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ABSTRACT: There is a high demand for potent, selective, and brain-penetrant
small molecule inhibitors of leucine-rich repeat kinase 2 (LRRK2) to test whether
inhibition of LRRK2 kinase activity is a potentially viable treatment option for
Parkinson’s disease patients. Herein we disclose the use of property and
structure-based drug design for the optimization of highly ligand efficient
aminopyrimidine lead compounds. High throughput in vivo rodent cassette
pharmacokinetic studies enabled rapid validation of in vitro−in vivo correlations.
Guided by this data, optimal design parameters were established. Effective
incorporation of these guidelines into our molecular design process resulted in
the discovery of small molecule inhibitors such as GNE-7915 (18) and 19, which
possess an ideal balance of LRRK2 cellular potency, broad kinase selectivity,
metabolic stability, and brain penetration across multiple species. Advancement
of GNE-7915 into rodent and higher species toxicity studies enabled risk
assessment for early development.

■ INTRODUCTION

Parkinson’s disease (PD) is the second most common
neurodegenerative disease and affects approximately 1 in 100
people over the age of 60. A disease-modifying or neuro-
protective therapy is highly desired, as the current standard of
care is limited to symptomatic treatment.1

In the past decade, the LRRK2 gene, which encodes a large,
multidomain protein, has been linked to familial PD.2−6

Furthermore, the autosomal dominant G2019S kinase domain
variant has been associated with both familial and idiopathic
PD.7−9 Numerous reports have been published that suggest
that the kinase activity of LRRK2 is involved in Parkinson’s
disease pathophysiogenesis.10−17 Some of the small molecule
inhibitors disclosed in these reports are highly selective for
LRRK2 and could serve as useful tool compounds for
examination of LRRK2 function in the periphery.18−20 This is
critical as LRRK2 is expressed in kidney, lung, spleen,

monocytes, etc., and roles in immunology, inflammatory
bowel disease, cancer, and leprosy have been proposed.21,22

However, the utility of these inhibitors for studying the role of
LRRK2 in PD is limited, as they either do not sufficiently cross
the blood−brain barrier or do not demonstrate inhibition of
kinase activity in rodent brains.23

Our group has demonstrated the in vivo inhibition of LRRK2
autophosphorylation of serine 1292 (Ser1292) in the brains of
transgenic mice using a potent, selective, and brain-penetrable
tool compound (7); the discovery and characterization of this
autophosphorylation site are described elsewhere.24,26 The
moderate total plasma (∼150 nM) and brain (∼100 nM)
concentrations of 7 required to significantly inhibit LRRK2
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kinase activity in vivo provide further support for LRRK2 as a
potentially druggable target for PD.
We recently reported the construction of a JAK2-based

LRRK2 homology model that was used to detect several
binding site residues that impart general kinase selectivity.25

Through a matched molecular pair activity cliff analysis we were
able to identify an amino acid near the hinge binding region
(Leu1949) as a selectivity hotspot.27−32 As illustrated in Figure
1, small ortho-substituents, such as the methoxy group in 2,4-

diaminopyrimidine 1, are well tolerated in LRRK2 but are
disfavored in JAK2 and approximately 290 other kinases that
contain a larger Phe or Tyr residue in this binding site region
near the hinge.25,33,34 This finding allowed us to use structure-

based drug discovery to successfully optimize a series of
diaminopyrimidine inhibitors that led to the identification of 1
as a potent, selective, and brain penetrable LRRK2 small
molecule inhibitor.25 Compound 1, originally disclosed in a
2011 Genentech patent application,35 was subsequently used to
demonstrate in vivo inhibition of Ser910 and Ser935
phosphorylation in mouse brain.36 In this contribution we
report the expanded profiling of 1 and our subsequent lead
optimization efforts to identify a LRRK2 small molecule
inhibitor suitable for progression to higher species toxicity
studies and early development evaluation.

■ RESULTS AND DISCUSSION

As previously reported,25 1 has a LRRK2 biochemical potency
of 3 nM (Table 1), a JAK2 biochemical selectivity index of
>1067× and only inhibits wild-type and G2019S mutant
LRRK2 at greater than 50% inhibition at 1 μM (345-fold over
Ki) in a representative Invitrogen panel of 63 kinases. At this
stage of lead optimization, the JAK2 biochemical assay proved
to be a useful barometer for general kinase selectivity. In order
to determine the cellular activity of 1, we measured the
inhibition of LRRK2 autophosphorylation in HEK293 cells
using our LRRK2 cellular assay.24 As shown in Table 1, the
phospho-LRRK2 (pLRRK2) cellular IC50 of 1 was 29 nM,
translating into an enzyme-to-cell shift of approximately 10-
fold. With the cellular assay in place, we explored structure−
activity relationships (SARs) of the aminopyrimidine C-4 and
C-5 positions. The examples shown in Table 1 demonstrate
good biochemical (<10 nM) and cellular activities (<70 nM)
with the exception of aminopyrimidine C-5 fluoro (5) and C-5
cyano (6) analogues. The rationale for this observation was that
C-5 groups with increased lipophilicity and size are able to
interact more favorably with the gatekeeper Met1947 residue.
Furthermore, all of the examples in Table 1 possess desirable
CNS MPO scores37 and are highly efficient as measured by
lipophilic ligand efficiency (LLE)38 and ligand-efficiency-
dependent lipophilicity (LELP)39 parameters with scores that
are in line with CNS marketed drugs and clinical candidates.40

The optimal C-4/C-5 combination proved to be the C-4
aminomethyl/C-5 trifluoromethyl substituted aminopyrimidine
(i.e., 7, pLRRK2 IC50 of 9 nM).

Figure 1. Docking model of 1 (cyan) in LRRK2 (green with L1949 in
yellow). The side chain of Y931 of JAK2 is also shown (magenta).
Intermolecular hydrogen bond interactions are shown as yellow
dashed lines.

Table 1. Representative Aminopyrimidine SAR for C-4/C-5 Substitution Combinations

compd R1 R2 CNS MPO score LRRK2 Ki
a (nM) LLE LELP JAK2 selectivity lndexb pLRRK2: IC50

c (nM)

1 Cl NHMe 5.4 3 6.6 4.2 >1067 29
2 Cl OMe 5.6 9 5.7 5.3 >360 69
3 Br NHMe 5.1 2 6.8 4.3 1546 13
4 Br OMe 5.2 5 6.0 5.4 >661 53
5 F NHMe 5.5 58 5.8 3.6 >55 418
6 CN NHMe 4.7 11 6.9 2.4 >288 105
7 CF3 NHMe 5.1 2 6.6 5.0 >1928 9

aBiochemical assay. b(JAK2 Ki)/(LRRK2 Ki).
cCellular assay.
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The rationale for installing the aminopyrimidine C-5
trifluoromethyl group in 7 was not limited to increasing the
activity for LRRK2 by providing optimal lipophilic contact with
the Met gatekeeper. We also hypothesized that the
trifluoromethyl group would impart a more favorable DMPK
profile in comparison to other C-5 substituents because of the
relative decreased oxidation potential of the pyrimidine ring
system. The increased lipophilicity of the trifluoromethyl group
should also favor blood−brain barrier penetration.
In order to test this hypothesis, the DMPK profiles of

selected analogues from Table 1 were assessed (Table 2). Rat
was employed as the primary rodent species for exploratory in
vivo pharmacokinetic (PK) studies. In order to accurately assess
the brain penetration of multiple compounds, we utilized a
cassette dosing approach that provided brain, plasma, and CSF
AUC ratios at 0.25, 1, and 3 h time points.41 Using in vitro PPB
and BPB values, we then converted total brain/plasma (B/P)
and total CSF/plasma (CSF/P) to unbound brain/unbound
plasma (Bu/Pu) and CSF/unbound plasma (CSF/Pu) ratios.
This methodology proved to be an extremely critical resource
for our program and enabled the rapid generation of
meaningful in vitro MDR1 efflux ratio−in vivo unbound
brain concentration correlations for medicinal chemistry design
and inhibitor evaluation (vide infra).
In initial rat pharmacokinetic experiments, the previously

reported aminopyrimidine lead (1)25 was cleared rapidly from
plasma and demonstrated substantial brain penetration impair-
ment (Bu/Pu = 0.17, Table 2). The reduced CNS penetration
was consistent with a moderate MDR1 efflux ratio (ER (B−A)/
(A−B) = 2.8). While this stands in contrast to the previously
reported mouse Bu/Pu ratio of 0.61, studies with P-gp/Bcrp
knockout mice also suggested that 1 was an efflux substrate.25

Additionally, 1 exhibited potent time-dependent inhibition
(TDI) of CYP1A2. By converting the C-4 aminomethyl in 1 to
a C-4 methoxy (2), we were able to remove one hydrogen
bond donor (HBD) and achieve a 5-fold reduction in total
clearance and also eliminate TDI concerns. Additionally, this
modification improved the passive permeability (A−B of 4.4 to
8.2 × 10−6 cm/s, Table 2) and attenuated P-gp efflux (ER of
2.8 to 0.8, Table 2). Unfortunately, we quickly discovered that
most C-4 methoxy analogues suffered from high brain protein
binding and suboptimal Bu/Pu ratios. For inhibitor 6, despite
the extremely low Clu (27 mL min−1 kg−1), the lack of brain
exposure (Bu/Pu = 0.08) as predicted by in vitro MDR1 data
(ER = 6.8) and poor cellular activity (105 nM, Table 1)
resulted in deprioritization of C-5 cyano analogues.
Finally, as we had hypothesized (vide supra), 7 provided a

desirable balance between in vivo stability, oral exposure, and
brain penetration. Good CNS penetration for this compound

was achieved despite the presence of two HBDs and an amide
functionality, both of which may be considered undesirable for
crossing the blood−brain barrier. However, the small molecule
X-ray crystal structure of 7 (Figure 2) suggests that

intramolecular hydrogen bonds are formed between a fluorine
of the C-5 trifluoromethyl group and the C-4 aminomethyl N-
H,42,43 as well as the aniline N-H and the methoxy group.
These interactions likely increase passive permeability and
reduce the susceptibility to efflux by P-gp and/or other
transporters.44 The crystal structure also confirms the role of
the amide group in reducing planarity, which is important for
improving solubility and minimizing CYP inhibition.45,46

Inhibitor 7 is also stable in human hepatocytes (Clhep = 1.8
mL min−1 kg−1) and the rat CSF levels correlate well with the
measured unbound brain concentration.47,48 These data, along
with the PK/PD analysis for 7 illustrating robust in vivo
inhibition of LRRK2 autophosphorylation at Ser1292 in the
brains of G2019S transgenic mice,24 provided strong support
for additional profiling of 7 and structurally related compounds.
Initial Invitrogen kinase selectivity profiling of 7 at 0.1 μM

(178 kinases, 60-fold over LRRK2 Ki; 0 kinases at >50%
inhibition) and 1 μM (63 kinases, 600-fold over LRRK2 Ki; 0
kinases at >80% inhibition) demonstrates that 7 is likely to be a
highly selective inhibitor for LRRK2. In order to ensure that we
were including all structurally related kinases in our screening
panels, we re-evaluated the ATP binding site sequences of all
human kinases to identify those that have either a high ATP
binding site sequence identity to LRRK2 or a combination of a
Met gatekeeper and a small residue such as Leu, Val, Cys, or
Ala at the Leu1949 position. We found 41 kinases that met
these criteria. Of the 11 of these that were available at
Invitrogen and were not represented in our original panels, only

Table 2. Rat in Vitro and in Vivo PK Profiles of Aminopyrimidinesa

compd
hepatocytes Clhep

b

(mL min−1 kg−1), h/rc
% rat
PPB

Cl (Clu)
d

(mL min−1 kg−1)
iv t1/2
(h) F (%)

MDR1e Papp, A−Bf
(×10−6cm/s) MDR1 P-gp ERg (B−Ah/A−Bf) Bu/Pu

i CSF/Pu
j

1 4.9/24.3 91.8 51 (616) 0.46 64 4.4 2.8 0.17 0.29
2 1.8/4.4 94.6 9.8 (183) 0.83 106 8.2 0.8 0.23 0.84
4 12/16 96.6 5.7 (167) 0.67 58 5.6 1.4 0.10 0.18
6 2.1/5.4 83.5 4.4 (27) 1.1 117 3.1 6.8 0.08 0.19
7 1.8/7.6 86.3 24 (156) 1.2 80 18.2 1.2 0.50 0.48

aCompound dosed po (1 mg/kg) as a suspension in MCT and iv (0.5 mg/kg) as a 60% PEG solution or 20−60% NMP solution for systemic PK
and iv as a 60% NMP solution for brain PK. bIn vitro stability in cryopreserved hepatocytes. ch/r = human/rat. dClu = unbound clearance = total
clearance/[(100 − % rat PPB)/100]. eMDCK-MDR1 human P-gp transfected cell line. fA−B, apical-to-basolateral. gEfflux ratio. hB−A, basolateral-
to-apical. iUnbound brain/unbound plasma AUC ratio. jCSF/unbound plasma AUC ratio.

