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ABSTRACT: Transmembrane AMPA receptor regulatory
proteins (TARPs) are a family of scaﬀolding proteins that
regulate AMPA receptor traﬃcking and function. TARP γ-8 is
one member of this family and is highly expressed within the
hippocampus relative to the cerebellum. A selective TARP γ-8dependent AMPA receptor antagonist (TDAA) is an
innovative approach to modulate AMPA receptors in speciﬁc
brain regions to potentially increase the therapeutic index
relative to known non-TARP-dependent AMPA antagonists.
We describe here, for the ﬁrst time, the discovery of a
noncompetitive AMPA receptor antagonist that is dependent
on the presence of TARP γ-8. Three major iteration cycles
were employed to improve upon potency, CYP1A2-dependent challenges, and in vivo clearance. An optimized molecule,
compound (−)-25 (LY3130481), was fully protective against pentylenetetrazole-induced convulsions in rats without the motor
impairment associated with non-TARP-dependent AMPA receptor antagonists. Compound (−)-25 could be utilized to provide
proof of concept for antiepileptic eﬃcacy with reduced motor side eﬀects in patients.

■

synaptic transmission.2 Systemic or central administration of
glutamate receptor agonists, such as AMPA, kainate, or Nmethyl-D-aspartate (NMDA), evoke seizures in rodents.3
Conversely, antagonists of these receptors have been shown to
be potent anticonvulsants. For example, Figure 1 shows several
known AMPA receptor antagonists, including perampanel4 (1),
selurampanel (2),5 talampanel (3),6 and GYKI 53784 (4).7
Importantly, talampanel and perampanel show antiepileptic
eﬃcacy in humans, and the latter is approved to treat complex
partial seizures.8 As these AMPA receptor antagonists block
excitatory neurotransmission across the brain, it is not surprising
that motor impairment, dizziness, ataxia, and falling are common
side eﬀects that occur at eﬃcacious exposures.
AMPA receptors are associated with various auxiliary subunits,
including TARPs.9 Importantly, TARPs dramatically enhance
AMPA receptor traﬃcking and gating. In addition, they modulate
AMPA receptor pharmacology.10 The identiﬁcation of the TARP
family of proteins and the diﬀerent regional expression of these

INTRODUCTION
Despite decades of research, epilepsy remains a devastating
disease with life-threatening implications, as well as social and
economic impact to patients and caregivers.1 While today’s
available antiepileptic drugs (AEDs) decrease seizure frequency
and magnitude for many patients, a signiﬁcant population does
not gain adequate therapeutic beneﬁt. In most cases, prescribers
cycle through multiple AEDs and combinations as maintenance
therapy in an attempt to control the patient’s seizures. In
addition, many AEDs are associated with unwanted side eﬀects
such as dizziness, ataxia, and sedation at therapeutic doses. Thus,
there is still signiﬁcant unmet medical need to identify new
therapies for epilepsy that explore alternative mechanisms or
have a wider therapeutic window between eﬃcacy and
undesirable side eﬀects.
Glutamate is the principal excitatory neurotransmitter in the
brain and is the endogenous ligand for metabotropic (G-proteincoupled) and ionotropic (ion-channel-forming) glutamate
receptors. Ionotropic receptors include α-amino-3-hydroxy-5methyl-4-isoxazolepropionic acid (AMPA) receptors which
show predominant postsynaptic localization and mediate fast
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stimulated increases in intracellular Ca2+ was examined in
CHO-S cells expressing iGluA1ﬂip alone (TARP-dependence)
or iGluA1ﬂop plus diﬀerent TARP subtypes (TARP selectivity)
using ﬂuorescence imaging plate reader (FLIPR)-based assays.
With these in vitro assay systems in place, a high throughput
screen of a diverse subset of the in-house chemical collection
identiﬁed compound 5 as an antagonist against AMPA receptors
in cells coexpressing TARP γ-8 (Figure 2) with IC50 = 2.97 μM

Figure 2. Compound 5 identiﬁed from an internal screen.

(Table 1). This molecule showed no antagonism of AMPA
receptors in the absence of TARP γ-8 (IC50 > 83 μM) or when
coexpressed with TARP γ-2 (IC50 > 83 μM). In contrast,
perampanel (1), a non-TARP dependent AMPA receptors
antagonist, showed weak functional blockade in each of these cell
lines.
The identiﬁcation of this modestly potent, although highly
TARP γ-8 selective molecule, encouraged us to assess its in vitro
metabolic proﬁle to understand which other properties would
require further optimization. High clearance (CL) in rat and
modest potency were among the early issues identiﬁed. Liver
microsomal incubations indicated 5 underwent extensive
oxidative metabolism in rats and humans (Table 2). To

Figure 1. Structures of known non-TARP-dependent AMPA
antagonists.

family members across the central nervous system (CNS)
provide an opportunity to identify AMPA antagonists that are
dependent upon the coexpression of AMPA receptors with
various TARP proteins for potential therapeutic advantage.11 For
example, TARP γ-2 is highly expressed within the cerebellum,
which is involved in motor coordination, while TARP γ-8 is
highly expressed within the hippocampus, a primary locus of
epileptogenic activity. Of particular interest was the very low
expression of TARP γ-8 in the cerebellum. Thus, we sought to
identify a TARP γ-8-dependent AMPA receptor antagonist
(TDAA) and had hypothesized previously that such a molecule
could provide antiepileptic eﬃcacy without motor impairment.12
We describe here the discovery of an optimized TDAA, (−)-25,
and test our hypothesis in a rodent seizure model.

Table 2. In Vitro Metabolism Data for Initial Screen Active
516,a

■

RESULTS AND DISCUSSION
High-throughput assays designed to identify and proﬁle TARPsubtype selective AMPA receptor antagonists were developed by
monitoring glutamate-induced calcium inﬂux. Here we used
GluA1 subunit for the AMPA receptor principal subunit, since
GluA1 is one of the major hippocampal AMPA receptors. AMPA
receptors have two diﬀerent splice variants, ﬂip and ﬂop, that
diﬀer in pharmacological properties, channel kinetics, and the
amplitude of desensitized currents.13 The ﬂop isoform
desensitizes faster than ﬂip, and this activity is modulated by
TARPs.14 The ability of compounds to block glutamate-

in vitro metabolism assay

result

% human microsomal metab
% rat microsomal metab
% human UGT metab
% rat UGT metab
human hepatocyte incubations
rat hepatocyte incubations

81.0 ± 2.6
84.0 ± 1.3
33 (n = 1)
99 (n = 1)
primarily conjugate metabolism (sulfation)
primarily conjugate metabolism
(glucuronidation)
234 ± 47

rat CL (mL min−1 kg−1)

Data represent the mean ± SEM of n > 2 experiments unless
otherwise noted.
a

characterize the extent of secondary metabolism, 5 was incubated
with microsomes in the presence of appropriate cofactors for
uridine 5′-diphosphoglucuronosyltransferase (UGT). A signiﬁcant amount of glucuronidation was observed in both human and
rat liver microsomal preparations. To better understand this high

Table 1. Functional Antagonist Data in Vitro for Compounds 5 and Perampanel (1)15,a

a

assay

5

perampanel (1)

GluA1/TARP γ-8 IC50 ± SEM (nM) (n)
GluA1/TARP γ-2 IC50 ± SEM (nM) (n)
GluA1/TARP γ-3 IC50 ± SEM (nM) (n)
GluA1/TARP γ-4 IC50 ± SEM (nM) (n)
GluA1 IC50 (nM) ± SEM (n)

2970 ± 0.17 (6)
>83300 (5)
>83300 (3)
>83300 (3)
>83300 (2)

1180 ± 0.41 (3)
485 ± 0.13 (4)
243 ± 0.16 (2)
623 ± 0.30 (2)
6510 ± 0.74 (4)

Data represent the mean ± SEM of n ≥ 2 from FLIPR calcium imaging methods using CHO-S cells transfected with human clonal constructs.
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Figure 3. LC/MS/MS ion chromatogram showing (A) compound 5 with no hepatocyte incubation and the in vitro metabolites of compound 5 upon
incubation with cryopreserved (B) rat and (C) human hepatocytes.17

Figure 4. Indazole and benzothiazolone analogs 6−8 were prepared to address conjugation of the phenol group in 5.

Scheme 1. Syntheses of Indazole Analog 6a

Reagents and conditions: (a) tert-butyl-X-phos, Pd(OAc)2, amylene hydrate/water, 100 °C; 11 8%; (b) MeI, NaH, DMF, 0 °C; 12 82%; (c) HCl,
MeOH; 6, 94%.
a

that exceeded hepatic blood ﬂow. These collective results
suggested the phenol group of 5 was a likely site for conjugating
metabolism and therefore became a focal point for early
molecular optimization.
Following initial structure−activity relationship (SAR) exploration which identiﬁed that a proton donor was required
within the phenolic region for activity, our ﬁrst major SAR

susceptibility to metabolism and clearance, metabolite identiﬁcation in both rat and human hepatocytes was performed. As
shown in the chromatograms in Figure 3, the primary
metabolites in rat hepatocytes were glucuronidation products
of the parent with and without primary oxidation. In human
hepatocytes, sulfate conjugation was observed. Finally, in vivo
pharmacokinetic (PK) studies in rats exhibited a clearance rate
4755
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Table 3. In Vitro Potency, Selectivity, and Metabolism Proﬁles of Compounds 6−815,a
IC50 ± SEM (nM) (n)
compd

GluA1/TARP γ-8

GluA1/TARP γ-2

GluA1

% human microsomal
metab ± SEM

% rat microsomal
metab ± SEM

rat CL ± SEM
(mL min−1 kg−1)

5
6
7
8

2970 ± 0.17 (6)
147 ± 0.02 (17)
353 ± 0.07 (11)
70 ± 0.01 (5)

>83300 (5)
>83300 (15)
>83300 (9)
>83300 (4)

>83300 (2)
>83300 (16)
>83300 (10)
>83300 (6)

81.0 ± 2.6
52.7 ± 8.2
36.2 ± 12.1
54.5 ± 2.4

84.0 ± 1.3
65.6 ± 5.8
32.5 ± 4.9
82.2 ± 1.7

234 ± 47
71.5 ± 2.1
61.3 ± 4.8
96.6 ± 11.4

Data represent the mean ± SEM of n ≥ 2 experiments from the FLIPR calcium mobilization assay using CHO-S cells transfected with human
clonal constructs.

