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ABSTRACT: Inhibition of Mer and Axl kinases has been implicated as a potential way to improve the
eﬃcacy of current immuno-oncology therapeutics by restoring the innate immune response in the tumor
microenvironment. Highly selective dual Mer/Axl kinase inhibitors are required to validate this hypothesis.
Starting from hits from a DNA-encoded library screen, we optimized an imidazo[1,2-a]pyridine series
using structure-based compound design to improve potency and reduce lipophilicity, resulting in a highly
selective in vivo probe compound 32. We demonstrated dose-dependent in vivo eﬃcacy and target
engagement in Mer- and Axl-dependent eﬃcacy models using two structurally diﬀerentiated and selective
dual Mer/Axl inhibitors. Additionally, in vivo eﬃcacy was observed in a preclinical MC38 immunooncology model in combination with anti-PD1 antibodies and ionizing radiation.

■

signiﬁcantly expressed in the central nervous system.8 It may
therefore be less desirable to inhibit Tyro3 compared to the
other TAM kinases for an immunotherapy.
Small molecule inhibitors of the TAM kinase family have been
reported,9−11 and recently, several compounds that inhibit TAM
family members with varying degrees of selectivity have entered
clinical trials.12−15 We anticipated that sparing speciﬁc targets
with immuno-oncologic function would be particularly
important and identiﬁed Flt3 as a key antitarget since it is
involved in the maturation and function of dendritic cells in the
autoimmune response.16,17 Clinical compounds appear to show
relatively promiscuous selectivity proﬁles, and a highly selective
dual Mer/Axl kinase inhibitor has not been reported and

INTRODUCTION
The TAM (Tyro3, Axl, and Mer) family of receptor tyrosine
kinases has gained increasing attention recently as targets in the
ﬁeld of immuno-oncology (IO),1−3 with the combination of Axl
and Mer inhibition, in particular, seen as an attractive
mechanism to enhance current immunotherapies.4 Mer is
expressed on tumor-associated macrophages, which are found
abundantly in the tumor microenvironment, and Mer activation
promotes macrophage polarization toward a protumor M2-like
phenotype with the secretion of increased levels of immunosuppressive cytokines. This process leads to apoptotic cell
clearance through eﬀerocytosis.5 Inhibition of Mer will reverse
this macrophage polarization and should enhance the response
to immunotherapies targeting PD1, PD-L1, or CTLA-4. Axl has
been implicated in a number of processes including epithelial to
mesenchymal transition, tumor angiogenesis, chemotherapeutic
resistance, and decreased antitumor response.6 Activation of Axl
on dendritic cells limits Toll-like receptor and cytokine receptor
signaling; thus, inhibition of Axl in the tumor microenvironment
is expected to enhance T-cell response to immunotherapies.
Less is known about the role of Tyro3 in cancer7 but it is
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Figure 1. Initial hits from DEL screening.

focus on 1,3,4-oxadiazoles that oﬀer a starting point of lower
lipophilicity than the other heterocycles.
The type I1/2 binding mode20 adopted by 2 is known to allow
diﬀering types of engagement with the A-loop of Mer kinase,
which can result in high selectivity with respect to the rest of the
kinome.21 Although 2 already exhibited good kinase selectivity
(7/125 kinases > 50% inhibition at 1 μM; Supporting
Information), we envisioned that this could be optimized
further through modiﬁcation of the chloro-biphenyl group. In
addition, since the chloro-biphenyl group adds signiﬁcant
lipophilicity, such changes could also result in improvements
in ligand lipophilicity eﬃciency, LLE,22 which became a key
design criterion. Since Axl potency was also desired, this was cooptimized to guide the lead optimization process toward dual
Mer/Axl inhibitors. Flt3 was monitored as an antitarget, being
representative of general kinome activity and also speciﬁcally to
avoid a detrimental impact upon dendritic cells. Initially, the
structure−activity relationship (SAR) around the terminal Clphenyl ring was investigated (Table 1). Removal of the Clphenyl in 3 resulted in signiﬁcant loss of potency against the
kinases measured, which is consistent with the placement of this
ring alongside the αC-helix in a typical αC-helix out type I1/2
binding mode. Some potency against Mer was recovered by
insertion of a cPr in 4 and further increased with phenyl 5,
although this was still about 10-fold less than ortho-Cl-phenyl
start point 2 with similar LLE. It appears that the chloro
substituent ﬁlls a hydrophobic pocket to give this potency
increase and the ortho substituent inﬂuences the conformation
of the biaryl motif. Other ortho groups such as ﬂuoro, methoxy,
cyano, and methyl (6−9) were tolerated but were less potent
than chloro although they all reduced lipophilicity. The cyano
substituent signiﬁcantly reduced lipophilicity resulting in an
increase in LLE from 3.5 to 4.0. The ortho-tolyl 9 displayed
increased Flt3 potency at the same log D but incorporation of a
nitrogen in the ring mitigated Flt3 potency and reduced
lipophilicity to yield an LLE of 4.2 for 10. Encouraged by this
result, we examined ﬁve-membered heterocyclic aryls and
trimethyl pyrazole 11 yielded similar lipophilicity with slightly
increased potency, which resulted in an LLE of 4.3. Notably, the
Axl potency was increased relative to 10, which made this
compound stand out with the highest LLE for Axl in this set. The
methyl group on nitrogen appeared to be important for potency
since the isolipophilic oxazole 12 displayed signiﬁcantly reduced
potency against both Mer and Axl.
Consequently, a trimethyl pyrazole terminal ring was utilized
in the next phase of optimization where the ring of the biaryl next
to the oxadiazole (henceforth referred to as central ring) was
varied (Table 2). We had noticed a hydrophobic pocket in the
Mer binding site close to the ortho position of this ring; thus,
ortho substituents were explored along with incorporation of
heteroatoms to counterbalance any lipophilicity added by these
new substituents. At this point, activity in a cellular assay for each
of our kinase end points was assessed to ensure that compounds
with cellular activity were prioritized and cell potency
optimization replaced LLE optimization as our main compound

characterized to date. Our aim was to discover such a compound
and explore its potential in cancer immunotherapy. In this paper,
we describe the optimization of a key series that emerged from a
comprehensive lead generation campaign18 to give an in vivo
probe compound, which demonstrated eﬃcacy in preclinical
models.

■

RESULTS AND DISCUSSION
We performed a comprehensive screening campaign comprising
a high-throughput screen (HTS) for TAM-selective leads and a
complementary DNA-encoded library (DEL) screen against
Mer kinase. The latter yielded promising oxadiazole-based hit
compounds (Figure 1) oﬀering novelty and selectivity.18
Chromane 1 had lower Mer potency (pIC50 = 7.6) in a
biochemical assay than imidazo[1,2-a]pyridine 2 (pIC50 = 8.3),
and this was rationalized when we obtained a crystal structure of
2 bound to the ATP binding site of Mer kinase (Figure 2). The

Figure 2. Crystal structure of 2 (PDB code 7AW2) in complex with
Mer kinase. A hydrogen bond formed between benzimidazole
headgroup and Met674 on the kinase hinge is indicated by a dotted line.

imidazo[1,2-a]pyridine forms a clear hydrogen-bonding interaction with Met674 at the hinge region of the binding site, and
the weaker hydrogen-bonding potential of the ether results in a
less favorable interaction.19 Consequently, we decided to focus
on imidazo[1,2-a]pyridines. The methyl group on the amine
nitrogen is directed into a hydrophobic cleft on the protein
surface, and removal of this methyl group resulted in a greater
than 1000-fold decrease in Mer potency, indicating the essential
nature of either this interaction or the conformational inﬂuence
of the N-methyl substituent. The 1,3,4-oxadiazole group is
complementary to the shape of the protein and does form a
hydrogen bond to Asp741 but this hydrogen bond has a
suboptimal angle and is not thought to contribute signiﬁcantly
to binding with the protein. Consistent with this, the group
could be replaced by other ﬁve-membered heterocycles such as
1,2,4-oxadiazole, 1,3-oxazole, or 1,3,4-thiadiazole while maintaining Mer potency. Since the lipophilicity of 2 was very high
(log D7.4 = 4.8), the reduction of log D became the initial focus
of our lead optimization campaign. We therefore decided to
B
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Table 1. Initial SAR Exploration of Terminal Ring

a

Mean of at least three independent measurements unless otherwise stated.
SEM < 0.22. en = 2. fSEM < 0.26.

d

design driver. Addition of ﬂuorine at the ortho position (13)
improved Mer enzyme potency but cellular potencies were not

bS

tandard error of the mean (SEM) < 0.29. cLLE = pIC50−log D7.4.

