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Abstract: In recent years, pharmaceutical companies have increasingly focused on phosphoinositide 3-kinases delta 

(PI3K ) and gamma (PI3K ) as therapeutic targets for the treatment of inflammatory and autoimmune diseases. All class 

1 PI3-kinases ( / / / ) generate phospholipid second messengers that help govern cellular processes such as migration, 

proliferation, and apoptosis. PI3K /  lipid kinases are mainly restricted to the hematopoetic system whereas PI3K /  are 

ubiquitously expressed, thus raising potential toxicity concerns for chronic indications such as asthma and rheumatoid 

arthritis. Therefore, the challenge in developing a small molecule inhibitor of PI3K is to define and attain the appropriate 

isoform selectivity profile. Significant advances in the design of such compounds have been achieved by utilizing x-ray 

crystal structures of various inhibitors bound to PI3K  in conjunction with pharmacophore modeling and high-throughput 

screening. Herein, we review the history and challenges involved with the discovery of small molecule isoform-specific 

PI3K inhibitors. Recent progress in the design of selective PI3K , PI3K , and PI3K /  dual inhibitors will be presented. 
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1. INTRODUCTION 

 The phosphoinositide 3-kinases (PI3Ks) comprise a 
family of enzymes that utilize both lipid and protein kinase 
activity to regulate numerous intracellular signal transduc-
tion pathways, which in turn coordinate a range of down-
stream cellular processes [1]. Based on sequence homology 
and lipid substrate specificity, the PI3K family is divided 
into three classes (I, II, and III). The class I PI3Ks have 
received the most attention from the scientific community 
and are further broken down into two subclasses, 1A and 1B, 
both of which catalyze the phosphorylation of phosphatidyl-
inositol (4,5)-bisphosphate (PIP2) to produce the signaling 
molecule phosphatidyl-inositol(3,4,5)-trisphosphate (PIP3). 
The class IA isoforms, PI3K , PI3K , and PI3K , are 
primarily activated by protein tyrosine kinase-coupled 
receptors [2], whereas the sole class IB member, PI3K , is 
activated by G-protein coupled receptors (GPCRs), such as 
chemokine receptors [3]. PI3K  and  are ubiquitously 
expressed and play a key role in cell growth, survival, and 
proliferation. This is highlighted by the fact that genetic 
deletion of the catalytic subunit of either isoform results in 
embryonic lethality in mice [4,5]. Thus, due to the essential 
role of PI3K  and  in maintaining homeostasis, pharma-
cological inhibition of these molecular targets has been 
largely limited to cancer therapy [6-8]. In contrast to PI3K  
and , the expression patterns of PI3K  and  are mainly 
restricted to the hematopoietic system. PI3K  is widely 
expressed in granulocytes, monocytes, and macrophages, 
while the  isoform is also found in B and T cells. Mice 
containing knockouts for the genes encoding either PI3K  or 
PI3K  are viable and fertile but exhibit significant defects in 
both innate immunity as well as adaptive responses [9]. 
Given this phenotype, it is possible that selective inhibitors 
of PI3K  and/or PI3K  may prove useful in treating 
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inflammatory and autoimmune disorders [9-15]. This review 
summarizes the evolution of PI3K  and PI3K  inhibitors and 
focuses on chemotypes disclosed in peer-reviewed journals 
and patent applications through May 2009. 

2. CHALLENGES AND STRATEGIES FOR 
DESIGNING SELECTIVE PI3K INHIBITORS  

 Due to the high sequence homology between the four 
class I PI3K catalytic domains and the conserved topology of 
the ATP-binding site across the human kinome, the design of 
small-molecule PI3K inhibitors that exhibit a sufficient level 
of isoform selectivity (  and/or  vs.  and ) and cross-
kinase selectivity to enable oral treatment of chronic 
inflammatory diseases presents a formidable challenge [16]. 
To aid in this endeavor, crystal structures of the PI3K  and 
 apoproteins have been elucidated [17,18], as well as 

numerous cocrystal structures for a range of ATP-
competitive inhibitors bound to the latter isozyme [19-24]. 
These x-ray structures reveal a multidomain organization 
similar to traditional protein kinases, including an ATP-
binding site between the N- and C-lobes of the catalytic 
domain. All of the known inhibitors whose binding mode has 
been determined by crystallography reside in this pocket and 
utilize a hydrogen bond acceptor to access a common hinge 
residue, Val882 (PI3K  numbering). This is the same 
backbone amino acid that forms a hydrogen bond with N1 on 
the adenine ring of ATP. Although several structurally 
diverse inhibitors are able to engage in additional specific 
interactions with PI3K  (i.e. Lys833, Asp964, Ile963, 
Ser860), all of the observed interactions are conserved 
among the class I PI3K isozymes. To further complicate 
matters, only three positions within the active site, corres-
ponding to residues Lys802, Thr886, and Lys890 in PI3K , 
differ between all of the class I subtypes [25]. These residues 
are located on the periphery of the ATP-binding site, which 
suggests that rational design of isoform-specific PI3K 
inhibitors based on these differences may be difficult. 
However, it has recently been demonstrated that point 
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mutations of two of the corresponding amino acids in PI3K  
(His855 and Gln859) can negatively impact the potency of 
PI3K  inhibitors, whereas reciprocal mutations in PI3K  
(Glu858 and Asp862) have no effect on the potency of 
PI3K  inhibitors [26]. Thus, it may be possible to optimize 
/  selectivity by designing inhibitors that stabilize inter-

actions with Thr886 and Lys890 in PI3K , while desta-
bilizing the corresponding interactions in PI3K .  

 By targeting inactive enzyme conformations, allosteric 
sites, and gatekeeper residues, selective ATP-competitive 
inhibitors of protein kinases have been identified [27]. 
Despite the low overall sequence homology between lipid 
and protein kinases, similar strategies may allow for 
selective inhibition of lipid kinases as well. In the case of 
protein kinases, a ‘gatekeeper’ residue near the back of the 
hinge region frequently controls access to a pre-existing 
selectivity pocket [28]. For all of the class I PI3Ks, the 
gatekeeper amino acid is a conserved isoleucine. Site-
directed mutagenesis of Ile848, the gatekeeper residue in 
PI3K , to either glycine or alanine severely impairs 
enzymatic activity and does not improve sensitivity to 
known PI3K inhibitors [29]. However, Shokat et al. have 
disclosed two pyrazolopyrimidine kinase inhibitors that 
inhibit PI3K  by projecting underneath the gatekeeper 
residue, Ile879 [23]. Several analogues of these inhibitors are 
also able to inhibit a variety of tyrosine kinases (Abl, Src, 
VEGF, etc.) by adopting a conformation that is accom-
modated through a rotation of the gatekeeper residue 
(threonine or valine) in this family of protein kinases. These 
same pyrazolopyrimidine inhibitors are inactive against a 
range of serine-threonine kinases, and the authors surmise 
that this is due to restricted movement of the larger gate-
keeper residue (methionine or isoleucine) in many of these 
enzymes. Thus, it is possible that the isoleucine gatekeeper 
within the class I PI3Ks shows more conformational 
flexibility than the analogous amino acid in serine-threonine 
kinases and targeting this residue may provide an oppor-
tunity to improve selectivity against proteins from the 
Ser/Thr family of kinases. 