a

iteration cycle explored NH containing heterocycles to replace
the phenol and lower susceptibility to similar metabolic
conversion.18 Our initial attempts replaced the phenol with
bicyclic heterocycles like indazole and benzothiazolone as
represented in compounds 6−8 (Figure 4). Scheme 1 shows
the synthetic route to compound 6 and is representative of the
routes used for 7 and 8. The key step is a Buchwald coupling
between aminothiazole 9 and 5-bromoindazole 10 followed by
methylation of the amine linker and THP deprotection to
provide compound 6. The full synthetic schemes and
experimentals of 7 and 8 are in the Supporting Information.
Replacing the phenol with an indazole or benzothiazolone
provided up to 70-fold improvement in potency while
maintaining TARP γ-8 dependency and selectivity. Also, these
groups provided a marked reduction of the secondary
metabolism proﬁle (Table 3). Overall, clearance in rat remained
high for compounds 6−8 and appeared to correlate with the
extent of microsomal metabolism. While the rat liver microsomal
stability was improved slightly, compounds 6−8 continued to
exhibit rat CL that was near the rate of hepatic blood ﬂow.
Importantly, however, no conjugate metabolism was observed
upon incubating these compounds with rat microsomes in the
presence of appropriate cofactors for UGT, demonstrating that
the phenol replacements successfully eliminated this mode of in
vitro metabolism. Further in vivo investigation of compound 6,
however, showed signiﬁcantly lower exposure following 4 days of
dosing in rats (30 mg/kg, po), suggesting this compound might
be inducing metabolism (e.g., cytochrome P450; CYP) under
these conditions (Table 4). Further CYP proﬁling of these

Table 5. CYP1A2 Inhibition and Substrate Proﬁling for
Compounds 5−14

Cmax (μg/mL)

a

day 4

day 1

day 4

6

3.74 ± 0.0.5

1.93 ± 1.1

52.3 ± 8.1

3.15 ± 1.7

relative dependence on CYP1A2 for
microsomal metabolismb

5
6
7
8
13
(+)-13
(−)-13
14

ND
222 (n = 2)
230
360
8680
>10000
4670
>10000

high
high
high
high
moderate
moderate
moderate
low

ND = not determined. Data represent n = 1 unless otherwise noted.
Based on decrease in the peak area of the major microsomal
metabolite in the presence of α-naphthoﬂavone (a selective CYP1A2
inhibitor) (>70% high; 30−70% moderate; <30%, low).
b

needed for interactions with TARP γ-8. To test this hypothesis,
we synthesized a prototype molecule, compound 13 (racemic
mixture), that replaced the nitrogen linker of compound 8 with a
carbon atom (see Figure 5). This minor modiﬁcation successfully
maintained potency and selectivity. Assessment of the individual
enantiomers revealed activity to reside primarily in one
enantiomer, (+)-13 (see Table 6). The proposed binding
poses of compounds 8 and (+)-13 are shown in Figure 6.
Compound 8 appeared to ﬁt well into the planar binding pocket
similar to the cocrystallized ligand, α-naphthoﬂavone, in the
reported crystal structure.20 The benzothiazolone group
appeared to have stacking interactions with Phe226 and
Phe260. However, in the case of compound (+)-13, the
introduction of a nonplanar sp3 carbon linker resulted in less
optimal stacking interactions indicated by a relatively poor
docking score and interaction energy between the ligand and
protein. More importantly, the methyl group in compound
(+)-13 was oriented toward a relatively shallow region of the
binding pocket leading to potential steric clash with residues like
Gly316, Asp320, and Thr223, also contributing to signiﬁcant loss
in binding interactions with CYP1A2.
Alternatively, another approach was explored to destabilize
CYP1A2 recognition by expanding the size of the group on the
nitrogen linker, causing severe steric impedance. To test this
hypothesis, we alkylated the linker nitrogen with a methylpyrazole side chain as represented in compound 14 (Figure 5).
Figure 6 (panels C, F) shows the attempted docking pose within
the CYP1A2 binding pocket and the marked steric clash that is
expected from the inclusion of this side chain.
The synthesis of compound 13 is shown in Scheme 2. The
critical step is lithiation of commercially available 1-tetrahydropyran-2-ylpyrazole and addition into methyl ketone 16 to
give alcohol 17. Dehydration of the alcohol to the oleﬁn followed
by hydrogenation gave racemate 19. Finally, addition of 19 to 2-

AUC (μg·h/mL)

day 1

hCYP1A2 inhibition,a
IC50 (nM)

a

Table 4. Plasma Exposure (Cmax and AUC) of Compound 6
after 4 Days of Dosing in Rats at 30 mg/kg, po15,a
compd

compd

Data represent the mean ± SEM of n = 2.

analogs conﬁrmed that they acted as both substrates and
inhibitors for human CYP1A2, as well as inducers of CYP1A2
and presumably the rat CYP homolog (Table 5).19
Our second major SAR iteration cycle therefore focused on
addressing the CYP1A2 challenges. To identify structural
features that might diminish CYP1A2 interactions, ligands
were docked in the crystal structure of this enzyme using
Glide, version 5.8.20 On the basis of the docking model, several
structural modiﬁcations were explored to disrupt the binding of
this chemical series within the CYP1A2 structure. Among these,
replacement of the nitrogen linker with an sp3-hybridized carbon
atom was proposed to disrupt recognition by CYP1A2 while
simultaneously maintaining overall molecular shape and size
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Figure 5. SAR analogs to address CYP1A2 interactions include compound 13, which contains a chiral carbon linker, and 14, which contains a larger
methylpyrazole side chain.

Figure 6. Docking of compounds 8 (A, D), (+)-13 (B, E), and 14 (C, F) in the CYP1A2 binding pocket. Protein atoms are represented as ball and sticks
with carbon in yellow. Ligands are represented as tubes (A−C) and Corey−Pauling−Koltun (CPK) space ﬁlling model (D−F). The heme iron is
depicted as a cyan sphere. The active site available for ligand binding is represented as a semitransparent orange surface.

ﬂuoropyridine was accomplished under basic conditions to give
the fully assembled target which was deprotected. The
enantiomers were obtained using chiral chromatography
puriﬁcation conditions, and the absolute stereochemistry of
(+)-13 was unambiguously determined through X-ray crystallography.
The synthesis of compound 14 was accomplished in a similar
manner as compound 6 (see Scheme 3). Alkylation of
intermediate 11 was accomplished with commercially available
3-(chloromethyl)-1-methylpyrazole. Deprotection of the MOMprotecting group provided 14 in good overall yield.
Consistent with the hypothesized mode of interaction of 8
with CYP1A2, compounds 13 and 14 showed signiﬁcantly

reduced CYP1A2 inhibition (Table 5). These compounds also
had relatively less dependence on CYP1A2 for oxidative
metabolism (moderate dependence on CYP1A2 for microsomal
metabolism) compared to those with an N-methyl group, in
accordance with the proposed loss in binding interactions with
CYP1A2. Interestingly, these compounds did not appear to cause
signiﬁcant induction of CYP1A2 (Figure 7). Within the SAR, the
carbon linker provided a consistent mitigation of the CYP1A2
interaction concerns in an eﬃcient and atom-economic fashion.
While this structural modiﬁcation resolved the CYP inhibition
and induction issues associated with compounds 6−8, rat liver
microsomal metabolism of 13 (rac and individual enantiomers)
4757
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Scheme 2. Synthesis of Carbon-Linked Series and Analog 13a

Reagents and conditions: (a) Cs2CO3, MOM-Cl, DMF; 16 75%; (b) 1-tetrahydropyran-2-ylpyrazole, t-BuLi, THF, −78 °C; 17 84%; (c) TFA,
DCM; 18 92%; (d) H2, 5%Pd(C), EtOAc; 19 92%; (e) LiOt-Bu, DMF, 140 °C; 20 46%; (f) (i) TFA, reﬂux; (ii) NH4OH, THF; 13 71%; (g) chiral
chromatography; (−)-13 45%, (+)-13 44%.
a

Table 6. Potency, Selectivity, and Metabolism Data for Compounds 13−25a
IC50 ± SEM (nM) (n)
compd

GluA1/TARP γ-8

GluA1/TARPγ-2

GluA1

% human microsomal metab

% rat microsomal metab

rat CL (mL min−1 kg−1)

rac-13
(+)-13
(−)-13
14
(+)-22
(+)-23
(+)-24
(−)-24
(−)-25
(+)-25

122 ± 0.02 (3)
50.9 ± 0.02 (7)
615 ± 0.23 (10)
53.9 ± 0.01 (3)
53.6 ± 0.01 (5)
160 ± 0.04 (17)
61.6 ± 0.01 (12)
2820 ± 456 (9)
65.3 ± 0.01 (18)
1790 ± 306 (12)

83300 (3)
83300 (2)
83300 (3)
83300 (3)
83300 (2)
9260 (14)
25700 ± 423 (3)
9260 (8)
68500 ± 566 (2)
9260 (11)

83300 (3)
9260 (8)
9260 (9)
83300 (3)
83300 (2)
9260 (9)
83300 (3)
9260 (10)
83300 (4)
9260 (11)

41.9 ± 2.2
36.2 ± 0.9
44.2 ± 0.8
49.7 ± 0.1
19.6 ± 1.5
23.6 ± 2.6
15.2 ± 3.6
ND
16.4 ± 6.9
ND

84 ± 1.3
95.3 ± 0.5
96.0 ± 0.7
98.5 ± 0.1
67.4 ± 1.5
43.7 ± 1.3
47.4 ± 3.5
ND
32.3 ± 8.1
ND

115 ± 2.4
99 ± 1.4
144 ± 10.4
ND
42.2 ± 3.4
6.0 ± 0.0.4
16.3 ± 0.0.4
ND
11.4 ± 0.8
ND

Data represent the mean ± SEM of n > 2 experiments from a FLIPR calcium mobilization assay using CHO-S cells transfected with human clonal
constructs. ND = not determined.

a

U.K.,21 and these sites were presumed to be the same for the rat
CYP homolog. On the basis of these predictions, the 5-position
of the pyridine ring seemed to be the most probable site for
metabolism and was veriﬁed experimentally through metabolite
identiﬁcation of similar compounds within the SAR. Thus, we
explored substitutions on the 5-position of the pyridine to block
metabolism. For example, we prepared a 5-ﬂuoro analog (+)-22
(see Figure 9). As shown in Table 6, this substitution decreased
microsomal metabolism modestly with a corresponding decrease
in rat in vivo CL relative to compound 13. However, more
dramatic improvements of in vitro and in vivo metabolic stability
were achieved when more polar side chains were incorporated.
For example, by incorporation of hydroxyethyl, substituted
hydroxypropyl, or 2-hydroxyethyloxy substituents as shown in
compounds 23, 24, 25, respectively, microsomal metabolism was

remained high and translated to high in vivo clearance for (+)-13
(Table 6).
Our ﬁnal major SAR iteration cycle focused on the high in vivo
clearance. To better understand the high oxidative metabolism,
we again performed rat and human hepatocyte incubation
studies. This revealed that oxidative metabolism followed by
glucuronidation was occurring within the left-hand side of the
molecule as shown in Figure 8 (panel A).
Also, CYP-isoform-dependent metabolism analysis demonstrated a strong inﬂuence of human CYP2D6 on in vitro
metabolic turnover. Given the multiple potential sites of
oxidative metabolism, we explored in silico prediction models
to help pinpoint the most probable sites to prioritize our SAR
eﬀorts. Figure 8 (panel B) shows the human CYP2D6 predicted
sites of metabolism using the StarDrop model by Optibrium Ltd.,
4758
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Figure 8. Region of compound 13 where oxidation followed by
glucuronidation was observed following incubation in rat and human
hepatocytes (A) and regioselectivity map for predicted sites of CYP2D6mediated oxidative metabolism using the StarDrop model (B). Sites are
labeled with a predicted percentage of products formed due to
metabolism at that position.

