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Leucine-rich repeat kinase 2 (LRRK2) has been implicated in the pathogenesis of Parkinson’s disease (PD).
Inhibition of LRRK2 kinase activity is a therapeutic approach that may lead to new treatments for PD.
Herein we report the discovery of a series of [1,2,4]triazolo[4,3-b]pyridazines that are potent against both
wild-type and mutant LRRK2 kinase activity in biochemical assays and show an unprecedented selectiv-
ity towards the G2019S mutant. A structural rational for the observed selectivity is proposed.

� 2013 Elsevier Ltd. All rights reserved.
Mutations in most genes associated with Parkinson’s disease
(PD) have been correlated with early onset or pathologically atyp-
ical forms of the disease. A recently identified PD-associated PARK
gene that encodes for leucine-rich repeat kinase 2 (LRRK2) has
been related to late onset PD1 and has been indicated as the single
most prevalent cause of monogenic PD.2 Because the clinical phe-
notype deriving from LRRK2 mutations is very similar to idiopathic
PD, LRRK2 has emerged as one of the most relevant targets for
pharmacological intervention in PD pathogenesis.3 Mutations in
LRRK2 are dominantly inherited and several have been shown to
enhance kinase activity.4 The most prevalent, causative LRRK2
mutation, G2019S, located in the kinase activation loop, leads to
a two- to threefold in vitro increase in kinase activity.5 Acute
over-expression of G2019S LRRK2 can be toxic in SH-SY5Y neuro-
blastoma cells of primary cortical neurons.6 Other experiments
have shown that over-expression of mutant LRRK2 negatively im-
pacts neurite outgrowth.7 Although a few research groups have re-
ported on new LRRK2 small molecule inhibitors,8 to the best of our
knowledge no prior work has been published on the selective inhi-
bition of G2019S LRRK2. These observations have enticed us to
pursue the development of novel mutant G2019S LRRK2 kinase
inhibitors as potential new therapeutic agents for the treatment
of PD.

At the onset of our efforts in this project, we screened an
in-house kinase inhibitor focused library of compounds as an expe-
dient way to find LRRK2 inhibitor classes. The screen used an
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Figure 1. Initial leads.

Figure 3. Homology model showing the proposed binding mode of 1 in the ATP
pocket of the LRRK2 kinase domain.
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homogeneous time-resolved fluorescence (HTRF) assay measuring
the inhibition of phosphorylation of LRRKtide.9 A series of 3-aryl-6-
arylthio-[1,2,4]triazolo[4,3-b]pyridazines emerged from the high
throughput (HTS) screen as leads. Compound 1 was attractive
due to its low molecular weight (<400) and encouraging in vitro
potency with an interesting mutant (G2019S) versus wild type
(wt) selectivity (Fig. 1). A test on a re-synthesized batch of 1 in a
time-resolved fluorescence resonance energy transfer (TR-FRET)
assay confirmed a biochemical potency of 0.242 lM in wt LRRK2
and 0.050 lM in G2019S LRRK2, with an inhibition ratio of 4.8 in
favor of the mutant kinase. Most remarkably, compound 1
emerged as a selective kinase inhibitor for LRRK2. This compound
was tested against a panel of 40 selected kinases in a single-point
inhibition assay at 1 lM and found to cleanly inhibit LRRK2 with
no other kinase in the test panel showing inhibition over 18%.10

These preliminary promising results spurred our efforts into build-
ing an SAR with the goal of further optimizing the activity profile of
this scaffold while improving the low solubility11 and the poor per-
meability (21 nm/s) for 1, which was on the same order of magni-
tude as poor permeability control atenolol (6 ± 3 nm/s).

