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A B S T R A C T   

A focused SAR study was conducted on a series of N1-substituted pyrazolopyrimidinone PDE2 inhibitors to reveal 
compounds with excellent potency and selectivity. The series was derived from previously identified internal 
leads and designed to enhance steric interactions with key amino acids in the PDE2 binding pocket. Compound 
26 was identified as a lead compound with excellent PDE2 selectivity and good physicochemical properties.   

Phosphodiesterases (PDE) play a key role in the degradation of sec
ondary messengers 3′,5′- cyclic adenosine monophosphate (cAMP) and 
3′,5′-cyclic guanosine monophosphate (cGMP).1 There are 11 PDE 
families which have different tissue distribution and possess different 
selectivity for cAMP and cGMP.2 Both cAMP and cGMP have been 
implicated in playing a key role in intracellular signaling, neuronal 
plasticity, and long-term potentiation which could improve cognitive 
function and memory.3–5 

PDE2 is a dual-substrate enzyme which is stimulated by cGMP and 
which degrades both cAMP and cGMP.6 PDE2 is highly expressed in the 
human brain where it is localized in the cortex, hippocampus, and 
striatum.7 PDE2 inhibition elevates the levels of these cyclic nucleotides 
which could enhance cognitive and hippocampal function, which are 
altered in diseases such as schizophrenia and Alzheimer’s disease.1 To
wards this end, there has been a considerable effort to identify selective, 
brain penetrant PDE2 inhibitors towards the treatment of cognitive 
disorders.8 Fig. 1 summarizes some of these compounds; from early 
compounds, like Bay 60–7550 and TAK-915, to more recent derivatives 
from Janssen and Pfizer and several reviews have recently covered this 
area.9–14 

We had recently disclosed an inhibitor series that was identified via 
fragment based and high throughput screening.15 These pyrazolopyr
imidinones proved to have good binding affinity to PDE2 and displayed 

some selectivity over the other PDE members. Herein, we describe a new 
series of PDE2 inhibitors to which we based the core of the compound on 
“flipping” the pyrazolopyrimidinone core discovered previously. We 
describe how we developed chemistry to make the new analogs and how 
we proceeded to identify a new lead class of compounds for PDE2 
inhibition. 

While our early work in the PDE2 area focused upon pyrazolopyr
imidinone core derivatives of type A,16 one could envisage the idea of a 
simple flip of the pyrazolo ring would lead to compounds of type B. This 
may engender divergent off-target and pharmacokinetic profiles while 
maintaining the similar display of critical pharmacophores. The SAR for 
this series could easily be probed using a combination of N-alkylation 
chemistry (R2) coupled with a Suzuki coupling strategy to install the 
requisite α-branching benzylic moiety. This chemistry is well suited for 
both library and singleton syntheses to push the SAR far more rapidly 
than the pyrazolopyrimidinones of type A. 

Initial chemistry efforts focused upon preparation of the N1-H and 
N1-methyl substituted core compounds shown in Scheme 1. Treatment 
of either 1 or 2 with benzyl ethanimidiothioate hydrochloride under 
basic conditions afforded bicyclic cores 3 or 4 respectively that upon 
treatment with NBS afforded compounds 5 and 6. Suzuki coupling with 
the requisite vinyl boronate in the presence of Pd(OAc)2 and sodium 
3,3′,3′′- phosphinetriyltribenzenesulfonate hydrate afforded olefins 7 
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and 8. Hydrogenation of 7 and 8 using 10% Pd on carbon as catalyst 
yielded compounds 9 and 10, respectively. 