 Despite the numerous hurdles to identifying selective 
ATP-competitive kinase inhibitors, several isoform-selective 
class I PI3K inhibitors have been identified, and many of 
these will be discussed in the following sections. However, it 
should be noted that reported IC50s for kinase inhibitors must 
be interpreted with caution when comparing values obtained 
by different research groups since many factors can infl-
uence the observed inhibitory concentration (i.e. variations in 
kinase construct, ATP concentration in the assay, Km of ATP 
for the kinase of interest, kinetics of ligand binding, 
compound solubility, etc.). As a consequence, it is wise to 
further characterize the activity and selectivity of kinase 
inhibitors in pertinent cell-based assays, since these experi-
ments can capture a range of dynamic signal transduction 
pathways involving numerous kinases [30]. 

3. PI3K INHIBITORS DERIVED FROM NATURAL 
PRODUCTS 

 The steroidal furan wortmannin 1 (Fig. 1) was isolated in 
1957 from Penicillium wortmanni, and its structure was fully 
elucidated through x-ray crystallography by researchers at 

Sandoz laboratories [31]. Although the potent anti-
inflammatory properties of 1 had been known for some time, 
it was not until 1993 that its molecular target was determined 
to be PI3K [32,33]. Further biochemical studies revealed that 
1 functions as a mechanism-based inhibitor by forming an 
irreversible covalent adduct between C-20 of its strained, 
electrophilic furan ring and a lysine residue in PI3K that is 
normally involved in the phosphate transfer reaction [34]. In 
the case of PI3K , this residue is Lys833, and the covalent 
interaction can be clearly observed in the cocrystal structure 
of 1 bound to porcine PI3K  (PDB ID: 1E7U) [22]. Several 
oxygen atoms in the steroidal skeleton also engage the 
enzyme through hydrogen bonds: the ketone oxygen of the 
D-ring interacts with Val882 in the hinge region of the ATP 
pocket; the A-ring carbonyl interacts with the Ser806 
hydroxyl group; and both the B-ring ketone and the furan 
oxygen interact with Asp964. Since all of these residues are 
conserved within the class I PI3K family, it is not surprising 
that 1 is unable to discriminate between the four isozymes 
(IC50s at 50 μM ATP: PI3K  = 4.0 nM;  = 0.7 nM;  = 4.1 
nM;  = 9.0 nM) [35]. At higher concentrations 1 also cross-
reacts with myosin light-chain kinase (MLCK) and PI4K 
[36], as well as several PI3K-related kinases, such as mTOR, 
DNA-PK, ATM, and ATR [37].  

 Although compound 1 and related analogues have helped 
to define the role of PI3K in numerous intracellular signaling 
pathways, their development as viable therapeutic agents has 
been limited by poor aqueous solubility and stability 
(through hydrolytic ring opening of its furan), as well as high 
in vivo toxicity [38]. However, researchers at Lilly revealed 
that nucleophilic addition of certain secondary amines to C-
20 of the labile furan ring provides stable, ring-opened 
vinylogous carbamates that retain activity against PI3K [39]. 
Further refinement of this series by Wipf and coworkers led 
to the identification of PX-866 (2, Fig. 1), which is currently 
being evaluated in phase I trials for the treatment of patients 
with advanced solid tumors [40,41]. 

 The naturally occurring flavanoid quercetin 3 (Fig. 1) is a 
pan-kinase inhibitor with moderate affinity for PI3K (50 μM 
ATP; PI3K  IC50 = 3.8 μM) [42]. Researchers at Lilly 
explored substitution around the chromone core of 3 and 
identified a morpholine moiety as a suitable replacement for 
the catechol ring [43]. The lead compound from this study, 
LY294002 (4, Fig. 1), exhibits similar PI3K inhibition (20 
μM ATP; PI3K  IC50 = 1.4 μM) as 3 but also demonstrates 
significantly improved cross-reactivity against off-target 
kinases (i.e. 50 μM of 4 does not inhibit PI4K, PKC, PKA, 
MAPK, EGFR, or c-Src). Due to its chemical stability and 
non-covalent mechanism of action, 4 is often used in place of 
wortmannin to investigate the role of PI3K in various 
cellular processes. However, the results of the these experi-
ments should be carefully analyzed since recent studies have 
revealed that the overall selectivity of 4 towards class I 
PI3Ks, PI3K-related kinases, and numerous protein kinases 
may not be as high as originally thought [44]. 

 Even though chromone 3 was used as a template to 
design 4, cocrystal structures of each compound bound to 
PI3K  reveal remarkably different modes of inhibition [22]. 
In the case of 3 (PDB ID: 1E8W), the carbonyl of the 
chromone ring is the hinge-binding element with Val882. 
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The two flanking hydroxyl groups at the 3- and 5-positions 
of the chromone also make hydrogen bonds with residues 
880-882 in the hinge region, and the 3’-hydroxyl group on 
the catechol ring interacts with Lys833. However, in the 
cocrystal structure of compound 4 (PDB ID: 1E7V), the 
ligand is flipped 180

o
 with respect to 3 so that the mor-

pholine ring can avoid a sterically disfavored interaction 
with Asp964. As a result, the chromone carbonyl of 4 forms 
a putative hydrogen bond with Lys833, while the oxygen 
atom of the morpholine interacts with Val882 and super-
imposes onto the carbonyl oxygen of 3. Thus, the mor-
pholine ring provides a unique opportunity to introduce a 
solubilizing group as a hinge-binder, and it is not surprising 
that numerous PI3K inhibitors based on the arylmorpholine 
scaffold have been disclosed (see section 4). 

 In addition to steroid 1 and flavanoid 3, the alkaloid 
staurosporine (5, Fig. 1) is a natural-product inhibitor of 
PI3K (Kd for PI3K  = 290 nM) [22]. A cocrystal structure of 
5 bound to human PI3K  (PDB ID: 1E8Z) revealed that the 
lactam of the oxindole mimics the adenine ring of ATP by 
forming a two-point interaction with the backbone of Val882 
in the hinge region of the enzyme [21]. Unfortunately, this 
mode of binding is also accommodated by numerous protein 
kinases (there are 23 different kinase cocrystal structures 
with staurosporine deposited in the Protein Data Bank, 
www.rcsb.org/pdb). The broad-spectrum activity of 5 was 
recently confirmed in a 290-kinase panel (Kd < 1 μM for 
83% of the molecular targets) [45]. However, despite the 
promiscuous nature of 5, Marmorstein et al. have modified 