Figure 7. Percent fold induction of CYP1A2 for SAR compounds
compared to that of omeprazole in human hepatocytes (<15% , no;
>30%, yes) as a function of compound concentration. Signiﬁcance is
achieved when fold induction is >30%.

protected rats from clonic convulsions induced by subcutaneous
administration of pentylenetetrazole (PTZ) with an ED50 of 1.7
mg/kg (95% conﬁdence limits: 0.3−11.5, Table 8). In contrast,
the non-TARP-dependent AMPA receptor antagonist, perampanel, had an ED50 value approximately 10-fold higher (10.6 mg/
kg) than (−)-25. The anticonvulsant eﬀects of (−)-25 were not
due to any change in disposition of PTZ in rats, nor did PTZ
change the disposition of (−)-25 in either plasma or brain (data
not shown).
The eﬀects of (−)-25 on motor impairment were assessed in
the same experiment using an inverted screen (IS) test25 prior to
administering the convulsant PTZ. Importantly and fully
consistent with our hypothesis, (−)-25 up to a dose of 100
mg/kg did not signiﬁcantly impair the ability of the rats to climb
to the top of screen when inverted (Table 9). In contrast,
perampanel fully impaired behavior in this test at 30 mg/kg. The
TD50 for impairment by perampanel in this assay was determined
to be 3.8 mg/kg. Upon the basis of the eﬃcacy in the PTZ assay
and side eﬀects in the inverted screen assay, a protective index
(PI = inverted screen TD50/PTZ ED50) can be calculated. This
yielded a remarkably high protective index for (−)-25 (PI > 58),
while the PI for perampanel was equal to 0.4.
We also sought to identify a molecule within the scaﬀold that
possessed suitable properties as a tracer to measure the level of
preclinical target engagement (GLUA1 + TARP γ-8) and
possibly generate a PET ligand for clinical development.26 To
this end, we evaluated several compounds within the structural
series and identiﬁed compound 37 which was potent at TARP γ8 with an IC50 of 22 ± 0.01 nM and showed a desirable and rapid
clearance proﬁle. The synthesis of the 37 is shown in Scheme 5.
Starting from commercially available compound 30, the
thiazolone was protected with a trimethylsilylethoxymethyl
(SEM) group and the nitro group was reduced and function-

signiﬁcantly decreased. These analogs also demonstrated low in
vivo clearance in rats (Table 6). While compounds 23 and 24
were studied extensively, the remainder of this discussion focuses
on (−)-25, which was ultimately chosen as our clinical candidate.
Compound (−)-25 (or LY3130481)22 showed excellent
bioavailability in rats (Table 7) and, consistent with the
previously described SAR, showed no measurable CYP1A2
inhibition (IC50 > 10 μM) or CYP1A2-dependent metabolism.
The synthesis of compound (−)-25 was accomplished as
described in Scheme 4. As shown previously, the advanced
pyrazole intermediate was alkylated under SNAr conditions with
the appropriate substituted ﬂuoropyridine (26). The THP and
MOM protecting groups were then removed in good yield to
provide racemic 25 which was then separated under chiral
chromatography conditions. Consistent with the results from
compound 13, one enantiomer (−)-25 was signiﬁcantly more
active than the other enantiomer (+)-25 (see Table 6). The
absolute stereochemistry of (+)-24 and (−)-25 was unambiguously determined through X-ray crystallography and determined to be in the (S)-conﬁguration (Figure 10, panels A and B,
respectively). The syntheses of compounds (+)-22, (+)-23, and
(+)-24 were accomplished in a similar fashion, and the full
schemes and experimentals are available in the Supporting
Information.
Having now developed a TARP-dependent AMPA receptor
antagonist (−)-25 with appropriate PK characteristics and
molecular properties consistent with CNS drugs,23,24 we asked
whether it would demonstrate anticonvulsant eﬃcacy at doses
and exposures signiﬁcantly lower than those that impair motor
coordination. Oral administration of (−)-25 dose-dependently
Scheme 3. Synthesis of Compound 14a

a

Reagents and conditions: (a) 3-(chloromethyl)-1-methylpyrazole, MeI, NaH, DMF, 0 °C; 21 62%; (b) HCl, MeOH; 14 95%.
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Figure 9. SAR analogs designed to lower in vivo CL.

Table 7. Rat Bioavailability Data for (−)-25a
dose

parameter

units

mean (n = 3)

SEM

1 mg/kg iv

AUC
Vdss
CL
AUC
Tmax
Cmax
F

ng·h/mL
mL/kg
mL min−1 kg−1
ng·h/mL
h
ng/mL
%

1470
1280
11.4
4220
1.3
628
97

110
139
0.8
148
0.4
36
6.9

3 mg/kg po

We have reported elsewhere a technique of using nonradiolabeled molecules to measure occupancy through the use of
LCMS/MS methods.27,28 To measure receptor occupancy
(RO), compound (−)-25 was predosed orally to rats 30 min
prior to an intravenous bolus of the tracer, compound 37. Forty
minutes after tracer administration, the brain was collected and
the amount of tracer levels within the hippocampus (total
binding tissue) and cerebellum (nonspeciﬁc binding tissue or
null region) were quantiﬁed. These tracer levels were used to
calculate receptor occupancy using the well-established ratio
method.29 Table 8 shows the relationship of the brain exposure
and receptor occupancy between doses of 1−30 mg/kg of
(−)-25. Increasing oral doses of (−)-25 produced increases in
drug exposure of the brain, resulting in increases in target
occupancy for (−)-25. Within this experiment it is noted that the
RO was similar at 3 and 10 mg/kg despite about a 3-fold increase
in brain exposure across the same dose range. This is likely due to
slightly more error associated with the RO data at 3 mg/kg dose
group and would be expected to average out across multiple
experiments. Thus, at the drug exposures required to have

a

Abbreviations: AUC = area under the plasma concentration−time
curve, Vdss = volume of distribution at steady state, CL = total
clearance, T1/2 = plasma disappearance half-life, Tmax = time of peak
plasma concentration, Cmax = peak plasma concentration; F = absolute
oral bioavailability.

alized as a thiourea (33). Removal of the benzoyl group followed
by condensation with bromoacetylpyridine provided intermediate 35. Finally, alkylation of the amino linker with 1-bromo-2ethoxyethane and SEM group deprotection provided the tracer
compound 37.
Scheme 4. Synthesis of Candidate Compound (−)-25a

Reagents and conditions: (a) Cs2CO3, DMF; 28 91%; (b) LiO-t-Bu, DMF, 140 °C; 29 74%; (c) (i) TFA, reﬂux; (ii) NH4OH, THF; 25 76%; (d)
chiral chromatography; (−)-25 45%.

a
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Table 9. Eﬀects of (−)-25 and Perampanel in the Rat Inverted
Screen Assay of Motor Functiona
group

inverted screen
score

plasma exposure
(ng/mL)

vehicle
(−)-25, 10 mg/kg, po
(−)-25, 100 mg/kg, po
perampanel at 30 mg/kg, po

0.4 ± 0.4
0.4 ± 0.4
0.4 ± 0.4
2.0 ± 0b

3360 ± 265
8342 ± 216
1780 ± 201

Data are the mean ± SEM in ≥4 rats/group. bSigniﬁcantly diﬀerent
than vehicle control values.
a

hypothesize the observed improvements in tolerability (motor
impairment) at therapeutic doses for (−)-25, represented by a
high protective index, will provide a signiﬁcant advantage over
traditional non-TARP-dependent AMPA receptor antagonists.
This new class of TDAA compounds is postulated to provide a
greater dosing latitude in patients and an opportunity to achieve
better eﬃcacy and may not require a dose ramping strategy to
achieve therapeutic exposure. The ability to design molecules
that modulate speciﬁc neural circuits and selectively spare others
has always been a principal goal of medicinal chemistry for
psychiatry and neurology. The current proof of principle relied
on brain regionally localized auxiliary proteins that associate with
AMPA receptors. This general concept has large implications for
the discovery of safe and eﬃcacious medicines for the treatment
of central nervous system disorders.30

Figure 10. Molecular conformation and stereochemistry observed in the
crystal structures of (+)-24 (A) and (−)-25 (B).

eﬃcacy in the PTZ convulsion assay, the receptor occupancy of
(−)-25 is estimated to be between 45% and 68%.

■

■

CONCLUSION
We established a series of high throughput screening assays that
allowed us to detect novel AMPA receptor antagonists that are
speciﬁc for AMPA receptors containing the auxiliary protein
TARP γ-8. These assays allowed us to identify the aminothiazole
5 that displays a weak functional TARP-γ-8-dependent AMPA
antagonist (TDAA) proﬁle. Upon completion of several critical
medicinal chemistry iteration cycles, we increased in vitro
potency, maintained selectivity over AMPA/TARP γ-2, and
reduced high drug clearance. These modiﬁcations through SAR
and molecular modeling led to the identiﬁcation of an optimized
compound, (−)-25, that could be used to test the biological
hypothesis that a small molecule selective for AMPA/TARP γ-8
would produce anticonvulsant eﬃcacy without motor side
eﬀects. Consistent with the original hypothesis based upon the
regional expression pattern of TARP γ-8 in the brain, we
demonstrated that (−)-25 displayed potent and complete
antiepileptic eﬃcacy in rats against PTZ-induced convulsions
without exhibiting motor impairment at doses 10-fold higher.
The eﬃcacious doses and exposures also yielded substantial
target occupancy. Compound (−)-25 shows broad eﬃcacy
across a number of other preclinical acute and subchronic
epilepsy and pain models that will be disclosed elsewhere. We

