182 J. Med. Chem2007,50, 182—185

Letters

Discovery of a Series of
6,7-Dimethoxy-4-pyrrolidylquinazoline PDE10A
Inhibitors *

Thomas A. Chappie,* John M. Humphrey, Martin P. Allen,
Kimberly G. Estep, Carol B. Fox, Lorraine A. Lebel,
Spiros Liras, Eric S. Marr, Frank S. Menniti,

Jayvardhan Pandit, Christopher J. Schmidt, Meihua Tu,
Robert D. Williams, and Feng V. Yang

CNS Disceery and Experimental Medicinal Sciences, Pfizer Global
Research and Delopment, Eastern Point Road,
Groton, Connecticut 06340

Receied June 1, 2006

Abstract: A papaverine based pharmacophore model for PDE10A
inhibition was generated via SBDD and used to design a library of !

4-amino-6,7-dimethoxyquinazolines. From this library emerged an aryl Figure 1. Cocrystal structure ofl bound to the PDE10A catalytic
ether pyrrolidyl 6,7-dimethoxyquinazoline series that became the focal site. Important PDE10A binding residues are highlighted in magenta.
point for additional modeling, X-ray, and synthetic efforts toward

increasing PDE10A inhibitory potency and selectivity versus PDE3A/ Phe-718

B. These efforts culminated in the discovery28f a potent and selective

brain penetrable inhibitor of PDE10A.

The phosphodiesterases (PDEs) are a family of widely N
expressed enzymes that hydrolyze the-3 phosphodiester \\v
bond of the ubiquitous intracellular messenger molecules cyclic c1n-718) T
adenosine monophosphate (cCAMP) and cyclic guanosine mono-
phosphate (cGMP) to effect signal termination. The PDEs are
encoded by 21 different genes in humans, with over 60 isoforms
expressed as a result of alternative splicing patteAlthough
considerable variation is possible among the full-length enzymes,
the catalytic domains share common functionality and similar Figure 2. PDE10A schematic pharmacophore model.
modular structures with several conserved amino acid reS|dues.PDESA and 3B K; = 17, 279, and 417 nM, respectively). In

Key residues in the catalytic core form a hydrophobic pocket studies employing papaverine as a pharmacological probe in

EE:E ?ggl(l)lg?;gdg t?j?;hgrflggﬁ(rjIl:luclgog(:]eallg:lof&ztllaIC%rrlgr;t?Vt;% wild type and PDE10A knock out mice, we have found evidence
yarog g y to suggest that PDE10A inhibitors may be effective for the

glutamine residué.Variations in the amino acid sequence at treatment of psychosis in schizophreHalé To advance this

the catalytic domain and elsewhere give rise to unique substrate,
theory, we initiated a chemistry effort aimed at designing more
specificities, catalytic efficiencies, and pharmacologies and d sel h | | | furth
ermit subdivision of the PDEs into 11 distinct families. Given potent an _S¢€ ective _pharmaco pglca tools to further our
Fhe unigue role of each PDE in regulating cyclic nuéleotide understanding of PDE10A physiology and the therapeutic
d 9 gcy potential of PDE10A inhibitors. This search for a new class of

signaling in various organ systems, it is not surprising that PDE10 inhibitors was based on the structure of papaverine.
research in this area has produced marketed drugs for a variety The recently reported tetrahydroisoquinolinyl dimethoxy-

7

of dlse{:\se statés C”.t'cal to the contln.ued success of such quinazoline derivativel| Figure 1)!7 derived from a file screen

efforts is the ability to identify and exploit the subtle structural . - ] ; - .
hit, was an attractive starting point for these studies due to its

?slgf% rrenr:ges within the catalytic cores of the different PDE reasonable potency versus PDEL1BA€ 25 nM) and structural
- . similarity to papaverine. In addition, chemical design would be
PDElOA.'S Fhe single me mber PIla dual subst(ate (CQMP/ greatly facilitated by access to the X-ray crystal structure of
cAMP) family first reported in 1999711 The enzyme is heavily o ; )
expressed by the medium Spinv neurons of the mmnma“ancompoundl bound within the catalytic subunit of PDE1CGA.
P y piny According to this structure, the inhibitot forms two key