the natural product’s heteroaromatic tetracyclic core in an 
effort to design PI3K-selective inhibitors. By replacing the 
sugar moiety of staurosporine with an organoruthenium 
scaffold, the bis-indole ring system with a pyridocarbazole, 
and the oxindole ring with a succinimide, the authors 
identified a potent PI3K  inhibitor, 6 (10 μM ATP; PI3K  
IC50 = 39 nM). This compound is 5-fold less active against 
PI3K  and demonstrates minimal inhibition (IC50 > 5 μM) of 
five protein kinases (MST1, PAK1, BRAF, GSK3 , and 
PIM1) from four major kinase families (STE, TKL, CMGC, 
and CAMK, respectively). A cocrystal structure of PI3K  in 
complex with 6 (PDB ID: 3CST) suggests that the selectivity 
of the organoruthenium staurosporine analogue may be 
attributed to the N-methyl group of the succinimide moiety, 
which is within van der Waals contact distance of a tyrosine 
residue (Tyr867) that is conserved among the PI3K isoforms 
but not present in protein kinases. Additional interactions 
observed in the cocrystal structure include a hydrogen bond 
between the succinimide carbonyl and the backbone amide 
of Val882 in the hinge region. The phenol moiety of the 
ligand serves as a hydrogen bond donor for the carbonyl of 
Val882, while simultaneously functioning as a hydrogen 
bond acceptor for Asp884. In regards to the organoruthenium 
scaffold, the CO ligand is within bonding distance of both 
the main chain amide nitrogen and side chain hydroxyl of 
Thr887, while the dihydroxy-tert-butyl amide attached to the 
Cp ligand is directed towards a solvent channel. The authors 
suggest that this region of the molecule may provide an 
opportunity to improve isoform selectivity since the solvent 
exposed boundary of the ATP pocket contains the greatest 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). Natural product PI3K inhibitors and related analogues. 

O

O

OH

OH

HO
OH

OH

Quercetin (3)

O

O

N

O

LY294002 (4)

O

O

O

O

O

O

O

H

O

20

Wortmannin (1)

N

H
N O

O
N

O

HN

Staurosporine (5)

N O

N

6

O

Ru

OC

HN

O OH

OH

O

O

O

O

O

O

H

O

N

PX-866 (2)

OH

HO

N

F

http://www.rcsb.org/pdb).Thebroad-spectrum
http://www.rcsb.org/pdb).Thebroad-spectrum
http://www.rcsb.org/pdb).Thebroad-spectrum


Small Molecule Inhibitors of Phosphoinositide 3-Kinase (PI3K)  and  Current Topics in Medicinal Chemistry, 2009, Vol. 9, No. 8     741 

variation of amino acid residues among the class I PI3K 
enzymes.  

4. PI3K  INHIBITORS 

Quinazolinones and Related Derivatives 

 Whereas the natural products discussed in the previous 
section display limited selectivity for the individual PI3K 
isoforms, the xanthine alkaloid theophylline 7 (Fig. 2) 
preferentially inhibits PI3K  (IC50s at 100 μM ATP: PI3K  
= 75 μM;  = 400 μM;  = 400 μM;  = 1 mM) [46]. The N-
methylated congener, caffeine 8, also exhibits a similar 
profile. Although the 5-fold isoform selectivity displayed by 
7 and 8 is encouraging, weak inhibition of PI3K  limits their 
utility as leads for medicinal chemistry programs. However, 
researchers at ICOS have disclosed a series of quinazolinone 
PI3K -selective inhibitors that bear structural characteristics 
reminiscent of the xanthine alkaloids [47,48]. A well 
characterized compound from this series, IC87114 (9, Fig. 2) 
exhibits high in vitro selectivity (100- to 1000-fold) for 
PI3K  over the other PI3K isozymes (IC50s at 10 μM ATP: 
PI3K  = 0.13 μM;  > 200 μM;  = 16 μM;  = 61 μM), 
does not inhibit several related lipid kinases (IC50 > 100 μM 
for class II and class III PI3Ks, PI4Ks, PIKKs, PIPKs), and 
is remarkably clean against a panel of 36 diverse protein 
kinases (<20% inh at 10 μM) [24,49,50]. This unique 
selectivity profile has enabled researchers to utilize 9 as a 
tool for deciphering the role of PI3K  in leukocytes. For 
instance, Sadhu et al. demonstrated that pre-treatment of 
neutrophils with 9 blocked both fMLP- and TNF1 -induced 
superoxide production and elastase exocytosis, whereas 
PMA and Fc R-stimulated superoxide generation were 
unaffected [51]. Further experiments using neutrophils 
treated with 9 revealed that PI3K  also regulates the ampli-
fication of PIP3 levels that lead to neutrophil polarization and 
directional migration [49]. Given the clear importance of 
PI3K  in coordinating neutrophil activation and chemotaxis, 
it is encouraging that administration of 9 (32 mg/kg, ip) 
blocked TNF1 -stimulated elastase exocytosis and neutro-
phil migration in a mouse air pouch model of inflammation 
[51]. Compound 9 was also effective in a neutrophil-depen-
dent murine K/BxN serum transfer model of inflammatory 
arthritis [52]. In this model, mice containing a genetic 
deletion in either p110  or p110  showed a statistically 
significant reduction in paw swelling and histologic score 
(14 days after administration of autoreactive antibodies) 
compared to wild-type animals. Mice deficient in both p110  
and p110  (p110

-
/
-
) developed even less paw edema, and 

histological evaluation of joints from these animals revealed 
almost no sign of inflammation and bone or cartilage 
erosion. Administration of 9 (20 mg/kg, po TID) to wild-
type mice resulted in decreased induction and progression of 
joint deterioration in a manner similar to p110

-
/
-
 mice, 

whereas treatment of p110
-/-

 mice with 9 completely 
reversed disease pathology. Taken together, the results of 
genetic and pharmacological inhibition of PI3K  and  
suggest that selective inhibitors of either isoform can help 
alleviate the symptoms of rheumatoid arthritis, but dual 
inhibition may provide superior clinical outcomes. 

 Mast cells release inflammatory mediators that play an 
important role in initiating and maintaining allergic respon-

ses [53]. Ali et al. have reported that bone marrow mast cells 
derived from mice expressing a loss-of-function allele for 
p110  (p110

D910A
) exhibit significant defects in SCF-

stimulated in vitro proliferation, adhesion, migration, and 
allergen IgE-induced degranulation and cytokine release 
[54]. Furthermore, in a mast cell-dependent model of passive 
cutaneous anaphylaxis (PCA), p110

D910A
 mice displayed a 

significant reduction (70%) in vascular permeability com-
pared to wild-type animals from the same genetic back-
ground [55]. Treatment of wild-type mice with compound 9 

(30 mg/kg, 1h before Ag challenge) diminished vascular 
permeability by 40%. Interestingly, mice containing a 
genetic deletion for p110  do not exhibit reduced allergic 
responses in this model, despite strong evidence that PI3K  
plays an important role in mast cell degranulation in vitro 
[55,56]. The ability of 9 to reduce vascular permeability in 
vivo was also observed in a mouse ovalbumin model of 
asthma and could be correlated with a decrease in expression 
of VEGF and hypoxia-inducible factor 1  (HIF-1 ) [57]. 
Intratracheal administration of 9 (1 mg/kg, 1h before 1

st
 

OVA challenge, day 21, and 3h after last OVA challenge, 
day 23) to mice with OVA-induced bronchial asthma also 
reduced several markers of allergic airway inflammation 
(lung tissue eosinophilia, airway mucus production, peri-
bronchial/perivascular inflammation score) and suppressed 
airway hyperresponsiveness to inhaled methacholine [58]. 
Thus, based on data from a variety of pre-clinical disease 
models, it appears that selective inhibition of PI3K  may be 
an attractive strategy for the treatment of asthma in humans 
[59]. 

