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ABSTRACT: Phosphoinositide 3-kinases (PI3Ks) are a family of enzymes that control a wide variety of cellular functions such as
cell growth, proliferation, differentiation, motility, survival, and intracellular trafficking. PI3Ky plays a critical role in mediating
leukocyte chemotaxis as well as mast cell degranulation, making it a potentially interesting target for autoimmune and inflammatory
diseases. We previously disclosed a novel series of PI3Ky inhibitors derived from a benzothiazole core. The truncation of the
benzothiazole core led to the discovery of a structurally diverse alkynyl thiazole series which displayed high PI3Ky potency and
subtype selectivity. Further medicinal chemistry optimization of the alkynyl thiazole series led to identification of compounds such as
14 and 32, highly potent, subtype selective, and CNS penetrant PI3Ky inhibitors. Compound 14 showed robust inhibition of PI3Ky
mediated neutrophil migration in vivo.
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he phosphoinositide 3-kinases (PI3Ks) are lipid kinases recruitment of neutrophils to inflammation sites.”'’ PI3Ky

that phosphorylate the 3-hydroxyl group of the inositol plays a critical role in mediating leukocyte chemotaxis as well
ring of phosphatidylinositol (PI) substrates within the plasma as mast cell degranulation, making it a potentially interesting
membrane and intracellular compartments." PI3Ks control a drug target for autoimmune and inflammatory diseases.'”"”
wide variety of cellular signaling pathways, including migration, The discovery of PI3Ky specific inhibitors has faced a daunting
proliferation, differentiation, and vesicular trafficking.” Based challenge due to the high sequence homology at the active site
on sequence homology and lipid substrate specificity, PI3Ks of class I PI3Ks and the conserved topology of the ATP-
are divided into three classes. The class I PI3Ks (PI3Ka, binding site of the closely related protein kinases such as
PI3Kp, PI3Ky, and PI3KS) are the most extensively itudied mTOR and DNA-PK.'* Compounds with good isoform
and are further divided into two subclasses: 1A and 1B.” Class selectivity are critical tools to study the function of the PI3K

IA PI3Ks (a, f, ) contain pl10a, pl110f, and pl105 as
catalytic subunits and are activated by tyrosine kinase receptor
signaling while class IB PI3Ks contain only p110y as catalytic
subunit and are activated by GPCRs via its fy regulatory
subunits.”* PI3Ka and PI3Kf are ubiquitously expressed and
play a key role in cell growth, survival, and proliferation; hence,
their inhibition has been mainly a strategy that targets cancer
therapy.' PI3Ky is widely expressed in granulocytes, mono- —
cytes, and macrophages, whereas the PI3Ké isoform is also Received:  October 28, 2020 Chmily sy
found in B and T-cells.' PI3Ky and PI3KS represent key Accepted:  December 11, 2020
modulators of innate and adaptive immune responses. PI3Ky Published: December 18, 2020
knockout mice showed reduced chemoattractant-induced

neutrophil migration to infection sites and respiratory

burst.”~® Furthermore, PI3KS and y deficiency blocks the

pathway and enable the development of treatments that
maximize the therapeutic indices."”® We previously reported
three new classes of potent and isoform selective PI3Ky
inhibitors derived from benzothiazole 1,'* thiazolopiperidine
2,"* and isoindoline 3'° scaffolds as potential therapy for
multiple sclerosis (MS) (Figure 1). In an effort to further
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Figure 1. Structures of our previously reported potent and selective
PI3Ky inhibitors.

expand the structural diversity of our potent, selective, and
CNS penetrant PI3Ky inhibitors for the treatment of CNS
disorders such as MS, we sought to exploit an alternative
scaffold derived from alkynyl thiazole as exemplified by
compound 4. In this paper, we describe the design and
synthesis of a highly potent, isoform-selective, and CNS
penetrant PI3Ky inhibitor derived from an alkynylthiazole core
(Flgure 1).

As we reported previously,'* benzothiazole urea 1 is a very
potent PI3Ky inhibitor with good isoform selectivity. Our
initial design strategy involved the truncation of the
benzothiazole to form the alkynyl thiazole core, generating a
structurally diverse molecule while maintaining similar potency
and selectivity vectors of the benzothiazole core (Figure 2).
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Figure 2. Evolution of the benzothiazole into alkynylthiazole
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PI3Ka K; = 0.132 uM F

We discovered that fluoroalkylimidazoles were generally more
isoform selective compared to the corresponding alkylimida-
zoles during the exploration of the thiazolopiperidine series,"
and thus, we incorporated the difluoromethyl imidazole moiety
in the alkynylthiazole series.