signiﬁcantly altered. The bulkier chlorine substituent (14) gave
a larger increase in Mer and Axl enzyme potencies, which
C

https://doi.org/10.1021/acs.jmedchem.1c00920
J. Med. Chem. XXXX, XXX, XXX−XXX

Journal of Medicinal Chemistry

pubs.acs.org/jmc

Article

Table 2. SAR for Central Ring

cpd

R1

X

Y

Mer enzyme
pIC50ab

Axl enzyme
pIC50ac

Flt3 enzyme
pIC50ad

pMer cell
pIC50af

pAxl cell
pIC50ag

pFlt3 cell
pIC50ah

log D7.4

11
13
14
15
16
17
18
19

H
F
Cl
OMe
Me
CN
Me
Me

CH
CH
CH
CH
CH
CH
N
CH

CH
CH
CH
CH
CH
CH
CH
N

7.5
7.9
8.6
7.8
8.5
4.0
7.0
7.2

5.9
5.9
7.1
6.1
7.1
<4.0
6.0
5.5

<4.2
<4
4.7
4.4
4.8
4.1e
4.7
<4.0

6.7
6.5
7.1
6.3
7.5
<4.5
6.1
5.8

5.5
5.5
6.1
5.7
6.4
<4.5
5.2
5.0

<4.5
<4.5
<4.5
<4.5e
4.7
<4.5
<4.5
<4.5

3.1
3.2
3.3
2.9
3.7
2.9
2.8
2.5

a

Mean of at least three independent measurements unless otherwise stated. bSEM < 0.22. cSEM < 0.12. dSEM < 0.29. en = 2. fSEM < 0.17. gSEM <
0.29. hSEM < 0.08.

Table 3. SAR for Pyrazole B-Ring

cpd

R1

R3

R5

16
20
21
22
23
24
25

Me
H
Me
Me
Me
CHF2

Me
Me
H
Me
CN
Me

Me
Me
Me
CN
Me
Me

Mer enzyme
pIC50ab

Axl enzyme
pIC50ad

Flt3 enzyme
pIC50ae

pMer cell
pIC50af

pAxl cell
pIC50ah

pFlt3 cell
pIC50ai

8.5
7.4
8.7
8.8
7.5c
6.3
7.4

7.1
5.3c
7
7.4
5.6c
4.2
5.4

4.8
4.4
4.2
4.8
4.6c
4.0
4.4

7.5
5.6c
7.1
7.4
6.5g
<4.5g
6.3g

6.4
4.8c
6.1
6.4
5.2g
<5.0g
5.3g

4.7
5.1c
<4.5
<4.5c
<4.5c
<4.5

log D7.4
3.7
3.8
3.4
3.8
3.4
4.1
2.6

a

Mean of at least three independent measurements unless otherwise stated. bSEM < 0.17. cn = 2. dSEM < 0.11. eSEM < 0.12. fSEM < 0.094. gn = 1.
SEM < 0.18. iSEM < 0.53.

h

translated into higher cellular potency. A smaller increase in
enzyme potency was observed with the less lipophilic methoxy
(15) and Mer cell potency decreased slightly with this
modiﬁcation relative to 11. In contrast, the methyl substituent
(16) increased lipophilicity and consequently both Mer and Axl
potencies in enzyme and cellular assays. Although isolipophilic
with methoxy, the cyano substituent (17), dramatically lost
potency, likely due to the linear nature of this polar group
extending too far into the binding site. In an eﬀort to reduce the
lipophilicity of the most potent compound 16, aza analogues 18
and 19 were prepared, which were successful at lowering
lipophilicity by 0.9 and 1.2 log D units, respectively, and resulted
in reduced but still signiﬁcant potency against both Mer and Axl.
The most potent analogue 16 was subjected to detailed SAR
optimization of the pyrazole ring (Table 3). Removal of methyl
from the 1-position (20) resulted in signiﬁcant potency decrease
against both Mer and Axl without lowering lipophilicity, whereas
removal of methyl from the 3-position (21) decreased potency
against both Mer and Axl cellular end points by 0.4 and 0.3 units,
respectively, with a reduction of lipophilicity of 0.3 units. A
crystal structure of 21 complexed with Mer showed that the
central ring Me substituent did ﬁll a hydrophobic pocket. Also,
the terminal pyrazole substituent overlays with the chloro-

phenyl group of 2 and the 5-methyl group occupies a similar
space in the binding pocket to the chlorine of 2. Replacement of
the 5-position methyl with cyano (22) retained cellular potency
against both Mer and Axl at similar lipophilicity. Replacement of
the 3-position methyl of 22 with cyano (23) did give rise to a
lipophilicity reduction of 0.3 units but decreased both Mer and
Axl cellular end points by 1 and 1.2 pIC50 units, respectively. A
crystal structure of 22 complexed with Mer showed excellent
overlay of the ring systems with 21 and that the cyano group of
22 occupied the same space as a methyl in 21 or chlorine in 2. In
the case of regioisomer 23, it is likely that the cyano occupies the
same space as seen with 22 (see Figure 3), but in this case, the Nmethyl group ends up in a location away from the αC-helix,
leading to fewer complementary lipophilic contacts and loss of
potency. Incorporation of two ﬂuorine atoms on the 1-position
methyl (24) was detrimental to both Mer and Axl cellular
potencies, and switching pyrazole for imidazole (25) reduced all
of cellular Mer and Axl potencies and lipophilicity by about 1
pIC50 unit.
While 16 showed good oral exposure when dosed at 100 mg/
kg in mouse (AUC = 295 μM·h), it is known that imidazo[1,2a]pyridines have the potential to form reactive metabolites
through oxidative metabolism of the unsubstituted imidazole
D
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substituent would be directed away from the protein surface and
toward a solvent-accessible channel, thereby oﬀering an
opportunity for incorporation of polar groups. Addition of a
dimethyl amide group (26) maintained cellular Mer and Axl
potencies while also retaining selectivity against Flt3 and Tyro3
(Table 4). Photostability was improved in this case, with a halflife of 428 h, and all subsequent compounds included a
substituent at this position to avoid a photostability risk. Axl
potency was improved by 0.3 log units by the addition of a
phenyl group in 27, and pyrazole 28 showed that heteroaryls
could beneﬁt both Mer and Axl potencies. Inclusion of a cyclic
base with piperidyl compound 29 aﬀected potency adversely but
appending a base from a pyrazole ring as in 30 was tolerated,
albeit with slightly lower Mer and Axl potencies than the
corresponding unsubstituted pyrazole 28. At this point, an
eﬀerocytosis assay was utilized to characterize Mer-driven
phenotypic potency in immunologically relevant polarized
primary monocyte-derived macrophage (PMDM) cells,25 and
pleasingly, all tested compounds were observed to be active
providing conﬁdence in potential biological mechanistic translation.
We returned to our central pyridyl ring to obtain compounds
with lower lipophilicity for a ﬁnal round of optimization and set a
goal of pIC50 of at least 7 across our cellular Mer, Axl, and
eﬀerocytosis assays to select an in vivo probe compound (Table
5). The pyrazole with a base substituent on the imidazopyridine
hinge group (31) showed decreased potency in this context,
although it still proved to be signiﬁcantly more potent than the

Figure 3. Overlay of crystal structures of 2 (gray, PDB code 7AW2), 21
(red, PDB code 7OLS), and 22 (yellow, PDB code 7OLV) in complex
with Mer kinase.

ring.23 A metabolite identiﬁcation experiment in human liver
microsomes identiﬁed the amino-pyridine metabolic product,
conﬁrming that such a reactive metabolite was likely to form
from 16. Furthermore, a forced degradation photostability assay
found 16 to exhibit a small degree of photolysis with a half-life of
69 h.24 Consequently, we explored substitution at the 3-position
of the imidazo[1,2-a]pyridine to sterically disfavor oxidation at
this position and additionally to disfavor the imidazo double
bond from participating in any light-mediated decomposition.
From our crystal structures, we envisioned that this new
Table 4. SAR for Imidazo[1,2-a]pyridine Substitution

a

Mean of at least three independent measurements unless otherwise stated. bSEM < 0.12. cSEM < 0.13. dn = 2. eSEM < 0.24. fSEM < 0.089. gSEM
< 0.66.
E
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Table 5. Optimization of Imidazo[1,2-a]pyridine Substitution

a
Mean of at least three independent measurements unless otherwise stated. bSEM < 0.17. cSEM < 0.29. dSEM < 0.056. eSEM < 0.050. fSEM <
0.32. gn = 1. hn = 2.

