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ARTICLE INFO ABSTRACT

Keywords: The colony-stimulating factor 1 receptor (CSF1R) plays an important role in the regulation of many inflammatory
CSFIR processes, and overexpression of the kinase is implicated in several disease states. Identifying selective, small-
PLX3397 molecule inhibitors of CSF1R may be a crucial step toward treating these disorders. Through modelling, syn-
Autoinhibited form . . .. . . . o .

Purines thesis, and a systematic structure-activity relationship study, we have identified a number of potent and highly

selective purine-based inhibitors of CSF1R. The optimized 6,8-disubstituted antagonist, compound 9, has
enzymatic ICso of 0.2 nM, and displays a strong affinity toward the autoinhibited form of CSF1R, contrasting that
of other previously reported inhibitors. As a result of its binding mode, the inhibitor shows excellent selectivity
(Selectivity score: 0.06), evidenced by profiling towards a panel of 468 kinases. In cell-based assays, this inhibitor
shows dose-dependent blockade of CSF1-mediated downstream signalling in murine bone marrow-derived
macrophages (ICsop = 106 nM) as well as disruption of osteoclast differentiation at nanomolar levels. In vivo
experiments, however, indicate that improve metabolic stability is needed in order to further progress this

Osteoclast differentiation

compound class.

1. Introduction

The colony-stimulating factor 1 receptor (CSF1R) is a type III tyro-
sine kinase, which acts as cell-surface receptor for the cytokines colony
stimulating factor 1 (CSF1) and interleukin 34 (IL-34). Upon cytokine
binding, this kinase receptor promotes signalling, eventually triggering
the release of proinflammatory chemokines and thereby regulates the
survival, function, proliferation and differentiation of cells in the
myeloid lineage such as monocytes, macrophages, microglia and oste-
oclasts [1]. Thus, targeting CSF1R may result in therapeutic effects in
various diseases [2-4]. Among others, CSF1R signalling is of importance
in bone remodelling, a process which is regulated by different bone cells.
The osteoblasts are responsible for bone build-up, the osteoclasts are
involved in bone degeneration, while the osteocytes have a regulatory
role. Misregulated bone remodelling will give altered bone density and

structure, resulting in osteoporosis. One option for treating the disease is
to modulate the activity of osteoclasts. It has been found that CSF1R and
RANKL mediated signalling are essential for osteoclast function, prolif-
eration and differentiation [5,6]. Thus, situated at the beginning of the
signalling cascade, CSF1R is an attractive target for controlling osteo-
clast activity and thereby treating osteoporosis. A current active field of
research is the identification of selective CSF1R inhibitors, and the small
molecular inhibitors GW2580 [7], PLX647 [8] and the most developed
PLX3397 or Pexidartinib [9] have been found to down-regulate osteo-
clast activity in model systems.

The juxtamembrane (JM) is a flexible domain following the trans-
membrane loop [10]. For CSFIR and other platelet-derived growth
factor (PDGF) family of receptors, JM greatly influences the activation
state of the enzyme [11]. Through its interaction with the kinase
domain, JM stabilizes the protein in an inactive, autoinhibited state [12,
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13]. This autoinhibitory mechanism is also seen in Ephrin (Eph) and
muscle-specific kinase (MUSK) receptors [11]. After phosphorylation
and consequent undocking of the JM domain, a state referred to as
nonautoinhibited is attained. Further, the activation loop can be phos-
phorylated to stabilize the enzyme in a fully active, catalytically
competent DFG-in conformation. Hanson et al. performed hierarchical
clustering analysis of binding affinity for 645 inhibitors towards 406
kinases [14]. This revealed CSF1R and others in the PDGF receptor
family to be among the most promiscuous kinases, binding around five
times as many ligands as the average kinase. The observation was
explained by the relative high stability of the DFG-out, inactive
conformation shared by these kinases. As a result, the PDGF family of
kinases bind known Type I inhibitors in a DFG-out conformation nor-
mally observed for Type II inhibitors [12]. Further, analysis of kinase
structures has revealed hydrophobic regions which is unique for the
DGF-out conformation [15]. Such a small hydrophobic pocket has been
the subject of attention in an inhibitor-design approach described as a
new paradigm for discovery of inhibitors targeting the inactive, auto-
inhibited conformation of protein kinases [15]. The pocket is distinct
from the allosteric back-pocket targeted by traditional type II inhibitors
such as Imatinib, GW2580 and PLX3397 /Pexidartinib (Fig. 1).

Designing such type II inhibitors, typically requires substituents to
interact with certain conserved elements of the allosteric back-pocket,
such as the gatekeeper residue and the catalytic lysine, aspartic acid
and glutamic acid residues. Although these interactions can yield potent
inhibitors [16,17], the added chemical bulk of the introduced sub-
stituents might give rise to metabolic soft spots or toxic effects compli-
cating drug development. We hypothesize that targeting the mentioned
hydrophobic front pocket would give rise to atom efficient kinase in-
hibitors possessing unique properties with respect to selectivity and
pharmaceutic behaviour.

Purines are an important class of heterocyclic structures [18-20] and
is a frequently employed structural element in medicinal chemistry [21].
The purine scaffold has previously been applied in design of inhibitors
for phosphatidylinositol-3-kinases [22], Src/Abl kinases [23], and
glycogen synthase kinase [24]. However, there are no CSF1R inhibitors
based on purines reported. Herein, we describe the structure-activity
relationship (SAR) and initial ADME data on new purine-based CSF1R
inhibitors having a potent down-regulating effect on osteoclast
differentiation.
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Fig. 1. Structures of CSF1R inhibitors Imatinib, GW2580 and PLX3397/
Pexidartinib.
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2. Results and discussion
2.1. CSFIR inhibitory properties

In previously work we discovered inhibitors of the epidermal growth
factor receptor (EGFR) with notable activity toward the CSF1R kinase
[25]. In an effort to identify inhibitors with an improved CSF1R potency
and selectivity profile, we synthesized simple derivatives of these parent
pyrrolopyrimidines to establish key structural features required for ac-
tivity. Initial findings showed that a simple scaffold hop from pyrrolo-
pyrimidine to purine produced an increase in potency for a few
simplified structures (Scheme 1). In addition, a significant boost in po-
tency toward CSF1R, and simultaneous quenching of EGFR activity, was
achieved by methylating the N-6’ position (compound 5, Scheme 1). A
comparison of CSF1R and EGFR inhibition data for these compounds is
shown in the Supporting Information File (Table S1).

Molecular modelling studies indicated that this methyl is positioned
in an appropriately sized, lipophilic pocket of the protein (Fig. 2). The
increase in activity is higher than what would be expected by trans-
ferring a solvent-exposed methyl group on a ligand into a hydrophobic
region of a protein (~2 kcal/mol vs. 0.7 kcal/mol) [26]. This suggests
that the methyl group also contributes favourably through other
mechanisms, such as conformational alignment or freeing of high energy
waters near the binding pocket [27].

Encouraged by the strong effects of these simple substitutions, an
expanded SAR study using 6-methylaminopurine as the core scaffold
was initiated. From previous experience, the 4-hydroxymethylphenyl
substituent had provided a marked improvement in activity toward
CSF1R in biochemical assays for the pyrrolopyrimidines. A small panel
of synthesized compounds also suggested this to be true for purines
(compound 6a, Scheme 1). Choosing to keep this substituent as a base
contributor to inhibitory activity, we focused our efforts on the N-6'
amino substituent. Molecular docking experiments on a receptor grid
generated from a CSF1R protein crystallized in the DFG out, auto-
inhibited conformation (PDB ID: 6T2W) suggested that the N-6’ sub-
stituent of compound 6a was placed in the hydrophobic pocket
mentioned previously. To probe the nature of this somewhat close-
fitting space of the protein, we synthesized a compound series con-
taining simple chemical variations on the aromatic ring (Table 1). From
these efforts, we observed only small differences in activity with methyl,
fluoro and methoxy substituents in the ortho- and meta-positions.

Para-substitution appeared to have an undesirable effect on activity
(compounds 6d, 6g and 6j) with the methoxy substituted analogue 6j
being significantly less active at an ICsg of 61 nM. Much of the lost po-
tency, however, could be restored by adding a meta-methoxy group
(compound 6k, ICsg = 5.7 nM), suggesting some level of
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Scheme 1. Effect of scaffold hopping from pyrrolopyrimidines to purines and
simple purine decoration on CSF1R and EGFR inhibitory activity. The atom
numbering of purines is shown for compound 5.
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»/Arg—SOl

Fig. 2. The N-methyl group is placed in a small lipophilic pocket: 3D-model of
compound 5 while docked in the active site of CSF1R. The yellow coloured
dashed lines show hydrogen bonding interaction with the hinge region.

accommodation for larger para-substituents. Of the pyridyl containing
compounds, 6n with the nitrogen in the 4-position, was the most potent.
Molecular modelling indicated that placing a hydrogen bond acceptor in
the 4-position might be favourable because of interactions with the
guanidine unit of Arg801. Further, it seemed like only meta-substitution
by a methyl (compound 6c¢) was tolerated in terms of retaining the ac-
tivity of the unsubstituted parent compound. No clear difference in ac-
tivity could be discerned between inhibitors bearing either electron rich
or withdrawing aromatic substituents, indicating that only minor

Table 1
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interactions between the n-cloud of the inhibitors and the protein is
present. Seemingly limited by the positioning of the flat aromatic group
within the binding pocket, we turned to aliphatic rings in hopes of
slightly shifting the space-filling character of this substituent and
arrange for more productive decorations. Molecular docking experi-
ments supported these assumptions and proposed that the increased
flexibility of the sp®-hybridized carbons allowed for more intimate
contact between the substituent and the lipophilic environment formed
by residues Phe797, Leu785, Ala800 and the aliphatic side chain of
Arg801. The increased flexibility of the ligand simultaneously could
allow the 4-hydroxymethylphenyl unit to be angled closer to the C-lobe
and consequently engage in a hydrogen bonding interaction to Asp670
(Fig. 3).

We therefore made the saturated analogues 6r-y. Of these, most were
potent inhibitors in enzymatic assays. The cyclohexyl derivative 6s had
potency on par with its aromatic counterpart 6a, while the cyclopentyl
analogue 6r exhibited sub-nanomolar enzymatic inhibition. A full-scale
competitive binding assay panel screen on 468 kinases showed com-
pound 6r to have excellent selectivity for CSF1R (Fig. 4). Encouragingly,
other members of the PDGF receptor family, wild type KIT (auto-
inhibited), FLT3 (autoinhibited), PDGFRa and PDGFRp were only
moderately inhibited (12-57% at 500 nM test concentration, see Sup-
porting Information File, Table S5). However, FLT3 carrying the D835V
mutation was bound more strongly (92%). Apart from CSF1R, the ABL1
H396P mutant had the highest affinity (96% bound), while of the non-
mutants, EPHB6 (Ephrin type-B receptor 6) was highest (87% bound).
EPHB6 is lacking kinase activity. Thus, it is unknown how the CSF1R
inhibitors will affect its function. Ephrin type receptors have generally
been recognized for their role in immune cell development [28] and
elevated expression levels of EPHB6 are seen in some cancers [29-31].

A way of quantifying inhibitor selectivity, which assumes that low

Effect of structural variations of purines on CSF1R inhibitory properties (ICso, nM). PLX3397 was used as positive control. Examples of ICs titration curves are shown
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ARG-801

ASP-670

Fig. 3. Molecular docking indicated that the higher flexibility when intro-
ducing saturated amines (pink structure) allows for better contact between the
4-hydroxymethyl group and Asp670. Hydrogen bonding interactions are shown
with yellow dashed lines.

inhibitory activity is clinically irrelevant, is the so-called selectivity
score (S-score) [29]. It is calculated by dividing the number of kinases
showing inhibition above a set limit by the total number of kinases
evaluated. Thus, a non-selective inhibitor has a selectivity score close to
unity, while a selective inhibitor has a score close to zero. Employing
50% inhibition as the threshold for the calculation, inhibitor 6r has a
S-score of 0.06, while using 30% the S-score was 0.31. Further on, we
synthesized compounds 6t - 6w carrying tetrahydropyrans and tetra-
hydrofurans, indicated by molecular modelling to sit in the hydrophobic
front pocket. Especially interesting was the pyran substituted 6v and 6w
possessing both high activity and favourable solubility. The piperidine
based compounds 6x and 6y had low enzymatic CSF1R activity.

