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ABSTRACT: Inhibitors of leucine-rich repeat kinase 2 (LRRK2) and
mutants, such as G2019S, have potential utility in Parkinson’s disease
treatment. Fragment hit-derived pyrrolo[2,3-d]pyrimidines underwent
optimization using X-ray structures of LRRK2 kinase domain surrogates,
based on checkpoint kinase 1 (CHK1) and a CHK1 10-point mutant. (2R)2-Methylpyrrolidin-1-yl derivative 18 (LRRK2 G2019S cKi 0.7 nM, LE 0.66)
was identiﬁed, with increased potency consistent with an X-ray structure of
18/CHK1 10-pt. mutant showing the 2-methyl substituent proximal to
Ala147 (Ala2016 in LRRK2). Further structure-guided elaboration of 18 gave
the 2-[(1,3-dimethyl-1H-pyrazol-4-yl)amino] derivative 32. Optimization of
32 aﬀorded diastereomeric oxolan-3-yl derivatives 44 and 45, which
demonstrated a favorable in vitro PK proﬁle, although they displayed species disconnects in the in vivo PK proﬁle, and a
propensity for P-gp- and/or BCRP-mediated eﬄux in a mouse model. Compounds 44 and 45 demonstrated high potency and
exquisite selectivity for LRRK2 and utility as chemical probes for the study of LRRK2 inhibition.

■

INTRODUCTION
Many new approaches to the treatment of Parkinson’s disease
(PD) are under investigation, to complement current therapies
which typically modulate dopamine levels in the brain.1 Given
the mounting evidence for a relationship between the
pathogenesis of PD and leucine-rich repeat kinase 2
(LRRK2), inhibition of this kinase is one such potential
treatment method.2 LRRK2 is a 2527 amino acid, multidomain protein involved in catalyzing phosphorylation and
GTP-GDP hydrolysis, and its downstream substrates include a
subset of Rab GTPases.3 Several LRRK2 pathogenic variants
have been identiﬁed in PD patients, most commonly the
G2019S substitution in the activation loop of the kinase
domain of the protein.4 LRRK2 inhibitors, including those of
the G2019S mutant, could therefore be used in the treatment
of PD.5−9
LRRK2 kinase domain inhibitors previously reported (Chart
1) range from the ﬁrst selective inhibitors such as aminopyrimido-benzodiazepinone 1 (LRRK2-IN-1),10 which have
poor CNS penetration, to CNS penetrant, selective inhibitors
such as aminopyrimidines 2 and 3 (GNE-791511 and GNE087712), indazole 4 (MLi-213), pyrrolo[2,3-b]pyridine 5,14 and
2-aminopyridine 6.15 There have been reports on the
progression of two CNS-penetrant small molecules that inhibit
© XXXX The Authors. Published by
American Chemical Society

LRRK2 in clinical studies; DNL201 and DNL151 (structures
not disclosed).16
The structural complexity of LRRK2,17 a large multi-domain
protein, is such that reports of stable, soluble, crystallizable
kinase domain constructs to facilitate inhibitor design are
limited. A 3.5 Å cryogenic electron microscopy (cryo-EM)derived structure of the RoC, COR, kinase, and WD40
domains of LRRK2, and an atomic model of microtubuleassociated LRRK2 built using a 4 Å cryo-electron tomography
in situ structure were, however, recently reported.18 Homology
models based on other kinases with similar sequence identity
in the LRRK2 ATP binding site have, however, been utilized.19
Ligand-bound X-ray crystal structures with oﬀ-target kinases
have also been used to rationalize selectivity,20 as well as X-ray
structures of selective LRRK2 inhibitors in complex with a
humanized form of Roco4, in which two point mutations give
the surrogate increased resemblance to LRRK2.21 We
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Chart 1. Representative Set of Reported LRRK2 Inhibitors 1−6

demonstrate herein the further utility of a kinase domain
surrogate obtained by introduction of ten point mutations into
checkpoint kinase 1 (CHK1).14,22 This was used in the design
and optimization of a series of fragment-derived pyrrolo[2,3d]pyrimidine-derived LRRK2 inhibitors. Multiple X-ray crystal
structures of the novel inhibitors and known literature
inhibitors in complex with the surrogate rationalized
compound potency and selectivity.

Table 1. LRRK2 G2019S Lanthascreen Activity of Selected
Fragment Hits 7−9

■

RESULTS AND DISCUSSION
A Vernalis compound library of 1313 fragments was screened
against LRRK2 G2019S at a concentration of 200 μM in the
DiscoveRx KINOMEscan assay.23 This method reports
thermodynamic interaction aﬃnities between test compounds
and kinases. Compounds that bind the kinase active site (and
prevent kinase binding to an immobilized ligand) reduce the
amount of kinase captured on a solid support. Screening hits
are identiﬁed by measuring the amount of kinase captured in
test versus control samples by using a quantitative PCR
method that detects an associated DNA label. 80 compounds
with >40% inhibition at 200 μM were identiﬁed, representing a
6% hit rate. Hits underwent further assessment in a
Lanthascreen kinase activity assay with 1 nM LRRK2
G2019S and 130 μM ATP. Of the validated hits, some overlap
was observed from an existing Lundbeck fragment hit data set
arising from a screen also conducted using a Lanthascreen
activity assay, which led to increased conﬁdence in other hits.
Among the higher activity hits identiﬁed were purine/
pyrazolo[3,4-d]pyrimidines 7−9, which exhibited high ligand
eﬃciencies (LEs) in excess of 0.6 (Table 1).
Given the structural similarity of fragment hits 7−9 to the
adenine moiety of ATP, insights into their likely binding mode
in LRRK2 were highly desirable to facilitate further progression
toward novel lead compounds. Expression, puriﬁcation, and
crystallization of LRRK2 constructs amenable to X-ray
crystallography have, thus far, remained elusive. Of the
potential LRRK2 crystallographic surrogates, wild-type checkpoint kinase 1 (CHK1 WT) was selected in the ﬁrst instance.

a

1 nM LRRK2 G2019S, 130 μM ATP.

This was based on similarity of its kinase domain and ATP
binding site sequence identity with LRRK2, presence of a nonaromatic gatekeeper residue, previous reports that certain
CHK1 inhibitors can inhibit LRRK2,24 and previous in-house
experience of the expression, puriﬁcation, and crystallization of
CHK1 constructs, subsequently used to drive small molecule
inhibitor design.25 As previously reported,14 a further
optimized LRRK2 crystallographic surrogate was also obtained.
This was a ten-point mutant of CHK1, in which the mutated
residues formed key areas of the ATP binding site of the kinase
domain, encompassing the hinge, gatekeeper, and activation
loop, further increasing its similarity to LRRK2 G2019S
(Figure 1).
An X-ray crystal structure of adenine 7 in complex with
CHK1 WT was obtained (PDB: 7BKN) (Figure 2A).26−28
The polar backbone interactions observed between the ligand
B
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Figure 1. Comparison of selected LRRK2 WT and G2019S mutant ATP binding site residues, with equivalents in CHK1 WT and 10-pt. mutant
shown below. Mutations highlighted in bold and red. Glycine loop shaded in gray, salt bridge residues (SB) shaded in tan, gatekeeper (GK)
residues shaded in blue, hinge residues shaded in green, and activation loop shaded in pink. Adapted with permission from Williamson et al. J. Med.
Chem. 2017, 60 (21), 8945−8962. Copyright 2017 American Chemical Society.

increasing activity on the target. LRRK2 WT activity in the
enzyme assay for 10−13 was consistent with that for the
G2019S mutant.
X-ray structures of compounds 10 (PDB: 7BJM) and 13
(PDB: 7BJO) in complex with CHK1 10-pt. mut. were
obtained (Figure 3A,B). Both compounds displayed the same
hinge binding mode previously observed in the structures of
AMP-PNP/CHK1 10-pt. mut (PDB: 5OOP) (Figure 2B) and
fragment hit 7/CHK1 WT (PDB: 7BKN) (Figure 2A). The 4amino substituents of 10 and 13 formed H-bonds with the
backbone carbonyl of Glu85 (Glu1948 in LRRK2), and the 3N atoms formed H-bonds with the backbone NH of Ala87
(Ala1950 in LRRK2). The 7-methyl substituents of 10 and 13
were respectively 3.3 and 4.5 Å from Leu15 of the glycine-rich
loop (Leu1885 in LRRK2), each forming favorable hydrophobic contacts. By removing a hydrogen bond donor, the
possibility of the alternative binding mode, previously observed
in the X-ray structure of 7/CHK1 10-pt. mut. (PDB: 7BJE),
and which was also previously reported in the crystal structure
of LRRK2 inhibitor 5/CHK1 10-pt. mut. (PDB: 5OPU)
(Figure 3C), was not feasible.
The 5-carbonitrile substituents of 10 and 13 were close (4.2
and 4.1 Å) to the Met84 gatekeeper (Met1947 in LRRK2) and
several water-mediated interactions with the activation loop of
the kinase, comprised of residues 147−150 (2016−2019 in
LRRK2). Additionally, the benzylamino and phenyl substituents were proximal to, and likely made favorable contacts
with, the glycine-rich loop of the ATP binding site (residues
16−19, equivalent to 1886−1889 in LRRK2).
Examples 14 and 15, which bore a simple 6-amino or
dimethylamino substituent, had lower activity on LRRK2
G2019 in comparison with start points 10−13 but higher LE
(0.61 and 0.56, respectively), suggesting that more optimal 6substitution could add potency while maintaining LE. 6-(1HPyrrol-1-yl) substitution (16) was not well tolerated, with high
crystallinity/low aqueous solubility a likely factor in reduced
LRRK2 activity; however, the 6-(pyrrolidin-1-yl) analogue 17
had similar LE (0.53) to phenyl derivative 12 (0.54).
Importantly, compound 17 also incorporated sp3 centers
which likely reduced crystallinity and provided new vectors for
further elaboration. The 6-(2R)-2-methylpyrrolidin-1-yl de-