These initial analogs were evaluated in an in vitro PDE2 binding assay 
as well as countered screened versus PDE1 and PDE3-11. This initial 
data set is summarized in Table 1. Gratifyingly, the simple racemic H 
derivative, 9, demonstrated promising PDE2 activity albeit with poor 
PDE-selectivity. The olefin compound 7 demonstrated a dramatic loss in 
PDE2 potency, consistent with observations in the parent pyrazolopyr
imidone series.16 Simple alkylation of the pyrazole N1 nitrogen led to 
compound 10 which demonstrated a loss in PDE2 activity as well as 
selectivity compared to 9. The two enantiomers of compound 9 were 
separated by chiral SFC to yield 11 and 11-ent. While compound 11 
possessed a similar profile to 9, it was clear that it would be necessary to 
separate any racemic compound for accurate potency and selectivity 
determination moving forward due to the preference for one enantiomer 
around the benzylic site over the other. 

An X-ray co-crystal of 11 (Fig. 3) with PDE2A, revealed key in
teractions with active-site water molecules. The early hypothesis is that 
enantiomer 11-ent would direct the aromatic moiety away from the 
hydrophobic pocket and most likely disrupt or displace one of the crucial 
water interactions causing a>10-fold loss in potency. 

Based upon the promising results in Table 1 and the X-ray of com
pound 11, efforts shifted towards the preparation of analogs bearing 
additional hydrogen-bonding capabilities. This design was meant to test 
the specific hypothesis around interactions with a non-conserved 
glutamine, Gln 812, which would be expected to enhance both po
tency and PDE-selectivity. As seen in Fig. 3, the compound forms a 
bidendate hydrogen bond with Gln 859 which positions the compound 
to have an interaction with Gln 812 through water which leads to 
increased PDE2 selectivity. Our hypothesis resided in the thought that 
increased direct interactions with Gln 812 via a direct hydrogen bonding 
interaction would lead to enhanced selectivity. Several methods that 
were employed to achieve this are shown in Schemes 2 and 3. Com
pound 5 could be treated with various primary bromides in the presence 
of K2CO3 to afford the N-alkylated cores (Scheme 2). Treatment under 
modified Suzuki coupling conditions using a Buchwald APhos-Pd-G3 
catalyst and a vinyl boronate afforded the corresponding vinyl de
rivatives 14 and 15. Hydrogenation using 10% Pd on carbon afforded 
the racemic mixture which was separated into the enantiopure final 
compounds using SFC separation in Scheme 2. 

An alternative preparation of the N-alkylated derivatives could be 
achieved by treatment of compound 9 with a primary halide in the 
presence of K2CO3 to afford the final compounds 17 and 19 shown in 
Scheme 3. 

Table 2 summarizes the SAR data for the additional linked de
rivatives from Schemes 2 and 3. Extension to an N-ethanol linker pro
vided compound 16 which demonstrated excellent activity for PDE2 
while maintaining over 450-fold selectivity versus the other PDE’s 
tested. The enantiomeric derivative 16-ent lost over an order of 
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Scheme 1. (a) benzyl ethanimidiothioate hydrochloride, pyridine, 115 ◦C; (b) 
NBS, CH3CN; (c) vinyl boronate, Pd(OAc)2, sodium 3,3′,3′′-phosphinetriyl
tribenzenesulfonate hydrate, DIPEA, DMF/H2O; (d) H2 (balloon), 10% Pd/ 
C, EtOH. 

Table 1 

In vitro profiles of pyrazolopyrimidione derivatives 7,9–11.

Compd R hPDE2 Ki (nM)a hPDEx1-11 selctivity 

9 H 27 >20 
7 H 2360 nt 
10 Me 70 >9 
11 H 15 >22 
11-ent H 293 nt  

a Values are the mean of two (n = 2) runs. See Supporting Information for 
assay details. bnt = not tested. 
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magnitude in activity versus PDE2 in addition to exhibiting a serious 
erosion in selectivity versus the other PDE’s (>13 only). Interestingly, 
the ethyl fluoro derivatives, 17 and 17-ent, showed very similar trends 
with the former compound possessing a good balance of PDE2 potency 
and selectivity (Table 2). The trifluoroethyl derivative 18 demonstrated 
reasonable PDE2 activity coupled with reduced selectivity for PDE2 
(>130) while the enantiomer was not of interest. Interestingly, both of 

the trifluoropropyl derivatives, 19 and 19-ent, showed very poor PDE2 
activity shown in Table 2. As can be seen, PDE2 potency starts drifting as 
bulkier substituents and longer chain lengths are added. This loss in 
potency may be due to steric clashes of the larger substituents in the 
narrow pocket between Leu 809 and Gln 812. Also, the longer chain puts 
the substituent too far away from the important direct interact with Gln 
812 which would also cause deterioration of the PDE2 potency.Table 3. 