2.2. Cell-based assays, ADME profile and pharmacokinetic studies

As an in vitro proxy for osteoporosis, we used CSF1 induced signal-
ling in bone marrow-derived macrophages (BMDM) from mice femur.
The effect of the inhibitors on CSF1R signalling was evaluated as activity
of ERK1/2 measured as the level of the active, phosphorylated form of
ERK1/2 (p-EKR1/2). The measurement was performed following 10 min
treatment with or without CSF1 in the presence or absence of the
respective inhibitors. This approach was chosen as tyrosine kinases re-
ceptors activates ERK1/2 more than other MAPK pathways, and since
the use of p-CSF1R antibodies in our assay displayed a lower ability to
discriminate between inactive (without CSF1 added) and active receptor
(time-laps after CSF1 supplementation). PLX3397 was used as a refer-
ence. Due to some inter assay variation, activity relative to that of
PLX3397 was found useful (fold change). Even though the inhibitor
series containing aromatic amines (compounds 6a-6q) had excellent
enzymatic CSF1R ICsq values, only 6a possessed measurable activity in
the BMDM assay, Table 2. Mice BMDM assay of cyclopentyl derivative
6r on the other hand showed inhibitory potency comparable to that of
PLX3397 (Table 2). However, inhibitor 6r had significant phase I
metabolism in mouse liver microsomes (MLM) as well as poor kinetic
solubility in an aqueous buffer solution. Although the compound had
only moderate phase I metabolism in human liver microsomes (HML),
anticipating complications from the poor solubility and low MLM sta-
bility in subsequent studies, we sought more soluble compounds for
further drug development. The inhibitors containing oxygenated het-
erocycles (compounds 6t-6w) showed an improved solubility over the
carbon analogues 6r and 6s (Table 2). Unfortunately, 6t-6v did not
display any activity in BMDM assay.

However, the oxanyl-substituted analogue 6w had both sufficient
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Fig. 4. Assay of compound 6r towards a panel of 468 kinases at 500 nM rep-
resented with a kinome tree. Larger spheres indicate higher potency.

water solubility and high potency in the BMDM assay. Due to its
promising properties, the oxanyl derivative 6w was further evaluated in
vitro and in vivo. Although compound 6w had only somewhat elevated
phase I metabolism in mouse liver microsomes, its stability in mouse
hepatocytes was poor (Table 3). A mass spectroscopic stability study on
compound 6w, taking samples from the MLM mixture at timed intervals,
indicated lability issues at the 4-hydroxymethylphenyl unit, stemming
from oxidation of the benzylic carbon atom. Reasoning that such an
oxidation might be impeded by homologation of the benzylic alcohol,
compound 9 was synthesized (See Table 2). Indeed, its stability in mouse
hepatocytes was considerably improved and enzymatic inhibitory po-
tency was retained. With an ICsg of 0.2 nM in the ATP-based enzymatic
assay, compound 9 is likely near the lower limit of sensitivity for this
assay as a result of hitting the IC5p wall, the inherent limit encountered
when reaching half the kinase test concentration. The calculated binding
efficiency index (BEI) [32] of 9 based on the ICsp-value was 25.3, which is
highly encouraging and indicate a very atom efficient binding. A screen
towards a full panel of kinases confirmed that the high selectivity seen
for 6v was maintained in inhibitor 9 (Fig. 5). A good selectivity for
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Table 2
Assays of selected purine CSF1R inhibitors towards mice BMDM, solubility, and
phase I metabolism in mice liver microsomes (MLM) and human liver micro-

I/ :N OH I/ :N OH
somes (HML). "|‘|\ \ \>—©—/ "|‘|\ \ \>—©—/_ .
N? u N? ﬂ

6 9

Comp Amine BMDM In vitro clearance
ICso [nM] Solubility MLM HLM
(fold of [uM]° [mL/ [mL/
PLX3397)" min/ min/
ngl ugl’
PLX3397 - 100-152 (1)  20.7 41.4 11.8
6a N 330 (2.9) —-0.2 57.8 14.4
O —
6r s 40 (0.4) 3.5 243 36.4
O
6s N 100 (0.9) 0.5 ND® 22.3
ke
6t O~y >300 39.7 ND 33.2
O -
6u N >300 131 ND® 20.1
O el
6v o~y >300 9.2 ND“ 24.2
R —
6w N 83 (0.9) 55.4 58.7 15.8
o. -
6 ~ -~ >300 469 ND 3.6
L
6 - >300 33.5 ND® 22.1
Y Qo
9 N 106 (0.7) 37.5 30.2 14.7

%

@ Bone marrow-derived macrophages (BMDM) isolated from mice measured
for phosphorylated ERK1/2. The experiment was run at five inhibitor concen-
trations: 500, 300, 100, 50, 10 nM. The data was normalized to expressed p-
ERK1/2 and four-parameter logistic dose-response curves were fitted to the data
points.

b Kinetic solubility at pH 7.4.

¢ Invitro intrinsic clearance of compounds in mouse liver microsome (MLM) —
Phase I.

4 In yitro intrinsic clearance of compounds in human liver microsome (HLM) —
Phase I.

¢ Not determined.

CSF1R towards the other RKT-III familly kinases was seen (Table S5,
Supporting information File). The S-score at 50% inhibition was 0.06,
while at 30% it was as 0.11. Further, inhibitor 9 was equipotent to
PLX3397 in mice BMDM assay (see Fig. 6).

Further, inhibitor 9 was compared with 6w and PLX3397 in an
osteoclast differentiation assay. Human osteoclast precursor cells were
stimulated for seven days with CSF1 and RANKL at 0.01-1000 nM

Table 3
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concentrations of the inhibitors. The experiment showed a complete
suppression of osteoclast formation at 1000 and 100 nM as judged by
microscopic imaging (osteoclast count) and measurement of tartrate-
resistant acid phosphatase (TRAP) activity in the supernatant. At 10
nM concentration, the phenotype of the inhibitor-treated cells matched
that of the CSF1 negative control, see Fig. 7. Representative immuno-
fluoresence images are shown in Table S7. The high selectivity of
compound 6w and 9 suggest the effect is mediated by CSF1R inhibition
and not through any kinase off-target contributions.

However, it is surprising that even though compounds 6w and 9
were found more potent in enzymatic assays, PLX3397 is more efficient
in supressing osteoclast differentiation. To investigate this phenomenon
compounds 6w, 9 and PLX3397 were assayed for their ability to supress
proliferation of CSF1R engineered Ba/F3 cells. PLX3397 was found to be
far more potent with an ICsg of 0.06 pM, while 6w and 9 had ICs of 3.1
uM and 1.5 pM, respectively (Table S8, Supporting Information File).
Possible reasons for this behaviour could be permeability issues like high
efflux, that the inhibitors are outcompeted by the higher ATP concen-
tration in the cell assay, or that the compounds inhibit an irrelevant form
of CSF1R (see section below).

In vivo single dose pharmacokinetics of 6w, 9 and PLX3397 was
performed by IV cassette dosing (1 mg/kg pr drug) in C57BLKS, female
mice. The stability of the two front runner candidates largely followed
the trend shown from the hepatocyte assay with a 10-fold higher
clearance for 6w as compared to 9. However, when comparing with the
stability data of PLX3397, it is clear further tuning of stability is needed
to proceed with efficacy studies in mice.

2.3. Mode of action

To further investigate the compounds mode of action inhibitors 6r,
6w and 9 were profiled in assays representing the autoinhibited and
non-autoinhibited form of the kinase. The dissociation constants (Ky) are
compared with that of PLX3397 in Table 4.

All three compounds bind strongly to the autoinhibited form of the
kinase, with an 18- and 72-fold preference over the non-autoinhibited
form for compound 6w and 9 respectively. This validates the choice of
protein construct (DFG-out, JM domain present and docked) used in our
molecular modelling studies. The docked pose of inhibitor 9 in CSF1R is
shown in Fig. 8.

According to this model the purine N-3 and NH-9 are involved in
hydrogen bonding with the hinge residue Cys-666. Further, the pyran
unit both possesses lipophilic interactions, and the oxygen is assumed to
accept a hydrogen bond from Arg-801. The N-methyl groups occupies a
lipophilic cavity of limited size. The aryl group extending from C-8
obviously has lipophilic interactions, but also places the hydroxyethyl

N Ng
Pharmacokinetic data for compounds 6w and 9. L N>_©_/ L N>_©_/_ .
N N
H H
6w 9

In vitro In vivo

Comp. PPB [%]" Plasma stab.” [%]° Microsomal stab phase II [%] Hepatocyte CLiy [pL/min/10° cells]? t1,2 [h]° CL [L/h/kg] Vss obs [L/kg]®
6w 56 100 83 148 0.4 198 80

9 63.4 97.9 97.2 22 0.4 19 9

PLX3397 99.3 100 69 ND" 5.6 0.05 0.4

# Mouse plasma protein binding, fraction bound.

b

Mouse plasma stability, remaining compound (%) at 5 pM concentration.

Mouse microsomal stability, phase II metabolism, remaining compound (%) at 5 pM concentration.
Intrinsic clearance in mouse hepatocytes.

¢ In vivo half-life in C57BLKS, female mice (n = 3) by IV (1 mg/kg).

f In vivo clearance in C57BLKS, female mice (n = 3) by IV (1 mg/kg).

8 Steady state volume of distribution in C57BLKS, female mice (n = 3) by IV (1 mg/kg).

Not determined.

)
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Fig. 5. Assay of compound 9 towards a panel of 468 kinase at 500 nM repre-
sented with a kinome tree. Larger spheres indicate higher potency.

group in correct position for participation in a hydrogen bonding
network with Asn-673 and Asp-670. The preference for the auto-
inhibited form is opposite to that of other known CSF1R inhibitors such
as GW-2580, Dasatinib, Imatinib, Ki-20227 [12] and our benchmark
reference PLX3397. This distinctive feature may explain the observed
selectivity profile of compounds 6r and 9 as a consequence of targeting a
narrower subset of kinase forms. Indeed, FLT3, EphB6 and KIT kinases,
all harbouring autoinhibitory JM domains, have some affinities toward
compound 9. TYK2, a Janus kinase containing an autoinhibitory pseu-
dokinase domain which may function through similar interactions to
that of the Eph and PDGF receptors [33], also possesses affinity to the
tested compounds. As indicated by our molecular modelling studies, it
seems compound 9 takes advantage of this unique structural unit, hav-
ing its cyclic amine-substituent placed in the shielded environment
provided by the activation loop in the DFG-out conformation. It is re-
ported that for Abl kinases, this hydrophobic shielding can also be
realized through the action of its P-loop. When folding over the bound
ligand, the P-loop shields it from the solvent in the DFG-in conformation
[14], a seemingly rare property among kinases [34]. This behaviour may

European Journal of Medicinal Chemistry 255 (2023) 115344
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Fig. 6. Downstream p-ERK1/2 signalling effect of inhibitor 9 compared to
PLX3397 in mice BMDM. The relative level of phosphorylated ERK1/2 is shown
in the presence of CSF1 (green), without CSF1 (red) and in the presence of
various concentrations of the inhibitors PLX3397 and 9. The cell assay is based
on triplicate measurements. Statistical significance was calculated by unpaired

two-tailed Student’s t-test comparing each test concentration with untreated
using SigmaPlot 14.0: ***P < 0.001, **P < 0.05, * P > 0.49.