The alkyne functionality has been broadly exploited in drug
discovery programs, and it brings a number of advantages and
disadvantages. The acetylene group has been successfully
employed as a nonclassical bioisostere of a wide range of
functlonal groups, including chlorine, iodine, and the nitrile
group,'” but the terminal alkynyl group can also negatively
impact drug metabolism through irreversible inhibition of
CYP450 enzymes and the formation of GSH conjugates.'’
Alkynyl groups have been previously used in the PI3Ky
inhibitor field. The alkynyl pyrazole-containing S (IPI-549)
(Figure 3) demonstrated improved potency and high isoform
selectivity, with excellent metabolic stability and pharmacoki-
netic properties.18

To optimize the potency and the overall profile of this new
series, we performed docking of the proposed new alkynyl
thiazole analogs such as compound 4 with PI3Ky. Using the
crystal structure of 1 bound to PI3Ky (PDB ID 4PS3), we
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Figure 3. Chemical structure of the PI3Ky inhibitor IPI-549.

analyzed if it would be possible to maintain or improve the
contacts with the protein. The docking results suggested that
compound 4 would likely bind in a similar manner to 1,
maintaining a similar conformation and the majority of the
contacts. The change in vector space around the methoxypyr-
idine may preclude compound 4 from participation in a water-
mediated hydrogen bond network to T}rr867 and Asp841 as
seen in several public crystal structures'* (Figure 4). The loss

Figure 4. Docking model for compound 4 (green) bound to PI3Ky
and comparison to compound 1 (purple).

of the methoxy group on compound 4 also corresponded to a
decrease in docking score and resulted in an inversion of the
pyridine nitrogen orientation. The “ring flip” observed in
combination with the altered projection of the alkyne from the
thiazole core allows for a hydrogen bond between the pyridine
nitrogen of 4 and Lys833. Overall, the docking results suggest
that the core binding should be maintained and that potency
can be gained through a number of interactions.

We first explored the optimization of the urea substituents
on the western side of the molecule and the pyridine
substitution on the eastern side in the context of the
alkynylthiazole core (Table 1). Most of these new analogs
exhibit excellent PI3Ky potency and good selectivity against
PI3Ka. Imidazole compounds 4 and 6 showed good selectivity
against PI3Kf3 (>28-fold). We have previously reported'* that
an introduction of phenoxyethyl urea in the benzothiazole
series can increase the PI3Ka selectivity due to unfavorable
interaction of the phenyl group with the Asp residue of PI3Ka.
However, replacement of the imidazole moiety with an O-aryl
group (7) failed to improve PI3Ky potency or PI3Ka
selectivity. Replacement of the imidazole moiety with an
alkoxy group increased the PI3Ky potency while maintaining

https://dx.doi.org/10.1021/acsmedchemlett.0c00573
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Table 1. SAR of Alkynylthiazoles with Varying Pyridine and

Urea Substitutions
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“THP-1 cell assay involves the capacity of the compounds to inhibit
PI3Ky-stimulated phosphorylation of endogenous AKT at Ser-473.

PI3Ka selectivity (10, 11, and 12) whereas compounds with
short alkoxyethyl ureas (8, 9) showed poor PI3Ka selectivity.
All compounds tested in Table 1 showed a noticeable decrease
in cellular potency which is frequently impacted by numerous
factors including cell membrane permeability, serum protein
binding, off-target activity, and ATP concentration."” Imida-
zole urea compounds (4 and 6) and alkoxy urea compounds
(10 and 12) exhibited sub-micromolar cellular potencies.
However, compounds 4 and 6 exhibited very poor CNS
exposure (B/P ratio < 0.01) as the imidazole is a structural
feature that increases the potential for P-gp-mediated efflux
(ER 10 and 67 for compounds 4 and 6, respectively). From
this list, we selected compound 12 over 11 for further analog
generation considering in vitro human and rat liver microsomal
stability data and cellular potency. Compound 12 displayed
better microsomal stability (human and rat) than compound
11 (% remaining after 30 min HLM/RLM 12 92%/85% vs 11
66% /58%), and increased cellular potency (12 = 0.34 uM vs
11 = 0.64 uM). Compound 12 showed low efflux in MDRI1-
MDCK assay with ER = 1.4.

To better understand the binding mode of the compounds
from this new series, an X-ray cocrystal structure of human
PI3Ky in complex with compound 11 (PDB ID 7KKE) was
obtained (Figure 5). The 3,3-dimethylbutoxy linker of

LYS-883

ASP-964

ASP-884

Figure S. X-ray cocrystal structure of 11 bound to PI3Ky (PDB ID
7KKE).