EXPERIMENTAL SECTION

Methods. The potency values of compounds for inhibition of
glutamate-stimulated activation of AMPA receptors were evaluated in
CHO-S cells (InVitrogen) that transiently expressed human iGluR1ﬂop, TARP γ-8, and the human glutamate transporter (human EAAT3). Brieﬂy, parental CHO-S cells were grown in suspension in 50/50
custom media to a density of 1 × 107 cells/mL. The 50/50 custom
medium is a low calcium medium made as a 1:1 (v/v) mixture of CD
CHO medium (Gibco no.10743) and a custom complete medium. The
custom complete medium was made by adding 0.40 mg/L tropolone,
5.00 mg/L insulin, 20 mM HEPES, and 0.075% Pluronic F68 to a
custom basal medium having the following formula (values as mg/L
unless otherwise speciﬁed): 11.01 anhydrous calcium chloride, 0.050
ferric nitrate−9H2O, 0.420 ferrous sulfate−7H2O, 28.64 anhydrous
magnesium chloride, 48.84 anhydrous magnesium sulfate, 312.14 KCl,
5505.96 NaCl, 62.57 monobasic sodium phosphate, 71.28 anhydrous
dibasic sodium phosphate, 0.432 zinc sulfate−7H2O, 10.0 ethanolamine·HCl, 6000 D-glucose (dextrose), 0.210 DL-lipoic acid thioctic,
0.081 putrescine·2HCl, 4.78 sodium hypoxanthine, 220.24 sodium
pyruvate, 0.730 thymidine, 8.90 L-alanine, 211.23 L-arginine HCl, 15.02
L-asparagine H2O, 13.31 L-aspartic acid, 62.67 cysteine·2HCl, 7.360 Lglutamic acid, 146.16 L-glutamine, 30.0 glycine, 42.04 L-histidine·HCl·
2H2O, 105.11 L-isoleucine, 105.11 L-leucine, 146.16 L-lysine·HCl, 30.03
L-methionine, 66.07 L-phenylalanine, 17.27 L-proline, 42.04 L-serine,

Table 8. Eﬀects of Orally Administered (−)-25 on Blocking PTZ (35 mg/kg, sc)-Induced Convulsions in Rats (n = 10 per Group)
and Its Corresponding Receptor Occupancy as a Function of Dose (n = 4 per gGroup)a
dose (mg/kg, po) of
(−)-25

% block of clonic convulsions in
ratsb

plasma exposure ± SEM
(ng/mL)

% receptor occupancy
(RO) ± SEMc

brain exposure ± SEMc
(ng/g)

vehicle
1
3
10
30

0
40b
80b
100b

377 ± 18
1269 ± 106
3671 ± 469

45 ± 7
69 ± 7
68 ± 1
96 ± 10

133 ± 11
477 ± 69
1526 ± 188
2400 ± 701

a

Compound (−)-25 was administered po, 30 min prior to PTZ. PTZ was dissolved in physiological saline. (−)-25 was suspended in 10% Acacia/
0.05% Dow antifoam. bSigniﬁcantly diﬀerent than PTZ alone; P < 0.05 Fishers exact test. cData from satellite animals (n ≥ 4).
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Scheme 5. Synthesis of LC/MS Preclinical Receptor Occupancy Tracer 37a

Reagents and conditions: (a) SEM-Cl, NaH, DMF, 0 °C; 31 81%; (b) H2, Pd−C, ethanol; 32 82%; (c) benzoyl isothiocyanate, acetone; 33 93%;
(d) NaOH, water/methanol; 34 99%; (e) 2-bromo-1-(2-pyridyl)ethanone, DIEA, DMF, 100 °C; 35 69%. (f) 1-bromo-2-ethoxyethane, NaH, DMF,
0 °C; 36 66%; (g) (i) TFA, (ii) NH4OH, THF; 37 91%.
a

prepared. Fluo-4 AM dye loading buﬀer consists of 5 μM Fluo-4 AM dye
(Molecular Probes, catalog no.F-14202) in Hanks’ balanced salt solution
(HBSS) containing 20 mM HEPES (pH 7.4), 2.5 mM probenecid
(Sigma, catalog no. P8761), and 5 nM Pluronic F-127 (Molecular
Probes, catalog no. P3000MP). Fluo-4 NW dye loading buﬀer was
prepared by adding 100 mL of HBSS containing 20 mM HEPES (pH
7.4) and 2.5 mM probenecid to one bottle of Fluo-4 NW dye (Molecular
Probes, high throughput pack, catalog no. F36205). Cultured GluA1 γ-8
and GluA1 γ-2 CHO cells were loaded with Fluo-4 AM dye loading
buﬀer and incubated at 22 °C for 2 h. GluA1ﬂip CHO cells were loaded
with Fluo-4 NW dye loading buﬀer and incubated at 37 °C for 30 min
followed by an incubation for 90 min at 22 °C. Following incubations,
the dye loading buﬀer in the cell plate was removed and fresh assay
buﬀer was added. Assay buﬀer consisted of HBSS with 20 mM HEPES
(pH 7.4), 2.5 mM probenecid, and 4 mM CaCl2. The assay was initiated
by addition of compounds followed 2 min later by addition of glutamate
(5 μM ﬁnal concentration). Two minutes later, cyclothiazide (20 μM
ﬁnal concentration) and glutamate (45 μM ﬁnal concentration) were
added. Changes in intracellular [Ca2+] were kinetically recorded by a
ﬂuorescence imaging plate reader (FLIPR). Inhibition of the eﬀect of
glutamate by test compounds was expressed as a percentage of the
responses stimulated by glutamate plus CTZ in the presence of test
compounds relative to the maximum inhibition deﬁned by using 167 μM
4, a nonselective AMPA antagonist, and the baseline deﬁned by assay
buﬀer alone. Relative IC50 values were calculated using a four-parameter
nonlinear logistic equation (ActivityBase, version 5.3). Compounds
were similarly evaluated using CHO cells expressing GluA1ﬂip alone or

95.1 L-threonine, 16.02 L-tryptophan, 104.11 L-tyrosine disodium salt,
94.1 L-valine, 8.99 choline chloride, 4.00 folic acid, 12.61 inositol, 4.00
niacinamide, 4.00 pyridoxal·HCl, 0.031 pyridoxine·HCl, 0.400 riboﬂavin, 4.00 sodium pantothenate, 4.00 thiamine·HCl, 0.680 vitamin
B12, and 2200 sodium bicarbonate. Cells were centrifuged at 1000g for
15 min and resuspended in fresh 50/50 custom medium at 2 × 106 cells/
mL. For batch transfection, 2 mg of total DNA(s) was used for each liter
of cells. For GluA1 γ-8 transfection of CHO cells, human GluA1QﬂopCacng8-pBudCE4.1 DNA (Qiagen) and human EAAT3 pAN104 DNA
(Qiagen) were mixed in a ratio of 2:3. For GluA1 γ-2 transfection of
CHO cells, human GluA1Qﬂop-Cacng2-pBudCE4.1 (Qiagen) was
used. For GluA1ﬂip transfection of CHO cells, human GluA1ﬂip
pcDNA3.1 DNA (Qiagen) was used. DNA(s) and FreeStyleMAX
(Invitrogen catalog no. 16447-500) were added to basal custom medium
(see above) in the proportions of 10 μg of total DNA/10 μL of
FreeStyleMAX.1 mL of medium, to form a DNA complex. After 15 min,
an appropriate volume (20% v/v) of DNA complex was added to the
prepared cell culture. Transiently transfected CHO cells were harvested
after 48 h and frozen in aliquots for later use. The function and
pharmacology of AMPA receptors in transfected cells were veriﬁed in
both freshly prepared and thawed aliquots of cells.
Frozen transfected CHO cells expressing AMPA receptors were
thawed and plated in Dulbecco’s modiﬁed Eagle medium (DMEM
medium) (Gibco, catalog no. 11960) containing 5% dialyzed fetal
bovine serum (Gibco, catalog no. 26400-036) and 20 mM HEPES at
50 000 cells per well in 384-well poly-D-lysine coated plates (Becton
Dickinson, catalog no. 354663) and cultured overnight at 37 °C. On the
day of an experiment, two ﬂuorescence dye loading buﬀers were
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GluA1ﬂop γ-2 to conﬁrm TARP-dependent and TARP-selective
activity.
Molecular Docking Studies. Molecular docking studies were conducted
using software applications contained within the Schrodinger suite
(Schrodinger Inc., New York, NY, USA). Ligand molecules were built
and energy minimized using LigPrep, version 2.5, with the default
settings and the OPLS_2005 force ﬁeld. Protein preparation and
reﬁnement protocols were performed on the structure using the Protein
Preparation Wizard. Brieﬂy, this included deleting crystallographic
waters, adding hydrogens, adjusting bond orders and formal charges,
and alleviating potential steric clashes via protein minimization with the
OPLS_2005 force ﬁeld. The docking grid was deﬁned by the ligand
binding domain of the α-naphthoﬂavone-CYP1A2 crystal structure
(PDB code 2HI4).20 Ligands were docked into the active site of human
CYP1A2 using Glide, version 5.8, utilizing the extra precision scoring
function with default settings. The top scoring binding poses (based on
Glide score) were considered for further analysis such as calculation of
ligand−protein interaction energy and detailed visual assessment of key
interactions between ligands and the protein.
All nuclear magnetic resonance (NMR) spectra were recorded in the
speciﬁed solvent using a Varian (INOVA 400, VNMRS 400) or Bruker
(AVIII 400, AVIII 400 HD) instrument. Chemical shifts (δ) are
reported in parts per million relative to Si(CH3)4 (δ 0.00) as an internal
standard. Abbreviations used are singlet (s), doublet (d), triplet (t),
quartet (q), and multiplet (m). High performance liquid chromatography−mass spectrometry (HPLC−MS) was performed on an Agilent
1260 Inﬁnity system using a low pH condition or a high pH condition.
Low pH HPLC−MS conditions were performed on a Gemini NX 2x50
C18 column (3.5 μm at 50 °C, ﬂow 1.2 mL/min, 5−95% B gradient in
1.5 min, 0.25 min hold at 95%B; A, 0.1% formic acid in water; B, 0.1%
formic acid in acetonitrile). High pH HPLC−MS conditions were
performed on a Xbridge 2x50 C18 column (3.5 μm at 50 °C, ﬂow 1.2
mL/min, 5−95% B gradient in 1.5 min, 0.25 min hold at 95%B; A, 10
mM NH4HCO3 in water pH = 9; B, acetonitrile) Unless otherwise
speciﬁed, starting materials and solvents were obtained from
commercial sources and used without modiﬁcation. Polarimetry was
conducted on a PerkinElmer polarimeter 343. All ﬁnal tested
compounds were characterized by 1H NMR, HPLC−MS, and optical
rotation when chiral.
4-[Methyl-[4-(2-pyridyl)thiazol-2-yl]amino]phenol (5). 5 was
purchased from external chemical library source (PBCHM 973101). and
characterized as >95% purity by HPLC−MS. HPLC−MS (low pH) tR =
1.30 min, m/z = 284.2 (M + 1). 1H NMR (400.15 MHz, DMSO-d6): δ
9.65 (s, 1H), 8.53 (ddd, J = 4.8, 1.8, 0.9 Hz, 1H), 7.93 (dt, J = 7.8, 1.1 Hz,
1H), 7.83 (td, J = 7.7, 1.8 Hz, 1H), 7.29−7.25 (m, 4H), 6.84−6.82 (m,
2H), 3.30 (s, 3H).
N-(1H-Indazol-5-yl)-N-methyl-4-(2-pyridyl)thiazol-2-amine
(6). To a solution of 12 (0.58 g, 1.49 mmol) in methanol (15 mL) was
added a 4 M aqueous solution of hydrogen chloride (3.6 mL, 14.4
mmol). After 2 h, this material was diluted with ethyl acetate (50 mL)
and washed with a saturated aqueous solution of sodium bicarbonate,
and brine. The organic layer was dried over sodium sulfate, ﬁltered, and
concentrated. This material was then puriﬁed via silica gel
chromatography using EtOAc/hexanes (20:80) to give 6 (0.43 g,
94%) as a white foam in >95% purity. HPLC−MS (low pH) tR = 1.31
min, m/z = 308.0 (M + 1). 1H NMR (399.80 MHz, CDCl3): δ 10.72 (br
s, 1H), 8.59 (ddd, J = 4.9, 1.7, 0.8 Hz, 1H), 8.11 (d, J = 1.0 Hz, 1H), 8.05
(dd, J = 0.9, 7.9 Hz, 1H), 7.80 (dd, J = 0.6, 1.9 Hz, 1H), 7.74 (td, J = 7.7,
1.8 Hz, 1H), 7.56 (d, J = 8.8 Hz, 1H), 7.43 (dd, J = 2.0, 8.8 Hz, 1H), 7.27
(d, J = 4.1 Hz, 1H), 7.18 (ddd, J = 7.5, 4.8, 1.2 Hz, 1H), 3.65 (s, 3H).
4-(2-Pyridyl)-N-(1-tetrahydropyran-2-ylindazol-5-yl)thiazol2-amine (11). tert-Butyl-X-Phos (1.9 g) and palladium acetate (336 mg,
1.48 mmol) were mixed with amylene hydrate (120 mL) and water
(0.12 mL). This mixture was purged with nitrogen, then heated to 100
°C via microwave for 2 min. After this time, the orange solution was
transferred via syringe to a vial containing 4-(2-pyridyl)thiazol-2-amine
(9) (3.79 g, 21.38 mmol), 5-bromo-1-tetrahydropyran-2-ylindazole
(10) (6.01 g, 21.38 mmol), and ﬁnely ground potassium phosphate
(4.54 g, 21 mmol). This was then heated to 100 °C for 3 h. After this
time the reaction mixture was cooled, diluted with MeOH (100 mL),