 Although cancer therapies targeting the PI3K pathway 
have typically focused on inhibition of the  and/or  
isoforms, PI3K  is the only isozyme consistently expressed 
at a high level in blast cells from patients with acute myeloid 
leukemia (AML) [60]. Treatment of these malignant cells 
with 9 (10 μM) completely blocked Flt-3-induced cell 
proliferation, whereas the same concentration of inhibitor 
had no effect on the proliferation of normal hematopoietic 
progenitor cells. This suggests that selective inhibition of 
PI3K  may provide an opportunity to effectively treat 
patients with AML, while minimizing the toxicities asso-
ciated with traditional oncolytics. In June 2009, Calistoga 
Pharmaceuticals (which formed as a spin out of ICOS’ 
PI3K  program [61]) reported that oral administration of 
CAL-101, a compound with 40- to 300-fold selectivity for 
delta over the other PI3K isoforms, resulted in partial clinical 
responses in 12 of 24 patients with advanced hematologic 
malignancies [62]. Partial response was defined as a decrease 
of at least 50% in tumor burden. CAL-101 was also utilized 
in a Phase I allergic rhinitis trial (100 mg BID for 7 days), 
but results from this investigation are still pending [63]. In 
addition to CAL-101, Calistoga plans to pursue cancer as an 
indication for CAL-120, a dual PI3K /  inhibitor and also 
initiate Phase I trials with CAL-263, a PI3K -selective 
inhibitor, for the treatment of patients with inflammatory 
diseases [62]. 

 PIK-39 (10, Fig. 2) is a mercaptopurine analogue of 9 
that displays a similar level of isoform selectivity for PI3K  
(IC50s at 10 μM ATP: PI3K  = 0.18 μM;  > 200 μM;  = 
11 μM;  = 17 μM) [24]. Knight et al. have published a 
cocrystal structure of 10 bound to PI3K  (PDB ID: 2CHW), 



742    Current Topics in Medicinal Chemistry, 2009, Vol. 9, No. 8 Ameriks and Venable 

and the inhibitor appears to adopt a non-planar orientation in 
which the mercaptopurine and quinazolinone rings are nearly 
orthogonal to each other [24]. In this binding mode, N3 and 
N9 of the purine ring form hydrogen bonds with the 
backbone amides of Glu880 and Val882, respectively, in the 
hinge region. In order to accommodate the bulky quina-
zolinone moiety, the enzyme must undergo a conformational 
change in the loop between Met804 and Trp812 and induce 
the formation of a hydrophobic cavity at the entrance to the 
kinase active site. Given the poor affinity of compound 10 

for PI3K , there is probably a large energetic penalty 
associated with this reorganization, and the exquisite -
selectivity of 10 may be attributed to differential confor-
mational mobility in this region of the protein among the 
four class I isoforms. In support of this theory, site-directed 
mutagenesis of Met752 in PI3K  (which corresponds to 
Met804 in PI3K ) to an amino acid (valine or isoleucine) 
that would be expected to restrict the conformational 
flexibility of the hydrophobic loop results in a 100-fold loss 
in inhibitor potency [24]. Interestingly, the recently disclosed 
crystal structure of the PI3K  catalytic subunit (PDB ID: 
2V1Y) reveals that the loop between residues 771 and 779 
(which corresponds to residues 803 to 811 in PI3K ) adopts 
a conformation that is distinct from the analogous hydro-
phobic loop in PI3K   [64].  The authors docked 10 in the 
ATP pocket of PI3K  and observed that the ligand clashes 
with Met772 (the equivalent of Met804 in PI3K ) and can 
not be accommodated by a change in the loop conformation. 
Thus, it appears that compound 10 may function in a similar 
manner to imatinib, by binding to a structurally dynamic 
region of the target enzyme and stabilizing a single 

conformation [65]. It has been suggested that the ‘Met804 
down’ conformation is the PI3K equivalent of the ‘DFG out’ 
orientation in protein kinases [66], and it remains to be seen 
whether targeting this motif will prove to be a general 
strategy for improving PI3K  selectivity. 

 Despite the obvious differences in shape and hydrogen 
bonding orientation between a mercaptopurine and adenine 
ring, molecular modeling of quinazolinone 9 within PI3K  
predicts a similar binding mode to 10 [24]. Interestingly, 
neither of these inhibitors appears to occupy a “deep affinity 
pocket” in the back of the ATP-binding site. However, by 
converting the purine ring of 9 into an isosteric pyrazolo-
pyrimidine, it was anticipated that the incorporation of 
substituents at C-3 would allow access to the desired region 
between Tyr867 and Asp964. Indeed, the introduction of a 
phenol moiety provided PIK-294 (11, Fig. 2), an inhibitor 
that is 100-fold more active against all of the PI3K isoforms 
than purine 9 (IC50s at 10 μM ATP: PI3K  = 0.01 μM;  = 
10 μM;  = 0.49 μM;  = 0.16 μM) [24]. This compound 
retains the same level of PI3K -selectivity as 9 and suggests 
that quinazolinones 9-11 bind to all of the PI3K isoforms in 
a conserved manner. Knight et al. have filed several patent 
applications describing 11 and related pyrazolopyrimidines 
as PI3K inhibitors [67-69]. Eli Lilly has also disclosed a 
similar series of pyrimidinone-based PI3K  inhibitors, of 
which adenine 12 (Kis for PI3K  = 0.04 μM;  = 7.5 μM;  
= 58 μM;  = 5.0 μM) and mercaptopurine 13 (IC50 = 1.2 
μM in fMLP-induced elastase exocytosis from neutrophils) 
are representative examples [70,71]. Researchers at the 
Chemical Diversity Research Institute have identified PI3K 
inhibitors comprised of a bicyclic pyrimidinone core, and 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (2). Quinazolinones and related PI3K  inhibitors.  
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furanopyrimidinone 14 is reported to be a PI3K -selective 
inhibitor (IC50s for PI3K  = 1.2 μM;  = 71 μM;  = 13 μM; 

 = 80 μM) [72]. Quinoline 15 is a PI3K  inhibitor (IC50 = 
105 nM) exemplified in a recent patent application from 
Amgen [73]. Although procedures for assessing inhibitor 
selectivity in numerous enzymatic and cellular assays are 
described, only data from a PI3K  enzymatic assay is 
provided. 