120

100

80

60

40

Osteoclast number (% of control)

x . 4
Pad <> o
& & >

QM &QA o4

(_{0
Fig. 7. Effect of inhibitor 6w, 9 and PLX3397 on osteoclast count at 10 nM
concentration. Statistical significance was calculated by unpaired two-tailed
Student’s t-test comparing each test concentration with untreated using Sig-
maPlot 14.0: ***P < 0.006.

Table 4
Dissociation constants (K4) measured against the autoinhibited and non-
autoinhibited form of CSF1R.”

Comp. Autoinhibited K4 [nM] Nonautoinhibited Kq [nM]
PLX3397 360 5.8

6r 17 220

6w 4.5 80

9 0.5 36

 Dissociation constants calculated using the Hill-equation. Data points were
curve-fitted from 11-point, 3-fold serial dilution sampling measurements. The
titration curves are shown in the Supporting information file, Tables S3 and S4.

explain the binding affinities toward the various Abl mutants observed
for compounds 6w and 9. It remains to see if antagonists towards the
autoinhibited form of CSF1R is of medicinal importance. Anyhow,
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Fig. 8. Proposed binding mode of inhibitor 9. Hydrogen bonding interactions
are shown with yellow dashed lines.

having tool compounds as 9 available, can be important to broaden
knowledge.

2.4. Chemistry

The initial method used to prepare the inhibitor structures are shown
in Scheme 2 (Route A). Starting from commercially available 6-chloro-
purine the C-6 aminated products 10 and 11 were formed. These
where then brominated at C-8 to yield 12 and 13 in mediocre yields.
Subsequently, Suzuki-Miyaura cross-couplings and purification gave
compounds 5, 6a, 7 and 8. However, with the need to repeat the rather
low yielding bromination for each new amine introduced, the above
method is rather inconvenient when a compound collection is to be
made. Instead (Method B, Scheme 2), 6-chloropurine (2) was selectively

Method A
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protected at the N-9 nitrogen roughly following literature procedures
using the tetrahydropyranyl protecting group [35]. Iodination of the C-8
position in 14 was done at —78 °C in a two-step lithiation-halogenation
reaction using lithium diisopropylamide (LDA) as base and elemental
iodine. The protected 4-chloro-8-iodo-purine 15, prepared in 10 g scale
(74% yield), served as a late-stage precursor for substitution of the pu-
rine scaffold. Exploiting the electron deficient nature of this heterocyclic
ring system, nucleophilic aromatic substitution on 15 was readily car-
ried out under mild conditions using a slight excess of the N-methylated
amine together with at least one equivalent of a non-nucleophilic amine
co-base such as triethylamine or diisopropylethylamine. At 50 °C, the
substitution requires reaction times in excess of 200 min to reach full
conversion of the starting material. Running the reaction at 70 °C, full
conversion is typically reached after 90 min. Using ether solvents such as
1,4-dioxane or THF, in many cases we observed precipitation of trie-
thylammonium chloride from the reaction mixture, which may have
helped drive the reaction to completion more quickly. Subsequent
Suzuki-Miyaura cross-coupling reactions on the 6-amino-8-iodo-purines
16b-y to introduce the 4-hydroxymethylphenyl group on C-8, was found
to proceed rapidly at 80 °C using a range of palladium catalysts.
Pd-PEPPSI-SIPr and PdCly(dppf) are preferred catalysts. The side re-
actions observed in the cross-coupling reaction was oxidation of the
hydroxymethyl unit into the corresponding benzaldehyde as well as
dehalogenation of the starting substrate. Prior to purification the
by-products were rarely present at more than 3 mol% relative to the
product. Due to their differences in polarity, these by-products could be
separated from the product through simple chromatographic means.
Cleavage of the THP-protection group on compounds 17b-y, was facile
under several reaction conditions. Refluxing in an alcoholic solvent
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Scheme 2. Synthesis of compounds 6a-y and 9. Reagents and conditions: (a) Benzylamine, diisopropylethylamine, n-BuOH or 1,4-dioxane, A, 2-20 h, 82-93%; (b)
Bry, AcOH, NaOAc, 22-24 h, 44-47%; (c) Arylboronic acid, Pd-PEPPSI-SIPr or XPhos Pd G2, K>COs3, 1,4-dioxane, H;0, 100 °C, 17-87%; (d) Benzylamine, 3,4-
dihydro-2H-pyran, p-TsOHeH,0, EtOAc, 90 °C, 97%; (e) Lithium diisopropylamide (LDA), I, THF, —78 °C, 77%; (f) R-substituted methylamine, triethylamine or
diisopropylethylamine, 1,4-dioxane, 70 °C, 70-94%; (g) 4-Hydroxymethylphenyl boronic acid, PdCl,(dppf) or Pd-PEPPSI-SIPr, K,CO3, 1,4-dioxane, H,O, 80 or
100 °C, 63-95%; (h) p-TsOHeH,0, MeOH, reflux or hydrochloric acid, EtOH, rt, 77-94%; (i) 1. (4-(2-Hydroxyethyl)phenyl)boronic acid, PdCl,(dppf), KoCOs,

dioxane/water, 2:1, 80 °C, 2. HCl, MeOH, 70 °C, 84%.
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(MeOH, EtOH or i-PrOH) with catalytic amounts of acid (p-TsOH, hy-
drochloric acid), yielded the deprotected final products 6b-y with
minimal by-product formation. Compound 9 was made with the same
strategy starting from 16w. Significant band broadening for proton and
carbon NMR signals originating from the N-CH3 and N-CHj- groups
were seen. These signals are sharpened by running the NMR experiments
at 75 °C, see Supporting information File.

3. Conclusion

Through a scaffold-hopping exercise and a systematic SAR study, we
have discovered a highly potent CSF1R purine inhibitor 9 displaying
high selectivity across the human kinome. The inhibitor binds prefer-
entially to the autoinhibited form of the kinase, in contrast to that
observed for other reported inhibitors of CSF1R. Molecular modelling
indicate the inhibitor targets a hydrophobic pocket formed by Phe-797,
Leu-785, Ala-800 and Arg-801 of the kinase in the inactive state, a re-
gion not typically targeted by type II inhibitors. The exceptionally high
binding efficiency index (BEI) of 9 demonstrates the lean but potent na-
ture of this class of inhibitors, and provides leeway for synthetic opti-
mization in subsequent stages of the drug development process,
potentially minimizing the risk of attrition [36]. Inhibitor 9 attenuates
the phosphorylation of downstream MAPK/ERK receptors in mice bone
marrow derived macrophages at similar concentrations to the approved
drug PLX3397. The inhibitor also prevents maturation of osteoclasts
from RANKL and CSF1 stimulated osteoclast precursor cells. The me-
dicinal relevance of blocking the autoinhibited form of CSF1R remains
to be revealed. The purine inhibitor 9 might in this respect be a very
important tool compound.

4. Experimental
4.1. General

6-Chloro-9-(tetrahydropyran-2-yl)-9H-purine was ordered from abcr
GmbH. Dry solvents were collected from a Braun MB SPS-800 solvent
purification system. The synthesis of compound 2 and 3 will be disclosed
elsewhere, while preparation of 4 is described in Kaspersen et al. [25]
All other reagents, starting materials and solvents were purchased from
Sigma-Aldrich and used as is. Reactions were monitored by thin-layer
chromatography (TLC) using silica-gel on aluminium plates, F254,
Merck. Purification of compounds by flash column chromatography was
performed on pre-packaged silica-gel cartridges obtained from Inter-
chim (PuriFlash cartridges) or with silica-gel (40-63 mesh, 60 /O\) using
standard glass-ware. NMR spectra were recorded on a Bruker Avance III
HD 400 or 600 MHz instrument in either CDCl3 containing tetrame-
thylsilane or DMSO-ds as solvents. 'H and '3C chemical shifts are re-
ported in part per million (ppm, §) using tetramethylsilane (0.00 ppm)
or residual solvent (DMSO-ds, 2.50/39.52 ppm) as internal reference
standard. Infrared absorption spectra were recorded on a Thermo
Nicolet Nexus FT-IR spectrometer using a Smart Endurance reflection
cell. Absorption bands are reported as strong (s), medium (m) or weak
(w). Accurate mass determination was performed on a Synapt G2-S
Q-TOF instrument from Waters TM in either positive or negative
mode. The samples were ionized with an ASAP (APCI) or ESI probe.
Exact mass calculations and spectra processing was done using Waters
TM Software Masslynx V4.1 SCN871. The purity of the final inhibitors
was assessed on an Agilent 1100-series modular HPLC instrument with a
diode array detector using a C-18 Poroshell 120 (100 x 4.6 mm, 2.7 pm)
column. The spectra were recorded and analysed at 254 nm and pro-
cessed using Agilent ChemStation software.
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5. Synthesis
5.1. General Procedure 1 — thermal nucleophilic amination

6-Chloro-8-iodo-9-(tetrahydro-2H-pyran-2-yl)-9H-purine (1.0
equiv.), triethylamine (1.5 equiv.) or N,N-diisoproylethylamine (1.5
equiv.) and the appropriate amine nucleophile (1.5 equiv.) was dis-
solved in 1,4-dioxane (7.5 mL/mmol). The reaction mixture was low-
ered into an oil-bath set at 70 °C and stirred. Upon reaction completion,
the reaction vessel was raised from the oil-bath and allowed to cool for 5
min before the volatiles were removed in vacuo. The residue was added
water (10 mL) and extracted with DCM (3 x 10 mL). The combined
organic layers were washed with brine (10 mL), dried over anhydrous
NaySO4 and filtered. The organic solvent was removed under reduced
pressure and the crude product was purified by silica-gel column chro-
matography. The solvent systems used are specified for each compound.

5.2. General Procedure 2 — Suzuki-Miyaura cross coupling reaction

Starting material (1.0 equiv.), boronic acid (1.2 equiv.), palladium
catalyst (5 mol%) and potassium carbonate (3.0 equiv.) was charged in a
Schlenk tube. The atmosphere was evacuated and back-filled with N2
three times before adding 1,4-dioxane and water. The reaction mixture
was lowered into an oil-bath set at 80 or 100 °C and stirred vigorously.
Upon reaction completion, the Schlenk tube was raised from the oil-bath
and allowed to cool for 5 min before the reaction mixture was trans-
ferred to a round-bottomed flask and the volatiles removed by rotary
evaporation. The residue was added water (10 mL) and extracted with
DCM (3 x 10 mL). The combined organic layers were washed with brine
(10 mL), dried over anhydrous Na;SO4 and filtered. The organic solvent
was removed under reduced pressure and the crude product was puri-
fied by silica-gel column chromatography. The solvent systems used are
specified for each compound.

5.3. General Procedure 3 — THP deprotection

THP-protected starting material (1.0 equiv.) and para-toluene-
sulfonic acid monohydrate (5 mol%) was dissolved in MeOH (10 mL/
mmol) and the reaction mixture was lowered into an oil-bath set at 70 °C
and stirred. In some cases Amberlyst 15 in MeOH at 70 °C or aqueous
HCI (37%) in EtOH at 0 °C were used. Upon reaction completion, the
reaction vessel was raised from the oil-bath and allowed to cool for 5
min before the reaction mixture was transferred to a round-bottomed
flask and added a mixture of DCM and MeOH (~1:1) until all precipi-
tated material had dissolved. To the solution, Celite (10:1 - Celite to
starting material, by weight) was added and the volatiles were removed
in vacuo. The dry residue was applied to a silica gel column for chro-
matographic purification. The solvent systems used are specified for
each compound.