HTS lead 2 showed comparable activity also in preference for
G2019S LRRK2 along with higher solubility. A negligible P-gp lia-
bility (efflux ratio of 0.8) was observed for 2, which was also very
permeable (280 nm/s) and comparable to the high permeability
control propranolol (170 ± 50 nm/s). These properties represented
a significant improvement over 1. The replacement of the phenyl
ring at C-3 on compound 1 with a bioisosteric 2-thienyl group en-
hanced potency which is clearly seen when compound 3 is com-
pared with 1 (Fig. 2). This was found to be a general trend in a
Figure 2. Variations on
series of 3-thienyl analogs (vide infra). We opted to maintain this
moiety while investigating the effect of N-atom deletions in the
fused heterocyclic core (Fig. 2). Of all variations tested, only imi-
dazo[1,2-b] pyridazine 4 maintained comparable activity to the
triazolo[4,3-b]pyridazine analog 3. The most potent compound
prepared during the early stages of HTS lead expansion was the
corresponding 6-alkylthio derivative 8, with a 7.6:1 G2019S/wt
selectivity, a result that could be attributed to a potentially stron-
ger interaction with the hinge binding region through the N-1
atom within the imidazole moiety. However, compound 8 suffered
from a surprising loss of selectivity as measured in a representative
kinase panel; therefore this core modification was not pursued any
further.

Our homology model of LRRK2 binding was developed on the
basis of MLK1 (pdb ID: 3DTC).12 At the time, the 3DTC structure
had the closest homology to LRRK2 as judged by the BLAST score
(1e-25, with 31% identities). However, the 3DTC contained several
ligand induced conformational changes that were undesirable.
These included a collapsed P-loop and a partially disordered DFG
sequence. The P-loop was remodeled using homologous structures
of kinases with ATP analogues. The DYG sequence was built to
resemble PKC-i (pdb ID: 3A8X), one of the few pdb kinase struc-
tures that contain a DYG sequence.13 We propose that compound
the scaffold core.



Table 1
Variations on the C-3 heterocyclic substituent

N
N

N
N

Ar
S CF33

Compd Ar LRRK2 wt IC50 (lM) LRRK2 G2019S IC50 (lM) wt/G2019S

9 1H-Pyrazol-5-yl 0.053 0.013 4.1
10 Thiazol-5-yl 0.074 0.018 4.1
11 Thiazol-2-yl 0.088 0.025 3.5
12 Thiazol-4-yl 0.140 0.035 4.0
13 3-Bromothiophen-2-yl 0.613 0.134 4.6
14 Pyridin-2-yl 0.164 0.045 3.6
15 Pyridin-3-yl 0.211 0.064 3.3
16 Pyridin-4-yl 0.859 0.253 3.4
17 2-Chlorophenyl 3.305 1.023 3.2
18 3-Chlorophenyl 0.265 0.051 5.2
19 3-(Piperazin-1-yl)phenyl 0.314 0.055 5.7
20 4-Fluorophenyl 0.674 0.179 3.8

Table 2
Aliphatic variations on C-3

N
N

N
N

R
S CF3

Compd R LRRK2 wt IC50 (lM) LRRK2 G2019S IC50 (lM) wt/G2019S

21 Cyclopropyl 0.994 0.309 3.2
22 Cyclopentyl 1.549 0.511 3.0
23 Tetrahydro-2H-pyran-4-yl 5.329 2.020 2.6
24 Piperidin-4-yl >20 22.128 —
25 Thiophen-2-ylmethyl >20 19.542 —

Table 3
Variations on the C-6 arylthio substituent

N
N

N
N

S N
N

N
N

S
Ar

S

NA B

Ar

Compd Series Ar LRRK2 wt IC50 (lM) LRRK2 G2019S IC50 (lM) wt/G2019S

26 A 4-(Trifluoromethyl)phenyl 5.897 2.026 3.0
27 A 2-(Trifluoromethyl)phenyl 3.168 2.470 1.3
28 B 3-Bromophenyl 0.032 0.006 5.3
29 B 3-Chlorophenyl 0.031 0.008 3.9
30 B 3-Fluorophenyl 0.169 0.077 2.2
31 B 3-Methoxyphenyl 0.138 0.026 5.3
32 B 3-tert-Butylphenyl 0.075 0.030 2.5
33 B 3-(Trifluoromethoxy)phenyl 0.281 0.067 4.2
34 B pyrimidin-2-yl 0.117 0.101 1.2
35 B 4-(Trifluoromethyl)pyrimidin-2-yl 0.183 0.033 5.5
36 B Phenyl 0.159 0.141 1.1

M. Franzini et al. / Bioorg. Med. Chem. Lett. 23 (2013) 1967–1973 1969
1 binds to the kinase domain of LRRK2 as shown in Figure 3, where
the most relevant interaction is a H-bond in which the triazolo ring
accepts a H-bond from hinge residue A1950.

