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The identification of highly potent and orally active triazines for the inhibition of PDE10A is reported. The
new analogs exhibit low-nanomolar potency for PDE10A, demonstrate high selectivity against all other
members of the PDE family, and show desired drug-like properties. Employing structure-based drug
design approaches, we investigated the selectivity of PDE10A inhibitors against other known PDE iso-
forms, by methodically exploring the various sub-regions of the PDE10A ligand binding pocket. A system-
atic assessment of the ADME and pharmacokinetic properties of the newly synthesized compounds has
led to the design of drug-like candidates with good brain permeability and desirable drug kinetics (t1/2,
bioavailability, clearance). Compound 66 was highly potent for PDE10A (IC50 = 1.4 nM), demonstrated
high selectivity (>200�) for the other PDEs, and was efficacious in animal models of psychoses; reversal
of MK-801 induced hyperactivity (MED = 0.1 mg/kg) and conditioned avoidance responding (CAR;
ID50 = 0.2 mg/kg).

� 2012 Elsevier Ltd. All rights reserved.
Cyclic nucleotide phosphodiesterases (PDEs) are key regulators
of cellular signal transduction by hydrolyzing the 30, 50-monophos-
phate bond of the intracellular second messengers adenosine 30, 50-
monophosphate (cAMPa) and cyclic guanosine 30, 50-monophos-
phate (cGMP). There are 11 distinct phosphodiesterases, desig-
nated as PDE1 through PDE11.1 PDEs are classified by their
substrate specificity. Some selectively hydrolyze cAMP or cGMP,
while others hydrolyze both substrates.2,3 The PDEs are localized
to specific sub-cellular sites, which allows for fine spatial and tem-
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poral control of the levels of the cyclic nucleotides.4,5 This feature is
thought to be an important contributing factor that allows the en-
zyme to influence selective intracellular signaling pathways in re-
sponse to different stimuli, in spite of the ubiquitous intracellular
distribution of the cyclic nucleotides. PDE10A is a dual substrate
PDE.6–9 PDE10A hydrolyzing both cAMP and cGMP, with a higher
affinity for cAMP (Km = 0.05 lM) than for cGMP (Km = 3 lM).10

PDE10A is primarily a membrane bound enzyme containing a cat-
alytic domain in the C-terminal portion of the protein. Key residues
of the catalytic core form a well-defined hydrophobic clamp region
that positions the planar rings of the nucleotide for interaction
with an absolutely conserved glutamine residue (Gln716 in
PDE10A). Free rotation of this glutamine in PDE10A, and other dual
substrate enzymes, is believed to allow the binding of either cAMP
or cGMP in the substrate pocket.11 PDE10A mRNA is highly ex-
pressed only in brain and testes.7,8 In the brain, both PDE10A
mRNA and protein are specifically enriched in the medium spiny
neurons (MSNs) of the striatum.12 Intriguingly, PDE10A expression
looks to be fairly well conserved across species (mice, rats, dog,
macaque and humans), which could be important for the transla-
tion of any rodent models into human efficacy.13 PDE10A has been
suggested to play a key role in regulating MSN activity and in turn
striatal output as this region integrates dopaminergic and glutama-
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tergic inputs from midbrain and cortical regions, respectively, to
action motoric and cognitive function. Dysfunction in cortical–stri-
atal neurotransmission has been implicated in the pathophysiol-
ogy of schizophrenia and Huntingdon’s disease, thus PDE10A
inhibition has been suggested as a therapeutic strategy for this dis-
ease.14–17