and CHK1 WT were analogous to those previously observed
between the adeninyl moiety of AMP-PNP and CHK1 10-pt.
mutant (PDB: 5OOP) (Figure 2B). In both structures, the 6amino group of the ligand forms a hydrogen bond with the
backbone carbonyl of Glu85 (Glu1948 in LRRK2), and the 1N hydrogen bonds with the backbone NH of Cys/Ala87
(Ala1950 in LRRK2). In contrast, the ligand in the X-ray
structure of adenine (7)/CHK1 10-pt. mut. (PDB: 7BJE)
displayed an alternative binding mode, in which the 9-NH of
the ligand forms a hydrogen bond with the backbone carbonyl
of Glu85, and the 3-N forms a similar interaction with the
backbone NH of Ala87 (Figure 2C).
This alternative binding mode involving hinge interactions
via 9-NH and 3-N of the ligand was maintained in the X-ray
structure of 6-dimethylaminopurine 8 with CHK1 10-pt. mut.
(PDB: 7BJH) (Figure 2D) and was not limited to the mutant
structures, given that this binding mode was also maintained in
the X-ray structures of 1H-pyrazolo[3,4-d]pyrimidin-4-amine 9
with both CHK1 WT (PDB: 7BKO) and CHK1 10-pt. mut.
(PDB: 7BJJ) (Figure 2E,F). In both cases, the 1-NH and 7-N
of 9 also form hydrogen bonds with hinge residues Glu85 and
Cys/Ala87 (Glu1948 and Ala1950 in LRRK2). The factors
causing one fragment binding mode to predominate over
another were unclear, and it was concluded that only further
substitution would determine which mode would predominate.
Given the high LE of the fragments, however, and the
opportunity to determine their likely binding mode in a
crystallographic surrogate of LRRK2 G2019S, elaboration of
these hits underwent further investigation.
Substructure and similarity-based searching around hits 7−9
of a library of lead-like literature and proprietary kinase
inhibitors led to focused screening of a subset of compounds in
a Lanthascreen activity assay with 250 pM LRRK2 G2019S
and 1.3 mM ATP, in which pyrrolo[2,3-d]pyrimidines 10−13
were identiﬁed (Table 2). Each bore a 4-amino, 5-carbonitrile,
and 7-methyl substituent and varied at the 6-postion, which
incorporated benzylamino or phenyl substituents. Higher
LRRK2 G2019S activity and LE were observed in phenyl
derivatives 12 (LRRK2 G2019S cKi 33 nM, LE 0.54) and 13
(LRRK2 G2019S cKi 11 nM, LE 0.52), and these displayed LE
values approaching those of fragment hits 7−9, while
C
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Figure 2. (A) X-ray structure of adenine 7 (cyan)/CHK1 WT (green) (PDB: 7BKN). (B) Previously published X-ray structure of AMP-PNP
(cyan)/CHK1 10-pt. mut. (gray) (PDB: 5OOP). (C) X-ray structure of adenine 7 (cyan)/CHK1 10-pt. mut. (gray) (PDB: 7BJE. (D) X-ray
structure of 8 (cyan)/CHK1 10-pt. mut. (gray) (PDB: 7BJH). (E) X-ray structure of 9 (cyan)/CHK1 WT (green) (PDB:7BKO). (F) X-ray
structure of 9 (cyan)/CHK1 10-pt. mut. (gray) (PDB: 7BJJ). In all ﬁgures, polar ligand to backbone contacts <3.3 Å are shown in blue dashed
lines, polar ligand to sidechain contacts <3.3 Å are shown in green dashed lines, and likely water-mediated hydrogen bonds are indicated in yellow
dashed lines.

beneﬁt and returned LE to the level observed in the fragment
start points. An X-ray structure of 18/CHK1 10-pt. mut.
(PDB: 7BJR). was obtained (Figure 3D). This showed the 2methyl substituent of the ligand 3.9 Å from Ala147 of the

rivative 18 (LRRK2 G2019S cKi 0.7 nM, LE 0.66) provided a
potency breakthrough. Given that the opposite (S)-enantiomer
19 had only LRRK2 G2019S cKi 212 nM, LE 0.48, it was clear
that (2R)-2-methyl substitution provided a signiﬁcant potency
D
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Table 2. LRRK2 G2019S and WT Lanthascreen Activity of Pyrrolo[2,3-d]pyrimidines 10−23 and Pyrrolo[3,2-c]pyridine 24

a

250 pM LRRK2 G2019S, 1.3 mM ATP. b1 nM LRRK2 WT, 1.3 mM ATP; n.d., not determined.

Further modiﬁcations to compound 18 were explored,
which included des-methyl 20 and des-carbonitrile 21, which
had signiﬁcantly reduced activity on LRRK2. This further
highlighted the importance of these interactions observed in
the surrogate crystal structures with the ATP binding site of
LRRK2. Changes to the carbonitrile group of 18, such as the
primary amide 22 and oxazole 23 analogues, were also
detrimental to LRRK2 potency, since it is likely that they could

activation loop (Ala2016 in LRRK2), suggesting that this
hydrophobic interaction was providing a signiﬁcant “magic
methyl” eﬀect on potency. This is comparable with the
previously published X-ray structure of 5/CHK1 10-pt. mut.
(PDB: 5OPU) (Figure 3C), in which the 3-methyl group was
observed proximal to Ala147 of the CHK1 10-pt. mut.
surrogate and gave rise to signiﬁcantly enhanced LRRK2
potency.
E
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Figure 3. (A) X-ray structure of 10 (cyan)/CHK1 10-pt. mut. (gray) (PDB: 7BJM). (B) X-ray structure of 13 (cyan)/CHK1 10-pt. mut. (gray)
(PDB: 7BJO). (C) Previously published X-ray structure of 5 (cyan)/CHK1 10-pt. mut. (gray) (PDB: 5OPU). (D) X-ray structure of 18 (cyan)/
CHK1 10-pt. mut. (gray) (PDB: 7BJR). In all ﬁgures, polar ligand to backbone contacts <3.3 Å are shown in blue dashed lines, and likely watermediated hydrogen bonds are indicated in yellow dashed lines. All distances are shown in angstroms.

as intended, with a likely intramolecular H-bond between 1-N
of the pyrrolo[2,3-d]pyrimidine core and 5-CH of the pyrazole
ring (distance 2.9 Å).
(1-Methyl-1H-pyrazol-4-yl)amino substitution (28) of alternative deaza scaﬀold 24 was not well tolerated, which
highlighted the importance of the intramolecular hydrogen
bond which enables the ligand to adopt an appropriate
conformation for binding. (1-Methyl-1H-pyrazol-3-yl)amino
substitution (29) of compound 24 was tolerated however,
suggesting that restoring the intramolecular H-bond allows an
energetically favorable conformation of the ligand to be
adopted.
Pyrazolylamino substitution of 18 or 24 provided a further
growth vector into the hinge region of the LRRK2 ATP
binding site and further optimize interactions with Leu1949,
Ser1951, Gly1952, and Gly1953 with a view to increasing
potency and kinase selectivity. This was achieved with methyl
derivatives 30−33, which demonstrated higher selectivity over
ARK5 and Ret at 1 μM, in comparison with 18 and 24 (Table
3). The X-ray structure of 32/CHK1 10-pt. mut. (PDB: 7BK1)
(Figure 4C) shows the 3-methyl of the 2-[(1,3-dimethyl-1Hpyrazol-4-yl)amino] substituent 3.9 Å from Leu86 (Leu1949 in
LRRK2) and 4.1 Å from the backbone of Ser88 (Ser1951 in
LRRK2).
2-[(1,5-Dimethyl-1H-pyrazol-4-yl)amino] derivative 31 and
the 2-[(1,3-dimethyl-1H-pyrazol-4-yl)amino] regioisomer 32
retained potency in the LRRK2 G2019S Lanthascreen activity

not maintain the same favorable hydrophobic contacts with the
Met84 gatekeeper and water-mediated interaction with the
activation loop. A 1-deaza analogue of compound 18, the
pyrrolo[3,2-c]pyridine 24 (LRRK2 G2019S cKi 2 nM, LE
0.63) was well tolerated, however, and both compounds 18
and 24 underwent further modiﬁcations, with a view to
increasing potency and selectivity for LRRK2.
Further modiﬁcation to compounds 18 and 24 (Table 3)
was inspired by the possibility of making an additional
hydrogen bond with the backbone carbonyl of Ala87
(Ala1950 in LRRK2), as shown previously in the X-ray
structure of 5/CHK1 10-pt. mut. (PDB: 5OPU) (Figure 3C).
This led to 2-amino derivative 25 (LRRK2 G2019S cKi 13 nM,
LE 0.54) which, while showing reduced activity compared with
18, provided a vector for further elaboration into the hinge,
and forming further interactions with the ATP binding site of
LRRK2 known to be beneﬁcial to potency and selectivity. As
shown in a CHK1 10-pt. mut. X-ray crystal structure (PDB:
7BJD) (Figure 4A), the pyrazol-4-yl substituent of literature
LRRK2 inhibitor 3 (GNE-0877) reaches into the extension of
the hinge region, formed of a Leu86 residue and backbones of
Ser88, Gly89, and Gly90 (Leu1949, Ser1951, Gly1952, and
Gly1953 in LRRK2). 2-(1-Methyl-1H-pyrazol-4-yl)amino (26)
and 2-(1H-pyrazol-4-yl)amino (27) substitution of 18 was well
tolerated in the LRRK2 G2019S activity assay. An X-ray
structure of 26/CHK1 10-pt. mut (PDB: 7BJX) (Figure 4B)
conﬁrmed that the pyrazole was positioned in the binding site
F
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Table 3. LRRK2 G2019S and WT Lanthascreen Activity and ARK5 and Ret Binding Aﬃnity at 1 μM of Pyrrolo[2,3d]pyrimidines 18, 25−27, and 31−33 and Pyrrolo[3,2-c]pyridines 24 and 28−30

a

250 pM LRRK2 G2019S, 1.3 mM ATP. b1 nM LRRK2 WT, 1.3 mM ATP; n.d., not determined.

vitro and in vivo. In-cell western (ICW) assay-based LRRK2
IC50 values were determined using HEK293 LRRK2-pSer935
assays in a 384-well setup (BacMam transduced cells). 2-[(1,5Dimethyl-1H-pyrazol-4-yl)amino] derivative 31 had LRRK2-

assay (cKi 3 and 2 nM, respectively, LE 0.44) and underwent
further optimization.
Phosphorylation sites, including Ser935, have been used as
pharmacodynamic markers for LRRK2 target engagement in
G
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Figure 4. (A) X-ray structure of 3 (GNE-0877) (cyan)/CHK1 10-pt. mut. (gray) (PDB: 7BJD). (B) X-ray structure of 26 (cyan)/CHK1 10-pt.
mut. (gray) (PDB: 7BJX). (C) X-ray structure of 32 (cyan)/CHK1 10-pt. mut. (gray) (PDB: 7BK1). (D) X-ray structure of 44 (cyan)/CHK1 10pt. mut. (gray) (PDB: 7BK2). (E) X-ray structure of 45 (cyan)/CHK1 10-pt. mut. (gray) (PDB: 7BK3). In all ﬁgures, polar ligand to backbone
contacts <3.3 Å are shown in blue dashed lines, and likely water-mediated hydrogen bonds are indicated in yellow dashed lines. All distances are
shown in angstroms.