selective dual Mer/Axl kinase inhibitor (Figure 4). We obtained
a crystal structure of 32 bound to Mer and conducted a
comparison with the binding mode of 36.21 The two compounds
bind in the same pocket with the type I1/2 binding mode
(Figure 5). We believe that similar interactions with the αChelix and surroundings give rise to the high kinase selectivity
observed for both compounds. There are diﬀerences though,
and the basic group of 36, in particular, appears to interact with
the activation loop of Mer in a manner that is absent in 32, where
the basic group is at the other end of the molecule and bound
within the solvent-accessible channel. Such diﬀerences would
explain the diﬀerences in oﬀ-target kinase activities; for example,
no cellular inhibition of Tyro3 or Flt3 was observed with 32, but
weak inhibition was observed with 36. Compound 36 did have
greater potency against Mer and Axl but gave rise to lower
eﬀerocytosis potency in the phenotypic assay than observed for
32. We decided to progress both of these structurally
diﬀerentiated compounds into cancer models.
In Vivo Proﬁling of 32 and 36. Since our initial target
engagement models were run using a Ba/F3 cell line, we
conﬁrmed that both 32 and 36 demonstrated high antiproliferative potency in Mer- and Axl-speciﬁc Ba/F3 cell lines. In vitro
cell activity was clearly diﬀerentiated from parental Ba/F3
activity and potential oﬀ-target inhibition of other kinases such

unsubstituted analogue 18. Appending a base to a six-membered
aryl ring gave rise to higher potency with para-benzylamine 32
exhibiting potencies in all key assays with a pIC50 of greater than
7. The meta-benzylamine 33 lost 0.3 and 0.5 log units of potency
against Mer and Axl, respectively, compared to 32. Incorporation of a pyridine nitrogen in 34 signiﬁcantly reduced Axl
potency, while the regioisomeric pyridine isomer 35 maintained
similar potency.
Benzylamine 32 met our potency criteria and was a
particularly potent inhibitor of eﬀerocytosis; thus, it was dosed
at 100 mg/kg in mouse where it showed good oral exposure
(AUC = 71 μM·h). Furthermore, 32 was proﬁled across a panel
of 387 kinases and showed excellent selectivity for Mer and Axl
over this part of the kinome (Figure 4). Consequently, 32 (also
known as AZ14145845) was taken forward as an in vivo probe to
be tested in relevant cancer models. To increase conﬁdence in
the in vivo data we planned to generate, we desired to take a
second compound from a diﬀerent chemical series into our
cancer models. A search of the TAM patent literature identiﬁed a
patent26 containing likely type I1/2 binding mode inhibitors and
using “frequency of group” (FOG) analysis27 based on the
abundance of chemical moieties, the potency data provided, and
predicted physical properties (log D, solubility), we selected a
compound 36 (EX172), which was conﬁrmed to be a highly
F
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Figure 4. (A) Kinome selectivity of 32 tested at 1 μM in a panel of 387 kinases. Inset: only four other kinases were identiﬁed with >50% activity:
MAP4K5 (80%), CDK11 (57%), MST1R (52%), and MET (50%). (B) Kinome selectivity of 36 tested at 1 μM in a panel of 402 kinases. Inset: only
four other kinases were identiﬁed with >50% activity: CHEK2 (93%), TYRO3 (78%), and MAP4K1 (54%).

(IR) and treatment with an anti-PD1 antibody. The
combination of either 32 or 36 with anti-PD1 antibody on top
of IR improved overall survival compared to IR alone (Figure
11). Furthermore, the triple combination of 36, anti-PD1 and
IR, improved survival compared to anti-PD1 and IR, while the
similar comparison for 32 showed a clear trend but was not
statistically signiﬁcant. These results demonstrate that dual
Mer/Axl inhibition can result in IO eﬃcacy in a preclinical
model and the greater eﬀect of 36 over 32 can be attributed to
enhanced free cover over the targets at an equivalent dose. An
unexpected ﬁnding was that the greater eﬀerocytosis potency of
32 over 36 does not appear relevant in this preclinical model.
Synthesis. A range of synthetic routes were utilized to
prepare the compounds described. In one route (Scheme 1),
oxadiazol-2-one 37 was coupled with benzylamine 38 using the
(benzotriazol-1-yloxy)Tris(dimethylamino)phosphonium hexaﬂuorophosphate (BOP) reagent and then alkylated with
methyl iodide to give intermediate aryl bromide 39, which
underwent Suzuki coupling to aﬀord 11. Alternatively, the aryl
acid 40 was converted to amino oxadiazole 41 through coupling
with a thioacyl hydrazine followed by cyclization and Suzuki
coupling (Scheme 2). Subsequent alkylation with benzyl
chloride 42 aﬀorded 16. Bromination of the imidazo[1,2a]pyridine occurred selectively at the 3-position, and subsequent
Suzuki coupling yielded 28. The route used to prepare 32
involved a diﬀerent order of steps (Scheme 3). Bromination of
imidazo[1,2-a]pyridine 43 was conducted ﬁrst followed by
chlorination of the alcohol to obtain 44, which was used to
alkylate amino oxadiazole 46. The resulting intermediate 47 was
converted to 32 using Suzuki conditions.

as Flt3 and Tyro3 (Table 6). When each compound was run in
the corresponding Mer Ba/F3 tumor xenograft model, a dose−
response was observed. The 30 mg/kg dose of 32 achieved
tumor growth inhibition (TGI), while the 100 mg/kg dose of 32
resulted in tumor regression (Figure 6). For 36, TGI was
achieved at 3 and 10 mg/kg, and both 30 and 100 mg/kg doses
of 36 resulted in tumor regression. Both compounds exhibited
tumor growth inhibition in the Axl Ba/F3 tumor xenograft
model, but only the highest 100 mg/kg dose of 36 resulted in
regression, which is in line with both compounds having lower
potency against Axl than Mer (Figure 7). To understand the
requirements for tumor growth inhibition, the relationship
between the free plasma exposure and tumor growth inhibition
was deﬁned (Figure 8). The free fraction measured in mouse
plasma was 7.6% for 32 and 14% for 36. The free plasma
concentrations were normalized to the respective in vitro free
target values, and the steady-state free plasma exposure over the
unbound IC50 was determined (Figure 8). For both kinases, an
approximately 20 h free plasma cover was required to achieve a
100% tumor growth inhibition (stasis). For subsequent studies,
a 20 h free plasma exposure over the respective IC50 values was
targeted to maximize observed eﬃcacy.
The same Ba/F3 in vivo models were used in an acute setting
to establish target engagement. Phosphorylated levels of each
kinase (pMer, pAxl) were measured 2 h after dosing of
compound, and a dose−response relationship was established
for both Mer (Figure 9) and Axl (Figure 10) for both 32 and 36.
Modulation of pMer and pAxl was achieved at a lower dose for
36 over 32, which was consistent with a lower dose of 36
necessary to drive tumor regression in this model.
Encouraged by our Ba/F3 xenograft eﬃcacy, we progressed
both compounds into an immuno-oncology (IO) model based
on MC38 tumors with overall survival as the main end point.
The study was conducted in combination with ionizing radiation

■

CONCLUSIONS
We identiﬁed a novel imidazo[1,2-a]pyridine dual Mer/Axl type
I1/2 kinase inhibitor from a DEL screen and developed it into a
G
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Figure 5. (A) Crystal structure of 32 (PDB code 7OLX) in complex with Mer kinase. (B) Crystal structure of 36 (PDB code 7AAZ) in complex with
Mer kinase. Hydrogen bonds formed between the ligand and protein are indicated, and the interacting residues are labeled.

Higher duration of free cover for 36 explained greater eﬃcacy
over 32, and this was translated into the IO model eﬃcacy. In
summary, we have shown the potential for dual Mer/Axl
inhibitors in a preclinical IO setting and anticipate that these
probe compounds will serve to guide further advances in this
area.

Table 6. Ba/F3 Antiproliferation Data
cpd

Mer
pGI50c

Axl
pGI50d

Flt3
pGI50e

Tyro3
pGI50f

parental
pGI50g

32a
36b

7.6
8.1

7.0
7.3

5.5
5.3

5.3
5.5

5.4
4.9

■

a

Mean of three independent measurements. bMean of two
independent measurements. cSEM < 0.04. dSEM < 0.12. eSEM <
0.04. fSEM < 0.06. gSEM < 0.13.

EXPERIMENTAL SECTION

Biochemical Assays. Biochemical assays for Mer, Axl, Tyro3, and
Flt3 were performed using a Rapidﬁre liquid chromatography−mass
spectrometry (LC−MS) method as previously described.18
COS-7 Cell Assays. The pAxl ELISA assay was performed in a
pcDNA Axl-FLAG transiently transfected Cos-7 (monkey: African
green) cell line. Once transfected, the cells were cryopreserved in vials
containing 10 million viable cells ready for plating directly into the assay
plates (Greiner 781090). On day 1 of the assay, cell vials were defrosted
and suspended in DMEM assay media (Gibco 31966) supplemented
with 10% FCS (Gibco 10270) to give 10 000 or 20 000 cells per well in a
total volume of 40 μL cell media using a Multidrop Combi and
incubated overnight at 37 °C, 90% relative humidity, and 5% CO2. High
bind ELISA plates (Greiner 781077) were coated in 15 μL of anti-Flag
capture antibody (F1804) diluted 1/300 in phosphate-buﬀered saline
(PBS), sealed, spun down at 300 g for 1 min, and incubated overnight at

selective, in vivo tool compound through an extensive SAR
optimization program. Using structure-based drug design, each
ring plus substituents was optimized to improve potency and
reduce lipophilicity. Incorporation of a substituent on the
imidazo[1,2-a]pyridine removed a potential photostability issue
and improved potency, notably in a phenotypic eﬀerocytosis
assay, and resulted in the in vivo probe 32, which exhibits
excellent selectivity across the kinome. This probe was
progressed into cancer models alongside a second previously
reported Mer/Axl inhibitor of an orthogonal chemotype. In a
Ba/F3 in vivo setting, target engagement for both Mer and Axl
was demonstrated and dose-dependent eﬃcacy was displayed.
H
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Figure 6. Dose-dependent reduction of growth in the Mer kinase Ba/F3 xenograft tumor eﬃcacy model by oral administration for 6 days, BID, 8 h
apart, of 32 (A) or 36 (B). Mean values ± SEM (*p < 0.05, **p < 0.01, ***p < 0.001; p values are derived by Student’s t test comparison to vehicle).