131

compound 11 occupies a hydrophobic pocket adjacent to
the ATP-binding site while the linker oxygen makes an H-bond
interaction with Asp884. The thiazole nitrogen and the NH of
the urea form a bidentate hinge-binding interaction with the
backbone carbonyl (C=0) of Val882. As the pyridine atom
shifts its location, the pyridine nitrogen no longer participates
in the water-mediated H-bond network with Tyr867 and
Asp841 as seen in the benzothiazole series.'” Instead, the
pyridine nitrogen makes a favorable H-bond (2.83 A)
interaction with Lys833.

We next explored the SAR of the eastern pyridine group
while keeping the O-methylcylopropoxyethyl-substituted urea
from 12 (Table 2). The methoxy-substituted 3- and 4-

Table 2. SAR of the Pyridine Substitutions

N
C

4 .
Compound R PB3Ky | Kifold | Kifold | Kifold | THP-1(MCP-1)
P 2 Ki (nM) aly Bly 5y 1Cs0 (UM)
h 7 28 8 3 034
12 L~ :
)
" - 11 51 5 0.8 051
OMe
)
" N ome 3 19 3 3 0.18
OMe
Sy 6 47 4 8 0.41
15 _n :
N\ OMe
1 L 240 6
5
S
17 L 6 26 5 11 0.49
Cl
X
18 () 10 35 3 3
B
=
1 52 76 31
CF,
hN 5 31 3 6 033
20 N%om :
OMe
/N
. m 99 7 3 3 43
/N
|
- 6 24 5 3 0.29
=~ "N \
- g% 22 52 4 3 0.60
N
24 @ 25 8 3 3 0.49
25 w 45 18 4 3 >10
26 }g/\\[N/j 11 12 4 5 18

pyridines 13, 14, and 15 and 2-fluorine and 2-chlorine
substituted 4-pyridines 17 and 18 displayed good PI3Ky
potency and selectivity over the @ isoform, but with no
improvement in selectivity toward the f or 0 subtypes. The
methoxy-substituted 2-pyridine (16) did not improve PI3Ky
potency and selectivity over the a isoform. A pyridine analog
with a strong electron withdrawing group such as CF;, 19,
showed reduced PI3Ky potency. Dimethoxy substituted
pyrazine analog 20 showed good PI3Ky potency and «
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isoform selectivity. Using fused bicycles as replacements for the
pyridine in the alkynyl thiazoles led to a consistent reduction in
PI3Ky potency, except for 22 and 26. Most of these bicyclic-
substituted compounds also exhibited reduced PI3Ka
selectivity except for compound 23.

We next introduced chirality to the alkoxy ethyl urea linker
aiming to further improve PI3Ky potency and subtype
selectivity (Table 3). Compounds with a-substituted ureas

Table 3. SAR of the Urea Linker Substitutions

N
HN— |
HN S
R, = &

o]
RZ
THP-1
PI3Ky | Kifold | Kifold | Kifold
MCP-1
Compound Ri R2 KoM | af Bly Sy (MCP-1)
1Cso (uM)
S
” Doy, ) 7 28 8 3 0.34
S
27 D\/OJJNH L4 89 15

28 D\/O sF NH ‘ _N 342 4
G X
D\/OY}SNH \ 122 5 5 0.8 32

29 _N
5 X
20 b\/O\:/}JNH L) 9 88 4 6 031
D\/O{S)/ﬁ ‘ P
3 > N1 P 4 663 6 34 038
) OMe
A\/O{S)/}“‘ ‘ P
32 =N Aome |3 53 4 5 0.20
) OMe
OMe
(S) X
33 D\/C><_)/}‘rur1 B 4 99 6 9 0.43
: ~
S
34 Q\/OMNH L 14 113 - - 2.7

demonstrated dramatically reduced PI3Ky potency (12 vs 27,
28). It was observed that the chirality plays a role in the
potency gain as the (R)-1-methyl ethoxyurea 27 is 4-fold more
potent than the (S)-1-methyl ethoxyurea analogue 28.
Interestingly, p-substituted ethoxyurea maintained good
PI3Ky potency, specifically with the (S)-2-methyl alkoxyurea
analogues (30, 31, 32, and 33). We envisioned that alkyl
substituents in the linker adjacent to the urea might shield its
H-bond donor ability and prevent an efficient interaction with
Val887 in the hinge region. We observed that several (S)-2-
methyl alkoxyurea analogues exhibited excellent PI3Ky
potency and a selectivity (30, 31, 32, and 33). Compound
31 showed the best PI3Ka selectivity (663-fold) and PI3KS

selectivity (34-fold) while maintaining single-digit nanomolar
PI3Ky potency. The replacement of the cyclopropyl group
with a cyclobutyl group slightly decreased PI3Ky affinity but
increased PI3Ka selectivity (30 vs 34). However, 34 is 9-fold
less potent than 30 in the THP-1 (MCP-1) cellular assay.