As it was evident that an additional hydrogen bonding moiety in 
between the inhibitor and Gln 812 enhanced PDE2 selectivity, efforts 
were then focused on the two optimal N-substituents: the terminal fluoro 
and hydroxyl moieties. Hydroxy ethyl and fluoro ethyl were chosen as 
the N1 substituent with the highest potential to participate in this 
additional interaction with Gln 812. Keeping these two N1 substituents 
constant we also sought to investigate SAR around the benzylic phenyl 
ring and an appropriate synthetic route was designed to accommodate 
these plans. 

As seen in Scheme 4, the starting bromo intermediate was first 
alkylated with 2-benzoloxy-1-bromoethane to enable access to both the 
hydroxyl and fluoro analogs from a common intermediate. Heck reac
tion of 12 with 1-(ethyloxy)butane in ethylene glycol afforded a vinyl 
ether, which upon treatment with 2 M HCl gave ketone 20. The ketone 
was then treated with either an aryl Grignard or an aryllithium reagent, 
to provide the substituted tertiary aryl alcohol. Elimination with Burgess 
reagent then afforded olefin 21. Reduction of the double bond with 
concomitant removal of the benzyl protecting group could be achieved 
with 10% Pd/C in ethanol under an atmosphere of H2. This racemic 
mixture was then be separated via chiral HPLC to give compounds 
22–24. Lastly, manipulation of the alcohol of the active enantiomers 
with DAST afforded fluoroethyl targets 25 and 26. 

Gratifyingly, >1000-fold selectivity was achieved by the introduc
tion of a hydrogen-bond donating hydroxyl group forming an additional 
direct interaction with Gln 812. When comparing the two sub-series, it is 
apparent that hydroxyl substituted compounds 22 and 24 are more 
sensitive to arene substitution than their matched-pair fluoro analogs 25 

Fig. 3. X-ray crystal structure of compound 11 bound to PDE2.  
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Table 2 

In vitro profiles of pyrazolopyrimidione derivatives 11, 16-19.

Compd R PDE2 Ki (nM)a hPDEx1-11 selctivity 

11 H 15 >22 
11-ent H 293 ntb 

16 1.7 >480 

16-ent 64.7 >13 

17 1.8 >350 

17-ent 26.8 >13 

18 7.0 >130 

18-ent 178 ntb 

19 324 ntb 

19-ent 521 ntb  

a Values are the mean of two (n = 2) runs. See Supporting Information for all 
assay details. bnt = not tested. 
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and 26. In contrast, comparison of the para-CF3 compounds 16 and 17 to 
their matched pair containing para-t-butyl and meta-F, para-CF3 analogs 
in the fluoro containing sub-series, minimal selectivity differences were 
observed (>350 for 17 vs > 500 for both 25, 26 respectively). As for the 
hydroxyl containing compounds, a gain of 2- to 4-fold increased selec
tivity is observed with the analogous substitutions on the phenyl ring 
(>480 for 16 vs > 1000 and > 2000 for 22, 24 respectively). One 
explanation for this increase in selectivity might be the better Vander
waal interactions of the aromatic ring in the hydrophobic pocket (Ile 870 
and Thr 850 residues) caused by extensive water networking with key 
parts of the PDE2 active site. (Fig. 4 and 5) As seen in Fig. 4, the hydroxyl 
substituent interaction with the non-conserved Gln812 side chain pro
vides a rationale for enhanced selectivity. 