! 213 S AT
frterztriler??;nf%ﬁséase?gfkmg cltena':?allgglr?/gzlgstirtge?rg f\?vro:ﬂirominteractions. In the first of these, a bidentate hydrogen-bonding
y ' interaction between GIn-716 and the two methoxy groups of

our laboratories shows that papaverine, a naturally occurring ; L . .
) . : the quinazoline ring, in which the methoxy groups share a single
plant alkaloid and smooth muscle relaxant, is a relatively potent d d by the al . id h h
inhibitor of PDE10A, exhibiting moderate cross-reactivity versus N—H proton donated by the glutamine residue, anchors the
’ ligand within the active site. In the second essential interaction

T the planar quinazoline ring occupies a hydrophobic region
PDB ID code: 208H.

*To whom correspondence should be addressed. Phone: (860) 715-d€fined by the residues Phe-719 and Phe-686 (Figure 2). In
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Scheme 1.Synthesis o8—2% Table 1. PDEK;?

cl) N # X= PDE10A PDE3A PDE3B
! 2 2-Ch 811 <100 >100
Boc 7 3 2-CHs 326 <100 <100
(_7 _a j b N 4 2-OCHs 240 <100 >100
2N 5_7 5 2-OCH; 641 >100 >100
HO ) (9-ent
6 2-Cl 198 <100 <100
7 2-CN 130 <100 <100
X 8 4-CN 56 214 (&) 471 (8x)
aReagents and conditions: (a) (i) ArOH, DEAD, RPRHF, rt, 16 h; 9 4-OCR 185 739 (&) 1820 (10x)
(i) TFA, CHCly, rt, 4 h, 66-99%; (b) 4-chloro-6,7-dimethoxyquinazoline, 10 4--Bu 100 720 (%) 1890 (1%)
K2CO;s, PhCH;, 80 °C, 16 h, 45-99%. 11 4-OEt 54 161 (%) 328 (6x)

. . . . a2 Reported in nM. Selectivity vs PDE3A/B in parenthesis.
the “upper” residue, Phe-719, and an edge-on interaction with

Phe-686 located at the bottom of the pocket. Additional
favorable hydrophobic binding interactions occur between the
aryl portion of the tetrahydroisoquinoline fragment bfand

the protein, while the sulfonamide group is exposed to solvent.

o—

Information obtained from the X-ray structure of bouhd
and from modeling studies with papaverine enabled construction
of a schematic PDE10A “pharmacophore model” that we would P . »
use to design new compounds (Figure 2). The model is Figure 3. Cocrystal structure ofl1 (cyan) bound to the PDE10A
comprised of three parts. First, a dimethoxy component is catalytic site. Important residues are highlighted in PDE10A (magenta)
employed to retain the bidentate GIn-716 hydrogen bond and PDE3A/B (yellow/green).
interaction observed id. Second, a fused biaryl ring system
attached to the dimethoxy component occupies the hydrophobicanalogs were prepared manually beginning with commektal
clamp defined by Phe-719 and Phe-686. Last, an aryl group is Boc-(§-3-hydroxypyrrolidine. Inversion at C3 and concurrent
appropriately attached to mimic the substituent aryl rings of substitution with variously substituted phenols was accomplished
papaverine and, thereby increasing affinity through nonspecific  via the Mitsunobu reaction and provided, after deprotection, the
hydrophobic interactions with the protein (Figure 2). 3-aryloxy pyrrolidines in acceptable yietd.Reaction with

Using this information, new inhibitor design efforts began 4-chloro-6,7-dimethoxyquinazoline proceeded efficiently, pro-
in parallel to work onl. In advance of the chemical synthesis, viding the para-substituted target compoun@s-11 (Scheme
we prepared a virtual library of 2000 6,7-dimethoxyquinazo-  1).

lines substituted at C4 with various aryl-bearing amine com-
ponents. The library was filtered by calculated properties
predictive of good ADME, including molecular weight, cLogP,
and TPSA, to afford some 300 compounds for actual library
synthesis. The synthetic work simply required coupling of
4-chloro-6,7-dimethoxyquinazolit& 2! with the filtered set of
aryl-bearing amines identified from the virtual library (Scheme