In recent disclosures,18,19 we have described the design of pyr-
idyl- and phenyl-[2,3-e]pyrazines (1, 2; Fig. 1) as potent inhibitors
(IC50 � 50-500 pM) of PDE10A, with high selectivity (>500�) for
the other known PDE isoforms, with the exception of PDE2, which
are less selective (�50–200�). The reported research, which was
based on structure-based drug design approaches, has provided a
better understanding of the requirements needed to enhance the
ligand’s potency and selectivity. Furthermore, other reports20 on
PDE10A inhibitors (exemplified by compound 3; Fig. 1), which
are highly selective (�1000�) for all PDE isoforms, have revealed
that the enhanced PDE2 selectivity of this class of compounds
was attributed to the access of the ligand to a lipophilic pocket
near the entrance of the hydrophobic cleft that defines the com-
mon PDE substrate binding site. A comparison of the known PDE
crystal structures and profiling the inhibitor binding site suggested
that this class of PDE10A ligands occupy this lipophilic pocket in an
orientation that it is unique to PDE10A. The quinoline group of
PDE10A inhibitor 3, confirmed by X-ray crystallography studies,20

extends deep into this lipophilic pocket and makes a hydrogen
bond contact between the quinoline nitrogen and Tyr693 anchor-
ing the inhibitor within the pocket. Only PDE10A has a small gly-
cine residue at the entrance of this lipophilic pocket next to
conserved Gln716, while all other PDEs have larger residues at
the same position blocking the entrance of the ligand to this lipo-
philic ‘selectivity’ pocket. We have used this finding to further in-
crease the selectivity of our PDE10A inhibitors (1, 2) versus PDE2.
Using molecular modeling docking calculations, we were able to
identify the attachment point (position 7) of the pyrazine scaffold
(4; Fig. 1) to append a similar quinoline group to that found in 3,
and generate PDE10A potent inhibitor 4 (IC50 = 2.9 nM) with
marked enhancement in PDE2 selectivity (>300�). To further sup-
port our molecular modeling calculations, compound 4 was then
crystallized with PDE10A, and as shown in Figures 2a–b (PDB ID
code 4FCB). In agreement with the molecular calculation studies
the quinoline group extends deep toward the PDE10A ‘selectivity’
pocket and makes a direct contact between the quinoline nitrogen
and Tyr683 (the difference in position numbering Tyr683
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Figure 1. PDE10A inhibitors.
(in-house for 4) versus Tyr693 (reported for 3) is due to the differ-
ent sequence numbering of the two resolved X-ray crystal struc-
tures). Furthermore, the fused ring system of the ligand is
sandwiched between residues Phe719 and Phe686, making p-
stacking interactions with Phe719 and hydrophobic contacts with
Phe686. Also, the ligand extends toward the invariant Gln716 res-
idue and makes a direct hydrogen bond contact between the pyr-
azine nitrogen and Gln716. The ligand is further stabilized within
the binding pocket with additional water-mediated hydrogen bond
interactions between the imidazole nitrogen and the residues
Tyr514 and Asp664 (not shown). Several quinoline analogs were
prepared and profiled (data not shown); however, despite the im-
proved selectivity of the compounds against PDE2, the added
molecular weight has negatively impeded on the ADME properties
rendering these compounds not suitable as CNS drug candidates.

Next, we turned our attention to other approaches to increase
selectivity against PDE2. Examination of the superimposed X-ray
crystals of PDE2 (PDE2A PDB code 1Z1l) catalytic domain and
PDE10A:1 (R9 = propyl, PDB code 3LXG) (Fig. 3) revealed that the
majority of the residues are identical in the active sites, except
two residues around position 6 (Val668Gln and Ser667Asp). Fur-
thermore, there is a large side chain movement for Ile682Ile close
to position 9. Previous SAR studies18,19 have suggested that various
substitutions (i.e., OMe, CHF2, CN, NH2, and NHSO2Me) at position
6 have only marginally affected the selectivity for PDE2. Also, it is
noteworthy mentioning that smaller groups at position 6 showed
tendency to be more selective against PDE2. At this point, we con-
sidered that a methodic SAR exploration of the various sub-regions
of the PDE10A binding pocket could offer the opportunity to opti-
mize the selectivity of our PDE10A inhibitors regarding PDE2
affinity.