Pyrimidinylmorpholines 

 In 2006, Astellas Pharma reported a morpholino-
thienopyrimidine 16 (Fig. 3), which was discovered through 
a high-throughput screening campaign to find PI3K  
inhibitors [74]. In an effort to improve the poor physi-
cochemical properties of 16, scientists at Piramed and 
Genentech (both later acquired by Roche) subsequently 
identified indazole 17 [75]. Although this compound was 
originally described as a PI3K -selective inhibitor, it was 
later revealed that 17 is also equipotent against PI3K  with 

10- to 20-fold selectivity over the  and  isoforms (IC50s at 
1 μM ATP: PI3K  = 3 nM;  = 3 nM;  = 33 nM;  = 75 
nM) [76]. The compound exhibited acceptable oral bio-
availability in several species (mouse = 77%, rat = 30%; dog 
= 71%; monkey = 20%) and also demonstrated a dose-
dependent reduction of tumor growth in a human U87-MG 
glioblastoma xenograft model in mice. Due to this 
impressive preclinical profile, compound 17 has progressed 
into Phase 1 trials for the treatment of metastatic solid 
tumors [77] and non-Hodgkin lymphoma [78]. A cocrystal 
structure of 17 with PI3K  (PDB ID: 3DBS) reveals a 
binding mode reminiscent of chromone 4; the morpholine 
interacts with the hinge Val882 amide, while the indazole 
nitrogens are within close proximity to Tyr867 and Asp841. 
The piperazine portion of the molecule resides in the solvent 
exposed region, and the oxygens of the sulfonamide are 
within hydrogen bonding distance of the side chain of 
Lys802 and the backbone amide of Ala805. Related bicyclic 
and monocyclic-pyrimidinylmorpholines (example structures 
18-24) were disclosed in more recent Piramed/ Roche 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (3). Pyrimidinylmorpholine PI3K  inhibitors. 
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patents [79-85]. While no isoform specific data is presented, 
it is stated that the compounds exhibit some selectivity for 
the p110  isoform.  

5. PI3K /  DUAL INHIBITORS 

Morpholinothiazoles 

 The cocrystal structure of chromone 4 bound to PI3K  
served as a template for pharmacophore modeling and 
screening of commercial compound databases by scientists at 
UCB [86]. This resulted in the identification of a 2-
morpholino fused thiazole 25 (Fig. 4) with pan-PI3K activity 
(IC50s: PI3K  = 1.3 μM;  = 0.69 μM;  = 0.70 μM;  = 3.5 
μM). Structure-activity relationship studies demonstrated the 
importance of dimethyl substitution on the cyclohexanone 
ring. Additionally, a complete loss in activity was observed 
when the morpholine was replaced by a piperidine, 
suggesting that the binding mode in the active site of PI3K  
was similar to that of morpholine 4. Further evaluation of the 
core led to the identification of lactam 26 with greater than 
10-fold improvement in activity at PI3K , , and  
(IC50s: PI3K  = 59 nM;  = 1006 nM;  = 18 nM;  = 31 
nM) [86,87]. The in vivo potency of 26 was assessed 
utilizing a U87-MG xenograft model in nude mice. After a 

single dose (200 mg/kg, po), this compound demonstrated a 
65% decrease in pAKT at 1h and a 32% decrease at 6h in an 
ex vivo analysis of the tumor. Furthermore, dosing of 26 
(100 mg/kg, po BID) resulted in a 31% reduction in tumor 
growth (T/C value) after 15 days. An x-ray cocrystal 
structure of 25 with PI3K  (PDB ID: 3DPD) prompted a 
second publication from UCB describing the effects of 
fusing the morpholine to an aryl ring, thus allowing for an 
edge-face interaction with Trp812 while maintaining the 
hinge interaction of the morpholine oxygen with Val882 
[88]. Compounds containing the aforementioned benzomor-
pholine were synthesized in both the ketone and lactam 
series. The presence of the 6-phenyl benzomorpholine in the 
lactam series significantly improved activity against both the 
PI3K  and PI3K  isoforms, providing greater than 50-fold 
selectivity over PI3K  (IC50s for 27a : PI3K  = nd;  = 3.7 
μM;  = 0.05 μM;  = 0.08 μM). The analogous compound 
in the ketone series (27b) showed improved affinity for only 
PI3K  (IC50s: PI3K  = 2.7 μM;  = 8.0 μM;  = 0.08 μM;  
= 0.85 μM). Further optimization of the aryl substituent 
resulted in N-methylpyrazole 28 (IC50s: PI3K  = 0.30 μM;  
= 0.54 μM;  = 0.03 μM;  = 0.08 μM) and pyridazine 29 

(IC50s: PI3K  = 0.29 μM;  = 0.34 μM;  = 0.05 μM;  = 
0.05 μM), with 5- to 15- fold selectivity for the /  isoforms 
over /  [88,89]. Due to their high oral exposure and low 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (4). 2-Morpholinothiazole PI3K /  inhibitors. 
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clearance, these compounds were examined in a T-cell 
activation model in rats. Inhibition of IL-2 release into the 
blood after activation of T-cells by anti-CD3 was measured 
after oral dosing to give ED50s of 25 and 15 mg/kg for 28 
and 29, respectively. Further improvements in in vivo 
efficacy were attributed to the increased cellular activity and 
reduced protein binding of pyrazole 30, which demonstrated 
an ED50 of 5 mg/kg in the same CD3-induced IL-2 release 
study in Lewis rats [90]. Additional compounds from this 
class have been revealed by UCB in the patent literature, 
although no activity data was disclosed (31-34, Fig. 4) [91-
93]. 

Pteridines 

 With the primary goal of identifying compounds that 
could be used to treat acute myocardial infarction by 
inhibiting VEGF-induced vascular leakage, researchers at 
TargeGen prepared a library of compounds containing an 
ATP-binding element (i.e. aminoheterocycles) fused to a 
phenol moiety [94]. It was anticipated that the phenol would 
mimic a common structural motif of flavanoids, which are 
known to have vascular protective properties, and the 
aminoheterocycle would bind to any of the numerous kinases 
involved in the complex signal transduction pathways that 
regulate vascular permeability. Although phenols are often 
considered a metabolic liability in drug leads, a quick onset 
of action and rapid clearance may be a desirable property in 
therapies that treat acute indications such as myocardial 
infarction. A Miles assay, in which compound is injected 
into rats prior to sequential administrations of Evans blue 
and VEGF, was used as an in vivo screen to evaluate the 
ability of the library compounds to inhibit VEGF-induced 
vascular leakage. In general, compounds containing an 
aminopyrimidine or pyridinopyrazine scaffold showed the 
most efficacy, and TG100-115 (35, Fig. 5) was selected as a 
lead. Subsequent profiling against a panel of 140 kinases 
revealed that compound 35 is a PI3K /  dual inhibitor (IC50s 
at 10 μM ATP: PI3K  = 83 nM;  = 235 nM;  = 1300 nM; 

 = 1200 nM). Remarkably, 35 did not significantly inhibit 
any of the other 136 protein kinases tested (<50% inh at 
1μM). Additional structure-activity relationship studies 
indicated that the phenol attached to the 6-position of the 
pteridine is required for activity, whereas the aromatic ring 
in the 7-position is not essential. However, removal of this 
substituent had a detrimental effect on the PI3K isoform 
selectivity of 36 (IC50s: PI3K  = 50 nM;  = 24 nM;  = 165 
nM;  = 215 nM) [95]. The position of the meta-hydroxyl 

group also appears to be important, since des-hydroxy and 
para-hydroxy analogues of 35 and 36 were all 30-fold less 
active against PI3K . An indole ring can serve as a 
bioisostere for the phenol in 36, but not without a substantial 
loss in selectivity against PI3K  (IC50s for 37: PI3K  = 85 
nM;  = 64 nM;  = 1200 nM;  = 107 nM). Molecular 
modeling studies indicate that the superior isoform 
selectivity of 35 relative to 36 and 37 may be attributed to 
decreased rotational freedom of the aromatic rings attached 
to the pteridine core [95]. 