and ﬁltered through Celite. The ﬁltrate was concentrated and puriﬁed
via silica gel chromatography using ethyl acetate/methanol (98:2) to
give 11 (616 mg, 8%). HPLC−MS (low pH) tR = 1.64 min, m/z = 378.2
(M + 1). 1H NMR (399.80 MHz, CDCl3): δ 8.59 (ddd, J = 4.8, 1.8, 0.9
Hz, 1H), 8.00−7.96 (m, 2H), 7.85 (dd, J = 0.7, 2.1 Hz, 1H), 7.75−7.70
(m, 1H), 7.60−7.57 (m, 1H), 7.36−7.32 (m, 2H), 7.20−7.16 (m, 1H),
5.74−5.69 (m, 1H), 4.05−4.02 (m, 1H), 3.78−3.72 (m, 1H), 2.61−2.51
(m, 1H), 2.18−2.07 (m, 2H), 1.82−1.65 (m, 3H).
N-Methyl-4-(2-pyridyl)-N-(1-tetrahydropyran-2-ylindazol-5yl)thiazol-2-amine (12). Compound 11 (0.68 g, 1.81 mmol) was
dissolved in dimethylformamide (20 mL) and cooled to 0 °C. To this
solution was added sodium hydride (145 mg, 3.63 mmol). After 10 min,
methyl iodide (283 mg, 2 mmol) was added and the reaction allowed to
warm to ambient temperature over 3 h. After this time the mixture was
diluted with ethyl acetate and washed with water and brine. The organic
layer was then dried over sodium sulfate, ﬁltered, and evaporated. The
material was then puriﬁed via silica gel chromatography using EtOAc/
MeOH (98:2) to give 12 (0.58 g, 82%). HPLC−MS (high pH) tR = 2.27
min, m/z = 392.2 (M + 1). 1H NMR (399.80 MHz, CDCl3): δ 8.58 (m,
1H), 8.06−8.01 (m, 2H), 7.76−7.67 (m, 3H), 7.44 (dd, J = 2.0, 8.8 Hz,
1H), 7.26 (s, 1H), 7.18−7.15 (m, 1H), 5.76−5.73 (m, 1H), 4.07−4.00
(m, 1H), 3.81−3.74 (m, 1H), 3.64 (s, 3H), 2.63−2.53 (m, 1H), 2.20−
2.09 (m, 2H), 1.82−1.22 (m, 3H).
6-[1-[1-(2-Pyridyl)pyrazol-3-yl]ethyl]-3H-1,3-benzothiazol-2one (13). Compound 20 (2.9 g, 7.9 mmol) was dissolved in
triﬂuoroacetic acid (60 mL) and heated to reﬂux (∼72 °C) under N2
atmosphere for 2 h. After this time the reaction is cooled to room
temperature and concentrated under reduced pressure. The residue is
then dissolved in THF (100 mL) and treated with a 28% aqueous
solution of ammonium hydroxide (100 mL). This mixture was stirred at
room temperature for 1 h. After this time the reaction is diluted with
EtOAc (200 mL) and washed with brine. The combined organic layer
was then dried over sodium sulfate, ﬁltered, and concentrated. The
material was puriﬁed by silica gel chromatography by eluting with
hexanes/EtOAc (gradient of 60%−80%) to give 13 (1.8 g, 71%) as a
white foam in >95% purity. HPLC−MS (low pH) tR = 2.06 min, m/z =
323.2 (M + 1). 1H NMR (400.15 MHz, CDCl3): δ 9.19−9.17 (br s, 1H),
8.46−8.45 (m, 1H), 8.41−8.40 (m, 1H), 7.97−7.93 (m, 1H), 7.82−7.80
(m, 1H), 7.34−7.33 (m, 1H), 7.25−7.23 (m, 1H), 7.18−7.17 (m, 1H),
7.04−7.02 (m, 1H), 6.23−6.21 (m, 1H), 4.32−4.30 (m, 1H), 1.72−1.67
(m, 3H).
This racemic material was then resolved into enantiomers by chiral
chromatography using Chiracel OD-H (4.6 mm × 150 mm, 5 μm
column, Chiral Technologies Europe), eluting with 30% MeOH/liquid
CO2, 5 mL/min, detecting at 225 nm. Isomer 1 [(+)-13] was collected
at tR = 2.13 min and osomer 2 [(−)-13] at tR = 2.82 min. Compound
(+)-13 showed [α]D20 16.56 (c 1.03, EtOH) and enantiomer (−)-13
showed [α]D20 −15.33 (c 1.00, EtOH).
Single Crystal X-ray Diﬀraction Experiment To Establish
Absolute Stereochemistry of 6-[(1S)-1-[1-(2-Pyridyl)pyrazol-3yl]ethyl]-3H-1,3-benzothiazol-2-one. A colorless bladed-like specimen of (+)-13, C17H14N4OS, approximate dimensions 0.015 mm ×
0.050 mm × 0.150 mm, was used for the X-ray crystallographic analysis.
The X-ray intensity data were measured. A total of 3694 frames were
collected. The total exposure time was 10.29 h. The frames were
integrated with the Bruker SAINT software package using a narrowframe algorithm. The integration of the data using a monoclinic unit cell
yielded a total of 21 350 reﬂections to a maximum θ angle of 72.39°
(0.81 Å resolution), of which 5803 were independent (average
redundancy 3.679, completeness = 99.1%, Rint = 4.03%, Rsig = 3.78%)
and 5469 (94.24%) were greater than 2σ(F2). The ﬁnal cell constants of
a = 16.2125(8) Å, b = 5.4689(3) Å, c = 17.4034(9) Å, β = 105.395(2)°,
volume = 1487.70(14) Å3, are based upon the reﬁnement of the XYZcentroids of 9931 reﬂections above 20σ(I) with 5.654° < 2θ < 144.6°.
Data were corrected for absorption eﬀects using the multiscan method
(SADABS). The ratio of minimum to maximum apparent transmission
was 0.784. The calculated minimum and maximum transmission
coeﬃcients (based on crystal size) are 0.7520 and 0.9700. The structure
was solved and reﬁned using the Bruker SHELXTL software package,
using the space group P21, with Z = 4 for the formula unit, C17H14N4OS.
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The ﬁnal anisotropic full-matrix least-squares reﬁnement on F2 with 417
variables converged at R1 = 2.94%, for the observed data and wR2 =
7.31% for all data. The goodness-of-ﬁt was 1.026. The largest peak in the
ﬁnal diﬀerence electron density synthesis was 0.169 e−/Å3 and the
largest hole was −0.309 e−/Å3 with an rms deviation of 0.048 e−/Å3. On
the basis of the ﬁnal model, the calculated density was 1.439 g/cm3 and
F(000), 672 e−. The absolute stereochemistry of (+)-13 was determined
by reﬁnement of the absolute structure parameter to 0.040(7),
conﬁrming the stereocenter’s chirality to be of S conﬁguration (see
Figure 11 in Supporting Information). The coordinates and crystallographic information ﬁle were deposited in the Cambridge Structural
Database with CSD (Refcode CCDC 1471475).
N-(1H-Indazol-5-yl)-N-[(1-methylpyrazol-3-yl)methyl]-4-(2pyridyl)thiazol-2-amine (14). To a solution of 21 (0.187 g, 0.397
mmol) in methanol (5 mL) was added a 4 M aqueous solution of
hydrogen chloride (1 mL, 4 mmol). After 2 h, this solution was diluted
with ethyl acetate (50 mL) and washed with a saturated aqueous
solution of sodium bicarbonate, and brine. The organic layer was dried
over sodium sulfate, ﬁltered, and concentrated. This material was then
puriﬁed via silica gel chromatography using EtOAc/hexanes (20:80) to
give 14 (0.15 g, 95%) as a white solid in >95% purity. HPLC−MS (low
pH) tR = 1.31 min, m/z = 388.0 (M + 1). 1H NMR (400.31 MHz,
CDCl3): δ 11.09 (br s, 1H), 8.57 (ddd, J = 4.8, 1.8, 0.9 Hz, 1H), 8.11 (dd,
J = 0.9, 7.9 Hz, 1H), 7.98 (s, 1H), 7.75−7.71 (m, 1H), 7.66 (t, J = 1.2 Hz,
1H), 7.27−7.23 (m, 4H), 7.17 (ddd, J = 7.5, 4.8, 1.1 Hz, 1H), 6.42 (d, J =
2.3 Hz, 1H), 5.30−5.28 (m, 2H), 3.83 (s, 3H).
6-Acetyl-3-(methoxymethyl)-1,3-benzothiazol-2-one (16).
Cesium carbonate (101.1 g, 310.5 mmol) was added to a solution of
6-acetyl-3H-1,3-benzothiazol-2-one (15) (40.0 g, 207 mmol) in
dimethylformamide (690 mL). Chloromethyl methyl ether (20.4 mL,
269 mmol) was added dropwise over 1 h. After addition the mixture was
stirred at room temperature for 18 h. The reaction mixture was then
diluted with EtOAc (1 L) and washed with water (2 × 200 mL) and then
brine (200 mL). The aqueous layer was then extracted with CH2Cl2
(300 mL). The combined organic layers were dried over Na2SO4,
ﬁltered, and concentrated. The crude material was precipitated using
hexanes/EtOAc (75:25) and ﬁltered to give 16 (37 g, 75%) as a white
solid. HPLC−MS (high pH) tR = 1.61 min, m/z = 238.2 (M + 1). 1H
NMR (399.83 MHz, CDCl3): δ 8.08 (d, J = 1.6 Hz, 1H), 7.94 (dd, J =
1.8, 8.5 Hz, 1H), 7.30 (d, J = 8.6 Hz, 1H), 5.37 (s, 2H), 3.39 (s, 3H), 2.61
(s, 3H).
6-[1-Hydroxy-1-(1-tetrahydropyran-2-yl-1H-pyrazol-5-yl)ethyl]-3-(methoxymethyl)-3H-1,3-benzothiazol-2-one (17). A
solution of 1-tetrahydropyran-2-ylpyrazole (30.8 g, 202 mmol) in
THF (900 mL) was added to a ﬂame-dried 2 L three-neck roundbottom ﬂask and cooled to −78 °C. tert-Butyllithium (2.5 M in
THF)(81.0 mL, 202 mmol) was added dropwise, maintaining
temperature below −68 °C. After addition the reaction was stirred for
60 min at −78 °C. After this time, a solution of 16 (32.0 g, 134 mmol) in
THF (450 mL) was added dropwise over 45 min. The solution was
stirred at −78 °C for 30 min, and then the temperature was raised to −50
°C and the mixture was stirred for 1 h. The reaction was then quenched
with MeOH (80 mL), diluted with EtOAc (2000 mL), and washed with
water (500 mL) and then brine (500 mL). The organic layer was dried
over Na2SO4, ﬁltered, and concentrated to give a crude yellow oil. The
material was puriﬁed by silica gel chromatography by eluting with
hexanes/EtOAc (6:4) to give 17 (44 g, 84%) as a white foam (racemic
mixture of diasteromers). 1H NMR (399.83 MHz, CDCl3): δ 7.52 (s,
1H), 7.48 (d, J = 4.5 Hz, 1H), 7.30 (d, J = 8.6 Hz, 1H), 7.18 (s, 1H), 6.53
(s, 1H), 5.40−5.31 (m, 3H), 4.14−4.09 (m, 2H), 3.73−3.70 (m, 1H),
3.40−3.34 (m, 2H), 2.12−2.03 (m, 4H), 1.92−1.82 (m, 2H), 1.79−1.77
(m, 3H).
3-(Methoxymethyl)-6-[1-(1H-pyrazol-5-yl)ethenyl]-3H-1,3benzothiazol-2-one (18). To a solution of 17 (44 g, 112 mmol) in
CH2Cl2 (5.5 L) was added triﬂuoroacetic acid (1.7 L), and this mixture
was stirred at room temperature overnight for 16 h. The mixture was
then concentrated, and the resulting dark purple reaction mixture
dissolved in EtOAc (2 L) and neutralized by slow addition of saturated
aqueous sodium bicarbonate. The mixture was then extracted with
EtOAc and the organic layer washed with water and brine before being

