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ABSTRACT: Herein we describe the development of a series of pyrazolopyrimidinone phosphodiesterase 2A (PDE2)
inhibitors using structure-guided lead identification and design. The series was derived from informed chemotype replacement
based on previously identified internal leads. The initially designed compound 3, while potent on PDE2, displayed
unsatisfactory selectivity against the other PDE2 isoforms. Compound 3 was subsequently optimized for improved PDE2
activity and isoform selectivity. Insights into the origins of PDE2 selectivity are described and verified using cocrystallography.
An optimized lead, 4, demonstrated improved performance in both a rodent and a nonhuman primate cognition model.
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S chizophrenia is a chronic debilitating disorder estimated to
affect approximately one percent of the world population.
Disease onset begins in late adolescence and early adulthood.
Patients suffer from a cluster of symptoms, generally
subdivided into positive symptoms, negative symptoms, and
cognitive dysfunction. Positive symptoms include hallucina-
tions, delusions, and agitated behavior. Negative symptoms
consist of anhedonia and lack of motivation. Cognitive
dysfunction includes impaired episodic and working memory,
executive functioning, and attention. Some reports estimate the
indirect costs associated with cognitive deficits are substantially
greater than the direct costs for treating psychotic symptoms as
they are the primary contributor to homelessness, joblessness
and suicide." Unfortunately, currently available antipsychotics
only target positive symptoms with either slight or no efficacy
on the other domains. There are also significant adverse effects
(AE’s) associated with these treatments leading to a high rate
of discontinuation due to dissatisfaction with efficacy and lack
of tolerability. As such there is a need to develop novel
antipsychotics to treat cognitive disturbances associated with
schizophrenia with greater efficacy and reduced AEs.

A potential therapeutic target we chose to investigate for
cognitive dysfunction was a group of enzymes known as
phosphodiesterase’s (PDE’s).”” This protein class is respon-
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sible for the hydrolysis of cyclic adenosine monophosphate
(cAMP) and cyclic guanosine monophosphate (cGMP).
cAMP and c¢GMP are important secondary messengers
involved in regulating intracellular signaling cascades. Inhib-
ition of phosphodiesterase activity results in increased
intracellular cAMP/cGMP levels thereby amplifying signal
propagation involved in these pathways. With the recent
discovery of PDE12" there are currently 12 known families of
PDEs (PDE1—12) which are grouped by their cyclic
nucleotide substrate preferences for cAMP, cGMP, or both
cAMP and cGMP. Importantly, the homology in the catalytic
domain between the families is modest, ranging from 20% to
45%, suggesting the possibility to design isoform selective
inhibitors. PDE2, a dual cAMP/cGMP hydrolase, is expressed
heavily in brain regions thought to be involved in cognition,
including the hippocampus and prefrontal and perirhinal
cortex. Importantly, schizophrenics show deficits on tasks that
rely on these brain regions. In addition, pharmacological
inhibition of PDE2 has been shown to improve performance in

Received: May 9, 2018
Accepted: July 26, 2018
Published: July 26, 2018

DOI: 10.1021/acsmedchemlett.8b00214
ACS Med. Chem. Lett. 2018, 9, 815—820


pubs.acs.org/acsmedchemlett
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsmedchemlett.8b00214
http://dx.doi.org/10.1021/acsmedchemlett.8b00214

ACS Medicinal Chemistry Letters

rodent behavioral assays of learning and memory and several
compounds have progressed into clinical trials.”~’

In an attempt to cast a wide and diverse net for lead
identification we employed a variety of lead finding approaches
including high-throughput screening (HTS), fragment-based
screening, and structure-guided lead design. We have recently
reported on inhibitor series that were identified using the two
former screening methods, fragment-based screening and HT',
i.e. compounds 1 and 2 in Figure 1.”* Herein we describe the
third method used for lead identification, that of structure-
guided lead design.
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Figure 1. Previously reported PDE2 inhibitors.

