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ABSTRACT: We describe the hit-to-lead exploration of a
[1,2,4]triazolo[1,5-a]pyrimidine phosphodiesterase 2A (PDE2A)
inhibitor arising from high-throughput screening. X-ray crystallog-
raphy enabled structure-guided design, leading to the identification
of preferred substructural components. Further rounds of
optimization used relative binding free-energy calculations to
prioritize different substituents from the large accessible chemical
space. The free-energy perturbation (FEP) calculations were
performed for 265 putative PDE2A inhibitors, and 100 compounds
were synthesized representing a relatively large prospective
application providing unexpectedly active molecules with IC50′s
from 2340 to 0.89 nM. Lead compound 46 originating from the
FEP calculations showed PDE2A inhibition IC50 of 1.3 ± 0.39 nM,
∼100-fold selectivity versus other PDE enzymes, clean cytochrome P450 profile, in vivo target occupancy, and promise for further
lead optimization.

■ INTRODUCTION

The ubiquitous nucleotides 3′,5′-cyclic adenosine mono-
phosphate (cAMP) and 3′,5′-cyclic guanosine monophosphate
(cGMP) are second messengers that play a critical role in many
signal transduction pathways. Both cyclic nucleotides are
hydrolyzed by phosphodiesterase (PDE) enzymes to the
corresponding biologically inactive adenosine and guanosine
monophosphates, AMP and GMP, respectively. PDE enzymes
are encoded by 21 genes and are grouped into 12 families, PDE1
to PDE12.1 Their expression is tissue- and cell-specific;
moreover, the different isozymes and splice variants are
expressed in specific cell compartments and targeted to
particular protein complexes, resulting in a spatiotemporal
integration of multiple signaling pathways.2

PDE2A is a homodimer of two monomers approximately 105
kDa each. The enzyme has two regulatory units for each
monomer, a GAF-A and a GAF-B domain that have distinct
roles in dimerization and activation, respectively. Binding of
cGMP to the GAF-B domain allosterically activates the enzyme
resulting in a 6- to 30-fold increase of cAMP hydrolysis.3−5 Once
the enzyme is activated, it hydrolyzes both nucleotides with
similarKM values restoring the cAMP and cGMP concentrations
to basal levels. PDE2A is expressed in the brain and is most
prevalent in cortex, hippocampus, and striatum,6−8 supporting a
role in cognitive processes, neuronal plasticity, and memory.9

Inhibition of PDE2Awill result in elevation of intracellular cyclic

nucleotide levels that play a key role in processes of
neuroplasticity such as long-term potentiation (LTP), which is
considered as a neurophysiological correlate of memory and
learning.10 The exact underlying mechanism of memory
enhancement following PDE2A inhibition is not fully under-
stood, but it is likely occurring via the nitric oxide synthase
(NOS)/cGMP/protein kinase-G pathway rather than the
cAMP/protein kinase A pathway.11,12

Cognitive deficits are prominent in neurodegenerative
disorders such as Alzheimer’s disease (AD). The earliest
cognitive symptoms of AD include a decline in memory
function,13,14 manifest as problems with planning and task
execution (executive function),15 described as an inability to
successfully form new memory traces for integration into
existing memory networks.16,17 While the impairment of
episodic memory is frequently the earliest detectable neuro-
cognitive sign, the earliest symptoms often cooccur with
neuropsychiatric behavioral symptoms.18 Upon progression of
the disease, more cognitive function is lost19 and patients
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develop concurrent neuropsychiatric symptoms. Disease-
modifying treatments in AD are yet to be established, and
currently available symptomatic treatments are only moderately
effective or limited in their use because of their side effects.
Therefore, improved treatments to alleviate or even reverse the
symptoms of reduced cognitive function represent a significant
unmet medical need. Thus, PDE2A inhibition may be
procognitive and have a positive impact in the treatment of
cognitive dysfunction in early stage AD,20,21 and PDE2
inhibition has been the subject of recent medicinal chemistry
reports.22−26

We previously described the structure-based optimization of
tricyclic PDE2A inhibitors such as 1 and 2.27,28 Although highly
potent and selective, poor solubility and high plasma clearance
could not be overcome, limiting their developability. Here, we
report a series of [1,2,4]triazolo[1,5-a]pyrimidine PDE2A
inhibitors arising from high throughput screening (HTS). X-
ray crystallography of the initial hit 3 allowed structure-guided
design, leading to improved target potency. An X-ray structure
of a second example confirmed the binding mode, and we
employed computational relative binding free-energy (RBFE)
calculations to guide the molecular design. The accurate
prediction of protein−ligand interaction energies has been,
and remains, an important but very challenging goal for
computational structure-based design.29 We applied the free-
energy perturbation (FEP) approach that calculates the binding
energy difference between structurally similar ligands, making it
well suited for lead optimization (LO). The method is
undergoing a resurgence of interest30,31 and we have seen a
good performance in drug discovery programs32−34 including
PDE2A28,35 and for other large protein−ligand data sets.36−38

Here, FEP calculations on 250 triazolopyrimidines were
followed by the synthesis of 100 examples, giving a valuable
demonstration of FEP-guided LO. Overall, the resulting lead
compounds showed excellent PDE2A inhibition potency (IC50
< 1 nM) and selectivity of up to 100- to 1000-fold versus other
PDE enzymes. Brain penetration was confirmed for selected
leads and the most promising examples, 42 and 46, showed in
vivo target engagement in a PDE2A occupancy assay.

■ RESULTS AND DISCUSSION

HTS hit 3 (Figure 1) had a PDE2A inhibition IC50 of 66 ± 3.2
nM and approximately eightfold selectivity versus PDE10A (the
closest structural PDE family member to PDE2A). It was
inactive (IC50 > 10,000 nM) in all cases when tested for
inhibition activity in a larger panel of PDE enzymes (PDE1B,
PDE3A, PDE4D, PDE5A, PDE7A, PDE9A, and PDE11A).
Compound 3 originated from commercial sources and was part
of our internal screening library. It was tested in over 100
internal screens and was inactive (IC50 > 10,000 nM) other than

for PDE2A and PDE10A. We began our experimental follow-up
by solving the X-ray crystallographic structure of 3 with the
PDE2A catalytic domain, refined to 2.35 Å resolution (Rwork =
21.5% and Rfree = 29.1%). There were two PDE2A molecules in
the asymmetric unit, but each active site overlaid well and
showed minimal variation in ligand binding. Molecule 3 sits in
the hydrophobic clamp between Phe830 and Phe862 (Figure 2).

Most active site interactions with the ligand are formed with the
triazolopyrimidine core. Gln812 donates a 2.3 Å hydrogen bond
from its NH side chain to the pyrimidine sp2 nitrogen acceptor
of the bicycle. Another hydrogen bond with a distance of 2.5 Å is
donated from the NH side chain of Gln859 to the triazole sp2

nitrogen and Phe862 forms an off-center π-stack above the
scaffold. The linking amido piperidinyl group has an end-on π-
interaction with Phe830 and is largely solvent exposed along
with the pendant trimethoxyphenyl residue that is bound on the
solvent exposed surface of helix 15. The para methoxy group
forms a hydrogen bond with a water molecule. The X-ray
structure settled the uncertainty of whether the alkoxyphenyl in
3 may interact with the “switch” Gln859 as seen for well-known
PDE inhibitors such as Papaverine and Rolipram.39,40 Further
examination of the binding mode suggested that there was space
to substitute on the free positions of the pyrimido ring along
with ample opportunity for amide replacements.
The chemistry exploration of the initial hit began with the

preparation of the right-hand side (RHS, Chart 1) amides 3−18
(Table 1). The compounds were tested in a full-length human
PDE2A inhibition assay measuring changes in levels of cAMP by
a scintillation proximity approach. Consistent with the binding
mode, a variety of benzamides were tolerated as substituents on
the piperidine. Initial hit 3 was racemic and a 66 nM PDE2A

Figure 1. Previous tricyclic PDE2A inhibitor leads 1 and 2, along with triazolopyrimidine HTS hit 3 which is the subject of this report.

Figure 2. X-ray structure of HTS hit 3 with PDE2A viewed from the
entrance to the active site (A) and top down (B), PDB accession code
6ZND. Important amino acids are highlighted in green, and catalytic
Zn2+ and Mg2+ ions are shown, along with active site water molecules
(red spheres); hydrogen bonds between Gln812 and Gln859 and the
triazolopyrimidine scaffold are indicated with dashed yellow lines in
panel B.
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inhibitor. The dimethoxy analogue 4 showed similar PDE2A
inhibition activity (IC50 = 47 ± 16 nM). Homologation via a
methylene spacer between the amide carbonyl and the distal
aromatic resulted in a ∼10-fold drop in activity for 5 compared
to 4 (5, IC50 = 479± 16 nM vs 4, IC50 = 47± 16 nM). The X-ray
structure of 3 (Figure 2) suggests that this was due to a loss of
the optimal interactions with Met847 and Phe862. Simplifica-
tion to the unsubstituted phenyl 6 (IC50 = 339 ± 31 nM) or
replacement of the distal aromatic by small aliphatic groups, 7
(IC50 = 246 ± 12 nM) and 8 (IC50 = 1580 ± 180 nM), were
detrimental for activity, again because of the loss of preferred
aromatic interactions with Met847 and Phe862.
The PDE2A activity was dependent on the position and type

of substitution on the aromatic ring. For instance, meta and para
substituents were preferred, exemplified with ortho methoxy 9
(IC50 = 912 ± 200 nM) that was >12-fold less active than meta
10 (IC50 = 74± 27 nM) or para 11 (IC50 = 50± 22 nM). It was
expected that the ortho substituent caused the rotation of the
distal aromatic ring and disrupted its interaction with Phe862.
Meanwhile, it was clear that electron donating groups were
beneficial for activity compared to withdrawing, for instance, the
comparison of para methoxy 11 (IC50 = 50 ± 22 nM) to para
cyano 12 (IC50 = 589± 280 nM) and trifluoromethyl 13 (IC50 =
324 ± 96 nM) substituents. The electron-rich aromatic rings
were preferred as they form an energetically more favorable T-
shaped π-interaction with Phe862, Figure 2. Conformational
restriction of the methoxy groups into the benzodioxane
derivative 14 (IC50 = 49 ± 21 nM) maintained a similar range
of activity compared to 4 (IC50 = 47 ± 16 nM), although 4 was
racemic. Fully aromatic bicyclic examples such as benzofuran 15
improved the inhibition activity to 24 ± 8.5 nM. This prompted
us to expand the exploration around these bicyclic hetero-
aromatics, resulting in analogues such as 16 and 17 that reached
PDE2A potencies of 2.1 ± 0.9 and 2.6 ± 1.1 nM, respectively.
The tetrahydrobenzothiophene group attached via the five-
membered ring in 18 was a 10 ± 5.2 nM PDE2A inhibitor and
was selected as the template to explore central core and LHS
variations. Finally, the observation of the S stereoisomer binding
in the X-ray structure was formally confirmed by chiral
separation of 17. Indeed, the S stereoisomer retains most of
the PDE2A inhibitory activity with 20 being 60-fold more active
than its enantiomer 19 (20, IC50 = 1.5± 0.1 nM vs 19, IC50 = 87
± 27 nM).
The identification of a selective inhibitor was a key aspect of

our strategy to later validate the role of PDE2A inhibition for
cognition. The main concern was selectivity versus PDE10A
given its close structural similarity to PDE2A (34% sequence
identity, 50% similarity for the catalytic domain) and its
implication in other central nervous system disorders.41 Indeed,
the selectivity data available for all the compounds in this article
confirms only weak and sparse activity (range 3160−10,000 nM

for 12 out of 140 IC50measurements) versusmultiple other PDE
family members (PDE1B, PDE4D, PDE5A, PDE7A, PDE9A,

Chart 1. Medicinal Chemistry Strategy for Exploration of
HTS Hit 3

Table 1. RHS Exploration of HTS Hit 3a,b

aPrimary inhibition activity versus PDE2A, and activity versus close
structural family members PDE3A/B and PDE10A. bPDE2A
bioactivity measurements are the mean of at least two independent
repeats and provided with standard deviations except 6, 8, and 12,
which are provided with the standard error on dose response for n =
1. cAll data were generated with PDE3A except compounds 8, 9, and
15 that were tested versus PDE3B.
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and PDE11A), Table S1. TheHTS hit 3 showed a modest 8-fold
selectivity, but this was substantially improved to approximately
30- to 50-fold with bicyclic amides such as 16−18. This could be
rationalized because of the interaction with Leu858 (Figure 2),
which forms the boundary at the bottom of the benzamide
pocket and interacts directly with the meta and para substituents
of the distal aromatic ring, or in the case of 16−18, the fused 5-
membered ring. A glycine is found at the same position in
PDE10A (Gly725), and because of the absence of the side chain,
the pocket extends further, meaning that this region of the
binding site, traditionally referred to as the Q2 pocket,40 can be
exploited for PDE selectivity.42

Turning to the core modifications (Table 2), replacement of
the piperidine in 18 by a morpholine was detrimental for activity

with 21 being ninefold less active than 18 (21, IC50 91 ± 29 vs
18, 10 ± 5.2 nM). Although the unsubstituted piperazine was
substantially less active (22, IC50 = 1412 ± 196 nM), the N-
methyl analogue 23 showed a double-digit nanomolar PDE2A
inhibition activity (IC50 = 87 ± 41 nM). Acylation of the
piperazine nitrogen in 24 was inactive up to the 10 μM
concentration limit. Ring enlargement was also detrimental for
activity with the homopiperidine 25 being 26-fold less active
than the corresponding piperidine matched pair (25, IC50 = 263
± 24 nM vs 18, IC50 = 10 ± 5.2 nM). Hence, the piperidine was
optimal for the activity, something that could be understood
from the X-ray structure because of its close lipophilic
interaction with the side chains of Tyr655 and Ile826. The
selectivity of the most active examples in this exploration, 21 and
23, was similar to the parent piperidine central core, 18. Indeed,
all three examples maintained the same 28-fold selectivity versus
PDE10A, demonstrating the origin of selectivity from the

constant presence of the tetrahydrobenzothiophene amide. In
contrast, 18 and 21 displayed only 1.4- to 4-fold selectivity
versus PDE3A. The sequence similarity between PDE2A and
PDE3A (20% sequence identity, 33% similarity for the catalytic
domain) was lower than that for PDE10A, and the loss of
selectivity versus PDE3A was initially a surprise. Nevertheless,
the complete lack of PDE3A inhibition activity for some
benzamide replacements (3, 7, and 19 Table 1) offered promise
that PDE3A selectivity could be modulated in the same Q2
pocket that was targeted for PDE10A selectivity.40 Comparison
of PDE2A and PDE3B43 crystal structures revealed differences,
for instance, Met847 (PDE2A, Figure 1) was instead Phe976
(PDE3B) that also adopts a different conformation and changes
the shape of the pocket” to “for instance, Met847 in PDE2A
(Figure 1) was instead Phe976 in PDE3B. The Phe976 also
adopts a different conformation compared to Met847 and
changes the shape of the pocket.
To complete the initial structure−activity relationship (SAR)

exploration around the triazolopyrimidine hit series, the LHS
group (Chart 1) was modified while maintaining the piperidine
central core and RHS residue present in 18. The introduction of
a methyl substituent on the pyrimidine ring brought immediate
improvements in potency and compound 26 showed a 3.5± 2.3
nM PDE2A inhibitor IC50 activity (Table 3). According to the
crystal structure binding mode of 3, the methyl group in 26
would occupy a small pocket deep in the binding site. The larger
isopropyl group in 27 would not fit and hence the compound
was much less active (27, IC50 = 6031± 1943 nM). The smaller
methoxy group in the same position recovered the activity (28,
IC50 = 195 ± 85 nM). Triazolopyrimidine compounds bearing
electron-withdrawing cyano (29) and trifluoromethyl (30)
substituents showed good PDE2A inhibition values (10 ± 5.9
and 50 ± 19 nM, respectively), although they were less potent
than the methyl analogue 26. Interestingly, the CHF2 group in
31 delivered an equipotent PDE2A inhibitor (31, 3.4 ± 2.3 nM
vs 26, 3.5 ± 2.3 nM). Modification of the heterobicyclic ring
(32−34) resulted in all cases in a substantial loss of activity. The
IC50 of pyrazolopyrimidine 32, imidazolopyrimidine 33, and
azaindole 34 were 30 ± 22, 407 ± 66, and 6020 ± 1980 nM,
respectively. Finally, the introduction of substituents in the
triazolo ring in 26 was clearly detrimental for activity with
methyl- (35, IC50 = 562 ± 65 nM) or trifluoromethyl-
substituted (36, IC50 = 2951 ± 478 nM) analogues 160- and
842-fold less active than the PDE2A inhibitor 26. In general,
selectivity improved by the introduction of the small substituent
on the pyrimidine ring, for instance 31 was nearly 200-fold and
16-fold selective versus PDE10A and PDE3A, respectively.
Compound 31 was tested in a larger PDE inhibition panel
including PDE1B, PDE4D, PDE5A, PDE7A, and PDE11A,
where it showed >10,000 nM activity in all assays except for
PDE4D, where a moderate activity (IC50 = 6460 nM) was
measured.
From the initial SAR studies, it was clear that although the

RHS substituent tolerated a diverse set of aromatic amides, the
substitution pattern and electronic nature of the substituents
were important for achieving increased PDE2A inhibition. This
was due to forming optimal nearby interactions, particularly with
Met847 and Phe862. All modifications of the central scaffold
were less active than the parent piperidine example. Meanwhile,
the LHS group that hydrogen bonds with the Gln812 switch and
Gln859, permitted a CH3 and CHF2 substituent entering deep
into the binding pocket. Therefore, using the optimal LHS along
with the piperidine central ring, benzylic heteroaromatic groups

Table 2. Central Core Modificationsa,b

aPrimary inhibition activity versus PDE2A, and activity versus close
structural family members PDE3A/B and PDE10A. bPDE2A
bioactivity measurements are the mean of at least two independent
repeats and provided with standard deviations except 22 and 25
which are provided with the standard error on dose response for n =
1. cAll data were generated with PDE3A except compound 23 that
was tested versus PDE3B.
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Table 3. LHS Exploration of HTS Hit 3a,b

aPrimary inhibition activity versus PDE2A, and activity versus close structural family members PDE3A/B and PDE10A. bPDE2A bioactivity
measurements are the mean of at least two independent repeats and provided with standard deviations except for 33, 35, and 36, which are
provided with the standard error on dose response for n = 1. cAll data were generated with PDE3A except for compounds 28, 29, 32, and 33 that
were tested versus PDE3B.

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://dx.doi.org/10.1021/acs.jmedchem.0c01272
J. Med. Chem. XXXX, XXX, XXX−XXX

E

https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c01272?fig=tbl3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c01272?fig=tbl3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c01272?fig=tbl3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c01272?fig=tbl3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c01272?fig=tbl3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c01272?fig=tbl3&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://dx.doi.org/10.1021/acs.jmedchem.0c01272?ref=pdf


were studied as RHS benzamide replacements (Table 4). The
SAR obtained did not correlate well with the phenyl amide

subseries. First, both the dimethoxyphenyl- (37) and the
benzofuran-containing (38) triazolopyrimidine analogues were
less active than the equivalent amides 4 and 15 (37, IC50 = 741±
345 nM vs 4, IC50 = 47± 16 nM and 38, IC50 = 1148± 207 nM
vs 15, IC50 = 24 ± 8.5 nM, respectively). Furthermore, the
relative order of activity was reversed. Interestingly, the benzyl-
like pyridine derivatives 39 and 40 were 24 ± 6.3 and 69 ± 39
nMPDE2A inhibitors and recovered selectivity, being >120-fold
selective for both PDE3A and PDE10A. This confirmed the
comparison between PDE2A and PDE3B X-ray structures that
revealed that the sequence and structural differences in the Q2
pocket could lead to PDE3A selectivity. It was expected that
these electron-rich heteroaromatics would make favorable
interactions with Phe862 as mentioned above, but the
differences in activity suggested that different ligand con-
formations were possible compared to equivalent amides.
Therefore, intrigued to understand if this would translate into
structural differences when bound to the enzyme, we attempted
and solved an X-ray crystal structure of 39 with the PDE2A
catalytic domain.
The structure of PDE2A in complex with lead 39was solved at

1.9 Å resolution (Rwork = 19.6% and Rfree = 24.4%), and the
binding site is shown in Figure 3. There were four PDE2A
monomers per asymmetric unit and each had a single 39
molecule bound in its active site. Structural overlay indicated
little conformational difference between the four subunits; the
electron density was best defined for subunit D. The
triazolopyrimidine core of 39 was again anchored by two
hydrogen bonds to Gln859 and Gln812 while being held in a
hydrophobic clamp by Ile826, Phe830 and Phe862. The difluoro
methyl group sits in a small, well-buried pocket, as expected from
the X-ray structure of 3. The proton of the difluoromethyl group
is electropositive and makes a favorable electrostatic interaction

with the phenol oxygen of the neighboring Tyr655. The
piperidine core is largely solvent exposed along with the pendant
pyridine ring. Positive electron density peaks in the final
difference density maps indicated a second alternative
conformation of the pyridine ring related by a 180° rotation of
the pyridine, positioning the chlorine substituent toward the
solvent space. B-Factor refinement indicated less than 20%
occupancy of this second conformation in each of the four
subunits. The alternative orientation was therefore not included
in the final model. Nevertheless, the second possible orientation
was consistent with conformational effects contributing to lower
inhibition activity of benzyl- compared to benzamide-
substituents (Table 4). The pyridyl ring was again sandwiched
between Met847 and Phe862, and the nitrogen formed a
hydrogen bond to a crystallographic water at the bottom of the
Q2 pocket.

