentially exposed
for CYP450 oxidation, thus the stability of 24 was examined
in a human liver microsome assay,”* resulting in 38% recovery
of 24 after 1 h. Although lower than ideal, this indicates a
useful and higher than expected metabolic stability of 24. In
comparison, 2 has shown a metabolic stability of 26% in the
same assay, possibly due to its higher lipophilicity,” whereas
the reference compounds verapamil and terfenadine gave 23%
and 6% recovery, respectively.

The in vivo pharmacokinetic properties of 24 were investi-
gated in mice and showed fast oral absorption with a high
maximal plasma concentration after 15 min >1000-fold higher
than EC;s, and a decent pharmacokinetic profile, a satisfactory
plasma half-life of 142 hour, moderate clearance and good
overall exposure (Table 2). The effect of 24 on glucose toler-
ance was investigated in mice, revealing a significant glucose
lowering effect and increased insulin response following oral
dosing at 10 mg/kg (Figure 2).

Table 2. Pharmacokinetic properties of 24

Pharmacokinetic properties® 24
Ciax 44.7 yM
(11009 ng/mL)
tmax 15 min
ty, 99 min
AUCq.c 8295 uM-min
(2043 pg/mL-min)
Clearance 0.49 mL-kg/min

OGTT - glucose

= = Vehicle
== 10 mg/kg 24

-
O N 0 0w O =
1 i i i L 1

[glucose]y,ooq (Mmol/L)
(4]

I
1

-30 0 30 60 120
Time (min)

[ Vehicle

800+ * % Il 10 mg/kg 24

[Insulin];;asma (PMoI/L)

J—1

T =-30 min

T =+30 min

Figure 2. Effect of 24 on glucose tolerance in C57Bl/6 wildtype
mice (10 mg/kg p.o., n=8). (A) Effect on plasma glucose levels.
(B) Effect on plasma insulin levels. **, p<0.01.

CONCLUSION

Further exploration of the alkyne FFA1 agonist series repre-
sented by 2 with focus on minimization of both lipophilicity
and PSA resulted in identification of a series of small but po-
tent enyne FFA1l agonists where 24 displayed the optimal
combination of high potency, low PSA and low lipophilicity,
as well as good overall physicochemical properties including a
satisfactory chemical and metabolic stability, good pharmaco-
kinetic properties and robust effect on plasma glucose and
insulin levels in an OGTT in mice after oral dosing. It is nota-
ble that 24 is carrying the carboxylic acid as the only polar
functional group and thus has a PSA identical to that of the
endogenous free fatty acid agonists but approximately 100-
fold more potent and 1000-fold less lipophilic than for exam-
ple, a-linolenic acid (Chart 1), and should therefore represent
the best of both worlds in terms of receptor binding site access
and potency.
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EXPERIMENTAL SECTION

General remarks. Commercial starting materials and sol-
vents were used without further purification. THF was freshly
distilled from sodium/benzophenone. MeOH was freshly dis-
tilled from Mg. TLC was performed on TLC Silica gel 60
F254 plates and visualized at 254 nm and/or by staining with
phosphomolybdic acid, vanillin, or KMnOj, stains. Petroleum
ether (PE) refers to alkanes with bp 60-80 °C. Purification by
flash chromatography was carried out using silica gel 60
(0.040-0.063 mm, Merck). 'H, °C and “F NMR spectra were
recorded at 400, 101, and 376 MHz respectively on Bruker
Avance III 400 at 300 K. Purity was determined by HPLC and
confirmed by inspection of NMR spectra ('H, °C, '°’F NMR).
HPLC analysis was performed using a Dionex 120 C18 col-
umn (5 pm, 4.6x150 mm); flow: 1 mL/min; 10% MeCN in
water (0-1 min), 10-100% MeCN in water (1-10 min), 100%
MeCN (11-15 min), with both solvents containing 0.05% TFA
or 0.1% HCOOH as modifier; UV detection at 254 nm. High-
resolution mass spectra (HRMS) were obtained on a Bruker
micrOTOF-Q II (ESI). All test compounds were of >95% puri-
ty unless otherwise stated.