In this Letter, we investigate the structural requirements critical
for selectivity and disclose new triazine-based PDE10A inhibitors
with an improved selectivity profile against PDE2. These new tri-
azine inhibitors were developed in parallel with the pyridyl- and
phenyl-[2,3-e]pyrazines inhibitors (1, 2), linking together key
structure-activity relationship (SAR) findings and crystallographic
driven structural features.

The compounds needed to delineate the SAR for this study were
prepared according to synthetic Schemes 1–4. The described pyri-
dyl-triazines (Table 1) were prepared according to Schemes 1 and
2. In Scheme 1 and 2-chloro-pyridine 5 was treated with 2-bro-
mo-4-methyl imidazole in the presence of potassium hydroxide
to afford the coupled product 6. Reduction of the nitro group of 6
with stannous chloride produced aniline 7. Cyclization of 7 to pyr-
idyl-triazine 8 was accomplished with sodium nitrite and acetic
acid. Intermediate 8 served as a building block for the preparation
of synthetic libraries. Palladium-catalyzed cross coupling reaction
of 8 with any number of aryl and heteroaryl boronic acids (Suzuki
coupling21) in the presence of Pd(0) or Pd(II) catalyst under a variety
of well known conditions produced the desired products 9 (entries
30–42; Table 1). The 4-methoxy analogs (entries 43–45; Table 1)
were prepared according to Scheme 2. This synthetic protocol is clo-
sely related to that of Scheme 1; however, due to the decreased
reactivity of 10 toward nucleophilic displacement, 4-methyl imid-
azole was used to couple with 10. After separation of the 4:1 regio-
isomeric mixture, the major nitro intermediate 11 was reduced
with iron to the aniline 12. Cyclization of aniline 12 to pyrido-tri-
azine 13 was accomplished with sodium nitrite and acetic acid. Bro-
mination of 13 with N-bromosuccinimide produced bromo-
imidazole 14, which was further functionalized to the 4-methoxy
analogs 43-45 (Table 1) using the Suzuki protocol as before. The
synthetic approaches depicted in Scheme 3 and 4 were utilized
for the preparation of the highly functionalized phenyl-triazine
derivatives contained in Table 2. In Scheme 3, trifluoro-benzene
15 was treated with morpholine and potassium carbonate to



Figure 2a. Crystal structure (2.1 Å resolution; PDB ID code 4FCB) of PDE10A complexed with 4 highlighting the key hydrogen bond interactions between ligand and protein at
the invariant Gln716 with the pyrazine nitrogen and the water-mediated contacts with Tyr514. The fused ring system of the ligand is sandwiched between residues Phe719,
and Phe686, making p-stacking interactions with Phe719, pi-edge stacking with Phe686. The quinoline nitrogen makes a hydrogen bond interaction with Tyr663.

Figure 2b. Ligplot representation (2.1 Å resolution; PDB ID code 4FCB) of PDE10A complexed with 4 highlighting the hydrophobic and hydrogen bond interactions between
the ligand and the amino acid residues involved in the PDE10A binding pocket.
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produce 16. Furthermore, aniline 17 was oxidized with sodium per-
borate to afford nitro benzene 18. Intermediates 15, 16 and18 were
coupled with 2-bromo-4-methyl imidazole, as described in
Scheme 1, to furnish products 19. Treatment of 19 with methanol
and potassium hydroxide afforded the methoxy analogs 20. Palla-
dium-catalyzed cross coupling reaction of 20 with any number of
aryl and heteroaryl boronic acids gave 21. Reduction of the nitro
intermediates 21 with ammonium formate and palladium on car-
bon afforded anilines 22, which were further cyclized to phenyl-tri-
azines 23 as before. The fluoro-methoxy analogs (entries 57–65, 70,
71 Table 2) were prepared according to Scheme 4. Phenol 24 was ni-
trated with fuming nitric acid to produce a mixture (1.5:1) of regioi-
somers 25 and 26, which were separated and used as building
blocks to generate the desired products 29 as described above in
Schemes 1 and 2. The difluoromethoxy analog (entry 69; Table 2)
was prepared from nitro-phenol 24 upon alkylation with sodium
chlorodifluoro acetate (forming difluoromethoxy group), and then
applying the same synthetic protocols as described above in
Schemes 1 and 2. Detailed experimental protocols of the com-
pounds described in this Letter have been reported.22