Figure 2. Small molecule X-ray crystal structure of 7 with suggested
intramolecular hydrogen bonds in green.
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TTK (MPS1) was inhibited by several of our lead compounds.
Compound 7, for example, inhibited TTK activity by 55% at
0.1 μM and 98% at 1 μM. A TTK Lanthascreen assay provided
a Ki of 25 nM for 7, which translates to a biochemical TTK
selectivity index of 13×.49 Because of the structural homology
between LRRK2 and TTK, as well as potential toxicity
concerns (vide infra), it was decided that an increased TTK
selectivity index was desirable.
In an attempt to introduce additional TTK selectivity while

maintaining the desirable attributes of 7, we examined the
inhibitor binding site residue differences between a published
TTK crystal structure (magenta, PDB code 3GFW)50 and the
LRRK2 homology model (green) with 7 (cyan) docked in
TTK (Figure 3). The Cys604 TTK residue is smaller than

Leu1949, supporting the lack of selectivity imparted by the o-
methoxy group that serves as the key selectivity handle for
many kinases with larger residues at this position. Additionally,
both TTK and LRRK2 have Met gatekeepers. However, our
analysis suggested that we may be able to exploit the Ser1954
(LRRK2) to Asp608 (TTK) residue difference by adding
substituents at C-5′ of the front pocket phenyl ring (para to the
methoxy group) and introducing unfavorable steric and
electrostatic interactions with the bulkier, negatively charged
Asp608 side chain. The estimated distance from C-5′ of docked
7 (cyan) to the Asp608 side chain carboxyl oxygen is
approximately 3.9 Å. Thus, relatively small substituents were
anticipated to clash with the Asp608 side chain and provide an
increased TTK selectivity index.
In addition to the lack of TTK selectivity, we also discovered

that 7 induced micronuclei formation at low concentrations in a
human peripheral blood lymphocyte in vitro assay and in a
mouse in vivo micronucleus study at multiple doses. While
TTK has not been previously implicated in in vitro genotoxicity
findings,51 the role of TTK in cell-cycle checkpoint assembly
raised some concern that in vitro genotoxicity could be linked
to TTK inhibition and further supported our decision to
identify compounds with greater TTK selectivity.52 Guided by
the structural insight described above, we therefore designed
the phenyl C-5′ substituted small molecule inhibitors shown in
Table 3.
Phenyl C-5′ chloro (8, Table 3) and methoxy (9, Table 3)

substituted matched pairs of 7 provided clear support for the
TTK selectivity hypothesis as the biochemical TTK selectivity
index increased from 13× in 7 to 53× and 275×, respectively.
These compounds also maintained desirable LRRK2 cellular
activities (7 and 21 nM). Desirable selectivity indices over JAK2
and TTK were also achievable with chlorine as the C-2′ JAK
selectivity handle and methoxy at C-5′ (10 and 11). Expanded
kinase profiling (189 kinases) at 1 μM demonstrated excellent
selectivity for both 10 (250-fold over LRRK2 Ki; 0 kinases at
>75% inhibition) and 11 (345-fold over LRRK2 Ki; only two
kinases at >80% inhibition). Thus, TTK and JAK2 biochemical
assays were incorporated into our screening cascade as off-
target counterscreens and served as robust indicators of general
kinase selectivity for new compounds.
After the TTK selectivity issues were addressed, the in vitro

and in vivo DMPK profiles of phenyl 2′,5′ substituted
analogues 8−12 were assessed (Table 4). The plasma protein

Figure 3. Key residue differences between LRRK2 homology model
(green) and TTK X-ray structure (magenta) with 7 (cyan) docked in
TTK. Hydrogen bond interactions between the TTK hinge residue
Gly605 and 7 are shown as yellow dashed lines. The red arrow shows
the measured distance between C-5′ of 7 and the side chain carboxyl
oxygen of Asp608.

Table 3. Preliminary Investigation of Phenyl 2′,5′-Substitution for Increased TTK Selectivity

compd R1 R2 R3 LRRK2 Ki
a (nM) JAK2 selectivity indexb TTK selectivity indexc pLRRK2 IC50

d (nM)

7 Me OMe H 2 >1928 13 9
8 Me OMe Cl 2 >1368 53 7
9 Me OMe OMe 1 >2540 275 21
10 Me Cl OMe 4 >808 105 24
11 Et Cl OMe 3 >1096 77 27

aBiochemical assay. b(JAK2 Ki)/(LRRK2 Ki).
c(TTK Ki)/(LRRK2 Ki).

dCellular assay.
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binding of 8 was unexpectedly high, resulting in an unbound
clearance (551 mL min−1 kg−1) 3.5-fold higher than 7 and an
unacceptable Bu/Pu ratio of 0.11. Despite showing slight MDR1
efflux with the human P-gp cell line, dimethoxy analogue 9
demonstrated an in vivo profile comparable to that of 7. While
9 did not reveal any covalent adducts from in vitro trapping
studies with glutathione, we ultimately decided not to pursue
this compound because of concerns regarding electrophilic
metabolites that might be formed from oxidation of the
electron-rich phenyl ring. The excellent brain penetration of 10
was promising (Bu/Pu = 0.77); however, a large in vitro−in vivo
(iviv) disconnect resulted in a clearance higher than liver blood
flow. As a result of significant N-demethylation observed from
in vitro metabolite identification studies, the aminoethyl
analogue of 10 (11) was prepared and successfully reduced
the total clearance while maintaining comparable brain
penetration. Both 10 and 11 also demonstrated significant in
vitro oxidative metabolism of the morpholine ring. Thus, in an
attempt to further reduce the metabolic turnover, the
morpholine-d8 analogue (12) of 11 was synthesized and
reduced the clearance significantly, presumably because of
kinetic deuterium isotope effects.53

As previously mentioned, 7 demonstrated genotoxicity at low
concentrations. This is a concern for an indication that
potentially requires chronic dosing from an early age.
Therefore, 10 and 11 were chosen for in vitro analyses in a
human peripheral blood lymphocyte genotoxicity assay. While
we were pleased to find that both parent molecules did not
induce micronuclei formation, incubation of 11 with S9 fraction
revealed the formation of potentially clastogenic metabolites.
Since the in vitro metabolite profile of deuterated morpholine
analogue 12 was similar to that of 11, these molecules were
deprioritized.
At this point in our program, we had established reliable

metabolic stability and permeability iviv correlations with a
wide range of aminopyrimidines, including those already
illustrated. These relationships were used to rapidly triage
newly synthesized molecules prior to in vivo evaluation, and
their associated physicochemical property ranges provided
useful guidelines at the design stage. For example, retrospective
analysis revealed that analogues with a cLogD between 1.8 and
3.3 had the highest probability (60%) of being metabolically
stable in human hepatocytes (Figure 4A). While inhibitors with
a cLogD < 1.8 also demonstrated good stability, most of these
compounds were P-gp efflux substrates. Most analogues with
TPSA < 90 showed a low propensity for P-gp efflux (85%
exhibited an efflux ratio of <3, Figure 4B). Thus, the application
of refined design parameters (1.8 < cLogD < 3.3 and TPSA <
90)54 for future analogues in this series was adopted to increase

our probability of success and ultimately reduce the number of
compounds synthesized prior to nomination for development.
With several molecules already demonstrating fairly opti-

mized activity, selectivity, and ADME profiles within the
aminopyrimidine scaffold, our goal was to make subtle
improvements while staying within the desirable property
ranges. This focus led to the alternative phenyl substitution
patterns shown in Table 5. C-5′ methyl analogues 13 and 14
displayed good TTK selectivity, with the latter also possessing
good LRRK2 cellular activity. In an attempt to maintain
acceptable selectivity indices while reducing both molecular
weight and lipophilicity, various methoxy/fluoro combinations
were targeted (15−19, Table 5). 15 demonstrated excellent
kinase selectivity when tested against 189 kinases at 1 μM (135-
fold over LRRK2 Ki; 0 kinases at >75% inhibition); however,
the LRRK2 cellular activity for 15 (63 nM) was suboptimal.
Inhibitor 16, which lacked a C-5′ group, was even less selective
for TTK than 7 and confirmed the necessity for a substituent at
C-5′. Simply shifting the fluorine from C-3′ to C-5′ (17)
restored the biochemical TTK selectivity index to greater than
50× while also increasing affinity for LRRK2. Maintaining the
methoxy/fluoro arrangement at C-2′/C-5′ and varying amino-
alkyl R1 substitution resulted in single-digit nanomolar LRRK2
cellular activities for GNE-7915 (18, 9 nM, R1 = aminoethyl)
and 19 (4 nM, R1 = aminocyclopropyl). Expanded Invitrogen
kinase profiling (187 kinases) at 0.1 μM for both 18 (100-fold

Table 4. Rat in Vitro and in Vivo PK Profiles of Phenyl 2′,5′-Substituted Aminopyrimidines 8−12a

compd
hepatocytes Clhep

b

(mL min−1 kg−1), h/rc
% rat
PPB

Cl (Clu)
d

(mL min−1 kg−1)
iv t1/2
(h) F (%)

MDR1e Papp, A−Bf
(×10−6 cm/s) MDR1 P-gp ERg (B−Ah/A−Bf) Bu/Pu

i CSF/Pu
j

8 2.8/22 99.1 4.7 (551) 1.1 8.1 1.9 0.11 0.41
9 0.8/15.2 91.4 15k(170) 1.2 101 4.4 3.4 0.80 2.0
10 0.8/3.7 90.8 59k(640) 0.83 48 10.4 1.1 0.72 1.8
11 0.9/26 96.3 19k(514) 1.2 47 8.3 1.6 0.77 2.9
12l 5.7/14 95.5 10k(227) 2.5 66 8.5 1.3

aCompound dosed po (1 mg/kg) as a suspension in MCT and iv (0.5 mg/kg) as a 60% PEG solution or 20−60% NMP solution for systemic PK
and iv as a 60% NMP solution for brain PK. bIn vitro stability in cryopreserved hepatocytes. ch/r = human/rat. dClu = unbound clearance = total
clearance/[(100 − % rat PPB)/100]. eMDCK-MDR1 human P-gp transfected cell line. fA−B, apical-to-basolateral. gEfflux ratio. hB−A, basolateral-
to-apical. iUnbound brain/unbound plasma AUC ratio. jCSF/unbound plasma AUC ratio. kBlood clearance is reported. lMorpholine-d8 analogue of
11.

Figure 4. Vortex charts illustrating (A) binned cLogD (pH 7.4) values
for aminopyrimidines colored by in vitro human hepatocyte stability
measured from cryopreserved hepatocytes and (B) binned TPSA
values for aminopyrimidines colored by MDCK-MDR1 efflux ratios
(ER), Vortex, version 2012.02.13219.
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over LRRK2 Ki) and 19 (250-fold over LRRK2 Ki) resulted in
only TTK showing greater than 50% inhibition. Selectivity
profiling using the DiscoverX KinomeScan55 competitive
binding assay panel, which included 392 unique kinases, was
also performed for 18 at 0.1 μM (Figure 5). Binding of >50%
probe displacement was detected for 10 kinases and of >65%
for only LRRK2, TTK, and ALK, further supporting the

excellent LRRK2 selectivity for 18. Cerep receptor profiling,
including expanded brain panels, suggested that 18 and 19 only
inhibited 5-HT2B with >70% inhibition at 10 μM. 18 and 19
were confirmed to be moderately potent 5-HT2B antagonists in
in vitro functional assays.56

The DMPK profiles of the most promising compounds from
Table 5 were then assessed (Table 6). Inhibitor 14 was

Table 5. Aminopyrimidine Phenyl 2′,3′,5′-Substitution SAR

compd R1 R2 R3 R4 LRRK2 Ki
a (nM) JAK2 selectivity indexb TTK selectivity indexc pLRRK2 IC50

d (nM)

13 Me Cl Me H 7 >489 78 43
14 Me OMe Me H 2 >1871 387 11
15 Me F OMe H 7 189 106 63
16 Me OMe H F 12 >262 11 35
17 Me OMe F H 6 >533 62 16
18 Et OMe F H 1 >3200 53 9
19 cPr OMe F H 1 >3200 118 4

aBiochemical assay. b(JAK2 Ki)/(LRRK2 Ki).
c(TTK Ki)/(LRRK2 Ki).

dCellular assay.