Figure 7. Dose-dependent reduction of growth in the Axl kinase Ba/F3 xenograft tumor eﬃcacy model by oral administration for 5 days, twice daily, 8
h apart, of 32 (A) or 36 (B). Mean values ± SEM (*p < 0.05, **p < 0.01, ***p < 0.001; p values are derived by Student’s t test comparison to vehicle).

Figure 8. Relationship between mouse-free plasma cover of 32 and 36 over Mer (A) or Axl (B) in vitro free IC50 at steady state and observed tumor
growth inhibition in Ba/F3 xenograft tumor eﬃcacy models. Tumor growth inhibition was normalized to the vehicle control.
media/compounds from the wells before adding 25 μL of ice-cold lysis
buﬀer (25 mM Tris/HCL, 3 mM ethylenediaminetetraacetic acid,
EDTA, 50 mM NaF, 2 mM sodium orthovanadate, 0.27 M sucrose, 10
mM β-glycerophosphate, 5 mM pyrophosphate, 0.5% Triton-X100
(Sigma-Aldrich) and complete protease inhibitor cocktail tablet
(Roche 04 693 116 001) and storing at 4 °C for 20 min. Twenty
microliters of this lysate was then transferred (Agilent Bravo) to the

rt. On day 2, a BioTek EL406 was used to wash the coated ELISA plate
three times with 50 μL PBS/T (PBS/0.05% v/v Tween20) before
adding 40 μL of blocking buﬀer (1% BSA, Sigma-Aldrich A8022 in
PBS) and incubating for 2 h at rt. Test compounds and reference
controls were dosed directly into the cell plates using a Labcyte Echo
555 acoustic dispenser and incubated for 1 h at 37 °C, 90% relative
humidity, and 5% CO2. A BioTek EL406 was then used to aspirate the
I
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Figure 9. Dose-dependent reduction in pMer response in the Mer kinase Ba/F3 xenograft tumor eﬃcacy model 2 h after dosing of 32 (A) or 36 (B).
Mean values ± SEM (*p < 0.05, **p < 0.01, ***p < 0.001; p values are derived by one-way analysis of variance, ANOVA, comparison to vehicle).

Figure 10. Dose-dependent reduction in pAxl response in the Axl kinase Ba/F3 xenograft tumor eﬃcacy model 2 h after dosing of 32 (A) or 36 (B).
Mean values ± SEM (*p < 0.05, **p < 0.01, ***p < 0.001; p values are derived by one-way ANOVA comparison to vehicle).

Figure 11. Enhanced survival of C57/Bl6 mice implanted with MC38 tumors dosed with IR (2 Gy) daily for 5 days, anti-PD1 (10 mg/kg), twice
weekly for 2 weeks, and 32 (A) or 36 (B) (100 mg/kg) twice daily, 8 h apart for 2 weeks. p values are derived by the log-rank test.

Scheme 1. Example Synthesis of 11a

a
Reagents and conditions: (a) (i) BOP, 38, iPr2NEt, dichloromethane (DCM), 38%; (ii) NaH, tetrahydrofuran (THF), MeI, 91%; and (b) 1,3,5trimethyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-pyrazole, 5 mol % Xphos Pd G2, K2CO3, 80 °C, 1,4-dioxane, water, 46%.

ELISA plate after it had been washed three times with 50 μL of PBS/T
and then incubated for 2 h at rt. The plate was then washed (BioTek
EL406) three times with 50 μL of PBS/T, and 15 μL of biotin

antiphosphotyrosine antibody (Millipore 16-103), 1/2000 in PBS/T,
was added per well and incubated for 1 h at rt. The plate was then
washed (BioTek EL406) three times with 50 μL of PBS/T, and 15 μL of
J
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Scheme 2. Example Synthesis of 16 and 28a

a
Reagents and conditions: (a) (i) EDCI, N-methylhydrazinecarbothioamide, DMF, 52%; (ii) 1,3,5-trimethyl-4-(4,4,5,5-tetramethyl-1,3,2dioxaborolan-2-yl)-1H-pyrazole, 5 mol % Xphos Pd G2, Cs2CO3, 1,4-dioxane, water, 100 °C 65%; (b) 42, Cs2CO3, 80 °C, DMF, 54%; and (c) (i)
1-Br-pyrrolidine-2,5-dione, DMF, 84%; (ii) 1-Me-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-pyrazole, 1 mol % Pd(PPh3)4, 1 M aq K2CO3,
1,4-dioxane, 100 °C, 72%.

Scheme 3. Example Synthesis of 32a

a

Reagents and conditions: (a) (i) NBS, MeCN, room-temperature (rt), 95%; (ii) SOCl2, DMF, DCM; quant.; (b) (i) EDCI, Nmethylhydrazinecarbothioamide, MeCN, 60 °C, 56%; (ii) 1,3,5-trimethyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-pyrazole, 5 mol %
Xphos Pd G2, Cs2CO3, 1,4-dioxane, water, 100 °C, 67%; (c) Cs2CO3, DMF, 80 °C, 89%; and (d) N,N-dimethyl-4-(4,4,5,5-tetramethyl-1,3,2dioxaborolan-2-yl)-benzenemethanamine, 1 mol % Pd(PPh3)4, 1 M aq K2CO3, 1,4-dioxane, 100 °C, 68%.
streptavidin antibody (Sigma-Aldrich RPN1231), 1/2000 in PBS/T,
was added per well and incubated for 1 h at rt. QuantaBlu (Thermo
15169) reagent was then made up and equilibrated to rt for at least 30
min prior to usage. The ELISA plates were then washed (BioTek
EL406) three times with 50 μL of PBS/T, and 20 μL of the QuantaBlu
working solution was added for 20 min at rt prior to the addition of 20
μL of stop solution from the QuantaBlu kit. The plates were then read
on a Perkin Elmer EnVision plate reader (excitation photometric 320,
emission photometric 450); data was analyzed, and IC50 values were
calculated using Genedata Screener software. The pMer, pTyro3, and
pFlt3 assays were run using the same methodology as above in
appropriately transiently pcDNA transfected lines.
Eﬀerocytosis Assay. The eﬀerocytosis assay was performed as
previously described.25 CD14+ monocytes were obtained from ZenBio
(Durham, NC; lots CD14MC110816A, CD14MC060116A, and
CD14MC0621417A) or isolated in-house from leukocyte cones
obtained from NHS-BT [U.K.; batches J2NM5537 (donors 1 and 2)
and J2NM4650 (donors 2 and 4)]. Blood was diluted 1:1 with PBS and
added on top of a layer of Lymphoprep (StemCell Technologies,
07801) in SepMate tubes (StemCell Technologies, 85450), before
centrifugation at 1200g for 10 min with the brake oﬀ. The top layer
containing peripheral blood mononuclear cells (PBMCs) was further
diluted with PBS and centrifuged at 400g for 5 min (brake on). The
pellet was incubated in RBC lysis buﬀer (Gibco, A10492-01) for 5 min
and then diluted in PBS and centrifuged for 5 min at 400g. The pellet
was resuspended in PBS and passed through a 40 μm strainer, before
being centrifuged for 5 min at 400g. The resulting isolated PMBCs were
aliquoted and frozen down in Cryostor CS10 (StemCell Technologies,
07930). CD14+ monocytes were isolated from PBMCs using the
EasySep human CD14+ selection kit (StemCell Technologies,
17858RF) and a RoboSep Cell Separation instrument (StemCell
Technologies). Thawed PMBCs were strained using a 40 μm strainer
before centrifugation at 400g for 5 min. Following incubation with 0.1
mg/mL of DNase I (StemCell Technologies, 07900) for 15 min, 10 mL
of EasySep buﬀer (StemCell Technologies, 20144) was added and the
cells were strained once more. Cells were centrifuged at 400g for 5 min
and resuspended in EasySep buﬀer to a concentration of 1 × 108 cells/