At this point, X-ray diffraction studies and computational
modeling assumed a prominent role in our efforts to understand
PDE10/PDES selectivity. Paramount to these efforts was our
structure elucidation of the complex formed between the
catalytic domain of PDE10A and ligardl. Coordinates from
these studies were overlaid with those provided by an in-house
homology model of the catalytic domains of PDE3A/B to

1, step b). HPLC purification afforded the desired products in highlight regional differences between the enzymes and to
moderate yield. Upon analysis of the products, a collection of generate ideas for designing selective compounds (Figure 3).

chiral 4-pyrrolidyl-6,7-dimethoxyquinazolines emerged as prom-
ising leads due to moderate PDE10A potency and discernible
SAR (compounds2—8, Table 1). Although potency and
selectivity were compromised in relationlpthe series provided

Overlay of PDE3A/B homology model with PDE10 X-ray
structure reveals that a synthetically accessible difference exists
in the region proximal to the aryl ether appendage of bound
ligand. Specifically, the small residues Gly-718 and Ala-722

many advantages with respect to physical chemical propertiesof PDE10 are replaced by the larger amino acids Ser (G718S)
needed for a CNS-based target. Also evident from this library and His (A722H), respectively, in both PDE3A and PDE3B.
was that (i) the greatest PDE10A inhibitory activity resided with Steric hindrance thus appeared to play a determinant role in
the R-isomer; (ii) PDE3A and PDE3B inhibitory activity was the observed PDE3B selectivity gains with ligahdl versus
present and considerable, and (iii) as indicated by compoundless selective ligands. The observation that analogs possessing
8, achievement of PDE10A selectivity over PDE3A/B appeared para-substitution patterns on the aryloxy ring achieved greater
possible. selectivity and potency thaortho-substituted analogs guided
Comparable potency and selectivity observed \@itrersus us in our next design efforts, which are shown in Table 2.
papaverine warranted development of an efficient enantio- A diverse set of 3-aryloxy and 3-heteroaryloxy pyrrolidine
selective synthesis of this chemotype. Thus, a small set of newanalogs were synthesized according to the route of Scheme 1.
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Table 2. PDEK;?

| Pde10:! Ala

. Nﬁ FDE3: His,
# o N’” PDE10A PDE3A PDE3B
12 *@/"R 171 370 2%) 474 (%)
13 °R 136 271 (2x) 280 (2x)
14 E‘OUOR 94 61 (<1x) 88 (1%)
15 oy o 68 Bley | 23765%

H+CO. OR
16 Wf;j/ 67 121 2% 260 (4%)
/N OR
17 . j\/wN 44 162 (4%) 332 (7.5%)
18 oy 123 77 (<1x) 207 2%
19 g o 128 302 2x%) 748 (6%)
7 OR

20 ] 112 226 2%) 685 (6x)

21 - 12 283 v | 463 (39%) B et Foe a3
R Figure 4. Overlaid crystal structures @f1 (magenta) an@9 (orange)
22 210 48 (<1x) 56 (<1x) in Pl_)ElOA. PDE3A/B residues yielding unfavorable steric interactions
— are included as overlays.
23 Meo 18 199 (1% | 280 (16x) . N
— = ited >38-fold selectivity for PDE10 when assessed versus a
u 17 27360 | 305089 panel of 60 different CNS-associated receptors, enzymes, and
25 o4 12 1040% | 201a7% ion channels. o ,
N X-ray structures of PDE10Ainhibitor complexes with
26 mOR 18 152 8% 223 (12%) compounds21 and 29 reveal nearly identical binding modes
— for each (Figure 4). Evident from these images is that increased
27 o 12 20917y | 240 @0 potency of this subset, relative to the mono-aryl derivatives, is
28 ™ 19 151 (8%) 196 (100 likely due to enhanced lipophilic interactions between the
N napthyl/quinoxaline ring and underlying hydrophobic residues
» | Xy 4 2l | 273 @) (Ala-722, Val-723, Phe-719) of the enzyme. Also overlaid on
- the PDE10 structure in Figure 4 are the two PDE3A/B residues,
aReported in NM. Selectivity vs PDE3A/B in parenthesis. Ser and His, to which we attribute reduced PDES3 affinity. For