Figure 3. Superimposed X-ray crystals of PDE2A (grey; PDB ID code 1Z1 l) catalytic domain and PDE10A:1 (R = propyl) co-crystal (green; PDB ID code 3LXG) reveal that the
majority of the residues are identical in the active site, except two residues (yellow circle) Val668Gln and Ser667Asp. There is a large side chain movement for Ile682Ile
(magenta circle).
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Inhibitory potencies of our compounds were tested using
in vitro inhibition of human recombinant PDE10A catalyzed cAMP
hydrolysis.19 We have routinely evaluated all compounds for selec-
tivity against the PDE isoforms PDE2-PDE6, which have the poten-
tial for off-target liability. For matter of brevity, we are presenting
our SAR evolution only in respect to PDE10A and those PDEs. How-
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ever, if unexpected findings are emerging during the screening
against the other PDEs (1, 7–9, 11), we are presenting these data
appropriately. The results are compiled in Tables 1 and 2. The ini-
tial lead 1 (R9 = propyl, Fig. 1) was optimized19 by using structure-
based drug design techniques, primarily exploring the C9 and C6
positions of the pyridyl- (1) and phenyl- (2) pyrazines, respec-
tively. The reported SAR exploration has resulted in >100-fold in-
crease of the ligand’s binding affinity for PDE10A, with enhanced
selectivity >1000-fold for all other PDEs, with the exception of
PDE2, where only a small subset of compounds showed selectivity
�100-fold. The SAR studies have indicated that substitutions at po-
sition 6 (phenyl-pyrazines; 2) have contributed the most to the
selectivity for PDE2. Other substitution positions that have also af-
fected the selectivity versus PDE2 were positions 6 and 9 (pyridyl-
pyrazines; 1). As mentioned above, examination of the superim-
posed X-ray crystals of PDE2A (PDE2A PDB ID code 1Z1l) catalytic
domain and PDE10A: 1 (R9 = propyl; PDB ID code 3LXG; Fig. 3)
have revealed that the majority of the residues are identical in
the active site, except two residues around position 6 (Val668Gln
and Ser667Asp), with a large side chain movement for Ile682Ile
close to position 9. In this Letter, we focus on analogs that lack a
substitution at position 6 of the pyridyl-pyrazine (1) scaffold. It
is notable, that the C6 des-methyl pyrazine analogs are rather
weakly selective against PDE2 (data not shown). We have discov-
ered that the triazine nucleus (Table 1) offered the opportunity
to further investigate the PDE10A inhibitor potency and selectivity.
In Table 1, we have aggregated selected analogs examining the ef-
fect of substitution at positions 2, 4 and 9 of the pyridyl-triazine
scaffold (Table 1). Pyridyl analog 30 was weakly active, while the
regioisomeric 31 was about 8–10� more active in both PDE10A
and PDE2. The similarly substituted methoxy analog 32 was simi-
lar in potency to that of 31 (32 vs 31). Thiazole 33 was about 2�
weaker in PDE2 to that of 31. The methyl-substituted phenyl ana-
logs 34 and 35 were similar in potency to that of 31, while the hal-
ogen substituted-phenyl analogs 36–38 were about fivefold more
potent in PDE10A. Interestingly, the dichloro analog 39, while it
did not show a change in PDE10A potency, it was sevenfold more
potent in PDE2 with an IC50 value of 2 nM (39 vs 34). The fluoro-
methoxy phenyl analog 40 was potent in both PDE10A and PDE2.
All phenyl analogs (34–40) were weakly active in the PDE3–PDE6
isoforms. An increase of the substitution size OEt versus OMe in
analog 41 resulted in about 10-fold loss of potency for both
PDE10A and PDE2 isoforms (41 vs 40). More pronounced was the
potency loss (�200-fold) for the bulkier isopropyl analog 42 (42
vs 40). Moving the methoxy group from position 2 to position 4
(analog 43) resulted in 10-fold potency increase for PDE10A with
15-fold concomitant potency decrease for PDE2 (43 vs 30). Fur-
thermore, the similarly C4 methoxy substituted pyridyl analogs
44 and 45 were found to be the most potent and selective ligands
of the pyridyl-triazine series of compounds, with IC50 values for
PDE10A �10 nM and >100–200 fold selectivity in the other
PDE2-PDE6 isoforms. Compound 45 was further evaluated in PDE
isoforms (PDE1, PDE7–PDE9, PDE11) and it was found to be weakly
active (>500–1000 fold selective; data not shown).