A variety of compounds with different aryl, heteroaryl, and alkyl
groups on C-3 were prepared and tested, while maintaining the
3-(trifluoromethyl)phenylthio substituent on C-6, as shown in
Tables 1 and 2.14 We observed that five-membered heterocycles
with a variety of substitution patterns (e.g., 9 through 12) were gen-
erally more potent than six-membered rings (e.g., 14 through 20). In
all cases selectivity in favor of the inhibition of mutant LRRK2 is pre-
served. Of comparable potency to this subclass of compounds, the 2-
pyridyl derivative 14 suggests a potential role played by the dihedral



S

N
N

S

N
N

46
LRRK2wt IC50= >4 µM
LRRK2GS IC50= 2.068 µM
Av. solubility 3 µM

CF3 S

N
N

S

N
N

47
LRRK2wt IC50= >100 µM
LRRK2GS IC50= >4 µM
Av. solubility 2 µM

CF3

S

N
N

S

N
N CF3

CO2Et

49
LRRK2wt IC50= >100 µM
LRRK2GS IC50= >100 µM
Av. solubility 13 µM

S

N
N

N
N CO2Et

48
LRRK2wt IC50= >100 µM
LRRK2GS IC50= >100 µM
Av. solubility 31 µM

Figure 4. C-7 and C-8 substituted analogs.
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angle between the C-3 heteroaryl group and the [1,2,4]triazolo[4,3-
b]pyridazine core. Indeed, although G2019S IC50 values for parent
compound 1 and meta-substituted derivatives 18 and 19 are very
close to the corresponding values for 14 (within standard deviation),
ortho-substitution on the phenyl ring, such as that seen in 17, in-
duced a 10- to 20-fold decrease in potency. Similarly, 3-bromo-2-
thienyl derivative 13 showed a six- to eightfold decrease in potency
as compared to 3. Conversely, minor substitutions at the para posi-
tion on the phenyl ring, such as the fluorine in 20, come with a three-
fold decrease in potency, suggesting a tight space within the enzyme
pocket surrounding the phenyl ring on C-3. The presence of a hydro-
gen bond acceptor at the para position was not favorable either, as
shown by a further decrease in potency with compound 16 (to be
compared with 14 and 15).

Small cycloalkyl groups at C3, such as the cyclopropane ring in
21 or the cyclopentane in 22, are detrimental to potency (Table 2).
Modest expansion to a THP ring, as in 23, further reduces potency
by a factor of 3 to 4. The presence of a H-bond donor, as in piper-
idine analog 24, completely erased kinase inhibition; the same ef-
fect was observed upon introduction of a one-carbon linker
between the core and the thienyl ring (25).

Concerning the substitution pattern on the thioaryl group linked
to C-6, the meta position of the trifluoromethyl substituent seemed
highly preferred (compare 26 and 27 with 1, Table 3). Most rewar-
dingly, the combination of a C-3 thiazole and a C-2 3-halo-
phenylthioether afforded compounds in this series ( 28, 29) with
single digit nanomolar potency against mutant LRRK2 while main-
taining selectivity vs. wild type LRRK2. This gain in potency was
not preserved in the meta-fluoro analog 30, an indication that steric
bulk and polarizability of the substituent in this position might be
relevant factors to maintaining potency. Electron-donating and
withdrawing groups, as in 31 and 33, respectively, or bulkier groups,
as in 32, seemed well tolerated. Introduction of heteroatoms in the
arylthio ring, to give for instance pyrimidine derivative 35, only
marginally affected potency. Exclusion of ring substituents, as in
34 or 36, reduced potency especially against the mutant, thus eras-
ing the selectivity gained in most other cases, an intriguing finding
in our SAR.