With the binding insights gained from selectivity and
cocrystallographic data of inhibitors in the PDE2 active site
from previous publications, we set out to design alternative
heterocyclic cores incorporating the selectivity elements
garnered from previous efforts.”” Compound 3 depicts one
such attempt where the pyrazolopyrimidine from the
previously reported elaborated fragment lead 1 was replaced
with a pyrazolopyrimidinone in an attempt to make alternative
hydrogen-bonding interactions within the PDE2 active site.
The pyrazolopyrimidinone scaffold also allows for facile
incorporation of the para-CF; benzyl group, which has been
shown to occupy a hydrophobic binding-induced pocket
between Ile866 and Leu770. This binding pocket is unique
to PDE2 and its occupation contributes to inhibitor isoform
selectivity.” ' Compound 3 was found to have potent PDE2
activity, ICs; = 23 nM, and maintained the favorable ligand
efficiency present in compound 1 (compound 1 HPLC LogD
=2.7,LE = 045, LLE = 4.02; compound 3 HPLC LogD = 2.7,
LE = 045, LLE = 4.93). However, the selectivity profile versus
the other PDE isoforms was less than desired with selectivity
against PDE9 the lowest at only 4-fold. The colored bar in
Figure 2 below the structures depicts a selectivity heatmap to
visualize isoform selectivity for PDE’s 1—11 where red
represents a selectivity ratio of 0—100-fold, orange 101—500-
fold, and green >500-fold. Using in silico methods to dock
compound 3 into the PDE2 active site suggested that the lack
of selectivity likely stemmed from nonproductive interactions
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Figure 2. Structure-guided lead generation and selectivity profiles.
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of the methyl group in the 3-position of the pyrazolopyr-
imidinone with GIn812 as depicted in Figure 4.

In this regard, the glutamine residue at position 859 is
conserved throughout the PDE family, whereas the glutamine
at position 812 is unique to PDE2 compared to the other PDE
isoforms. Figure 3 is a listing of the resident amino acids at
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Figure 3. PDE isoform amino acid residue 812 identity.

position 812 between the differing PDE homologues. Most of
the PDE homologues contain either a proline residue at
position 812, as seen in PDE 1, 3, 4, 7, and 8, or another
lipophilic amino acid such as valine or isoleucine as is seen in
PDE 6, 10, S, and 11. In our previously published selective
pyrazolopyrimidine inhibitor series, compound 1, glutamine
812 was observed to be engaged in a water-mediated
hydrogen-bond with the N-2 nitrogen of the pyrazolopyr-
imidine leading to increased PDE isoform selectivity for this
compound shown in green in Figure 4. In contrast, compound
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Figure 4. Docking overlay of compound 3 (magenta) with compound
1 (green).

3, shown in magenta, contains a methyl substituent at the three
position. This hydrophobic methyl group effectively displaces
the water molecule leading to nonproductive interactions with
the polar glutamine side-chain group in PDE2 as compared to
favorable hydrophobic interaction the 3-methyl substituent can
make with the PDE isoforms with lipophilic substituents at
residue 812, thereby negatively effecting selectivity.

We hypothesized that the addition of a polar group in the 3-
position of compound 3 capable of forming a hydrogen
bonding interaction with GIn812, and potentially negative
binding interaction with lipophilic residues at this position in
other PDE isoforms, would lead to an enhanced selectivity
profile. In further support of this hypothesis, in a WaterMap""'
analysis of compound 1, the water molecule interacting with
GIn812 is not thermodynamically stable and has a high AG of
10.5 kcal/mol relative to bulk water, suggestive of the potential
to replace the water molecule with a direct hydrogen bond
while maintaining or improving PDE2 potency.

To test this hypothesis, compound 4, containing a
hydroxymethyl group at the 3-position of the pyrazolopyr-
imidinone was synthesized in an attempt to engage GIn812 in a
constructive direct hydrogen-bonding interaction. Gratifyingly,
in addition to this modification affording a 10-fold improve-
ment in PDE2 potency over compound 3, ICs, = 2 nM, it also
significantly enhanced the selectivity versus other PDE2
isoforms.'” Now selectivity ratios of greater than 500-fold
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were observed over all PDE2 isoforms except PDE9, and even
this selectivity ratio was increased from 4-fold for compound 3
to 315-fold for compound 4. A direct hydrogen-bonding
interaction of the 3-hydroxyl group in 4 with GIn812 was
confirmed by cocrystallization with PDE2. Figure S displays
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Figure 5. Co-crystal structure of compound 4 in the PDE2 active site.

/

the interaction of compound 4 in the PDE2 active site where,
in addition to the 3-hydroxyl interacting with GIn812, the
pyrimidinone oxygen is also now more proximal to GIn812, 3.2
A, most likely providing further selectivity enhancement.