dried over Na2SO4, ﬁltered, and concentrated. The material was puriﬁed
by silica gel chromatography by eluting with hexanes/EtOAc (1:1) to
give 18 (30 g, 92%) as a thick yellow oil. HPLC−MS (low pH) tR = 1.80
min, m/z = 288.0 (M + 1). 1H NMR (400.15 MHz, CDCl3): δ 7.63−
7.61 (m, 1H), 7.53−7.48 (m, 1H), 7.44−7.42 (m, 1H), 7.28−7.27 (m,
1H), 6.40−6.39 (m, 1H), 5.69−5.67 (m, 1H), 5.43−5.40 (m, 1H),
5.34−5.32 (m, 2H), 3.38−3.37 (m, 3H).
3-(Methoxymethyl)-6-[1-(1H-pyrazol-5-yl)ethyl]-3H-1,3-benzothiazol-2-one (19). 5% palladium/carbon (12 g, 11 mmol) was
added to a N2 purged ﬂask, followed by EtOAc (250 mL). To this was
added a solution of 18 (65.1 g, 226.5 mmol) in EtOAc (860 mL). This
mixture was degassed under vacuum and charged with hydrogen via
balloon. After stirring overnight, excess hydrogen was evacuated under
pressure and ﬂushed with N2. Then the mixture was ﬁltered through
diatomaceous earth and concentrated to give 19 (59.2 g, 92%) as a thick
yellow oil. HPLC−MS (low pH) tR = 1.77 min, m/z = 290.0 (M + 1). 1H
NMR (399.83 MHz, DMSO-d6): δ 10.3 (br s, 1H), 7.65 (d, J = 1.5 Hz,
1H), 7.57−7.55 (m, 1H), 7.26 (s, 1H), 6.28 (s, 1H), 6.13 (d, J = 1.8 Hz,
1H), 5.29 (s, 2H), 4.24−4.18 (m, 1H), 3.24 (s, 3H), 1.56 (d, J = 7.3 Hz,
3H).
3-(Methoxymethyl)-6-[1-[1-(2-pyridyl)pyrazol-3-yl]ethyl]1,3-benzothiazol-2-one (20). 2-Fluoropyridine (8.4 g, 86.4 mmol)
was dissolved in dimethylformamide (140 mL). To this solution was
added lithium tert-butoxide (1 M solution in THF) (130 mL, 130
mmol). After stirring for 15 min, 19 (5 g, 17.3 mmol) was added and the
reaction heated in an oil bath to 140 °C, purging the reaction with N2 to
remove the THF. After 5 h, the reaction mixture was cooled to room
temperature and quenched with saturated ammonium chloride. The
mixture was then extracted with EtOAc and the organic layer washed
with water and brine before being dried over Na2SO4, ﬁltered, and
concentrated. The material was puriﬁed by silica gel chromatography by
eluting with hexanes/EtOAc (2:5) to give 20 (2.9 g, 46%) as an oil.
HPLC−MS (low pH) tR = 2.36 min, m/z = 367.2 (M − 1). 1H NMR
(400.15 MHz, DMSO-d6): δ 8.51 (d, J = 2.6 Hz, 1H), 8.45−8.43 (m,
1H), 7.99−7.95 (m, 1H), 7.88−7.86 (m, 1H), 7.66 (d, J = 1.8 Hz, 1H),
7.35−7.30 (m, 3H), 6.44 (d, J = 2.6 Hz, 1H), 5.29 (s, 2H), 4.32−4.30
(m, 1H), 3.24 (s, 3H), 1.64−1.62 (m, 3H).
N-[(1-Methylpyrazol-3-yl)methyl]-4-(2-pyridyl)-N-(1-tetrahydropyran-2-ylindazol-5-yl)thiazol-2-amine (21). Compound 11
(0.250 g, 0.662 mmol) was dissolved in dimethylformamide (10 mL)
and cooled to 0 °C. To this solution was added sodium hydride (53 mg,
1.32 mmol). After 10 min, 3-(chloromethyl)-1-methylpyrazole (95 mg,
0.73 mmol) was added and the reaction allowed to warm to room
temperature over 3 h. After this time the mixture was diluted with ethyl
acetate and washed with water and brine. The organic layer was then
dried over sodium sulfate, ﬁltered, and evaporated. The crude material
was then puriﬁed via silica gel chromatography using EtOAc/MeOH
(98:2) to give 21 (0.19 g, 62%). HPLC−MS (low pH) tR = 1.67 min, m/
z = 472.2 (M + 1). 1H NMR (400.31 MHz, CDCl3): δ 8.56−8.55 (m,
1H), 8.10−8.08 (m, 1H), 7.98 (s, 1H), 7.74−7.69 (m, 3H), 7.39−7.36
(m, 1H), 7.25 (dd, J = 1.1, 4.6 Hz, 2H), 7.22 (d, J = 1.2 Hz, 1H), 7.17−
7.14 (m, 1H), 6.31 (dd, J = 1.0, 2.0 Hz, 1H), 5.71−5.68 (m, 1H), 5.28−
5.27 (m, 1H), 4.07−4.03 (m, 1H), 3.80 (d, J = 0.9 Hz, 3H), 3.77−3.76
(m, 1H), 2.60−2.59 (m, 1H), 2.20−2.18 (m, 2H), 1.79−1.77 (m, 3H).
Single Crystal X-ray Diﬀraction Experiment To Establish
Absolute Stereochemistry of (S)-6-[1-[1-[5-(2-Hydroxyethyl)-2pyridyl]pyrazol-3-yl]ethyl]-3H-1,3-benzothiazol-2-one ((+)-24).
A clear colorless tabular-like specimen of (+)-24, C19H18N4O2S,
approximate dimensions 0.038 mm × 0.109 mm × 0.143 mm, was
used for the X-ray crystallographic analysis. The X-ray intensity data
were measured. A total of 5094 frames were collected. The total
exposure time was 7.08 h. The frames were integrated with the Bruker
SAINT software package using a narrow-frame algorithm. The
integration of the data using an orthorhombic unit cell yielded a total
of 14 277 reﬂections to a maximum θ angle of 66.55° (0.84 Å
resolution), of which 2880 were independent (average redundancy
4.957, completeness = 95.1%, Rint = 3.96%, Rsig = 4.24%) and 2873
(99.76%) were greater than 2σ(F2). The ﬁnal cell constants of a =
5.9760(2) Å, b = 8.2769(3) Å, c = 35.2440(13) Å, volume =
1743.27(11) Å3 are based upon the reﬁnement of the XYZ-centroids
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of 9916 reﬂections above 20σ(I) with 7.525° < 2θ < 132.4°. Data were
corrected for absorption eﬀects using the multiscan method (SADABS).
The ratio of minimum to maximum apparent transmission was 0.762.
The structure was solved and reﬁned using the Bruker SHELXTL
software package, using the space group P212121, with Z = 4 for the
formula unit C19H18N4O2S. The ﬁnal anisotropic full-matrix leastsquares reﬁnement on F2 with 309 variables converged at R1 = 3.37% for
the observed data and wR2 = 8.20% for all data. The goodness-of-ﬁt was
2.788. The largest peak in the ﬁnal diﬀerence electron density synthesis
was 0.242 e−/Å3 and the largest hole was −0.335 e−/Å3 with an rms
deviation of 0.053 e−/Å3. On the basis of the ﬁnal model, the calculated
density was 1.396 g/cm3 and F(000), 768 e−. The absolute
stereochemistry of (+)-24 was determined by reﬁnement of the
absolute structure parameter to 0.069(19), conﬁrming the stereocenter’s chirality to be of S conﬁguration as depicted in Figure 10. The
coordinates and crystallographic information ﬁle were deposited in the
Cambridge Structural Database with CSD (Refcode CCDC 1444546).
6-[(1S)-1-[1-[5-(2-Hydroxyethoxy)-2-pyridyl]pyrazol-3-yl]ethyl]-3H-1,3-benzothiazol-2-one (25). Compound 29 (140 mg,
0.274 mmol) was dissolved in triﬂuoroacetic acid (5.5 mL, 73 mmol)
and heated to reﬂux (∼72 °C) under N2 for 2 h. After this time the
reaction was cooled to room temperature and concentrated under
reduced pressure. The residue was then dissolved in THF (0.05 M; 67
mmol, 5.5 mL) and treated with a 28% aqueous solution of ammonium
hydroxide (1.4 mL). The mixture was stirred at room temperature for 1
h. After this time the reaction was diluted with EtOAc (100 mL) and
washed with brine. The organic layer was then dried over sodium sulfate,
ﬁltered, and concentrated. The material was puriﬁed by silica gel
chromatography by eluting with hexanes/EtOAc (gradient of 60%−
80%) to give 25 (80 g, 76%) as a white foam in >95% purity. HPLC−MS
(low pH) tR = 1.81 min, m/z = 383.0 (M + 1) and 381.0 (M − 1). 1H
NMR (399.83 MHz, DMSO-d6): δ 11.81−11.75 (br s, 1H), 8.38 (d, J =
2.5 Hz, 1H), 8.14 (d, J = 3.0 Hz, 1H), 7.79 (d, J = 9.0 Hz, 1H), 7.58 (dd, J
= 3.0, 9.0 Hz, 1H), 7.52 (d, J = 1.6 Hz, 1H), 7.22 (dd, J = 1.8, 8.3 Hz,
1H), 7.04 (d, J = 8.2 Hz, 1H), 6.36 (d, J = 2.5 Hz, 1H), 4.92 (t, J = 5.6 Hz,
1H), 4.25−4.20 (m, 1H), 4.10−4.08 (m, 2H), 3.73 (q, J = 4.8 Hz, 2H),
1.60 (d, J = 7.3 Hz, 3H).
This racemic material was then resolved into enantiomers by chiral
chromatography using Chiralcel OJ-H (2.1 cm × 15 cm, 5 μm column,
Chiral Technologies Europe), eluting with 40% MeOH/liquid CO2, 70
mL/min, detecting at 225 nm, injecting 300 μL aliquots per run.
Analytical chiral chromatography using Chiracel OJ-H (4.6 mm × 150
mm, 5 μm column, Chiral Technologies Europe), eluting with 40%
MeOH/liquid CO2, 5 mL/min, detecting at 225 nm, characterized
isomer 1 with tR = 2.03 min (>98% ee) and isomer 2 with tR = 2.66 min
(>98% ee). Isomer 1 was crystallized from 1:1 EtOH/heptane and its
absolute stereochemistry shown to be 6-((−)-1-{1-[5-(2hydroxyethoxy)pyridin-2-yl]-1H-pyrazol-3-yl}ethyl)-3H-1,3-benzothiazol-2-one ((−)-25) by single crystal X-ray crystallography (vide infra).
Optical rotation of (−)-25 was determined to be [α]D20 −7.79 (c 0.47,
MeOH) while the enantiomer (+)-25 (isomer 2) was [α]D20 1.97 (c
1.01, EtOH).
Single Crystal X-ray Diﬀraction Experiment To Establish
Absolute Stereochemistry of 6-[(1S)-1-{1-[5-(2Hydroxyethoxy)pyridin-2-yl]-1H-pyrazol-3-yl}ethyl)-3H-1,3benzothiazol-2-one [(−)-25]. A colorless bladed-like specimen of
(−)-25, C19H18N4O3S, approximate dimensions 0.010 mm × 0.030 mm
× 0.130 mm, was used for the X-ray crystallographic analysis. The X-ray
intensity data were measured. A total of 3705 frames were collected. The
total exposure time was 10.29 h. The frames were integrated with the
Bruker SAINT software package using a narrow-frame algorithm. The
integration of the data using a monoclinic unit cell yielded a total of 4371
reﬂections to a maximum θ angle of 53.98° (0.95 Å resolution), of which
1674 were independent (average redundancy 2.611, completeness =
96.6%, Rint = 4.76%, Rsig = 5.70%) and 1558 (93.07%) were greater than
2σ(F2). The ﬁnal cell constants of a = 12.6156(5) Å, b = 4.3040(2) Å, c =
16.5039(8) Å, β = 104.145(4)°, volume = 868.95(7) Å3 are based upon
the reﬁnement of the XYZ-centroids of 3101 reﬂections above 20σ(I)
with 5.522° < 2θ < 129.6°. Data were corrected for absorption eﬀects
using the multiscan method (SADABS). The ratio of minimum to