of the ATP binding site and optimizing in vitro ADME
parameters, such as microsomal clearance.
2-Hydroxy-2-methylpropyl (36 and 37), (3-methyloxetan-3yl)methyl (38 and 39), and oxetan-3-yl derivatives (40 and
41) had moderate (Papp A:B) values but increased eﬄux ratios.
In each pair of regioisomers, the 2-(1,5-disubstituted-1Hpyrazol-4-yl)amino derivative had lower human microsomal
clearance than the corresponding 1,3-disubstituted derivative.
This ﬁnding was consistent with the simple 2-(1,5-dimethyl1H-pyrazol-4-yl)amino (31) and 2-(1,3-dimethyl-1H-pyrazol4-yl)amino (32) start points. Oxolan-3-yl substitution of the
pyrazole (42−45) was well tolerated in the LRRK2 G2019S
and WT Lanthascreen and pSer935 HEK293 cell-based assays.
In particular, the 2-{5-methyl-1-[(3R)-oxolan-3-yl]-1H-pyrazol-4-yl}amino (44) and 2-{5-methyl-1-[(3S)-oxolan-3-yl]-1Hpyrazol-4-yl}amino (45) examples exhibited moderate levels of
human microsomal clearance and MDCK permeability, with
low eﬄux. Human microsomal clearance for 44 and 45 was 1.7
and 1.4 L/h/Kg, respectively. The apparent permeability
coeﬃcient in the apical to basolateral direction (Papp A:B) for
44 and 45 was 4.6 and 4.3 cm/s × 10−6, respectively, with
eﬄux ratios (B:A/A:B) of 1.2 and 0.9, respectively.
Assessment of the in vitro kinase selectivity of 44 and 45 in a
DiscoveRx KINOMEscan assay on 468 kinases at 1 μM
identiﬁed only one non-mutant kinase hit with % control <10
(i.e., >90% inhibition). Reassuringly, compounds 44 and 45 hit
LRRK2 WT with % control 8 and 2.8, respectively. PIP5K2C
and PIK4CB were also identiﬁed as non-mutant oﬀ-target
kinase hits, with % control <37. Additionally, mutant kinase
FLT3 (ITD, D835V) was identiﬁed as an oﬀ-target hit for 44

pSer935 IC50 values of 260 and 310 nM for LRRK2 G2019S
and WT, respectively, and its corresponding 1,3-dimethyl
substituted regioisomer 32 had LRRK2-pSer935 IC50 values of
120 and 190 nM for LRRK2 G2019S and WT, respectively
(Table 4).
Compounds 31 and 32 had high permeability in a
monolayer of Madin−Darby canine kidney (MDCK) epithelial
cells transfected with human multi-drug resistance 1 (MDR1),
which express human P-gp. The apparent permeability
coeﬃcients in the apical to basolateral direction (Papp A:B)
were 23.9 and 19.7 cm/s × 10−6 with low eﬄux ratios (B:A/
A:B 0.7 and 1.0, respectively). Human microsomal clearance
measured for 31 and 32 was high in both examples (2.5 and
4.2 L/h/Kg, respectively), with the 2-(1,3-dimethyl-1Hpyrazol-4-yl)amino derivative 32 having the highest clearance.
2-(3-Chloro-1-methyl-1H-pyrazol-4-yl)amino analogue 34
had marginally increased activity for LRRK2, likely due to
the 3-chloro substituent having more favorable contacts with
the hinge extension comprising Leu1949 and Ser1951
backbone in LRRK2; however, this led to increased human
microsomal clearance and reduced MDCK permeability. 2-[1Methyl-3-(triﬂuoromethyl)-1H-pyrazol-4-yl]amino substitution (35) was not well tolerated by LRRK2 in the enzymeor cell-based assays; however, this modiﬁcation led to a
favorable reduction in human microsomal clearance.
Further modiﬁcation of 2-(1,5-dimethyl-1H-pyrazol-4-yl)amino derivative 31 and 2-(1,3-dimethyl-1H-pyrazol-4-yl)amino regioisomer 32 with various solubilizing groups was
explored, with a view to building into a solvent-exposed region
H
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Table 4. LRRK2 G2019S and WT Lanthascreen and Cell-Based Activity, Human Liver Microsomal Clearance, MDR1-MDCK
Permeability, and Eﬄux Ratio of Pyrrolo[2,3-d]pyrimidines 31−32 and 34−45

I
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Table 4. continued

a

250 pm LRRK2 G2019S 1.3 mM ATP. b1 nM LRRK2 WT, 1.3 mM ATP.

LRRK2 WT at 100 nM (IC50 67 and 86 nM, respectively)
(Table 6). In total, two oﬀ-target kinases were signiﬁcantly

and 45 (% control 25 and 1.9, respectively), despite having no
activity for wild-type FLT3. 44 and 45 were also found to hit
LRRK2 G2019S (% control 30 and 21, respectively). KD
determinations were undertaken on the top ﬁve kinase kits,
which further conﬁrmed the single digit nanomolar aﬃnity of
compounds 44 and 45 for LRRK2 WT and G2019S, and
selectivity over other kinases (Table 5).

Table 6. Kinase Activity of Pyrrolo[2,3-d]pyrimidines 44
and 45 in Cultured Human PBMCs Determined with the
ActivX KiNativ Technology
IC50 (nM)

Table 5. KD Determinations for Pyrrolo[2,3-d]pyrimidines
44 and 45 on Kinases with % Control <40 at 1 μM in the
DiscoveRx KINOMEscan Assay
KD (nM)
Kinase

Compd 44

Compd 45

LRRK2 WT
LRRK2 G2019S
PIP5K2C
FLT3 (ITD, D835V)
PIK4CB

3.7
3.9
190
470
850

6.6
5.5
430
67
730

Kinase

Compd 44

Compd 45

LRRK2 WT
MAP3K1
PI4KB
IRAK3

67
1100
45%@10 μM
−6%@10 μM

86
840
29%@10 μM
37%@10 μM

inhibited by compound 44 at 10 μM, namely, MAP3K1 and
PI4KB. Similarly, three oﬀ-target kinases were signiﬁcantly
inhibited by compound 45 at 10 μM, namely, MAP3K1,
PI4KB, and IRAK3.
Compounds 44 and 45 were orally administered to male
C57BL/6 mice, in the dosing range of 10−150 mg/kg.
Following 1 h of compound administration, brain hemispheres
were snap-frozen at −80 °C. One brain hemisphere was
homogenized and analyzed for LRRK2-pSer935 levels using
Western blotting, as previously described,14 or underwent in
vivo KiNativ broad kinase proﬁling at ActivX Technologies
(SD, US).29 The other brain hemisphere was used to
determine exposure of the compound. LRRK2-pSer935 IC50
values for 44 and 45 in mouse brain tissue were 16 and 23 nM,
respectively. Compounds 44 and 45 inhibited no other kinase

Since the KINOMEscan assay assesses kinase binding
aﬃnities in the absence of ATP, a more physiologically
relevant method is to perform cell-based kinase proﬁling that
takes diﬀerences in the Km values for ATP of the individual
kinases into account. Thus, 44 and 45 were also assessed from
a top concentration of 10 μM in cultured human peripheral
blood mononuclear cells (PBMCs) using a KiNativ technology
(ActivX Technologies, SD, US),29 to give further indication of
LRRK2 potency and a wider assessment of kinase selectivity. In
PBMCs, compounds 44 and 45 inhibited no kinase other than
J
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were determined (Table 9). For both 44 and 45, the unbound
brain/plasma ratios in wild-type mice were very low (0.02) but
higher in P-gp1a-deﬁcient mice (0.1 and 0.06, respectively),
indicating P-gp1a eﬄux in rodent. The unbound brain/plasma
ratios in BCRP/P-gp1a/b triple knockout mice were further
increased to 0.37 and 0.24, respectively, indicating an
additional eﬄux mechanism from BCRP in rodent. Compounds 44 and 45 were also subsequently classiﬁed as likely
BCRP substrates, according to data in MDCK cells overexpressing human BCRP (eﬄux ratios of 34 and 22,
respectively) (Table 10).

than LRRK2 WT, giving IC50 values of 11 and 22 nM,
respectively (Table 7).
Table 7. Determination of LRRK2-pSer935 Inhibition and
ActivX KiNativ Proﬁling of Pyrrolo[2,3-d]pyrimidines 44
and 45 in Mouse Brain Tissuea
Compd

Mouse Brain LRRK2
WT-pSer935 IC50 (nM)

Mouse Brain LRRK2 WT
ActivX IC50 (nM)

44
45

16
23

11
22

a

IC50 values based on free brain conc measured by exposure analysis.

Table 10. BCRP-MDCK Permeability and Eﬄux Ratios of
Pyrrolo[2,3-d]pyrimidines 44 and 45

Compounds 44 and 45 also underwent broad in vitro
pharmacology proﬁling at 1 μM, where only radioligand
binding aﬃnity for human adenosine A2B receptors was
determined (18 and 26% @ 1 μM, respectively). Compounds
44 and 45 were negative in an Ames bacterial mutagenicity
study and in an assessment of compound-induced genomic
instability in TK6 cells.
PK parameters in rats and dogs for compounds 44 and 45
were determined (Table 8). Oral bioavailability determined

Compd Species
44
45

rat
dog
rat
dog

9.5
2.2
4.6
3.2

(0.5)
(0.3)
(1.8)
(0.5)

Plasma Vss
(L/kg)

Plasma
Half-life
(h)

Bioavailability
(%)

1.7
1.0
1.1
1.8

0.1
0.5
0.2
0.6 (0.2)

5
25 (9)
<1
96 (55)

(0.05)
(0.05)
(0.5)
(0.1)

Compd

Papp A:B (BCRP-MDCK) (cm/s × 10−6)

B:A/A:B

44
45

0.7
1.2

34
22

Species disconnects in the PK proﬁles of 44 and 45, and
their propensity for P-gp- and/or BCRP-mediated eﬄux in a
mouse model, contributed to uncertainties in prediction of
their human PK proﬁle, and so were not progressed further as
drug candidates.
X-ray structures of both 44/CHK1 10-pt. mut. (PDB:
7BK2) and 45/CHK1 10-pt. mut. (PDB: 7BK3) were
obtained (Figure 4D,E). Ligand-binding modes in both
structures were near-identical and consistent with those
observed for 32/CHK1 10-pt. mut. (gray) (PDB: 7BK1)
(Figure 4C). The oxolan-3-yl substituent occupied a solventexposed area of the ATP binding site and adopted a similar
conformation in both stereoisomers. The conserved water
molecule in 45/CHK1 10-pt. mut., which sits between the
oxygen atom of the oxolane ring and 2-N of the pyrazole ring
and likely forms a hydrogen bond network, supported the
initial assignment of the (3S)-oxolan-3-yl stereochemistry.
Compounds 44 and 45 were subsequently resynthesized via a
stereoselective route, thus conﬁrming the preliminary stereochemical assignment.
Figure 5 shows a comparison of the X-ray structure of 45/
CHK1 10-pt. mut. (PDB: 7BK3) with the superimposed ligand
from the previously published X-ray structure of 4 (MLi-2)/
CHK1 10-pt. mut. (PDB: 5OPB). Both ligands are highly
potent and selective for LRRK2, and both incorporate methyl
groups occupying key areas of space known to impart LRRK2