The addition of the hydroxyl group also served to lower the
LogD of compound 4 (HPLC LogD = 2.2) compared to
compound 3 (HPLC LogD = 2.7) which, when coupled with
the increase in potency, resulted in a further improvement in
ligand binding efficiency (LE = 0.48, LLE = 6.48). Compound
4 also displayed good microsomal stability (HLM CL;,, < 6.2
mL/min/kg) and pharmacokinetic properties in rats suppor-
tive of in vivo pharmacodynamic studies (Cl = 5.6 mL/min/
kg; t1/, = 2.9 h; Vg, = 1.4 L/kg; %F = 84%; rat PPB = 85%). In
addition, 4 also exhibited a favorable ancillary profile with no
ion channel or cyp activity (ICsy's > SO yM), no significant
activities (i.e, ICsy or EC5y > 10 uM) in a broad spectrum
Cereps Panlabs panel, and minimal pgp efflux, which suggested
acceptable brain penetration (Pgp efflux ratio = 1.0 human, 3.0
rat; P, = 37 X 107 cm/s). Compound 4 was subsequently
administered to rats to gauge its ability to elevate cyclic
nucleotide levels in brain tissue as a demonstrable
pharmacodynamic marker. Thirty minutes after oral admin-
istration of either 3, 10, or 30 mg/kg, brain tissue was
harvested and frozen for measurement of cGMP. All three dose
levels resulted in significant elevation of cortical cGMP levels
compared to controls, as shown in Figure 6. It should be noted
that the doses required to observe cyclic nucleotide changes in
brain tissue are often much higher than those necessary to see
behavioral effects due to the limited ability to detected changes
in cGMP over background.
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Figure 6. Effects of compound 4 on cGMP levels in rat brain.
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Having demonstrated a robust pharmacodynamic response
through increased cyclic GMP levels in the brain, compound 4
was evaluated in a rodent behavioral model, the novel object
recognition (NOR) test, for its ability to improve recognition
memory. The NOR task is performed by exposing vehicle- or
scopolamine-treated rats to two identical objects. Then the
animals are exposed 1 h later to one of the objects they had
previously been exposed to and one novel object. Untreated
rats, without an induced deficit, will spend more time exploring
a novel object than a familiar one, indicating recognition of the
familiar object. However, scopolamine impairs normal
recognition memory such that rats explore both the familiar
and novel object equally. As noted above, behavioral effects
often require lower doses than those required to observe
significant pharmacological modulation of end points and as
such the starting doses for this study were reduced compared
with those in Figure 6. As seen in Figure 7, compound 4
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Figure 7. Compound 4 in scopolamine-impared Novel Object
Recognition in adult rats.

significantly reversed the effect of scopolamine and improved
episodic memory in novel object recognition at all dose levels
tested, 0.1, 0.3, and 1 mg/kg, where the effect was comparable
to that of donepezil, the positive control used in the assay.
Having demonstrated robust efficacy in a rodent cognition
model, compound 4 was subsequently assessed for utility in a
nonhuman primate model of cognition and was found to
display pharmacokinetic properties supportive of in vivo rhesus
pharmacodynamic studies (Cl = 2 mL/min/kg; t,,, = 5.2 h;
Ve = 0.88 L/kg; %F = 100%; rhesus PPB = 90%). As such,
compound 4 was evaluated in the scopolamine-impaired
Rhesus Object Retrieval (OR) assay (Figure 8), a prefrontal
cortex-dependent task of executive function.'”'* In this assay
the subject is tasked with retrieving a food object placed deep
inside a clear box with a single open side that is not in the
direct view of the subject. Attempts are scored as correct or
incorrect depending on whether the subject was able to
retrieve the food without touching a closed side of the box. As
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Figure 8. Compound 4 in scopolamine-impaired Rhesus Object
Retrieval in adult monkeys.
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with the NOR rodent assay, scopolamine administration
results in decreased performance on the task. Compound 4
was able to reverse the scopolamine-induced deficit and
subjects exhibited a higher percentage of correct scores
compared to untreated (scopolamine alone) subjects. The
assay displayed a dose dependent increase in reversal of the
scopolamine impairment achieving a comparable effect to
positive control donepezil at the 0.3 mg/kg dose. Reduced
efficacy was observed at the highest dose of 1 mg/kg, an effect
often observed with preclinical cognitive function and memory
assays.'”

In summary, compound 4 exhibited excellent PDE2
potency, high selectivity versus other PDE isoforms, a clean
ancillary profile, and low Pgp efflux.® In addition, 4 exhibited
excellent pharmacokinetic properties in multiple species and
improved cognitive performance in both the rat Novel Object
Recognition and rhesus Object Recognition assays and as such
was advanced as a potential preclinical candidate for further
studies.