5.4. N-Benzyl-N-methyl-8-phenyl-9H-purin-6-amine (5)

The compound was synthesized according to General Procedure 2
using the bromide 13 (23 mg, 0.072 mmol), phenylboronic acid (13 mg,
0.108 mmol), Pd-PEPPSI-SIPr (2.5 mg, 0.0037 mmol) and K>CO3 (30
mg, 0.218 mmol) in 1,4-dioxane (0.655 mL) and water (0.655 mL). The
reaction was stirred on an oil-bath (100 °C) for 1 h 40 min. Purification
by silica-gel flash column chromatography (DCM/MeOH - 98:2) gave
20 mg (0.062 mmol, 86%) of a colourless solid. 'H NMR (400 MHz,
DMSO-dg) 6 13.54 (br s, 1H), 8.25 (s, 1H), 8.15-8.08 (m, 2H), 7.54-7.44
(m, 3H), 7.35-7.29 (m, 4H), 7.29-7.22 (m, 1H), 5.45 (br s, 2H), 3.43 (br
s, 3H); '3C NMR (101 MHz, DMSO-de) § 153.7, 152.9, 152.0, 147.1,
129.9, 129.5, 128.9 (2C), 128.5 (2C), 127.5 (2C), 127.1, 126.1 (20),
119.9, not detected at 25 °C: NCH,C, NCH3; HRMS (ES+, m/2): found
316.1565, caled for C19H1gN5 [M+H] " 316.1562.
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5.5. (4-(6-(Benzyl(methyl)amino)-9H-purin-8-yl)phenyl)methanol (6a)

The compound was synthesized according to General Procedure 2
using the bromide 12 (51 mg, 0.160 mmol), 4-(hydroxymethyl)phe-
nylboronic acid (37 mg, 0.242 mmol), Pd-PEPPSI-SIPr (5.6 mg, 0.0082
mmol) and K5CO3 (66 mg, 0.480 mmol) in 1,4-dioxane (1.45 mL) and
water (1.45 mL). The reaction was stirred on an oil-bath (100 °C) for 2 h.
Purification by silica-gel flash column chromatography (DCM/MeOH —
97:3) gave 48 mg (0.140 mmol, 87%) of a colourless solid, mp. >250 °C
(decomp.). 'H NMR (600 MHz, DMSO-dg) 6 13.49 (s, 1H), 8.24 (s, 1H),
8.09-8.05 (m, 2H), 7.47-7.42 (m, 2H), 7.36-7.29 (m, 4H), 7.29-7.22
(m, 1H), 5.29 (t, J = 5.7 Hz, 1H), 4.55 (d, J = 5.6 Hz, 2H), not detected at
25 °C: NCHp, NCH3; 3¢ NMR (151 MHz, DMSO-dg) 6 153.6, 152.8,
151.9, 147.2, 144.5, 138.3, 128.5 (2C), 127.9, 127.5 (2C), 127.0, 126.8
(20), 125.9 (20Q), 119.9, 62.5, 52.7, 35.6; HRMS (ES+, m/z): found
351.2184, caled for Co;HoyN4O [M+H] T 351.2185.

5.6. N-methyl-N-(2-methylbenzyl)-8-(4-(hydroxymethyl)phenyl)-9H-
purin-6-amine (6b)

The compound was synthesized according to General Procedure 3
using 17b (42.7 mg, 0.096 mmol). The reaction time was 2.75 h. Puri-
fication by silica-gel flash column chromatography (DCM/MeOH (sat.
w/NH3) - 9:1, Ry = 0.36) gave 26.8 mg (0.082 mmol, 77%) of a col-
ourless solid, mp > 300 °C. 'H NMR (600 MHz, DMSO-dg) & 13.45 (s,
1H), 8.22 (s, 1H), 8.07-8.03 (m, 2H), 7.46-7.42 (m, 2H), 7.23-7.19 (m,
1H), 7.17-7.13 (m, 1H), 7.13-7.09 (m, 1H), 7.06-7.01 (m, 1H), 5.37 (br
s, 2H), 5.28 (t, J = 5.7 Hz, 1H), 4.55 (d, J = 5.5 Hz, 2H), 3.42 (br s, 3H),
2.33 (s, 3H); 13¢ NMR (151 MHz, DMSO-dg) 6 153.8, 152.8, 151.9,
147.1, 144.5, 135.9, 135.8, 130.2, 127.9, 126.7, 126.7 (2C), 126.2,
125.92, 125.89 (2C), 119.9, 62.5, 18.8, not detected at 25 °C: NCH»,
NCHg; IR (neat, cmfl): 3304 (br w), 3097 (w), 3061 (w), 3017 (w), 2957
(w), 2868 (w), 2832 (w), 2724 (w), 2696 (w), 1589 (s), 1521 (m), 1441
(m), 1401 (m), 1326 (m), 1306 (m), 1054 (m), 950 (m), 836 (m), 742
(m), 725 (m), 679 (m); HRMS (ASAP+, m/z): found 360.1826, calcd for
C21H2oNs50 [M+H]' 360.1824.

5.7. N-methyl-N-(3-methylbenzyl)-8-(4-(hydroxymethylphenyl)-9H-
purin-6-amine (6¢)

The compound was synthesized according to General Procedure 3
using 17¢ (35.5 mg, 0.080 mmol). The reaction time was 4 h. Purifica-
tion by silica-gel flash column chromatography (DCM/MeOH - 19:1, Ry
= 0.16) gave 25.4 mg (0.071 mmol, 88%) of a colourless solid, mp.
263-264 °C. 'H NMR (600 MHz, DMSO-dg) 6 13.47 (s, 1H), 8.23 (s, 1H),
8.09-8.05 (m, 2H), 7.47-7.42 (m, 2H), 7.23-7.18 (m, 1H), 7.14 (s, 1H),
7.11-7.05 (m, 2H), 5.44 (br s, 2H), 5.28 (t, J = 5.7 Hz, 1H), 4.55 (d, J =
5.5 Hz, 2H), 3.43 (br s, 3H), 2.26 (s, 3H); '*C NMR (151 MHz, DMSO-de)
§153.6, 152.8, 151.9, 147.1, 144.5, 138.2, 137.6, 128.4, 128.0, 127.9,
127.7,126.8 (2C), 125.9 (2C), 124.5, 119.9, 62.5, 21.1, not detected at
25 °C: NCH,, NCH3; IR (neat, cm’l): 3302 (br w), 3096 (w), 3027 (w),
2920 (w), 2868 (w), 2694 (w). 1592 (s), 1538 (m), 1521 (m), 1441 (m),
1404 (m), 1326 (m), 1315 (m), 1048 (m), 951 (m), 842 (m), 727 (m),
690 (m), 680 (m); HRMS (ASAP-+, m/z): found 360.1825, calcd for
C21HooNsO [M+H]T 360.1824.

5.8. N-methyl-N-(4-methylbenzyl)-8-(4-(hydroxymethyl)phenyl)-9H-
purin-6-amine (6d)

The compound was synthesized according to General Procedure 3
using 17d (23.9 mg, 0.054 mmol). The reaction time was 2 h. Purifi-
cation by silica-gel flash column chromatography (DCM/MeOH - 19:1,
Rf = 0.45) gave 17.3 mg (0.048 mmol, 89%) of a colourless solid, mp.
270-278 °C. 'H NMR (600 MHz, DMSO-dg) 5 13.48 (s, 1H), 8.23 (s, 1H),
8.09-8.05 (m, 2H), 7.46-7.42 (m, 2H), 7.23-7.18 (m, 2H), 7.15-7.10
(m, 2H), 5.53 (br s, 2H), 5.29 (t, J = 5.7 Hz, 1H), 4.55 (d, J = 5.6 Hz,
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2H), 3.23 (br s, 3H), 2.26 (s, 3H); 3¢ NMR (151 MHz, DMSO-dg) §
153.6, 152.8, 151.9, 147.1, 144.5, 136.1, 135.2, 129.1 (2C), 128.0,
127.5 (2C), 126.8 (2C), 125.9 (2C), 119.9, 62.5, 20.7, not detected at
25 °C: NCHy, NCH3; IR (neat, cm’l): 3294 (br w), 3093 (w), 3010 (w),
2956 (w), 2923 (w), 2870 (w), 2829 (w), 2725 (w), 2692 (w), 1593 (s),
1518 (m), 1434 (m), 1403 (m), 1309 (m), 1051 (m), 949 (m), 840 (m),
796 (m), 789 (m), 725 (m), 681 (m), 468 (m); HRMS (ASAP-+, m/2):
found 360.1823, calcd for C2;H2oNs0 [M-+H]' 360.1824.

5.9. N-methyl-N-(2-fluorobenzyl)-8-(4-(hydroxymethylphenyl)-9H-
purin-6-amine (6e)

The compound was synthesized according to General Procedure 3
with Amberlyst 15 using 17e (29.9 mg, 0.067 mmol) and Amberlyst 15
(45 mg). The oil-bath temperature was set to 65 °C and the reaction time
was 1 h. Purification by silica-gel flash column chromatography (DCM/
MeOH - 9:1, Ry = 0.37) gave 3.7 mg (0.010 mmol, 15%) of a colourless
powder. 'H NMR (600 MHz, DMSO-dg) 6 13.36 (s, 1H), 8.24 (s, 1H),
8.09-8.04 (m, 2H), 7.46-7.42 (m, 2H), 7.34-7.29 (m, 1H), 7.29-7.24
(m, 1H), 7.25-7.19 (m, 1H), 7.15-7.10 (m, 1H), 5.56 (br s, 2H), 5.29 (t,
J = 5.7 Hz, 1H), 4.55 (d, J = 5.5 Hz, 2H), 3.40 (br s, 3H); 1*C NMR (151
MHz, DMSO-dg) 6 160.5 (d, 1J(;p = 244 Hz, 10), 153.6, 152.9, 151.8,
147.3, 144.5, 129.04, 129.01, 128.98, 128.0, 126.7 (2C), 125.9 (20),
124.6 (d, *Jcr = 3.3 Hz, 1C), 120.0, 115.3 (d, 2Jcr = 21.4 Hz, 1C), 62.5,
not detected at 25 °C: NCHs, NCHy; HRMS (ASAP+, m/z): found
364.1576, calcd for CogH1gNsOF [M+H]" 364.1574.

5.10. N-methyl-N-(3-fluorobenzyl)-8-(4-(hydroxymethyl)phenyl)-9H-
purin-6-amine (6f)

The compound was synthesized according to General Procedure 3
with Amberlyst 15 using 17f (55.0 mg, 0.067 mmol) and Amberlyst 15
(78 mg). The oil-bath temperature was set to 65 °C and the reaction time
was 1 h. Purification by silica-gel flash column chromatography (DCM/
MeOH - 92.5 : 7.5, Ry = 0.21) gave 9.3 mg (0.026 mmol, 21%) of a
colourless powder. TH NMR (600 MHz, DMSO-dg) 6§ 13.50 (s, 1H), 8.24
(s, 1H), 8.10-8.05 (m, 2H), 7.47-7.42 (m, 2H), 7.41-7.34 (m, 1H),
7.18-7.12 (m, 2H), 7.12-7.05 (m, 1H), 5.46 (br s, 2H), 5.29 (t, J = 5.7
Hz, 1H), 4.55 (d, J = 5.6 Hz, 2H), 3.41 (br s, 3H); 13C NMR (151 MHz,
DMSO-de) § 162.3 (d, Wcr = 243.7 Hz, 1C), 153.5, 153.0, 151.8, 147.4,
144.5, 141.5, 130.5 (d, 3Jcr = 8.3 Hz, 1C), 128.0, 126.8 (2C), 125.9
(20),123.4 (d, 4JCF = 2.6 Hz, 1C), 119.9, 114.1 (4, 2Jcp =21.5Hz, 10),
113.8 (d, ZJCF = 20.9 Hz, 1C), 62.5, not detected at 25 °C: NCH3, NCHy;
HRMS (ASAP+, m/z): found 364.1574, caled for CooH;9NsOF [M+H]™
364.1574.