Table 8. Systemic PK for Pyrrolo[2,3-d]pyrimidines 44 and
45a
Plasma CL
(L/h/kg)

Article

a

PK parameter values in male Sprague−Dawley rats and male Beagle
dogs are represented as mean with standard deviation in parentheses
(n = 3 per route). The CL, Vss, and half-life were determined by noncompartmental analysis performed on plasma concentration time
proﬁles after IV dosing to rats (1 mg/kg) and dogs (1 mg/kg). Oral
bioavailability was determined from solution dosing in rats (2 mg/kg)
and dogs (2 mg/kg). Liver blood ﬂow values of 4.8 and 3.3 L/h/kg
are assumed for rats and dogs, respectively.

from dosing 44 and 45 in rats (2 mg/kg) was low (5 and <1%,
respectively). In contrast, oral bioavailability for 44 and 45 in
dogs was signiﬁcantly higher (25 and 96%).
Brain/plasma ratios for 44 and 45 (5 mg/kg sc) in wild-type,
P-gp mutant, and P-gp1a/b and BCRP triple knockout mice
Table 9. Neuro PK for Pyrrolo[2,3-d]pyrimidines 44 and 45a
Compd

Species

Model

44

mouse

45

mouse

wild-type
P-gp 1a-deﬁcient
wild-type
P-gp 1a/1b-BCRP knockout
wild-type
P-gp 1a-deﬁcient
wild-type
P-gp 1a/1b-BCRP knockout

Time Point
(h)

Brain Conc
(ng/g)

Plasma Conc
(ng/mL)

0.5

41 (5)
256 (126)
151 (22)
2057 (395)
17 (4)
675 (88)
73 (15)
1081 (538)

696 (100)
800 (248)
2141 (197)
1961 (103)
440 (218)
100 (9)
1613 (310)
1599 (665)

1.0
0.5

Brain/Plasma
ratio
0.06
0.31
0.07
1.05
0.04
0.15
0.15
0.65

(0.0003)
(0.05)
(0.004)
(0.2)
(0.01)
(0.01)
(0.01)
(0.09)

Unbound Brain/Plasma
Ratio
0.02 (0.0001)
0.11 (0.018)
0.02 (0.002)
0.37 (0.08)
0.014 (0.003)
0.056 (0.003)
0.020 (0.04)
0.240 (0.004)

a

Brain/plasma ratio values in male mdr1a-deﬁcient mice (P-gp mutant mice, CF1-Abcb1amdse from Charles River Laboratories), male Mdr1a/1bBCRP knockout mice (P-gp and BCRP triple knockout mice, FVB. 129P2-Abcb1atm1Bor Abcb1btm1Bor Abcg2tm1Ahs N7) from Taconic
(Germantown, NY, USA) and wild-type mice are represented as mean with standard deviation in parentheses (n = 3 per route). The total brain and
plasma concentrations were measured at 0.5 h following a subcutaneous administration of compound (5 mg/kg, formulated as a solution).
K
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Figure 5. X-ray structure of 45 (cyan)/CHK1 10-pt. mut. (gray) (PDB: 7BK3). Polar ligand to backbone contacts <3.3 Å are shown in blue dashed
lines and likely water-mediated hydrogen bonds are indicated in yellow dashed lines. The ligand from the previously published X-ray structure of 4
(MLi-2) (magenta)/CHK1 10-pt. mut. (gray) (PDB: 5OPB) is superimposed.

The synthesis of pyrrolo[2,3-d]pyrimidine-5-carbonitrilederivative 25 is described in Scheme 3. 2-Amino-4-oxo3H,4H,7H-pyrrolo[2,3-d]pyrimidine-5-carbonitrile (66) was
synthesized in two steps from 2-chloroacetonitrile (62) and
methyl formate (63) to give 2-chloro-3-oxopropanenitrile
(64), which underwent reaction with 2,6-diamino-3,4-dihydropyrimidin-4-one (65) to give compound 66. Pivaloyl
protection of 66, followed by bromination and then
methylation gave intermediate 69. Compound 69 underwent
nucleophilic aromatic substitution with (2R)-2-methylpyrrolidine to give 70, which underwent reaction with phosphoryl
chloride in the presence of N,N-dimethylaniline and
benzyltriethylammonium chloride to give chloro-derivative
71. Treatment of 71 with aqueous ammonia gave compound
25.
The synthesis of pyrrolo[2,3-d]pyrimidines 26−27 and 31−
45 is described in Scheme 4. Intermediate 78 was synthesized
in six steps from 2,4-dichloro-7H-pyrrolo[2,3-d]pyrimidine
(72). Buchwald coupling of compound 78 with 1-methyl-1Hpyrazol-4-amine aﬀorded compound 26; however, 78 also
underwent simple nucleophilic aromatic substitution with 1,5dimethyl-1H-pyrazol-4-amine, 1,3-dimethyl-1H-pyrazol-4amine dihydrochloride salt or 3-chloro-1-methyl-1H-pyrazol4-amine to give 31, 32, or 34, respectively. Intermediate 78
underwent substitution with 1H-pyrazol-4-amine or 3-methyl1H-pyrazol-4-amine to give 27 or 33, respectively. Intermediate 78 underwent substitution with 5-(triﬂuoromethyl)1H-pyrazol-4-amine; treatment of the resulting product with
sodium hydride followed by methyl iodide aﬀorded 35.
Reaction of 33 with 1-chloro-2-methylpropan-2-ol in the
presence of cesium carbonate gave a mixture of 36 and 37,
which were separated by preparative high-performance liquid
chromatography (HPLC). Similarly, treatment of 33 with 3bromomethyl-3-methyloxetane or 3-bromooxetane aﬀorded a
mixture of 38 and 39 or 40 and 41, respectively. Reaction of
intermediate 33 with 3-bromotetrahydrofuran and cesium
carbonate in DMF at 90 °C aﬀorded a mixture of 42, 43, 44,
and 45, which were separated by preparative and chiral HPLC.
To determine both the absolute stereochemistry of 44 and
45 and to support in vivo PK studies, a stereo- and

selectivity: Ala2016 (Ala147 in CHK1 10-pt. mut.) and
Leu1949 (Leu86 in CHK1 10-pt. mut.).

■

CHEMISTRY
The synthesis of pyrrolo[2,3-d]pyrimidines 10−23 is described
in Scheme 1. 4-Amino-6-bromo-7H-pyrrolo[2,3-d]pyrimidine5-carbonitrile (49) was obtained in three steps via tetracyanoethylene (46). Methylation of compound 49 with methyl
iodide aﬀorded compound 50, which underwent nucleophilic
aromatic substitution with benzylamines, ammonia, or
dimethylamine hydrochloride to give compounds 10, 11, 14,
and 15. Suzuki coupling of 50 with phenylboronic acids
aﬀorded 12 and 13. Compound 50 underwent Ullman coppercatalyzed coupling with pyrrole to give compound 16 and
copper-/palladium-catalyzed coupling with pyrrolidines to give
17−19. Compound 49 underwent nucleophilic aromatic
substitution with (R)-2-methylpyrrolidine to give compound
20. Treatment of compound 18 with conc. hydrochloric acid
aﬀorded des-cyano derivative 21. Hydrolysis of compound 18
with aqueous lithium hydroxide aﬀorded primary amide
derivative 22. Compound 22 underwent reaction with 2bromo-1,1-diethoxyethane to give 1,3-oxazol-2-yl derivative 23.
The synthesis of pyrrolo[3,2-c]pyridines 24 and 28−30 is
described in Scheme 2. 4-Chloro-1-methyl-2-[(2R)-2-methylpyrrolidin-1-yl]-1H-pyrrolo[3,2-c]pyridine-3-carbonitrile (57)
was obtained in six steps from 4-chloro-1H-pyrrolo[3,2c]pyridine (51). Compound 57 underwent treatment with
lithium bis(trimethylsilyl)amide in the presence of tris(dibenzylideneacetone)dipalladium(0) and XPhos to give
compound 24. Nitration of compound 57 by treatment with
tetra(but-1-yl)ammonium nitrate followed by triﬂuoroacetic
anhydride aﬀorded 58, which underwent reduction to 59 in the
presence of zinc and acetic acid. Compound 59 underwent
Buchwald coupling with 4-bromo-1-methyl-1H-pyrazole, 3bromo-1-methyl-1H-pyrazole, or 3-bromo-1,4-dimethylpyrazole to give intermediates 60a−c. Intermediates 60a−c
underwent Buchwald coupling with 4-methoxybenzylamine
to give 61a−c, which underwent treatment with triﬂuoracetic
acid to give 28−30.
L

https://doi.org/10.1021/acs.jmedchem.1c00720
J. Med. Chem. XXXX, XXX, XXX−XXX

Journal of Medicinal Chemistry

pubs.acs.org/jmc

Article

hydrogen to provide intermediate 84. The two enantiopure
building blocks 84 and 78 were coupled via an acid-mediated
nucleophilic aromatic substitution to aﬀord 44 in a moderate
yield. 45 was prepared in an analogous manner, starting from
(R)-tetrahydrofuran-3-ol (85).31