Table 1
Pyridyl-triazine analogs

N N

N
N

N
R9

R4

R2

Compd R2 R4 R9 IC50
a (nM)

PDE10A PDE2 PDE3 PDE4 PDE5 PDE6

30 OMe H 4-Me-3-pyridyl 388 142 — — — —
31 OMe H 5-Me-3-pyridyl 51.5 14.4 — — — —
32 OMe H 5-OMe-3-pyridyl 91.3 14 — — — —
33 OMe H 2,4-Me, Me-thiazole 64.5 23 — — — —
34 OMe H 2-Me-Ph 47.6 15.8 >5000 >10,000 3410 1570
35 OMe H 4-F, 2-Me-Ph 45.9 13.2 7260 >10,000 34100 1150
36 OMe H 2-Cl-Ph 13.1 4.3 1240 >10,000 1680 435
37 OMe H 2,4-Cl, Cl-Ph 15 15.1 >1000 >1000 >1000 >1000
38 OMe H 2-Cl, 4-F-Ph 13.1 11.8 >1000 >1000 >1000 462
39 OMe H 2,5-Cl, Cl-Ph 53.1 2.06 750 4410 1150 829
40 OMe H 2-F, 5-OMe-Ph 9.83 2.99 1820 4820 702 734
41 OMe H 2-F, 5-OEt-Ph 114 28.6 — — — —
42 OMe H 2-F, 5-O(CHMe2)-Ph 2430 101.6 — — — —
43 H OMe 4-Me-3-pyridyl 42.4 1950 — — — —
44 H OMe 3-Me-4-pyridyl 10.1 2055 >10,000 3680 >10,000 >10,000
45 H OMe 2-Me-3-pyridyl 12.4 974 >10,000 6960 >5000 >5000

a Means of IC50; n = 4.

Table 2
Phenyl-triazine analogss

N

N
N

N
R1

R6

R8

Compd R1 R6 R8 IC50
a (nM)