Figure 5. KinomeScan selectivity tree for 18 at 0.1 μM (100-fold over LRRK2 Ki). Of 451 profiled kinases, only LRRK2, TTK, and ALK
demonstrated <35% inhibition of % control (>65% probe displacement).

Table 6. Rat in Vitro and in Vivo PK Profiles of Phenyl 2′,5′-Substituted Aminopyrimidines 14 and 17−19a

compd
hepatocytes Clhep

b

(mL min−1 kg−1), h/rc
% rat
PPB

Cl (Clu)
d

(mL min−1 kg−1)
iv t1/2
(h) F (%)

MDR1e Papp, A−Bf
(×10−6 cm/s) MDR1 P-gp ERg (B−Ah/A−Bf) Bu/Pu

i CSF/Pu
j

14 4.2/22 95.8 28 (667) 1.2 46 5.0 3.1 0.88 2.1
17 3.9/11 95.7 12 (279) 4.2 79 3.3 2.2 0.15 0.28
18 3.2/14 96.6 8.3 (244) 3.1 40 10.4 0.9 0.50 0.60
19 4.9/15 97.6 6.8 (296) 6.0 65 10.9 1.3 0.61 0.27

aCompound dosed po (1 mg/kg) as a suspension in MCT and iv (0.5 mg/kg) as a 60% PEG solution or 20−60% NMP solution for systemic PK
and iv as a 60% NMP solution for brain PK. bIn vitro stability in cryopreserved hepatocytes. ch/r = human/rat. dClu = unbound clearance = total
clearance/[(100 − % rat PPB)/100]. eMDCK-MDR1 human P-gp transfected cell line. fA−B, apical-to-basolateral. gEfflux ratio. hB−A, basolateral-
to-apical. iUnbound brain/unbound plasma AUC ratio. jCSF/unbound plasma AUC ratio.
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moderately cleared as predicted by in vitro measurements and
demonstrated good metabolic stability in human hepatocytes. It
also displayed good in vivo brain penetration. Compound 17
also showed a strong iviv correlation with respect to metabolic
clearance; however, the Bu/Pu ratio of 0.15 was suboptimal.
Both 18 and 19 demonstrated excellent in vitro DMPK and in
vivo rat PK profiles: (a) minimal turnover in human
hepatocytes; (b) low total and unbound clearance values as
predicted by rat hepatocytes; (c) long half-lives and good oral
exposure; (d) high passive permeability, no human P-gp efflux,
and good brain penetration in rats. Having established the lead
profiles of 14, 18, and 19 as benchmarks, additional SAR
exploration was carried out to address specific areas that we felt
could potentially be improved upon.
As amides are often substrates for P-gp, one approach to

improve brain penetration of our current leads was to introduce
amide isosteres such as tetrazole 20 (Table 7). Indeed, 20 did
exhibit good brain exposure (Bu/Pu = 0.65); however, poor
solubility, relatively modest LRRK2 cellular activity, and mild
CYP1A2 TDI precluded further advancement. Similar
tetrazoles, triazoles, pyrazoles, and other heterocyclic replace-
ments showed promising brain exposure, but most suffered
from a combination of poor solubility and time-dependent
inhibition of CYP1A2. Alkylsulfones were also investigated as
amide replacements. Representative of this series, 21 showed
good in vivo stability and brain PK (Bu/Pu = 0.70); however,
the alkylsulfones were compromised by time-dependent
inhibition of CYP1A2, poor solubility, and interestingly,
inadequate kinase selectivity. These observations are consistent
with the notion that the morpholinoamide functionality of the
primary series of inhibitors is optimal for decreasing inhibitor
planarity and improving solubility.57,58 Pyridine replacement of
the phenyl ring was also conducted to improve solubility and
gauge whether or not the C-5′ nitrogen lone pair could serve as
a suitable TTK selectivity handle. 22 provided support for this

hypothesis, as it showed a 63-fold selectivity TTK index.
Unfortunately, although 22 exhibited optimal cellular activity,
unbound clearance, and bioavailability, poor brain penetration
prevented further profiling. Scission of the amide bond in 22
and removal of the morpholine nitrogen to avoid bis-aniline
formation afforded 23. Unfortunately, while 23 and various
other saturated heterocycles enhanced brain penetration,
inadequate levels of TTK selectivity were obtained. Finally,
several morpholine derivatives were targeted, as the morpholine
ring had been identified as a major site of metabolism and an
altered metabolic profile for unpredictable toxicity/genotoxicity
could prove desirable. This strategy is exemplified by 24 and 25
where the intent was to minimize P-gp recognition of the
introduced polarity through steric congestion (tertiary alco-
hols) and intramolecular hydrogen bonding (secondary amide
N-H and arylfluorine). Good LRRK2 activity and in vivo
metabolic clearance was achieved, but a combination of poor
solubility and insufficient unbound brain levels again precluded
further progression.
Lead compounds 14, 18, and 19 were further evaluated in

PK/PD studies. Thus, BAC transgenic mice expressing human
LRRK2 protein with the G2019S Parkinson’s disease mutation
were given either a single oral dose (po) or intraperotineal (ip)
injection. Brain (hippocampus) and peripheral (spleen) tissues
were harvested 1−24 h postdose to assess pSer1292 levels and
compound concentration.24 Figure 6A shows robust, concen-
tration-dependent knockdown of pLRRK2 in the brain after
oral dosing with 18 at both 15 and 50 mg/kg and after ip
dosing at both 10 and 50 mg/kg (see Supporting Information
for spleen PK/PD graphs of 18, 19, and 14). By use of a
pharmacodynamic inhibition model to fit the data, 18 had a
calculated in vivo unbound brain IC50 of 7 nM, which is
consistent with the cellular IC50 of 9 nM.59 Taken together with
the recently published PK/PD data for 7,24 we adopted a
screening PK/PD protocol that involved ip dosing at both 10

Table 7. SAR and DMPK Profiles of Aminopyrimidines 20−25a

aCompound dosed po (1 mg/kg) as a suspension in MCT and iv (0.5 mg/kg) as a 60% PEG solution or 20−60% NMP solution for systemic PK
and iv as a 60% NMP solution for brain PK. bBiochemical assay. c(TTK Ki)/(LRRK2 Ki).

dCellular assay. eClu = unbound clearance = total
clearance/[(100 − % rat PPB)/100]. fMDCK-MDR1 human P-gp transfected cell line. gefflux ratio. hA:B, apical-to-basolateral; B:A, basolateral-to-
apical. iUnbound brain/unbound plasma AUC ratio. jBlood clearance is reported.
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and 50 mg/kg with tissue collection at 1 and 6 h postdose to
assess future compounds with promising profiles. In these
studies, 19 and 14 also demonstrated on-target reduction of
brain pLRRK2 (Figure 6B and Figure 6C) with calculated in
vivo unbound brain IC50 of 27 nM for 19 and 24 nM for 14.
As a result of their encouraging in vitro and in vivo profiles,

18 and 19 were both progressed to cynomolgus monkey PK

studies. As depicted in Table 8, both compounds exhibited low
total and unbound plasma clearance values and long half-lives.
The bioavailability for 18 at 1 mpk (17%) and 20 mpk (24%)
was slightly lower than expected, especially when one considers
the minimal contribution from first pass hepatic extraction. It is
known, however, that compounds predominantly metabolized
by CYP enzymes can demonstrate higher levels of first-pass
intestinal metabolism in cynomolgus monkeys than in
humans.60 The decline in oral exposure from 1 to 20 mpk
with 19 is suggestive of solubility-limited absorption.61

As the advancement of previous leads had been halted
because of genotoxicity concerns, 18 was chosen for evaluation
of in vivo genotoxic liabilities. Sprague−Dawley rats were
administered 18 daily for 2 days at 100 mg/kg via oral gavage
and assessed for the presence of micronucleated polychromatic
erythrocytes in their bone marrow. Inhibitor 18 did not induce
micronucleus formation, even with an approximate unbound
AUC(0−24h) plasma concentration of 5.95 μM·h. 18 was then
progressed to 7-day repeat-dose toxicity studies in rats (10, 50,
and 100 mg/kg) and cynomolgus monkeys (10, 25, and 65 mg/
kg). The compound was well tolerated in rats after oral
administration with day 7 mean unbound plasma AUC(0−24h)
concentrations of 0.8, 3.9, and 4.7 μM·h, respectively. High
drug exposures were also achieved in cynomolgus monkeys
with day 7 mean unbound plasma AUC(0−24h) concentrations of
0.8, 3.1, and 7.8 μM·h, respectively. Additionally, cyno terminal
brain and CSF levels measured 24 h after receiving the last dose
on day 7 confirmed good brain penetration (Bu/Pu = 0.6 and
CSF/Pu = 0.82). Taken together, these results indicate that 18
can be used to preclinically assess the consequences of
inhibiting LRRK2 kinase activity in the brain. Full disclosure
of toxicity studies performed with 18 and other amino-
pyrimidines will be disclosed in due course.

■ CHEMISTRY
The syntheses of aminoethyl (28) and aminocyclopropyl (29)
2,4-diaminopyrimidine rings are shown in Scheme 1. Scheme 2

describes the two-step syntheses of 2 and 4 from known (30)25

or commercially available (31) starting materials. Tetrasub-
stituted precursors for 13 and 14 are derived from anilines 33
and 34 (Scheme 3) via a Sandmeyer reaction to provide

Figure 6. In vivo G2019S LRRK2 transgenic mouse PK/PD results
measuring brain pSer1292 autophosphorylation. The closed circles
represent the observed data, and the lines represent the predicted data
from a direct inhibition model. Percent inhibition is normalized to
pSer1292 levels observed in mice dosed with vehicle alone (n = 3).
Plotted data are shown for mice treated with (A) 18 [15 mg/kg, po, at
1, 3, and 6 h (n = 4/dose); 50 mg/kg, po, at 1, 3, 6, and 12 h (n = 4/
dose) and 24 h (n = 1); 10 mg/kg, ip, at 1 and 2.5 h (n = 3/dose); 50
mg/kg, ip, at 1 and 6 h (n = 3/dose)]; (B) 19 [10 and 50 mg/kg, ip, at
1 and 6 h (n = 3/dose)]; (C) 14 [10 and 50 mg/kg, ip, at 1 and 6 h (n
= 3/dose)].

Table 8. In Vivo Cyno PK Profiles of 18 and 19a

compd hepatocytes Clhep
b (mL min−1 kg−1), cyno % cyno PPB Cl (Clu)

c (mL min−1 kg−1) iv t1/2 (h) F (%), 1 mg/kg F (%), 20 mg/kg

18 14 94.5 11 (200) 7.7 17 24
19 9.2 95.5 3.8 (84) 10.7 105 22

aCompound dosed po (1 and 20 mg/kg) with crystalline material as a suspension in MCT and iv (0.5 mg/kg) as a 20−60% NMP solution. bIn vitro
stability in cryopreserved hepatocytes. cClu = unbound clearance = total clearance/[(100 − % cyno PPB)/100].

Scheme 1. Synthesis of 2,4-Diaminopyrimidine Coresa

aReagents and conditions: (a) CuI, KF, TMSCF3, DMF, Δ, 69%; (b)
c-PrNH2, THF, 34%.
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arylnitriles 35 and 36 followed by hydrolysis to afford
carboxylic acids 37 and 38. The precursor for 15 is generated
from regioselective methoxide displacement of 39 to provide
40 (Scheme 3), followed by hydrolysis to yield benzoic acid 41.
Scheme 4 illustrates the representative syntheses of amino-
pyrimidine tetra- and pentasubstituted morpholinoamides.
Standard amide formation from the associated benzoic acid
(41−43) followed by acid catalyzed SNAr or Buchwald−
Hartwig coupling between anilines 44−46 and a 4-aminoalkyl-
2-chloro-5-trifluoromethylpyrimidine derivative furnished an
array of products. The second method used to synthesize
various aminopyrimidine targets commences from morpholine
amide formation of the respective p-nitrobenzoic acids (37, 38,
47−49) followed by nitro reduction and SNAr coupling
between anilines 55−59 and 60. The third protocol used to

provide 12, 18, and 19 involved a TFA catalyzed SNAr of
anilines 42 and 43 and then peptide coupling as the final step.
The synthesis of aminopyrimidine amide isosteres 20 and 21

is depicted in Scheme 5. 20 is derived from Buchwald−Hartwig
coupling of 4-amino-3-chlorobenzonitrile 64 and 4-amino-
methyl-2-chloro-5-trifluoromethylpyrimidine (60), followed by
tetrazole formation (66) and methylation. Nucleophilic
arylfluorine displacement with sodium thiomethoxide, m-
CPBA oxidation to the corresponding sulfone 69, nitro
reduction, and acid catalyzed coupling of the resulting aniline
70 with 4-aminomethyl-2-chloro-5-trifluoromethylpyrimidine
(60) yielded 21. Scheme 6 illustrates the independent
syntheses of pyridine analogues 22 and 23 as well as
morpholine amide derivatives 24 and 25. Hence, palladium
catalyzed aminocarbonylation of 6-chloro-4-methoxypyridin-3-
amine 71 with morpholine and Mo(CO)6 followed by
Buchwald coupling afforded 22. The synthesis of 23
commenced with palladium catalyzed cross-coupling of 2-
chloro-4-methoxy-5-nitropyridine (73) followed by concom-
itant dihydropyran and nitro reduction to give 75. Buchwald
coupling then provided the final target (23). Amide derivative
24 was synthesized in the same manner as 18 (Scheme 4),
using 1-amino-2-methylpropan-2-ol instead of morpholine.
Lastly, bromination of toluene derivative 76, amide formation,
and subsequent intramolecular lactam formation to give 78
followed by nitro reduction and standard SNAr coupling
afforded isoindolone 25.