 In addition to attenuating VEGF-induced vascular 
permeability in vivo, compound 35 demonstrated a cardio-
protective effect in a rodent model of myocardial infarction 
[95,96]. In this disease model, occlusion of the left anterior 
descending coronary artery creates an ischaemia/reperfusion 
(I/R) injury to the rat myocardium. A single bolus dose of 35 
(0.5 mg/kg, i.v.) delivered at 60 minutes post-reperfusion 
provided a 50% reduction in infarct area after 22 hours. This 
cardioprotective effect was also reproduced in a porcine 
model of myocardial infarction. Due to the encouraging pre-
clinical efficacy of 35, TargeGen initiated a Phase I/II 
clinical trial in 2005 to evaluate an intravenous delivery of 
this compound to patients who suffer a heart attack and 
undergo angioplasty to restore blood flow [97]. No results of 
the study have been reported, and a recent publication from 
TargeGen revealed that intranasal administration of 35 was 
effective in murine models of asthma and COPD, suggesting 
that TargeGen may be considering an alternate indication(s) 
for this compound [98].  

6. PI3K  INHIBITORS 

Thiazolidinones 

 Serono has published extensively on a series of PI3K  
inhibitors comprised of vinylthiazolidinedione and 
vinylrhodanine scaffolds (38-40, Fig. 6) [20, 99-101]. The 
original leads for these series were identified using a 
proprietary substructure analysis of low affinity inhibitors 
derived from a PI3K  high-throughput screening campaign 
[20]. Since several thiazolidinediones (also called glitazones) 
are well established hypoglycemic agents [102], promising 
compounds were frequently counterscreened against various 
peroxisome proliferator-activated receptors (PPAR , , ) 
early in the discovery program. Subsequent optimization 
through synthetic chemistry provided AS-252424 (38), 
which exhibits greater than 300-fold selectivity for PI3K  

 

 

 

 

 

Fig. (5). Pteridine-based PI3K /  dual inhibitors. 
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over the class I isozymes (IC50s: PI3K  = 33 nM;  = 935 
nM;  = 20000 nM;  = 20000 nM). Compound 38 is also 
remarkably clean against a panel of serine/threonine and 
tyrosine kinases (IC50 > 10 μM for 78/79), with the notable 
exception of casein kinase 2 (IC50 = 20 nM). Structure-
activity relationship studies demonstrated that the 4-fluorine 
substituent on the aromatic ring is not important for PI3K  
activity but does provide a 3-fold improvement in selectivity 
against PI3K . A cocrystal structure of 38 bound to PI3K  
revealed two specific protein-ligand interactions: 1) a salt-
bridge between the side chain amine of Lys833 and the 
nitrogen atom of the thiazolidinedione ring, and 2) a 
hydrogen bond between a backbone NH of Val882 and the 
2-hydroxy group on the phenol ring [20]. Despite the high 
clearance (2.3 L/kg*h) and short oral half-life (t1/2 = 1 h) of 
38 in rats, oral dosing (10 mg/kg) of this compound in a 
mouse model of thioglycollate-induced peritonitis resulted in 
a 35% reduction of neutrophil recruitment. This is nearly 
identical to the phenotype observed in PI3K -deficient mice 
[21]. 

 Although compound 38 provides proof that PI3K -
selective inhibitors can be identified, poor pharmacokinetic 
properties limit its utility in preclinical disease models. In 
order to improve bioavailability, the phenol moiety was 
replaced with a quinoxaline ring to provide AS-605240 (39, 
Fig. 6). This compound exhibits 8- to 40-fold selectivity for 
PI3K  over the other class I PI3K isoforms (IC50s: PI3K  = 8 
nM;  = 60 nM;  = 270 nM;  = 300 nM) and minimal 
cross-reactivity against protein kinases (3 of 38 >50% 
inhibition at 1 μM) [21]. A cocrystal structure of quinoxaline 
39 with PI3K  (PDB ID: 2A5U) revealed a similar binding 
mode as furan 38, except instead of the phenol oxygen 
serving as a hinge-binding element, N1 of the pyrazine ring 
forms a hydrogen bond with Val882. More importantly, the 
pharmacokinetic profile of 39 is sufficient to enable its use in 

rodent disease models. For instance, therapeutic dosing 
(begun once disease was established) of 39 (50 mg/kg, po, 
BID) in a murine CII-induced arthritis model significantly 
reduced clinical and histological signs of joint inflammation 
[21]. Similarly, in a mouse model of collagen-induced 
arthritis (CIA), 39 prevented arthritis progression when 
administered at disease onset (semitherapeutic dosing) and 
reversed disease symptoms (i.e. synovial inflammation, 
cartilage erosion, paw thickness) when dosed therapeutically 
[21]. Histological analysis also revealed that both dosing 
protocols reduced neutrophil infiltration into arthritic joints 
by 50%. In addition to rheumatoid arthritis, 39 has demon-
strated efficacy in murine models of atherosclerosis [103] 
and lupus [104]. Clearly, thiazolidinedione 39 has proven to 
be a valuable chemical probe for assessing the pharmacology 
associated with inhibition of PI3K . The results of these in 
vivo experiments, together with data from studies involving 
PI3K  knockout mice, suggest an important role for PI3K  in 
the pathophysiology of inflammation and autoimmune 
disease. 

 In a recent patent application from TargeGen, quina-
zoline 41 (Fig. 6) and related thiazolidinediones are 
described as PI3K /  dual inhibitors (i.e. IC50s for 41: PI3K  
= 15 nM; PI3K  = 11 nM) [105]. In 2004, researchers at 
Warner-Lambert (now Pfizer) disclosed a series of 
benzoxazin-3-one and benzoxazine thiazolidinones (42-43, 
Fig. 6), several of which inhibit PI3K  [106,107]. Although 
activity against other PI3K isoforms was not reported in 
these patent applications, subsequent characterization of 
PIK-124 (42) revealed cross-reactivity towards PI3K  and 
PI3K  (IC50s at 10 μM ATP: PI3K  = 54 nM;  = 23 nM;  
= 1100 nM;  = 340 nM) [24]. Compound 42 also displays 
strong affinity for two class II PI3K enzymes, PI3KC2  
(IC50 = 0.14 μM) and PI3KC2  (IC50 = 0.37 μM). However, 
despite the poor selectivity of 42 towards lipid kinases, this 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (6). Thiazolidinone PI3K  inhibitors. 
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compound failed to demonstrate any significant activity 
(<20% inhibition at 10 μM) against a panel of 36 protein 
kinases. Pfizer later disclosed that rhodanine-based com-
pounds structurally related to 42 exhibited sub-micromolar 
activity in a cellular assay measuring inhibition of super-
oxide formation by human neutrophils following stimulation 
with fMLP [108]. Furthermore, several of these inhibitors 
displayed in vivo efficacy (>40% inhibition of leukocyte 
infiltration) when dosed in an E. coli-induced peritoneal 
inflammation mouse model at 100 mg/kg po. 