PDE10A PDE2 PDE3 PDE4 PDE5 PDE6

46 2-Me-Ph OMe H 3.3 172 >10,000 176 3670 1980
47 2-Cl-Ph OMe H 2.41 103 >10,000 70.8 3060 1060
48 2-Cl-Ph OMe OMe 0.28 30.3 >5000 1910 436 73.15
49 2-Me-Ph OMe OMe 5.13 95.9 >10000 >10000 1110 349
50 2-CF3-Ph OMe OMe 3.35 522 >1000 >1000 >1000 >1000
51 2-Me-3-pyridyl OMe OMe 1.48 196 >10,000 >10,000 1430 493
52 4-Me-3-pyridyl OMe OMe 4.16 775 >10,000 >10,000 5070 1822
53 3-Me-4-pyridyl OMe OMe 2.06 589 >10,000 >10,000 4950 1240
54 2-Me-Ph OMe morpholine 1.53 110 >10,000 2920 651 693
55 2-Cl-Ph OMe morpholine 0.85 50.4 >10,000 2680 603 276
56 3-Me-4-pyridyl OMe morpholine 3.99 4.37 >10,000 >10,000 5380 3120
57 2-OMe-Ph OMe F 6.53 894 >10,000 >10,000 >10,000 >10,000
58 3-OMe-Ph OMe F 9.11 1998 >1000 >1000 >1000 >1000
59 3-F, 2-Me-Ph OMe F 3.55 1150 >1000 >1000 >1000 >1000
60 4-Me-3-pyridyl OMe F 25.4 2375.5 >10,000 >10,000 >10,000 >10,000
61 3-Me-4-pyridyl OMe F 7.2 1220 >10,000 >10,000 >10,000 >10,000
62 2-Me-3-pyridyl OMe F 7.84 1270 >10,000 >10,000 >5000 2830
63 3,5-Me, Me-N-Me-pyrazole OMe F 13.1 1500 >10,000 >10,000 >10,000 >5000
64 3-Me-2-thienyl OMe F 1.65 269 >10,000 7720 3600 3270
65 2,4-Me, Me-thiazole OMe F 11.7 3420 >10,000 2460 4760 3880
66 3-Me-4-pyridyl OMe CF3 1.48 346.5 >10,000 >10,000 2290 1790
67 4-Me-3-pyridyl OMe CF3 5.11 864 >10,000 >10,000 >10,000 5250
68 3-F, 2-Me-Ph OMe CF3 1.85 722 >5000 >5000 2130 1260
69 3-Me-4-pyridyl OMe OCF2 7.0 944 >10,000 >10,000 4020 909
70 2-OMe-Ph F OMe 8.33 3390 >1000 >1000 >1000 >1000
71 3-Me-2-thienyl F OMe 9.43 35.9 2250 3670 2780 1230

a Means of IC50; n = 4.
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Next, we turned our attention to the evaluation of phenyl-fused
triazines. In Table 2, we have aggregated selected analogs examin-
ing substitutions at positions 1, 6 and 8. Mostly, we have retained
the methoxy group at position 6 of the phenyl-triazine scaffold,
since it had played a key role to the potency and selectivity of
the pyridyl-triazine PDE10A inhibitors, as described above. Tolyl



Figure 4a. Crystal structure (2.0 Å resolution; PDB ID code 4FCD) of PDE10A complexed with 48 highlighting the key hydrogen bond interactions between ligand and protein
at the invariant Gln716 with both the triazine nitrogens and the 6-OMe group, and the water-mediated contacts with Asp664 and Thr623. The fused ring system of the ligand
is sandwiched between residues Phe719, and Phe686, making p-stacking interactions with Phe719, p-edge stacking with Phe686. The C9 position 2-Cl-Ph rotates off the
fused-tricyclic ring system about 90 degrees.

Figure 4b. Ligplot representation (2.0 Å resolution; PDB ID code 4FCD) of PDE10A complexed with 48 highlighting the hydrophobic and hydrogen bond interactions between
the ligand and the amino acid residues involved in the PDE10A binding pocket.
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analog 46 was a potent PDE10A inhibitor (IC50 = 3.3 nM) and about
60-fold selective against PDE2. Similar potency was also observed
for the chloro-phenyl analog 47. Nevertheless, both of these ana-
logs inhibited PDE4 with IC50 values of 176 and 71 nM, respec-
tively. Introduction of a methoxy group at position 8 (entry 48)
resulted in about 10-fold potency increase for PDE10A (48 vs 47),
and a marked decrease (200�) of the PDE4 potency. Unexpectedly,
compound 48 showed good potency for the PDE6 isoform
(IC50 = 73 nM). In contrast, the analogous trifluoromethyl-phenyl
analog 50 was about 10-fold weaker in PDE10A (50 vs 48), but
inactive in PDE6, and the other tested PDEs. Dimethoxy analogs
(entries 51–53) with various pyridyl groups at position 1 have
showed similar PDE10A potency to that of 50, and better selectivity
against PDE2. Amongst them, compound 53 was the most selective
(�300�) against PDE2. Substitution at position 8 with a morpho-
line moiety (entries 54–56) resulted in similar PDE10A potency
to that of the C8 methoxy analogs but with significant decrease
in selectivity against PDE2 (56 vs 53). The C8 substituted morpho-
line 56 was equipotent to both PDE10A and PDE2 isoforms, while
the analogous C8 substituted methoxy analog 53 was about
>280-fold selective against PDE2. Furthermore, introduction of a
fluorine group at position 8 (entries 57-65) exhibited similar
PDE10A potency to that of the C8 methoxy analogs, while either re-
tained or even enhanced selectivity against all tested PDE isoforms.
Introduction of the more stable trifluoromethyl group (metaboli-
cally more stable than methoxy) at position 8 resulted in about