mL. The manufacturer’s protocols were followed on the RoboSep
instrument to isolate CD14+ monocytes; then, the resulting cell
suspension was centrifuged at 400g for 5 min and resuspended in 5 mL
of EasySep buﬀer. The cells were centrifuged at 400g for 5 min and then
resuspended at the required density in CryoStor CS10 (StemCell
Technologies, 07930) and frozen down until required.
Ba/F3 Assays. The Ba/F3 in vitro assays were performed in a
myeloid mouse (Ba/F3) cell line addicted to IL3. Cells were retrovirally
transfected with Axl, Mer, Tyro3, or FLT3, thereby losing their
dependency on IL3 and becoming dependent on the transfected
oncogene. The parental line keeps IL3 dependency and was used as a
counterscreen for nontarget-speciﬁc activity. The transfected cryopreserved cell lines used in the assay were cultured in RPMI 1640
(Invitrogen/11835-030), 10% FCS (Gibco 10270), 1% L-Glu
(Invitrogen 25030-081), 10 ng/mL IL3 (Sigma-Aldrich I4144) for
parental, or RPMI 1640, 10% FBS, 1% L-Glu, 1 μg/mL puromycin
(Clontech 631305) for the transfected lines. Cells were passaged every
2 or 3 days to prevent conﬂuence reaching greater than 2 × 106 cells/
mL and the cells losing dependency on the transfected oncogene or IL3.
On day 1 of the assay, cells (parental 2.25 × 104 cells/mL; Axl, Mer, and
Tyro3 1.125 × 105 cells/mL; Flt3 5 × 104 cells/mL) were seeded in a
volume of 40 μL cell media using a MultiDrop Combi into white tissue
culture treated on ﬂat-bottomed 384-well plates (Greiner 781 080)
predosed with test compounds and reference controls using a Labcyte
Echo 555 acoustic dispenser and incubated for 72 h at 37 °C, 90%
relative humidity, and 5% CO2. One “day 0”, control plate per line,
containing cells but no test compounds, was also set up during plate
seeding and immediately had 15 μL of CellTiter-Glo reagent (Promega
G7572) per well added via a MultiDrop Combi and incubated for 30
min at rt prior to measuring luminescence on a Perkin Elmer EnVision
plate reader (100 ms integration time, 0 ms attenuation and settle times,
luminescence emission 700 ﬁlter). After 72 h the compound-treated cell
plates had 15 μL of CellTiter-Glo reagent added per well and were
incubated and read as above. Data was analyzed, and IC50 values were
calculated using Genedata Screener software, normalizing the results to
the day 0 control plate for the relevant cell line.
K
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Pharmacokinetics. Pharmacokinetic studies were performed in
male C57BL/6J mice. Oral dosing was administered by gavage in a
vehicle containing 20% PEG400. Blood samples were collected over a
24 h period post dose into tubes containing EDTA-K2. Noncompartmental analysis was performed to estimate pharmacokinetic
parameters using WinNonLin (version 5.0.1). All animal experiments
were conducted with strict adherence to licenses issued under the U.K.
Animals (Scientiﬁc Procedures) Act 1986 and after local ethical review
and approval.
Mer and Axl Ba/F3 Xenograft Studies. Studies were performed
at AstraZeneca and in accordance with local regulations (Home Oﬃce,
U.K.). Female nude mice were implanted on the left ﬂank with 0.1 mL
of 2 × 106 Ba/F3 cells in 30% Matrigel (Corning). For eﬃcacy studies,
tumors were measured by caliper and animals were randomized to
treatment arms at an average volume of 0.2 cm3 with 7−8 mice per
group. Compounds were dosed twice daily by oral gavage after
solubilization in 20% PEG400 at pH 3.5. Two hours after the ﬁnal dose,
mice were euthanized and blood samples were collected as described
above for analysis of compound exposure. For target engagement
studies, mice were randomized to treatment arms at an average volume
of 0.5 cm3 with ﬁve mice per group. Two hours after the ﬁnal dose, mice
were euthanized and tumors were snap-frozen for analysis of target
engagement. Phospho-Axl and phospho-Mer were detected from tumor
samples by Western blotting and quantiﬁed on a GelDoc system.
Signals were normalized to GAPDH.
MC38 Eﬃcacy Model. Studies were performed at AstraZeneca and
in accordance with local regulations (Home Oﬃce, U.K.). Female
C57BL6 mice were implanted on the left ﬂank with 1 × 107 MC38 cells.
On day 3 following implantation, mice were randomized to treatment
arm by a cage and subjected to 5 consecutive days of 2 Gy γ-irradiation
using a lead shielded jig in a 320 kV XStrahl irradiator. Compounds
were dosed twice daily by oral gavage for up to 42 doses, and antibodies
were dosed twice weekly by intraperitoneal injection for up to 4 doses.
On days where all three were administered, they were given in the
sequence: compound, radiation, and then antibody. Tumors were
measured by caliper, and the mice reached end point (survival) when
tumors reached 1.5 cm3.
X-ray Crystallography. The crystal structures of Mer kinase
domain complexed with compounds 2 and 36 have been published
elsewhere18,21 and were deposited in the Protein Data Bank (PDB) with
accession codes 7AW2 and 7AAZ, respectively. Complexes with
compounds 21, 22, and 32 were generated by soaking following the
procedures previously described.21 Crystallographic details and the
PDB deposition codes can be found in Table S4 (Supporting
Information).
Human Liver Microsome Incubation and Metabolite Identiﬁcation. Stock solution (10 mM) was prepared by addition of
dimethyl sulfoxide (DMSO) to 2.9 mg of 16. MeCN spiking stock (0.5
mM) was obtained by adding 10 μL of 10 mM DMSO stock solution of
16 to 190 μL of MeCN. Human liver microsomal suspensions
(Bioreclamation IVT, 150-donor Mixed Gender Pooled, Lot No QQY)
at 1 mg/mL protein and 1 mM NADPH (Sigma-Aldrich) were
preincubated at 37 °C for 5 min prior to addition of 0.5 mM stock 16
solution to give a ﬁnal incubation concentration of 5 μM. Samples were
incubated for 60 min. At the end of the incubation time, both incubated
and control samples were quenched 1:1 with MeCN, and 0.5 mM of the
16 stock was added to the control sample to give a ﬁnal concentration of
5 μM. All samples were centrifuged at 3500 rpm for 10 min, and water
was added to the supernatant in the ratio of 3:1. The samples were
transferred to high-performance liquid chromatography (HPLC) vials
ready for analysis by UHPLC-UV-MS/MS. The LC separation was
performed using a Waters Acquity I-class UHPLC system with an
additional photodiode array UV detector (Waters Milford). A 20 μL
sample aliquot was injected onto a C18 BEH column of dimensions 100
mm × 2.1 mm i.d., 1.7 μm particle size (Waters Milford) with a column
temperature set at 60 °C and a ﬂow rate of 0.45 mL/min. The LC/MS/
MS method has been published in detail previously28 and is used with
one change, the removal of negative all-ion fragmentation.
Synthesis. All solvents and chemicals used were reagent grade.
Anhydrous solvents THF, DCM, and DMF were purchased from
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Sigma-Aldrich. Flash column chromatography was carried out using
prepacked silica cartridges (from 4 g up to 330 g) from Redisep or
Silicycle and eluted using an Isco Companion system. Purity and
characterization of compounds were established by a combination of
liquid chromatography−mass spectroscopy (LC−MS), gas chromatography−mass spectroscopy (GC−MS), and NMR analytical techniques