Scheme 1. Synthesis of Pyrrolo[2,3-d]pyrimidines 10−23

■

CONCLUSIONS
Fragment screening on LRRK2 G2019S identiﬁed high (>0.6)
LE hits, including purines/pyrazolo[3,4-d]pyrimidines 7−9. Xray crystal structures of the fragment hits in complex with
LRRK2 surrogates, CHK1 and CHK1 10-pt. mut, were
obtained, and diﬀerences in ligand-binding modes between
the surrogates were observed. Substructure and similaritybased searching around fragment hits 7−9 of a library of leadlike literature and proprietary kinase inhibitors led to focused
screening of a subset of compounds in a LRRK2 Lanthascreen
activity assay, in which 4-amino-7-methyl-7H-pyrrolo[2,3d]pyrimidine-5-carbonitrile analogues 10−13 (LRRK2
G2019S cKi 11−243 nM, LE 0.43−0.54) were identiﬁed.
Structure-guided optimization of 10−13 led to (2R)-2methylpyrrolidin-1-yl derivative 18 (LRRK2 G2019S cKi 0.7
nM, LE 0.66). The increased potency was consistent with an
X-ray structure of 18/CHK1 10-pt. mut, showing the 2-methyl
substituent of the pyrrolidine ring proximal to Ala147
(Ala2016 in LRRK2), thus rationalizing the “magic methyl”
eﬀect on potency. Further structure-guided elaboration of 18
gave rise to 2-[(1,3-dimethyl-1H-pyrazol-4-yl)amino] derivative 32, which demonstrated high LRRK2 potency and
selectivity. The X-ray structure of 32/CHK1 10-pt. mut.
showed the 3-methyl of the 2-[(1,3-dimethyl-1H-pyrazol-4yl)amino] substituent 3.9 Å from Leu86 (Leu1949 in LRRK2)
and 4.1 Å from the backbone of Ser88 (Ser1951 in LRRK2),
thus rationalizing the additional selectivity for LRRK2.
Optimization of 32 aﬀorded diastereomeric oxolan-3-yl
derivatives, 44 and 45, which demonstrated moderate human
microsomal clearance and MDCK permeability, with low
human P-gp eﬄux potential. Species disconnects in the in vivo
PK proﬁle of 44 and 45, however, and their classiﬁcation as
likely substrates for human BCRP with the demonstrable low
brain/plasma ratio in rodent brain distribution models
contributed to uncertainties in predicting their human PK
proﬁle. Comparison of the X-ray structures of 45 and literature
inhibitor 4 (MLi-2) in complex with CHK1 10-pt. mut.
showed that both compounds incorporate methyl groups
occupying key areas of space known to impart LRRK2
selectivity: Ala2016 (Ala147 in CHK1 10-pt. mut.) and
Leu1949 (Leu86 in CHK1 10-pt. mut.). In summary, X-ray
crystallographic structures of surrogates for the LRRK2 kinase
domain, based on checkpoint kinase 1 (CHK1) and a CHK1
10-point mutant were used to drive the optimization of
fragment hits, leading to the discovery of 4-amino-7-methyl-2({5-methyl-1-[(3S)-oxolan-3-yl]-1H-pyrazol-4-yl}amino)-6[(2R)-2-methylpyrrolidin-1-yl]-7H-pyrrolo[2,3-d]pyrimidine5-carbonitrile (45) and its diastereomer (44), both shown to
have high potency and selectivity for LRRK2. Given the high
potency and exquisite selectivity for LRRK2 demonstrated by
44 and 45, they show utility as chemical probes for the study of
LRRK2 inhibition.

a

Reagents and conditions: (a) HBr in MeCO2H, Me2CO, EtOAc, 0
°C, 1 h, 62%; (b) CH(OEt)3, MeCN, 80 °C, 2.5 h; (c) 7 M NH3−
MeOH, rt, 24, 68% (over two steps); (d) K2CO3, MeI, DMF, 0 °C,
16%; (e) (for 10, R2 = 2-ﬂuorobenzylamino) 2-ﬂuorobenzylamine, (iPr)2NEt, Δ, 18 h, 14%; (for 11, R2 = benzylamino) PhCH2NH2,
EtOH, 180 °C, μwave, 30 min, 39%; (for 12, R2 = phenyl)
PhB(OH)2, K2CO3, Pd(dppf)Cl2, THF-H2O (6:1), 130 °C, μwave, 1
h, 9%; (for 13, R2 = 2,3-diﬂuorophenyl) 2,3-diﬂuorophenylboronic
acid, Cs2CO3, Pd(dppf)Cl2, MeO(CH2)2OMe, H2O, 100 °C, 18 h,
9%; (for 14, R2 = amino) NH3(l), rt to 100 °C, 18 h, 22%; (for 15, R2
= dimethylamino) Me2NH·HCl, Et3N, EtOH, rt to 80 °C, 24 h, 42%;
(for 16, R2 = pyrrol-1-yl) pyrrole, Cs2CO3, CuI, DMF, 120 °C, 48 h,
10%; (for 17, R2 = pyrrolidin-1-yl) pyrrolidine, K2CO3, Pd(OAc)2,
CuI, DMF, 100 °C, 24 h, 10%; (for 18, R2 = (2R)-2-methylpyrrolidin1-yl) (R)-2-methylpyrrolidine, K2CO3, Pd(OAc)2, CuI, DMF, 100 °C,
18 h, 14%; (for 19, R2 = (2S)-2-methylpyrrolidin-1-yl) (S)-2methylpyrrolidine, K2CO3, Pd(OAc)2, CuI, DMF, 100 °C, 18 h, 12%;
(f) (R)-2-methylpyrrolidine, Et3N, DMSO, 140 °C, 18 h, 6%; (g) (for
R2 = (2R)-2-methylpyrrolidin-1-yl) conc. HCl, 100 °C, 18 h, 33%;
(h) (for R2 = (2R)-2-methylpyrrolidin-1-yl) LiOH·H2O, DMSO,
H2O2, 0 °C, 4 h, 37%; and (i) (for R2 = (2R)-2-methylpyrrolidin-1-yl)
2-bromo-1,1-diethoxyethane, 100 °C, 5 min, μwave, 8%.

regioselective synthesis of 44 and 45 was developed (Scheme
5). The key intermediates 84 and 89 were each prepared in a
four-step sequence from the commercially available and
optically pure building blocks, (S)-and (R)-tetrahydrofuran-3ol (79 and 85). Tosylation of 79 followed by nucleophilic
substitution with 4-nitro-1H-pyrazole (81) aﬀorded nitropyrazole (82) in excellent yield and ee over the two steps. 82
was methylated employing a vicarious nucleophilic substitution
reaction exploiting the innate reactivity of the nitropyrazole, to
obtain methyl-nitropyrazole 83 in high yield.30 Reduction of
83 was achieved using palladium on carbon in the presence of

■

EXPERIMENTAL SECTION

LRRK2 WT and G2019S Kinase Activity Assays. LRRK2 kinase
activity was measured using a LanthaScreen kinase activity assay
available from Life Technologies (ThermoFisher Scientiﬁc) and GSTM
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Scheme 2. Synthesis of Pyrrolo[3,2-c]pyridines 24 and 28−30a

Reagents and conditions: (a) NaH, MeI, DMF, 0 °C to rt, 1 h, 99%; (b) hexamethylenetetramine, MeCO2H, 100 °C, 1 h, 43%; (c) NH2OH·HCl,
Na2CO3, EtOH, H2O, 80 °C, 2 h, 42%; (d) POCl3, 100 °C, 1 h, 50%; (e) n-BuLi, THF, −78 °C then 1,2-dibromotetrachloroethane, −78 °C to
RT, 3 h; 66%; (f) (R)-2-methylpyrrolidine, CsF, Cs2CO3, DMF, 100 °C, 16 h, 85%; (g) Pd2(dba)3, XPhos, LHMDS, THF, 70 °C, 16 h, 67%; (h)
tetra(but-1-yl)ammonium nitrate, TFAA, CH2Cl2, 0 °C, 90 min, 57%; (i) Zn, MeCO2H, MeOH, 0 °C, 20 min, 47%; (j) (for 60a, R = 1methylpyrazol-4-yl)amino) 4-bromo-1-methyl-1H-pyrazole, BrettPhos, tert-BuONa, Pd2(dba)3, 1,4-dioxane, 150 °C, 60 min, μwave, 27%; (for 60b,
R = 1-methylpyrazol-3-yl)amino) 3-bromo-1-methyl-1H-pyrazole, BrettPhos, Cs2CO3, BrettPhos Palladacyle, THF, 140 °C, 5 h, μwave, 39%; (for
60c, R = 1,4-dimethylpyrazol-3-yl)amino) 3-bromo-1,4-dimethylpyrazole, BrettPhos, tert-BuONa, Pd2(dba)3, 1,4-dioxane, 150 °C, 60 min, μwave,
40%; (k) 4-MeOPhCH2NH2, tert-BuONa, Pd2(dba)3, CyJohnPhos, 1,4-dioxane, 140 °C, μwave, 1 h, 13−69%; and (l) TFA, CH2Cl2, rt, 1−2.5 h,
10−43%.
a

tagged truncated LRRK2 kinases from the same source. These
comprised residues 970 to 2527 of full-length human LRRK2 WT
kinase (catalogue no. PV4874) or a similar sequence with the G2019S
mutation (catalogue no. PV4882). The kinase reactions were
performed in a 20 μL volume in 384-well plates. The kinase reaction
buﬀer consisted of 50 mM Tris (pH 8.5), 0.01% polyoxyethylene (23)
lauryl ether (BRIJ-35), 10 mM magnesium chloride, 1 mM ethylene
glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid (EGTA),
and 2 mM DL-dithiothreitol (DTT).
For 1 nM LRRK2 G2019S/130 μM ATP conditions: in the assay,
test compound (typically at 0 to 30 μM) was added to 130 μM ATP
and 0.4 μM ﬂuorescein-LRRKtide, and then, the kinase reaction was
initiated by addition of 1 nM LRRK2 G2019S. The reaction mixture
(20 μL total volume) was incubated for 50 min at 30 °C before the

reaction was terminated by addition of 10 mM EDTA and 1 nM
terbium-labeled anti-phospho-LRRKtide antibody (ﬁnal volume 40
μL). The mixture was further incubated for 30 min at rt. TR-FRET
was measured by excitation of the terbium-donor with 340 nm light
and subsequent measurement (delay time 100 μs) of terbium and
ﬂuorescein emission at 495 nm and 520 nm, respectively, over a time
window of 1000 μs.
For 250 pM LRRK2 G2019S/1.3 mM ATP or 1 nM LRRK2 WT/
1.3 mM ATP conditions: in the assay, test compound (typically at 0
to 30 μM) was added to 1.3 mM ATP and 0.4 μM ﬂuoresceinLRRKtide, and then, the kinase reaction was initiated by addition of
either 1 nM LRRK2 WT or 250 pM LRRK2 G2019S kinase. The
reaction mixture (20 μL total volume) was incubated for 2 h at 30 °C
before the reaction was terminated by addition of 10 mM EDTA and
N
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Scheme 3. Synthesis of 2,4-Diamino-7-methyl-6-[(2R)-2-methylpyrrolidin-1-yl]-7H-pyrrolo[2,3-d]pyrimidine-5-carbonitrile
25a

Reagents and conditions: (a) methyl formate, NaOMe, PhMe, 0 °C, then 2-chloroacetonitrile dropwise over 1 h, 0 °C, 3 h, quant.; (b) NaOAc, 6diamino-3,4-dihydropyrimidin-4-one, H2O, 90 °C, then 2-chloro-3-oxopropanenitrile, 90 °C, 5 h, 80%; (c) PivCl, pyridine, 85 °C, 2 h, 76%; (d)
Br2, MeCO2H, rt, 20 h then 60 °C for 16 h, 92%; (e) NaH, MeI, DMF, 0 °C to rt, 16 h, 55%; (f) (2R)-2-methylpyrrolidine, Et3N, DMSO, at 120
°C, 18 h, 50%; (g) POCl3, PhNMe2, PhCH2(NEt)3Cl, MeCN, 90 °C, 2 h, 50%; and (h) conc. NH3(aq), 120 °C, 18 h, 28%.
a