2-Aminothiazoles 

 Novartis first reported the 2-aminothiazole 44 (Fig. 7) as 
a selective PI3K  inhibitor in 2003 [109]. Since that time, 
over 10 patents and publications have emerged from 
Novartis, thereby establishing their presence as one of the 
leaders in the development of PI3K  inhibitors. Compound 
44 was initially reported to have a PI3K  IC50 of 2 nM [110] 
and was later shown by Knight et al. to inhibit all of the class 
1 PI3K isoforms (IC50s at 10 μM ATP: PI3K  = 16 nM;  = 
39 nM;  = 590 nM;  = 120 nM), as well as PI4KIII  (IC50 

= 19 nM) [24]. The cocrystal structure of 44 bound to PI3K  
(PDB ID: 2CH7) displays hydrogen bonding interactions 
between the 2-acetamidothiazole and both the backbone 
amide NH and carbonyl of Val882. The sulfonamide makes 
a third hydrogen bond with Asp964 [24]. Novartis continued 
to expand on this series of compounds in several patent 
applications spanning 2005-2008 [110-114]. Isoform 
selectivity data was provided for the urea 45 (IC50s: PI3K  
=16 nM;  = 3018 nM;  = 626 nM) [110]. Interestingly, this 
scaffold was also utilized to generate PI3K  inhibitors [115]. 
As disclosed in WO08000421, compound 46 potently 
inhibits PI3K  (IC50 = 5 nM) and also attenuates B-cell 
proliferation in vitro (IC50 = 15 nM). The most recent patent 
application from Novartis describes select 5-phenyl-2-
aminopyrimidines with PI3K  activity, as exemplified by 
sulfonamide 47 (PI3K  IC50 = 4 nM) [116]. 

 Boehringer Ingelheim has focused their efforts on 
tricyclic 2-aminothiazoles [117-119] and most recently 
disclosed a series of thiazolyl-dihydro-indazoles (48, Fig. 8) 
with activity against PI3K  (IC50s < 600 nM) [120]. 
Additional 2-aminothiazoles have been reported by Vertex 

 

 

 

 

 

 

 

 

 

 

 

Fig. (7). PI3K  inhibitors from Novartis. 

 

 

 

 

 

 

 

 

 

 

Fig. (8). 2-Aminothiazole PI3K  inhibitors (Boehringer Ingelheim, Vertex, Chroma, Serono). 
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(49) and Chroma (50) with activities in a PI3K  enzymatic 
assay of IC50 < 0.10 μM and 0.10 < IC50 < 1.0 μM, respec-
tively [121,122]. Serono has also described aminothiazoles 
as PI3K  inhibitors, of which bis-thiazole 51 is shown as a 
representative example [123,124].  

Miscellaneous 2-Aminoheterocycles 

 In addition to the aforementioned 2-aminothiazoles, a 
variety of 2-aminoheterocycles have been explored as PI3K 
inhibitors. Specifically, Boehringer Ingelheim [125], Pfizer 
[126], Bayer [127], and Novartis [128] have all disclosed 
fused 2-aminopyrimidine scaffolds with limited activity data 
for PI3K  in their respective patents. The structures of 
examples 1 from the corresponding patent applications are 
shown in Fig. 9 (52-55). Quinoxaline 56, developed by 
Serono, is reported to inhibit PI3K  with an IC50 of 56 nM 
and demonstrate activity in blocking SCF-induced AKT 
phosphorylation in human peripheral blood mononuclear 
cells (IC50 = 1.19 μM). Inhibition of IgM-induced AKT 
phosphorylation in mouse bone marrow mast cells was also 
reported at an IC50 of 21 nM for 56. Additionally, dosing of 
56 (30 mg/kg po) in a murine passive cutaneous anaphylaxis 
model resulted in an 84% inhibition of vascular permeability 
[129].  

 Warner-Lambert has described a series of amidotetrazole 
PI3K inhibitors, including the cycloheptyloxy derivative 57 
(Fig. 10), which exhibits a PI3K  IC50 of 0.197 μM [130]. 
This compound elicited anti-inflammatory activity at 30 
mg/kg QD in a murine collagen induced arthritis model, 
resulting in a reduction in paw edema by 52% and clinical 
score by 35%. Compound 57 also demonstrated an ID50 of 
16.3 mg/kg in a streptococcal cell wall-induced edema model 
in rat. Unfortunately, glucose dysregulation at high doses in 
a rat toxicology study precluded further development of 57 
[131]. This compound was later stated to be a non-specific 
inhibitor of the PI3Ks, although data detailing the affinities 
for the class 1 isoforms is not available. Earlier patent 
applications from Warner-Lambert also disclose benzo-
furanyl and benzothiophene amidotetrazoles as inhibitors of 
PI3K. For example, 58 and 59 inhibited PI3K  activity with 
IC50s of 0.69 and 0.25 nM, respectively [132-134]. 

 Finally, both Novartis and Cellzome have divulged 
various 6,5-fused heterocycles in the recent patent literature. 
While Cellzome [135,136] has focused on triazoles (60, Fig. 
11), a 2009 Novartis patent application discloses multiple 
heterocycles [137]. Compounds 61-68 are active at PI3K  
with IC50s of 60, 7, 12, 27, 884, and 640 nM, respectively. 
Imidazolopyridazines 67 (IC50s: PI3K  = 241 nM;  = 206 

 

 

 

 

 

 

 

 

 

 

 

Fig. (9). 2-Aminoheterocycles as PI3K  inhibitors. 

 

 

 

 

 

 

 

Fig. (10). Amidotetrazole PI3K  inhibitors. 
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nM;  = 1682 nM;  = 1353 nM) and 68 (IC50s: PI3K  = 
1223 nM;  = 63 nM;  = 240 nM;  = 103 nM) are repre-
sentative structures from two additional Novartis patent 
applications [138,139].  

7. CONCLUDING REMARKS 

 The clear clinical and commercial success of imatinib 
(Gleevec) has helped to validate the development of protein 
kinase inhibitors as anti-cancer agents. However, due to the 
conserved topology of the ATP-binding site across the 
human kinome, the design of small-molecule inhibitors that 
exhibit a sufficient level of cross-kinase selectivity to enable 
oral treatment of chronic inflammatory diseases remains an 
elusive goal. A variety of genetic and pharmacologic tools 
have defined clear roles for PI3K  and PI3K  in leukocyte 
trafficking and immune responses, and the last several years 
have witnessed a flurry of activity within the pharmaceutical 
industry to identify selective inhibitors of these lipid kinases. 
Although most of the known PI3K inhibitors were originally 
identified from natural product leads or high-throughput 
screening campaigns, recent x-ray cocrystal structures of 
several structurally diverse compounds bound to PI3K  may 
greatly facilitate the rational design of future isoform-
selective PI3K inhibitors. However, despite the tremendous 
effort already expended by the pharmaceutical industry, 
there are no reports of PI3K -specific compounds 
progressing to the clinic, and limited examples with PI3K -
selective or PI3K /  dual inhibitors. This may reflect the 
inherent difficulty in identifying the optimal balance of 
PI3K-isoform selectivity (  and/or  vs.  and ) for 
achieving in vivo efficacy with minimal side effects. The 
therapeutic window is further diminished by the need to 
attenuate the activity of these ATP-competitive inhibitors 
against off-target protein kinases. As a result, the choice of 
which disease indication to pursue in a clinical setting may 

vary greatly based on the overall potency, selectivity, and 
pharmacokinetic profile of the individual PI3K inhibitor. It is 
anticipated that these factors will be delineated over time as 
the many ongoing PI3K programs begin to mature. 
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Fig. (11). 6, 5-Fused heterocycles as PI3K  inhibitors. 