We selected a few compounds based on enzymatic potency,
cellular potency, and isoform selectivity within the series for
further in vitro profiling and identification of suitable
compounds for pharmacokinetic evaluation (Table 4).
However, most of these compounds showed lower potency
in our THP-1 cellular assay, which may be due to poor
solubility or cell permeability. Our ultimate goal was to identify
CNS-penetrant PI3Ky inhibitors for the potential treatment of
CNS disorders such as multiple sclerosis.'® Therefore, It is very
important to maintain low P-gp-mediated efflux, good B/P
ratio, and good cell permeability. Our top compounds in Table
4 showed CNS multiparameter optimization (MPO) desir-
ability scores™ greater than 4. Compounds 14, 31, and 32
showed good MDCK-MDRI cell permeability.”’ We expected
reduced CNS exposure for compounds 4 and 23 which are P-
gp substrates (ER = 10 and 12, respectively, in rats). The
replacement of the difluoromethyl imidazole side chain with a
cyclopropylmethoxy group dramatically decreased the efflux
ratio (14, 31, and 32). Compound 32 had the best brain-to-
plasma ratio in rats (B/P) as a result of the low MDCK-MDR1
efflux ratio (0.9) and high permeability. The higher lip-
ophilicity (cLogD 3.2) attributed compound 32 accounts for
good permeability. Additionally, most of these compounds
showed good microsomal stability in human and rats except for
compound 31. One of the key challenges in developing
inhibitors of PI3K is cross-inhibition of other protein kinases,
most notably mTOR and DNA-PK."* All lead compounds in
Table 4 exhibited high DNA-PK selectivity profiles, and most
of the top compounds did not display hERG liabilities.

Compounds 14, 23, and 32 were selected for pharmacoki-
netic (PK) studies in rats (Table S). Compounds 14 and 32
exhibited good oral PK profiles with high exposure and
excellent bioavailability in rats. However, both of these
compounds showed moderate clearance and short half-life in
intravenous PK studies. In contrast, compound 23 showed the
best intravenous PK profile with the best clearance (12 mL/
min/kg) and good half-life (2.6 h) in rats. However, we did not
pursue compound 23 further as it was a P-gp substrate (ER =
12).

Based on PK properties in rats, we selected compound 14 to
investigate the effect of PI3Ky inhibition activity in vivo.

Table 4. Overall Profiles for Compounds 4, 14, 23, 31, and 32

4 14
MW, clogD, PSA 416, 2.7, 85 416, 3.0, 95
THP-1 (MCP-1) ICq, (M) 0.13 0.18
MDCK-MDRI ER./P, A-B 10/8 2/10
Rat B/P“ 0.013 0.1
CNS MPO 5.0 4.6
CYP 2C9 IC, (4M) 0.49 7
Microsome stabilityb H/R 92/100 89/69
Protein binding % H/R 98.11/98.88
DNA-PK K; (M) 34 2.8
hERG (Planar patch) ICg, (uM) 13 >30

Kinase selectivity >4 uM for 13 kinases

>4 uM for 13 kinases

23 31 32
395, 2.7, 91 400, 3.0, 85 431, 3.2, 95
0.60 0.38 0.20

12/4 2/16 0.9/34

0.3
5.1 4.9 4.3
11 11 15

100/73 56/51 79/100

94.12/92.96 98.66/>99 >99/>99
>7 >7 3.5
>30 28 >30

>4 uM for 13 kinases >4 uM for 13 kinases >4 uM for 13 kinases

“Determined from 1 mg/kg oral dose, 1 h time point. bog Remaining after 30 min.
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Table S. IV and PO PK Profiles of Compounds 14, 23, and
32

14 23 32
Rat IV PK (1mg/kg)
C1 (mL/min/kg)/Clu 40/3571 12/170 34/3400
Ty (h) 1 2.6 1
V,(L/kg) 3 23 1.7
Rat PO PK (Smg/kg)
AUC, ;¢ (ugh/mL) 7.1 6.8
Crnax (pg/mL) 2.1 1.1
T,/ (h) 13 27
% F 100 100