the sake of clarity, we have shown rotamers of these residues

These new compounds were designed to assess the effects dhat are turned away from the bound ligand; however, it is
other aryl substitution patterns and pyrridyl ring systems on PDE understood that free rotation of the His and Ser sidechains would
inhibition. In general, the data indicates that steric bulk in the serve to reduce the effective size of the PDE3 binding pocket
metaposition is detrimental to activity versus all three enzymes relative to PDE10.
(compoundsl2—14), whereas relatively smaller groups in a In light of its attractivein vitro properties,29 was further
meta/para-disubstitution pattern provided no improvements in investigated for evidence of the ability to inhibit PDE1OA
PDE10 potency and selectivit{% and16). 5-Cloropyrimidine vivo. In previous studies we noted that administration of
17 provides potency equivalent to papaverine but without papaverine to mice causes a rapid elevation in levels of cGMP
significant selectivity. and a concomitant increase in the phosphorylation of the

Gains in both potency and selectivity were finally realized downstream transcription factor CAMP response element binding
in a subset of these compoundsl{29) wherein the simple protein (CREB) in the striatal regions of the brafnThese
monocyclic aryl ethers were replaced with larger aromatic- and effects are consistent with the high level of expression of
heteroaromatic-bicyclic ethers. As evident from a comparison PDE10A in this brain regiot¥ and the ability of PDE10A to
of 21 and 22, the 2-napthyl group offers far greater PDE10 metabolize both cGMP and cAMPP!! That the effect of
potency over the 1-napthyl groufki(= 12 nM vs 210 nM, papaverine is due specifically to inhibition of PDE10A is
respectively) and improved selectivity over PDE3A/B. Methoxy confirmed by the finding that papaverine has no effect in mice
substitution did not enhance the selectiviii (/s 23 and 24). in which the gene for PDE10A has been disrupted (i.e., PDE10A
Various other quinoline and isoquinoline ring systems were knockout mice):® Thus, we investigated the effects 29 on
examined in anticipation of improved PDE10 potency as was striatal cGMP and CREB phosphorylation in mice.

observed with the pyrimidin&7. For the most part, however, Compound 29 administered subcutaneously (32 mg/kg)
these analogs exhibited PDE10 potencies comparable2dith  caused a dose-dependent increase in striatal cGMP level after
and reduced selectivities spanning a range freBx to ~20x. 30 min (Supporting Information). This effect 20 was evident

In a particularly favorable discoveryR)-6,7-dimethoxy-4-(3- for at least 90 min after administration and was completely

(quinoxalin-2-yloxy)pyrrolidin-1-yl)quinazolin@9 proved to be attenuated at 240 min after administration (Figure 5). Compound
the most potent (4 nM) and selective (588-fold) PDE10 29 also caused an increase in striatal CREB phosphorylation
inhibitor of this quinazoline campaign and, furthermore, exhib- over a time course similar to that for the elevation of striatal
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Figure 5. The time course of effect 029 (32 mg/kg, s.c. in 40%
[-cyclodextrin) on striatal cGMP and phosphorylated CREB levels in
mice.
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cGMP (Figure 5). These results indicate th2@ inhibits (10)
PDEZ10A in the brain after systemic administration. Compound
29is somewhat more potent than papaverine on a mg/kg basis.
Notably, the duration of action &9 is considerably longer than
that of papaverine, comparing present results with those reported
in Siuciak et al* Thus, given the favorabla vitro potency

and selectivity andn vivo activity profile, 29 represents an

11

; ) . : ) 12
important new pharmacological tool to investigate the physiol- (2)
ogy and therapeutic utility of PDE10A.

In summary, X-ray data from the ligaddPDE10A catalytic (13)

site complex provided a schematic pharmacophore model that
was used to guide efforts toward a new series of inhibitors
illustrated by1l. With further X-ray data and computational
modeling, differences in the PDE10A and PDE3A/B catalytic
sites were identified and exploited to give compounds with
enhanced PDE10A potency and selectivity. The culmination of
this work led t029, a potent (4 nM) and selective-88-fold vs
PDEs and CNS related targets) compound that increases cGMP
and pCREB levels in mouse striatum in a dose- and time- (15)
dependent manner. CompouB€is currently being used as a

tool to further elucidate PDE10A inhibitory activity on brain
function.

(14
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