■ CONCLUSION
Starting from highly ligand efficient leads 1 and 7, the
successful development of small molecule LRRK2 inhibitors
suitable for higher species toxicity studies and early develop-
ment evaluation is described. Optimization of LRRK2 cellular
activity through appropriate C-4/C-5 aminopyrimidine sub-
stitution was achieved while imparting broad kinase selectivity,
including structurally related kinases such as TTK, through
strategic decoration of the phenyl ring. We were also able to
effectively balance physicochemical properties, which enabled
the generation of inhibitors with excellent in vitro and in vivo
DMPK profiles including minimal turnover in human
hepatocytes and low unbound clearance and good oral
exposure in rodents and cynomologus monkeys. Of equal
importance was the demonstrated ability of multiple com-
pounds to penetrate the blood−brain barrier while maintaining
such a well-balanced profile. Taken together, these efforts
culminated in the discovery of GNE-7915 (18) and 19, highly
potent, selective, metabolically stable and brain-penetrant
LRRK2 inhibitors with potent in vivo unbound brain IC50
values measured from G2019S transgenic mice PK/PD studies.
GNE-7915 achieved high exposures in the periphery and brain
throughout a 7-day dosing regimen in both rat and cynomolgus
monkey toxicity studies. A detailed report of toxicity studies
and associated histopathology findings with GNE-7915 and
other aminopyrimidine LRRK2 inhibitors will be disclosed in a
subsequent publication.

■ EXPERIMENTAL SECTION
All chemicals were purchased from commercial suppliers and used as
received. Flash chromatography was carried out with prepacked SiO2
cartridges from either ISCO or SiliCycle on an ISCO Companion
chromatography system using gradient elution or with prepacked silica
gel cartridges from Biotage using a Biotage SP4 or an Isolera 4 MPLC
system using gradient elution. NMR spectra were recorded on Bruker

Scheme 2. Synthesis of Aminopyrimidine-4-methoxy
Analogues 2 and 4a

aReagents and conditions: (a) 2,5-dichloro-4-methoxypyrimidine,
Cs2CO3, Xantphos, Pd2(dba)3, dioxane, microwave, 15%; (b) 5-
bromo-2-chloro-4-methoxypyrimidine, TFA, n-BuOH, microwave,
35%; (c) morpholine, HBTU, DIPEA, DMF, 56%.

Scheme 3. Synthesis of Tetrasubstituted Phenyl
Intermediates for the Synthesis of 13, 14, and 15a

aReagents and conditions: (a) acetone, conc HCl, H2O, NaNO2, then
CuCN, NaCN; (b) AcOH, conc H2SO4, H2O, Δ; (c) t-BuOK, MeOH,
THF, 80%; (d) KOH, EtOH, H2O, 68%.
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Avance 400, Bruker DPX 400M, Bruker Avance III 400, and Bruker
AV III 400 or 500 NMR spectrometers and referenced to
tetramethylsilane. The following abbreviations are used: br = broad
signal, s = singlet, d = doublet, dd = doublet of doublets, t = triplet, q =
quartet, m = multiplet. Preparative HPLC was performed on a Polaris
C18 5 μm column (50 mm × 21 mm), a Waters Sunfire OBD
Phenomenex Luna phenylhexyl column (150 mm × 19 mm), or a
Waters Xbridge phenyl column (150 mm × 19 mm), eluting with
mixtures of water−acetonitrile or water−methanol, optionally
containing a modifier (0.1% v/v formic acid or 10 mM ammonium
bicarbonate). Low-resolution mass spectra were recorded on a Sciex
15 mass spectrometer in ES+ mode, a Micromass ZQ single
quadrapole LCMS in ES+, ES− mode, or a Quattro Micro LC−
MS−MS in ES+, ES− mode. All final compounds were purified to
>95% chemical and optical purity, as assayed by (a) HPLC (Waters
Acquity UPLC column, 21 mm × 50 mm, 1.7 μm) with gradient of 0−
90% acetonitrile (containing 0.038% TFA) in 0.1% aqueous TFA, with
UV detection at λ = 254 and 210 as well as CAD detection with an
ESA Corona detector or (b) HPLC (Phenomenex Luna C18 (2)
column, 4.6 mm × 100 mm, 5 μm) with gradient of 5−95%
acetonitrile in water (with 0.1% formic acid in each mobile phase),
with UV DAD detection between λ = 210 and 400 nm; (c) HPLC
(Waters Xterra MS C18 column, 4.6 mm × 100 mm, 5 μm) with
gradient of 5−95% acetonitrile in water (with 10 mM ammonium
bicarbonate in the aqueous mobile phase), with UV DAD detection

between λ = 210 and 400 nm; (d) HPLC (Supelco, Ascentis Express
C18 or Hichrom Halo C18 column, 4.6 mm × 150 mm, 2.7 μm) with
gradient of 4−100% acetonitrile in water (with 0.1% formic acid in
each mobile phase), with UV DAD detection between λ = 210 and 400
nm; (e) HPLC (Phenomenex, Gemini NX C18 column, 4.6 mm ×
150 mm, 3 μm) with gradient of 4.5−100% acetonitrile in water (with
10 mM ammonium bicarbonate in the aqueous mobile phase), with
UV DAD detection between λ = 210 and 400 nm.

The syntheses of compounds 1, 3, 5, 6, and 7 have been described
previously.25

(4 - (5 -Ch loro -4 -methoxypyr imid in -2 -y lamino) -3 -
methoxyphenyl)(morpholino)methanone (2). To a solution of
(4-amino-3-methoxyphenyl)(morpholino)methanone (30, 0.490 g, 2.1
mmol) in 1,4-dioxane (7 mL) were added 2,5-dichloro-4-methoxypyr-
imidine (0.370 g, 2.1 mmol), Cs2CO3 (1.4 g, 4.1 mmol), Xantphos
(0.100 g, 0.21 mmol), and Pd2(dba)3 (0.095 g, 0.10 mmol), and the
reaction mixture was stirred at 140 °C for 25 min under microwave
irradiation. The reaction mixture was filtered, concentrated, purified by
flash chromatography, 0−100% EtOAc/heptane, and further purified
by preparative HPLC to afford the title compound (117 mg, 15%
yield). 1H NMR (400 MHz, DMSO-d6) δ 8.31 (m, 2H), 8.16 (d, J =
8.2 Hz, 1H), 7.08 (d, J = 1.3 Hz, 1H), 7.01 (dd, J = 8.2, 1.3 Hz, 1H),
4.00 (s, 3H), 3.89 (s, 3H), 3.61 (br s, 4H), 3.52 (br s, 4H). LCMS, m/
z = 379 [M + H]+.

( 4 - (5 -Bromo-4 -methoxypyr imid in -2 -y lamino ) -3 -
methoxyphenyl)(morpholino)methanone (4). To a solution of 4-

Scheme 4. Synthesis of Aminopyrimidine Phenyl Tetra- and Pentasubstituted Morpholinoamidesa

aReagents and conditions: (a) morpholine, HATU or HBTU, DIPEA, CH2Cl2; (b) TFA, n-BuOH, Δ; (c) Cs2CO3, Xantphos, Pd(OAc)2, dioxane,
microwave; (d) PTSA, dioxane, Δ; (e) TFA, n-BuOH, microwave; (f) Pd/C, MeOH, H2 or SnCl2·2H2O, EtOH, H2O, Δ or Fe dust, EtOH, NH4Cl,
H2O, Δ; (g) n-BuOH, microwave; (h) 2-chloro-N-alkyl-5-(trifluoromethyl)pyrimidin-4-amine, PTSA, dioxane, Δ. bMorpholine-d8 analogue.
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amino-3-methoxybenzoic acid (31, 1.77 g, 10.6 mmol) in n-BuOH (62
mL) was added 5-bromo-2-chloro-4-methoxypyridine (2.25 g, 10.1
mmol) and TFA (0.194 mL, 2.52 mmol), and the reaction mixture was
stirred at 125 °C for 30 min under microwave irradiation. The formed
precipitate was collected by filtration, washing with n-BuOH and then
Et2O to provide 1.25 g of crude 32, which was used without further
purification.
To the crude carboxylic acid from above (32, 365 mg, 1.03 mmol)

dissolved in DMF (10 mL) were added morpholine (0.110 mL, 1.26
mmol), DIPEA (0.215 mL, 1.24 mmol), and HBTU (469 mg, 1.24
mmol), and the reaction mixture was stirred at room temperature for 1
h. The mixture was diluted with water and extracted with EtOAc (3 ×
20 mL), and the combined organic layers were dried (Na2SO4),
filtered, and concentrated. The residue was purified by preparative
HPLC to afford the title compound (246 mg, 56% yield, two steps).
1H NMR (400 MHz, DMSO-d6) δ 8.38 (s, 1H), 8.30 (s, 1H), 8.16 (d,
J = 8.2 Hz, 1H), 7.08 (d, J = 1.4 Hz, 1H), 7.02 (d, J = 8.3 Hz, 1H),
3.98 (s, 3H), 3.89 (s, 3H), 3.61 (br s, 4H), 3.52 (br s, 4H). LCMS, m/
z = 423 [M + H]+.
( 2 - C h l o r o - 5 -m e t h o x y - 4 - ( 4 - (m e t h y l am i n o ) - 5 -

(trifluoromethyl)pyrimidin-2-ylamino)phenyl)(morpholino)-
methanone (8, Method b). To a solution of 2-chloro-N-methyl-5-
(trifluoromethyl)pyrimidin-4-amine (60, 0.10 g, 0.47 mmol) and (4-
amino-2-chloro-5-methoxyphenyl)(morpholino)methanone (55, 0.11
g, 0.40 mmol) in n-BuOH (2.0 mL) was added TFA (0.051 mL, 0.66
mmol). The mixture was stirred at 75 °C for 2 h. The reaction mixture

was then concentrated. The residue was purified by preparative HPLC
to afford 66 mg (37% yield, two steps) of the title compound as a
white solid. 1H NMR (400 MHz, DMSO-d6) δ 8.51 (s, 1H), 8.24 (s,
1H), 8.12 (s, 1H), 7.32 (d, J = 4.0 Hz, 1H), 7.06 (s, 1H), 3.89 (s, 3H),
3.49−3.71 (m, 6H), 3.15−3.24 (m, 2H), 2.94 (d, J = 4.3 Hz, 3H).
LCMS, m/z = 446 [M + H]+.

(2,5-Dimethoxy-4-(4-(methylamino)-5-(trifluoromethyl)-
pyrimidin-2-ylamino)phenyl)(piperidin-1-yl)methanone (9,
Method e). To a solution of (4-amino-2,5-dimethoxyphenyl)-
(morpholino)methanone (59, 200 mg, 0.750 mmol) in n-BuOH (2
mL) were added 2-chloro-N-methyl-5-(trifluoromethyl)pyrimidin-4-
amine (60, 159 mg, 0.750 mmol) and two drops of TFA. The mixture
was stirred at 100 °C under microwave irradiation for 1 h. After the
mixture was cooled and concentrated, the residue was purified by
preparative HPLC to afford the title compound (80 mg, 24% yield,
three steps). 1H NMR (500 MHz, CDCl3) δ 8.34 (s, 1H), 8.18 (s,
1H), 6.86 (s, 1H), 5.34 (s, 1H), 3.89 (s, 3H), 3.84 (s, 3H), 3.77−3.84
(m, 4H), 3.60−3.66 (m, 2H), 3.28−3.39 (m, 2H), 3.15 (d, J = 4.5 Hz,
3H). LCMS, m/z = 442 [M + H]+.