and were >95% for all test compounds. 1H NMR were recorded on a
Varian INOVA (600 MHz), Varian Gemini 2000 (300 MHz), or
Bruker Avance DPX400 (400 MHz) and were determined in CDCl3,
DMSO-d6, or MeOH-d4. Chemical shifts are reported in ppm relative to
tetramethylsilane (TMS) (0.00 ppm) or solvent peaks as the internal
reference. Splitting patterns are indicated as follows: s, singlet; d,
doublet; t, triplet; m, multiplet; br, broad peak. Elevated temperatures
were used where necessary to sharpen broad NMR peaks due to
rotamers, and the temperature used was noted for such compounds.
Merck precoated thin-layer chromatography (TLC) plates (silica gel 60
F254, 0.25 mm, art. 5715) were used for TLC analysis.
5-(4-Bromophenyl)-1,3,4-oxadiazol-2(3H)-one (37). 1,1′-Carbonyldiimidazole (11.3 g, 69.8 mmol) was added portionwise to a mixture
of 4-bromobenzohydrazide (15.0 g, 69.8 mmol) in DCM (100 mL) at
rt. The resulting solution was stirred at rt for 16 h. Water was poured
into the mixture, and the resulting precipitate was ﬁltered and dried
under vacuum to aﬀord 5-(4-bromophenyl)-1,3,4-oxadiazol-2(3H)one (16.0 g, 95%) as a white solid. 1H NMR (400 MHz, DMSO-d6)
7.69−7.80 (4H, m), 12.56 (1H, s); MS: (ESI) [M + H]+ 241.
5-(4-Bromophenyl)-N-(imidazo[1,2-a]pyridin-6-ylmethyl)-1,3,4oxadiazol-2-amine. (Benzotriazol-1-yloxy)Tris(dimethylamino)phosphonium hexaﬂuorophosphate (5.50 g, 12.5 mmol) was added
to a mixture of 5-(4-bromophenyl)-1,3,4-oxadiazol-2(3H)-one (2.00 g,
8.30 mmol), imidazo[1,2-a]pyridin-6-ylmethanamine.hydrochloride
38 (1.52 g, 8.30 mmol), and N,N-diisopropylethylamine (4.35 mL,
24.9 mmol) in DCM (30 mL) under nitrogen. The resulting mixture
was stirred at rt for 6 h. The reaction mixture was diluted with EtOAc
(100 mL) and washed with saturated brine. The organic layer was dried
over Na2SO4, ﬁltered, and concentrated in vacuo to aﬀord the crude
product. The crude product was puriﬁed by ﬂash silica chromatography,
elution gradient 0−10% MeOH in DCM. Pure fractions were
evaporated to dryness to aﬀord 5-(4-bromophenyl)-N-(imidazo[1,2a]pyridin-6-ylmethyl)-1,3,4-oxadiazol-2-amine (1.16 g, 38%) as a white
solid. 1H NMR (300 MHz, DMSO-d6) 4.45 (2H, d, J = 6.0 Hz), 7.26
(1H, d, J = 9.0 Hz), 7.56 (2H, d, J = 6.0 Hz), 7.74 (4H, s), 7.95 (1H, s),
8.43−8.47 (1H, m), 8.56 (1H, s); MS: (ESI) [M + H]+ 370.
5-(4-Bromophenyl)-N-(imidazo[1,2-a]pyridin-6-ylmethyl)-Nmethyl-1,3,4-oxadiazol-2-amine (39). Sodium hydride (60% dispersion in mineral oil, 0.681 g, 28.4 mmol) was added to 5-(4bromophenyl)-N-(imidazo[1,2-a]pyridin-6-ylmethyl)-1,3,4-oxadiazol2-amine (3.50 g, 9.45 mmol) in tetrahydrofuran (50 mL) under
nitrogen. The resulting mixture was stirred at rt for 1 h. Iodomethane
(2.68 g, 18.9 mmol) was then added, and the resulting mixture was
stirred at rt for 1 h. The reaction mixture was diluted with EtOAc (150
mL) and washed with saturated brine. The organic layer was dried over
Na2SO4, ﬁltered, and concentrated in vacuo to aﬀord the crude product.
The crude product was puriﬁed by ﬂash C18-ﬂash chromatography,
elution gradient 20−100% water in MeOH. Pure fractions were
evaporated to dryness to aﬀord 5-(4-bromophenyl)-N-(imidazo[1,2a]pyridin-6-ylmethyl)-N-methyl-1,3,4-oxadiazol-2-amine (3.30 g,
91%) as a yellow solid. 1H NMR (300 MHz, DMSO-d6) 3.11 (3H,
s), 4.68 (2H, s), 7.24 (1H, d, J = 9.0 Hz), 7.56−7.58 (2H, m), 7.71−
7.79 (2H, m), 7.80−7.89 (2H, m), 7.95 (1H, s), 8.62 (1H, s); MS:
(ESI) [M + H]+ 384.
N-(Imidazo[1,2-a]pyridin-6-ylmethyl)-N-methyl-5-(4-(1,3,5-trimethyl-1H-pyrazol-4-yl)phenyl)-1,3,4-oxadiazol-2-amine (11).
XPhos Pd G2 (41.0 mg, 0.05 mmol) was added to a mixture of 5-(4bromophenyl)-N-(imidazo[1,2-a]pyridin-6-ylmethyl)-N-methyl-1,3,4oxadiazol-2-amine (200 mg, 0.52 mmol), (1,3,5-trimethyl-1H-pyrazol4-yl)boronic acid (120 mg, 0.78 mmol), and potassium carbonate (216
mg, 1.56 mmol) in 1,4-dioxane (4 mL) and water (1 mL) under
nitrogen. The resulting mixture was stirred at 80 °C for 2 h. The
reaction mixture was cooled to rt, diluted with EtOAc (50 mL), and
washed with brine. The organic layer was dried over Na2SO4, ﬁltered,
L
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and concentrated in vacuo to aﬀord the crude product. The crude
product was puriﬁed by preparative HPLC (Puriﬂash C18, 30 × 150
mm, 5 μm), using decreasingly polar mixtures of water (containing 10
mmol/L NH4HCO3 + 0.1% NH3) and MeCN as eluents. Fractions
containing the desired compound were evaporated to dryness to aﬀord
N-(imidazo[1,2-a]pyridin-6-ylmethyl)-N-methyl-5-(4-(1,3,5-trimethyl-1H-pyrazol-4-yl)phenyl)-1,3,4-oxadiazol-2-amine (98 mg, 46%) as a
white solid. 1H NMR (400 MHz, DMSO-d6) 2.17 (3H, s), 2.26 (3H, s),
3.11 (3H, s), 3.72 (3H, s), 4.69 (2H, s), 7.21−7.29 (1H, m), 7.43 (2H,
d, J = 8.0 Hz), 7.55−7.62 (2H, m), 7.89−7.99 (3H, m), 8.63 (1H, s);
HRMS (ES+) for C23H24N7O (M + H)+: calcd 414.2042; found
414.2021.
6-(Chloromethyl)imidazo[1,2-a]pyridine (42). Sulfurous dichloride (8.86 mL, 121.5 mmol) was added dropwise to imidazo[1,2a]pyridin-6-ylmethanol (9.00 g, 60.7 mmol) and dimethylformamide
(2 drops) in DCM (138 mL) under nitrogen. The resulting mixture was
stirred at rt for 30 min. The reaction mixture was concentrated in vacuo
and azeotroped with dry toluene to aﬀord 6-(chloromethyl)imidazo[1,2-a]pyridine as the HCl salt, which was used directly in the next step
without puriﬁcation. MS: (ESI) [M + H]+ 167.
5-(4-Bromo-2-methylphenyl)-N-methyl-1,3,4-oxadiazol-2amine. 3-(((Ethylimino)methylene)amino)-N,N-dimethylpropan-1amine hydrochloride (26.7 g, 139.5 mmol) was added in two portions
to a stirred solution of 4-bromo-2-methylbenzoic acid (20.0 g, 93.0
mmol) and N-methylhydrazinecarbothioamide (9.78 g, 93.0 mmol) in
dimethylformamide (200 mL) with gentle water bath cooling, and the
reaction was stirred at rt for 16 h under nitrogen. Additional 3(((ethylimino)methylene)amino)-N,N-dimethylpropan-1-amine hydrochloride (26.7 g, 140 mmol) was added in two portions, and the
reaction was stirred at 80 °C for 2 h. The reaction mixture was poured
into ice water (∼1800 mL) and stirred for 1.5 h. The precipitate was
collected by ﬁltration, washed with water (3 × 100 mL), and dried in
the vacuum oven at 55 °C in the presence of P2O5 to aﬀord 5-(4-bromo2-methylphenyl)-N-methyl-1,3,4-oxadiazol-2-amine (12.9 g, 52%) as a
white solid. 1H NMR (500 MHz, DMSO-d6) 2.57 (s, 3H), 2.86 (d, J =
4.9 Hz, 3H), 7.55 (dd, J = 1.7, 8.4 Hz, 1H), 7.61−7.68 (m, 3H); MS:
(ESI) [M + H]+ 268.
N-Methyl-5-(2-methyl-4-(1,3,5-trimethyl-1H-pyrazol-4-yl)phenyl)-1,3,4-oxadiazol-2-amine (41). XPhos Pd G2 (5.87 g, 3.73
mmol) was added in one portion to a suspension of 5-(4-bromo-2methylphenyl)-N-methyl-1,3,4-oxadiazol-2-amine (20.0 g, 74.6 mmol),
1,3,5-trimethyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1Hpyrazole (21.1 g, 89.5 mmol), and cesium carbonate (72.9 g, 224
mmol) in 1,4-dioxane (597 mL) and water (150 mL) at rt under
nitrogen. The resulting mixture was stirred at 100 °C for 45 min. The
reaction mixture was cooled to rt and ﬁltered through celite, washing
with 1,4-dioxane. The ﬁltrate was extracted with EtOAc, and the
combined organic layers were washed consecutively with water and
brine. The organics were dried over MgSO4, ﬁltered, and concentrated