Racemization of the Central Scaffold. Up to this point,
we had several promising leads, including 15−18, 26, and 31
that showed PDE2A inhibition <10 nM and in most cases >10-
fold selectivity versus PDE3A and PDE10A. Unfortunately, it
was noticed that after chiral separation, in some cases,
enantiopure compounds in solution turned into mixtures after
several days. Racemization presented a challenge for the
progression of the series. Interestingly, the problem was
overcome by introducing a methyl substituent into the 4-
position of the piperidine ring. Several examples were
synthesized and shown not only to maintain but even improve
potency (Figure 4). This was likely because of the preference for
hydrophobic interactions with the side chains of Tyr655 and
Ile826, as seen for the central core modifications (Table 2).
Compound 41 showed high PDE2A inhibition activity (IC50 =
1.1 ± 0.4 nM) and >90-fold selectivity versus PDE3A (IC50 =
2240 nM) and PDE10A (IC50 = 97 nM). It was also tested for
inhibition against a larger panel of PDE enzymes and was
inactive (IC50 > 10,000 nM) in all cases (PDE1B, PDE4D,
PDE7A, and PDE11A) except for PDE5A, where a weak activity
was detected (IC50 = 6760 nM). The chiral example 42 showed
sub-nanomolar PDE2A inhibition (IC50 = 0.6 ± 0.3 nM) and
was 2200- and 90-fold selective versus PDE3A and PDE10A,
respectively.

RBFE Calculations. Up to this point, we had mostly used
amide substitution on the piperidine nitrogen to explore the hit
series. However, molecules with benzylic functionality such as
39 and 40 demonstrated that a large chemically accessible space
may be possible. Hence, we turned to computational

Table 4. Second Round RHS Modificationsa,b

aPrimary inhibition activity versus PDE2A, and activity versus close
structural family members PDE3B and PDE10A. bPDE2A bioactivity
measurements are the mean of at least two independent repeats and
provided with standard deviations.

Figure 3. X-ray structure of lead 39 with PDE2A viewed from the
entrance to the active site (A) and top down (B), PDB accession code
6ZQZ. Important amino acids are highlighted in green, and catalytic
Zn2+ and Mg2+ ions are shown, along with active site water molecules
(red spheres); hydrogen bonds are indicated with dashed yellow lines in
panel B.
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prioritization using RBFE calculations with FEP methodology.
The method requires that perturbed molecules share an
overlapping binding mode during the computational simula-
tions. This was expected here as the two crystallographic binding
orientations of 3 and 39 were highly similar, suggesting that
different chemical decoration can be probed with FEP
calculations. Others have used binding free-energy calculations
for PDE1044 and for other PDE enzymes.45 We have described
accurate RBFE predictions for ligand modifications in a different
subpocket of the PDE2A binding site.35 Here, the ligand changes
are relatively solvent exposed and that was expected to help the
performance of the calculations by avoiding issues with
kinetically trapped solvent.
We began by testing the FEP performance with a small

retrospective validation study using 20 existing molecules
involving a mixture of structurally similar amides and benzyls
covering a 4 log unit range of activity. A good correlation, R2

0.69, and mean unsigned error (MUE) of 0.89 ± 0.35 kcal/mol
was seen when comparing experimental and calculated binding
affinities, Figure S1 and Table S2. This prompted us to continue
and perform successive rounds of FEP to help prioritize on-
going chemistry explorations on a roughly monthly basis. The
calculations were applied to different virtual libraries containing
varied substituents on the piperidine nitrogen. The input for the
FEP calculations was guided using docking that performed well
at reproducing the expected binding modes, Figure S2. The
reagents for each virtual library were selected based on their
similarity to the known actives, that is, aromatic amides, and
their chemical feasibility and availability. These included amides,
benzylic groups, and heteroaromatic halide ((het)aryl) reagents
(Table 5). This study was part of a larger in-house
evaluation28,32,33,35 of FEP, and therefore, we chose compounds
from across the range of predicted affinity to avoid issues of
selection bias and deliver a fair evaluation of the FEP
performance.46

In total, 100 molecules were synthesized from the different
libraries. The experimental and predicted binding free energies
(δG, kcal/mol) are compared in Figure 5. The most active
molecules are those in the bottom left of the plot with the largest
negative favorable binding free energy. The correlation of R2

0.57 and overall MUE of 0.79 ± 0.16 kcal/mol were consistent
with the retrospective validation. A key reason for exploring
quantitative RBFE predictions is the poor activity prediction for
congeneric series by methods such as docking. This was also the
case here because the docking, although able to reproduce the
binding pose, was unable to predict binding affinity for the same
set of compounds, R2 0.01 and MUE of 2.27 ± 0.33 kcal/mol,
Figure S2.
There were various expected and unexpected examples

amongst the FEP results. The calculations predicted multiple

amides as highly active. An analogue of 42where the benzofuran
was replaced by indole (changing only the oxygen atom for NH)
was a high affinity 0.9± 0.4 nMPDE2A inhibitor but structurally

Figure 4. 4-Methyl-substituted piperidines 41−43, introduction of the methyl group at the 4-position of the piperidine central scaffold to prevent
racemization.

Table 5. Summary of the Rounds of FEP Calculations That
Were Applied to Prospective Molecular Design

round R-substituents
no

calculated
no

synthesized R2
MUE

(kcal/mol)a

1 amides & (het)
aryls

59 5 0.77 1.02 ± 0.90

2 (het)aryls 57 29 0.51 0.78 ± 0.27
3 benzyls 58 29 0.28 1.01 ± 0.33
4 amides 39 10 0.41 0.47 ± 0.32
5 pyridyls 52 27 0.58 0.62 ± 0.29

a±99% confidence interval. (Het)arylsheteroaromatic halide
reagents delivering compounds with a heteroaromatic ring directly
bonded to the piperidine nitrogen.

Figure 5. Correlation of experimental and calculated binding activity
(∂G) for the compounds synthesized in each round of the FEP-guided
design. The compound data points are colored and shaped according to
the rounds of FEP and synthesis, see Table 5. The diagonal lines of
unity and ±1 or 2 kcal/mol errors are shown. The trendline (black,
partly obscured by the line of unity), equation, and R2 were calculated
based on all the data combined, showing almost linear slope and very
little offset. Selected compounds are labeled.
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very close to previous examples. Therefore, although this was an
interesting example of successful activity prediction, that is itself
a difficult achievement, it is a relatively obvious result. However,
amongst a series of 4-substituted pyridyls, 44−46, example 46
with the 4-phenyl substituted pyridine was a surprising 1.3± 0.4
nM PDE2A inhibitor that showed ∼100-fold increase in activity
compared to analogues 44 and 45 (Figure 6). The phenyl ring in
the 4-pyridyl position would have been disregarded based on the
relatively low activity of 44 that presents an amide with an
aromatic character in this position and 45 with a lipophilic t-
butyl group. Curiously, the FEP calculation for this molecule was
performed twice in two separate libraries of compounds, as seen
by the almost overlapping star and square labels highlighted in
Figure 5. It was part of a general library of heteroaromatic halide
reagents (round 2), and again in the more focused halo-pyridyl
reagent library (round 5). In both cases, it was predicted to be a
potent example that was confirmed after synthesis and testing
and without the calculations this example would have been
overlooked.
The difference in activity between 45 and 46 was correctly

predicted by the FEP calculations, predicted to be 4.0 kcal/mol
in favor of 46 compared to 2.9 kcal/mol experimentally. In other
words, the calculations were capturing the multiple SAR effects
that include the aromatic interaction with Phe862, the CH−pi
interactions between the 4-phenyl substituent of the ligand and
Ile866, and displacement of the crystallographic water at the
bottom of the Q2 pocket from a relatively hydrophobic and
exposed region of the protein surface (Figures 2 and 3 for
binding site details). This is manifest in the mostly good
correlation seen for the different FEP rounds. Overall, relatively
substantial improvements in potency were seen for a pocket that
while solvent exposed contains multiple hydrophobic side
chains, Met847, Leu858, Phe862, and Ile866. This makes it an
ideal pocket for improving binding affinity and also avoids
difficulties for FEP calculations, such as trapped solvent in
buried pockets or needing to introduce polar interactions with
optimal distance and angles to compete with the solvent.
Altogether these factors may explain the good performance of
FEP in this case.
The error between experimental and predicted binding

affinity of the successive rounds of FEP improved, for instance,
rounds 4 and 5 showed MUE of 0.47 ± 0.32 and 0.62 ± 0.29
kcal/mol, respectively, compared to the first rounds with MUE
∼1 kcal/mol. The first round included molecules with two
different types of substitution on the piperidine nitrogen, all the
subsequent rounds only used one type of chemical substituent.
The benzyl library, round 3, performed the worst, R2 0.28 and
MUE 1.01 ± 0.33 kcal/mol.
The lower correlation could be due to alternative binding

conformations, although the low populated conformation in the
X-ray structure of 39 was seen in the simulations, or it could be

due to a change in the ionization state of the piperidine nitrogen,
which was treated as neutral in all cases but may vary based on
the benzylic substituent. The correlation of the amide library in
round 4 was low, but this was due to a smaller range of the
resulting experimental activity (1.3 log units), making it difficult
to achieve high correlation but the MUE remained good.
Overall, the improvement with each round was attributed to

the closer structural similarity between the compounds
(beneficial for the convergence of the calculations) because
each library became more focused on analogues of previously
identified actives. We did not include additional experimental
reference molecules in the subsequent rounds, although this can
be used as a strategy to improve results. In our experience, this
application of FEP has been particularly successful for various
reasons. On the one hand, the SAR is relatively easy to capture
with important hydrophobic interactions in a solvent accessible
region, where water displacement can be modeled. The site of
perturbation is exposed, does not require protein movement,
and is far away from the active site metal ions which can cause
difficulties, all in contrast to our previous FEP studies on
PDE2.35 Practical issues also make this system amenable, the
high-resolution crystal structures were convergent on a common
binding mode for different substituents, the substituents
themselves are distal and often unlikely to disturb the
conformation of the remaining molecule, there is no expected
change in formal charge of the ligands, and all perturbations took
place in only one region of the molecule. Thus, many reasons
combine to make this an ideal system for studying with RBFE
calculations.47

Finally for the calculations, it is worthwhile to consider the
value and impact that accurate binding energy predictions can
have on drug discovery. An analysis of 50,000 medicinal
chemistry transformations from 30 projects revealed only 8.5%
having a potency gain of >1 log unit (∼1.4 kcal/mol).48 For a
small set of 10 compounds, a prediction with 1 kcal/mol of error
increases the chance a log unit improvement in activity to 36%, a
∼4-fold gain.47 As more compounds are assessed, the impact
improves. This simple model is informative but has various
caveats, for instance not all transformations are intended to
improve potency. More recent analysis for a prototypical drug
discovery program has suggested a 2- to 4-fold increase in the
number of potent molecules when assessing at least five ideas for
each synthesized compound.49 In this study, we synthesized 100
molecules from across a range of activity prediction. FEP
correctly identified 90% (9 out of 10) of the 10 most active
amongst its best ranked 10, compared to 20% (2 out of 10) from
docking. Although this represents an unexpectedly good
performance, it highlights the benefits for increased computa-
tional assistance in molecular design and the value of RBFE
predictions compared to classical approaches.

Figure 6. Comparative examples of 4-substituted pyridine RHS substituents arising from the FEP calculations.
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The initial systematic exploration of the HTS hit 3, followed
by the computationally guided library exploration, led to a
collection of early lead candidates with PDE2A inhibition
activity in the range of 0.6−24 nM (Table 6). Selectivity was
improved during the optimization with later examples such as
39, 42, 43, and 46 showing approximately 100-fold selectivity
versus either PDE3A or PDE10A. This set of promising
compounds was further profiled in vitro for its ADMET
properties. In general, solubility was good and no relevant
cytochrome P450 (CYP450) inhibition was seen for most
compounds up to 10 μM. The metabolic stability was an issue
for the leads that contained the tetrahydrobenzothiophene
amide such as 18 and 31 with both showing high turnover in
human and rat liver microsomal stability assays. Meanwhile,
examples such as the benzofuran-containing lead 42 suggested
the high metabolic turnover could be overcome. This compared
favorably with the previous tricycle 1 that was highly
metabolized (compound was undetectable after 15 min of
incubation in human and rat liver microsomes) in similar
assays.27

We investigated the ability of a representative set of
compounds to cross the blood−brain barrier (BBB). Plasma
and brain levels measured 1 h after dosing at 10 mg/kg are listed
in Table 7. The tetrahydrobenzothiophene amides (18 and 31)

and the chiral benzofuran (42) were less brain penetrant (B/P =
0.4−0.5) than the 4-phenyl substituted pyridine (46) (B/P =
1.8). The better in vitro clearance seen for 42 permitted p.o.
dosing with higher absolute levels in plasma and brain.
Meanwhile, the better B/P ratio of 46 may be explained by its
lower total polar surface area (TPSA) and higher lipophilicity, as

shown in Table 7. On the basis of these results, compound 46
showed promise with the best brain to plasma ratio, but further
optimization would be needed to resolve metabolic clearance
and increase absolute levels.
An in vivo target occupancy assay was used to evaluate PDE2

target engagement of compounds 42 and 46 in rat brain slices. A
tritiated version of compound 127,28 was used as a radioactive
tracer (10 μCi i.v.). In this experiment, MP-1042 (2.5 mg/kg
s.c.), a potent and selective PDE10 inhibitor, was predosed
because it was found to greatly increase the signal-to-noise ratio
of the tracer.27 This is understood to be due to PDE10
inhibition, leading to increased intracellular cGMP that is known
to activate PDE2 through its GAF domain. Using this protocol,
42 showed 92% occupancy of PDE2 after p.o. administration
(10 mg/kg suspension in 20% HP-β-CD solution). Compound
46 showed 90% PDE2 occupancy after s.c. administration (10
mg/kg suspension in 20% HP-β-CD solution).

Chemistry. A general retrosynthesis toward targeted amide
compounds50 is outlined in Scheme 1. The final compounds 47
were synthesized via amide coupling between the cyclic amines
48 and readily accessible or commercially available (hetero)aryl
carboxylic acids 49. In turn, triazolopyrimidine-amines 48 were
obtained from the acetylamines 50 or from the piperidin-3-one
51 via known procedures.
5-Unsubstituted triazolo[1,5-a]pyrimidine amines 48a−d

were prepared, as shown in Scheme 2. Thus, condensation of
the Boc-protected acetylamines 50a−d with N,N-dimethylfor-
mamide dimethylacetal (DMF/DMA) provided the intermedi-
ate 3-dimethylaminobuten-2-ones 52a−d, which were then
cyclized with 1H-1,2,4-triazol-3-amine (53) in acetic acid at 100
°C, to provide triazolopyrimidines 54a−d. Cleavage of the Boc-
protecting group in 54a−d gave the desired intermediates 48a−
d. Optionally, intermediates 48a−b were also separated in their
enantiomers via supercritical fluid chromatography (SFC)
purification to provide intermediates 48aa (R)−48ab (S) and
48ba (R)−48bb (S), respectively.51

The synthesis of 5-substituted triazolopyrimidine amines
48e−f commenced with the condensation of 3-acetylpiperidine
50a with carbon disulfide, followed by S-methylation using
methyl iodide and sodium hydride, which gave the bismethyl-
sulfanyl butenone intermediate 55 (Scheme 3). Cyclization of
55 with the aminotriazole 53 provided the 5-thiomethyl-
triazolopirimidine 56. Oxidation of the thiomethyl substituent
in 56 with mCPBA gave the corresponding sulfone 57, which
was then converted via aromatic nucleophilic substitution with
sodium methoxide and sodium cyanide to the respective

Table 6. Emerging Leads from the Initial Exploration of HTS Triazolopyrimidine Hit 3a

compd
PDE2A IC50

(nM) selectivityb
solubility

(μM pH 7.4) CYP450c
rat Clint

d

(μL/min/mg)
hum Clint

d

(μL/min/mg)
rat t1/2

d

(min)
hum t1/2

d

(min)

15 24 ± 8.5 21 n.d. n.d. 14 19 98 72
17 2.6 ± 1.1 30 105 0, -, 2, 9, 0, 0 35 32 40 43
18 10 ± 5.2 4 102 69, -, 44, 16, 0, 51 >347 >347 <4 <4
31 3.4 ± 2.3 11 92 28, -, 31, 7, 43, 41 >347 >347 <4 <4
39 24 ± 6.3 234 n.d. n.d. 74 49 19 28
42 0.6 ± 0.3 89 n.d. n.d. 11 14 129 98
43 1.7 ± 2.0 112 >100 n.d. 26 14 55 99
46 1.3 ± 0.4 99 4 >10, >10, 9, >10, >10,

>10
157 38 9 37

an.d. not determined. bMinimum fold-selectivity calculated with respect to either PDE3A or PDE10A. cCytochrome P450 inhibition, all
compounds measured as % inhibition at 10 μM compound concentration, except 46, which corresponds to IC50 in μM. All measurements follow
the same order: 3A4, 2C8, 2C9, 2C19, 2D6, 1A2. dAll compounds incubated at 1 μM for 60 min in human and rat liver microsomes to determine
the metabolic turnover (half-life, Clint).

Table 7. Brain and Plasma Levels for Compounds after 1 h of
a Single Dose at 10 mg/kg in Rats

compd
plasma levels
(ng/mL)a

brain levels
(ng/mL)a

B/P
ratio c log Pb TPSA

18c 679 ± 28 240 ± 1 0.4 1.9 92
31c 831 ± 450 346 ± 260 0.4 2.1 92
42d 1640 ± 57 788 ± 4 0.5 1.8 77
46c 338 ± 68 596 ± 75 1.8 3.4 59

aData are expressed as the mean average of at least two runs and
provided with standard deviations. bc log P calculated with Biobyte
software. cCompound dosed s.c. at 1 mg/mL in 20% HP-β-CD
solution in Sprague Dawley rat. dCompound dosed p.o. at 1 mg/mL
in a 20% HP-β-CD solution pH 3.6−3.7 in the Long−Evans rat.
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methoxy (48e) and cyano (48f) triazolopyrimidine intermedi-
ate amines after Boc deprotection.
The synthetic sequence for the preparation of intermediates

48g−h is shown in Scheme 4 and was similar to Scheme 1 for the
synthesis of intermediates 48a−d. Condensation of Boc-
protected 3-acetylpiperidine 50a with N,N-dimethylacetamide
dimethyl acetal afforded the enaminone 58, which was then
reacted with either 1H-imidazol-2-amine or with 53 to provide
the corresponding 5- or 7-methyl-substituted [1,2,4]triazolo-
[1,5-a]pyrimidine (48g) or imidazo[1,2-a]pyrimidine (48h)
intermediate amines. The 5-(difluoromethyl)-7-(3-piperidyl)-
[1,2,4]triazolo[1,5-a]pyrimidine amine derivative 48i was
obtained in three steps starting from 50a. First, the condensation
of 50a with ethyl difluoroacetate afforded the 1,3-dicarbonyl
intermediate 59 in excellent yield. Then, reaction of 59 with 53
led to intermediate 48i after Boc cleavage.
For the preparation of the piperidine intermediates 48j−o,

the boronic ester intermediates 62 and 63 were prepared from
Boc-protected piperidine3-one 51, as shown in Scheme 5. First,

51 was treated with LDA in the presence of N-phenyl-
bis(trifluoromethanesulfonimide), affording a mixture of triflate
enol ethers 60 and 61 that could be separated by column
chromatography on a silica gel. Both compounds were
converted to the corresponding boronate esters 62 and 63 in
moderate yields via palladium-catalyzed reaction with bis-
(pinacolato)diboron.
Boronic ester 62 was used in Suzuki cross-coupling reactions

with chloro-tr iazolopyr imidines 64 and tetrakis-
(triphenylphosphine)palladium(0) to give tetrahydropyridines
65a−d in modest yields because of the instability of the chloro-
heteroaromatic derivatives 64, which hydrolyzed in the reaction
conditions. The double bond in derivatives 65a−d was
satisfactorily reduced under catalytic hydrogenation conditions,
leading to the correspondingN-Boc-protected piperidines using

Scheme 1. General Retrosynthetic Route

Scheme 2. Synthesis of Intermediates 48a−da

aReagents and conditions: (a) DMF/DMA, 120 °C, 3 h; (b) AcOH, 100 °C, 1 h, 28−62% over 2 steps; (c) HCl, 1,4-dioxane, RT, 1 h, 70−93%.