As with HTS hit 2, and in contrast to the observed trend with sub-
stitution on the left-hand side of the molecule, the aryl group linked
to C-6 via the sulfide can be replaced by a polar aliphatic chain, fea-
turing an ester or a primary amide (Table 4). In this series, primary
amide 37 was of comparable potency to aryl analog 3 although the
mutant vs. wild type IC50 ratio suffered significant erosion. This
observation supported the assumption that hydrophobic, aromatic
functionality in a specific orientation was necessary for optimal
inhibition of the G2019S mutant kinase. When tested in a 40-kinase
panel at 1 lM, 37 (solubility = 12 lM) showed the same excellent
selectivity for LRRK2 as seen for 1. Methyl ester 38 was found to
be about fivefold less potent than the corresponding amide, 37.
The configuration of the stereocenter in 38 does not seem to be rel-
evant, in that enantiomers 39 and 40 were virtually equipotent. Sim-
ple homologation of the alkyl substituent, as in 41, also did not
change the IC50 significantly. However, further branching into an
isopropyl group (as in 42) depressed potency. Incorporation of a
quaternary a-carbon (43) strongly reduced activity, and virtually
erased any wt vs. mutant selectivity. Isosteres of the carboxylate
functionality, such as oxadiazole 44 and pyrazole 45, proved only
marginally beneficial. The average kinetic solubility of C-6 alkylthio
analogs was significantly improved for some ester derivatives
(99 lM for 39, as a representative example) and for heterocyclic
isosteres (88 lM for 44), but remained low for primary amides
(12 lM for 37).

With the intent to probe the available space surrounding C-7 and
C-8, 7- and 8- methyl substituted derivatives of 3 (46 and 47, respec-
tively) were prepared and found to be virtually inactive, so were
analogs 48 and 49 (Fig. 4), an indication of the possible tight packing
in the binding pocket around this region. Further evidence for a con-
strained binding pocket came from the observed inactivity of a ser-
ies of analogs in which the thioether was replaced. Modeling
suggests that the dihedral angle around the thioether should be
close to 90�. Analogs incorporating O, as in 50, N, as in 51, or C, as
in 52 and 53, should have a wider dihedral angle and all were sub-
stantially less active (Table 5).

Oxidative metabolism soon emerged as a major liability with the
large majority of all the compounds in the sulfide series. Incubation
of 1 in NADPH-supplemented rat liver microsomes at 37 �C for
30 min completely consumed the parent molecule resulting in the
putative sulfoxide 54 and sulfone 55 metabolites. However, this oxi-
dation pathway was less extensive in human liver microsomes. The
latter compounds were independently synthesized, tested, and
found to be very weak inhibitors (Fig. 5). They were also significantly
more resistant to degradation in the microsomal stability assays.
The replacement of the arylthio moiety with carbon-based and
small heterocyclic bioisosteric groups is the focus of current syn-
thetic efforts.

In regard to a cellular assay, inhibition of LRRK2 kinase is known
to decrease autophosphorylation at S935. This measurement can be
utilized to assess LRRK2 kinase activity in cells.15 Our cellular assay
employed HEK293 cells stably transfected with LRRK2 (G2019S).
Several compounds exhibited better than 1 lM potency and we ob-
served some correlation with in vitro biochemical results, although
with a 100-fold discrepancy possibly due to poor permeability (Ta-
ble 6).

Synthesis

Based on several experimental findings that emerged during
our synthetic efforts, intermediate 59 behaves more like an acyl
chloride than as an aryl halide due to the high electron deficiency
of the fused heterocycle. Displacement by good nucleophiles, such
thiophenates and thiolates, typically occur under mild conditions
in the presence of inorganic weak bases (rt–80 �C) to give the tar-
get sulfides in generally good yield.