in vacuo to aﬀord the crude product. The crude product was washed
with EtOAc/heptane, the solid was ﬁltered, and dried in the vacuum
oven at 55 °C to aﬀord N-methyl-5-(2-methyl-4-(1,3,5-trimethyl-1Hpyrazol-4-yl)phenyl)-1,3,4-oxadiazol-2-amine (14.3 g, 65%) as a pale
yellow solid. 1H NMR (500 MHz, DMSO-d6) 2.16 (s, 3H), 2.25 (s,
3H), 2.61 (s, 3H), 2.88 (d, J = 4.8 Hz, 3H), 3.71 (s, 3H), 7.21−7.29 (m,
2H), 7.60 (q, J = 4.8 Hz, 1H), 7.74 (d, J = 8.0 Hz, 1H); MS: (ESI) [M +
H]+ 298.
N-(Imidazo[1,2-a]pyridin-6-ylmethyl)-N-methyl-5-(2-methyl-4(1,3,5-trimethyl-1H-pyrazol-4-yl)phenyl)-1,3,4-oxadiazol-2-amine
(16). 6-(Chloromethyl)imidazo[1,2-a]pyridine hydrochloride (42)
(10.1 g, 60.5 mmol) was added to a solution of N-methyl-5-(2methyl-4-(1,3,5-trimethyl-1H-pyrazol-4-yl)phenyl)-1,3,4-oxadiazol-2amine (15.0 g, 50.4 mmol) and cesium carbonate (82.0 g, 252 mmol) in
dimethylformamide (439 mL). The resulting mixture was stirred at 80
°C for 2 h. The mixture was cooled to rt, then poured into water, and
extracted with EtOAc (3 × 1 L); the organic layers were combined and
washed consecutively with water (1 × 1.5 L) and brine (1 × 1 L). The
organics were dried over MgSO4, ﬁltered, and concentrated in vacuo to
aﬀord the crude product. The crude product was puriﬁed by preparative
HPLC (Puriﬂash C18, 30μ silica, 330 g) using decreasingly polar
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mixtures of water (containing 1% NH3) and MeCN as eluents.
Fractions containing the desired compound were evaporated to dryness
to aﬀord N-(imidazo[1,2-a]pyridin-6-ylmethyl)-N-methyl-5-(2-methyl-4-(1,3,5-trimethyl-1H-pyrazol-4-yl)phenyl)-1,3,4-oxadiazol-2-amine
16 (11.6 g, 54%) as a pale yellow solid. 1H NMR (500 MHz, DMSO-d6)
2.16 (s, 3H), 2.25 (s, 3H), 2.62 (s, 3H), 3.12 (s, 3H), 3.71 (s, 3H), 4.68
(s, 2H), 7.17−7.31 (m, 3H), 7.54−7.63 (m, 2H), 7.86 (d, J = 8.1 Hz,
1H), 7.91−8.01 (m, 1H), 8.62 (d, J = 0.7 Hz, 1H); 13C NMR (126
MHz, DMSO-d6) 10.5, 12.9, 22.1, 35.9, 36.3, 51.6, 113.9, 117.6, 117.6,
121.1, 121.3, 125.6, 126.0, 127.1, 128.3, 132.2, 133.9, 136.4, 136.7,
137.1, 143.9, 144.5, 159.0, 164.2; HRMS (ES+) for C24H23N8O (M +
H)+: calcd 439.1995; found 439.1985.
N-((3-Bromoimidazo[1,2-a]pyridin-6-yl)methyl)-N-methyl-5-(2methyl-4-(1,3,5-trimethyl-1H-pyrazol-4-yl)phenyl)-1,3,4-oxadiazol2-amine. 1-Bromopyrrolidine-2,5-dione (0.289 g, 1.62 mmol) was
added to a stirred solution of N-(imidazo[1,2-a]pyridin-6-ylmethyl)-Nmethyl-5-(2-methyl-4-(1,3,5-trimethyl-1H-pyrazol-4-yl)phenyl)-1,3,4oxadiazol-2-amine (16) (0.693 g, 1.62 mmol) in dimethylformamide
(16.2 mL). The resulting solution was stirred at rt for 1.5 h. The
reaction mixture was diluted with water, ﬁltered, and washed with
water. The solid was collected and dried in the vacuum oven at 55 °C to
aﬀord N-((3-bromoimidazo[1,2-a]pyridin-6-yl)methyl)-N-methyl-5(2-methyl-4-(1,3,5-trimethyl-1H-pyrazol-4-yl)phenyl)-1,3,4-oxadiazol-2-amine (0.693 g, 84%) as a white solid. 1H NMR (500 MHz,
DMSO-d6) 2.16 (s, 3H), 2.26 (s, 3H), 2.62 (s, 3H), 3.13 (s, 3H), 3.72
(s, 3H), 4.78 (s, 2H), 7.21−7.3 (m, 2H), 7.40 (dd, J = 9.3, 1.7 Hz, 1H),
7.67 (dd, J = 9.3, 0.8 Hz, 1H), 7.75 (s, 1H), 7.88 (d, J = 8.0 Hz, 1H),
8.41−8.5 (m, 1H); MS: (ESI) [M + H]+ 506.
N-Methyl-N-((3-(1-methyl-1H-pyrazol-4-yl)imidazo[1,2-a]pyridin-6-yl)methyl)-5-(2-methyl-4-(1,3,5-trimethyl-1H-pyrazol-4yl)phenyl)-1,3,4-oxadiazol-2-amine (28). 1-Methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-pyrazole (0.030 g, 0.14 mmol),
potassium carbonate (1 M in water, 0.355 mL, 0.36 mmol), and
tetrakis(triphenylphosphine)-palladium(0) (0.014 g, 0.01 mmol) were
added to a solution of N-((3-bromoimidazo[1,2-a]pyridin-6-yl)methyl)-N-methyl-5-(2-methyl-4-(1,3,5-trimethyl-1H-pyrazol-4-yl)phenyl)-1,3,4-oxadiazol-2-amine (0.060 g, 0.12 mmol) in 1,4-dioxane
(1.2 mL). The reaction mixture was heated at 100 °C for 2 h under
microwave irradiation. The reaction mixture was ﬁltered through celite,
washed with EtOAc, and concentrated in vacuo to aﬀord the crude
product. The crude product was puriﬁed by preparative HPLC (Waters
CSH C18 OBD column, 5 μ silica, 30 mm diameter, 100 mm length)
using decreasingly polar mixtures of water (containing 1% NH3) and
MeCN as eluents. Fractions containing the desired compound were
evaporated to dryness to aﬀord N-methyl-N-((3-(1-methyl-1Hpyrazol-4-yl)imidazo[1,2-a]pyridin-6-yl)methyl)-5-(2-methyl-4(1,3,5-trimethyl-1H-pyrazol-4-yl)phenyl)-1,3,4-oxadiazol-2-amine
(0.043 g, 72%) as a gum. 1H NMR (500 MHz, CDCl3) 2.27 (d, J = 1.8
Hz, 6H), 2.71 (s, 3H), 3.15 (s, 3H), 3.79 (s, 3H), 4.02 (s, 3H), 4.68 (s,
2H), 7.16 (dd, J = 1.4, 8.0 Hz, 1H), 7.18 (s, 1H), 7.23 (dd, J = 1.7, 9.3
Hz, 1H), 7.62−7.67 (m, 3H), 7.75 (d, J = 0.7 Hz, 1H), 7.81 (d, J = 8.0
Hz, 1H), 8.25−8.28 (m, 1H); 13C NMR (126 MHz, DMSO-d6) 10.5,
13.0, 22.1, 35.8, 36.3, 39.2, 51.5, 109.7, 117.6, 118.1, 118.6, 121.1,
122.0, 124.0, 124.9, 127.1, 128.3, 129.1, 132.1, 132.2, 136.4, 136.7,
137.1, 137.6, 143.9, 144.8, 159.0, 164.3; HRMS (ES+) for C28H30N9O
(M + H)+: calcd 508.2573; found 508.2583.
(3-Bromoimidazo[1,2-a]pyridin-6-yl)methanol (43). N-Bromosuccinimide (4.02 g, 22.6 mmol) was added to imidazo[1,2a]pyridin-6-ylmethanol (3.35 g, 22.6 mmol) in MeCN (100 mL) at 5
°C. The resulting suspension was slowly warmed to rt and stirred for 1
h. The resulting mixture was evaporated to dryness to give the crude
product. The crude product was puriﬁed by ﬂash silica chromatography,
elution gradient 0−5% MeOH in DCM. Pure fractions were evaporated
to dryness to aﬀord (3-bromoimidazo[1,2-a]pyridin-6-yl)methanol
(4.89 g, 95%) as a yellow crystalline solid. 1H NMR (500 MHz, CDCl3)
2.71 (s, 1H), 4.77 (d, J = 3.6 Hz, 2H), 7.21 (dd, J = 9.3, 1.7 Hz, 1H),
7.55 (dd, J = 9.3, 0.8 Hz, 1H), 7.59 (s, 1H), 8.12 (dq, J = 2.0, 1.0 Hz,
1H); MS: (ESI) [M − H]− 224.
3-Bromo-6-(chloromethyl)imidazo[1,2-a]pyridine (44). Thionyl
chloride (2.97 mL, 40.7 mmol) was added dropwise to a solution of
M
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1,3,4-oxadiazol-2-amine (2.00 g, 3.94 mmol), N,N-dimethyl-1-(4(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)methanamine
(1.34 g, 5.12 mmol), and 1 M aqueous potassium carbonate solution
(11.8 mL, 11.8 mmol) in 1,4-dioxane (40 mL) at rt under nitrogen. The
resulting mixture was stirred at 100 °C for 6 h. The reaction mixture was
concentrated in vacuo to aﬀord the crude product. The crude product
was puriﬁed by ﬂash silica chromatography, elution gradient 0−5%
MeOH in DCM. Pure fractions were evaporated to dryness to aﬀord N((3-(4-((dimethylamino)methyl)phenyl)-imidazo[1,2-a]pyridin-6yl)methyl)-N-methyl-5-(3-methyl-5-(1,3,5-trimethyl-1H-pyrazol-4yl)pyridin-2-yl)-1,3,4-oxadiazol-2-amine (1.50 g, 68%) as a brown
solid. 1H NMR (500 MHz, CDCl3) 2.28 (d, J = 4.0 Hz, 6H), 2.29 (s,
6H), 2.78 (s, 3H), 3.16 (s, 3H), 3.48 (d, J = 1.7 Hz, 2H), 3.80 (s, 3H),
4.72 (s, 2H), 7.26 (dd, J = 1.7, 9.3 Hz, 1H), 7.47 (d, J = 8.2 Hz, 2H),
7.5−7.54 (m, 3H), 7.66 (d, J = 9.3 Hz, 1H), 7.70 (s, 1H), 8.32−8.41 (m,
1H), 8.45 (d, J = 1.7 Hz, 1H); 13C NMR (126 MHz, DMSO-d6) 164.1,
158.3, 146.6, 145.0, 143.8, 139.0, 138.9, 138.8, 136.9, 132.9, 132.8,
130.6, 129.5, 127.3, 127.2, 125.3, 125.1, 123.1, 121.5, 117.8, 113.8, 63.0,
51.0, 45.0, 35.9, 35.3, 20.1, 12.4, 10.0; HRMS (ES+) for C32H36N9O (M
+ H)+: calcd 562.3043; found 562.3036.