5.11. N-methyl-N-(4-fluorobenzyl)-8-(4-(hydroxymethyDphenyl)-9H-
purin-6-amine (6g)

The compound was synthesized according to General Procedure 3
using 17g (26.4 mg, 0.059 mmol). The oil-bath temperature was set to
65 °C and the reaction time was 4 h. Purification by silica-gel flash
column chromatography (DCM/MeOH - 9:1, Ry = 0.35) gave 19.3 mg
(0.053 mmol, 90%) of a colourless powder. 'H NMR (600 MHz,
DMSO-dg) 6 13.50 (s, 1H), 8.24 (s, 1H), 8.09-8.05 (m, 2H), 7.47-7.42
(m, 2H), 7.40-7.35 (m, 2H), 7.19-7.12 (m, 2H), 5.48 (br s, 2H), 5.29 (t,
J =5.7 Hz, 1H), 4.55 (d, J = 5.6 Hz, 2H), 3.38 (br s, 3H); '*C NMR (151
MHz, DMSO-dg) 6 161.4 (d, 1J'CF = 242.7 Hz, 1C), 153.5, 152.9, 151.9,
147.3, 144.5, 134.5, 129.5 (d, 3JCF = 8.0 Hz, 2C), 127.9, 126.8 (2Q),
125.9 (2C), 119.9, 115.3 (d, 2JCF = 21.2 Hz, 2C), 62.5, not detected at
25 °C: NCH3, NCHy; HRMS (ASAP+, m/z): found 364.1573, caled for
Co0H19NsOF [M+H]" 364.1574.
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5.12. N-(2-Methoxybenzyl)-N-methyl-8-(4-(hydroxymethyDphenyD-9H-
purin-6-amine (6h)

The compound was synthesized according to General Procedure 3
using 17h (40.6 mg, 0.088 mmol). The reaction time was 2.75 h. Puri-
fication by silica-gel flash column chromatography (DCM/MeOH (sat.
w/NH3 - 12.5:1, Ry = 0.23) gave 30.7 mg (0.082 mmol, 93%) of a col-
ourless solid, mp. 250-255 °C; 'H NMR (600 MHz, DMSO-dg) 6 13.43 (s,
1H), 8.20 (s, 1H), 8.05 (br s, 2H), 7.48-7.39 (m, 2H), 7.25-7.20 (m, 1H),
7.07-7.01 (m, 2H), 6.87-6.82 (m, 1H), 5.28 (brs, 1H), 4.55 (s, 2H), 3.84
(s, 3H), not detected at 25 °C: NCH,, NCHs3; '°C NMR (151 MHg,
DMSO-dg) 6 157.1, 153.8, 152.7, 151.8, 147.0, 144.5, 128.0, 128.0,
126.9, 126.7 (2C), 125.9 (2C), 120.3, 120.0, 110.8, 62.5, 55.4, not
detected at 25 °C: NCH,, NCH3; IR (neat, em™): 3400 (br w), 3100 (w),
3070 (w), 2953 (w), 2833 (w), 2722 (w), 1596 (s), 1584 (s), 1489 (m),
1435 (w), 1405 (m), 1333 (m), 1240 (s), 1032 (m), 948 (m), 748 (s);
HRMS (ASAP+, m/z): found 376.1773, caled for Co;HooN50, [M+H] ™
376.1773.

5.13. N-(3-Methoxybenzyl)-N-methyl-8-(4-(hydroxymethyDphenyD-9H-
purin-6-amine (61)

The compound was synthesized according to General Procedure 3
using 17i (37.5 mg, 0.082 mmol). The reaction time was 2.5 h. Purifi-
cation by silica-gel flash column chromatography (DCM/MeOH - 14:1,
Ry = 0.21) gave 28.8 mg (0.077 mmol, 94%) of a colourless solid, mp.
258-261 °C; 'H NMR (400 MHz, DMSO-dg) 6 13.46 (br s, 1H), 8.23 (s,
1H), 8.09-8.07 (m, 2H), 7.45-7.43 (m, 2H), 7.26-7.22 (m, 1H),
6.92-6.85 (m, 2H), 6.85-6.80 (m, 1H), 5.39 (br s, 2H), 5.29 (t, J = 5.6
Hz, 1H), 4.55 (d, J = 5.4 Hz, 2H), 3.69 (s, 3H), 3.41 (br s, 3H); 13C NMR
(101 MHz, DMSO-dg) § 159.4, 153.6, 152.9, 151.9, 147.2, 144.6, 140.0,
129.6, 127.9, 126.8 (2C), 126.0 (2C), 119.9, 119.6, 113.4, 112.2, 62.5,
54.9, not detected at 25 °C: NCHy, NCH3; IR (neat, em™1): 3403 (br w),
3096 (w), 2948 (w), 2921 (w), 2837 (w), 2700 (w), 1596 (s), 1584 (s),
1428 (m), 1403 (m), 1331 (m), 1255 (s), 1158 (m), 1086 (m), 1038 (m),
947 (m), 909 (m), 848 (m), 833 (m), 776 (s); HRMS (ASAP-+, m/z):
found 376.1767, calcd for CoHoN50 [M+H] T 376.1773.

5.14. N-(4-Methoxybenzyl)-N-methyl-8-(4-(hydroxymethyDphenyD-9H-
purin-6-amine (6j)

The compound was synthesized according to General Procedure 3
using 17j (42.6 mg, 0.093 mmol). The reaction time was 2.5 h. Purifi-
cation by silica-gel flash column chromatography (DCM/2 M NHj in
MeOH - 19:1, Ry = 0.19) gave 31.7 mg (0.084 mmol, 91%) of a col-
ourless solid, mp. 265-270 °C. 'H NMR (600 MHz, DMSO-dg) 6 13.43 (s,
1H), 8.23 (s, 1H), 8.10-8.06 (m, 2H), 7.47-7.42 (m, 2H), 7.29-7.24 (m,
2H), 6.91-6.86 (m, 2H), 5.46 (br s, 2H), 5.28 (t, J = 5.7 Hz, 1H), 4.55 (d,
J = 5.6 Hz, 2H), 3.71 (s, 3H), 3.28 (br s, 3H); '3C NMR (151 MHz,
DMSO-dg) 6 158.4,153.5,152.8,151.9, 147.1, 144.5,130.1, 128.9 (20C),
128.0, 126.8 (2C), 125.9 (2C), 119.9, 113.9 (2C), 62.5, 55.0, not
detected at 25 °C: NCHy, NCH3; (HMBC), See spectrum at 75 °C in the
Supporting Information File. IR (neat, em™Y): 3271 (brr w), 2954 (w),
2924 (w), 2832 (w), 2697 (w), 1593 (s), 1513 (s), 1441 (m), 1326 (m),
1303 (m), 1247 (s), 1034 (m), 950 (m), 840 (m), 814 (m), 789 (m), 725
(m), 679 (m); HRMS (ASAP+, m/z): found 376.1766, calcd for
Co1H22N50,2 [M+H]' 376.1773.

5.15. N-(3,4-Dimethoxybenzyl)-N-methyl-8-(4-(hydroxymethyl)
phenyD)-9H-purin-6-amine (6k)

The compound was synthesized according to General Procedure 3
using 17k (34.7 mg, 0.071 mmol). The reaction time was 4 h. Purifi-
cation by silica-gel flash column chromatography (DCM/MeOH (sat. w/
NH3 - 12.5:1, Ry = 0.22) gave 26.1 mg (0.082 mmol, 91%) of a col-
ourless solid, mp. 254-256 °C; TH NMR (600 MHz, DMSO-dg) 6 13.47 (s,
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1H), 8.23 (s, 1H), 8.11-8.07 (m, 2H), 7.47-7.43 (m, 2H), 7.03 (s, 1H),
6.90-6.87 (m, 1H), 6.86-6.83 (m, 1H), 5.29 (t, J = 5.7 Hz, 1H), 4.55 (d,
J = 5.3 Hz, 2H), 3.71 (s, 3H), 3.66 (s, 3H), not detected at 25 °C: NCHp,
NCH3; *C NMR (151 MHz, DMSO-dg) 6 153.5, 152.9, 151.8, 148.7,
148.0, 147.1, 144.5, 130.6, 128.0, 126.8 (2C), 125.9 (2C), 119.9, 119.8,
111.89,111.85, 62.5, 55.5, 55.4, not detected at 25 °C: NCHy, NCH3; IR
(neat, cm’l): 3335 (br w), 3101 (w), 3072 (w), 3003 (w), 2954 (w),
2833 (w), 2696 (w), 1586 (s), 1516 (s), 1439 (m), 1403 (m), 1291 (m),
1275 (s), 1259 (s), 1238 (m), 1157 (m), 1028 (s), 837 (m); HRMS
(ASAP+, m/z): found 406.1875, caled for CooHo4Ns5Os [M+H]H
406.1879.

5.16. N-methyl-N-(pyridin-2-ylmethyl)-8-(4-(hydroxymethyl)phenyD)-
9H-purin-6-amine (61)

The compound was synthesized according to General Procedure 3
using 171 (38 mg, 0.087 mmol). The oil-bath temperature was set to
65 °C and the reaction time was 4 h. Purification by silica-gel flash
column chromatography (DCM/MeOH - 9:1, Ry = 0.26) gave 24 mg
(0.068 mmol, 78%) of a colourless powder, mp. 284-290 °C
(decomp.).lH NMR (400 MHz, DMSO-dg) § 13.24 (s, 1H), 8.57-8.47 (m,
1H), 8.22 (s, 1H), 8.13-7.99 (m, 2H), 7.77-7.69 (m, 1H), 7.49-7.40 (m,
2H), 7.32-7.22 (m, 2H), 5.29 (t, J = 5.7 Hz, 1H), 4.55 (d, J = 5.6 Hz,
2H), not detected at 25 °C: NCHz, NCHa; 3C NMR (151 MHz, DMSO-ds)
6 158.0, 153.8, 152.8, 151.8, 149.2, 147.2, 144.5, 136.8, 127.9, 126.8
(20), 125.9 (20), 122.2,121.3, 120.0, 62.5, not detected at 25 °C: NCH3,
NCH,; HRMS (ASAP+, m/z): found 347.1623, caled for Cq9H;9NgO
[M+H] " 347.1620.

5.17. N-methyl-N-(pyridin-3-ylmethyl)-8-(4-(hydroxymethyDphenylD)-
9H-purin-6-amine (6 m)

The compound was synthesized according to General Procedure 3
using 17m (22 mg, 0.050 mmol). The oil-bath temperature was set to
65 °C and the reaction time was 4 h. Purification by silica-gel flash
column chromatography (DCM/MeOH - 19:1 — 12:1, Ry = 0.20) gave
15 mg (0.042 mmol, 84%) of a colourless powder, mp. 268-270 °C
(decomp.). H NMR (600 MHz, DMSO-dg) 6 13.52 (s, 1H), 8.61-8.58 (m,
1H), 8.49-8.45 (m, 1H), 8.25 (s, 1H), 8.10-8.06 (m, 2H), 7.75-7.70 (m,
1H), 7.47-7.42 (m, 2H), 7.37-7.32 (m, 1H), 5.44 (br s, 2H), 5.29 (t, J =
5.7 Hz, 1H), 4.55 (d, J = 5.6 Hz, 2H), 3.42 (br s, 3H); 'C NMR (151
MHz, DMSO-dg) 6§ 153.5, 153.0, 151.8, 149.0, 148.4, 147.4, 144.6,
135.3, 133.9, 127.9, 126.8 (2C), 126.0 (2C), 123.7, 119.9, 62.5, not
detected at 25 °C: NCH3, NCHy; HRMS (ASAP+, m/z): found 347.1615,
caled for C1oH19NgO [M+H]" 347.1620.