Table 3
Pharmacokinetic profile of selected compounds

Compd 51 52 53 66

Species Rats Rats Rats Rats
Dose; mg/kg iv 2/po 10 iv 2/po 10 iv 2/po 10 iv 2/po 1
%F 100 100 100 53
t1/2 (h) 2.0 0.8 0.9 4.5
CL (mL/min/kg) 4 14 13 5
Vss (L/kg) 0.4 0.5 0.4 1.3
AUCa

brain/AUC plasma 6590/
21,306

3001/
8786

2781/
18,681

622/
1605

a AUC h*ng/mL

Table 4
Reversal of MK-801 induced hyperactivity and stereotyped sniffing

Compd MEDa

hyperactivity
(mg/kg po)

% Decrease in
hyperactivityb

MEDa

sniffing
(mg/kg
po)

%Decrease
in sniffingb

IC50

(nM)c

44 2.5 55.4 2.5 34.1 10.1
48 0.5 70.3 0.5 55.7 0.28
51 0.25 90.2 0.25 71.3 1.48
52 1 79.9 1 69.8 4.16
53 0.5 71.7 0.5 57.4 2.06
66 0.1 40.5 0.1 18.4 1.48
Clozapine 20 16.53 20 16.28 n.i.d

a Minimal effective dose that significantly reduced MK-801-induced hyperac-
tivity or stereotyped sniffing, respectively, (p <0.05).

b p <0.001, n = 6.
c Inhibition of PDE10 activity from Tables 1 & 2.
d ni: no inhibition at PDE10.
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threefold potency increase for PDE10A (66 vs 61, 67 vs 60) with a
modest twofold selectivity increase against PDE2. The C8 difluoro-
methoxy analog 69 was about 4-fold less potent (69 vs 66). Lastly,
we have introduced a fluorine group at position 6 (entries 70, 71).
The 2-methoxy phenyl analog 70 showed the highest selectivity
against PDE2 (>400-fold), while the thienyl analog 71 was only
threefold selective against PDE2 (71 vs 64). From the SAR findings
described above, one can conclude that substitutions directed at
the various sub-regions of the PDE10A ligand binding pocket influ-
ence collectively at various degree the selectivity of the compound
against other known PDE isoforms, but most prominently against
PDE2.

In support of our molecular modeling studies and design of
PDE10A ligands, we have crystallized compound 48 with human
PDE10A protein. Examination of the 48:PDE10A crystal structure
Figure 5. Compound 66 was evaluated in the conditioned avoidance response in male
administration. Data are expressed as average (means S.E.M.; A) avoidance, escape, and r
in avoidance and escape response from vehicle-treated controls (p = 0.05). Nonlinear reg
(Figs. 4a–b; PDB ID code 4FCD) revealed that the C9 2-chloro-
phenyl projects toward the opened space of the PDE10A binding
pocket, in agreement with our molecular modeling calculations,
and it is positioned practically in a vertical orientation relatively
to the fused-ring system. Furthermore, the fused ring system of
the ligand is sandwiched between residues Phe719 and Phe686,
making p-stacking interactions with Phe719 and hydrophobic
contacts with Phe686. Also, the ligand extends toward the invari-
ant Gln716 residue and makes two direct hydrogen bond interac-
tions between the C6 methoxy group and the position 5 nitrogen
of the triazine nucleus, as well as a water mediated contact be-
tween the position 4 nitrogen of the triazine and Gln716. The li-
gand is further stabilized within the binding pocket with
additional water-mediated hydrogen bonding interactions be-
tween the imidazole nitrogen and the residues Tyr514 and
Asp664.