(3-bromoimidazo[1,2-a]pyridin-6-yl)methanol (3.70 g, 16.3 mmol)
and dimethylformamide (2 drops) in DCM (160 mL) under nitrogen.
The resulting solution was stirred at rt for 1.5 h. The resulting mixture
was then evaporated to dryness and azeotroped with toluene (100 mL)
to aﬀord 3-bromo-6-(chloromethyl)imidazo[1,2-a]pyridine as the HCl
salt, which was used directly in the next step.
5-(5-Bromo-3-methylpyridin-2-yl)-N-methyl-1,3,4-oxadiazol-2amine. 3-(((Ethylimino)methylene)amino)-N,N-dimethylpropan-1amine hydrochloride (20.0 g, 104 mmol) was added portionwise to
5-bromo-3-methylpicolinic acid (15.0 g, 69.4 mmol) and Nmethylhydrazinecarbothioamide (7.30 g, 69.4 mmol) in MeCN (174
mL) at 5 °C over a period of 20 min. The resulting mixture was stirred at
rt for 40 min under nitrogen. Additional 3-(((ethylimino)methylene)amino)-N,N-dimethylpropan-1-amine hydrochloride (20.0 g, 104.2
mmol) was added in one portion, and the mixture was stirred at 60 °C
for 1.5 h. The solution was concentrated to approximately half its
volume in vacuo (∼87 mL), poured into deionized water (1000 mL),
and cooled in an ice bath. The mixture was stirred for 1 h, and the
precipitate was collected by ﬁltration and dried in a vacuum oven (in the
presence of P2O5) to aﬀord 5-(5-bromo-3-methylpyridin-2-yl)-Nmethyl-1,3,4-oxadiazol-2-amine (10.4 g, 56%) as a brown solid. 1H
NMR (500 MHz, DMSO-d6) 2.61 (s, 3H), 2.88 (d, J = 4.9 Hz, 3H),
7.81 (q, J = 4.7 Hz, 1H), 8.14−8.17 (m, 1H), 8.63−8.65 (m, 1H); MS:
(ESI) [M + H]+ 271.
N-Methyl-5-(3-methyl-5-(1,3,5-trimethyl-1H-pyrazol-4-yl)pyridin-2-yl)-1,3,4-oxadiazol-2-amine (46). 5-(5-Bromo-3-methylpyridin-2-yl)-N-methyl-1,3,4-oxadiazol-2-amine (2.00 g, 7.43 mmol),
1,3,5-trimethyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1Hpyrazole (2.11 g, 8.92 mmol), cesium carbonate (7.26 g, 22.3 mmol),
and XPhos Pd G2 (0.292 g, 0.370 mmol) were dissolved in 1,4-dioxane
(60 mL) and water (15 mL). The resulting solution was stirred at 100
°C under nitrogen for 16 h. The reaction was cooled to rt, and the
solvents were removed in vacuo. The crude product was puriﬁed by ionexchange chromatography using an SCX column. The desired product
was eluted from the column using 1 M NH3/MeOH, and fractions were
evaporated to dryness to aﬀord the crude product. The crude product
was puriﬁed by ﬂash silica chromatography, elution gradient 0−10%
DCM in MeOH. Pure fractions were evaporated to dryness to aﬀord Nmethyl-5-(3-methyl-5-(1,3,5-trimethyl-1H-pyrazol-4-yl)pyridin-2-yl)1,3,4-oxadiazol-2-amine (1.48 g, 67%) as a yellow gum. 1H NMR (500
MHz, CDCl3) 2.28 (d, J = 5.4 Hz, 6H), 2.78 (s, 3H), 3.15 (d, J = 5.1 Hz,
3H), 3.80 (s, 3H), 5.15 (s, 1H), 7.52 (dd, J = 2.0, 0.7 Hz, 1H), 8.42−
8.47 (m, 1H); MS (ESI) [M + H]+ 299.
N-((3-Bromoimidazo[1,2-a]pyridin-6-yl)methyl)-N-methyl-5-(3methyl-5-(1,3,5-trimethyl-1H-pyrazol-4-yl)pyridin-2-yl)-1,3,4-oxadiazol-2-amine (47). Cesium carbonate (1.15 g, 3.52 mmol) was
added to 3-bromo-6-(chloromethyl)imidazo[1,2-a]pyridine hydrochloride (0.238 g, 0.840 mmol) and N-methyl-5-(3-methyl-5-(1,3,5trimethyl-1H-pyrazol-4-yl)pyridin-2-yl)-1,3,4-oxadiazol-2-amine
(0.210 g, 0.700 mmol) in dimethylformamide (7 mL). The resulting
mixture was stirred at 80 °C under nitrogen for 36 h. The reaction
mixture was diluted with EtOAc and water, the layers were separated,
and the aqueous layer was extracted twice with EtOAc. The combined
organic layers were washed with saturated brine. The organic layer was
dried with MgSO4, ﬁltered, and evaporated to aﬀord the crude product.
The crude product was puriﬁed by ﬂash silica chromatography, elution
gradient 0−10% MeOH in DCM. Pure fractions were evaporated to
aﬀord N-((3-bromoimidazo[1,2-a]pyridin-6-yl)methyl)-N-methyl-5(3-methyl-5-(1,3,5-trimethyl-1H-pyrazol-4-yl)pyridin-2-yl)-1,3,4-oxadiazol-2-amine (0.319 g, 89%) as a pale yellow gum. 1H NMR (500
MHz, CDCl3) 2.28 (d, J = 4.6 Hz, 6H), 2.79 (s, 3H), 3.22 (s, 3H), 3.80
(s, 3H), 4.80 (s, 2H), 7.31 (dd, J = 9.3, 1.7 Hz, 1H), 7.53 (dd, J = 2.0, 0.7
Hz, 1H), 7.6−7.61 (m, 1H), 7.63 (d, J = 3.8 Hz, 1H), 8.17 (dd, J = 1.6,
0.9 Hz, 1H), 8.45−8.49 (m, 1H); MS (ESI) [M + H]+ 507.
N-((3-(4-((Dimethylamino)methyl)phenyl)imidazo[1,2-a]pyridin6-yl)methyl)-N-methyl-5-(3-methyl-5-(1,3,5-trimethyl-1H-pyrazol4-yl)pyridin-2-yl)-1,3,4-oxadiazol-2-amine (32). Tetrakis(triphenylphosphine)palladium(0) (0.046 g, 0.04 mmol) was added
to a mixture of N-((3-bromoimidazo[1,2-a]pyridin-6-yl)methyl)-Nmethyl-5-(3-methyl-5-(1,3,5-trimethyl-1H-pyrazol-4-yl)pyridin-2-yl)-
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