Scheme 3. Synthesis of Intermediates 48e−fa

aReagents and conditions: (a) NaH, CS2, CH3I; THF, 0 °CRT, 16
h, 21%; (b) 150 °C, 3 h, 12%; (c) mCPBA, CHCl3, 60 °C, 2 h, 99%;
(d) R = OMe: NaOMe, MeOH, RT, 30 min; (e) R = CN: NaCN,
DMSO, RT, 30 min, 43%; (f) TFA, DCM, RT, 2 h; R = OMe: 99%, R
= CN: 68%.

Scheme 4. Synthesis of Intermediates 48g−ia

aReagents and conditions: (a) 120 °C, 3 h, 95%; (b) AcOH, 120 °C,
30 min, for 53: 80%, for 2-aminoimidazole: 55%; (c) C6H6, KOtBu, 0
°CRT, 5 h, 98%; (d) (i) 53, DMF, 60 °C, 28 h; (ii) Et3N, di-tert-
butyl dicarbonate, 0 °CRT, 1 h, 86%; (e) HCl, iPrOH, MeOH, 1−
24 h, RT (48g, 55%; 48h, 95%; 48i, 61%).
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either Pd/C or Pt/C as catalysts. Boc removal under acidic
conditions provided piperidines 48j−m in nearly quantitative
yields. In a similar fashion, the boronic ester 63was coupled to 4-
chloroazaindole (66) and chloro pyrazolopyrimidine (68) using
the N-heterocyclic carbene complex allyl[1,3-bis(2,6-
diisopropylphenyl)imidazol-2-ylidene]chloropalladium(II) to
provide tetrahydropyridines 67 and 69, respectively. Catalytic
reduction of the double bond in 67 and 69, followed by Boc
cleavage afforded the piperidines 48n and 48o, respectively
(Scheme 6).
The piperidine intermediates 48a−o were transformed into

the final targets via amide coupling reaction conditions with the
corresponding carboxylic acids of acid chlorides (Scheme 7).
Piperidines bearing benzyl-like substituents at the nitrogen

atom 37, 38, and 40 were prepared by reductive amination with
sodium triacetoxyborohydride of difluoromethyltriazolopyrimi-
dine 48i with readily available aldehydes 70 (Scheme 8).
Alternatively, substitution-alkylation of 48i (Scheme 7) with the
derivative 71 provided the benzylamine 39 in 37% yield.

Finally, the target compounds containing a trisubstituted
piperidine were prepared following the synthetic route outlined
in Scheme 9. Thus, catalytic hydrogenation of commercially
available methyl 4-methylpyridine-3-carboxylate 72 using PtO2
in acetic acid (Scheme 9), followed by Boc-protection of the

Scheme 5. Synthesis of 3,4- and 3,6-Dihydropyridyl Pinacol Boronic Ester Intermediatesa

aReagents and conditions: (a) LDA, THF, −78 °CRT, 16 h; (b) AcOK, Pin2B2, Pd(OAc)2, PCy3, 2-MeTHF, 80 °C, 16 h.

Scheme 6. Synthesis of Intermediates 48j−48oa

aReagents and conditions: (a) Pd(PPh3)4, Na2CO3, 1,4-dioxane, EtOH, water, (9−27%). (b) H2, Pd/C, MeOH, (R1 = iPr, R2 = H, 99%) or Pt/C
(47%−88%); (c) HCl, iPrOH. MeOH, RT, 16 h (94−100%); (d) (SIPr)Pd(allyl)Cl, Na2CO3, 1,4-dioxane, EtOH, water (18%); (e) H2, Pt/C,
MeOH (99%); (f) HCl, iPrOH. MeOH, RT, 16 h,91%; (h) (SIPr)Pd(allyl)Cl, Na2CO3, 1,4-dioxane, EtOH, water,63%; (i) H2, Pd/C, MeOH, (R1

= iPr, R2 = H, 86%); (j) HCl, iPrOH. MeOH, RT, 16 h, 94%.

Scheme 7. Synthesis of Compounds 3, 7−18, 21−36a

aReagents and conditions: for compounds 3−7, 10−12, 14−18, and
21−36 (a) (Het)ArCOOH, HBTU, DIPEA, DCM, 1 h, 15−95%; for
compounds 8, 9, and 13 (b) (Het)ArCOCl, DIPEA, DCM, RT, 1 h,
11−80%.
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resulting piperidine, provided methyl 4-methylpiperidine-3-
carboxylateas a cis/trans mixture of diastereoisomers, with trans
isomer 73 being the major component in the mixture. The
desired diastereoisomer 73 could be separated by column
chromatography. Saponification of the methyl ester in 73,
followed by CDI-mediated coupling with methoxymethylamine,
provided Weinreb amide 74. Addition of methylmagnesium
bromide to amide 74 led to the methylketone 75, which was
then condensed with difluoroethylacetate to afford the 1,3-
dicarbonylic compound 76. In turn, 76 was reacted with 2-
aminotriazole 53 to provide the triazolopyrimidine intermediate
77. The Boc N-protecting group was partially cleaved in the
cyclization reaction conditions; therefore, the crude reaction
mixture (RM) was treated with Boc2O to reprotect the
deprotected intermediate in order to enable a better separation
of 77 from the reaction mixture. Deprotection of the Boc N-
protecting group under acidic conditions provided piperidine
78. SFC purification at this stage allowed isolation of the
eutomer of 78, which was then submitted to amide coupling or
to nucleophilic aromatic substitution conditions to provide the
target molecules 41−43 and 44−46, respectively.50

■ CONCLUSIONS
The initial exploration of a triazolopyrimidine PDE2A inhibitor
HTS hit (3) has been described. Guided by the X-ray structure
and later with FEP relative binding energy calculations, we were

able to rapidly identify highly potent PDE2A inhibitors with
greater than 100-fold selectivity over PDE3A and PDE10A.
Furthermore, several examples (39, 42, and 46) demonstrated
that selectivity versus other members of the PDE enzyme family
was resolved by targeting the Q2 pocket. Racemization issues
were overcome by the introduction of a methyl substituent in
the central core, leading to an optimal trisubstituted piperidine
scaffold. Four lead compounds were evaluated to test BBB
penetration with 42 and 46 showing most promise, and in vivo
PDE2 target engagement was confirmed for these two
compounds via p.o. and s.c. administration, respectively. The
FEP calculations were useful for identifying unexpectedly active
compounds from amongst the virtual libraries that were profiled.
We consider the approach of FEP calculations on increasingly
larger virtual libraries and chemical spaces to offer significant
potential for future LO efforts.52 It provides a way to identify
stand-out or unexpectedly active compounds, thereby having a
larger impact on the LO process. Finally, despite the good results
here, it is important to note that FEP can be problematic in real-
world prospective applications as described in the recent large
report of Schindler et al.53 We will follow up with a detailed
report on the optimization of leads from this series.

■ EXPERIMENTAL SECTION
X-ray Crystallography. Cocrystals of C-His tagged human 579-

921 PDE2AwithHTS hit 3 and lead 39were grown in 0.2MMgCl2, 0.1
M Tris-HCl pH 8.0 and 20% PEG 3350 and 0.2 M MgCl2, 0.1 M Tris-
HCl pH 8.0 and 24% PEG 3350, respectively, both in the presence of 1
mM compound. Crystals were flash-frozen directly from the hanging
drop without additional cryo-protectant by plunging into liquid
nitrogen. The HTS hit 3 data set was collected in house on a Rigaku
Saturn 944 CCD detector. The lead 39 data set was collected at the
Diamond Light Source at beamline 102 on an ADSC Q315 CCD
detector. Data sets were indexed, integrated, and scaled using
MOSFLM and SCALA (CCP4). The PDE2A model with PDB ID
1Z1L was used for molecular replacement with the data sets using
PHASER (CCP4). The resulting models were then given 10 cycles of
atomic refinement with tight geometric weights using REFMAC5. In
each case, the difference electron densitymap calculated after molecular
replacement and initial refinement was examined for the presence of
possible ligands. Once the ligand electron density was located, a
molecular structure file and refinement library file were produced using
SKETCHER (CCP4). The ligands were fitted into the electron density
using COOT and refined using REFMAC5 (CCP4). Water molecules
were then added using the water placement option in COOT and
refined using REFMAC5 (CCP4). Metal ions were also added and

Scheme 8. Synthesis of Compounds 37−40a

aReagents and conditions: (a) NaBH(OAc)3, DIPEA, DCM, RT, 4 h
(36%−86%); (b) DIPEA, DMF, 60 °C, 4 h (37%).

Scheme 9. Synthesis of Compounds 41−43a

aReagents and conditions: (a) H2, PtO2, AcOH, 50 °C, 5 d, 97%; (b) Boc2O, DCM, DIPEA, DMAP, RT, 1 h, 75%; (c) NaOH, MeOH, RT, 14 h,
100%; (d) CDI, MeNHOMe, Et3N, THF, ACN, RT80 °C, 7 d,100%; (e) MeMgBr, THF, −15 °CRT, 1 h, 90%; (f) KOtBu, toluene, 0 °C
RT, 2 h, 100%; (g) (i) 53, DMF, 80 °C, 24 h; (ii) Boc2O, Et3N, RT, 30 min, 30%; (h) HCl, iPrOH, MeOH, 2 h, RT (72%); (i) (Het)ArCOOH,
HBTU, DIPEA, DCM, 1 h, 15−95%; (j) (Het)Cl or (Het)Br, DIPEA, nBuOH, 160 °C, 4 h (6−41%).
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refined. The structural geometry of both the protein and ligand were
finally checked using Maestro and MOE.
Protocols for Measuring Inhibition of PDE’s In Vitro. PDEs

1B1 and 11A4 were expressed in HEK cells from full-length human
recombinant clones. Human recombinant PDEs 2A, 4D3, 5A3, 7A1,
9A1, 10A2, and rat PDE10A2 were expressed in Sf9 cells using a
recombinant baculovirus construct containing the full-length sequence
containing a a 6xHis sequence, following the start Met to allow metal
affinity purification of the recombinant protein. Cells were harvested,
and the PDE protein was purified by metal chelate chromatography on
Ni-sepharose 6FF. PDE6A, PDE3A, and PDE8A were purchased as
partially purified Sf9 cell lysates (Scottish Biomedical, UK). All enzymes
were diluted in 50 mMTris pH 7.8, 1.7 mMEGTA, and 8.3 mMMgCl2
except for PDE9A, which was diluted in 50 mM Tris pH 7.8 and 5 mM
MnCl2, and PDE1B was diluted in 50 mM Tris pH 7.8, 8.3 mMMgCl2
complemented with 624 U/mL calmodulin and 800 μM CaCl2. The
affinity of the compounds for PDEs was measured by a scintillation
proximity assay (SPA). PDE yttrium silicate SPA beads allow the PDE
activity to be measured by direct binding of the primary phosphate
groups of noncyclic AMP or GMP to the beads via an iron complex
chelation mechanism. The amount of bound tritiated product ([3H]-
AMP or [3H]-GMP) was measured by liquid scintillation counting in a
TopCount (Packard).
Compounds were dissolved and diluted in 100% dimethyl sulfoxide

(DMSO) in polystyrene plates to a concentration of 100-fold the final
concentration in the assay. Rat or human PDE10A or human PDE2A or
human PDE3A or PDE3B enzyme solution (10 μL) was added to 20 μL
of incubation buffer (50 mM Tris pH 7.8, 8.3 mM MgCl2, 1.7 mM
EGTA), 10 μL of substrate solution consisting of a mixture of
nontritiated and tritiated substrate (60 nM cAMP, 0.008 μCi 3H-cAMP
for human and rat PDE10A, 10 μM cGMP, 0.01 μCi 3H-cGMP for
PDE2A, 0.1 μM cAMP, 0.024 μCi 3H-cAMP for PDE3A or PDE3B),
and 0.4 μL of compound in 100% DMSO in a 384-well plate and
incubated for 60 min at room temperature for human and rat PDE10A
and PDE3A/B or for 40 min at room temperature for PDE2A. After
incubation, the reaction was stopped with 20 μL of stop solution,
consisting of PDE SPA beads (17.8 mg beads/mL in 18mM zinc sulfate
for human and rat PDE10A or in 200 mM zinc sulfate for PDE2A and
PDE3A, and in 400 mM zinc sulfate for PDE3B). After sedimentation
of the beads for 30 min, the radioactivity was measured in a
PerkinElmer TopCount scintillation counter and results were expressed
as counts per minute (cpm). To measure the low control, no enzyme
was added to the reactionmixture. The same assay principle was applied
for the measurement of the inhibition of other members of the PDE
family, with appropriate modifications of enzyme concentration,
incubation buffer, substrate solution, incubation time, and stop
solution. Data were calculated as the percentage of inhibition of total
activity measured in the absence of test compound (% control). A best-
fit curve was fitted by a minimum sum of squares method to the plot of
% control versus compound concentration, from which an IC50 value
(inhibitory concentration causing 50% inhibition of hydrolysis) was
obtained. Compounds 1−40 were tested on rat PDE10A, and 41−46
were tested on human PDE10A.
CYP450 Inhibition Assay. The potential to reversibly inhibit the

major human P450 isoforms (CYP450s 1A2, 2C9, 2C19, 2D6, and
3A4) was determined in the CYP450 inhibition cocktail assay. Test
compounds are incubated across a concentration range (five
concentrations) with human liver microsomes and probe substrates
for each of the six isoforms (CYP450 1A2, 2C8, 2C9, 2C19, and 2D6 in
cocktail format and 3A4 in the single probe format) to estimate the IC50
for inhibition of the probe substrate by the test compound. After the
defined incubation time, the reaction is quenched and samples are
centrifuged and prepared for analysis by liquid chromatography/mass
spectrometry (LC/MS). The percentage inhibition of the probe
substrate metabolite formation is plotted against inhibitor concen-
tration and an IC50 calculated by curve fitting.
Microsomal Metabolic Stability Assay. The metabolic stability

of a test compound was tested at Cyprotex by using liver microsomes
(0.5 mg/mL protein) from human and preclinical species incubated up
to 60 min at 37 °C with 1 μM of the test compound. The in vitro

metabolic half-life (t1/2) is calculated using the slope of the log−linear
regression from the percentage parent compound remaining versus
time relationship. The in vitro intrinsic clearance (Clint) (mL/min/mg
microsomal protein) is derived from the half-life taking into account the
incubation volume and the weight of microsomal protein in the
incubation.

In Vivo PDE2 Occupancy Method.Male Wistar rats were treated
by systemic administration (s.c. or p.o.) of vehicle or single dose of
selective PDE2A inhibitors (n = 3 per dose). After 15 min, every rat
received a s.c. injection of the PDE10 inhibitor MP-10 at the dose of 2.5
mg/kg, followed 55 min later by an i.v. injection of the selective PDE2A
radioligand [3H]-1.27,28 Dosing rats with MP-10,42 a potent and
selective PDE10 inhibitor, prior to the radioligand injection allowed to
increase the signal to noise ratio of [3H]-1 because its binding is
increased when intracellular cGMP concentration increased.27,28 Rats
were sacrificed 5 min after the tracer injection, and their brains were
dissected and frozen. Then, 20 μm of thick coronal sections were cut
using a cryostat, collected on glass slides, and dried. Brain sections were
loaded in a β-imager for 12 h. The specific binding was determined as
the difference between [3H]-1 binding quantified in the striatum (a
brain area showing a high density of PDE2A) and in the cerebellum (a
brain area where PDE2A is virtually absent). Occupancy was calculated
as the inhibition of specific [3H]-1 binding in drug-treated animals
relative to vehicle-treated animals. The percentage of PDE2A
occupancy was measured at one dosage.

Computational Docking Procedure. Docking used the Glide
software from Schrödinger Inc. The corresponding crystal structure
solved with 39 was used. The protein was prepared using the protein
preparation wizard54 in Maestro.55 Hydrogen-bond constraints were
enforced with Gln812 and Gln859 to ensure accurate placement of the
triazolopyrimidine scaffold. All molecules were prepared for docking
using the LigPrep tool. All default settings were used, and ionization
states were manually checked. The ligands were parameterized for use
with the OPLSv2.1 force field up front using the tools available in
Maestro. The Glide XP scoring function was used with expanded
sampling, all other docking parameters were set to the defaults. Results
were visually inspected to ensure that each molecule adopted the
desired binding mode consistent with the crystal structure.

Computational FEP Procedure. All FEP calculations were
conducted using the Schrodinger molecular modeling suite version
2015-1, the implementation is often referred to as FEP+. Calculations
were set up using the mapper technology to define the perturbations.
Default protocols were used with a 5 ns simulation length for ligands
both in complex and in solution. As mentioned above, the FEP
calculations were performed with the molecules in the chosen docked
pose. Molecules were treated in a neutral form andmissing OPLS force-
field parameters were calculated and fitted up front using the force-field
builder tool. The results of the simulations with 5 ns simulation time
and 12 λ windows were used to define the molecules recommended for
synthesis in the prospective application. The experimental pIC50 were
converted to expected binding free energies at 298 K using the relation
RT ln(IC50); any offset with respect to binding free energy cancels when
comparing relative differences. The calculations deliver the RBFE
differences between compounds, and the resulting δδG’s were fitted to
the mean of the experimental δG to provide the calculated δG with
reduced offset. MUEs are reported by comparing experimental and
calculated δG (kcal/mol) and shown with the corresponding ±99%
confidence interval. The force field available at the time was OPLSv2.1.
To compare with newer versions, the predicted ΔG for the
retrospective dataset was recalculated using Schrodinger suite 2019−
3 and OPLSv3e. A high degree of correlation was seen with OPLSv2.1,
R 0.9. Input structures for FEP calculations are provided in the
Supporting Information.

Experimental Procedures and Compound Characterization.
All reactions were carried out by employing standard chemical
techniques under an inert atmosphere. Solvents used for extraction,
washing, and chromatography were of high-performance liquid
chromatography (HPLC) grade. Unless otherwise noted, all solvents
and chemicals used were of reagent grade. Anhydrous solvents
tetrahydrofuran (THF), DCM, and DMF were purchased from
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Sigma-Aldrich or Acros. All final compounds were characterized by 1H
NMR and LC/MS. 1H nuclear magnetic resonance spectra were
recorded on Bruker spectrometers: DPX-360 MHz, DPX-400 MHz,
Bruker Avance Neo spectrometer operating at 400MHz, or on a Bruker
Avance III-HD spectrometer operating at 600MHz using chloroform-d
(deuterated chloroform, CDCl3) or DMSO-d6 (deuterated DMSO,
dimethyl-d6 sulfoxide) as solvents. Chemical shifts (d) are reported in
parts per million relative to tetramethylsilane, which was used as the
internal standard.
Elemental analyses were performed with a Carlo-Erba EA1110

analyzer. Thin-layer chromatography (TLC) was carried out on silica
gel 60 F254 plates (Merck) using reagent grade solvents. Open column
chromatography was performed on a silica gel, mesh 230−400 particle
size and 60 Å pore size (Merck) under standard techniques. Automated
flash column chromatography was performed using ready-to-connect
cartridges fromMerck, on an irregular silica gel, particle size 15−40 pm
(normal phase disposable flash columns) on a SPOT or LAFLASH
system fromArmen Instrument. All final compounds were confirmed to
be >95% pure via HPLC methods. All the LC/MS analyses were
performed using an Agilent G1956A LC/MS quadrupole coupled to an
Agilent 1100 series LC system consisting of a binary pump with a
degasser, autosampler, thermostated column compartment, and diode
array detector. The mass spectrometer was operated with an
atmospheric pressure electrospray ionization source in the positive
ion mode. The capillary voltage was set to 3000 V, and the fragmentor
voltage was set to 70 V, and the quadrupole temperature was
maintained at 100 °C. The drying gas flow and temperature values were
12.0 L/min and 350 °C, respectively. Nitrogen was used as the
nebulizer gas at a pressure of 35 psig. Data acquisition was performed
with Agilent ChemStation software. Analyses were carried out on a
YMC pack ODS-AQ C18 column (50 mm long × 4.6 mm I.D.; 3 μm
particle size) at 35 °C, with a flow rate of 2.6 mL/min. A gradient
elution was performed from 95% (water + 0.1% formic acid)/5%
acetonitrile to 5% (water + 0.1% formic acid)/95% acetonitrile in 4.8
min; the resulting composition was held for 1.0 min; from 5% (water +
0.1% formic acid)/95% acetonitrile to 95% (water + 0.1% formic acid)/
5% acetonitrile in 0.2 min. The standard injection volume was 2 μL.
Acquisition ranges were set to 190−400 nm for the UV-PDA detector
and 100−1400 m/z for the MS detector. Optical rotations measure-
ments were carried out on a 341 PerkinElmer polarimeter in the
indicated solvents. Melting points were determined with a DSC823e
(Mettler Toledo) and were measured with a temperature gradient of 30
°C/min. The reported values are peak values. Purities of all new
compounds were determined by analytical reverse phase (RP)-HPLC
using the area percentage method on the UV trace recorded at a
wavelength of 254 nm, and compounds were found to have ≥95%
purity unless otherwise specified.
The absolute stereochemical configuration for some of the

compounds was determined using vibrational circular dichroism
(VCD). They were measured on a Bruker Equinox 55 equipped with
a PMA 37 in a KBr liquid cell using CD2CI2 as the solvent (PEM:
1350cm−l, LIA: l mV, resolution: 4 cm−1). A description on the use of
VCD for the WO 2018/083101 PCT/EP2017/077918-29-5 10 15 20
25 30 determination of absolute configuration can be found in Dyatkin
A.B. et al., Chirality, 14, 215−219 (2002). Ab initio calculations: A
thorough conformational search was performed at molecularmechanics
level using a Macromodel to do a mixed torsional/low-mode sampling
with the OPLS-2005 force field. The located minima were optimized
using Jaguar at the B3LYP/6-31G** level with a Poisson−Boltzmann
continuum solvation model to mimic a dichloromethane solvent. All
conformations within 10 kJ/mol interval were used to simulate VCD
and IR spectra. Dipole and rotational strengths were calculated at the
same B3LYP/6-31G** level using Jaguar. The calculated VCD spectra,
generated after scaling the frequencies with a factor of 0.97, converting
to a Lorentzian bandshape, and summing up the contribution of each
conformer assuming a Boltzmann ensemble, were visually compared
with the experimental spectra for assigning the correct stereo chemistry.
Intermediate 52b, tert-Butyl 2-[3-(Dimethylamino)prop-2-enoyl]-

morpholine-4-carboxylate. A stirred mixture of t-butyl 2-acetylmor-
pholine-4 carboxylate (25 g, 0.11 mol) in N,N-dimethylacetamide

dimethyl acetal (58 mL) was heated at 100 °C for 16 h. The reaction
mixture was concentrated in vacuo to give the title compound (30 g),
which was used in the next step without further purification.