Chemoattractant, IL-8 stimulated neutrophil migration into air
pouches in mice has previously been shown to be dependent
on PI3Ky.'® In response to the inflammatory process, PI3Ky
activated i immune cells such as neutrophils migrate to the sites
of inflammation.”” To demonstrate PI3Ky inhibition activity of
compound 14 in vivo, we evaluated the effect of orally
administered compound 14 (50 mg/kg) on IL-8 stimulated
neutrophil migration into the air pouches on mice. Compound
14 significantly reduced (85%) neutrophil recruitment into the
air pouches at a 50 mg/kg dose and exhibited good brain
exposure with a B/P of 0.43 at 4 h postdosing (Figure 6). This
result demonstrates that orally administered compound 14 can
inhibit PI3Ky activation in vivo.

IL-8 - +
£ 4x10%
< .
=
® %
T 4 %104
2 £
s
s2
2 £ 2x104
- ®
°d
8
2 % 1x10%
g ©
3 &
z I_—l—_l 85%
:: l. .
Saline Vehicle Cmpd 14
(50 mg/kg)

Figure 6. Effect of compound 14 on neutrophil migration in the
mouse air pouch model.

The general syntheses of alkynylthiazoles, exemplified by
compounds 4, 13, and 17, are shown in Schemes 1 and 2. In
Scheme 1, the five-step sequence starts with the commercially
available thiazole amide 35. The iodination of 35 with NIS
followed by Sonagashira coupling with 3-ethynylpyridine
afforded compound 37 in good yield. The removal of the
acetyl group of 37 with hydrazine hydrate afforded compound
38 in 77% vyield. Activation of compound 38 with CDI
followed by coupling with 2-(1-(2,2-difluoroethyl)-1H-imida-
zol-4-yl)ethan-1-amine afforded target compound 4 in
moderate yield.

Compounds 13 and 17 were synthesized as shown in
Scheme 2 (routes 1 and 2). Activation of compound 40 with
CDI followed by coupling with 2-(cyclopropylmethoxy)-
ethanamine afforded compound 41 in 45% yield. Sonagashira
coupling with 41 with 3-methoxy-5-((trimethylsilyl)ethynyl)-
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Scheme 1. Synthesis of Alkynylthiazole 4
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“Reagents and conditions: (a) NIS, DCM, r.t, 10 min, 66%; (b) 3-
ethynylpyridine, Pd(PPh;),, Cul, Et;N, dioxane, r.t, 1.5 h, 77%; (c)
hydrazine hydrate, THF, 85 °C, 6 h, 77%; (d) CDI, DMF, 70 °C, 2 h,
92%; (e) 2-(1-(2,2-difluoroethyl)-1H-imidazol-4-yl)ethan-1-amine,
Et,N, THE, r.t, 20 h, 58%.

Scheme 2. Synthesis of Alkynylthiazoles 13 and 17¢
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“Reagents and conditions: (a) CDI, DCM, 2-(cyclopropylmethoxy)-
ethanamine, 60 °C, 2 h, 45%; (b) 3-methoxy-S-((trimethylsilyl)-
ethynyl)pyridine, PdCL,(PPh;),, Cul, TEA, TBAF, THF, 64 °C, 1 h,
41%; (c) ethynyl(trimethyl)silane, Cul, Pd(PPh;),, TEA, THF, 6S
°C, 1 h, 58%; (d) 2-fluoro-3-iodopyridine, Cul, Pd(PPh;),, TEA,
TBAF, THE, 65 °C,1 h.

pyridine in the presence of TBAF afforded compound 13 in
41% vyield. The Sonagashira coupling of 41 with ethynyl-
(trimethyl)silane compound 42 gave 58% yield. The second
Sonagashira coupling of 42 with 2-fluoro-3-iodopyridine in the
presence of TBAF afforded compound 17 in 50% yield.

In summary, we have designed and synthesized a new series
of highly potent and isoform selective inhibitors of PI3Ky using
structure-guided drug design based on our earlier reported
work in this area. The SAR study focused on optimizing the in
vitro potency, the isoform selectivity, and the ADME profile of
the compounds in order to find lead compounds. The lead
compounds 14 and 32 showed good in vitro metabolic stability
in rat and human liver microsomes and good in vivo
pharmacokinetic properties in rat, along with good CNS
exposure. Compound 14 showed in vivo efficacy in a mouse air
pouch model by reducing neutrophil migration in 85% at SO
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mg/kg dose. The potent PI3Ky inhibitors identified within this
series can thus serve as suitable in vivo tool compounds.
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