Since compounds 22 and 26 displayed the best affinity for PDE2 and 
acceptable selectivity over the other PDE family members, they were 
both further profiled for their pharmacokinetic properties. In both Ta
bles 4 and 5, a combined heat map and data record was added to help 
visualize the selectivity versus the other PDE isoforms to which green is 
> 500 fold selectivity, orange is between 100 and 500 fold and red is <
100 fold compared to their PDE2 potency. Compound 22 showed 
promising overall properties with a good rat Pharmacokinetic (PK) 
profile with moderate clearance and 3 h effective half-life, and also 
excellent selectivity on the ancillary targets (CYPs, ion channels, PXR). 
Compound 22 also displayed good kinetic solubility (pH = 7; 117 μM, 
FASSIF: 148 μM) and good passive permeability (Papp = 29.5). How
ever, the polarity of the hydroxyl group resulted in an higher Pgp efflux 
ratio in both rat and human cell lines (AB:BA ratio 18.7 rat; 3.3 human). 
Although, in silico predictions of brain penetration potential, .i.e. CNS 
probabilistic Multiparameter Optimization (pMPO) and rat Pgp were in 
a favorable range (0.77 and AB:BA predicted ratio 3.2, respectively), 
experimental Pgp efflux ratios were observed to be significantly higher 
than the predicted values limiting consideration of these compounds for 
further advancement. The fluoro analog 26 was also predicted to have 
favorable in silico brain penetration properties (CNS pMPO: 0.76, Pgp: 
1.0) but since 26 has one less hydrogen bond donor and acceptor in the 

structure, it was hoped it would have reduced susceptibility to act as a 
Pgp efflux substrate. This was confirmed experimentally and compound 
26 was found not to be a substrate for Pgp efflux; 1.3 respectively. In 
addition to that, CNS penetration potential of compound 26 displayed 
good cell permeability, and a relatively clean ancillary profile, with 
good FASSIF solubility (177 μM) and as such was chosen for additional 
profiling in in vivo pharmacokinetic studies. Unfortunately, compound 
26 exhibited high plasma clearence and a relatively short half-life of 0.8 
h in rat. Efforts to optimize pharmacokinetic profile of this series will be 

Table 3 

In vitro profiles of pyrazolopyrimidione derivatives 22–26.

Compd R R1 PDE2 Ki (nM)a hPDEx1-11 selctivity 

22 1.1 >1500 

23 208 – 

24 2.6 >2000 

25 0.92 >500 

26 1.3 >500  

a Values are the mean of two (n = 2) runs. See Supporting Information for all 
assay details. bnt = not tested. 
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Fig. 4. X-ray crystal structure of compound 24 bound to PDE2.  

G.J. Morriello et al.                                                                                                                                                                                                                            



Bioorganic & Medicinal Chemistry Letters 44 (2021) 128082

5

the subject of future manuscripts. 
In conclusion, we were able to identify a new core motif via a “flip” 

(isostere) of the pyrazole of a core pyrazolopyrimidinone described 
previously in our labs. After establishing robust chemistry to synthesize 
the first set of novel N1-substituted pyrazolopyrimidinones, we quickly 
established the viability of the new core motif with unique potent PDE2 
inhibitors (9, 10, and 11). With the aid of molecular modeling and X-ray 
crystallography, compound 11 was futher derivatized to optimize new 
compound designs to afford enhanced selectivity and PDE2 potency. 
Preparation of analogs bearing additional H-bonding capabilities were 
targeted based on the hypothesis that the extensive water and hydrogen 
bonding network to key amino acids in the PDE2 active site would boost 
potency and PDE2 selectivity. Finally, we further identified two 

compounds which were profiled for pharmacokinetic properties. Com
pounds 22 and 26 both demonstrated excellent PDE2 potency (1.1 and 
1.3 nM respectively) and PDE-family selectivity (>400 fold), good cell 
permeability, and favorable ancillary target profiles. Additionally, 
compound 26 proved to fit most of the set criteria to commit to future 
ongoing studies to access its potential for further development. 
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