Intermediate 52c, tert-Butyl 3-[3-(Dimethylamino)prop-2-enoyl]-
azepane-1-carboxylate. Prepared with the same procedure for 52b,
starting from tert-butyl 3-acetylazepane-1-carboxylate [1782629-29-1]
(18.2 g) to give to give the title compound, (22 g), which was used in
the next step without further purification.

Intermediate 52d, Di-tert-butyl 2-Acetylpiperazine-1,4-dicarbox-
ylate, Prepared in Three Steps. Step 1, intermediate 79, di-tert-butyl 2-
[methoxy(methyl)carbamoyl]piperazine-1,4-dicarboxylate. To a sus-
pension of 1,4-bis[(t-butoxy)carbonyl]piperazine-2-carboxylic acid
[173774-48-6] (60 g, 0.18 mol) in THF (285 mL) was added di-1H-
imidazol-1-yl-methanone (CDI, 40 g, 0.25 mol), and the mixture was
stirred at RT for 2 h. In another flask, to a suspension of N-methoxy-
methanamine hydrochloride (24.45 g, 0.25 mol) in ACN (190mL) was
added trimethylamine (36.35 mL, 0.26 mol). Both mixtures were
combined and stirred at RT for 16 h. The solvents were evaporated. The
residue was dissolved in DCM and washed with water, 20% AcOH
solution, and finally an aqueous NaOH (1 N) solution. The organic
layer was dried over MgSO4, filtered, and evaporated. The product was
purified by column chromatography (silica gel, eluent: a gradient DCM
100 to 3% MeOH in DCM). The pure fractions were evaporated,
yielding intermediate 79 (56.8 g, 83.7% yield). 1H NMR (400 MHz,
DMSO-d6): δ ppm 1.37 (d, J = 6.06 Hz, 18H), 2.86−2.96 (m, 1H),
3.06−3.12 (m, 3H), 3.22−3.34 (m, 1H), 3.39−3.55 (m, 1H), 3.59−
3.63 (m, 1H), 3.73 (s, 3H), 3.76−3.84 (m, 1H), 4.11−4.19 (m, 1H),
4.70 (br d, J = 2.83 Hz, 1H). Step 2, intermediate 80, di-tert-butyl 2-
acetylpiperazine-1,4-dicarboxylate. Intermediate 77 (56.8 g, 0.15 mol)
in THF (200 mL) was charged in a flask under N2 and cooled to 0 °C.
Methylmagnesium bromide (265 mL, 1.4 M in toluene/THF 75/25)
was added dropwise, with the temperature not exceeding 15 °C. After
addition, the reaction mixture was stirred at RT for 1 h. Then, the
reactionmixture was poured on ice with 100mL of AcOH. The product
was extracted with Et2O, and the organic layer was washed with a 5%
NaHCO3 solution. The organic layer was dried over MgSO4, filtered,
and evaporated to give intermediate 80 (36.6 g, 73%), used as such in
the next step. Gas chromatography−MS m/z 328 (M). Step 3,
intermediate 52d, di-tert-butyl 2-acetylpiperazine-1,4-dicarboxylate.
That was prepared with the same procedure as 52b, from di-tert-
butyl 2-acetylpiperazine-1,4-dicarboxylate (intermediate 78) (10 g) to
give the title compound (11 g, 94%). MS (ESI) m/z: 384 [M + H]+.

Representative Procedure for the Preparation of Intermedi-
ates 54a−54d. Intermediate 54a, tert-Butyl 3-([1,2,4]Triazolo[1,5-
a]pyrimidin-7-yl)piperidine-1-carboxylate. Intermediate 52a (33.0 g,
0.12 mol), 1H-1,2,4-triazol-5-amine hydrochloride (1:1) (12.3 g, 0.14
mol), and AcOH (75 mL) were stirred at 130 °C for 1 h. The reaction
mixture was cooled on an ice bath and left under stirring overnight at
RT. The reaction mixture was concentrated in vacuo, co-evaporated
with toluene, diluted with Et2O (0.7 L), and then poured onto ice (0.5
L). The layers were separated, and the aqueous layer was back extracted
with Et2O (3 × 0.3 L). The combined organic layers were treated with
brine, dried over MgSO4, filtered, and evaporated to give the title
compound (racemic) as a brown oil (25 g, 70.5%). MS (ESI)m/z: 304
[M + H]+. This material could be used as such. Alternatively, 54a was
also separated into enantiomers 54aa and 54ab by purification by Prep
SFC (stationary phase: CHIRALPAK Daicel OJ 20 × 250 mm; mobile
phase: CO2, MeOH) yielding intermediate 54aa (R!, 10 g , 28%, Rt =
5.59 min) and intermediate 54ab (S!, 10 g, 28%, Rt = 7.4 min).

Intermediate 54b, tert-Butyl 2-([1,2,4]Triazolo[1,5-a]pyrimidin-7-
yl)morpholine-4-carboxylate. Prepared with the same procedure for
54a, starting from intermediate 52b (30 g, 0.11 mol) to give the title
compound 54b (racemic mixture, 19 g, 62%) after purification on a
silica gel (eluent: DCM, 1% MeOH in DCM, 2%, 4%). MS (ESI) m/z:
305 [M + H]+.

Intermediate 54c, tert-Butyl 3-([1,2,4]Triazolo[1,5-a]pyrimidin-7-
yl)azepane-1-carboxylate. Prepared with the same procedure for 54a,
starting from intermediate 52c (5.0 g, 16.87 mmol) to give 1.69 g of the
title compound 54c (racemic mixture, 31.56%) after purification on a
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silica gel (eluent: DCM, 1%MeOH in DCM, 2%). MS (ESI) m/z: 318
[M + H]+.
Intermediate 54d, Di-tert-butyl 2-([1,2,4]Triazolo[1,5-a]-

pyrimidin-7-yl)piperazine-1,4-dicarboxylate. Prepared with the
same procedure for 54a, starting from intermediate 52d (5 g, 13.04
mmol) to give 2.42 g of the title compound 54d (racemicmixture, 40%)
after purification on a silica gel (eluent: DCM, 1% MeOH in DCM,
2%). MS (ESI) m/z: 405 [M + H]+.
Intermediate 48a, 7-(3-Piperidyl)-[1,2,4]triazolo[1,5-a]-

pyrimidine. To a solution of intermediate 54a (53.8 g, 0.18 mol) in
1,4 dioxane (600 mL) was added HCl-1,4 dioxane (200 mL, 4 M), and
the reaction mixture was stirred for 2 h at RT. The product crystallized
out as a hydrochloric salt, and it was filtered and washed with ether to
give very hygroscopic crystals. These were then triturated in ether,
filtered, and dried to give the title compound 48a as aHCl salt (racemic,
39.7 g, 93%). MS (ESI) 204 [M + H]+. 1H NMR (360 MHz, DMSO-
d6): δ ppm 1.74−2.00 (m, 3H), 2.13−2.23 (m, 1H), 2.76−3.01 (m,
1H), 3.22−3.40 (m, 2H), 3.58−3.66 (m, 1H), 3.94−4.04 (m, 1H), 7.34
(d, J = 4.39 Hz, 1H), 8.75 (s, 1H), 8.90 (d, J = 4.76 Hz, 1H), 9.27−9.51
(m, 1H), 9.65 (br d, J = 9.15 Hz, 1H). Anal. Calcd (C25H23N5O): C, H,
N. Alternatively, 48a (4 g) was also separated into enantiomers by
purification by Prep SFC (Stationary phase: CHIRALPAK Daicel OJ
20 × 250 mm; mobile phase: CO2, EtOH with 0.5% iPr NH2) yielding
intermediates: 48aa (R!, 2g), Rt = 6.43 min, OR = +56.59° (589 nm, 20
°C, 0.42 w/v%;MeOH) and intermediate 48ab (S!, 3 g),Rt = 9.15min,
OR = −53.9° (589 nm, 20 °C, 0.43 w/v %; MeOH).
Intermediate 48b, 2-([1,2,4]Triazolo[1,5-a]pyrimidin-7-yl)-

morpholine. To a solution of intermediate 54b (19.0 g, 62.2 mmol)
in MeOH (100 mL) was added HCl−Et2O (200 mL, 1 M), and the
reaction mixture was stirred for 16 h at RT. The solvent was evaporated
under reduced pressure, and the residue was placed in DCM and
treated with a saturated aq sol of NaHCO3. The biphasic layer was
separated, and then the aqueous layer was extracted 2× DCM. The
combined OL was dried over MgSO4, filtered, and evaporated to
provide 48b (racemic, 9 g, 71%). MS (ESI) m/z: 206 [M + H]+. 1H
NMR (360 MHz, DMSO-d6): δ ppm 2.94−3.25 (m, 3H) 3.28−3.41
(m, 1H) 3.85 (br d, J = 12.64 Hz, 1H) 4.08−4.20 (m, 1H) 4.21−4.31
(m, 1H) 5.65 (dd, J = 11.03, 2.45Hz, 1H) 7.40 (d, J = 4.53Hz, 1H) 8.78
(s, 1H) 8.96 (d, J = 4.53 Hz, 1H) 10.03 (d, J = 9.70Hz, 1H) 10.24 (br d,
J = 10.69Hz, 1H). This material was also separated into enantiomers by
purification by Prep SFC (stationary phase: CHIRALPAKDaicel OJ 20
× 250 mm; mobile phase: CO2, MeOH) yielding intermediates: 54ba
(R!, 1.52 g, 8%), Rt = 8.19 min and 54bb (S!, 1.77 g), Rt = 11.6 min.
Intermediate 48c, 7-(Azepan-3-yl)-[1,2,4]triazolo[1,5-a]-

pyrimidine. Prepared as in the procedure for 48b, starting from
intermediate 54c (600 mg, 1.89 mmol) to give the title compound 48c
(400 mg, 73%), and used in the next step without further purification.
MS (ESI) m/z: 218 [M + H]+.
Intermediate 48d, 7-Piperazin-2-yl-[1,2,4]triazolo[1,5-a]-

pyrimidine. Prepared as in the procedure for 48b, starting from
intermediate 54d (2.42 g, 5.98 mmol) to give the title compound 48d
(1.85 g, 98%), and used in the next step without further purification.
Intermediate 55, tert-Butyl 3-[3,3-Bis(methylsulfanyl)prop-2-

enoyl]piperidine-1-carboxylate. NaH (60% dispersion in mineral
oil, 8.77 g, 0.22 mol) was added to a solution of tert-butyl 3-
acetylpiperidine-1-carboxylate (50a, 45.3 g, 0.20 mol) in anhydrous
THF (300 mL) at 0 °C under an atmosphere of N2, and the resulting
mixture was stirred at this temperature for 10 min. After this time,
carbon disulfide (16.7 g, 0.22 mol) and then methyl iodide (59.4 g, 0.42
mol) were added dropwise. The reaction mixture was allowed to reach
RT and stirred for 4 h. Water was added, and the resulting mixture was
extracted with EtOAc. The combined organic layer was washed with
brine, dried over MgSO4, filtered, and evaporated under reduced
pressure. The resulting residue was purified via flash column
chromatography on a silica gel using a gradient (DCM, 0.25%
MeOH in DCM, 0.5, 1%) as the eluent to give the title compound
(13.88 g, 21%). MS (ESI) m/z: 332 [M + H]+.
Intermediate 56, tert-Butyl 3-(5-Methylsulfanyl-[1,2,4]triazolo-

[1,5-a]pyrimidin-7-yl)piperidine-1-carboxylate. Intermediate 55 (8 g,
24.1 mmol) and 1H-1,2,4-triazol-5-amine hydrochloride (1:1) (2.03 g,

24.1 mmol) were stirred in melt at 150 °C for 3 h. The reaction mixture
was cooled to RT and dissolved in DCM. The organic layer was washed
with water, dried over MgSO4, filtered, and evaporated under reduced
pressure. The resulting residue was purified by column chromatography
on a silica gel using a gradient (DCM, 0.25%MeOH in DCM, 0.5, 1%)
as the eluent to provide the title compound (1 g, 12%) MS (ESI) m/z:
350 [M + H]+

Intermediate 57, tert-Butyl 3-(5-Methylsulfonyl-[1,2,4]triazolo-
[1,5-a]pyrimidin-7-yl)piperidine-1-carboxylate. A solution of inter-
mediate 56 (1.39 g, 3.98 mmol) and mCPBA (2.75 g, 15.9 mmol) in
chloroform (CHCl3, 50 mL) was stirred at reflux for 2 h. After this time,
the reaction mixture was cooled to RT, then washed with NaOH 1 N,
dried over MgSO4, filtered, and evaporated in vacuo to yield the title
compound (1.50 g, 99%), which was used as such in the next step. MS
(ESI) m/z: 380 [M − H]+.

Intermediate 81e, tert-Butyl 3-(5-Methoxy-[1,2,4]triazolo[1,5-
a]pyrimidin-7-yl)piperidine-1-carboxylate. Sodium methoxide
(NaOMe, 234 mg, 4.33 mmol) was added at RT to a solution of
intermediate 57 (1.5 g, 3.93 mmol) in methanol (MeOH, 50 mL), and
the resulting mixture was stirred at this temperature for 12 h. After this
time, the solvent was evaporated in vacuo and the resulting residue was
partitioned between water and DCM. The organic layer was separated,
and then the aqueous layer was back extracted with DCM (2×). The
combined organic layer was dried over MgSO4, filtered, and evaporated
under reduced pressure. The resulting residue was purified by column
chromatography on a silica gel using a gradient (DCM, 1% MeOH in
DCM, 2%) as the eluent to provide the title compound (560 mg, 43%).
MS (ESI) m/z: 334 [M + H]+.

Intermediate 81f, tert-Butyl 3-(5-Cyano-[1,2,4]triazolo[1,5-a]-
pyrimidin-7-yl)piperidine-1-carboxylate. Intermediate 57 (950 mg,
2.50 mmol) and sodium cyanide (249 mg, 4.98 mmol) were stirred in
DMSO (5 mL) at RT for 30 min. The reaction mixture was poured in
water and extracted with EtOAc. The organic layer was washed with
brine, dried on MgSO4, filtered, and evaporated under reduced
pressure. The resulting residue was purified via flash column
chromatography on a silica gel using a gradient (DCM, 1% MeOH in
DCM, 2%) as the eluent to give intermediate 79f (820 mg, 100%). MS
(ESI) m/z: 329 [M + H]+.

Intermediate 48e, 5-Methoxy-7-(3-piperidyl)-[1,2,4]triazolo[1,5-
a]pyrimidine. TFA (0.626 mL, 8.18 mmol) was added at RT to a
solution of intermediate 81e (560 mg, 1.68 mmol) in DCM (50 mL),
and the resulting mixture was stirred for 2 h at RT. Saturated aqueous
NaHCO3 solution was then added to the reaction mixture and stirred
for 10 min. The organic layer was separated, dried on MgSO4, filtered,
and evaporated under reduced pressure to give intermediate 48e (390
mg, 99.5%), which was used in the next step without further
purification.

Intermediate 48f , 7-(3-Piperidyl)-[1,2,4]triazolo[1,5-a]-
pyrimidine-5-carbonitrile. Prepared in a similar way to procedure
3b, starting from intermediate 81f (820 mg, 2.5 mmol) to give the title
compound 48f (390 mg, 68%), which was used in the next step without
further purification.

Intermediate 81g, tert-Butyl 3-(5-Methyl-[1,2,4]triazolo[1,5-a]-
pyrimidin-7-yl)piperidine-1-carboxylate. 81g is prepared in two steps.
Step 1, intermediate 58, tert-butyl 3-[(Z)-3-(dimethylamino)but-2-
enoyl]piperidine-1-carboxylate. Intermediate 50a (2.0 g, 8.8 mmol)
was added toN,N-dimethylacetamide dimethyl acetal (3.52 g), and the
mixture was refluxed for 3 h. The reaction mixture was evaporated to
give the crude product, which was used as such in the next step (2.5 g,
95%). Step 2, intermediate 81g, tert-butyl 3-(5-methyl-[1,2,4]triazolo-
[1,5-a]pyrimidin-7-yl)piperidine-1-carboxylate. A solution of inter-
mediate 58 (2.5 g, 8.43 mmol) and 1H-1,2,4-triazol-5-amine hydro-
chloride (0.71 g, 8.43 mmol) in acetic acid (50 mL) was stirred at reflux
during 30 min. Saturated aqueous Na2CO3 solution was added, and the
product was extracted with DCM. The organic layer was dried on
MgSO4, filtered, and evaporated. The resulting residue was purified by
flash column chromatography on a silica gel using a gradient (DCM, 1%
MeOH in DCM, 2%) as the eluent to give intermediate 81g (2.14 g,
80%). MS (ESI) m/z: 318 [M + H]+.
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Intermediate 48g, 5-Methyl-7-(3-piperidyl)-[1,2,4]triazolo[1,5-a]-
pyrimidine and 54a. Prepared according to procedure 3, starting from
intermediate 81g (2.14 g, 6.74 mmol), to give the title compound as a
mixture with 54a (1.07 g, 54.6%). 1H NMR (360 MHz, DMSO-d6): δ
ppm 1.76−2.01 (m, 3H) 2.12−2.23 (m, 1H) 2.64 (s, 3H) 2.87−2.98
(m, 1H) 3.22−3.41 (m, 2H) 3.59 (br d, J = 11.71 Hz, 1H) 3.89−4.00
(m, 1H) 7.31 (s, 1H) 8.69 (s, 1H) 9.55 (br d, J = 10.25Hz, 1H) 9.80 (br
d, J = 10.25 Hz, 1H). MS (ESI) m/z: 218 [M + H]+.
Intermediate 82, tert-Butyl 3-(7-Methylimidazo[1,2-a]pyrimidin-