1 nM terbium-labeled anti-phospho-LRRKtide antibody (ﬁnal volume
40 μL). The mixture was further incubated for 30 min at rt. TR-FRET
was measured by excitation of the terbium-donor with 340 nm light
and subsequent measurement (delay time 100 μs) of terbium and
ﬂuorescein emission at 495 and 520 nm, respectively, over a time
window of 1000 μs.
TR-FRET measurements were performed on a BioTek Synergy
Neo plate reader. The TR-FRET signal was calculated as the emission
ratio at 520 nm over 495 nm. The TR-FRET ratio readout for test
compounds was normalized to 0% inhibition, corresponding to the
TR-FRET ratio measured in control wells with no inhibition of the
kinase activity and 100% inhibition, corresponding to the TR-FRET
ratio measured in control wells with 1 μM staurosporine. Test
compound potency (IC50) was estimated by nonlinear regression
using the sigmoidal dose−response (variable slope) using Xlﬁt 4
(IDBS, Guildford, Surrey, UK, model 205). y = (A + ((B − A)/(1 +
̂
((C/x)D)))),
where y is the normalized TR-FRET ratio measurement
for a given concentration of test compound, x is the concentration of
test compound, A is the estimated eﬃcacy (% inhibition) at inﬁnite
compound dilution, and B is the maximal eﬃcacy (% inhibition). C is
the IC50 value, and D is the Hill slope coeﬃcient. IC50 estimates were
obtained from a minimum of two independent experiments, and the
logarithmic average was calculated.
Ki values were calculated (cKi) as follows. Ki = [I]50/([L]50/KD +
[P]0/KD + 1), where [I]50 denotes the concentration of the free
inhibitor at 50% inhibition, [L]50 is the concentration of the free
ligand (ATP) at 50% inhibition, [P]0 is the concentration of the free
protein at 0% inhibition, and KD is the dissociation constant of the
protein−ligand complex (ATP Km for LRRK2 G2019S = 96 μM, ATP
Km for LRRK2 WT = 32 μM).
LE is deﬁned as the free-energy change (ΔG) associated with
ligand binding per heavy atom, that is, LE = −ΔG/HAC = RTlnKi/
HAC, where R = 0.001987 (gas constant in kcal/mol/K), T = 300
(temp in K) and HAC = heavy atom count.
LRRK2 pSer935 Kinase Inhibition in LRRK2 WT and G2019SExpressing HEK293 Cells. A cell-based quantitative immunocytochemistry LRRK2 mechanistic kinase inhibition assay based on
LRRK2-Ser935 phosphorylation as the primary readout was

developed using the LI-COR Odyssey near infra-red technology,
also denoted as ICW. The assay was performed in a 384-well
microplate format for LRRK2 WT and G2019S expressed in HEK293
cells. Cells were transduced using the BacMam technology (ThermoFisher Scientiﬁc). HEK293 cells were seeded in black, clear bottom
384-well cell-treated and poly-L-lysine-coated plates (Corning costar
3683) at a density of 20,000 cells/well in 25 μL medium with 5% (v/
v) BacMam LRRK2 WT or G2019S. The cells were incubated for 48
h before the assay was performed, as previously described.14
Kinase-Binding Assays. Binding to ARK5 (Life Technologies
#PV4127) and Ret (#PV3819) at a concentration of 5 nM was
measured using the LanthaScreen kinase binding assay system from
the same supplier. For ARK5, biotin-anti-his (Life Technologies
#PV6089, 2 nM) and LanthaScreen Eu-Streptavidin (#PV5899, 2
mM) with Tracer 236 (#PV5592, 5 nM) was used. For Ret,
LanthaScreen Eu-anti-GST (Life Technologies #PV5594, 2 nM) with
Tracer 236 (#PV5592, 10 nM) was used. The ﬁnal assay volume was
15 μL in 384-well, white, low binding, low-volume plates (Corning
#4513). The components were added in the following order, each at
three times the ﬁnal concentration required, in assay buﬀer. 5 μL of
test compound or DMSO (ﬁnal DMSO concentration of 2%), 5 μL
kinase/antibody mix, and then the reaction was initiated with 5 μL of
Tracer 236. All concentrations stated in the table are the ﬁnal
concentrations in the assay. The assay buﬀer was 50 mM HEPES (pH
7.5), 10 mM MgCl2, 1 mM EGTA, 0.01% Brij-35, and 2 mM DTT.
The reaction mixture was incubated for 2 h at room temperature.
TR-FRET was measured by excitation of the europium-anti-tag
antibody at 340 nm and measurement of europium-anti-Tag antibody
emission and kinase tracer (Alexa Fluor 647-labeled ATP competitive
kinase inhibitor scaﬀold) emission at 615 nm and 665 nm,
respectively, over a time window of 1000 μs using a BioTek Synergy
2 plate reader. These measurements were repeated 20 times for both
emissions with a 50 μs delay time. The TR-FRET signal was
calculated as the emission ratio at 665 nm over 615 nm. The TRFRET ratio readout for test compounds was normalized to 0%
inhibition corresponding to the TR-FRET ratio measured in control
wells, with no inhibition of the kinase binding and 100% inhibition
O
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Scheme 4. Synthesis of Pyrrolo[2,3-d]pyrimidines 26−27 and 31−45a

a

Reagents and conditions: (a) NIS, DMF, rt, 1 h, 90%; (b) Cs2CO3, DMF, then MeI (dropwise), 1 h, DMF, 86%; (c) conc. NH3(aq), 1,4-dioxane,
100 °C, 4 h, 88%; (d) Zn(CN)2, DMF, Pd2(dba)3, dppf, 100 °C, 2 h, 97%; (e) NBS, DMF, rt, 12 h, then 50 °C, 2 h, 69%; (f) (R)-2methylpyrrolidine hydrochloride, Et3N, DMF, 80 °C for 12 h, 54%; (g) [for 26, R = 2-(1-methyl-1H-pyrazol-4-yl)amino] 1-methyl-1H-pyrazol-4amine, Cs2CO3, BrettPhos, XPhos Pd G1, 1,4-dioxane, 100 °C, 1 h, 50%; [for 31, R = 2-(1,5-dimethyl-1H-pyrazol-4-yl)amino] 1,5-dimethyl-1Hpyrazol-4-amine, 4 M HCl in 1,4-dioxane, iPrOH, 130 °C, 18 h, 27%; [for 32, R = 2-(1,3-dimethyl-1H-pyrazol-4-yl)amino] 1,3-dimethyl-1Hpyrazol-4-amine·2HCl salt, 4 M HCl in 1,4-dioxane, iPrOH, 130 °C, 1 h, 50%; [for 34, R = 2-(3-chloro-1-methyl-1H-pyrazol-4-yl)amino] 3-chloro1-methyl-1H-pyrazol-4-amine, 4 M HCl in 1,4-dioxane, iPrOH, 130 °C, 2 h, 32%, 9%; (h) (for 27, R1 = H) 1H-pyrazol-4-amine, HCl in 1,4dioxane, iPrOH, 130 °C, μwave, 2 h; (for 33, R1 = Me) 3-methyl-1H-pyrazol-4-amine, 4 M HCl in 1,4-dioxane, iPrOH, 130 °C, 24 h, 59%; (for 34,
R1 = CF3) 5-(triﬂuoromethyl)-1H-pyrazol-4-amine, 4 M HCl in 1,4-dioxane, iPrOH, 130 °C, 48 h, 7%; and (i) (for 35, R1 = CF3, R2 = N1−Me)
NaH, THF, 0 °C, then MeI, 0 °C to rt, 2 h, 19%; (for 36 and 37) 1-chloro-2-methylpropan-2-ol, Cs2CO3, DMF, 90 °C, 24 h, 23 and 7%; (for 38
and 39) 3-bromomethyl-3-methyloxetane, Cs2CO3, DMF, 85 °C, 18 h, 5 and 15%; (for 40 and 41) 3-bromooxetane, Cs2CO3, DMF, 90 °C, 24 h,
28 and 13%; (for 42, 43, 44, and 45) 3-bromotetrahydrofuran, Cs2CO3, DMF, 90 °C, 24 h (5, 5, 3, and 4%).
biological testing. All ﬁnal products were puriﬁed by preparative
reverse phase HPLC using appropriate gradients of acetonitrile and
water with 0.05% formic acid as the counterion. All ﬁnal products
were puriﬁed by preparative reverse phase HPLC using appropriate
gradients of acetonitrile and water with 0.05% formic acid as the
counterion.
All tested compounds were determined to be >95% pure by HPLC
on an Agilent 1290 Inﬁnity II series instrument with a Phenomenex
Gemini NX 5 μm C18, 30 × 2.1 mm column at 40 °C under gradient
elution (5−95% solvent B over 1.95 min). Purity was calculated as a
percentage of total area at 254 nm. Mobile phase: solvent A: water/10
mM ammonium formate/0.08% (v/v) formic acid (pH = 3.5).
Solvent B: acetonitrile/5.3% (v/v) solvent A/0.08% (v/v) formic acid.
The mass spectra were obtained using the same instrument
connected to an Agilent TOF 6230 single quadrupole with a ESI
source. All active compounds were analyzed for and found to be free
of pan assay interference compounds.32 Analytical chiral supercritical
ﬂuid chromatography (SFC) was performed on an Agilent 1100/
Aurora SFC system using a Phenomenex Lux 3 μm Cellulose-2 150 ×
4.6 mm (Method B) or Phenomenex Lux 3 μm Cellulose-3 250 × 4.6
mm column (Method C); see the Supporting Information for SFC
method details. 1H NMR analyses were performed using a Bruker

corresponding to the TR-FRET ratio measured in control wells with
10 μM staurosporine.
Dosing of Animals for In Vivo Studies. All animal experiments
were carried out in accordance with Danish law regulating
experiments on animals, in compliance with EC directive 2010/63/
EU, and the NIH guidelines on animal welfare. The protocol used for
dosing of mice was approved by the Institutional Animal Ethics
Committee. Compounds 44 and 45 were administered by PO dosing
to 6 to 7 week old male C57BL/6 mice (Charles River) using 2hydroxypropyl-β-cyclodextrin (10% w/v) as vehicle. A compound
dosing range of 10−150 mg/kg was used. Following 1 h of compound
administration, brain hemispheres were snap-frozen at −80 °C using
dry ice. One brain hemisphere to be analyzed for LRRK2-pSer935
levels using Western blotting was homogenized (10% w/v) in a
standard tissue homogenization buﬀer (ThermoFisher, catalog no.
FNN0071) or was shipped to ActivX Technologies (SD, US) for in
vivo broad kinase proﬁling. The other brain hemisphere was used to
determine exposure of the compound. The experiment was performed
three times (n = 3 male mice per treatment group per experiment).
Chemistry. General Methods. All solvents and reagents were used
as obtained from commercial vendors. Products were dried under
vacuum before being carried on to further reactions or submitted for
P
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Scheme 5. Stereoselective Synthesis of Pyrrolo[2,3-d]pyrimidines 44 and 45a