5.18. N-methyl-N-(pyridin-3-ylmethyl)-8-(4-(hydroxymethyl)phenyl)-
9H-purin-6-amine (6n)

The compound was synthesized according to General Procedure 3
using 17n (25 mg, 0.058 mmol). The oil-bath temperature was set to
65 °C and the reaction time was 7.5 h. Purification by silica-gel flash
column chromatography (DCM/MeOH - 19:1, Ry = 0.28) gave 18 mg
(0.053 mmol, 91%) of a colourless powder. 'H NMR (600 MHz,
DMSO-dg) 6 13.51 (s, 1H), 8.52-8.48 (m, 2H), 8.24 (s, 1H), 8.08-8.03
(m, 2H), 7.46-7.42 (m, 2H), 7.30-7.26 (m, 2H), 5.46 (br s, 2H), 5.29 (t,
J = 5.7 Hz, 1H), 4.55 (d, J = 5.7 Hz, 2H), 3.47 (br s, 3H); *C NMR (151
MHz, DMSO-dg) 6 153.6, 152.9, 151.8, 149.7 (2C), 147.5, 147.4, 144.6,
127.9, 126.7 (2C), 126.0 (2C), 122.3 (2C), 119.9, 62.5, not detected at
25 °C: NCH3, NCHy; HRMS (ASAP+, m/z): found 347.1616, calcd for
C19H19N6O [M+H] 347.1620.

5.19. N-methyl-N-(2-hydroxybenzyl)-8-(4-(hydroxymethyl)phenyl)-9H-
purin-6-amine (60)

The compound was synthesized according to General Procedure 3
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using 170 (72 mg, 0.162 mmol). The reaction time was 3.5 h. Purifi-
cation by silica-gel flash column chromatography (DCM/MeOH - 92:8,
R = 0.26) gave 54 mg (0.148 mmol, 92%) of a colourless powder. B
NMR (600 MHz, DMSO-dg) § 13.47 (s, 1H), 9.94 (s, 1H), 8.22 (s, 1H),
8.10-8.05 (m, 2H), 7.47-7.42 (m, 2H), 7.11-7.05 (m, 2H), 6.86-6.82
(m, 1H), 6.75-6.69 (m, 1H), 5.28 (t, J = 5.7 Hz, 1H), 5.03 (br s, 2H),
4.56 (d, J = 5.6 Hz, 2H), 3.64 (br s, 3H); 13C NMR (151 MHz, DMSO-de)
6 155.5, 153.6, 152.8, 151.7, 147.2, 144.5, 128.4, 128.1, 127.9, 126.7
(20), 125.9 (2C), 123.8,119.9, 119.0, 115.4, 62.5, 48.1, not detected at
25 °C: NCHs3; HRMS (ASAP+, m/z): found 363.1613, caled for
CooH2oN502 [M+H]' 362.1617.

5.20. N-methyl-N-(3-trifluoromethylbenzyl)-8-(4-(hydroxymethyl)
phenyD)-9H-purin-6-amine (6p)

The compound was synthesized according to General Procedure 3
using 17p (41 mg, 0.083 mmol). The reaction time was 3.5 h. Purifi-
cation by silica-gel flash column chromatography (DCM/MeOH - 92.5 :
7.5, Rf = 0.20) gave 25 mg (0.060 mmol, 72%) of a colourless powder,
mp. 260-262.5 °C. 'H NMR (600 MHz, DMSO-dg) 6 13.52 (s, 1H), 8.25
(s, 1H), 8.13-8.00 (m, 2H), 7.81-7.69 (m, 1H), 7.65-7.60 (m, 2H),
7.59-7.55 (m, 1H), 7.46-7.42 (m, 2H), 5.47 (br s, 2H), 5.29 (t, J = 5.7
Hz, 1H), 4.55 (d, J = 5.5 Hz, 2H), 3.47 (br s, 3H); 13C NMR (151 MHz,
DMSO-dg) 6 153.5, 152.9, 151.9, 147.4, 144.6, 140.0, 131.4, 129.7,
129.2 (q, ZJgr = 31.5 Hz, 1C), 127.9, 126.7 (2C), 125.9 (2C), 124.2 (q,
LJer = 272.1 Hz, 1C), 124.1 (q, 3Jer = 3.1 Hz, 1C), 123.8 (g, 3Jcr = 3.8
Hz, 1C), 119.9, 62.5, 52.4, 36.0; HRMS (ASAP-+, m/z): found 414.1543,
caled for CoH1oN5OF3 [M+H] T 414.1542.

5.21. N-methyl-N-(thiophen-2-ylmethyl)-8-(4-(hydroxymethyl)phenyl)-
9H-purin-6-amine (6q)

The compound was synthesized according to General Procedure 3
using 17q (50 mg, 0.116 mmol). The reaction time was 1.5 h. Purifi-
cation by silica-gel flash column chromatography (DCM/MeOH - 20:1
- 9:1, Ry=0.32) gave 35 mg (0.099 mmol, 86%) of a colourless powder,
mp. 286-293 °C (decomp.). 1H NMR (600 MHz, DMSO-dg) 6 13.50 (s,
1H), 8.26 (s, 1H), 8.16-8.05 (m, 2H), 7.52-7.43 (m, 2H), 7.43-7.35 (m,
1H), 7.19-7.11 (m, 1H), 7.01-6.94 (m, 1H), 5.64 (br's, 2H), 4.56 (s, 2H),
3.43 (br s, 3H); 13C NMR (151 MHz, DMSO-dg) § 153.0, 152.9, 151.8,
147.4,144.6, 140.3,128.0, 126.9, 126.8 (2C), 126.6, 126.0 (2C), 125.9,
120.0, 62.5, 47.8, 35.3; HRMS (ASAP+, m/z): found 352.1236, calcd for
C18H1gNs50S [M+H] ™ 352.1232.

5.22. N-methyl-N-(cyclopentylmethyl)-8-(4-(hydroxymethyl)phenyl)-
9H-purin-6-amine (6r)

The compound was synthesized according to General Procedure 3
using 17r (64 mg, 0.151 mmol). The reaction time was 4.0 h. Purifica-
tion by silica-gel flash column chromatography (DCM/MeOH - 94:6, Ry
= 0.16) gave 46 mg (0.137 mmol, 91%) of a colourless powder. IH NMR
(600 MHz, DMSO-dg) 6 13.39 (s, 1H), 8.18 (s, 1H), 8.10-8.06 (m, 2H),
7.48-7.43 (m, 2H), 5.30 (t, J = 5.7 Hz, 1H), 4.56 (d, J = 5.6 Hz, 2H),
2.44-2.38 (m, 1H), 1.71-1.61 (m, 4H), 1.52-1.44 (m, 2H), 1.35-1.28
(m, 2H), not detected at 25 °C: NCHs, NCH,; '*C NMR (151 MHz,
DMSO-dg) 6§ 153.7,152.6,151.8, 146.7, 144.4,128.1, 126.8 (2C), 125.8
(20), 119.8, 62.5, 38.7; (HSQC), 29.7 (2C), 24.6 (2C), not detected at
25 °C: NCH3, NCHy; HRMS (ASAP+, m/z): found 338.1980, calcd for
C19H24Ns0 [M+H] " 338.1981.

5.23. N-methyl-N-(cyclohexylmethyl)-8-(4-(hydroxymethy)phenyl)-9H-
purin-6-amine (6s)

The compound was synthesized according to General Procedure 3
using 17s (40 mg, 0.092 mmol). The oil-bath temperature was set to
65 °C and the reaction time was 6 h. Purification by silica-gel flash
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column chromatography (DCM/MeOH - 14:1, Ry = 0.18) gave 27 mg
(0.078 mmol, 85%) of a colourless powder, mp. 289-296 °C (decomp.).
'H NMR (600 MHz, DMSO-dg) 6 13.36 (s, 1H), 8.18 (s, 1H), 8.13-8.03
(m, 2H), 7.52-7.38 (m, 2H), 5.29 (t, J = 5.6 Hz, 1H), 4.56 (d, J = 5.5 Hz,
2H), 1.97-1.82 (m, 1H), 1.73-1.63 (m, 4H), 1.63-1.55 (m, 1H),
1.27-1.09 (m, 3H), 1.09-0.97 (m, 2H), not detected at 25 °C NCHj3,
NCH,; '3C NMR (151 MHz, DMSO-de) § 153.8, 152.6, 151.8, 146.7,
144.4,128.2,126.8 (2C), 125.8 (2C), 119.8, 62.5, 36.6, 30.1 (20C), 26.1,
25.4 (2C), not detected at 25 °C: NCH3, NCHy; HRMS (ASAP+, m/z):
found 352.2139, calcd for CooHasN5O [M+H] " 352.2137.

5.24. N-methyl-N-(tetrahydrofuran-2-ylmethyl)-8-(4-(hydroxymethyl)
phenyl)-9H-purin-6-amine (6t)

The compound was synthesized according to General Procedure 3
using 17t (54 mg, 0.128 mmol). The oil-bath temperature was set to
70 °C and the reaction time was 2.5 h. Purification by silica-gel flash
column chromatography (DCM/MeOH - 92.5 : 7.5, Ry = 0.15) gave 40
mg (0.118 mmol, 92%) of a colourless powder. ' NMR (600 MHz,
DMSO-dg) § 13.39 (s, 1H), 8.19 (s, 1H), 8.10-8.06 (m, 2H), 7.48-7.44
(m, 2H), 5.29 (t, J = 5.7 Hz, 1H), 4.56 (d, J = 5.6 Hz, 2H), 4.24-4.19 (m,
1H), 3.81-3.75 (m, 1H), 3.65-3.58 (m, 1H), 2.01-1.94 (m, 1H),
1.94-1.87 (m, 1H), 1.84-1.74 (m, 1H), 1.65-1.58 (m, 1H), not detected
at 25 °C: NCH3, NCHby; 13C NMR (151 MHz, DMSO-dg) § 153.6, 152.6,
151.8, 146.9, 144.4, 128.1, 126.8 (2C), 125.8 (2C), 120.0, 77.6, 67.1,
62.5, 54.0, 36.4, 28.6, 25.0; HRMS (ASAP+, m/2): found 340.1774,
caled for C1gH2oNs0, [M+H] ' 340.1773.

5.25. N-methyl-N-(tetrahydrofuran-3-ylmethyl)-8-(4-(hydroxymethyl)
phenyD)-9H-purin-6-amine (6u)

The compound was synthesized according to General Procedure 3
using 17u (51 mg, 0.120 mmol). The oil-bath temperature was set to
70 °C and the reaction time was 2.5 h. Purification by silica-gel flash
column chromatography (DCM/MeOH - 92.5 : 7.5, R¢ = 0.15) gave 35
mg (0.103 mmol, 86%) of a colourless powder. H NMR (600 MHz,
DMSO-dg) § 13.42 (s, 1H), 8.20 (s, 1H), 8.11-8.07 (m, 2H), 7.48-7.44
(m, 2H), 5.30 (t, J = 5.8 Hz, 1H), 4.56 (d, J = 4.7 Hz, 2H), 3.85-3.79 (m,
1H), 3.79-3.74 (m, 1H), 3.67-3.61 (m, 1H), 3.53-3.48 (m, 1H), 2.75
(app hept, J = 7.1 Hz, 1H), 2.00-1.91 (m, 1H), 1.71-1.62 (m, 1H), not
detected at 25 °C: NCHs, NCHy; 13C NMR (151 MHz, DMSO-dg) & 153.6,
152.7,151.8, 147.0, 144.4, 128.1, 126.8 (2C), 125.8 (2C), 119.9, 70.4,
66.9, 62.5, 51.9, 38.2, 36.3, 29.5; HRMS (ASAP+, m/z): found
340.1778, caled for C15HpoNs0 [M+H] ' 340.1773.