( 5 - C h l o r o - 2 -m e t h o x y - 4 - ( 4 - (m e t h y l am i n o ) - 5 -
(trifluoromethyl)pyrimidin-2-ylamino)phenyl)(morpholino)-
methanone (10, Method b). The title compound was prepared in a
manner analogous to that for 8 (22% yield, two steps). 1H NMR (400
MHz, DMSO-d6) δ 8.59 (s, 1H), 8.20 (s, 1H), 7.88 (s, 1H), 7.32 (s,
1H), 7.25 (s, 1H), 3.81 (s, 3H), 3.60 (s, 4H), 3.53 (t, J = 4.3 Hz, 2H),
3.17 (s, 2H), 2.90 (d, J = 4.3 Hz, 3H). LCMS, m/z = 446 [M + H]+.

(5-Chloro-4-(4-(ethylamino)-5-(trifluoromethyl)pyrimidin-2-
ylamino)-2-methoxyphenyl)(morpholino)methanone (11,
Method c). A mixture of 2-chloro-N-ethyl-5-(trifluoromethyl)-
pyrimidin-4-amine (28; 0.25 g, 1.11 mmol), cesium carbonate (0.72
g, 2.22 mmol), 4-amino-5-chloro-2-methoxyphenyl)(morpholino)-
methanone (44; 0.6 g, 2.22 mmol), palladium(II) acetate (5 mg,
0.022 mmol), and Xantphos (19 mg, 0.033 mmol) in degassed dry
dioxane (4 mL) was sonicated in an ultrasonic bath for 2 min. The
mixture was degassed further with bubbling N2 for 2 min and heated at
100 °C for 2 h. The mixture was cooled, diluted with EtOAc (25 mL),
and washed with water (2 × 20 mL). The combined aqueous washes
were extracted with EtOAc (2 × 25 mL). The organic extracts were
combined and filtered through a phase separator, and the solvent was
removed. Purification of the residue by flash chromatography, 0−100%
EtOAc/isohexane, followed by trituration with Et2O/EtOAc gave the
title compound (0.15 g, 30% yield) as a white solid. 1H NMR (400
MHz, CDCl3) δ 8.38 (s, 1H), 8.22 (s, 1H), 7.64 (s, 1H), 7.31 (s, 1H),
5.19 (br s, 1H), 3.87 (s, 3H), 3.79−3.77 (m, 4H), 3.65−3.58 (m, 4H),
3.32 (br d, J = 14.8 Hz, 2H), 1.30 (t, J = 7.6 Hz, 3H); LCMS, m/z =
460 [M + H]+.

(5-Chloro-4-(4-(ethylamino)-5-(trifluoromethyl)pyrimidin-2-
ylamino)-2-methoxyphenyl)(D8-morpholino)methanone (12).
The title compound was prepared in a manner analogous to that for
18 (26% yield, two steps). 1H NMR (400 MHz, CDCl3) δ 8.38 (s,
1H), 8.22 (s, 1H), 7.64 (br s, 1H), 7.31 (s, 1H), 5.19 (br s, 1H), 3.87
(s, 3H), 3.65−3.58 (m, 2H), 1.30 (t, J = 7.2 Hz, 3H). LCMS, m/z =
468 [M + H]+.

(5-Chloro-2-methyl-4-(4-(methylamino)-5-(trifluoromethyl)-
pyrimidin-2-ylamino)phenyl)(morpholino)methanone (13,
Method d). A mixture of (4-amino-5-chloro-2-methylphenyl)-
(morpholino)methanone (56, 79 mg, 0.31 mmol), 2-chloro-N-
methyl-5-(trifluoromethyl)pyrimidin-4-amine (60, 66 mg, 0.31
mmol), and PTSA (59 mg, 0.31 mmol) in dioxane (4 mL) was
heated to 100 °C for 4 h. Saturated sodium bicarbonate solution (10
mL) and CH2Cl2 (10 mL) were added, and the organic phase was
passed through a hydrophobic frit. The solvent was removed in vacuo
and the residue was purified by preparative HPLC to give the title
compound (71 mg, 53% yield) as an off-white solid. 1H NMR (400
MHz, CDCl3) δ 8.55 (s, 1H), 8.21 (d, J = 1.1 Hz, 1H), 7.57 (s, 1H),
7.22 (s, 1H), 5.30 (br s, 1H), 3.79 (br d, J = 13.9 Hz, 4H), 3.60 (br s,
2H), 3.32 (br s, 2H), 3.11 (d, J = 4.7 Hz, 3H), 2.32 (s, 3H). LCMS,
m/z = 430 [M + H]+.

5 -M e t h o x y - 2 -m e t h y l - 4 - ( 4 - ( m e t h y l am i n o ) - 5 -
(trifluoromethyl)pyrimidin-2-ylamino)phenyl)(morpholino)-
methanone (14 Method d). The title compound was prepared in a

Scheme 5. Synthesis of Aminopyrimidineamide Isosteres 20
and 21a

aReagents and conditions: (a) 60, Cs2CO3, Xantphos, Pd2(dba)3,
dioxane, Δ, 45%; (b) NaN3, NH4Cl, DMF, Δ, 85%; (c) MeI, K2CO3,
acetone, Δ, 70%; (d) MeSNa, EtOH, Δ, 91%; (e) m-CPBA, CH2Cl2,
48%; (f) Pd/C, EtOH, H2, 99%; (g) 60, TFA, 2-methoxyethanol, Δ,
19%.
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manner analogous to that for 13 (42% yield). 1H NMR (400 MHz,
CDCl3) δ 8.47 (s, 1H), 8.18 (s, 1H), 7.74 (s, 1H), 6.71 (s, 1H), 5.25
(br s, 1H), 3.88 (s, 3H), 3.80 (br d, J = 18.0 Hz, 4H), 3.59 (br s, 2H),
3.31 (br s, 2H), 3.12 (d, J = 4.7 Hz, 3H), 2.28 (s, 3H). LCMS, m/z =
426 [M + H]+.
( 5 - F l u o r o - 2 -m e t h o x y - 4 - ( 4 - (m e t h y l am i n o ) - 5 -

(trifluoromethyl)pyrimidin-2-ylamino)phenyl)(morpholino)-
methanone (15, Method d). The title compound was prepared in a
manner analogous to that for 13 (20% yield). 1H NMR (400 MHz,
CDCl3) δ 8.35 (d, J = 6.7 Hz, 1H), 8.22 (s, 1H), 7.39 (br s, 1H), 7.07
(d, J = 10.6 Hz, 1H), 5.30 (t, J = 4.7 Hz, 1H), 3.86 (s, 3H), 3.85−3.73
(m, 4H), 3.63 (br d, J = 11.9 Hz, 2H), 3.32 (br d, J = 20.3 Hz, 2H),
3.12 (d, J = 4.7 Hz, 3H). LCMS, m/z = 430 [M + H]+.
( 2 - F l u o r o - 3 -m e t h o x y - 4 - ( 4 - (m e t h y l am i n o ) - 5 -

(trifluoromethyl)pyrimidin-2-ylamino)phenyl)(morpholino)-
methanone (16, Method g). To a solution of (4-amino-2-fluoro-3-
methoxyphenyl)(morpholino)methanone (58, 600 mg, 2.36 mmol) in
n-BuOH (8 mL) was added 2-chloro-N-methyl-5-(trifluoromethyl)-
pyrimidin-4-amine (60, 498 mg, 2.36 mmol). The reaction mixture
was stirred at 100 °C under microwave irradiation for 1 h. After the
mixture was cooled and concentrated, the residue was purified by flash
chromatography, 10−33% EtOAc/petroleum ether, to afford a white
solid, which was triturated with 10% EtOAc/petroleum ether to afford
the title compound as a white solid (700 mg, 69% yield, three steps).
1H NMR (500 MHz, DMSO-d6) δ 8.52 (s, 1H), 8.21 (s, 1H), 8.11 (d,
J = 8.5 Hz, 1H), 7.28 (d, J = 4.5 Hz, 1H), 7.10−7.07 (m, 1H), 3.90 (d,
J = 1.5 Hz, 3H), 3.64 (s, 4H), 3.55 (s, 2H), 3.29 (s, 2H), 2.91 (d, J =
4.0 Hz, 3H). LCMS, m/z = 430 [M + H]+.

( 2 - F l u o r o - 5 -m e t h o x y - 4 - ( 4 - (m e t h y l am i n o ) - 5 -
(trifluoromethyl)pyrimidin-2-ylamino)phenyl)(morpholino)-
methanone (17, Method e). The title compound was prepared in a
manner analogous to that for 9 (40% yield). 1H NMR (400 MHz,
DMSO-d6) δ 8.33 (d, J = 12.0 Hz, 1H), 8.25 (s, 1H), 8.11 (s, 1H),
7.35 (q, J = 4.3 Hz, 1H), 7.03 (d, J = 6.2 Hz, 1H), 3.89 (s, 3H), 3.64−
3.55 (m, 6H), 3.32−3.31 (m, 2H), 2.94 (d, J = 4.3 Hz, 3H). LCMS,
m/z = 430 [M + H]+.

(4-(4-(Ethylamino)-5-(trifluoromethyl)pyrimidin-2-ylamino)-
2-fluoro-5-methoxyphenyl)(morpholino)methanone (18). A
mixture of 2-chloro-N-ethyl-5-(trifluoromethyl)pyrimidin-4-amine
(28, 70 g, 310 mmol), 4-amino-2-fluoro-5-methoxybenzoic acid (43,
49 g, 265 mmol), and PTSA (30 g, 169 mmol) in 1,4-dioxane (400
mL) was stirred at 100 °C for 2 h (the reaction mixture remained as a
suspension despite heating). The reaction mixture was then cooled to
room temperature. The insoluble solids were collected by filtration,
washed with 1,4-dioxane (100 mL) and Et2O (50 mL), and air-dried
for 12 h to give crude 4-(4-(ethylamino)-5-(trifluoromethyl)-
pyrimidin-2-ylamino)-2-fluoro-5-methoxybenzoic acid 62. The materi-
al (108 g) was used in the next step without further purification.

To a cooled (0 °C) mixture of crude 4-(4-(ethylamino)-5-
(trifluoromethyl)pyrimidin-2-ylamino)-2-fluoro-5-methoxybenzoic
acid (62, 108 g, 289 mmol) in CH2Cl2 (500 mL) were added HBTU
(125 g, 330 mmol), morpholine (50 mL, 572 mmol), and DIPEA (150
mL, 863 mmol). The reaction mixture was stirred at 0 °C for 15 min
before warming to room temperature. The reaction mixture was stirred
at room temperature for an additional 45 min. The mixture was then
diluted with saturated sodium bicarbonate solution, and the aqueous

Scheme 6. Synthesis of Pyridine Analogues and Morpholinoamide Derivativesa

aReagents and conditions: (a) Mo(CO)6, Pd(PPh3)4, 4-DMAP, DIPEA, morpholine, dioxane, microwave, 50%; (b) 28, BrettPhos, BrettPhos
precatalyst, NaO-t-Bu, t-BuOH, Δ, 35%; (c) 2-(3,6-dihydro-2H-pyran-4-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane, Na2CO3, KOAc, Pd(amphos)-
Cl2, CH3CN, degassed H2O, microwave, 79%; (d) Pd/C, EtOH, H2; (e) 60, BrettPhos, BrettPhos precatalyst, NaO-t-Bu, t-BuOH, Δ, 52%, two
steps; (f) 28, PTSA, dioxane, Δ; (g) 1-amino-2-methylpropan-2-ol, HATU, DIPEA, CH2Cl2, 95%, two steps; (h) SOCl2, MeOH, Δ, 82%; (i) NBS,
CH3CN, AIBN, Δ, 31%; (j) 1-amino-2-methylpropan-2-ol, Et3N, MeOH, Δ; (k) Fe dust, EtOH, NH4Cl, H2O, Δ, 77%, two steps; (l) PTSA,
dioxane, Δ, 33%.
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layer was extracted with CH2Cl2 (2 × 100 mL). The combined extracts
were washed with saturated sodium bicarbonate solution, dried over
Na2SO4, filtered, and concentrated.
The crude product was first purified by SFC to give approximately