The majority of the analogs shown in Tables 1 and 2, have dem-
onstrated good microsomal stability (t1/2 > 30 min) in both human
and rodent microsomes, have desired TPSA values (�50–65 Å2),
and good brain permeability (40%). Evaluation of selected PDE10
inhibitors in the MDR1-MDCK permeability assay revealed that
the compounds showed high level of permeability [apical to baso-
lateral (A–B) Papp and basolateral to apical (B–A) Papp] and lacked
efflux properties (data not shown).

The evaluation of the pharmacokinetic properties of selected
compounds in rats after oral administration is summarized in Ta-
ble 3. All compounds showed low to moderate clearance, low vol-
ume of distribution, good oral bioavailability, moderate
elimination terminal half-life (t1/2) and good brain exposure.

Next, we evaluated this class of PDE10A inhibitors in models
thought to be predictive of antipsychotic activity in humans.

Reversal of MK-801 induced hyperactivity in Rats: A repre-
sentative subset of high affinity PDE10A inhibitors was selected
for investigation of their antipsychotic-like potential in vivo. To en-
able the characterization of the antipsychotic activity we utilized a
MK-801 induced hyperactivity reversal model where we have pro-
filed the PDE10A mechanism previously.23 MK-801 (0.1 mg/kg ip)
significantly increased horizontal activity (t test: p <0.001) and in-
duced stereotyped sniffing (t test: p <0.001) in female rats. These
behaviors were significantly reversed by the positive control which
in this case was the atypical antipsychotic clozapine. All evaluated
PDE10A inhibitors also reversed hyperactivity and stereotyped
sniffing in a dose dependent and significant manner. The minimal
effective dose (MED) of the novel PDE10A inhibitors can be seen in
Table 4. Compound 66 was the most active analog with a MED va-
lue of 0.1 mg/kg.
Sprague–Dawley rats using a 60-min pretreatment interval and an oral route of
esponse failures observed over 50 trials (n = 8 animals/group). ⁄Statistical difference
ression analysis (B) calculated an ID50 equivalent to 0.204+/�0.033 mg/kg; p = 0.05.
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Disruption of Conditioned Avoidance Responding (CAR) in
Rats: Disruption of the ‘avoidance’ response in CAR is another pre-
clinical model predictive of antipsychotic activity.24,25 In the rat
CAR model (Fig. 5), 66 decreased avoidance responding with a sig-
nificant treatment effect at 0.17 mg/kg. Data are expressed as aver-
age (means S.E.M.) avoidance, escape, and response failures
observed over 50 trials (n = 8 animals/group). Nonlinear regression
analysis calculated an ID50 equivalent to 0.204+/�0.033 mg/kg;
p = 0.05.

In this Letter, we have described the discovery of new pyridyl-
and phenyl-triazine PDE10A inhibitors, further extending the SAR
studies of previously disclosed19 pyridyl- and phenyl- pyrazine
PDE10A inhibitors. Applications of structure-based drug design
techniques and molecular modeling have led to the identification
of low-nanomolar PDE10A inhibitors with excellent selectivity
against the other members of the PDE family. Particular attention
was directed to the selectivity property of the PDE10A inhibitors
against the PDE2 isoform, by methodically exploring the various
sub-regions of the PDE10A ligand binding pocket to maximize li-
gand selectivity. A systematic assessment of the ADME and phar-
macokinetic properties of the newly synthesized compounds has
led to the design of drug-like candidates with good brain perme-
ability and desirable drug kinetics (t1/2, bioavailability, clearance).
Compound 66 was highly potent for PDE10A (IC50 = 1.4 nM), dem-
onstrated high selectivity (>250�) for the other PDEs (data not
shown for PDE1, PDE7–PDE9, PDE11 isoforms in Table 2), and
was efficacious in animal models of psychoses; reversal of MK-
801 induced hyperactivity (MED = 0.1 mg/kg) and conditioned
avoidance responding (CAR; ID50 = 0.204+/�0.033 mg/kg).
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