5-yl)piperidine-1-carboxylate. Prepared in a similar way to inter-
mediate 81g, starting from intermediate 58 (2.5 g, 8.43 mmol) and 1H-
imidazol-2-amine (0.71 g, 8.43 mmol) to give the title compound 82
(0.86 g, 32%). MS (ESI) m/z: 317 [M + H]+.
Intermediate 48h, 7-Methyl-5-(3-piperidyl)imidazo[1,2-a]-

pyrimidine. Prepared according to the procedure for 48a, starting
from intermediate 82 (0.86 g, 2.72 mmol), to give the title compound
48h (0.75 g, 95%). 1H NMR (400 MHz, DMSO-d6): δ ppm 1.96−2.05
(m, 3H), 2.05−2.19 (m, 1H), 2.71 (s, 3H), 2.92−3.13 (m, 1H), 3.35−
3.54 (m, 1H), 3.99−4.2 (m, 1H), 7.53 (s, 1H), 8.27 (d, J = 2.42 Hz,
1H), 8.69 (d, J = 2.83 Hz, 1H), 9.78 (br s, 1H), 9.95 (br s, 1H).
Intermediate 59, tert-Butyl 3-(4,4-Difluoro-3-oxo-butanoyl)-

piperidine-1-carboxylate. Intermediate 50a (17.4 g, 0.077 mol) was
stirred in benzene (200 mL) at 0−5 °C under N2. Potassium tert-
butoxide (10.5 g, 93.6 mol) was added at 0−5 °C and 2,2-difluoro-
acetic acid ethyl ester (11.43 g, 0.92 mol) was added dropwise at 0−5
°C. The reaction mixture was stirred at RT for 5 h, then it was brought
to pH = 7 with the aid of an aqueous H2SO4 solution (10%, 10 mL).
The reaction mixture was extracted with EtOAc (2 × 50 mL), then the
combined organic layer was washed with brine, dried over MgSO4,
filtered and evaporated under reduced pressure, to give intermediate 59
(23 g, 98%), which was pure enough to be used in the next step. MS
(ESI) m/z: 304 [M − H]+.
Intermediate 81i, tert-Butyl 3-[5-(Difluoromethyl)-[1,2, 4]-

triazolo[1,5-a]pyrimidin-7-yl]piperidine-1-carboxylate. Intermediate
59 (23 g, 75.3 mmol), 1H-1,2,4-triazol-5-amine hydrochloride (1:1)
(18.16 g, 150.7 mmol), and DMF (270mL) were stirred at 60 °C for 28
h, then at 50 °C for 20 h. The reaction mixture was cooled to 0 °C, then
Et3N (52 mL, 376 mmol) and ditert-butyl dicarbonate (16 g, 75.3
mmol) were added. The mixture was stirred for 1 h at RT, then
concentrated in vacuo. The resulting residue was partitioned between
DCM and an aqueous NH4OH solution (20%) and stirred for 30 min.
The organic layer was separated, then dried over MgSO4, filtered and
concentrated under reduced pressure. The resulting residue was
purified by flash column chromatography using a gradient heptane/
EtOAc, 100/0 to 60/40, as the eluent to give the title compound (23 g,
86%). MS (ESI) m/z: 354 [M + H]+.
Intermediate 48i, 5-(Difluoromethyl)-7-(3-piperidyl)-[1,2,4]-

triazolo[1,5-a]pyrimidine. Prepared according to the procedure for
48a, starting from intermediate 81i (23 g, 65.09 mmol), to give the title
compound as an HCl salt (13 g, 61%). 1H NMR (360 MHz, DMSO-
d6): δ ppm 1.86−2.04 (m, 3H), 2.18 (br d, J = 7.48 Hz, 1H), 2.94 (br d,
J = 10.79 Hz, 1H), 3.29−3.49 (m, 2H), 3.59 (br d, J = 12.14 Hz, 1H),
3.98−4.14 (m, 2H), 7.15 (t, J = 54.52 Hz, 1H), 7.62 (s, 1H), 8.89 (s,
1H), 9.46 (br d, J = 11.57 Hz, 1H), 9.74 (br d, J = 10.70 Hz, 1H). MS
(ESI) m/z: 254 [M + H]+.
Intermediates 60, tert-Butyl 5-(Trifluoromethylsulfonyloxy)-3,4-

dihydro-2H-pyridine-1-carboxylate, and 61, tert-Butyl 5-(Trifluor-
omethylsulfonyloxy)-3,6-dihydro-2H-pyridine-1-carboxylate. A sol-
ution of commercially available 1-Boc-3-piperidinone (50 g, 250.9
mmol) in THF (125 mL) was added dropwise at −78 °C to a stirred
solution of LDA in a mixture of THF/heptane/ethylbenzene (179 mL,
2 M, 358 mmol) in THF (625 mL) under a nitrogen atmosphere. After
15 min, a solution of N,N-bis(trifluoromethylsulfonyl)aniline (107.5 g,
300.9 mmol) in THF (250 mL) was added dropwise to the reaction
mixture at −78 °C, and the resulting mixture was stirred for another 15
min. The reaction mixture was allowed to warm to RT overnight, and
then it was cooled to 0 °C and quenched with a saturated aqueous
NH4Cl solution (190 mL), diluted with water, and extracted with
DCM. The organic layer was dried over MgSO4, filtered, and
concentrated under reduced pressure. The resulting residue was
purified by flash column chromatography on a silica gel using a gradient

as the eluent (DCM, 1% CH3CN in DCM, 5%) to provide the
intermediate 60 (42 g, 50%) and intermediate 61 (24.4 g, 29%).
Intermediate 60, 1H NMR (400MHz, DMSO-d6): δ ppm 1.45 (s, 9H),
1.88 (quin, J = 6.06 Hz, 2H), 2.36−2.44 (m, 2H), 3.43−3.50 (m, 2H),
7.11 (s, 1H).

Intermediate 62, tert-Butyl 5-(4,4,5,5-Tetramethyl-1,3,2-dioxa-
borolan-2-yl)-3,4-dihydro-2H-pyridine-1-carboxylate. A degassed
solution of intermediate 60 (24.4 g, 73.65 mmol) in 1,4-dioxane
(700 mL) was added to a previously degassed mixture of PdCl2(dppf)
(1.61 g, 2.19 mmol), dppf (1.22 g, 2.2 mmol), KOAc (21.552 g, 219.6
mmol), and bis(pinacolato)diboron (20.53 g, 80.84 mmol) at RT and
under a nitrogen atmosphere. The reaction mixture was stirred during
16 h at 80 °C, after which time it was filtered over Celite. The filtrate
was evaporated under reduced pressure, and the resulting residue was
purified via flash column chromatography on a silica gel using a gradient
(DCM, 2% CH3CN in DCM, 5%) as the eluent to give the title
compound 62 as a white solid after recrystallization from heptane (10.8
g, 47%). MS (ESI) m/z: 209 [M-Boc + H]+.

Intermediate 63, tert-Butyl 5-(4,4,5,5-Tetramethyl-1,3,2-dioxa-
borolan-2-yl)-3,6-dihydro-2H-pyridine-1-carboxylate. Prepared in a
similar way to intermediate 62, starting from intermediate 61 (24.4 g,
73.6 mmol), to give the title compound 63 (10.8 g, 35% yield). MS
(ESI) m/z: 209 [M-Boc + H]+.

General Procedure for the Suzuki Couplings of Intermedi-
ates 62 and 63 with the Corresponding Bicyclic Heteroar-
omatic Chlorides. Intermediate 65a, tert-Butyl 5-(5-Isopropyl-
[1,2,4]triazolo[1,5-a]pyrimidin-7-yl)-3,4-dihydro-2H-pyridine-1-car-
boxylate. A mixture of intermediate 62 (2.04 g, 6.61 mmol),
commercially available 7-chloro-5-(propan-2-yl)-[1,2,4]triazolo[1,5-
a]pyrimidine (1 g, 5.08 mmol), allylchloro[1,3-bis(2,6-di-i-propyl-
phenyl)-4,5-dihydroimidazol-2-ylidene]palladium(II) (584 mg, 1.02
mmol), Na2CO3 (1.08 g, 10.17 mmol), 1,4-dioxane (5 mL), EtOH (5
mL), and distilled water (1 mL) was stirred under microwave
irradiation at 120 °C 2 h. The volatiles were removed under reduced
pressure, and the resulting residue was partitioned between water and
EtOAc. The organic layer was washed with brine, dried over MgSO4,
filtered, and concentrated in vacuo. The resulting residue was purified
by Prep HPLC using as the stationary phase a column Vydac Denali
C1810 μm, 250 g, 5 cm, and as the mobile phase a mixture of 0.25%
NH4HCO3 solution in water and MeOH to give the title compound
65a (180 mg, 10%). MS (ESI) m/z: 344 [M + H]+.

Intermediate 65b, tert-Butyl 5-[5-(Trifluoromethyl)-[1,2,4]-
triazolo[1,5-a]pyrimidin-7-yl]-3,4-dihydro-2H-pyridine-1-carboxy-
late. Prepared in a similar way to intermediate 65a, starting from
intermediate 62 (1.00 g, 3.23 mmol) and commercially available 7-
chloro-5-(trifluoromethyl)-[1,2,4]triazolo[1,5-a]pyrimidine (0.72 g,
3.23 mmol) and employing Pd(PPh3)4 (0.75 g, 0.65 mmol) as the
catalyst to give the title compound 65b (0.32 g, 26.8%). MS (ESI)m/z:
370 [M + H]+.

Intermediate 65c, tert-Butyl 5-(2,5-Dimethyl-[1,2,4]triazolo[1,5-
a]pyrimidin-7-yl)-3,4-dihydro-2H-pyridine-1-carboxylate. Prepared
in a similar way to intermediate 65a, starting from intermediate 62
(2.2 g, 7.12 mmol) and commercially available 7-chloro-2,5-dimethyl-
[1,2,4]triazolo[1,5-a]pyrimidine (1.0 g, 5.48 mmol) to give the title
compound 65c (0.17 g, 9.4%). MS (ESI) m/z: 330 [M + H]+.

Intermediate 65d, tert-Butyl 5-[5-Methyl-2-(trifluoromethyl)-
[1,2,4]triazolo[1,5-a]pyrimidin-7-yl]-3,4-dihydro-2H-pyridine-1-car-
boxylate. Prepared in a similar way to intermediate 65a, starting from
intermediate 62 (1.31 g, 4.23 mmol) and commercially available, 7-
chloro-5-methyl-2-(trifluoromethyl)-[1,2,4]triazolo[1,5-a]pyrimidine
(1.00 g, 4.23 mmol) and employing Pd(PPh3)4 (0.97 g, 0.85 mmol) as
the catalyst to give the title compound 65d (0.39 g, 9.26%). MS (ESI)
m/z: 384 [M + H]+.

Intermediate 83a, tert-Butyl 3-(5-Isopropyl-[1,2,4]triazolo[1,5-
a]pyrimidin-7-yl)piperidine-1-carboxylate. Intermediate 65a (180
mg, 0.52mmol) and a solution of thiophenol (0.1mL, 4%, 0.039mmol)
was added to a suspension of Pd/C (10%) (100 mg, 0.094 mmol) in
methanol (40 mL) under N2 flow. The reaction mixture was stirred at
RT under H2 atmosphere until 1 equiv hydrogen was absorbed. The
catalyst was removed by filtration over Celite and the filtrate was
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evaporated to give the title compound 83a (180 mg, 99.4%), which was
used in the next step without further purification.
Intermediate 83b, tert-Butyl 3-[5-(Trifluoromethyl)-[1,2,4]-

triazolo[1,5-a]pyrimidin-7-yl]piperidine-1-carboxylate. Intermediate
62b (320 mg, 0.87 mmol) and a solution of thiophenol (0.1 mL, 4%,
0.039 mmol) was added to a suspension of Pt/C (5%) (100 mg) in
methanol (40 mL) under N2 flow. The reaction mixture was stirred at
50 °Cunder aH2 atmosphere until 1 equiv hydrogenwas absorbed. The
catalyst was removed by filtration over Celite, and the filtrate was
evaporated. The resulting residue was purified via flash column
chromatography on a silica gel using a gradient (DCM, 2% MeOH in
DCM) as the eluent to give the title compound 83b (150 mg, 46.6%).
MS (ESI) m/z: 372 [M + H]+.
Intermediate 83c, tert-Butyl 3-(2,5-Dimethyl-[1,2,4]triazolo[1,5-

a]pyrimidin-7-yl)piperidine-1-carboxylate. Intermediate 65c (170
mg, 0.52mmol) and a solution of thiophenol (0.1mL, 4%, 0.039mmol)
were added to a suspension of Pt/C (5%) (100 mg) in methanol (40
mL) under N2 flow. The reaction mixture was stirred at 50 °C under a
H2 atmosphere until 1 equiv hydrogen was absorbed. The catalyst was
removed by filtration over Celite, and the filtrate was evaporated. The
resulting residue was dissolved in DCM (10 mL), and then it was
treated with MnO2 (45 mg, 0.52 mmol) and stirred at RT for 1 h. The
reaction mixture was filtered over Celite, and the solvent was
evaporated under reduced pressure to provide the title compound
83c (150 mg, 87.7%), which was used in the next step without further
purification.
Intermediate 83d, tert-Butyl 3-[5-Methyl-2-(trifluoromethyl)-

[1,2,4]triazolo[1,5-a]pyrimidin-7-yl]piperidine-1-carboxylate. Pre-
pared in a similar way to intermediate 83c, starting from intermediate
65d (150 mg, 0.39 mmol) to give the title compound 83d (100 mg,
66%). MS (ESI) m/z: 386 [M + H]+.
Intermediate 48j, 5-Isopropyl-7-(3-piperidyl)-[1,2,4]triazolo[1,5-

a]pyrimidine. To a solution of intermediate 83a (180 mg, 0.52 mmol)
in MeOH (50 mL) was added HCl−iPrOH (50 mL), and the reaction
mixture was stirred for 16 h at RT. The reactionmixture was evaporated
to give the title compound as anHCl salt (160mg, 96%)MS (ESI)m/z:
246 [M + H]+.
Intermediate 48k, 7-(3-Piperidyl)-5-(trifluoromethyl)-[1,2,4]-

triazolo[1,5-a]pyrimidine. Prepared in a similar way to 48j, starting
from intermediate 83b (150mg, 0.40mmol) to give the title compound
48k as an HCl salt (140 mg, quantitative) MS (ESI) m/z: 272 [M +
H]+.
Intermediate 48l, 2,5-Dimethyl-7-(3-piperidyl)-[1,2,4]triazolo-

[1,5-a]pyrimidine. Prepared in a similar way to 48j, starting from
intermediate 83c (150 mg, 0.45 mmol) to give the title compound 48l
as an HCl salt (130 mg, 94%). MS (ESI) m/z: 232 [M + H]+.
Intermediate 48m, 5-Methyl-7-(3-piperidyl)-2-(trifluoromethyl)-

[1,2,4]triazolo[1,5-a]pyrimidine. Prepared in a similar way to 48j,
starting from intermediate 83d (100 mg, 0.45 mmol) to give the title
compound 48m as an HCl salt (90 mg, 97%). MS (ESI)m/z: 286 [M +
H]+.
Intermediate 67, tert-Butyl 5-(1H-Pyrrolo[2,3-b]pyridin-4-yl)-3,4-

dihydro-2H-pyridine-1-carboxylate. Prepared in a similar way to 65a,
starting from intermediate 63 (1.32 g, 4.26 mmol) and commercially
available 4-chloro-7-azaindole (0.5 g, 3.28 mmol). Purification via flash
column chromatography on a silica gel using a gradient (DCM, 1%
MeOH in DCM, 2%) as the eluent to give the title compound 67 (180
mg, 18%). MS (ESI) m/z: 300 [M + H]+.
Intermediate 84, tert-Butyl 3-(1H-Pyrrolo[2,3-b]pyridin-4-yl)-

piperidine-1-carboxylate. Prepared in a similar way to 83b, starting
from intermediate 67 (180 mg, 0.60 mmol) to give the title compound
84 (180 mg, 99%), which used as such in the next step.
Intermediate 48n, 4-(3-Piperidyl)-1H-pyrrolo[2,3-b]pyridine. Pre-

pared in a similar way to 48a, starting from intermediate 84 (180 mg,
0.59 mmol) to give the title compound 48n as an HCl salt (150 mg,
91.6%), which was used directly in the next step.
Intermediate 69, tert-Butyl 5-[5-(Difluoromethyl)pyrazolo[1,5-

a]pyrimidin-7-yl]-3,4-dihydro-2H-pyridine-1-carboxylate. Prepared
in a similar way to 65a, starting from intermediate 62 (0.59 g, 1.92
mmol) and 7-chloro-5-(difluoromethyl)pyrazolo[1,5-a]pyrimidine
(0.30 g, 1.5 mmol). Purification via flash column chromatography on

a silica gel using a mixture heptane/EtOAc, 80/20, as the eluent gave
the title compound 69 (1.3 g) MS (ESI) m/z: 351 [M + H]+.

Intermediate 85, tert-Butyl 3-[5-(Difluoromethyl)pyrazolo[1,5-
a]pyrimidin-7-yl]piperidine-1-carboxylate. Prepared in a similar way
to 83a, starting from intermediate 69 (1.3 g, 3.71 mmol) to give the title
compound 85 (820 mg, 63%), MS (ESI)m/z: 351 [M +H]+. 1H NMR
(400 MHz, DMSO-d6): δ ppm 1.36 (br s, 9H), 1.49−1.63 (m, 1H),
1.74 (d, J = 11.3 Hz, 1H), 1.93−2.07 (m, 1H), 3.10 (ddd, J = 13.2, 9.7,
3.1 Hz, 1H), 3.40 (br s, 1H), 3.66−3.74 (m, 1H), 3.79 (d, J = 13.1 Hz,
1H), 4.15 (d, J = 13.2 Hz, 1H), 7.00 (t, J = 54.4 Hz, 1H), 6.94 (J = 2.5
Hz, 1H), 7.21 (s, 1H), 8.40 (d, J = 2.4 Hz, 1H).

Intermediate 48o, 5-(Difluoromethyl)-7-(3-piperidyl)pyrazolo-
[1,5-a]pyrimidine. Prepared in a similar way to 48a, starting from
intermediate 85 (820mg, 2.33mmol) to give the title compound 48o as
an HCl salt (520 mg, 88%), which used as such in the next step.

Final Compound 4, (3,4-Dimethoxyphenyl)-[3-([1,2,4]triazolo-
[1,5-a]pyrimidin-7-yl)-1-piperidyl]methanone. 3,4-Dimethoxyben-
zoic acid (760 mg, 4.17 mmol) was stirred in THF (40 mL). DIPEA
(2.16 g, 0.75 g/mL, 16.7 mmol) and HBTU (1.74 g, 4.59 mmol) were
added, stirring was continued for 20 min at RT. A solution of
intermediate 48a (1.38 g, 5.00 mmol) in DMF (10 mL) was added, and
stirring was continued for 2 h at RT. The solvents were evaporated
under reduced pressure, and the resulting residue was diluted with ice
and water and then extracted with 2× DCM. The combined organic
layers were washed with an aqueous solution of NaOH (1N) and brine,
separated, dried over MgSO4, filtered, and then concentrated in vacuo.
This material was purified by recrystallization from EtOAc, yielding
compound 4 (1.04 g, 67.8% yield). MS (ESI) m/z: 368 [M + H]+. mp
159.2 C; 1H NMR (400 MHz, DMSO-d6): δ ppm 1.62−1.74 (m, 1H)
1.84 (dt, J = 13.62, 3.89 Hz, 1H) 1.96−2.06 (m, 1H) 2.20−2.27 (m,
1H) 3.08−3.18 (m, 1H) 3.39 (dd, J = 12.92, 10.09 Hz, 1H) 3.68−3.74
(m, 1H) 3.79 (s, 6H) 3.96−4.08 (m, 1H) 4.38 (br d, J = 12.51 Hz, 1H)
6.93−7.00 (m, 3H) 7.26 (d, J = 4.84 Hz, 1H) 8.56 (s, 1H) 8.81 (d, J =
4.44 Hz, 1H).

Final Compound 5, 2-(3,4-Dimethoxyphenyl)-1-[3-([1,2,4]-
triazolo[1,5-a]pyrimidin-7-yl)-1-piperidyl]ethenone. 3,4-Dimethoxy-
phenylacetic acid (0.047 g, 0.24 mmol) was stirred in DCM (5 mL).
DIPEA (0.14 mL, 0.86 mmol) and HBTU (90 mg, 0.24 mmol) were
added, and stirring was continued for 30 min at RT. Intermediate 48a
(0.060 g, 0.22 mmol) was added, and stirring was continued for 2 h at
RT. The RM was quenched with water (1 mL), and then it was filtered
on an Extrelut column. The OL was evaporated in vacuo. This material
was purified by Prep HPLC (stationary phase: RP Vydac Denali C18
10 μm, 250 × 5 cm, mobile phase: 0.25% NH4HCO3 solution in water,
MeOH), to give compound 5 (57 mg, 69 % yield). MS (ESI) m/z: 382
[M + H]+. 1H NMR (600 MHz, DMSO-d6, 100 °C): δ ppm 1.46−1.56
(m, 1H); 1.77 (m, 1H); 1.93 (dtd, J = 13.00, 11.21, 11.21, 4.05 Hz,
1H); 2.15−2.21 (m, 1H); 3.26−3.34 (m, 1H); 3.51 (br t, J = 9.91 Hz,
1H); 3.67 (m, 2H); 3.71 (s, 3H); 3.73 (m, 4H); 4.07−4.26 (m, 1H);
4.38−4.54 (m, 1H); 6.75 (br d, J = 7.60 Hz, 1H); 6.79−6.89 (m, 2H);
7.17 (d, J = 4.62 Hz, 1H); 8.59 (s, 1H); 8.78 (d, J = 4.62 Hz, 1H).