While we were able to rapidly identify compound 4 as a
potent and selective compound of interest using structure-
guided design, we subsequently investigated additional SAR for
this series (Table 1). As seen in compound 5, PDE activity in

Table 1. Additional Series SAR

(8] Ry
HN R
"N
R1/LN N
Ra \‘/\Rd
Cmpd R, R, R; R, PDE2
ICs, (nM)
5 CH, OH (Ry-Me p-CF; 216
6 CH; OH (S}-tBu  p-CF; 9
13| 4|5 |6 |7 |8 9 10 1
7 CH, OH (5>-Me m-FpCF; 13
1| 3|4 |5 |6 |7 |89 10|12
8 3.4-O0Me Bz OH (5)-Me p-CF; 0.89
9 OH OH (5)-Me p-CF; 14
1 | 3| 4|5 (6|7 |89 1| 10
10 OH F (5)-Me p-CF; 2
1|3 | 4|5 |6 |7 |8 10 | 11
11 OH CF;  (S)-Me p-CF; 0.96
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the series resides primarily in the S-enantiomers with the R-
enantiomer substantially less active, ICs, = 216 nM. Selectivity
against other PDE’s was not determined for $ since the assay
ceiling was 30 uM but S displayed little activity against the
other PDE isoforms. Additional SAR at R3 revealed that small
branched alkyls were well tolerated and analogs displayed
similar potency and selectivity to compound 4, and in some
cases such as compound 6 where R3 = t-butyl, selectivity
versus PDE9 was even slightly enhanced. SAR for R4 was
consistent with previously published SAR where hydrophobic
para-substituents were tolerated.”” One notable example was
compound 7 where an additional meta-fluorine substituent on
the CF;-aryl ring led to a slight increase in potency and a
further enhancement in selectivity over PDE9 to 950-fold. R1
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could also be substituted with a variety of alkyl groups while
maintaining PDE2 potency with varying levels of isoform
selectivity. Notably, introduction of a 3,4-dimethoxy benzyl
substituent at R1 (8), which is present in the BAY60—7550
PDE inhibitor,'’ resulted in only a slight increase in PDE2
activity, IC5o = 0.89 nM, and a decrease in selectivity against
PDES and 8 compared to compound 4. However, the addition
of the dimethoxy benzyl group also resulted in a large increase
in Pgp susceptibility with Pgp efflux ratios of 11 for human and
35 for rat. Hence a simple methyl substituent was the preferred
group from both a ligand efficiency and Pgp susceptibility
perspective. Interestingly, replacement of the 6-methyl R1
substituent on compound 4 with a hydroxyl group to give
compound 9 affected only a modest loss in PDE2 activity, ICs,
= 14 nM, but results in a further increase in its selectivity
profile with selectivity ratios now greater than 1000-fold
against all other isoforms tested. Notably PDE9 selectivity was
increased to 1193-fold for compound 9 vs 314-fold for
compound 4. Examination of the cocrystallographic complex of
compound 9 in the PDE2 active site revealed that the 6-
hydroxyl substituent participates in an additional water-
mediated hydrogen-bond to Tyr827 (Figure 9). As this
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Figure 9. Co-crystal structure of compound 9 bound in the PDE2
active site.

residue is a leucine in PDEY, the repulsive hydrogen-bond
donor interaction with the hydrophilic leucine residue likely
contributes to the enhanced selectivity now seen against this
isoform. The change from methyl to hydroxyl also lowered the
LogD of 9 to 1.1, resulting in an additional increase in LLE to
6.61 and did not deleteriously affect Pgp susceptibility."”

R2 was then investigated with the inclusion of the Rl
hydroxyl as a potency and selectivity standard for the series.
Here the R2 hydroxyl in compound 9, shown to exhibit
hydrogen-bonding interactions with GIn812, was replaced with
a fluorine atom to give compound 10 while maintaining a high
selectivity profile. However, selectivity was slightly degraded
toward PDE9 where the ratio dropped from greater than 1000-
fold for compound 9 to 445-fold, PDE9 ICy, = 899 nM, for
compound 10. Even more interesting, compound 10 resulted
in 7-fold improved PDE2 potency, ICs, = 2 nM, versus the
analogous hydroxyl compound 9.