Reagents and conditions: (a) TsCl, Et3N, Me3N·HCl, MeCN, 0 °C to RT, 95%; (b) K2CO3, DMF, 75 °C, 91%; (c) Me3S+I−, KOt-Bu, DMSO,
RT, 83%; (d) 10% Pd/C, EtOH, RT, 98%; (e) NMP, p-TsOH, 46%; (f) TsCl, Et3N, Me3N·HCl, MeCN, 0 °C to RT, 97%; (g) K2CO3, DMF, 75
°C, 87%; (h) Me3S+I−, KOt-Bu, DMSO, RT, 91%; (i) 10% Pd/C, EtOH, RT, 78%; and (j) NMP, p-TsOH, 50%.
a

temperature and ﬁltered. The ﬁlter cake was washed with water (2 ×
100 mL) and dried to aﬀord 10.0 g (88%) of 2-chloro-5-iodo-7methyl-7H-pyrrolo[2,3-d]pyrimidin-4-amine (75). 1H NMR (DMSOd6, 300 MHz) δ: 7.42 (s, 1H), 7.00 (br, 2H), 3.63 (s, 3H).
Step 4. 2-Chloro-5-iodo-7-methyl-7H-pyrrolo[2,3-d]pyrimidin-4amine (75) (8.0 g, 26.0 mmol) and zinc cyanide (3.03 g, 26.0
mmol) in DMF (200 mL) was degassed under nitrogen for 15 min.
Then, tris(dibenzylideneacetone)dipalladium(0) (1.18 g, 1.30 mmol)
and 1,1′-bis(diphenylphosphino)ferrocene (1.44 g, 2.60 mmol) were
added. The reaction mixture was heated at 100 °C for 2 h and then
allowed to cool to room temperature. Ethyl acetate (500 mL),
saturated aqueous sodium hydrogen carbonate (250 mL), and water
(250 mL) were added. The phases were separated, and the aqueous
layer was extracted with ethyl acetate (2 × 300 mL). The combined
organic extracts were washed with brine, dried (Na2SO4), ﬁltered, and
concentrated under reduced pressure to aﬀord a pale-yellow solid
residue. The solid material was triturated with ethyl acetate (60 mL)
and ﬁltered. The ﬁlter cake was washed with diethyl ether to aﬀord 5.2
g (97%) of 4-amino-2-chloro-7-methyl-7H-pyrrolo[2,3-d]pyrimidine5-carbonitrile (76). 1H NMR (DMSO-d6, 300 MHz) δ: 8.16 (s, 1H),
7.33 (br, 2H), 3.70 (s, 3H).
Step 5. 4-Amino-2-chloro-7-methyl-7H-pyrrolo[2,3-d]pyrimidine5-carbonitrile (76) (4.5 g, 21.7 mmol) was suspended in DMF (70
mL). N-Bromosuccinimide (7.74 g, 43.5 mmol) was added. The
resulting suspension was stirred at room temperature for 12 h. The
reaction mixture was then heated at 50 °C for 2 h and allowed to cool
to room temperature. Water (200 mL) was added, and the resulting
precipitate was isolated by ﬁltration, washed with diethyl ether, and
dried under vacuum to aﬀord 4.3 g (69%) of 4-amino-6-bromo-2chloro-7-methyl-7H-pyrrolo[2,3-d]pyrimidine-5-carbonitrile (77). 1H
NMR (DMSO-d6, 300 MHz) δ: 7.45 (br, 2H), 3.68 (s, 3H).
Step 6. 4-Amino-6-bromo-2-chloro-7-methyl-7H-pyrrolo[2,3-d]pyrimidine-5-carbonitrile (77) (4.0 g, 14.0 mmol) was suspended in
DMF (80 mL). Triethylamine (5.9 mL, 41.9 mmol) and (R)-2methylpyrrolidine hydrochloride (4.23 g, 35.0 mmol) were added,
and the resulting suspension was heated at 80 °C for 12 h. The

DPX-400 spectrometer. The spectral reference was the known
chemical shift of the sample solvent (chloroform; 7.25 ppm or
DMSO-d6; 2.50 ppm). 1H NMR data are reported indicating the
chemical shift (δ) as parts per million (ppm), the integration (e.g., 1
H), and the multiplicity (s, singlet; d, doublet; t, triplet; q, quartet;
sept, septet; m, multiplet; br, broad; and dd, doublet of doublets).
Coupling constants are reported in hertz. Optical rotations, given in
deg·mL·g−1·dm−1, were measured at ca. 20 °C and a wavelength of
589 nm using an Optical Activity AA-1000 polarimeter with a cell of
path length 1 dm. Concentrations are given in g/100 mL.
Stereoselective Synthesis of 4-Amino-7-methyl-2-({5-methyl-1[(3R)-oxolan-3-yl]-1H-pyrazol-4-yl}amino)-6-[(2R)-2-methylpyrrolidin-1-yl]-7H-pyrrolo[2,3-d]pyrimidine-5-carbonitrile (44). Step 1.
2,4-Dichloro-7H-pyrrolo[2,3-d]pyrimidine (72) (10.0 g, 53.47 mmol)
was dissolved in DMF (200 mL), and then, N-iodosuccinimide (14.4
g, 64.17 mmol) was added in one portion with stirring at room
temperature. The reaction was stirred at room temperature for 1 h.
Water (300 mL) was added to the reaction mixture, which was stirred
at room temperature for approx. 10 min. The resulting precipitate was
isolated by ﬁltration, and the residue dried under vacuum to aﬀord
15.0 g (90%) of 2,4-dichloro-5-iodo-7H-pyrrolo[2,3-d]pyrimidine
(73). 1H NMR (DMSO-d6, 400 MHz) δ: 13.11 (s, 1H), 7.97 (s, 1H).
Step 2. 2,4-Dichloro-5-iodo-7H-pyrrolo[2,3-d]pyrimidine (73)
(15.0 g, 47.92 mmol) and cesium carbonate (39.0 g, 119.8 mmol)
were placed in a round bottom ﬂask. DMF (100 mL) was added
followed by slow addition of methyl iodide (10.2 g, 71.88 mmol). The
reaction mixture was stirred at room temperature for 1 h. DMF (150
mL) and water (300 mL) were added whereby a precipitate formed.
The mixture was ﬁltered, and the ﬁlter cake was washed with water (2
× 300 mL) and dried under vacuum overnight to aﬀord 13.5 g (86%)
of 2,4-dichloro-5-iodo-7-methyl-7H-pyrrolo[2,3-d]pyrimidine (74).
1
H NMR (CDCl3, 300 MHz) δ: 7.34 (s, 1H), 3.85 (s, 3H).
Step 3. 2,4-Dichloro-5-iodo-7-methyl-7H-pyrrolo[2,3-d]pyrimidine
(74) (12.0 g, 36.68 mmol) was placed in a steel bomb and suspended
in 1,4-dioxane (120 mL) and aqueous ammonia (120 mL, 25%). The
steel bomb was capped, and the suspension was heated at 100 °C for
4 h. The reaction mixture was then allowed to cool to room
Q
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to aﬀord crude (R)-5-methyl-4-nitro-1-(tetrahydrofuran-3-yl)-1Hpyrazole (83). This material was dissolved in EtOH (300 mL) and
MeOH (300 mL) (gentle heating with heat gun was used to get
everything into solution) and stirred with activated charcoal (5 g) for
1 h. The suspension was ﬁltered and concentrated under reduced
pressure to aﬀord (R)-5-methyl-4-nitro-1-(tetrahydrofuran-3-yl)-1Hpyrazole (83) (56.3 g, 83% yield) of suﬃcient purity for the
subsequent step. 1H NMR (500 MHz, CDCl3) δ: 8.11 (s, 1H), 4.94−
4.85 (m, 1H), 4.23−4.11 (m, 2H), 4.05 (dd, J = 9.5, 4.4 Hz, 1H), 4.00
(dd, J = 14.6, 7.3 Hz, 1H), 2.70 (s, 3H), 2.47−2.38 (m, 2H). m/z =
198.0 [M + H]+.
Step 10. (R)-5-Methyl-4-nitro-1-(tetrahydrofuran-3-yl)-1H-pyrazole (83) (20 g, 101 mmol) was dissolved in ethanol (500 mL)
and added to a Parr-ﬂask containing Pd−C (2.70 g, 2.54 mmol, 10%).
The suspension was placed in a Parr-shaker [p(H2) = 1.5 bar]. The
reaction was shaken overnight at room temperature, leading to the full
consumption of the H2. LC−MS at this point showed ∼5−10%
starting material left. The reaction was placed in the Parr-Shaker
[p(H2) = 1.5 bar] and reacted for another 2 h at room temperature,
upon which LC−MS showed full conversion into the product. The
reaction was ﬁltered through a glass-ﬁlter paper and concentrated
under reduced pressure to aﬀord (R)-5-methyl-1-(tetrahydrofuran-3yl)-1H-pyrazol-4-amine (84) (16.6 g, 98% yield) of suﬃcient purity
for the subsequent step. 1H NMR (600 MHz, CDCl3) δ: 7.19 (s, 1H),
4.80−4.73 (m, 1H), 4.15 (dd, J = 15.6, 7.7 Hz, 1H), 4.08 (dd, J = 9.1,
7.0 Hz, 1H), 4.01−3.93 (m, 2H), 2.67 (br s, 2H), 2.46−2.39 (m, 1H),
2.36−2.29 (m, 1H), 2.19 (s, 3H).
Step 11. (R)-4-Amino-2-chloro-7-methyl-6-(2-methylpyrrolidin-1yl)-7H-pyrrolo[2,3-d]pyrimi-dine-5-carbonitrile (78) (250 mg, 0.86
mmol) and (R)-5-methyl-1-(tetrahydrofuran-3-yl)-1H-pyrazol-4amine (84) (216 mg, 1.29 mmol) were placed in a reaction ﬂask.
p-Toluenesulfonic acid monohydrate (409 mg, 2.15 mmol) was
added, followed by N-methyl-2-pyrrolidone (3.4 mL). The resulting
suspension was heated to 140 °C for approximately 14 h. The
reaction mixture was then allowed to cool to room temperature and
quenched with saturated aqueous NaHCO3 (25 mL) and EtOAc (25
mL). The phases were separated, and the aqueous layer was extracted
with EtOAc (2 × 15 mL). The combined organics were washed with
brine (4 × 10 mL), dried over MgSO4, ﬁltered, and concentrated
under reduced pressure. The crude material was puriﬁed using an Isco
Combiﬂash system (24 g SiO2, gradient elution; heptane/EtOAc/
TEA = 95:0:5 → 0:95:5) to aﬀord 4-amino-7-methyl-2-({5-methyl-1[(3R)-oxolan-3-yl]-1H-pyrazol-4-yl}amino)-6-[(2R)-2-methylpyrrolidin-1-yl]-7H-pyrrolo[2,3-d]pyrimidine-5-carbonitrile (44) (165 mg,
46% yield). [α]D + 29 (c 0.13, MeOH). tR = 0.89 min (Method A).
HRMS (ESI+) calcd for [C21H27N9O + H]+: 422.2411; found,
422.2414. 1H NMR (DMSO-d6, 400 MHz) δ: 7.95 (s, 1H, 4-NH),
7.69 (s, 1H, 3-H), 5.95 (s, 2H), 4.99−4.91 (m, 1H, 1-CH), 4.19−4.09
(m, 1H), 4.06−3.94 (m, 2H), 3.88−3.70 (m, 3H), 3.43 (s, 3H),
3.29−3.21 (m, 1H), 2.32−2.25 (m, 2H), 2.25−2.16 (m, 1H), 2.20 (s,
3H, 5-Me), 2.03−1.79 (m, 2H), 1.63−1.50 (m, 1H), 1.14 (d, J = 6.0
Hz, 3H). In an NOED spectroscopic experiment, irradiation of the
signal at δ 7.95 (pyrazole 4-NH) enhanced the signal at δ 7.69
(pyrazole 3-H) and δ 2.20 (pyrazole 5-Me), irradiation of the signal at
δ 7.69 (pyrazole 3-H) enhanced the signal at δ 7.95 (pyrazole 4-NH),
and irradiation of the signal at δ 2.20 (pyrazole 5-Me) enhanced the
signal at δ 7.95 (pyrazole 4-NH) and δ 4.99−4.91 (pyrazole 1-CH).
13
C NMR (DMSO-d6, 100 MHz) 158.0, 155.8, 151.2, 149.2, 133.9,
129.7, 121.2, 118.9, 93.4, 72.1, 67.8, 66.2, 57.6, 56.2, 52.6, 34.1, 32.4,
29.7, 24.7, 20.0, 9.4. SFC (Method C): tR = 2.065 min, de 99%
(determined by comparison with analytical SFC of a 1:1 mixture of 44
and 45 prepared in an analogous manner starting from racemic 79).
The SFC retention time of 44 prepared using the non-stereoselective
route matched the SFC retention time of 44 prepared using the
stereoselective route.
Stereoselective Synthesis of 4-Amino-7-methyl-2-({5-methyl-1[(3S)-oxolan-3-yl]-1H-pyrazol-4-yl}amino)-6-[(2R)-2-methylpyrrolidin-1-yl]-7H-pyrrolo[2,3-d]pyrimidine-5-carbonitrile (45). The stereoselective preparation of (45) was conducted in a manner similar to
(44), starting from (R)-tetrahydrofuran-3-ol (85): [α]D +11 (c 0.12,