Final Compound 6, Phenyl-[3-([1,2,4]triazolo[1,5-a]pyrimidin-7-
yl)-1-piperidyl]methanone. Benzoyl chloride (0.03 g, 0.22 mmol) was
added at RT to a solution of intermediate 48a (0.06 g, 0.22 mmol) and
DIPEA (0.084 g, 0.75 g/mL, 0.65 mmol) in DCM (2 mL), and the
resulting mixture was stirred at RT for 1 h. The RM was quenched with
water (1 mL), and then it was filtered on an Extrelut column. The OL
was evaporated in vacuo. This material was purified by flash column
chromatography on a silica gel, eluting with 0−2% MeOH in DCM, to
give compound 6 (47mg, 70% yield).MS (ESI)m/z: 308 [M+H]+. 1H
NMR (600 MHz, DMSO-d6. 100 °C): δ ppm 1.64−1.72 (m, 1H);
1.79−1.88 (m, 1H) 2.03 (dtd, J = 13.11, 10.95, 10.95, 3.96 Hz, 1H);
2.21−2.28 (m, 1H); 3.13−3.19 (m, 1H); 3.42 (dd, J = 12.96, 9.99 Hz,
1H); 3.65−3.76 (m, 1H); 3.91−4.03 (m, 1H); 4.31−4.42 (m, 1H);
7.24 (d, J = 4.62 Hz, 1H); 7.34−7.44 (m, 5H); 8.53 (s, 1H); 8.80 (d, J =
4.62 Hz, 1H).

Final Compound 7, Cyclopropyl-[3-([1,2,4]triazolo[1,5-a]-
pyrimidin-7-yl)-1-piperidyl]methanone. Prepared in a similar manner
as compound 5, starting from cyclopropanecarboxylic acid (0.02 g, 0.24
mmol) and intermediate 48a (0.06 g, 0.22 mmol) to give compound 7
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(49 mg, 84% yield). MS (ESI) m/z: 272 [M + H]+. 1H NMR (600
MHz, DMSO-d6): δ ppm 0.62−0.69 (m, 1H) 0.69−0.75 (m, 2H)
0.76−0.81 (m, 1H) 1.56−1.67 (m, 1H) 1.84 (dt, J = 13.67, 3.90 Hz,
1H) 1.90−1.95 (m, 1H) 2.00 (dtd, J = 13.07, 11.05, 11.05, 4.13Hz, 1H)
2.22 (dq, J = 12.96, 4.16 Hz, 1H) 3.10−3.15 (m, 1H) 3.38 (br t, J =
11.31 Hz, 2H) 3.55−3.65 (m, 1H) 4.14−4.28 (m, 1H) 4.54 (ddt, J =
13.03, 3.61, 1.59, 1.59 Hz, 1H) 7.24 (d, J = 4.62 Hz, 1H) 8.58 (s, 1H)
8.81 (d, J = 4.62 Hz, 1H).
Final Compound 8, Cyclohexyl-[3-([1,2,4]triazolo[1,5-a]-

pyrimidin-7-yl)-1-piperidyl]methanone. Cyclohexanecarbonyl chlor-
ide (0.116 mL, 0.87 mmol) was added at RT to a solution of
intermediate 48a (250 mg, 0.87 mmol) and DIPEA (0.574 mL, 0.75 g/
mL, 3.47 mmol), and the resulting mixture was stirred at RT for 1 h.
The reaction mixture was quenched with water (1 mL) and saturated
aqueous solution of Na2CO3 (1 mL), and then the mixture was filtered
through an Extrelut filter. The organic layer was evaporated under
reduced pressure, and the resulting residue was purified via Prep HPLC
(stationary phase: RP Vydac Denali C1810 μm, 250 × 5 cm, mobile
phase: 0.25% NH4HCO3 solution in water, MeOH) to afford
compound 8 (30 mg, 11%). MS (ESI) m/z: 312 [M − H]+. 1H
NMR (360 MHz, DMSO-d6): δ ppm 1.15 (br s, 1H) 1.28−1.39 (m,
2H) 1.47 (br s, 1H) 1.58−1.73 (m, 4H) 1.75−1.85 (m, 1H) 1.87−2.02
(m, 2H) 2.17 (br d, J = 12.81 Hz, 1H) 2.52−2.83 (m, 2H) 3.04−3.32
(m, 3H) 3.51 (br d, J = 11.34Hz, 1H) 3.72−4.01 (m, 1H) 4.39 (br d, J =
7.68Hz, 1H) 4.47−4.66 (m, 1H) 7.31 (dd, J = 16.10, 4.39Hz, 1H) 8.72
(d, J = 13.54 Hz, 1H) 8.86 (dd, J = 10.25, 4.39 Hz, 1H).
Final Compound 9, (2-Methoxyphenyl)-[3(S)-([1,2,4]triazolo[1,5-

a]pyrimidin-7-yl)-1-piperidyl]methanone. Prepared in a similar
manner as compound 8, starting from intermediate 48ab (S!, 0.20 g,
0.72 mmol) and 2-methoxybenzoyl chloride (0.281 g, 2.17 mmol).
Purification by flash chromatography on a silica gel, eluting with 0−2%
MeOH in DCM, afforded compound 9 (167 mg, 68%). MS (ESI)m/z:
338 [M + H]+. (DMSO-d6): δ ppm 1.49 (br d, J = 9.51 Hz, 1H) 1.56−
1.73 (m, 2H) 1.87−2.05 (m, 3H) 2.16 (br s, 2H) 2.96−3.21 (m, 2H)
3.25−3.33 (m, 2H) 3.36−3.46 (m, 1H) 3.50−3.75 (m, 5H) 3.81 (s,
1H) 3.85 (s, 3H) 4.37−4.49 (m, 1H) 4.54 (br d, J = 13.17 Hz, 1H) 4.74
(br d, J = 11.34 Hz, 1H) 6.77−6.83 (m, 1H) 6.87−7.18 (m, 5H) 7.24−
7.33 (m, 3H) 7.33−7.44 (m, 2H) 8.49 (s, 1H) 8.74 (d, J = 1.83Hz, 1H)
8.80 (d, J = 4.76 Hz, 1H) 8.90 (d, J = 4.39 Hz, 1H).
Final Compound 10. Prepared in a similar manner as compound 8,

starting from intermediate 48ab (S!, 1 equiv) and 3-methoxybenzoyl
chloride (1 equiv). MS (ESI)m/z: 338 [M +H]+; 1HNMR (600MHz,
DMSO-d6, 100 °C): δ ppm 1.64−1.73 (m, 1H) 1.79−1.87 (m, 1H)
1.96−2.08 (m, 1H) 2.18−2.28 (m, 1H) 3.11−3.21 (m, 1H) 3.41 (dd, J
= 12.96, 9.99 Hz, 1H) 3.71 (tt, J = 10.28, 3.92 Hz, 1H) 3.79 (s, 3H)
3.93−4.04 (m, 1H) 4.30−4.42 (m, 1H) 6.90−6.93 (m, 2H) 6.95−6.98
(m, 1H) 7.24 (d, J = 4.46 Hz, 1H) 7.27−7.33 (m, 1H) 8.52 (s, 1H) 8.80
(d, J = 4.62 Hz, 1H).
Final Compound 11, (4-Methoxyphenyl)-[3(S)-([1,2,4]triazolo-

[1,5-a]pyrimidin-7-yl)-1-piperidyl]methanone. Prepared in a similar
manner to compound 4, starting from 4-methoxybenzoic acid (0.100 g,
0.66 mmol) and intermediate 48ab (S!, 0.218 g, 0.79 mmol) and using
DCM as the solvent. Purification via Prep HPLC (stationary phase: RP
Vydac Denali C1810 μm, 250 × 5 cm, mobile phase: 0.25%
NH4HCO3 solution in water, MeOH) provided compound 11 (180
mg, 81%). MS (ESI)m/z: 338 [M +H]+. 1HNMR (600MHz, DMSO-
d6): δ ppm 1.56−1.90 (m, 2H); 1.99 (m, 1H); 2.18−2.25 (m, 1H);
2.93−3.27 (m, 2H); 3.64−3.74 (m, 1H); 3.79 (s, 3H); 4.03−4.83 (m,
2H); 6.97 (br s, 2H); 7.32 (br s, 1H); 7.39 (br d, J = 7.93 Hz, 2H); 8.68
(br s, 1H); 8.85 (br s, 1H).
Final Compound 12, 4-[3(S)-([1,2,4]Triazolo[1,5-a]pyrimidin-7-

yl)piperidine-1-carbonyl]benzonitrile. Prepared in a similar manner to
compound 11, starting from 4-cyanobenzoic acid (0.100 g, 0.68 mmol)
and intermediate 48ab (S!, 0.225 g, 0.82 mmol). Purification via Prep
HPLC (stationary phase: RP Vydac Denali C1810 μm, 250 × 5 cm,
mobile phase: 0.25% NH4HCO3 solution in water, MeOH) provided
compound 12 (35 mg, 15%). MS (ESI) m/z: 333 [M + H]+. 1H NMR
(600 MHz, DMSO-d6, 100 °C): δ ppm 1.65−1.75 (m, 1H); 1.81−1.90
(m, 1H); 2.04 (dtd, J = 13.11, 11.03, 11.03, 3.96 Hz, 1H); 2.21−2.27
(m, 1H); 3.13−3.20 (m, 1H); 3.41 (dd, J = 13.05, 10.07 Hz, 1H);

3.67−3.76 (m, 1H); 3.86−4.06 (m, 1H); 4.18−4.42 (m, 1H); 7.23 (d, J
= 4.46 Hz, 1H); 7.56−7.58 (m, 2H); 7.83 (d, J = 8.26 Hz, 2H); 8.54 (s,
1H); 8.80 (d, J = 4.62 Hz, 1H).

Final Compound 13, [(3S)-([1,2,4]Triazolo[1,5-a]pyrimidin-7-yl)-
1-piperidyl]-[4-(trifluoromethyl)phenyl]methanone. Prepared in a
similar manner as compound 8, starting from intermediate 48ab (S!,
0.06 g, 0.22 mmol) and 4-(trifluoromethyl)benzoyl chloride (0.045 g,
0.22mmol). Purification by flash chromatography on a silica gel, eluting
with 0−2% MeOH in DCM, afforded compound 9 (65 mg, 80%). MS
(ESI) m/z: 376 [M + H]+. SFC [CHIRALCEL Daicel OD 4.6 × 500
mm; mobile phase: CO2, MeOH with 0.2% 2-propylamine] Rt = 12.68
min. 1H NMR (600 MHz, DMSO-d6, 100 °C): δ ppm 1.62−1.78 (m,
2H) 1.81−1.91 (m, 1H) 2.04 (dtd, J = 13.13, 10.98, 10.98, 4.05Hz, 2H)
2.20−2.29 (m, 1H) 3.13−3.23 (m, 1H) 3.42 (dd, J = 12.96, 9.99 Hz,
1H) 3.66−3.76 (m, 1H) 3.85−4.08 (m, 1H) 4.23−4.47 (m, 1H) 7.24
(d, J = 4.46 Hz, 1H) 7.60 (d, J = 7.93 Hz, 2H) 7.74 (d, J = 7.93 Hz, 2H)
8.50 (s, 1H) 8.80 (d, J = 4.62 Hz, 1H).

Final compound 14, 2,3-Dihydro-1,4-benzodioxin-6-yl-[(3S)-
([1,2,4]triazolo[1,5-a]pyrimidin-7-yl)-1-piperidyl]methanone. Pre-
pared in a similar manner to compound 11, starting from 2,3-
dihydro-1,4-benzodioxine-6-carboxylic acid (0.100 g, 0.56 mmol) and
intermediate 48ab (S!, 0.184 g, 0.67 mmol). Purification via Prep
HPLC (stationary phase: RP Vydac Denali C1810 μm, 250 × 5 cm,
mobile phase: 0.25% NH4HCO3 solution in water, MeOH) provided
compound 14 (114 mg, 56%). MS (ESI) m/z: 366 [M + H]+. SFC
[CHIRALCEL Daicel OJ 4.6 × 500 mm; mobile phase: CO2, MeOH
with 0.2% 2-propylamine] Rt = 13.5 min. 1H NMR (360MHz, DMSO-
d6): δ ppm 1.67 (br s, 1H) 1.82 (br s, 1H) 1.99 (q, J = 10.49 Hz, 1H)
2.21 (br dd, J = 12.99, 3.48 Hz, 1H) 3.12 (br s, 1H) 3.26−3.32 (m, 1H)
3.62−3.74 (m, 1H) 4.27 (s, 5H) 4.36−4.98 (m, 1H) 6.91 (br d, J = 9.51
Hz, 3H) 7.32 (br s, 1H) 8.68 (br s, 1H) 8.86 (br d, J = 4.39 Hz, 1H).

Final Compound 15, Benzofuran-5-yl-[3-([1,2,4]triazolo[1,5-a]-
pyrimidin-7-yl)-1-piperidyl]methanone. Prepared in a similar manner
to compound 11, starting from 1-benzofuran-5-carboxylic acid (0.150
g, 0.93 mmol) and intermediate 48a (0.207 g, 1.02 mmol). Purification
by flash chromatography on a silica gel, eluting with 0−2% MeOH in
DCM, followed by crystallization from diethyl ether, afforded
compound 15 (241 mg, 75%). MS (ESI) m/z: 348 [M + H]+. mp
216.2 C. 1H NMR (360 MHz, DMSO-d6): δ ppm 1.71 (br s, 1H) 2.01
(br d, J = 11.34 Hz, 2H) 2.16−2.28 (m, 1H) 3.17−3.34 (m, 2H) 3.60−
3.82 (m, 1H) 3.87−4.27 (m, 1H) 4.29−5.00 (m, 1H) 7.04 (dd, J = 2.20,
0.73 Hz, 1H) 7.38 (br d, J = 8.42 Hz, 2H) 7.64 (br s, 1H) 7.77 (s, 1H)
8.08 (s, 1H) 8.48−8.77 (m, 1H) 8.85 (br s, 1H).

Final Compound 16. Step 1, intermediate 16a, 1H-indol-5-yl-[(3S)-
([1,2,4]triazolo[1,5-a]pyrimidin-7-yl)-1-piperidyl]methanone. Inter-
mediate 16a was prepared in a similar manner to compound 11,
starting from indole-5-carboxylic acid (0.4 g, 2.48 mmol) and
intermediate 48ab (S!, 0.823 g, 2.98 mmol). Purification by flash
chromatography on a silica gel, eluting with 0−2% MeOH in DCM,
afforded intermediate 16a (800 mg, 93%). MS (ESI) m/z: 347 [M +
H]+. SFC [CHIRALCEL Daicel OJ 4.6 × 500 mm; mobile phase: CO2,
MeOHwith 0.2% 2-propylamine] Rt = 17.37 min. 1HNMR (360MHz,
DMSO-d6): δ ppm 1.68 (br d, J = 12.44 Hz, 1H) 1.82 (br s, 1H) 1.88−
2.07 (m, 1H) 2.23 (br d, J = 9.51Hz, 1H) 3.13 (br s, 1H) 3.25−3.36 (m,
2H) 3.63−3.79 (m, 1H) 4.02 (br s, 1H) 4.28−4.75 (m, 1H) 6.52 (br s,
1H) 7.16 (br d, J = 8.05 Hz, 1H) 7.28−7.37 (m, 1H) 7.37−7.47 (m,
2H) 7.69 (s, 1H) 8.67 (br s, 1H) 8.85 (br d, J = 4.02 Hz, 1H) 11.29 (br
s, 1H).

Final Compound 16, 1-[5-[(3S)-([1,2,4]Triazolo[1,5-a]pyrimidin-
7-yl)piperidine-1-carbonyl]indol-1-yl]ethenone. NaH (0.012 mg,
0.29 mmol, 60% dispersion in mineral oil) was added at RT to a
solution of intermediate 16a (100mg, 0.29mmol) in DMF (5mL), and
the reaction mixture was stirred at RT for 30 min. After this time, acetyl
chloride (0.023 mg, 0.29 mmol) was added to the reaction mixture,
which was stirred at RT for another 30 min before being quenched with
water. The mixture was extracted with DCM, and then the organic layer
was dried overMgSO4, filtered, and evaporated under reduced pressure.
The resulting residue was purified via PrepHPLC (stationary phase: RP
Vydac Denali C1810 μm, 250 × 5 cm, mobile phase: 0.25%
NH4HCO3 solution in water, MeOH), which provided compound 16
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(82 mg, 73%). MS (ESI) m/z: 389 [M + H]+. SFC [CHIRALCEL
Daicel OJ 4.6 × 500 mm; mobile phase: CO2, EtOH with 0.2% 2-
propylamine] Rt = 18.02 min and Rt = 18.4 min. 1H NMR (360 MHz,
DMSO-d6): δ ppm1.73 (m, 1H) 1.94−2.07 (m, 1H) 2.23 (br d, J = 9.15
Hz, 1H) 2.67 (s, 3H) 3.19 (br s, 1H) 3.24−3.33 (m, 1H) 3.56−3.82 (m,
2H) 3.91−4.22 (m, 1H) 4.36−4.95 (m, 1H) 6.82 (d, J = 3.66 Hz, 1H)
7.37 (br s, 2H) 7.71−7.75 (m, 1H) 7.94 (br d, J = 3.29Hz, 1H) 8.35 (br
s, 1H) 8.72 (br s, 1H) 8.85 (br s, 1H).
Final Compound 17, (1-Methylsulfonylindol-5-yl)-[3-([1,2,4]-

triazolo[1,5-a]pyrimidin-7-yl)-1-piperidyl]methanone. Prepared in
a similar manner to compound 11, starting from 1-methanesulfonyl-
2,3-dihydro-1H-indole-5-carboxylic acid (0.500 g, 2.07 mmol) and
intermediate 48a (0.687 g, 2.49 mmol). Purification by flash
chromatography on a silica gel, eluting with 0−2% MeOH in DCM,
followed by crystallization from diethyl ether, afforded compound 17
(511 mg, 58%). MS (ESI) m/z: 427 [M + H]+. mp 238.2 C. SFC
[CHIRALCEL Daicel OJ 4.6 × 500 mm; mobile phase: CO2, MeOH
with 0.2% 2-propylamine] Rt = 17.87 min and Rt = 20.28 min. 1H NMR
(360MHz, DMSO-d6): δ ppm 1.68 (br s, 1H) 1.76−1.92 (m, 1H) 2.02
(br d, J = 9.51 Hz, 1H) 2.22 (br dd, J = 12.99, 3.48 Hz, 1H) 3.05 (s, 3H)
3.14 (br t, J = 8.05Hz, 3H) 3.37−3.52 (m, 1H) 3.62−3.75 (m, 1H) 3.98
(br t, J = 8.60 Hz, 2H) 4.18 (br s, 1H) 4.67 (br s, 1H) 7.04−7.31 (m,
3H) 7.33 (br s, 1H) 8.64 (br d, J = 11.34 Hz, 1H) 8.86 (br d, J = 4.03
Hz, 1H).
Final Compound 18, 4,5,6,7-Tetrahydrobenzothiophen-2-yl-

[(3S)-([1,2,4]triazolo[1,5-a]pyrimidin-7-yl)-1-piperidyl]methanone.
Prepared in a similar manner to compound 11, starting from 4,5,6,7-
tetrahydrobenzo[b]thiophene-2-carboxylic acid (0.100 g, 0.55 mmol)
and intermediate 48ab (0.687 g, 2.49 mmol). Purification by flash
chromatography on a silica gel, eluting with 0−2% MeOH in DCM,
followed by crystallization from diethyl ether, afforded compound 17
(511 mg, 58%). MS (ESI) m/z: 427 [M + H]+. mp 238.2 C. SFC
[CHIRALCEL Daicel OJ 4.6 × 500 mm; mobile phase: CO2, EtOH
with 0.2% 2-propylamine] Rt = 17.87 min and Rt = 20.28 min. 1H NMR
(360MHz, DMSO-d6): δ ppm 1.68 (br s, 1H) 1.76−1.92 (m, 1H) 2.02
(br d, J = 9.51 Hz, 1H) 2.22 (br dd, J = 12.99, 3.48 Hz, 1H) 3.05 (s, 3H)
3.14 (br t, J = 8.05Hz, 3H) 3.37−3.52 (m, 1H) 3.62−3.75 (m, 1H) 3.98
(br t, J = 8.60 Hz, 2H) 4.18 (br s, 1H) 4.67 (br s, 1H) 7.04−7.31 (m,
3H) 7.33 (br s, 1H) 8.64 (br d, J = 11.34 Hz, 1H) 8.86 (br d, J = 4.03
Hz, 1H).
Final Compound 19, (1-Methylsulfonylindol-5-yl)-[(3R)-3-([1,2,4]-

triazolo[1,5-a]pyrimidin-7-yl)-1-piperidyl]methanone. Prepared in a
similar manner to compound 18, starting from 1-methanesulfonyl-2,3-
dihydro-1H-indole-5-carboxylic acid (0.145 g, 0.60 mmol) and
intermediate 48aa (R!, 0.2 g, 0.72 mmol). Purification by flash
chromatography on a silica gel, eluting with 0−4% MeOH in DCM
afforded compound 19 (120 mg, 46.6%). MS (ESI). SFC
[CHIRALCEL Daicel OJ 4.6 × 500 mm; mobile phase: CO2, MeOH
with 0.2% 2-propylamine] Rt = 20.21 min. OR = −10.5° (589 nm, 20
°C, 0.438 w/v %; MeOH). 1H NMR (360 MHz, DMSO-d6): δ ppm
1.68 (br s, 1H) 1.76−1.92 (m, 1H) 2.02 (br d, J = 9.51Hz, 1H) 2.22 (br
dd, J = 12.99, 3.48 Hz, 1H) 3.05 (s, 3H) 3.14 (br t, J = 8.05 Hz, 3H)
3.37−3.52 (m, 1H) 3.62−3.75 (m, 1H) 3.98 (br t, J = 8.60Hz, 2H) 4.18
(br s, 1H) 4.67 (br s, 1H) 7.04−7.31 (m, 3H) 7.33 (br s, 1H) 8.64 (br d,
J = 11.34 Hz, 1H) 8.86 (br d, J = 4.03 Hz, 1H).
Final Compound 20, (1-Methylsulfonylindol-5-yl)-[(3S)-3-([1,2,4]-

triazolo[1,5-a]pyrimidin-7-yl)-1-piperidyl]methanone. Prepared in a
similar manner to compound 18, starting from 1-methanesulfonyl-2,3-
dihydro-1H-indole-5-carboxylic acid (0.145 g, 0.60 mmol) and
intermediate 48ab (S!, 0.2 g, 0.72 mmol). Purification by flash
chromatography on a silica gel, eluting with 0−4% MeOH in DCM,
afforded compound 20 (128 mg, 46.6%). MS (ESI). SFC
[CHIRALCEL Daicel OJ 4.6 × 500 mm; mobile phase: CO2, MeOH
with 0.2% 2-propylamine] Rt = 17.88 min. OR = + 9.36° (589 nm, 20
°C, 0.417 w/v %; MeOH). 1H NMR (360 MHz, DMSO-d6): δ ppm
1.68 (br s, 1H) 1.76−1.92 (m, 1H) 2.02 (br d, J = 9.51Hz, 1H) 2.22 (br
dd, J = 12.99, 3.48 Hz, 1H) 3.05 (s, 3H) 3.14 (br t, J = 8.05 Hz, 3H)
3.37−3.52 (m, 1H) 3.62−3.75 (m, 1H) 3.98 (br t, J = 8.60Hz, 2H) 4.18
(br s, 1H) 4.67 (br s, 1H) 7.04−7.31 (m, 3H) 7.33 (br s, 1H) 8.64 (br d,
J = 11.34 Hz, 1H) 8.86 (br d, J = 4.03 Hz, 1H).