5.26. N-methyl-N-(oxan-2-ylmethyl)-8-(4-(hydroxymethyl)phenyl)-9H-
purin-6-amine (6v)

The compound was synthesized according to General Procedure 3
using 17v (55 mg, 0.125 mmol). The reaction time was 1.5 h. Purifi-
cation by silica-gel flash column chromatography (DCM/MeOH - 9:1, R¢
= 0.28) gave 34 mg (0.096 mmol, 77%) of a colourless powder. 'H NMR
(600 MHz, DMSO-dg) 6 13.18 (s, 1H), 8.19 (s, 1H), 8.09-8.05 (m, 2H),
7.48-7.44 (m, 2H), 5.29 (t, J = 5.7 Hz, 1H), 4.56 (d, J = 5.3 Hz, 2H),
3.90-3.84 (m, 1H), 3.72-3.65 (m, 1H), 3.33-3.25 (m, 1H), 1.81-1.74
(m, 1H), 1.71-1.68 (m, 1H), 1.50-1.38 (m, 3H), 1.30-1.24 (m, 1H); 13¢
NMR (151 MHz, DMSO-dg) § 153.6, 152.6, 151.8, 146.9, 144.4, 128.1,
126.8 (20), 125.8 (20), 119.9, 77.5, 67.4, 62.5, 55.3, 37.3, 28.7, 25.6,
22.7; HRMS (ASAP+, m/z): found 354.1931, calcd for Ci9H24Ns504
[M+H]* 354.1930.

5.27. N-methyl-N-(oxan-4-ylmethylD)-8-(4-(hydroxymethylphenyl)-9H-
purin-6-amine (6w)

The compound was synthesized according to General Procedure 3
using 17w (54 mg, 0.123 mmol). The reaction time was 4 h. Purification
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by silica-gel flash column chromatography (DCM/MeOH - 19:1 — 12:1,
Ry = 0.17) gave 39 mg (0.109 mmol, 88%) of a colourless powder. 'H
NMR (600 MHz, DMSO-dg) 6 13.35 (s, 1H), 8.19 (s, 1H), 8.12-8.05 (m,
2H), 7.49-7.41 (m, 2H), 5.29 (t, J = 5.7 Hz, 1H), 4.56 (d, J = 5.6 Hz,
2H), 3.86-3.80 (m, 2H), 3.29-3.22 (m, 2H), 2.17-2.06 (m, 1H),
1.61-1.51 (m, 2H), 1.40-1.27 (m, 2H), not detected at 25 °C: NCH3,
NCH,; '3C NMR (151 MHz, DMSO-de) 6 153.8, 152.6, 151.8, 146.8,
144.4,128.1, 126.8 (2C), 125.8 (2C), 119.8, 66.7 (20), 62.5, 55.3, 36.5,
34.1, 30.2 (2C); HRMS (ASAP+, m/z): found 354.1930, calcd for
C19H24N505 [M+-H]" 354.1930.

5.28. N-methyl-N-(1-methylpiperidin-3-ylmethyl)-8-(4-(hydroxymethyl)
phenyl)-9H-purin-6-amine (6x)

The compound was synthesized according to General Procedure 3
using 17x (43 mg, 0.095 mmol) and HCl(,q) (0.1 mL, 37%). The reaction
time was 1.5 h. Purification by silica-gel flash column chromatography
(DCM/MeOH (sat. w/NH3) - 92.5 : 7.5, Ry = 0.11) gave 32 mg (0.087
mmol, 91%) of a colourless powder, mp. >249 °C (decomp.). 'H NMR
(600 MHz, DMSO-dg) 6 13.38 (s, 1H), 8.19 (s, 1H), 8.11-8.06 (m, 2H),
7.48-7.44 (m, 2H), 5.29 (s, 1H), 4.56 (s, 2H), 2.69-2.66 (m, 1H),
2.63-2.57 (m, 1H), 2.15-2.10 (m, 1H), 2.11 (s, 3H), 1.86-1.83 (m, 1H),
1.78-1.75 (m, 1H), 1.68-1.59 (m, 2H), 1.46-1.39 (m, 1H), 1.04-0.99
(m, 1H), not detected at 25 °C: NCH,, NCHs; '3C NMR (151 MHz,
DMSO-de) 6 153.7, 152.6, 151.8, 146.8, 144.4, 128.1, 126.8 (2C), 125.8
(20), 119.8, 62.5, 59.4, 55.8, 53.7, 46.5, 36.9, 35.6, 27.4, 24.4; HRMS
(ASAP+, m/z): found 367.2251, caled for CooHNgO [M+H]T
367.2251.

5.29. N-methyl-N-(1-benzylpiperidin-4-ylmethyl)-8-(4-(hydroxymethyl)
phenyl)-9H-purin-6-amine (6y)

The compound was synthesized according to General Procedure 3
using 17y (51 mg, 0.097 mmol) and HCl(,q) (0.1 mL, 37%). The reaction
time was 1 h. Purification by silica-gel flash column chromatography
(DCM/MeOH (sat. w/NH3) - 92.5 : 7.5, Ry = 0.21) gave 38 mg (0.087
mmol, 89%) of a pale yellow powder. H NMR (600 MHz, DMSO-dg) 6
13.38 (s, 1H), 8.18 (s, 1H), 8.11-8.07 (m, 2H), 7.48-7.44 (m, 2H),
7.31-7.23 (m, 4H), 7.23-7.19 (m, 1H), 5.29 (t, J = 5.7 Hz, 1H), 4.56 (d,
J = 5.5 Hz, 2H), 3.40 (s, 2H), 2.81-2.75 (m, 2H), 1.92-1.82 (m, 3H),
1.64-1.58 (m, 2H), 1.36-1.27 (m, 2H), not detected at 25 °C: NCH,,
NCH3; '3C NMR (151 MHz, DMSO-de) 6 153.7, 152.6, 151.8, 146.7,
144.4,138.7,128.6 (2C), 128.11, 128.06 (2C), 126.8 (2C), 126.7, 125.8
(20), 119.8, 62.5, 62.4, 52.9 (2C), 29.5 (2C); HRMS (ASAP+, m/2):
found 443.2556, calcd for CogH31NgO [M+H]" 443.2559.

5.30. N-Benzyl-8-phenyl-9H-purin-6-amine (7)

The compound was synthesized according to General Procedure 2
using the bromide 13 (50 mg, 0.163 mmol), phenylboronic acid (24 mg,
0.194 mmol), Pd-PEPPSI-SIPr (5.5 mg, 0.0081 mmol) and K,CO3 (68
mg, 0.495 mmol) in 1,4-dioxane (1.0 mL) and water (1.0 mL). The re-
action was stirred on an oil-bath (100 °C) for 2 h. Purification by trit-
uration (Hy0) and recrystallization from 1,4-dioxane (~0.1 mL/mg),
filtering and washing with Et;0 gave 8 mg (0.027 mmol, 17%) of a
colourless solid. 'H NMR (600 MHz, DMSO-dg) 6 13.44 (s, 1H), 8.28 (s,
1H), 8.19 (s, 1H), 8.17-8.13 (m, 2H), 7.56-7.51 (m, 2H), 7.51-7.46 (m,
1H), 7.40-7.36 (m, 2H), 7.33-7.27 (m, 2H), 7.27-7.18 (m, 1H), 4.72 (s,
2H); *C NMR (151 MHz, DMSO-dg) 5 153.9, 152.5, 151.2, 148.1, 140.3,
129.81, 129.78, 128.9 (2C), 128.2 (2C), 127.2 (2C), 126.6, 126.1 (2C),
120.0, 42.9; HRMS (ES+, m/z): found 302.1409, calcd for CigH;6Ns
[M+H]" 302.1406.

5.31. (4-(6-(Benzylamino)-9H-purin-8-yl)phenyl)methanol (8)

The compound was synthesized according to General Procedure 2
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using the bromide 13 (50 mg, 0.165 mmol), 4-(hydroxymethyl)phe-
nylboronic acid (30 mg, 0.199 mmol), XPhos (4.2 mg, 0.0088 mmol),
XPhos Pd G2 (6.4 mg, 0.0081 mmol) and K,CO3 (68 mg, 0.494 mmol) in
1,4-dioxane (1.0 mL) and water (1.0 mL). The reaction was stirred on an
oil-bath (100 °C) for 2 h 20 min. Purification by trituration (H,0) and
recrystallization from isopropanol/1,4-dioxane (~0.1 mL/mg) gave 25
mg (0.075 mmol, 45%) of a colourless solid. 'H NMR (600 MHz,
DMSO-dg) 6 13.38 (s, 1H), 8.26 (s, 1H), 8.18 (s, 1H), 8.12-8.08 (m, 2H),
7.49-7.45 (m, 2H), 7.40-7.36 (m, 2H), 7.33-7.27 (m, 2H), 7.24-7.18
(m, 1H), 5.30 (t, J = 5.7 Hz, 1H), 4.73 (s, 2H), 4.57 (d, J = 5.3 Hz, 2H),
3.56 (s, 1H); 1°C NMR (151 MHz, DMSO-dg) § 153.8, 152.4, 151.1,
148.2, 144.5, 140.3, 128.2 (2C), 128.0, 127.3 (2C), 126.8 (2C), 126.6,
126.0 (2C), 119.9, 62.5, 42.9; HRMS (ES+, m/2): found 332.1515, calcd
for C19H18N50 [M+H]+ 332.1511.

5.32. N-methyl-N-(oxan-4-ylmethyl)-8-(4-(2-hydroxyethylDphenyl)-9H-
purin-6-amine (9)

Compound 16w (68 mg, 0.149 mmol) was treated as described in
General Procedure 2 using (4-(2-hydroxyethyl)phenyl)boronic acid (31
mg, 0.184 mmol), PdCly(dppf) (5.3 mg, 0.0072 mmol) and K>CO3 (62
mg, 0.446 mmol) in 1,4-dioxane (1.4 mL) and water (0.7 mL). The re-
action was stirred on an oil-bath (80 °C) for 10 min. Purification by
silica-gel flash column chromatography (EtOAc, Ry = 0.14) gave 64 mg
(0.142 mmol, 95%) of a colourless solid, mp. 65-135 °C. ' NMR (400
MHz, CDCl3) 6 8.37 (s, 1H), 7.82-7.75 (m, 2H), 7.42-7.35 (m, 2H), 5.59
(dd, J=11.2, 2.2 Hz, 1H), 4.29-4.21 (m, 1H), 4.03 (br s, 2H), 4.01-3.91
(m, 4H), 3.75-3.64 (m, 1H), 3.45 (br s, 3H), 3.41-3.30 (m, 2H),
3.08-2.93 (m, 3H), 2.19-2.07 (m, 1H), 2.03-1.96 (m, 1H), 1.88-1.73
(m, 1H), 1.68-1.34 (m, 7H); 13C NMR (101 MHz, CDCl3) § 154.7, 152.2,
152.0, 148.9, 140.6, 129.9, 129.3, 129.1, 120.0, 83.9, 68.9, 67.8, 63.4,
39.1, 34.6 (HSQC), 30.5, 28.5, 24.8, 23.5, not detected at 25 °C:
CH,NCH3; HRMS (ASAP+, m/z): found 452.2659, caled for CosH34N503
[M+H]" 452.2662.

The THP protected intermediate from above (56 mg, 0.123 mmol)
was treated as described in General Procedure 3 using HCl(yq) (0.1 mL,
37%). The reaction time was 2 h 20 min. Purification by silica-gel flash
column chromatography (DCM/MeOH - 14:1, Ry = 0.14) gave 40 mg
(0.109 mmol, 88%) of a colourless powder, mp. 261.5-264.5 °C
(decomp.). 'H NMR (600 MHz, DMSO-dg) 6 13.37 (s, 1H), 8.19 (s, 1H),
8.05-8.01 (m, 2H), 7.39-7.35 (m, 2H), 4.68 (t, J = 5.2 Hz, 1H),
3.86-3.80 (m, 2H), 3.64 (td, J = 6.9, 4.5 Hz, 2H), 3.28-3.21 (m, 2H),
2.78 (t, J = 6.9 Hz, 2H), 2.16-2.06 (m, 1H), 1.58-1.52 (m, 2H),
1.38-1.28 (m, 2H), not detected at 25 °C: NCH,, NCH3; '3C NMR (151
MHz, DMSO-dg) 6 153.7, 152.6, 151.7, 146.9, 141.6, 129.5 (2C), 127.4,
125.8 (2C), 119.8, 66.7 (2C), 61.9, 55.3, 38.8, 36.2, 34.2, 30.2 (2C);
HRMS (ESI+, m/z): found 368.2086, caled for CooHogN5Oo [M+H]™
368.2087.