maximum apparent transmission was 0.734. The calculated minimum
and maximum transmission coeﬃcients (based on crystal size) are
0.7894 and 0.9812. The structure was solved and reﬁned using the
Bruker SHELXTL software package, using the space group P 1 21 1,
with Z = 2 for the formula unit C19H18N4O3S. The ﬁnal anisotropic fullmatrix least-squares reﬁnement on F2 with 250 variables converged at R1
= 3.71% for the observed data and wR2 = 8.52% for all data. The
goodness-of-ﬁt was 1.084. The largest peak in the ﬁnal diﬀerence
electron density synthesis was 0.219 e−/Å3 and the largest hole was
−0.223 e−/Å3 with an rms deviation of 0.050 e−/Å3. On the basis of the
ﬁnal model, the calculated density was 1.462 g/cm3 and F(000), 400 e−.
The absolute structure parameter reﬁned to 0.1(0), conﬁrming the
stereocenter of (−)-25 to be of S conﬁguration as depicted in Figure 10.
The coordinates and crystallographic information ﬁle were deposited in
the Cambridge Structural Database with CSD (Refcode CCDC
1444545).
2-Fluoro-5-[2-(tetrahydro-2H-pyran-2-yloxy)ethoxy]pyridine (28). To a solution of 2-ﬂuoro-5-hydroxypyridine (26) (2.0 g,
17.68 mmol) in dimethylformamide (59.0 mL, 762.37 mmol) was added
cesium carbonate (17.2 g, 53.05 mmol), followed by 2-(2bromoethoxy)tetrahydro-2H-pyran (27) (3.7 g, 17.7 mmol), and the
resulting mixture was stirred at room temperature overnight. The
reaction was then diluted with EtOAc (500 mL) and washed with water
(300 mL) and then brine (300 mL). The combined organic layers were
dried over Na2SO4, ﬁltered, and concentrated. The material was puriﬁed
by silica gel chromatography by eluting with hexanes/EtOAc (7:3) to
give 28 (3.9 g, 91%) as a pale yellow oil. HPLC−MS (low pH) tR = 1.82
min, m/z = 242.2 (M + 1). 1H NMR (399.83 MHz, CDCl3): δ 7.86 (dd,
J = 2.0, 2.7 Hz, 1H), 7.39−7.34 (m, 1H), 6.84 (ddd, J = 8.9, 3.5, 0.5 Hz,
1H), 4.70−4.68 (m, 1H), 4.22−4.15 (m, 2H), 4.06 (ddd, J = 11.4, 5.0,
4.0 Hz, 1H), 3.90−3.82 (m, 2H), 3.56−3.51 (m, 1H), 1.86−1.82 (m,
2H), 1.65−1.61 (m, 4H).
3-(Methoxymethyl)-6-{1-[1-(5-{2-(tetrahydro-2H-pyran-2yloxy)ethoxy}pyridine-2-yl)-1H-pyrazol-3-yl]ethyl}-3H-1,3-benzothiazol-2-one (29). Compound 28 (7.7 g, 26.6 mmol) was dissolved
in dimethylformamide (133 mL), and to this solution was added lithium
tert-butoxide (1.0 M solution in THF) (39.9 mL, 39.9 mmol). After
stirring for 15 min, 19 (12.8 g, 53.2 mmol) was added and the reaction
mixture heated in an oil bath to 140 °C. After 5 h., the mixture was
cooled to room temperature and quenched with saturated ammonium
chloride. The mixture was then extracted with EtOAc and the organic
layer washed with water and brine before being dried over Na2SO4,
ﬁltered, and concentrated. The material was puriﬁed by silica gel
chromatography by eluting with hexanes/EtOAc (2:5) to give 29 (10 g,
74%) as a pale yellow oil. HPLC−MS (low pH) tR = 2.60 min, m/z =
511.0 (M + 1). 1H NMR (400.15 MHz, CDCl3): δ 8.35 (dd, J = 0.6, 2.5
Hz, 1H), 8.09 (d, J = 2.9 Hz, 1H), 7.88−7.85 (m, 1H), 7.40−7.37 (m,
2H), 7.26 (d, J = 1.0 Hz, 1H), 7.17−7.14 (m, 1H), 6.20−6.19 (m, 1H),
5.31 (d, J = 0.8 Hz, 2H), 4.71−4.69 (m, 1H), 4.31−4.28 (m, 3H), 4.11−
4.09 (m, 1H), 3.94−3.91 (m, 2H), 3.58−3.57 (m, 1H), 3.37 (s, 3H),
1.85−1.82 (m, 9H).
6-Nitro-3-(2-trimethylsilylethoxymethyl)-1,3-benzothiazol2-one (31). 6-Nitro-3H-1,3-benzothiazol-2-one (30) (20 g, 101.95
mmol) was dissolved in DMF (300 mL) and cooled to 0 °C. To this
solution was added sodium hydride (6.2 g, 160 mmol, 60% dispersion)
portionwise, followed by 2-(chloromethoxy)ethyltrimethylsilane (20
mL, 110 mmol). After 2 h, the reaction mixture was quenched with
saturated ammonium chloride solution and this mixture partitioned
between ethyl acetate and water. The organic layer was dried over
sodium sulfate, ﬁltered, and evaporated. The resulting solid was washed
with ether to give 31 (27 g, 81%) as a yellow solid. 1H NMR (399.80
MHz, DMSO-d6): δ 8.73 (d, J = 2.4 Hz, 1H), 8.25 (dd, J = 2.4, 8.9 Hz,
1H), 7.54 (d, J = 9.0 Hz, 1H), 5.39 (s, 2H), 3.57−3.53 (m, 2H), 0.84−
0.80 (m, 2H), −0.11 (s, 9H).
6-Amino-3-(2-trimethylsilylethoxymethyl)-1,3-benzothiazol-2-one (32). Compound 31 (27 g, 82.7 mmol) was dissolved in
ethanol (70 mL). To this solution was added 10% palladium on carbon
(2.2 g, 2.2 mmol) and the mixture stirred under an atmosphere of
hydrogen gas (1 atm) for 18 h. After this time, the reaction mixture was
ﬁltered through Celite and evaporated to give 32 (24.5 g, 82%) as a pale
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yellow solid. 1H NMR (399.80 MHz, DMSO-d6): δ 6.98 (d, J = 8.6 Hz,
1H), 6.74 (d, J = 2.1 Hz, 1H), 6.55 (dd, J = 2.2, 8.6 Hz, 1H), 5.19 (s, 2H),
5.05 (s, 2H), 3.50 (t, J = 7.9 Hz, 2H), 0.80 (t, J = 7.9 Hz, 2H), −0.11 (s,
9H).
N-[[2-Oxo-3-(2-trimethylsilylethoxymethyl)-1,3-benzothiazol-6-yl]carbamothioyl]benzamide (33). Compound 32 (20 g, 67.4
mmol) was dissolved in acetone (225 mL). To this mixture was then
added benzoyl isothiocyanate (9.6 mL, 71 mmol) dropwise. After 3 h,
the solution was evaporated and the residue puriﬁed via silica gel (10−
100% EtOAc in hexanes) to give 33 (29 g, 93%) as a clear crystalline
solid. HPLC−MS (high pH) tR = 1.53 min. m/z = 460.2 (M + 1). 1H
NMR (399.80 MHz, CDCl3): δ 12.61−12.58 (m, 1H), 9.09−9.08 (m,
1H), 7.97 (d, J = 2.2 Hz, 1H), 7.89−7.87 (m, 2H), 7.68−7.63 (m, 1H),
7.57−7.52 (m, 2H), 7.48 (dd, J = 2.2, 8.8 Hz, 1H), 7.28 (d, J = 8.7 Hz,
1H), 5.36 (s, 2H), 3.63−3.59 (m, 2H), 0.93−0.89 (m, 2H), −0.03 (s,
9H).
[2-Oxo-3-(2-trimethylsilylethoxymethyl)-1,3-benzothiazol6-yl]thiourea (34). Compound 33 (29 g, 63.1 mmol) was dissolved in
methanol (160 mL). To this solution was added an aqueous solution of
sodium hydroxide (5M, 14 mL, 70 mmol). After 3 h, the reaction
mixture was quenched with HCl and partitioned between EtOAc and
water. The organic layer was dried over sodium sulfate, evaporated and
the residue puriﬁed via recrystallization in ether to give 34 (22.2, 99%) as
a white solid. HPLC−MS (high pH) tR = 1.50 min. m/z = 356.0 (M + 1).
1
H NMR (399.80 MHz, DMSO-d6): δ 9.76 (s, 1H), 7.71 (s, 1H), 7.26 (s,
2H), 5.30 (s, 2H), 3.55−3.51 (m, 2H), 0.85−0.81 (m, 2H), −0.09 (s,
9H).
6-[[4-(2-Pyridyl)thiazol-2-yl]amino]-3-(2-trimethylsilylethoxymethyl)-1,3-benzothiazol-2-one (35). Compound 34 (22 g,
69.1 mmol) was dissolved in DMF (300 mL). To this solution was
added 2-bromo-1-(2-pyridyl)ethanone, hydrobromide (17.6 g, 62.8
mmol), followed by N,N-diisopropylethylamine (24 mL, 130 mmol),
and the reaction mixture was heated to 100 °C. After 1 h, the reaction
mixture was cooled and partitioned between EtOAc and water. The
organic layer was dried over sodium sulfate, evaporated and the residue
puriﬁed via silica gel (5% MeOH in DCM) to give 35 (19.5 g, 69%) as a
tan solid. HPLC−MS (high pH) tR = 1.47 min. m/z = 457.2 (M + 1). 1H
NMR (399.80 MHz, DMSO-d6): δ 10.39 (s, 1H), 8.56−8.54 (m, 1H),
8.09 (d, J = 2.2 Hz, 1H), 8.00 (d, J = 7.9 Hz, 1H), 7.87 (td, J = 7.7, 1.8 Hz,
1H), 7.63 (dd, J = 2.3, 8.8 Hz, 1H), 7.52 (s, 1H), 7.33−7.27 (m, 2H),
5.30 (s, 2H), 3.57−3.53 (m, 2H), 0.85−0.81 (m, 2H), −0.10 (s, 9H).
6-[2-Ethoxyethyl-[4-(2-pyridyl)thiazol-2-yl]amino]-3-(2trimethylsilylethoxymethyl)-1,3-benzothiazol-2-one (36). Compound 35 (1 g, 2.2 mmol) was dissolved in dimethylformamide (30 mL)
and cooled to 0 °C. To this solution was added sodium hydride (105 mg,
4.4 mmol). After 10 min, 1-bromo-2-ethoxyethane (402 mg, 2.6 mmol)
was added and the reaction allowed to warm to ambient temperature
over 3 h. After this time the mixture was diluted with ethyl acetate and
washed with water and brine. The organic layer was then dried over
sodium sulfate, ﬁltered, and evaporated. The material was then puriﬁed
via silica gel chromatography using EtOAc/MeOH (98:2) to give 36
(0.76g, 66%) as a white foam in >95% purity. m/z = 529.0 (M + 1). 1H
NMR (400.13 MHz, CD3OD): δ 8.51 (m, 1H), 8.05 (m, 1H), 7.87−
7.83 (m, 1H), 7.73 (m, 1H), 7.51 (m, 1H), 7.43 (m, 1H), 7.32−7.28 (m,
2H), 5.43 (s, 2H), 4.21 (m, 2H), 3.79 (m, 2H), 3.67 (m, 2H), 3.50 (m,
2H), 1.31 (m, 3H), 0.94 (m, 2H), −0.02 (s, 9H).
6-[2-Ethoxyethyl-[4-(2-pyridyl)thiazol-2-yl]amino]-3H-1,3benzothiazol-2-one (37). 36 (0.75 g, 1.4 mmol) was dissolved in
triﬂuoroacetic acid (15 mL) and heated to reﬂux (∼72 °C) under N2 for
2 h. After this time the reaction mixture was cooled to room temperature
and concentrated under reduced pressure. The residue was then
dissolved in THF (25 mL) and treated with a 28% aqueous solution of
ammonium hydroxide (25 mL). This mixture was stirred at room
temperature for 1 h. After this time the reaction is diluted with EtOAc
(50 mL) and washed with brine. The organic layer was then dried over
sodium sulfate, ﬁltered, and concentrated. The material was puriﬁed by
silica gel chromatography by eluting with hexanes/EtOAc (gradient of
60%−80%) to give 37 (0.50 g, 91%) as a white foam in >95% purity.
HPLC−MS (low pH) tR = 1.63 min, m/z = 399.0 (M + 1). 1H NMR
(400.31 MHz, CDCl3): δ 9.32−9.28 (br s, 1H), 8.59−8.57 (m, 1H),