(£)-3-(2-Fluoro-4-(3-methylpent-3-en-1-yn-1-yl)phenyl)-
propanoic acid (24).

A Schlenk flask charged with Na,PdCl, (1 mol%), PIntB (2
mol%), Cul (2 mol%), 6 (105 mg, 0.51 mmol), (Z)-2-
bromobut-2-ene (60 puL, 0.59 mmol), H,O (0.2 mL/mmol) and
TMEDA (1.8 mL/mmol) was evacuated and backfilled with
argon three times. The reaction mixture was heated to 80 °C.
After 30 min, the reaction mixture was added water and ex-
tracted with EtOAc (x3). The combined extracts were washed
with brine, dried over Na,SO,, and concentrated, and the resi-
due was purified by flash chromatography (EtOAc:petroleum
ether, 1:6) to give methyl (2£)-3-(2-fluoro-4-(3-methylpent-3-
en-1-yn-1-yl)phenyl)-propanoate (60 mg, 45%) as a pale yel-
low oil: R, = 0.62 (EtOAc:petroleum ether, 1:2); 'H NMR
(CDCl;) 6 7.18-7.06 (m, 3H), 5.86-5.76 (m, 1H), 3.67 (s, 3H),
2.97 (t, J =17.6 Hz, 2H), 2.63 (t, J = 7.7 Hz, 2H), 1.96-1.90
(m, 3H), 1.90-1.84 (m, 3H); "C NMR (CDCl;) & 173.0, 160.6
(d, J = 2469 Hz), 131.3, 130.5 (d, J = 5.7 Hz), 1275 (d, J =
16.1 Hz), 127.3 (d, J = 3.2 Hz), 123.7 (d, J = 9.9 Hz), 118.5,
118.1 (d, J = 23.6 Hz), 91.9 (d, J = 3.1 Hz), 89.3, 51.7, 34.0
(d, J=1.3 Hz), 24.6 (d, J = 2.3 Hz), 22.8, 16.3; ESI-MS m/z
261.1 (M+HY.

The methyl ester (54 mg, 0.21 mmol) in THF (1 mL) was
added a solution of LiIOH'H,O (25 mg, 0.6 mmol) in water
(0.5 mL) and the reaction mixture was stirred until consump-
tion of the ester (approx. 1 hour), adjusted to pH 1 with 1 M
HCI (aq), and extracted with EtOAc (x3). The combined or-
ganic phases were washed with brine, dried over Na,SO,, and
concentrated to give 44 mg (86%) of 24 as a pale yellow solid:
tx = 12.56 min (HPLC purity: 99.5%); '"H NMR (CDCl;) &
7.18-7.08 (m, 3H), 5.86-5.77 (m, 1H), 2.97 (t, J = 7.6 Hz,
2H), 2.68 (t, J = 7.7 Hz, 2H), 1.93-1.90 (m, 3H), 1.90-1.84
(m, 3H); "C NMR (CDCLy) & 178.4, 160.6 (d, J = 247.0 Hz),
133.4,130.5 (d, J=5.8 Hz), 127.4 (d, J=3.2 Hz), 127.2 (d, J
= 16.1 Hz), 123.8 (d, J = 9.8 Hz), 118.5, 118.2 (d, J = 23.5
Hz),91.8 (d, J=3.3 Hz), 89.4, 33.9, 24.2 (d, /= 2.3 Hz), 22.8,
16.4; ESI-HRMS caled for C;sH;sFO,Na (M+Na") 269.0948,
found 269.0955.
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characterization, procedures for in vitro biological assays and for
in vivo pharmacokinetic and OGTT studies, molecular formula
strings, coordinates for 2 and 24 docked in FFA1. This material is
available free of charge via the Internet at http://pubs.acs.org.
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