Final Compound 21, 4,5,6,7-Tetrahydrobenzothiophen-2-yl-
[(2S)-([1,2,4]triazolo[1,5-a]pyrimidin-7-yl)morpholin-4-yl]-
methanone. Prepared in a similar manner to compound 11, starting
from 4,5,6,7-tetrahydrobenzo[b]thiophene-2-carboxylic acid (0.175 g,
0.96 mmol) and intermediate 48bb (S! 0.32 g, 1.15 mmol). Purification
by flash chromatography on a silica gel, eluting with 0−2% MeOH in
DCM, followed by SFC purification [CHIRALCELDaicel OJ 20× 250
mm; mobile phase: CO2, MeOH with 0.2% 2-propylamine] provided
compound 21 (205mg, 58%).Rt = 8.06min. (ESI)m/z: 370 [M+H]+.
1HNMR (360MHz, DMSO-d6): δ ppm 1.78 (br s, 4H) 2.63 (br s, 2H)
2.74 (br s, 2H) 3.08 (br s, 1H) 3.13−3.21 (m, 1H) 3.88 (br t, J = 11.16
Hz, 1H) 4.05−4.22 (m, 1H) 4.27 (br d, J = 13.17Hz, 1H) 4.99 (br d, J =
12.44 Hz, 1H) 5.35 (br d, J = 9.51 Hz, 1H) 7.40 (br d, J = 4.03 Hz, 2H)
8.78 (s, 1H) 8.94 (br d, J = 4.02 Hz, 1H).

Final Compound 22, 4,5,6,7-Tetrahydrobenzothiophen-2-yl-[3-
([1,2,4]triazolo[1,5-a]pyrimidin-7-yl)piperazin-1-yl]methanone.
Prepared in a similar manner to compound 11, starting from 4,5,6,7-
tetrahydrobenzo[b]thiophene-2-carboxylic acid (0.484 g, 2.66 mmol)
and intermediate 48d (1.00 g, 3.19 mmol). Purification by flash
chromatography on a silica gel, eluting with 0−6% MeOH in DCM,
followed by crystallization from EtOAc, provided compound 22 (707
mg, 72%). (ESI) m/z: 369 [M + H]+. mp 193.45 °C. 1H NMR (400
MHz, DMSO-d6): δ ppm 1.72−1.83 (m, 4H) 2.57 (br t, J = 6.06 Hz,
2H) 2.71 (br t, J = 5.65 Hz, 3H) 2.89−2.98 (m, 1H) 3.13 (dt, J = 12.41,
3.68 Hz, 1H) 3.32 (ddd, J = 13.02, 9.79, 3.43 Hz, 1H) 3.39 (dd, J =
12.92, 8.48 Hz, 1H) 4.02−4.10 (m, 1H) 4.57 (ddd, J = 12.92, 3.63, 1.21
Hz, 1H) 4.67 (dd, J = 8.48, 3.63 Hz, 1H) 7.06 (s, 1H) 7.38 (d, J = 4.44
Hz, 1H) 8.52 (s, 1H) 8.82 (d, J = 4.44 Hz, 1H).

Final Compound 23, [4-Methyl-3-([1,2,4]triazolo[1,5-a]-
pyrimidin-7-yl)piperazin-1-yl]-(4,5,6,7-tetrahydrobenzothiophen-2-
yl)methanone. A solution of compound 22 (0.2 g, 0.54 mmol),
paraformaldehyde (0.020 g, 0.66 mmol), and NaBH(OAc)3 (0.69 g,
3.25 mmol) in DCM (20 mL) was stirred at RT for 32 h. The mixture
was then filtered through Celite, and the filtrate was washed with water.
The organic layer was filtered over Extrelut, and the filtrate was
evaporated under reduced pressure. The resulting residue was purified
by recrystallization from DIPE to provide compound 23 (192 mg,
92%). (ESI) m/z: 383 [M + H]+. mp 174.6 °C. 1H NMR (360 MHz,
DMSO-d6): δ ppm1.68−1.81 (m, 4H) 2.19 (s, 3H) 2.35−2.46 (m, 1H)
2.56−2.62 (m, 2H) 2.71 (br s, 2H) 3.10 (br d, J = 11.71 Hz, 2H) 3.21−
3.32 (m, 1H) 4.19 (dd, J = 9.88, 2.93 Hz, 1H) 4.28 (br d, J = 12.81 Hz,
1H) 4.51 (br d, J = 13.17Hz, 1H) 7.28 (s, 1H) 7.41 (d, J = 4.39Hz, 1H)
8.76 (s, 1H) 8.91 (d, J = 4.39 Hz, 1H).

Final Compound 24, 1-[4-(4,5,6,7-Tetrahydrobenzothiophene-2-
carbonyl)-2-([1,2,4]triazolo[1,5-a]pyrimidin-7-yl)piperazin-1-yl]-
ethenone. Acetyl chloride (0.07 g, 0.89 mmol) was added at 0 °C to a
solution of compound 22 (0.30 g, 0.81 mmol) and DIPEA (0.127 g,
0.98 mmol, 0.75 g/mL) in DCM (50 mL). The reaction mixture was
allowed to reach RT and stirred until the starting material was
consumed, as indicated by LC/MS and TLC. The reaction mixture was
quenched with a saturated aqueous NaHCO3 solution, and then the
organic layer was separated, dried over MgSO4, filtered, and
concentrated under reduced pressure. The resulting residue was
purified by flash chromatography on a silica gel, eluting with 0−2%
MeOH in DCM, and the resulting material triturated in diethyl ether to
provide compound 24 (293 mg, 87.6%). (ESI)m/z: 411 [M +H]+. mp
186 °C. 1H NMR (360 MHz, DMSO-d6): δ ppm 1.61−1.78 (m, 5H)
1.98 (s, 1H) 2.20 (s, 3H) 2.37−2.47 (m, 2H) 2.52−2.66 (m, 2H) 3.37−
3.47 (m, 1H) 3.85−3.99 (m, 1H) 3.99−4.09 (m, 2H) 4.12−4.22 (m,
1H) 4.80 (br s, 1H) 5.01 (br s, 1H) 5.66−5.75 (m, 1H) 5.81 (br s, 1H)
6.21−6.98 (m, 1H) 7.25 (br d, J = 4.03 Hz, 1H) 7.35 (d, J = 4.39 Hz,
1H) 8.71 (br s, 1H) 8.81−8.88 (m, 1H) (80/20 mixture of rotamers).

Final Compound 25, 4,5,6,7-Tetrahydrobenzothiophen-2-yl-[3-
([1,2,4]triazolo[1,5-a]pyrimidin-7-yl)azepan-1-yl]methanone. Pre-
pared in a similar manner to compound 5, starting from 4,5,6,7-
tetrahydrobenzo[b]thiophene-2-carboxylic acid [40133-07-1] (1.1
equiv) and intermediate 48c (1 equiv). (ESI) m/z: 382 [M + H]+.
1H NMR (600 MHz, DMSO-d6, 100 °C, mixture of rotamers): δ ppm
1.69−1.87 (m, 6H) 1.90−2.00 (m, 3H) 2.06−2.14 (m, 1H) 2.66−2.78
(m, 4H) 3.68−3.74 (m, 1H) 3.80−3.86 (m, 1H) 3.89−3.99 (m, 2H)
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4.17−4.23 (m, 1H) 7.06 (s, 1H) 7.22−7.26 (m, 1H) 8.56−8.58 (m,
1H) 8.76−8.85 (m, 1H).
Final Compound 26, [3-(5-Methyl-[1,2,4]triazolo[1,5-a]-

pyrimidin-7-yl)-1-piperidyl]-(4,5,6,7-tetrahydrobenzothiophen-2-
yl)methanone. Prepared in a similar manner to compound 11, starting
from 4,5,6,7-tetrahydrobenzo[b]thiophene-2-carboxylic acid (0.100 g,
0.55mmol) and intermediate 48g (0.687 g, 2.49mmol). Purification by
flash chromatography on a silica gel, eluting with 0−2% MeOH in
DCM, followed by crystallization from diethyl ether, afforded
compound 26 (511 mg, 58%). (ESI) m/z: 382 [M + H]+. mp 201.2
°C. 1H NMR (360 MHz, DMSO-d6): δ ppm 1.60−1.81 (m, 6H) 1.88
(br d, J = 13.54 Hz, 1H) 1.99 (br d, J = 12.08 Hz, 1H) 2.20 (br d, J =
13.17 Hz, 1H) 2.58 (br t, J = 5.67 Hz, 2H) 2.62 (s, 3H) 2.70 (br d, J =
5.12 Hz, 2H) 3.11 (br s, 1H) 3.58−3.67 (m, 1H) 4.29 (br d, J = 12.08
Hz, 1H) 4.60 (br d, J = 12.81 Hz, 1H) 7.26 (s, 2H) 8.60 (s, 1H).
Final Compound 27, [3-(5-Isopropyl-[1,2,4]triazolo[1,5-a]-

pyrimidin-7-yl)-1-piperidyl]-(4,5,6,7-tetrahydrobenzothiophen-2-
yl)methanone. Prepared in a similar manner to compound 11, starting
from 4,5,6,7-tetrahydrobenzo[b]thiophene-2-carboxylic acid (0.076 g,
0.42 mmol) and intermediate 48j (0.160 g, 0.5 mmol). Purification by
flash chromatography on a silica gel, eluting with 0.5−1% MeOH in
DCM, followed by crystallization from diisopropyl ether, afforded
compound 27 (54 mg, 31%). ESI m/z: 410 [M + H]+. mp 158 °C. 1H
NMR (360MHz, DMSO-d6): δ ppm 1.30 (d, J = 6.95 Hz, 6H) 1.74 (br
s, 5H) 1.96−2.31 (m, 3H) 2.54−2.59 (m, 2H) 2.70 (br d, J = 4.76 Hz,
2H) 3.11−3.24 (m, 2H) 4.11−4.36 (m, 1H) 4.45−4.63 (m, 1H) 7.24
(s, 1H) 7.28 (s, 1H) 8.62 (s, 1H).
Final Compound 28, [3-(5-Methoxy-[1,2,4]triazolo[1,5-a]-

pyrimidin-7-yl)-1-piperidyl]-(4,5,6,7-tetrahydrobenzothiophen-2-
yl)methanone. Prepared in a similar manner to compound 11, starting
from 4,5,6,7-tetrahydrobenzo[b]thiophene-2-carboxylic acid (0.101 g,
0.56mmol) and intermediate 48e (0.130 g, 0.56mmol). Purification by
flash chromatography on a silica gel, eluting with 0.5−1% MeOH in
DCM, followed by crystallization from diethyl ether, afforded
compound 28 (86 mg, 39%). ESI m/z: 398 [M + H]+. mp 165.5 °C.
1HNMR (360MHz, DMSO-d6): δ ppm 1.58−1.88 (m, 7H) 1.91−2.06
(m, 1H) 2.16 (br d, J = 12.81 Hz, 1H) 2.53−2.61 (m, 2H) 2.65−2.76
(m, 2H) 3.10 (br s, 1H) 3.20−3.30 (m, 1H) 3.51−3.60 (m, 1H) 3.99 (s,
3H) 4.26 (br d, J = 12.08 Hz, 1H) 4.55 (br d, J = 13.17 Hz, 1H) 6.80 (s,
1H) 7.25 (br s, 1H) 8.46 (s, 1H).
Final Compound 29, 7-[1-(4,5,6,7-Tetrahydrobenzothiophene-2-

carbonyl)-3-piperidyl]-[1,2,4]triazolo[1,5-a]pyrimidine-5-carboni-
trile. Prepared in a similar manner to compound 11, starting from
4,5,6,7-tetrahydrobenzo[b]thiophene-2-carboxylic acid (0.157 g, 0.86
mmol) and intermediate 48f (0.135 g, 1.04 mmol). Purification by flash
chromatography on a silica gel, eluting with 0−1.5% MeOH in DCM,
followed by crystallization from diethyl ether, afforded compound 29
(73 mg, 21%). ESI m/z: 393 [M + H]+. 1H NMR (360 MHz, DMSO-
d6): δ ppm 1.58−1.82 (m, 5H) 1.89 (br d, J = 13.17 Hz, 1H) 1.97−2.14
(m, 1H) 2.20 (br d, J = 13.17Hz, 1H) 2.52−2.61 (m, 2H) 2.70 (br d, J =
5.85 Hz, 2H) 3.11 (br s, 1H) 3.25−3.32 (m, 1H) 3.69−3.79 (m, 1H)
4.31 (br d, J = 12.44 Hz, 1H) 4.61 (br d, J = 12.81 Hz, 1H) 7.23 (s, 1H)
8.00 (s, 1H) 8.99 (s, 1H).
Final Compound 30, 4,5,6,7-Tetrahydrobenzothiophen-2-yl-[3-

[5-(trifluoromethyl)-[1,2,4]triazolo[1,5-a]pyrimidin-7-yl]-1-
piperidyl]methanone. Prepared in a similar manner to compound 11,
starting from 4,5,6,7-tetrahydrobenzo[b]thiophene-2-carboxylic acid
(0.062 g, 0.34 mmol) and intermediate 48k (0.140 g, 0.41 mmol).
Purification by flash chromatography on a silica gel, eluting with 0−
0.5%MeOH inDCM, afforded compound 30 (110mg, 74%). ESIm/z:
436 [M + H]+. 1H NMR (360 MHz, DMSO-d6): δ ppm 1.04 (d, J =
6.22 Hz, 1H) 1.61−1.80 (m, 5H) 1.87 (br d, J = 12.81 Hz, 1H) 2.10−
2.25 (m, 2H) 2.52−2.61 (m, 3H) 2.65−2.76 (m, 2H) 3.02−3.24 (m,
1H) 3.36−3.53 (m, 1H) 3.75−3.84 (m, 1H) 4.30 (br d, J = 13.90 Hz,
1H) 4.59 (br d, J = 10.25 Hz, 1H) 7.24 (s, 1H) 7.80 (s, 1H) 8.96 (s,
1H).
Final Compound 31, [3-[5-(Difluoromethyl)-[1,2,4]triazolo[1,5-

a]pyrimidin-7-yl]-1-piperidyl]-(4,5,6,7-tetrahydrobenzothiophen-2-
yl)methanone. Prepared in a similar manner to compound 11, starting
from 4,5,6,7-tetrahydrobenzo[b]thiophene-2-carboxylic acid (0.060 g,
0.33 mmol) and intermediate 48i (0.100 g, 0.39 mmol). Purification by

prep HPLC on a RP Vydac Denali column (C1810 μm, 250 g, 5 cm)
and using as the mobile phase a mixture of a 0.25%NH4HCO3 solution
in water and MeOH afforded compound 31 (130 mg, 95%). ESI m/z:
418 [M +H]+. 1H NMR (400 MHz, DMSO-d6): δ ppm 1.68−1.82 (m,
5H) 1.88 (dt, J = 13.52, 3.73 Hz, 1H) 2.06−2.17 (m, 1H) 2.21−2.28
(m, 1H) 2.56 (t, J = 5.85 Hz, 2H) 2.71 (t, J = 5.85 Hz, 2H) 3.19−3.28
(m, 1H) 3.54 (dd, J = 13.12, 9.89 Hz, 1H) 3.75−3.82 (m, 1H) 4.23 (br
d, J = 13.32 Hz, 1H) 4.56 (dd, J = 13.32, 3.63 Hz, 1H) 7.03 (t, J = 54.50
Hz, 1H) 7.13 (s, 1H) 7.51 (s, 1H) 8.75 (s, 1H).

Final Compound 32, 3-[5-(Difluoromethyl)pyrazolo[1,5-a]-
pyrimidin-7-yl]-1-piperidyl]-(4,5,6,7-tetrahydrobenzothiophen-2-
yl)methanone. Prepared in a similar manner to compound 11, starting
from 4,5,6,7-tetrahydrobenzo[b]thiophene-2-carboxylic acid (0.108 g,
0.59mmol) and intermediate 48o (0.150 g, 0.59mmol). Purification by
flash chromatography on a silica gel, eluting with 0−30% EtOAc in
heptane, followed by crystallization from diisopropyl ether, afforded
compound 32 (190mg, 77%). ESIm/z 417 [M +H]+. mp 192.8 °C. 1H
NMR (600 MHz, DMSO-d6): δ ppm 1.64−1.81 (m, 5H) 1.84−1.91
(m, 1H) 2.05−2.12 (m, 1H) 2.21−2.26 (m, 1H) 2.54−2.61 (m, 2H)
2.67−2.75 (m, 2H) 3.17−3.23 (m, 1H) 3.46 (dd, J = 12.76, 10.12 Hz,
1H) 3.83−3.88 (m, 1H) 4.26 (br d, J = 13.21 Hz, 1H) 4.57 (dd, J =
12.76, 3.67 Hz, 1H) 6.90 (t, J = 54.87 Hz, 1H) 6.87−6.90 (m, 1H) 7.19
(d, J = 8.80 Hz, 2H) 8.34 (dd, J = 2.35, 0.88 Hz, 1H).

Final Compound 33, [3-(7-Methylimidazo[1,2-a]pyrimidin-5-yl)-
1-piperidyl]-(4,5,6,7-tetrahydrobenzothiophen-2-yl)methanone.
Prepared in a similar manner to compound 11, starting from 4,5,6,7-
tetrahydrobenzo[b]thiophene-2-carboxylic acid (0.131 g, 0.72 mmol)
and intermediate 48h (0.250 g, 0.86 mmol). Purification by flash
chromatography on a silica gel, eluting with 0−3% MeOH in DCM,
followed by crystallization from diethyl ether, afforded compound 33
(168 mg, 61%). ESI m/z: 381 [M + H]+. mp 192.7 °C. 1H NMR (360
MHz, DMSO-d6): δ ppm 1.63−1.91 (m, 8H); 2.17 (br d, J = 12.44 Hz,
1H); 2.52 (s, 3H); 2.53−2.59 (m, 2H); 2.64−2.81 (m, 2H); 3.22 (br d,
J = 16.10 Hz, 2H); 3.27−3.31 (m, 1H); 4.32 (br d, J = 12.81 Hz, 1H);
4.51 (br d, J = 11.34 Hz, 1H); 6.90 (s, 1H); 7.14 (s, 1H); 7.67 (s, 1H);
8.01 (br s, 1H).