As a representative example, synthesis of compound 21 from
pyridazine 56 is shown in Scheme 1. The preparation of C-3 (het-
ero)aryl derivatives (such as 3) can take advantage of an expedi-
tious one-pot cyclocondensation of 3,6-dichloropyridazine 61



Table 4
Variations on the C-6 alkylthio substituent

N
N

N
N

Ar
S

R
63

Compd Ar R LRRK2 wt IC50 (lM) LRRK2 G2019S IC50 (lM) wt/G2019S

37 S
NH2

O
0.098 0.048 2.0

38 S
OMe

O
0.535 0.200 2.7

39 S
OMe

O
0.458 0.215 2.1

40 S
OMe

O
0.463 0.187 2.5

41 S OMe

O

0.338 0.167 2.0

42 S NH2

O

1.294 0.581 2.2

43 S
NH2

O
2.420 3.117 0.8

44 S
N N

O
0.384 0.162 2.4

45

Cl
HN N

1.662 0.798 2.1

Table 6
Selected cell activity values

Compd LRRK2 G2019S IC50 (lM) G2019S S935 cell IC50 (lM)

3 0.023 1.656
9 0.013 1.016
10 0.018 0.780
11 0.025 1.727
12 0.035 2.112
28 0.006 0.683
29 0.008 1.397
32 0.030 1.393
37 0.048 3.032
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with a hydrazide (62), to give the corresponding C-6 chloride (63)
in good yield. Disappointingly, transition-metal catalyzed cross
coupling of chlorides such as 63 with boronic acids and their deriv-
atives (Suzuki conditions) generally proved challenging and low-
yielding at best, mostly due to competitive hydrolysis of the C-6
chloride.
Installment of substituents at C-7 (as in 48) required the regio-
selective functionalization of a 3-phenyl-6-chloro-[1,2,4]triazol-
o[4,3-b]pyridazine 61 via Knochel’s zincation with TMPZnCl�LiCl,
Scheme 2.16 Substituents at C-8 (as in 47 and 49) had to be
introduced at the onset of the synthetic route, on the 3,6-dichloro-
pyridazine starting material.

On a number of cases, significant amounts of bis-thiolated side-
products were isolated whereby position C-8 was found decorated
with the thiol utilized for the substitution on the C-6 position. Such
unusual reactivity on C-8 can be rationalized by partial charges
computation on the [1,2,4]triazolo[4,3-b]pyridazine core, and is
described in the literature to occur via a vicarious nucleophilic
substitution.17

In summary, we have designed and synthesized a series of
[1,2,4]triazolo[4,3-b]pyridazines that are potent and selective
LRRK2 inhibitors. A homology model of LRRK2 binding was pro-
posed and an inhibitor binding mode postulated based on this
model. An SAR campaign was developed giving rise to a series of
compounds with unprecedented selectivity for the inhibition of
LRRK2 (G2019S) over wild type LRRK2. In particular, analogs 28
and 29 gave single digit nM inhibition in the biochemical assay,



Table 5
Variations on the C-6 linker

N
N

N
N

Y

Compd Y LRRK2 wt IC50 (lM) LRRK2 G2019S IC50 (lM)

50
O CF3

>4 1.555

51
N
H

CF3
>100 >100

52 CF3
O

25 4.57

53 CF3
CN

26 18
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Scheme 1. Reagents and conditions: (a) Et3N, CH2Cl2, rt, 85%; (b) HOAc, 100 �C, 68%; (c) K2CO3, DMF, 80 �C, 87%; (d) Et3NHCl, C6H5CF3, 140 �C, 65%.
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Figure 5. Metabolic oxidation of 1 to sulfoxide (54) and sulfone (55).
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and showed interesting potency in the cell-based assay. However,
the poor oxidative metabolic stability of this series could not be
overcome despite our efforts, thus preventing the in vivo testing
of the compounds. As a result of these limitations, further medici-
nal chemistry efforts on this series have been suspended.
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