The selectivity results observed with compound 10
suggested that the fluorine substituent may be participating
in a hydrogen-bond with GIn812."% As such, the trifluor-
omethyl derivative was synthesized with the thought of
decreasing the entropic penalty needed for orientation of the
3-fluoro substituent toward GIn812. The replacement of the
R2 fluorine in compound 10 with a trifluoromethyl group, to

DOI: 10.1021/acsmedchemlett.8000214
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give compound 11 resulted in yet a further increase in PDE2
potency, ICs, = 0.96 nM. More importantly, not only was the
attractive selectivity profile restored compared to compound 9
but it was even further enhanced with compound 11 displaying
selectivity of greater than 12000-fold against all of the PDE2
isoforms! In addition, the CF; group only increased the LogD
to 1.8 from compound 9, LogD = 1.1, which is still lower than
that of compound 4, LogD = 2.7, and when combined with its
potency compound 11 exhibits good ligand efficiency metrics
with LE = 0.43 and a LLE = 7.03. At first we hypothesized that
the selectivity and potency may be a result of a tetral bonding
interaction where the trifluormethyl group acts as a o-hole
donor and forms a noncovalent bond with an appropriate
Lewis base, i.e. the oxygen of GIn812. Tetral bonding
interactions with trifluoromethane groups have been observed
in other protein—ligand complexes in the protein data bank
(PDB), albeit infrequently, with one particular example of a
tetral interaction with an asparagine as the binding partner."”
However, upon closer inspection of the cocrystal structure, the
orientation of the GIn812 carbonyl is nonlinear with the a-hole
of the CF3. A more plausible explanation for the enhanced
potency and selectivity may be that the fluorines of the CF;
substituent are involved in direct hydrogen-bonding inter-
actions with GIn812, of which two fluorines can be observed in
hydrogen-bonding distance to GIn812 in the cocrystal
structure (Figure 10). In addition, the third fluorine atom is

Figure 10. Co-crystal structure of compound 11 bound in PDE2
active site.

observed to be in close distance (3.1 A) to the hydroxyl group
of Tyr655, suggesting another possible hydrogen—fluorine
hydrogen-bond. This interaction may also result in increased
selectivity against PDE9, where this residue is a phenylalanine
instead of a tyrosine residue. Unfortunately, in addition to the
increases in potency and selectivity, compound 11 also
exhibited increased Pgp susceptibility, and Pgp efflux ratio =
4.8 human, 19 rat, limiting it is utility. However, this
interaction may be useful as a design element for other ligand
systems that have interactions with asparagine or glutamine
residues.

Compounds were synthesized as depicted in Scheme 1. The
synthesis starts with condensation of malononitrile and the
appropriately substituted acid chloride (R is hydrogen for
compound 3, O-benzyl for compound 4 and 9, fluorine for
compound 10, and trifluoromethyl for compound 11) using
sodium hydride to give an enolic intermediate that is
subsequently converted to the methyl enol ether 13 via acid
catalyzed exchange with trimethyl orthoformate. Intermediate
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Scheme 1. Convergent Synthetic Route to 6-Methyl and 6-
Hydroxy Pyrazolopyrimidinone Compounds
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13 is then condensed under basic protic conditions with
hydrazine 14 to afford amino pyrazole 15. The nitrile group is
then hydrolyzed to the corresponding ]Z;)rlmary amide using
basic peroxide conditions to provide 16.”° Intermediate 16 is
then either condensed with acetyl chloride to provide the
corresponding 6-methyl pyrazolopyrimidinones (17) or
reacted with triphosgene to provide the 6-hydroxy pyrazolo-
pyrimidinones (18).

In summary, starting with a pyrazolopyrimidine chemical
series identified through fragment-based screening, we
employed a core modification strategy using structure-guided
design to establish a novel pyrazolopyrimidinone series with
sufficient potency and selectivity to serve as a starting point for
series optimization. Selectivity against other PDE isoforms was
increased by leveraging cocrystallographic data to optimize
critical hydrogen-bonding interactions within the active site.
Compound 4 emerged as a potent and highly selective lead
with a clean ancillary profile and good brain penetration
properties. In addition, compound 4 exhibited excellent
pharmacokinetic properties in multiple species and in vivo
pharmacodynamic studies where it demonstrated efficacy and
improved cognitive performance in both the rat novel object
recognition and rhesus object retrieval assays.
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Cyp,cytochromes P450; Don,donepezil; HLM,human liver
microsomes; LE,ligand efficiency; LLElipophilic ligand
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