6. Biochemical assays
6.1. CSFIR enzymatic inhibitory assay

The compounds were supplied in a 10 mM DMSO solution, and
enzymatic CSF1R inhibition potency was determined by Invitrogen
(ThermoFisher) using their Z'-LYTE® assay technology [37]. The assay
is based on fluorescence resonance energy transfer (FRET). In the pri-
mary reaction, the kinase transfers the gamma-phosphate of ATP to a
single tyrosine residue in a synthetic FRET-peptide. In the secondary
reaction, a site-specific protease recognizes and cleaves
non-phosphorylated FRET-peptides. Thus, phosphorylation of
FRET-peptides suppresses cleavage by the development reagent.
Cleavage disrupts FRET between the donor (i.e. coumarin) and acceptor
(i.e., fluorescein) fluorophores on the FRET-peptide, whereas uncleaved,
phosphorylated FRET-peptides maintain FRET. A ratiometric method,
which calculates the ratio (the emission ratio) of donor emission to
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acceptor emission after excitation of the donor fluorophore at 400 nm, is
used to quantitate inhibition. All compounds were first tested for their
inhibitory activity at 500 nM in duplicates. The potency observed at 500
nM was used to set starting point of the ICs titration curve, in which two
levels were used 1000 or 10000 nM. The ICs( values reported are based
on the average of at least 2 titration curves (minimum 20 data points),
and were calculated from activity data with a four parameter logistic
model using SigmaPlot (Windows Version 12.0 from Systat Software,
Inc.) Unless stated otherwise the ATP concentration used was equal to
Ky (ca 10 mM).

6.2. Kinase binding assay (Kd)

Kinase-tagged T7 phage strains were prepared in an E. coli host
derived from the BL21 strain. E. coli were grown to log-phase and
infected with T7 phage and incubated with shaking at 32 °C until lysis.
The lysates were centrifuged and filtered to remove cell debris. The
remaining kinases were produced in HEK-293 cells and subsequently
tagged with DNA for qPCR detection. Streptavidin-coated magnetic
beads were treated with biotinylated small molecule ligands for 30 min
at room temperature to generate affinity resins for kinase assays. The
liganded beads were blocked with excess biotin and washed with
blocking buffer (SeaBlock (Pierce), 1% BSA, 0.05% Tween 20, 1 mM
DTT) to remove unbound ligand and to reduce non-specific binding.
Binding reactions were assembled by combining kinases, liganded af-
finity beads, and test compounds in 1x binding buffer (20% SeaBlock,
0.17x PBS, 0.05% Tween 20, 6 mM DTT). Test compounds were pre-
pared as 111X stocks in 100% DMSO. Kds were determined using an 11-
point 3-fold compound dilution series with three DMSO control points.
All compounds for Kd measurements are distributed by acoustic transfer
(non-contact dispensing) in 100% DMSO. The compounds were then
diluted directly into the assays such that the final concentration of
DMSO was 0.9%. All reactions performed in polypropylene 384-well
plate. Each was a final volume of 0.02 mL. The assay plates were incu-
bated at room temperature with shaking for 1 h and the affinity beads
were washed with wash buffer (1x PBS, 0.05% Tween 20). The beads
were then re-suspended in elution buffer (1x PBS, 0.05% Tween 20, 0.5
pM non-biotinylated affinity ligand) and incubated at room temperature
with shaking for 30 min. The kinase concentration in the eluates was
measured by qPCR. Binding constants (Kds) were calculated with a
standard dose-response curve using the Hill equation with the Hill Slope
was set to —1. Curves were fitted using a non-linear least squares fit with
the Levenberg-Marquardt algorithm. The experiments were performed
by Eurofins.

6.3. Kinase panel

The kinase panel assays was run as described above, but at a single
concentration (500 nM). The experiments were performed by Eurofins.

6.4. Effect of CSFIR inhibitors on p-ERK1/2 in mouse bone-marrow
derived macrophages

Bone-marrow derived macrophages were obtained by flushing the
femur and tibia of sacrificed mice with HBSS (Hanks’ balanced salt so-
lution) using a syringe with a 25G needle. The cells were centrifuged at
1500 rpm for 8 min, the resulting supernatant was decanted, and the
cells resuspended in 5 mL RBC (red blood cell) lysis buffer. Lysis was
stopped by adding 30 mL medium containing 10% FCS (Fetal Calf
Serum). The cells were centrifuged at 1500 rpm for 8 min. The super-
natant was decanted, and the cells resuspended in RPMI medium gen-
tamycin, 2 mM glutamine, 10% FCS) with 10 ng/mL CSF-1 (colony
stimulating factor 1). The cells were seeded in bacteria plates. After two
days, fresh medium with 10 ng/mL CSF-1 was added and after another
two days, 50% of the medium was replaced with fresh medium con-
taining 10 ng/mL CSF-1 while the other 50% is centrifuged to get rid of
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dead cells before being transferred back to the cells. After incubating for
one week, the differentiated cells were washed twice with PBS, added
PBS EDTA (0.2 mM) and incubated for 10 min. Cells were detached by
scraping and centrifuged at 1200 rpm for 7 min. The supernatant was
decanted, and the cells resuspended in RPMI medium (10% FCS, 10 ng/
mL CSF-1, x gentamycin, 2 mM L-glutamine). The cells were seeded out
in 96-well glass bottom plates (Cellvis) at 50.000 cells in 100 pL per well
and incubated at 37 °C overnight. The medium was removed, and the
cells washed three times with PBS before being starved overnight in
0.1% FCS medium without CSF-1. CSF1R inhibitors dissolved in DMSO,
was added to the wells in appropriate concentrations and incubated for
30 min at 37 °C. DMSO was added to control wells at the highest in-
hibitor concentration. CSF-1 (0.1 mg/mL) was added to all wells except
the CSF-1 negative control to obtain an end concentration of CSF-1 of 10
ng/mL. After incubating for another 10 min at 37 °C, the cells were fixed
by adding PFA (paraformaldehyde) (16%) to obtain an end concentra-
tion of 4% for 10 min. The cells were washed twice with TBS, and
permeabilized by MeOH for 10 min on ice. The cells were washed twice
with TBS and blocked in Odyssey blocking solution (Licor, #927-60001)
diluted 1:1 in TBS-Tween (0,1%) for 1.5 h under careful agitation. The
blocking solution was removed and the wells added appropriately
diluted primary antibody solution (P-MAPK (ERK1/2, Thr202/Tyr204)
(CST, #4370, rabbit) 1:1200 and MAPK (ERK1/2), (Biolegend,
#686902, rat) 1:300 in Odyssey blocking buffer:TBS-Tween (1:1)). After
incubating overnight with careful shaking at 4 °C, the cells were washed
with TBST 5 times for 5 min while agitating. Secondary antibody solu-
tion was added, and the wells were incubated for 1 h in the dark Rdye
800CW goat anti-rabbit and IRdye 680RD goat anti-rat diluted 1:800 in
Odyssey blocking buffer:TBS-Tween (1:1). The antibody solution was
removed, and the wells were washed 4 x 5 min with TBST and 2 x 5 min
with TBS while carefully agitating. The TBS was removed, and the plate
was scanned on a Licor Odyssey scanner. Using Image Studio software,
the intensity of fluorescence of each well is recorded after subtracting
the background noise (wells not added primary antibody). The results
were normalized by dividing the P-MAPK intensity with total MAPK
intensity for all the wells. The average value of triplicate wells was
calculated for every concentration of inhibitor used. The average values
are then divided by the CSF-1 positive control value. PLX3397 was
included as a reference on all plates. Due to some inter-assay variation
the activity of the inhibitors is also reported as fold change relative to
PLX3397 (Fold change: ICs inhibitor/ICso PLX3397).

6.5. Osteoclast differentiation assay

Human Osteoclast Precursor Cells (Lonza, # 2T-110) were seeded,
directly upon thawing, in 96-well uClear plates (Greiner) at 1 x 10* cells
per well in MEM « (Gibco, # 41061029) media containing 10% FBS, 2
mM L-Glutamine, 1% P/S. Cells were differentiated with 66 ng/mL
RANKL and 33 ng/mL M-CSF in presence of varying concentrations of
compounds (1 pM-10 pM, 10-fold dilutions). OPG (33 ng/mL), osteo-
protegerin, was used as positive control for osteoclastogenesis inhibi-
tion. Cells were differentiated over 7 days, and growth media with
supplements/compounds was renewed every 3 days. Following treat-
ment cells were fixed with 3.2% PFA (Electron Microscopy Sciences),
permeabilized with 0.1% TritonX-100 (Sigma), and stained with 50 pg/
mL TRITC-Phalloidin (Sigma) and 1 pg/mL Hoechst (Thermo Fisher
Scientific) in 1% BSA for 40 min at RT. Images were acquired using
ImageXpress Micro high-content imaging system (Molecular Devices)
with 1 field/well using 4 x objective and capturing DAPI (Hoechst) and
TxRed (TRITC-Phalloidin). Image analysis was performed manually
using the ImageJ-cell counter plugin (osteoclast identified as large cells
with >3 nuclei) or using a custom developed analysis module in Met-
aXpress (Molecular Devices). First, the pipeline identified Nuclei from
the DAPI, based on size and signal threshold. The Nuclei mask was then
expanded by 5 pixels, to create ‘Undifferentiated Cell Mask’. Phalloidin
positive signal from TxRed channel, was extracted using simple



T.I. Aarhus et al.

thresholding based only on signal intensity, to create ‘Total Cell Mask’.
Finally, the two masks were subtracted to provide ‘Differentiated Cell
Mask’. Degree of osteoclast differentiation was measure by calculating
Phalloidin stained area using the ‘Differentiated Cell Mask’ and
normalizing it to the nuclei count. We considered Osteoclast count in
RANKL/M-CSF only treated cells as maximum differentiation (Max Ctrl,
100%), while OPG treatment in presence of RANKL7M-CSF as undif-
ferentiated cells (Min Ctrl, 0%). The percentage effect for each com-
pound was calculated as follows: %effect = 100 x [1 - (test compound —
average min control)/(average Max control — average min control)]. The
ICsp values were calculated using four parameters logistic model (4 PL)
in XLfit (Fit model 205). Each condition was tested in triplicates.

6.6. In vivo pharmacokinetic study

The in vivo pharmacokinetic profiling of 6w, 9 and PLX3397 was
evaluated in female C57BLKS mice (n = 3) by cassette intravenous (iv)
single dosing of drugs (1 mg/kg each) in a 20% DMSO, 80% PEG400
formulation. Blood sampling was done after 10, 30, 60, 120, 240 and
480 min. The work, following the EU Directive 2010/63/EU for animal
experiments, was conducted under the global project
2017072717008661#10796 V8 approved by the ethical committee and
national authorities (CEEA-LR-n°036 — authorization number 10796) on
November 27th, 2019 for 5 years and was conducted at Eurofins ADME
Bioanalyses, 30310 Vergeze, France (accreditation number D303441).
Analysis was performed by LCMS.

6.7. Molecular modelling

Molecular modelling was carried out using the Maestro software
package on the Schrodinger Platform (Maestro, v12.4.079, release
2020.2; Schrodinger, LLC, New York, USA). An x-ray structure of CSF1R
with PDB-ID 6T2W was prepared using the protein preparation wizard.
Bond orders and formal charges were added for het-groups and hydro-
gens were added to all atoms in the system. Water molecules beyond 5 A
from het-groups were removed. An all-atom constrained minimization
was performed using the OPLS3 force field. Ligands drawn in Chem-
BioDraw Ultra (v19.1, CambridgeSoft, PerkinElmer) were prepared
using LigPrep (Schrodinger) and subsequently docked in the binding site
of the energy minimized protein construct receptor grid of 6T2W as
defined by the co-crystallized ligand using GLIDE in SP mode [38].
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