95 g of desired product. The material was then redissolved in 350 mL
of refluxing i-PrOH. The solution was allowed to cool slowly
(overnight) to room temperature with moderate stirring. The resulting
suspension was cooled in an ice bath for 20 min. The solid (83.5 g)
was collected by filtration. The isolated solid was redissolved in 400
mL of refluxing i-PrOH and allowed to cool to room temperature
overnight with stirring. Again, the resulting suspension was cooled in
an ice bath for 20 min. The white precipitate was collected by filtration
to give a white crystalline solid. The solid was air-dried for 5 h and
placed under vacuum for 3 h to give the desired product (74.5 g, 64%
yield, two steps). 1H NMR (400 MHz, CDCl3) δ 8.44 (d, J = 12 Hz,
1H), 8.20 (s, 1H), 7.84 (s, 1H), 6.91 (d, J = 5.9 Hz, 1H), 5.21 (br s,
1H), 3.74−3.85 (m, 4H), 3.69−3.71 (m, 2H), 3.58−3.68 (m, 2H),
3.44 (br s, 2H), 1.33 (t, J = 7.2 Hz, 3H). LCMS, m/z = 444 [M + H]+.
(4-(4-(Cyclopropylamino)-5-(trifluoromethyl)pyrimidin-2-

ylamino)-2-fluoro-5-methoxyphenyl)(morpholino)methanone
(19). The title compound was prepared in a manner analogous to that
for 18 (16% yield, two steps). 1H NMR (400 MHz, CDCl3) δ 8.77 (d,
J = 12.6 Hz, 1H), 8.20 (s, 1H), 7.94 (s, 1H), 6.91 (d, J = 6.0 Hz, 1H),
5.48 (s, 1H), 3.92 (s, 3H), 3.84−3.76 (m, 4H), 3.68 (t, J = 4.5 Hz,
2H), 3.44 (br s, 2H), 2.94−2.87 (m, 1H), 1.03−0.96 (m, 2H), 0.70−
0.65 (m, 2H). LCMS, m/z = 456 [M + H]+.
N2-(2-Chloro-4-(1-methyl-1H-tetrazol-5-yl)phenyl)-N4-meth-

yl-5-(trifluoromethyl)pyrimidine-2,4-diamine (20). A mixture of
N 2 - (2 -ch loro -4 -(2H - t e t r a zo l -5 -y l )pheny l ) -N 4 -methy l -5 -
(trifluoromethyl)pyrimidine-2,4-diamine (66, 80 mg, 0.22 mmol),
K2CO3 (45 mg, 0.32 mmol), and methyl iodide (15 μL, 0.24 mmol) in
acetone (2 mL) was heated at 40 °C for 1 h. The mixture was cooled
and filtered. The filtrate was concentrated under reduced pressure.
Purification of the residue by flash chromatography, 0−100% EtOAc/
isohexane, gave the title compound (10 mg, 12% yield). 1H NMR (400
MHz, CDCl3) δ 8.90 (d, J = 8.7 Hz, 1H), 8.24 (s, 1H), 7.86 (d, J = 2.1
Hz, 1H), 7.79 (s, 1H), 7.68 (dd, J = 8.8, 2.1 Hz, 1H), 5.33 (s, 1H),
4.22 (s, 3H), 3.13 (d, J = 4.7 Hz, 3H). LCMS, m/z = 385 [M + H]+.
The isomeric N-Me product N2-(2-chloro-4-(2-methyl-2H-tetrazol-5-
yl)phenyl)-N4-methyl-5-(trifluoromethyl)pyrimidine-2,4-diamine (58
mg, 70% yield) was also isolated from the reaction mixture. 1H
NMR (400 MHz, CDCl3) δ 8.76 (d, J = 8.7 Hz, 1H), 8.23−8.19 (m,
2H), 8.05 (dd, J = 8.7, 2.0 Hz, 1H), 7.72 (s, 1H), 5.29 (s, 1H), 4.40 (s,
3H), 3.12 (d, J = 4.7 Hz, 3H). LCMS, m/z = 385 [M + H]+.
N2-(5-Fluoro-2-methoxy-4-(methylsulfonyl)phenyl)-N4-

methyl-5-(trifluoromethyl)pyrimidine-2,4-diamine (21). To 5-
fluoro-2-methoxy-4-(methylsulfonyl)aniline (70, 115.5 mg, 0.53
mmol) and 2-chloro-N-methyl-5-(trifluoromethyl)pyrimidin-4-amine
(60, 117 mg, 0.55 mmol) dissolved in 2-methoxyethanol (5.0 mL, 63
mmol) was added TFA (0.04 mL, 0.53 mmol), and the reaction
mixture was heated to 100 °C for 60 h. The mixture was diluted with
water and saturated sodium bicarbonate solution, extracted with
EtOAc (10 mL), and concentrated under reduced pressure. The
residue was purified by flash chromatography, 0−50% EtOAc/heptane,
followed by preparative HPLC to afford the title compound (38.9 mg,
19% yield). 1H NMR (400 MHz, DMSO-d6) δ 8.58 (d, J = 13.1 Hz,
1H), 8.3 (s, 1H), 8.30 (s, 1H), 7.50−7.40 (m, 1H), 7.30 (d, J = 6.4 Hz,
1H), 3.96 (s, 3H), 3.29 (s, 3H), 2.96 (d, J = 4.2 Hz, 3H). LCMS, m/z
= 395 [M + H]+.
(5-((4-(Ethylamino)-5-(trifluoromethyl)pyrimidin-2-yl)-

amino)-4-methoxypyridin-2-yl)(morpholino)methanone (22).
To a vial were added 2-chloro-N-ethyl-5-(trifluoromethyl)pyrimidin-
4-amine (28, 41.8 mg, 0.185 mmol), (5-amino-4-methoxypyridin-2-
yl)(morpholino)methanone (72, 41.9 mg, 0.177 mmol), BrettPhos
(9.7 mg, 0.018 mmol), BrettPhos palladium(II) phenethylamine
chloride (14.1 mg, 0.018 mmol), and NaO-t-Bu (21.0 mg, 0.212
mmol). The vial was purged with N2, and t-BuOH (2.0 mL) was
added. N2 was bubbled through the reaction mixture for 3 min. Then
the vial was capped and heated to 100 °C in an oil bath for 12 h. The
reaction mixture was cooled to room temperature, diluted with

CH2Cl2, and filtered through Celite, eluting with CH2Cl2, and the
filtrate was concentrated. The residue was adsorbed onto silica and
purified by flash chromatography, 0−10% MeOH/CH2Cl2. The
product-containing fractions were combined, concentrated and the
residue was further purified by preparative HPLC to give the title
compound (26.5 mg, 35% yield) as a white solid. 1H NMR (400 MHz,
DMSO-d6) δ 8.99 (s, 1H), 8.37 (s, 1H), 8.17 (s, 1H), 7.31 (s, 1H),
7.15 (t, J = 5.5 Hz, 1H), 3.93 (s, 3H), 3.70−3.49 (m, 8H), 3.45−3.35
(m, 2H), 1.10 (t, J = 7.1 Hz, 3H). LCMS, m/z = 427 [M + H]+.

N2-(4-Methoxy-6-(tetrahydro-2H-pyran-4-yl)pyridin-3-yl)-
N4-methyl-5-(trifluoromethyl)pyrimidine-2,4-diamine (23). To
a round-bottom flask was added 2-(3,6-dihydro-2H-pyran-4-yl)-4-
methoxy-5-nitropyridine (74, 197 mg, 0.8286 mmol). The flask was
purged with N2, and EtOH (10 mL) followed by Pd/C (20 wt %, 88
mg, 0.08 mmol) was added. H2 was bubbled through the solution for 5
min, and the reaction mixture was then stirred overnight at room
temperature under an atmosphere of H2. The reaction mixture was
filtered through Celite, eluting with CH2Cl2, and the filtrate was
concentrated to give crude 4-methoxy-6-(tetrahydro-2H-pyran-4-
yl)pyridin-3-amine (75, 170 mg) that was used without further
purification.

To a vial were added 2-chloro-N-methyl-5-(trifluoromethyl)-
pyrimidin-4-amine (60, 93 mg, 0.44 mmol), crude 4-methoxy-6-
(tetrahydro-2H-pyran-4-yl)pyridin-3-amine (75, 87 mg, 0.42 mmol),
BrettPhos (23 mg, 0.042 mmol), BrettPhos palladium(II) phenethyl-
amine chloride (33 mg, 0.042 mmol), and NaO-t-Bu (50 mg, 0.50
mmol). The vial was purged with N2, and t-BuOH (3.0 mL) was
added. N2 was bubbled through the reaction mixture for 3 min, and
the mixture was then heated to 110 °C in an oil bath for 3 h. The
reaction mixture was cooled to room temperature, diluted with
CH2Cl2, filtered through Celite, eluting with CH2Cl2, and the filtrate
was concentrated. The residue was adsorbed onto silica and purified by
flash chromatography, 0−100% EtOAc/heptane. The product-
containing fractions were combined, concentrated and the residue
was further purified by preparative HPLC to give the title compound
(83 mg, 52% yield, two steps) as a white solid. 1H NMR (400 MHz,
DMSO-d6) δ 8.77 (s, 1H), 8.26 (s, 1H), 8.10 (s, 1H), 7.11−7.04 (m,
1H), 6.98 (s, 1H), 3.99−3.92 (m, 3H), 3.89−3.86 (m, 4H), 3.48−3.39
(m, 3H), 2.93−2.84 (m, 5H), 1.82−1.73 (m, 5H). LCMS, m/z = 384
[M + H]+.

4-(4-(Ethylamino)-5-(trifluoromethyl)pyrimidin-2-ylamino)-
2-fluoro-N-(2-hydroxy-2-methylpropyl)-5-methoxybenzamide
(24). The title compound was prepared in a manner analogous to that
for 18 (95% yield, two steps). 1H NMR (400 MHz, CDCl3) δ 8.51 (d,
J = 15.6 Hz, 1H), 8.21 (s, 1H), 7.93 (s, 1H), 7.58 (d, J = 7.2 Hz, 1H),
7.26−7.15 (m, 1H), 5.23 (br s, 1H), 3.96 (s, 3H), 3.65−3.61 (m, 2H),
3.52−3.50 (m, 2H), 1.34 (t, J = 7.2 Hz, 3H), 1.21 (s, 6H). LCMS, m/z
= 446 [M + H]+.

5-(4-(Ethylamino)-5-(trifluoromethyl)pyrimidin-2-ylamino)-
2-(2-hydroxy-2-methylpropyl)-6-methoxyisoindolin-1-one
(25). The synthesis of 25 was carried out using the same procedure as
that for 13, method d (38 mg, 33%). 1H NMR (400 MHz, CDCl3) δ
8.69 (s, 1H), 8.21 (s, 1H), 7.95 (s, 1H), 7.33 (s, 1H), 5.18 (br s, 1H),
4.53 (s, 2H), 3.98 (s, 3H), 3.63−3.56 (m, 4H), 3.39 (s, 1H), 1.34−
1.32 (m, 3H), 1.30 (s, 6H). LCMS, m/z = 439 [M + H]+.

2-Chloro-N-ethyl-5-(trifluoromethyl)pyrimidin-4-amine (28).
Into a 3000 mL four-necked round-bottom flask purged and
maintained with an inert atmosphere of N2 was placed copper(I)
iodide (224 g, 1.17 mmol) and potassium fluoride (68 g, 1.17 mmol).
The mixture was heated to 150 °C under reduced pressure for 2 h.
After the mixture was cooled to room temperature, a solution of
trimethyl(trifluoromethyl)silane (167 g, 1.17 mmol) in DMF (500
mL) and NMP (500 mL) was added by syringe. The mixture was
stirred for 30 min, followed by the addition of a solution of 2-chloro-5-
iodo-4-methoxypyrimidine (26, 278 g, 980.6 mmol) in DMF (500
mL) and NMP (500 mL) by syringe. The resulting solution was stirred
at 35 °C for 48 h and quenched by the addition of 10 L of water. The
solids were filtered out. The filtrate was extracted with EtOAc (3 ×
5000 mL). The combined organic layers were washed with brine (3 ×
2000 mL), dried over Na2SO4, and concentrated. The residue was
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purified by flash chromatography, 0−5% EtOAc/petroleum ether, to
afford the title compound (153 g, 69% yield) as a white solid. 1H
NMR (300 MHz, CDCl3) δ 8.25 (s, 1H), 5.40 (s, 1H), 3.66−3.57 (m,
2H), 1.32−1.27 (t, J = 7.2 Hz, 3H). LCMS, m/z = 226 [M + H]+.
2-Chloro-N-cyclopropyl-5-(trifluoromethyl)pyrimidin-4-