reaction mixture was allowed to cool to room temperature and then
diluted with ethyl acetate (160 mL) and a mixture of saturated
aqueous sodium hydrogen carbonate (80 mL) and water (80 mL).
The phases were separated, and the aqueous layer was extracted with
ethyl acetate (2 × 100 mL). The combined organic extracts were
washed with brine, dried (Na2SO4), and concentrated. The crude
product was puriﬁed by silica gel column chromatography, eluting
with 60% ethyl acetate in petroleum ether, to aﬀord 2.2 g (54%) of
(R)-4-amino-2-chloro-7-methyl-6-(2-methylpyrrolidin-1-yl)-7Hpyrrolo[2,3-d]pyrimidine-5-carbonitrile (78). 1H NMR (CDCl3, 300
MHz) δ: 5.45 (br, 2H), 4.36−4.30 (m, 1H), 3.90−3.80 (m, 1H), 3.60
(s, 3H), 3.39−3.08 (m, 1H), 2.31−2.24 (m, 1H), 2.08−1.94 (m, 2H),
1.72−1.58 (m, 1H), 1.26−1.24 (d, J = 6.0 Hz, 3H).
Step 7. (S)-Tetrahydrofuran-3-ol (79) (35 g, 397 mmol) and
trimethylamine hydrochloride (3.80 g, 39.7 mmol) were dissolved in
acetonitrile (397 mL). Triethylamine (83.0 mL, 596 mmol) was
added, and the solution was cooled to 0 °C using an ice/water bath.
4-Methylbenzene-1-sulfonyl chloride (83 g, 437 mmol) was added
portion wise (keeping the internal temperature below 10−12 °C),
resulting in the reaction mixture turning red-orange and the formation
of a white precipitate. The cooling bath was allowed to expire upon
overnight stirring (∼16 h). TLC analysis at this point showed almost
full conversion of the starting material. The reaction was diluted with
EtOAc (500 mL) and quenched with water (500 mL). The phases
were separated, and the aqueous layer was extracted with EtOAc (2 ×
400 mL). The combined organics were washed with brine (250 mL),
dried over MgSO4, ﬁltered, and concentrated under reduced pressure
to aﬀord (S)-tetrahydrofuran-3-yl 4-methylbenzenesulfonate (80)
(91.5 g, 95% yield) of suﬃcient purity for the subsequent step. 1H
NMR (600 MHz, CDCl3) δ: 7.82−7.77 (m, 2H), 7.38−7.34 (m, 2H),
5.13−5.10 (m, 1H), 3.89 (dt, J = 8.5, 7.1 Hz, 1H), 3.87−3.79 (m,
3H), 2.46 (s, 2H), 2.13−2.06 (m, 2H).
Step 8. Two reactions were run in parallel under identical
conditions: (S)-tetrahydrofuran-3-yl 4-methylbenzenesulfonate (80)
(45.8g, 189 mmol) was dissolved in DMF (275 mL). Potassium
carbonate (39 g, 283 mmol) was added followed by 4-nitro-1Hpyrazole (81) (22.4 g, 198.5 mmol). The resulting suspension was
heated to 75 °C and stirred overnight. The two reactions were cooled
to room temperature and concentrated down to approximately half
the initial volume under reduced pressure. The two reaction mixtures
were combined diluted with water (500 mL) and EtOAc (500 mL).
The phases were separated, and the aqueous layer was washed with
EtOAc (2 × 300 mL). The combined organics were washed with 1 M
NaOH (250 mL), brine (3 × 250 mL), dried over MgSO4, ﬁltered,
and concentrated under reduced pressure to aﬀord (R)-4-nitro-1(tetrahydrofuran-3-yl)-1H-pyrazole (82) (62.8 g, 91% yield of
suﬃcient purity for the subsequent step. 1H NMR (600 MHz,
CDCl3) δ: 8.24 (s, 1H), 8.09 (s, 1H), 5.01 (ddt, J = 8.3, 5.6, 2.8 Hz,
1H), 4.18−4.11 (m, 2H), 4.04 (dd, J = 10.2, 5.7 Hz, 1H), 3.96 (dt, J =
8.8, 5.5 Hz, 1H), 2.59−2.49 (m, 1H), 2.37−2.30 (m, 1H). m/z =
184.0 [M + H]+. SFC (Method B): tR = 1.64 min, ee 98.5%.
Step 9. Trimethylsulfoxonium iodide (136 g, 618 mmol) was
placed in a three-neck round bottom ﬂask ﬁtted with a thermometer
and an additional funnel. DMSO (anhydrous) (344 mL) was added,
resulting in a suspension. Potassium tert-butoxide (69.3 g, 618 mmol)
was added to the mixture, and the resulting suspension was stirred at
room temperature for 1 h, during which time the reaction almost
became a clear, colorless solution. (R)-4-Nitro-1-(tetrahydrofuran-3yl)-1H-pyrazole (82) (62.84 g, 343 mmol) was dissolved in DMSO
(59 mL) and added to the reaction in a dropwise manner using an
additional funnel (added over ∼2 h 30 min). During the addition, the
internal temperature was kept below 33−35 °C by occasional cooling
with a water/ice bath. The reaction was stirred overnight at room
temperature (approximately 16 h), at which point LC−MS showed
almost complete conversion into the desired product. The reaction
mixture was quenched with aq. HCl (1 M, 400 mL) and diluted with
EtOAc (700 mL). The phases were separated, and the aqueous layer
was extracted with EtOAc (2 × 300 mL). The combined organics
were washed with 5% aq. Na2S2O3 (500 mL), brine (3 × 400 mL),
dried over MgSO4, ﬁltered, and concentrated under reduced pressure
R
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MeOH). tR = 0.89 min (Method A). HRMS (ESI+) calcd for
[C21H27N9O + H]+: 422.2411; found, 422.2416.
1
H NMR (DMSO-d6, 400 MHz) δ: 7.95 (s, 1H, 4-NH), 7.69 (s,
1H, 3-H), 5.95 (s, 2H), 4.99−4.91 (m, 1H, 1-CH), 4.19−4.09 (m,
1H), 4.07−3.93 (m, 2H), 3.88−3.70 (m, 3H), 3.43 (s, 3H), 3.29−
3.21 (m, 1H), 2.32−2.25 (m, 2H), 2.25−2.15 (m, 1H), 2.20 (s, 3H,
5-Me), 2.02−1.79 (m, 2H), 1.63−1.50 (m, 1H), 1.14 (d, J = 6.0 Hz,
3H). In an NOED spectroscopic experiment, irradiation of the signal
at δ 7.95 (pyrazole 4-NH) enhanced the signal at δ 7.69 (pyrazole 3H) and δ 2.20 (pyrazole 5-Me), irradiation of the signal at δ 7.69
(pyrazole 3-H) enhanced the signal at δ 7.95 (pyrazole 4-NH), and
irradiation of the signal at δ 2.20 (pyrazole 5-Me) enhanced the signal
at δ 7.95 (pyrazole 4-NH) and δ 4.99−4.91 (pyrazole 1-CH). 13C
NMR (DMSO-d6, 100 MHz) 158.0, 155.8, 151.2, 149.2, 133.9, 129.7,
121.2, 118.9, 93.4, 72.1, 67.8, 66.2, 57.6, 56.2, 52.6, 34.1, 32.4, 29.7,
24.7, 20.0, 9.4. SFC (Method C): tR = 2.302, de 99% (determined by
comparison with analytical SFC of a 1:1 mixture of 44 and 45
prepared in an analogous manner starting from racemic 79). The SFC
retention time of 45 prepared using the non-stereoselective route
matched the SFC retention time of 45 prepared using the
stereoselective route.
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