8.02−8.00 (m, 1H), 7.76−7.73 (m, 1H), 7.56 (d, J = 2.2 Hz, 1H), 7.39−
7.36 (m, 1H), 7.28−7.26 (m, 1H), 7.21−7.18 (m, 1H), 7.13 (d, J = 8.5
Hz, 1H), 4.19−4.16 (m, 2H), 3.82−3.79 (m, 2H), 3.51 (q, J = 7.0 Hz,
2H), 1.17 (t, J = 7.0 Hz, 3H).
Anticonvulsant Testing. Male Sprague Dawley rats (Harlan
Sprague Dawley. Indianapolis, IN), weighing 90−110 g at the time of
test were used in accordance with NIH animal care and use guidelines
and institutional committee oversight. Compound (−)-25 was dosed
orally 30 min prior to sc dosing with 35 mg/kg pentylenetetrazole
(PTZ) and observed for the presence or absence of clonic convulsions
over 30 min.
Inverted Screen Test. Prior to PTZ dosing, rats were tested on the
inverted screen test to assess motor impairment. The apparatus is made
of four 13 cm × 16 cm squares (rat) of round hole, perforated stainless
steel mesh (18 holes/square inch, 3/16 in. diameter, 1/4 in. staggered
centers, 50% open area) which are mounted 15 cm apart on a metal rod,
35 cm above the table top. After rotating the screen 180°, the rats were
scored after 60 s as follows: 0 = climbed over, 1 = hanging on to bottom
of screen, 2 = fell oﬀ.
Receptor Occupancy. The availability of a tracer molecule,
compound 37, enabled studies to assess the ability of (−)-25 to occupy
central TARP γ-8 containing AMPA receptors.
Live Phase. Drug naive male Sprague Dawley rats (Harlan
Laboratories, Indianapolis, IN) were orally administered with vehicle
(10% Acacia/0.05% Dow antifoam) or (−)-25. After 30 min, the rats
were intravenously administered 3 μg/kg tracer in the lateral tail vein
and euthanized by cervical dislocation 40 min after tracer administration. The whole brain was rapidly removed and lightly rinsed with
sterile water. The hippocampus (total binding region) and the
cerebellum (null binding region) were dissected, weighed, stored in
1.5 mL Eppendorf tubes, and placed on ice. The remaining whole brain
was weighed, frozen on dry ice, and later evaluated for exposure of the
(−)-25. Cortical brain tissues samples were collected from a drug naive
rat for use in generating blank and standard curve samples.
Tracer Extraction and Sample Preparation. Tissue samples were
thawed on wet ice. Acetonitrile containing 0.1% formic acid was added
to each sample at a volume of 4 times the weight of the tissue sample.
The samples were homogenized using a sonic probe dismembrator
(Fisher Scientiﬁc) and centrifuged for 20 min at 14 000 rpm. The
supernatant solution was diluted with sterile water, mixed thoroughly,
and analyzed via LC/MS/MS for tracer concentration.
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