amine (29). To 2,4-dichloro-5-(trifluoromethyl)pyrimidine (27, 1.25
g, 5.8 mmol) in MeOH (4 mL) at 0 °C was added cyclopropylamine
(0.69 mL, 10 mmol). The mixture was allowed to stir at room
temperature for 4 h, and then CH2Cl2 (20 mL) and water (20 mL)
were added. The mixture was passed through a hydrophobic frit, and
the solvent was removed. Purification of the residue by flash
chromatography, 0−100% CH2Cl2/isohexane, gave the title com-
pound (472 mg, 34% yield) as an off-white solid. 1H NMR (400 MHz,
CDCl3) δ 8.27 (d, J = 1.1 Hz, 1H), 5.56 (br s, 1H), 3.03−2.93 (m,
1H), 0.99−0.89 (m, 2H), 0.65−0.60 (m, 2H). LCMS, m/z = 238 [M +
H]+.
5-Chloro-2-methyl-4-nitrobenzonitrile (34). To 5-chloro-2-

methyl-4-nitroaniline (33, 5 g, 26.8 mmol) in a mixture of acetone
(17.5 mL) and water (19 mL) at 0 °C was added concentrated HCl
(5.6 mL). A solution of sodium nitrite (2.25 g, 32.6 mmol) in water
(7.5 mL) was added dropwise, and the mixture was allowed to stir at 0
°C for 30 min. The mixture was then added dropwise to a mixture of
copper cyanide (3.75 g, 42 mmol) and sodium cyanide (5.5 g, 112
mmol) in water (25 mL) and EtOAc (12.5 mL). The mixture was
allowed to stir at room temperature for 1 h, and then water (50 mL)
was added. The mixture was extracted with EtOAc (3 × 100 mL), and
the combined organic fractions were washed with 2 M NaOH(aq) (50
mL) and brine (50 mL). The organic fraction was passed through a
hydrophobic frit, and the solvent was removed in vacuo. The residue
was suspended in a 1:1 mixture of diethyl ether/isohexane. The solid
formed was removed by filtration and washed with isohexane and
dried. Further fractions were isolated from the filtrate and combined
with the initial solid fraction to give the title compound (3.22 g, 61%
yield) as an off-white solid. 1H NMR (400 MHz, CDCl3) δ 7.80 (s,
1H), 7.80 (s, 1H), 2.63 (s, 3H). LCMS, m/z = 197 [M + H]+.
5-Methoxy-2-methyl-4-nitrobenzonitrile (36). The title com-

pound was prepared in a manner analogous to that for 34 (90% yield).
1H NMR (400 MHz, CDCl3) δ 7.72 (s, 1H), 7.31 (s, 1H), 3.98 (s,
3H), 2.55 (s, 3H). LCMS, m/z = 192 [M + H]+.
5-Chloro-2-methyl-4-nitrobenzoic Acid (37). A mixture of 5-

chloro-2-methyl-4-nitrobenzonitrile (34, 1 g, 5 mmol) in AcOH (10
mL), water (10 mL), and concentrated H2SO4 (10 mL) was heated to
120 °C for 5 h. Water (100 mL) was added and the solid was removed
by filtration and dried to give the title compound (905 mg, 84% yield)
as an off-white solid. 1H NMR (400 MHz, CDCl3) δ 8.22 (s, 1H), 7.76
(s, 1H), 2.70 (s, 3H). LCMS, m/z = 214 [M + H]+.
5-Methoxy-2-methyl-4-nitrobenzoic Acid (38). The title

compound was prepared in a manner analogous to that for 37 (58%
yield). 1H NMR (400 MHz, CDCl3) δ 7.75 (s, 1H), 7.70 (s, 1H), 3.99
(s, 3H), 2.62 (s, 3H). LCMS, m/z = 210 [M + H]+.
4-Amino-5-fluoro-2-methoxybenzonitrile (40). To a stirred

solution of MeOH (26 mL) in THF (15 mL) under N2 was added t-
BuOK (1.5 g, 13.0 mmol) in small portions over 10 min. The resulting
solution was stirred at room temperature for 5 min, and then 4-amino-
2,5-difluorobenzonitrile (39, 1.0 g, 6.5 mmol) was added. The mixture
was then warmed to 70 °C and stirred for 3.5 h. The mixture was
cooled and diluted with EtOAc (25 mL), washed with water and brine,
dried over MgSO4, and concentrated to dryness under reduced
pressure. The residue was triturated with diethyl ether/isohexane to
afford the title compound (0.86 g, 80% yield). 1H NMR (400 MHz,
CDCl3) δ 7.15 (d, J = 10.4 Hz, 1H), 6.26 (d, J = 7.2 Hz, 1H), 4.25 (br
s, 2H), 3.84 (s, 3H). LCMS, m/z = 167 [M + H]+.
4-Amino-5-fluoro-2-methoxybenzoic Acid (41). A solution of

4-amino-5-fluoro-2-methoxybenzonitrile (40, 250 mg, 1.51 mmol) and
KOH in a mixture of EtOH (5 mL) and water (5 mL) was heated at
reflux for 30 h. The mixture was cooled and treated with 30% aqueous
H2O2 (0.25 mL). The mixture was stirred for 10 min and then heated
to reflux for 18 h. After return to room temperature, water (3 mL) was
added and 6 N HCl solution was added until pH 4 was obtained. The
mixture was filtered and the collected solid was washed with a small

amount of water and dried at 50 °C under vacuum to afford the title
compound (190 mg, 68% yield). 1H NMR (400 MHz, DMSO-d6) δ
11.8 (br s, 1H), 7.40 (d, J = 12.0 Hz, 1H), 6.44 (d, J = 8.0 Hz, 1H),
6.00 (br s, 2H), 3.75 (s, 3H). LCMS, m/z = 186 [M + H]+.

(4-Amino-5-chloro-2-methoxyphenyl)(morpholino)-
methanone (44). The title compound was prepared in a manner
analogous to that for 46 (carried forward as crude yellow paste).
LCMS, m/z = 271 [M + H]+.

(4-Amino-5-fluoro-2-methoxyphenyl)(morpholino)-
methanone (45). The title compound was prepared in a manner
analogous to that for 46 (72% yield). 1H NMR (400 MHz, CDCl3) δ
8.02 (s, 2H), 6.95 (d, J = 10.5 Hz, 1H), 6.30 (d, J = 7.1 Hz, 1H), 3.76
(s, 3H), 3.72−3.64 (m, 4H), 3.58 (t, J = 4.9 Hz, 2H), 3.40 (t, J = 4.9
Hz, 2H). LCMS, m/z = 255 [M + H]+.

(4-Amino-2-fluoro-5-methoxyphenyl)(morpholino)-
methanone (46). A mixture of 4-amino-2-fluoro-5-methoxybenzoic
acid (43, 4.2 g, 22.7 mmol), HATU (10.4 g, 27.2 mmol), and
morpholine (5 mL, 56.8 mmol) in CH2Cl2 was stirred in a cold water
bath, and DIPEA (10 mL, 56.8 mmol) was added. After 10 min the
mixture was allowed to warm to room temperature and stirred for 1 h.
The mixture was diluted with CH2Cl2 (100 mL) and washed with
saturated sodium bicarbonate solution (3 × 75 mL) and water (100
mL). The separated organic phase was passed through a hydrophobic
frit, and the solvent was concentrated. The crude product was
triturated with CH2Cl2/Et2O and the filtered solid dried under vacuum
to give the title compound (4.10 g, 71% yield) as an off-white solid. 1H
NMR (400 MHz, CDCl3) δ 6.80 (d, J = 6.0 Hz, 1H), 6.36 (d, J = 10.7
Hz, 1H), 4.12 (s, 2H), 3.84 (s, 3H), 3.83−3.61 (m, 6H), 3.42 (s, 2H).
LCMS, m/z = 255 [M + H]+.

(4-Amino-2-chloro-5-methoxyphenyl)(morpholino)-
methanone (50). The title compound was prepared in a manner
analogous to that for 46 (63% yield). 1H NMR (400 MHz, DMSO-d6)
δ 8.14 (s, 1H), 7.47 (s, 1H), 3.95 (s, 3H), 3.51−3.72 (m, 6H), 3.15−
3.19 (m, 2H). LCMS, m/z = 301 [M + H]+.

(5-Chloro-2-methyl-4-nitrophenyl)(morpholino)methanone
(51). The title compound was prepared in a manner analogous to that
for 46 (95% yield). 1H NMR (400 MHz, CDCl3) δ 7.76 (s, 1H), 7.36
(s, 1H), 3.83−3.76 (m, 4H), 3.66−3.58 (m, 2H), 3.28−3.20 (m, 2H),
2.37 (s, 3H). LCMS, m/z = 285 [M + H]+.

(5-Methoxy-2-methyl-4-nitrophenyl)(morpholino)-
methanone (52). The title compound was prepared in a manner
analogous to that for 46 (59% yield). 1H NMR (400 MHz, CDCl3) δ
7.72 (s, 1H), 6.90 (s, 1H), 3.94 (s, 3H), 3.85−3.76 (m, 4H), 3.61 (dd,
J = 5.7, 4.0 Hz, 2H), 3.23 (dd, J = 5.7, 4.0 Hz, 2H), 2.30 (s, 3H).
LCMS, m/z = 281 [M + H]+.

(2-Fluoro-3-methoxy-4-nitrophenyl)(morpholino)-
methanone (53). The title compound was prepared in a manner
analogous to that for 46 (carried forward as crude). LCMS, m/z = 285
[M + H]+.

(2,5-Dimethoxy-4-nitrophenyl)(morpholino)methanone
(54). The title compound was prepared in a manner analogous to that
for 46 (carried forward as crude). LCMS, m/z = 297 [M + H]+.

(4-Amino-2-chloro-5-methoxyphenyl)(morpholino)-
methanone (55). To a solution of (2-chloro-5-methoxy-4-
nitrophenyl)(morpholino)methanone (50, 825 mg, 2.74 mmol) in
EtOH (10 mL) were added iron dust (0.90 g, 16 mmol), NH4Cl (0.90
g, 17 mmol), and water (0.5 mL). The suspension was stirred at 90 °C
under a N2 atmosphere for 1 h. The reaction mixture was allowed to
cool to room temperature and filtered through a pad of Celite. The
filtrate was concentrated. The resulting solid residue was resuspended
in EtOAc, sonicated for 1 min, and filtered. The filtrate was
concentrated to give the crude title compound (743 mg), which was
used without further purification. LCMS, m/z = 271 [M + H]+.

(4-Amino-5-chloro-2-methylphenyl) (morphol ino)-
methanone (56). To (5-chloro-2-methyl-4-nitrophenyl)-
(morpholino)methanone (51, 244 mg, 0.86 mmol) in EtOH (6
mL) and water (0.6 mL) was added SnCl2·2H2O (776 mg, 3.44
mmol). The mixture was heated to 65 °C for 5 h, and then 2 M
aqueous sodium hydroxide solution (10 mL) and CH2Cl2 (10 mL)
were added. The organic phase was passed through a hydrophobic frit
and the solvent was removed in vacuo to give the title compound (203
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mg, 93% yield) as an off-white solid. 1H NMR (400 MHz, CDCl3) δ
7.07 (s, 1H), 6.60 (s, 1H), 4.10 (br s, 2H), 3.84−3.53 (br m, 6H),
3.36−3.24 (br m, 2H), 2.21 (s, 3H). LCMS, m/z = 255 [M + H]+.
(4-Amino-5-methoxy-2-methylphenyl)(morpholino)-

methanone (57). The title compound was prepared in a manner
analogous to that for 56 (92% yield). 1H NMR (400 MHz, CDCl3) δ
6.60 (s, 1H), 6.52 (s, 1H), 3.87−3.52 (br m, 6H), 3.84 (br s, 2H), 3.82
(s, 3H), 3.36−3.23 (br m, 2H), 2.17 (s, 3H). LCMS, m/z = 251 [M +
H]+.
(4-Amino-2-fluoro-3-methoxyphenyl)(morpholino)-

methanone (58). To a mixture of (2-fluoro-3-methoxy-4-
nitrophenyl)(morpholino)methanone (53, 1.2 g, 4.2 mmol) in
MeOH (50 mL) was added Pd/C (10 wt %, 100 mg). The reaction
mixture was stirred under H2 (1 atm) at room temperature for 1 h.
The insoluble material was filtered off and the filtrate was concentrated
under reduced pressure to afford the crude title compound as a white
solid, which was used without further purification. LCMS, m/z = 255
[M + H]+.
(4-Amino-2,5-dimethoxyphenyl)(morpholino)methanone

(59). The title compound was prepared in a manner analogous to that
for 58 (carried forward as crude). LCMS, m/z = 267 [M + H]+.
3-Chloro-4-(4-(methylamino)-5-(trifluoromethyl)pyrimidin-