Final Compound 34, [3-(1H-Pyrrolo[2,3-b]pyridin-4-yl)-1-piper-
idyl]-(4,5,6,7-tetrahydrobenzothiophen-2-yl)methanone. Prepared
in a similar manner to compound 11, starting from 4,5,6,7-
tetrahydrobenzo[b]thiophene-2-carboxylic acid (0.083 g, 0.46 mmol)
and intermediate 48n (0.150 g, 0.55 mmol). Purification by
crystallization from methanol afforded compound 34 (114 mg, 68%).
ESI m/z: 366 [M + H]+. mp 275.7 °C. 1H NMR (360 MHz, DMSO-
d6): δ ppm 1.59−1.87 (m, 6H); 1.89−2.07 (m, 2H); 2.52−2.58 (m,
2H); 2.67−2.75 (m, 2H); 3.02−3.32 (m, 3H); 4.37 (br d, J = 11.71 Hz,
2H); 6.57 (br s, 1H); 6.97 (d, J = 5.12Hz, 1H); 7.10 (s, 1H); 7.44 (t, J =
3.11 Hz, 1H); 8.15 (d, J = 4.76 Hz, 1H); 11.65 (br s, 1H).

Final Compound 35, [3-(2,5-Dimethyl-[1,2,4]triazolo[1,5-a]-
pyrimidin-7-yl)-1-piperidyl]-(4,5,6,7-tetrahydrobenzothiophen-2-
yl)methanone. Prepared in a similar manner to compound 11, starting
from 4,5,6,7-tetrahydrobenzo[b]thiophene-2-carboxylic acid (0.065 g,
0.36 mmol) and intermediate 48l (0.130 g, 0.43 mmol). Purification by
flash chromatography on a silica gel, eluting with 0.5−1% MeOH in
DCM, followed by crystallization from diisopropyl ether, afforded
compound 35 (12 mg, 39%). ESI m/z: 396 [M + H]+. 1H NMR (600
MHz, DMSO-d6): δ ppm1.62−1.70 (m, 1H) 1.81 (br s, 6H) 1.86−1.91
(m, 1H) 1.96−2.04 (m, 1H) 2.17−2.24 (m, 1H) 2.46 (s, 3H) 2.54−
2.56 (m, 2H) 2.57 (s, 3H) 2.71 (br t, J = 6.19 Hz, 2H) 3.19 (ddd, J =
13.33, 11.11, 3.30 Hz, 1H) 3.43 (dd, J = 13.05, 10.07 Hz, 1H) 3.59 (tt, J
= 10.30, 3.90 Hz, 1H) 4.21 (dt, J = 13.29, 4.00 Hz, 1H) 4.53 (ddt, J =
12.98, 3.65, 1.59, 1.59 Hz, 1H) 7.04 (s, 1H) 7.05 (s, 1H).

Final Compound 36, [3-[5-Methyl-2-(trifluoromethyl)-[1,2,4]-
triazolo[1,5-a]pyrimidin-7-yl]-1-piperidyl]-(4,5,6,7-tetrahydroben-
zothiophen-2-yl)methanone. Prepared in a similar manner to
compound 11, starting from 4,5,6,7-tetrahydrobenzo[b]thiophene-2-
carboxylic acid (0.038 g, 0.21 mmol) and intermediate 48m (0.09 g,
0.25mmol). Purification by flash chromatography on a silica gel, eluting
with 0.5−1% MeOH in DCM, afforded compound 36 (75 mg, 78%).
ESIm/z: 450 [M+H]+. 1HNMR (400MHz, DMSO-d6): δ ppm 1.63−
1.81 (m, 5H); 1.85−2.06 (m, 2H); 2.19−2.26 (m, 1H); 2.50−2.55 (m,
2H); 2.64−2.72 (m, 5H); 3.16−3.26 (m, 1H); 3.44 (dd, J = 12.9, 10.1
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Hz, 1H); 3.57−3.67 (m, 1H); 4.18−4.25 (m, 1H); 4.52−4.57 (m, 1H);
7.02 (s, 1H); 7.38 (s, 1H).
Final Compound 37 , 5- (Difluoromethyl ) -7-[1-[ (3 ,4-

dimethoxyphenyl)methyl]-3-piperidyl]-[1,2,4]triazolo[1,5-a]-
pyrimidine. DIPEA (0.52 mL, 3.02 mmol) and 3,4-dimethoxybenzal-
dehyde [120-14-9] (0.076 g, 0.46 mmol) were added to a solution of
intermediate 48i (0.15 g, 0.46 mmol) in DCM (30 mL). The reaction
mixture was stirred at RT for 1 h, and then sodiumtriacetoxyborohy-
dride [56553-60-7] (0.15 g, 1.84) was added. The reaction mixture was
stirred at RT for 2 h, and then it was washed with sat. aq NaHCO3
solution, dried over MgSO4, filtered, and concentrated by evaporation.
The resulting residue was purified by flash column chromatography on
a silica gel using a mixture of EtOAc and heptane, 80/20, as the eluent
to provide compound 37 (160 mg, 86%). ESI m/z: 404 [M + H]+. 1H
NMR (400MHz, DMSO-d6, 80 °C): δ ppm 1.60−1.71 (m, 2H); 1.79−
1.89 (m, 1H); 2.00−2.08 (m, 1H); 2.35−2.43 (m, 1H); 2.59−2.68 (m,
2H); 2.96−3.01 (m, 1H); 3.50 (s, 2H); 3.73 (s, 3H); 3.76 (s, 3H);
3.78−3.88 (m, 1H); 6.83 (dd, J = 8.1, 1.61 Hz, 1H); 6.85−6.89 (d, J =
8.5 Hz, 1H); 7.09 (t, J = 54.5 Hz, 1H); 6.93 (d, J = 1.84 Hz, 1H); 7.66
(s, 1H) 8.72 (s, 1H).
Final Compound 38, 7-[1-(Benzofuran-5-ylmethyl)-3-piperidyl]-

5-(difluoromethyl)-[1,2,4]triazolo[1,5-a]pyrimidine. Prepared in a
similar manner to compound 37, starting from benzo[b]furan-5-
carboxaldehyde (0.10 g, 0.69 mmol) and intermediate 48i (0.15 g, 0.46
mmol). Purification by Prep HPLC on a RP Vydac Denali column
(C1810 μm, 250 g, 5 cm) and using as mobile phase a mixture of a
0.25% NH4HCO3 solution in water and ACN afforded the title
compound as a free base, which was then dissolved in DIPE and treated
withHCl to afford compound 38 as a HCl salt (180mg, 86%). ESIm/z:
384 [M + H]+. 1H NMR (360 MHz, DMSO-d6): δ ppm 1.80−2.17 (m,
4H); 3.03 (br d, J = 11.71 Hz, 1H); 3.43−3.55 (m, 3H); 4.24 (br t, J =
12.08 Hz, 1H); 4.38−4.52 (m, 2H); 7.14 (t, J = 54.52 Hz, 1H); 7.01−
7.05 (m, 1H); 7.55 (s, 1H); 7.57 (d, J = 9.88 Hz, 1H); 7.69 (d, J = 8.42
Hz, 1H); 7.91 (s, 1H); 8.08 (d, J = 2.20Hz, 1H); 8.85 (s, 1H); 11.06 (br
s, 1H). Anal. Calcd (C20H19F2N5O): C, H, N.
Final Compound 39, 7-[1-[(2-Chloro-6-methyl-4-pyridyl)methyl]-

3-piperidyl]-5-(difluoromethyl)-[1,2,4]triazolo[1,5-a]pyrimidine. A
solution of 2-chloro-4-chloromethyl-6-methylpyridine [162046-59-5]
(0.81 g, 4.6 mmol), intermediate 48i (1.00 g, 3.07 mmol) and DIPEA
(2.13 mL, 12.4 mmol) in DMF (100 mL) was stirred and heated at 40
°C for 4 h. The reaction mixture was cooled to RT, and then it was
evaporated under reduced pressure. The resulting residue was dissolved
in DCM, washed with a satd aq NaHCO3 soln (1×), dried overMgSO4,
filtered, and evaporated in vacuo. The resulting residue was purified by
prep HPLC on a RP Vydac Denali column (C1810 μm, 250 g, 5 cm)
and using as a mobile phase a mixture of a 0.25%NH4HCO3 solution in
water and ACN afforded the title compound as a racemic mixture (1.15
g, 95%). ESI m/z: 393 [M + H]+. Separation in enantiomers by
preparative SFC [CHIRALPAK Daicel AD 20 × 250 mm; mobile
phase: CO2, EtOH with 0.2% 2-propylamine] afforded compounds 39
(R*) (430 mg, 37%) Rt = 3.75 min, OR = +39.71° (589 nm, 20 °C,
0.345 w/v %; DMF), mp 164.56 °C, 1H NMR (360 MHz, DMSO-d6):
δ ppm 1.62−1.73 (m, 2H); 1.74−1.88 (m, 1H); 2.04 (br dd, J = 12.62,
4.21 Hz, 1H); 2.37 (br s, 1H); 2.44 (s, 3H); 2.53−2.71 (m, 2H); 2.99
(br d, J = 10.98 Hz, 1H); 3.54−3.62 (m, 2H); 3.82 (dt, J = 8.51, 4.35
Hz, 1H); 7.04 (t, J = 55.30 Hz, 1H); 7.26 (d, J = 6.59 Hz, 2H); 7.70 (s,
1H); 8.82 (s, 1H) and 41 (S*) (407 mg, 35%). Rt = 4.67 min, OR =
−42.56° (589 nm, 20 °C, 0.43 w/v %; DMF), mp 165.83 °C.
Final Compound 40, 5-(Difluoromethyl)-7-[1-[(2,6-dimethyl-4-

pyridyl)methyl]-3-piperidyl]-[1,2,4]triazolo[1,5-a]pyrimidine. Pre-
pared in a similar manner to compound 37, starting from 2,6-
dimethylisonicotinaldehyde [18206-06-9] (0.99 g, 7.36 mmol) and
intermediate 48i (1.20 g, 3.68 mmol). Purification by prep HPLC on a
Uptisphere column (C1810 μm, 200 g, 5 cm) and using as themobile
phase a mixture of a 0.25% NH4HCO3 solution in water and MeOH
afforded the title compound as a racemic mixture (1.04 g, 76%). ESIm/
z: 373 [M + H]+. Separation in enantiomers by preparative SFC
[CHIRALPAK Daicel AD 30 × 250 mm; mobile phase: CO2, EtOH
with 0.2% 2-propylamine] afforded compounds 40 (R*) (373 mg,
36%) Rt = 3.53 min, OR = +48.93° (589 nm, 20 °C, 0.515 w/v %;

DMF), mp 153.3 °C, 1H NMR (360 MHz, DMSO-d6): δ ppm 1.62−
1.73 (m, 2H); 1.74−1.88 (m, 1H); 2.04 (br dd, J = 12.62, 4.21Hz, 1H);
2.37 (br s, 1H); 2.44 (s, 3H); 2.53−2.71 (m, 2H); 2.99 (br d, J = 10.98
Hz, 1H); 3.54−3.62 (m, 2H); 3.82 (dt, J = 8.51, 4.35 Hz, 1H); 7.04 (t, J
= 55.30 Hz, 1H); 7.26 (d, J = 6.59 Hz, 2H); 7.70 (s, 1H); 8.82 (s, 1H)
and 42 (S*) (348 mg, 33%). Rt = 4.66 min, OR =−48.46° (589 nm, 20
°C, 0.43 w/v %; DMF), mp 154.4 °C.

Final Compound 41, Benzofuran-5-yl-[3-[5-(difluoromethyl)-
[1,2,4]triazolo[1,5-a]pyrimidin-7-yl]-4-methyl-1-piperidyl]-
methanone. Prepared in a similar manner to compound 42, starting
from intermediate 78 (rac, 220 mg, 0.82 mmol). Purification by flash
chromatography on a silica gel, eluting with 0−1% MeOH in DCM,
afforded compound 41 %. ESI m/z: 412 [M + H]+. 1H NMR (400
MHz, DMSO-d6): δ ppm 0.82 (d, J = 6.46 Hz, 3H) 1.37−1.50 (m, 1H)
1.84−1.92 (m, 1H) 2.41−2.46 (m, 1H) 2.50−2.53 (m, 1H) 3.15 (td, J
= 12.92, 2.83 Hz, 1H) 3.34−3.40 (m, 1H) 3.56−3.64 (m, 1H) 4.17 (br
d, J = 12.92 Hz, 1H) 4.32 (br d, J = 12.51 Hz, 1H) 6.84−7.14 (m, 1H)
6.96 (dd, J = 2.42, 0.81 Hz, 1H) 7.38 (dd, J = 8.48, 1.61 Hz, 1H) 7.55−
7.56 (m, 1H) 7.58 (d, J = 8.48 Hz, 1H) 7.75 (d, J = 1.61 Hz, 1H) 7.94
(d, J = 2.02 Hz, 1H) 8.70 (s, 1H).

Final Compound 42, Benzofuran-5-yl-[(3S,4R)-3-[5-(difluoro-
methyl)-[1,2,4]triazolo[1,5-a]pyrimidin-7-yl]-4-methyl-1-piperidyl]-
methanone. 1-Benzofuran-5-carboxylic acid (214 mg, 1.32 mmol) was
stirred in DCM (10 mL). DIPEA (851 mg, 0.75 g/mL, 6.58 mmol) and
HBTU (499 mg, 1.32 mmol) were added, and stirring was continued
for 20min at RT. Intermediate 78 (RS!, 400mg, 1.32mmol;WO2018/
083098) was added, and stirring was continued for 1 h at RT. The RM
was quenched with 1 N aqueous NaOH (1 mL) solution and stirred for
5 min, then the OL was separated and dried over MgSO4, filtered, and
concentrated in vacuo. This material was purified by silica gel flash
chromatography eluting with 0−3% MeOH in DCM to afford
compound 42 (120 mg, yield 52.931%). ESI m/z: 412 [M + H]+. 1H
NMR (400 MHz, DMSO-d6): δ ppm 0.82 (d, J = 6.46 Hz, 3H) 1.37−
1.50 (m, 1H) 1.84−1.92 (m, 1H) 2.41−2.46 (m, 1H) 2.50−2.53 (m,
1H) 3.15 (td, J = 12.92, 2.83 Hz, 1H) 3.34−3.40 (m, 1H) 3.56−3.64
(m, 1H) 4.17 (br d, J = 12.92 Hz, 1H) 4.32 (br d, J = 12.51 Hz, 1H)
6.84−7.14 (m, 1H) 6.96 (dd, J = 2.42, 0.81 Hz, 1H) 7.38 (dd, J = 8.48,
1.61 Hz, 1H) 7.55−7.56 (m, 1H) 7.58 (d, J = 8.48 Hz, 1H) 7.75 (d, J =
1.61 Hz, 1H) 7.94 (d, J = 2.02 Hz, 1H) 8.70 (s, 1H).

Final Compound 43, (3,4-Dimethoxyphenyl)-[(3S,4R)-3-[5-(di-
fluoromethyl)-[1,2,4]triazolo[1,5-a]pyrimidin-7-yl]-4-methyl-1-
piperidyl]methanone. Prepared in a similar manner to compound 42,
starting from 3,4-dimethoxybenzoic acid (120 mg, 0.66 mmol) and
intermediate 78 (SR!, 200 mg, 0.66 mmol). Purification by flash
chromatography on a silica gel, eluting with 0−2% MeOH in DCM,
afforded compound 41 %. ESI m/z: 432 [M + H]+. mp 227 °C. 1H
NMR (360 MHz, DMSO-d6): δ ppm 0.00 (s, 1H) 0.77 (d, J = 6.59 Hz,
3H); 1.35−1.47 (m, 1H); 1.79−1.95 (m, 1H); 2.40−2.47 (m, 1H);
3.55−3.63 (m, 1H); 3.77 (br s, 3H); 3.79 (s, 4H); 3.93−4.65 (m, 1H);
6.95 (br s, 1H); 7.01 (br s, 3H); 7.10 (s, 1H); 7.68 (br s, 1H); 8.83 (s,
1H).

Final Compound 44, [3-[2-(5-Bromo-2-methyl-pyrazol-3-yl)-
ethyl]-6-fluoro-1-naphthyl]oxy-tert-butyl-diphenyl-silane; 2-[3-[5-
(Difluoromethyl)-[1,2,4]triazolo[1,5-a]pyrimidin-7-yl]-4-methyl-1-
piperidyl]-N-methyl-pyridine-4-carboxamide; Methane. DIPEA
[7087-68-5] (372 mg, 2.88 mmol) was added at RT to a solution of
intermediate 78 (RS!, 175 mg, 0.58 mmol) and 2-bromo-n-methyl-4-
pyridinecarboxamide [337536-01-3] (372 mg, 1.73 mmol) in nBuOH
[71-36-3] (3 mL). The resulting mixture was then stirred for 4 h at 180
°C under microwave irradiation, then it was cooled to RT, and the
solvent was evaporated under reduced pressure. The resulting residue
was dissolved in DCM (5 mL) and washed with a saturated aqueous
NaHCO3 solution (1mL). The biphasic mixture was passed through an
Extrelut filter, which was afterward washed with DCM (×2). The
combined OL was evaporated under reduced pressure. The resulting
residue was purified by Prep HPLC using as the stationary phase a
Uptisphere C18 ODB10 μm, 200 g, 5 cm column and as the mobile
phase a mixture of 0.25% NH4HCO3 solution in water and CH3CN, to
provide the title compound. This was recrystallized from ether, to give
compound 44 (95 mg, 41%). ESI m/z: 402 [M + H]+. mp 180.87 °C.
1H NMR (400 MHz, DMSO-d6): δ ppm 0.78 (d, J = 6.53 Hz, 3H) 1.42
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(br dd, J = 12.42, 3.89Hz, 1H) 1.91 (br dd, J = 13.55, 3.51Hz, 1H) 2.44
(br s, 2H) 2.78 (d, J = 4.52 Hz, 3H) 3.11 (td, J = 12.80, 3.01 Hz, 1H)
3.36 (dd, J = 12.80, 11.04 Hz, 1H) 3.51−3.58 (m, 1H) 4.45 (br d, J =
13.30 Hz, 1H) 4.53−4.59 (m, 1H) 6.95 (dd, J = 5.14, 1.13 Hz, 1H)
7.16−7.19 (m, 1H) 7.61 (s, 1H) 8.16 (d, J = 5.02 Hz, 2H) 8.74 (s, 1H).
Final Compound 45, 7-[1-(4-tert-Butyl-2-pyridyl)-4-methyl-3-

piperidyl]-5-(difluoromethyl)-[1,2,4]triazolo[1,5-a]pyrimidine. Pre-
pared in a similar manner to compound 44, starting from 4-tert-butyl-
2-chloropyridine (112 mg, 0.66 mmol) and intermediate 78 (SR!, 100
mg, 0.33 mmol) and using NMP (3 mL) as the solvent. Purification by
flash chromatography on a silica gel, eluting with 0−2% MeOH in
DCM, followed by crystallization from diisopropyl ether, afforded
compound 45 (37.6 mg, 29%). ESIm/z: 401 [M + H]+. 1H NMR (360
MHz, chloroform-d): δ ppm 0.80−0.98 (m, 5H); 1.21−1.35 (m, 11H);
1.41−1.56 (m, 1H); 1.61−1.79 (m, 1H); 1.91−1.99 (m, 1H); 2.36 (br
s, 1H); 3.03−3.23 (m, 2H); 3.66 (br s, 1H); 4.55 (br dd, J = 12.26, 2.74
Hz, 2H); 6.53−6.85 (m, 2H); 6.86 (s, 1H); 7.33 (s, 1H); 8.10 (d, J =
5.12 Hz, 1H); 8.60 (s, 1H).
Final Compound 46, 5-(Difluoromethyl)-7-[4-methyl-1-(4-phe-

nyl-2-pyridyl)-3-piperidyl]-[1,2,4]triazolo[1,5-a]pyrimidine. Pre-
pared in a similar manner to compound 44, starting from 2-chloro-4-
phenylpyridine [42260-39-9] (139 mg, 0.74 mmol) and intermediate
78 (SR!, 112 mg, 0.37 mmol) and using NMP (3.5 mL) as the solvent.
Purification by flash chromatography on a silica gel, eluting with 0−2%
MeOH in DCM, followed by crystallization from diisopropyl ether,
afforded compound 46 (8.6 mg, 6%). ESI m/z: 421 [M + H]+. mp
127.58 °C. 1H NMR (360 MHz, chloroform-d): δ ppm 0.76−0.96 (m,
4H) 1.40−1.61 (m, 1H) 1.93−2.01 (m, 1H) 2.41 (br s, 1H) 3.09−3.30
(m, 2H) 3.61−3.77 (m, 1H) 4.58−4.67 (m, 2H) 6.52−6.87 (m, 1H)
6.91 (dd, J = 5.31, 1.28 Hz, 1H) 7.12 (s, 1H) 7.34 (s, 1H) 7.41−7.53
(m, 3H) 7.64−7.72 (m, 2H) 8.25 (d, J = 5.49 Hz, 1H) 8.62 (s, 1H).
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