2-ylamino)benzonitrile (65). A mixture of 2-chloro-N-methyl-5-
(trifluoromethyl)pyrimidin-4-amine (60, 211 mg, 1 mmol), 4-amino-
3-chlorobenzonitrile (64, 305 mg, 2 mmol), cesium carbonate (0.65 g,
2 mmol), Xantphos (17 mg, 0.03 mmol), and Pd2(dba)3 (5 mg, 0.02
mmol) in dioxane (3 mL) was sonicated in an ultrasonic bath for 1
min. The mixture was then degassed under a stream of N2 for 5 min.
The tube was sealed, and the mixture was heated at 100 °C for 18 h.
The reaction mixture was cooled and diluted with EtOAc (15 mL).
The organic layer was washed with water (2 × 20 mL), and the
combined aqueous extracts were further washed with EtOAc (2 × 15
mL). The combined organics were passed through a phase separation
cartridge, and the solvent was removed under reduced pressure.
Purification of the residue by flash chromatography, 0−100% EtOAc/
isohexane, gave the title compound as a white solid (140 mg, 45%
yield). 1H NMR (400 MHz, CDCl3) δ 8.85 (d, J = 8.8 Hz, 1H); 8.23
(d, J = 1.1 Hz, 1H), 7.80 (s, 1H), 7.68 (d, J = 1.9 Hz, 1H), 7.58−7.53
(m, 1H); 5.32 (br s, 1H), 3.11 (d, J = 4.7 Hz, 3H). LCMS, m/z = 328
[M + H]+.
N2-(2-Chloro-4-(2H-tetrazol-5-yl)phenyl)-N4-methyl-5-

(trifluoromethyl)pyrimidine-2,4-diamine (66). To a solution of 3-
chloro-4-(4-(methylamino)-5-(trifluoromethyl)pyrimidin-2-ylamino)-
benzonitrile (65, 135 mg, 6.41 mmol) in DMF (2 mL) were added
NaN3 (80 mg, 1.24 mmol) and NH4Cl (66 mg, 1.24 mmol). The
mixture was heated at 125 °C for 18 h. The mixture was cooled,
filtered and the solid washed with EtOAc. The filtrate was
concentrated under reduced pressure, and the crude residue was
diluted with water (5 mL) and Et2O (5 mL). A precipitate formed
which was filtered and washed with further portions of water and Et2O.
The solid was coevaporated with CH2Cl2 and MeOH and then dried
in a vacuum oven to yield the title compound (130 mg, 85% yield). 1H
NMR (400 MHz, DMSO-d6) δ 8.94 (s, 1H), 8.26−8.19 (m, 2H), 8.14
(d, J = 2.0 Hz, 1H), 8.03−7.96 (m, 1H), 7.30−7.22 (m, 1H), 2.89 (t, J
= 4.4 Hz, 3H). LCMS, m/z = 371 [M + H]+.
(2-Fluoro-5-methoxy-4-nitrophenyl)(methyl)sulfane (68). To

1,2-difluoro-4-methoxy-5-nitrobenzene (67, 0.72 g, 3.8 mmol) in
EtOH (100 mL) was added sodium thiomethoxide (0.30 g, 4.1 mmol)
in water (0.96 mL, 53 mmol), and the reaction mixture was heated to
reflux for 3 h. The solvent was removed under reduced pressure and
the residue was purified by flash chromatography, 0−40% EtOAc/
heptane, to afford the title compound (0.75 g, 91% yield). 1H NMR
(400 MHz, CDCl3) δ 7.68 (d, J = 9.3 Hz, 1H), 6.83 (d, J = 6.1 Hz,
1H), 3.98 (s, 3H), 2.55 (s, 3H). LCMS, m/z = not detected.
1-Fluoro-4-methoxy-2-(methylsulfonyl)-5-nitrobenzene

(69). (2-Fluoro-5-methoxy-4-nitrophenyl)(methyl)sulfane (68, 0.75 g,
3.5 mmol) was dissolved in CH2Cl2 (30 mL), and m-CPBA (77%
pure) (1.0 g, 4.5 mmol) was added portionwise. The mixture was
stirred for 16 h at room temperature. Additional m-CPBA (77% pure)
(1.5 g, 6.92 mmol) was added and the mixture stirred for another 24 h

at room temperature. The solvent was removed under reduced
pressure and the residue was purified by flash chromatography, 0−50%
EtOAc/heptane, to afford the title compound (0.41 g, 48% yield). 1H
NMR (400 MHz, CDCl3) δ 7.72 (d, J = 8.3 Hz, 1H), 7.68 (d, J = 5.2
Hz, 1H), 4.03 (s, 3H), 3.28 (s, 3H). LCMS, m/z = not detected.

5-Fluoro-2-methoxy-4-(methylsulfonyl)aniline (70). To 1-
fluoro-4-methoxy-2-(methylsulfonyl)-5-nitrobenzene (69, 0.41 g, 1.6
mmol) in EtOH (80 mL) was added Pd/C (10 wt %, 18 mg, 0.16
mmol), and the reaction mixture was stirred under H2 (1 atm) for 12
h. The reaction mixture was filtered through Celite, and the solvents
were removed under reduced pressure. The residue was purified by
flash chromatography, 0−70% EtOAc/heptane, to afford the title
compound (0.36 g, 99% yield). 1H NMR (400 MHz, CDCl3) δ 7.19
(d, J = 6.2 Hz, 1H), 7.46 (d, J = 11.0 Hz, 1H), 4.44 (s, 3H), 3.88 (s,
3H), 3.16 (s, 3H). LCMS, m/z = 220 [M + H]+.

(5-Amino-4-methoxypyridin-2-yl)(morpholino)methanone
(72). To a microwave vial were added 6-chloro-4-methoxypyridin-3-
amine (71, 100 mg, 0.63 mmol), molybdenum hexacarbonyl (183 mg,
0.69 mmol), Pd(PPh3)4 (36.5 mg, 0.03 mmol), and 4-DMAP (46.7
mg, 0.38 mmol). 1,4-Dioxane (10 mL) was then added followed by
DIPEA (0.22 mL, 1.26 mmol) and morpholine (0.66 mL, 7.57 mmol).
N2 was then bubbled through reaction mixture for 3 min. Then the vial
was capped and heated to 150 °C in a microwave for 40 min. The
reaction mixture was then filtered through Celite, eluting with CH2Cl2,
and the filtrate was concentrated. The crude residue was adsorbed
onto silica and purified by flash chromatography, 0−10% MeOH/
CH2Cl2, to give the title compound (75 mg, 50% yield) as a beige
foam. 1H NMR (300 MHz, CDCl3) δ 8.25 (s, 1H), 5.40 (s, 1H),
3.66−3.57 (m, 2H), 1.32−1.27 (t, J = 7.2 Hz, 3H). LCMS, m/z = 238
[M + H]+.

2-(3,6-Dihydro-2H-pyran-4-yl)-4-methoxy-5-nitropyridine
(74). To a microwave vial were added 2-chloro-4-methoxy-5-
nitropyridine (73, 200 mg, 1.06 mmol), 2-(3,6-dihydro-2H-pyran-4-
yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (312 mg, 1.48 mmol),
Na 2CO3 (158 mg 1 . 48 mmo l ) , b i s (d i - t e r t - bu t y l ( 4 -
dimethylaminophenyl)phosphine)dichloropalladium(II) (75 mg, 0.11
mmol), and KOAc (147 mg, 1.48 mmol). CH3CN (10 mL) and
degassed water (2 mL) were added, and N2 was bubbled through the
solution for 3 min. The vial was capped and submitted to microwave
heating at 140 °C for 40 min. The reaction mixture was diluted with
CH2Cl2, filtered through Celite, eluting with CH2Cl2, and the filtrate
was concentrated. The crude residue was adsorbed onto silica and
purified by flash chromatography, 0−100% EtOAc/heptane, to give
the title compound (197 mg, 79% yield). 1H NMR (300 MHz,
CDCl3) δ 8.25 (s, 1H), 5.40 (s, 1H), 3.66−3.57 (m, 2H), 1.32−1.27
(t, J = 7.2 Hz, 3H). LCMS, m/z = 237 [M + H]+.

Methyl 5-Methoxy-2-methyl-4-nitrobenzoate (76). To 5-
methoxy-2-methyl-4-nitrobenzoic acid (38, 1.27 g, 6 mmol) in
MeOH (15 mL) was added SOCl2 (0.44 mL, 6 mmol) dropwise.
The mixture was heated to reflux for 3 h and then allowed to cool. The
solvent was removed, and the residue was partitioned between CH2Cl2
(20 mL) and saturated sodium bicarbonate solution (20 mL). The
organic phase was passed through a hydrophobic frit, and the solvent
was removed. Purification of the residue by flash chromatography, 0−
100% EtOAc/isohexane, gave the title compound (1.11 g, 82% yield)
as an off-white solid. 1H NMR (400 MHz, CDCl3) δ 7.68 (s, 1H), 7.60
(s, 1H), 3.98 (s, 3H), 3.95 (s, 3H), 2.55 (s, 3H). LCMS, m/z = 226
[M + H]+.

Methyl 2-(Bromomethyl)-5-methoxy-4-nitrobenzoate (77).
A mixture of methyl 5-methoxy-2-methyl-4-nitrobenzoate (76, 1.11 g,
5 mmol) and NBS (1.07 g, 6 mmol) in MeCN (20 mL) was degassed,
and then AIBN (18 mg, 0.11 mmol) was added. The mixture was
heated to 70 °C for 18 h. CH2Cl2 (50 mL) and water (50 mL) were
added, and the organic phase was passed through a hydrophobic frit.
The solvent was removed, and purification of the residue by flash
chromatography, 0−100% EtOAc/isohexane, gave the title compound
(477 mg, 31% yield) as an off-white solid. 1H NMR (400 MHz,
CDCl3) δ 7.92 (s, 1H), 7.66 (s, 1H), 4.88 (s, 2H), 4.02 (s, 3H), 4.00
(s, 3H). LCMS, m/z = 304 [M + H]+.
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2-(2-Hydroxy-2-methylpropyl)-6-methoxy-5-nitroisoindolin-
1-one (78). To methyl 2-(bromomethyl)-5-methoxy-4-nitrobenzoate
(77, 220 mg, 0.72 mmol) in MeOH (6 mL) were added Et3N (0.12
mL, 0.86 mmol) and 1-amino-2-methylpropan-2-ol (77 mg, 0.86
mmol). The mixture was heated to 70 °C for 5 h, and then EtOAc (30
mL) and 1 M HCl(aq) (30 mL) were added. The layers were separated,
and the aqueous layer was extracted with EtOAc (2 × 30 mL). The
combined organic fractions were passed through a hydrophobic frit,
and the solvent was removed. The residue was used directly in the next
reaction without any purification. LCMS, m/z = 281 [M + H]+.
5-Amino-2-(2-hydroxy-2-methylpropyl)-6-methoxyisoindo-

lin-1-one (79). To crude 2-(2-hydroxy-2-methylpropyl)-6-methoxy-5-
nitroisoindolin-1-one (78, 0.72 mmol) in a mixture of EtOH (15 mL)
and water (1.5 mL) were added iron powder (134 mg, 2.4 mmol) and
NH4Cl (160 mg, 3 mmol). The resulting mixture was heated at 80 °C
for 18 h, then cooled to room temperature, filtered through a pad of
Celite, and rinsed through with MeOH. The filtrate was evaporated,
and the residue was dissolved in CH2Cl2 (100 mL) and washed with
water (3 × 50 mL). The organic phase was dried over MgSO4, filtered,
and concentrated under reduced pressure to give the title compound
(138 mg, 77% yield, two steps). 1H NMR (400 MHz, CDCl3) δ 7.21
(s, 1H), 6.68 (s, 1H), 4.40 (br s, 2H), 4.21 (s, 2H), 3.90 (s, 3H), 3.74
(s, 1H), 3.55 (s, 2H), 1.27 (s, 6H). LCMS, m/z = 251 [M + H]+.
Molecular Modeling. Homology models of LRRK2 were

constructed using the modeling program MOE, version 2009.10
(Chemical Computing Group, Montreal),62 and AMBER9963 force
field. The human LRRK2 sequence was retrieved from Swiss-Prot64

and aligned to template structure sequences using ClustalW65 followed
by manual fine-tuning of residues adjacent to loop regions, insertions,
and deletions. The models were further refined with bound ligand
using the Macromodel utility implemented in Maestro and OPLS2005
force field (Schrödinger, Inc., New York, NY).66 Inhibitor docking
studies were carried out using docking program Glide SP with one
hydrogen bond constrained to the carbonyl oxygen of hinge residue
Ala1950. The docking poses were evaluated based on a combination of
criteria including the Glide docking score (cutoff of −6), favorable
intermolecular interactions with the hinge and other parts of the ATP-
binding pocket, and low strain energy of the bound ligand (Estrain < 2
kcal/mol).
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