N
N

N

NH2

S OO

HN

OH

60

N

SN

CF3

NH

NH

O

N

N
N

N

N
X

Y
Z N

N

CF3

NH

NH

O

N

N
N

N

62, X,Y,Z = CH

63, X = N

64, Y = N

65,  Z = N

N
N

NN

CF3

NH

NH

O

N

N
N

N

61

66

N
N

N

N

F

O

O

67

N
N

N

S

N

H2N

68CF3

O
O

http://www.ingentaconnect.com/content/external-references?article=1474-1776(2006)5L.903[aid=8313720]
http://www.ingentaconnect.com/content/external-references?article=1474-1733(2007)7L.191[aid=8866467]
http://www.ingentaconnect.com/content/external-references?article=1474-1733(2007)7L.191[aid=8866467]
http://www.ingentaconnect.com/content/external-references?article=0377-8282(2007)32L.537[aid=8897313]
http://www.ingentaconnect.com/content/external-references?article=1472-8222(2008)12L.223[aid=8672907]
http://www.ingentaconnect.com/content/external-references?article=1472-8222(2008)12L.223[aid=8672907]
http://www.ingentaconnect.com/content/external-references?article=1347-9032(2008)99L.1734[aid=8866513]
http://www.ingentaconnect.com/content/external-references?article=1347-9032(2008)99L.1734[aid=8866513]
http://www.ingentaconnect.com/content/external-references?article=0938-8990(2002)13L.169[aid=8866465]
http://www.ingentaconnect.com/content/external-references?article=0021-9258(1999)274L.10963[aid=8866464]
http://www.ingentaconnect.com/content/external-references?article=0021-9525(2003)160L.89[aid=8897314]
http://www.ingentaconnect.com/content/external-references?article=0021-9258(2002)277L.41556[aid=8897315]
http://www.ingentaconnect.com/content/external-references?article=0021-9258(2002)277L.41556[aid=8897315]
http://www.ingentaconnect.com/content/external-references?article=0066-4154(2001)70L.535[aid=6348715]


750    Current Topics in Medicinal Chemistry, 2009, Vol. 9, No. 8 Ameriks and Venable 

[11] Marone, R.; Cmiljanovic, V.; Giese, B.; Wymann, M. P. Targeting 

phosphoinositide 3-kinase- moving towards therapy. Biochim. 
Biophys. Acta 2008, 1784, 159-185. 

[12] Ghigo, A.; Hirsch, E. Isoform selective phosphoinositide 3-kinase  
and  inhibitors and their therapeutic potential. Rec. Patents 

Inflamm. Allergy Drug Disc. 2008, 2, 1-10. 
[13] Barberis, L.; Hirsch, E. Targeting phosphoinositide 3-kinase  to 

fight inflammation and more. Thromb. Haemost. 2008, 99, 279-
285. 

[14] Puri, K. D. Therapeutic potential of phosphoinositide 3-kinase -
selective small molecule inhibitors. Curr. Enzyme Inhib. 2006, 2, 

147-161. 
[15] Ito, K.; Caramori, G.; Adcock, I. M. Therapeutic potential of 

phosphatidylinositol 3-kinase inhibitors in inflammatory 
respiratory disease. J. Pharm. Exp. Ther. 2007, 321, 1-8. 

[16] Sundstrom. T. J.; Anderson, A. C.; Wright, D. L. Inhibitors of 
phosphoinositide-3-kinase: a structure-based approach to under-

standing potency and selectivity. Org. Biomol. Chem. 2009, 7, 840-
850. 

[17] Huang, C. H. The structure of a human p110 /p85  complex 
elucidates the effects of oncogenic PI3K  mutations. Science 2007, 

318, 1744-1748.  
[18] Walker, E. H.; Perisic, O.; Ried, C.; Stephens, L.; Williams, R. L. 

Structural insights into phosphoinositide 3-kinase signalling. 
Nature 1999, 402, 313-320. 

[19] Xie, P.; Williams, DS.; Atilla-Gokcumen, G. E.; Milk, L.; Xiao, 
M.; Smalley, K. S. M.; Herlyn, M.; Meggers, E.; Marmorstein, R. 

Structure-based design of an organoruthenium phosphatidyl-
inositol-3-kinase inhibitor reveals a switch governing lipid kinase 

potency and selectivity. ACS Chem. Biol. 2008, 3, 305-316. 
[20] Pomel, V.; Klicic, J.; Covini, D.; Church, D. D.; Shaw, J. P.; 

Roulin, K.; Burgat-Charvillon, F.; Valognes, D.; Camps, M.; 
Chabert, C.; Gillieron, C.; Francon, B.; Perrin, D.; Leroy, D.; 

Gretener, D.; Nichols, A.; Vitte, P.-A.; Carboni, S.; Rommel, C.; 
Schwarz, M. K.; Ruckle, T. Furan-2-ylmethylene thiazoli-dine-

diones as novel, potent, and selective inhibitors of phosphoinositide 
3-kinase . J. Med. Chem. 2006, 49, 3857-3871. 

[21] Camps, M.; Ruckle, T.; Ji, H.; Ardissone, V.; Rintelen, F.; Shaw, 
J.; Ferrandi, C.; Chabert, C.; Gillieron, C.; Francon, B.; Martin, T.; 

Gretener, D.; Perrin, D.; Leroy, D.; Vitte, P.-A.; Hirsch, E.; 
Wymann, M. P.; Cirillo, R.; Schwarz, M. K.; Rommel, C. Blockade 

of PI3K  suppresses joint inflammation and damage in mouse 
models of rheumatoid arthritis. Nat. Med. 2005, 11, 936-943. 

[22] Walker, E. H.; Pacold, M. E.; Perisic, O.; Stephens, L.; Hawkins, P. 
T.; Wymann, M. P.; Williams, R. L. Structural determinants of 

phosphoinositide 3-kinase inhibition by wortmannin, LY294002, 
quercetin, myricetin, and staurosporine. Mol. Cell 2000, 6, 909-

919. 
[23] Apsel, B.; Blair, J. A.; Gonzalez, B.; Nazif, T. M.; Feldman, M. E.; 

Aizenstein, B.; Hoffman, R.; Williams, R. L.; Shokat, K. M.; 
Knight, Z. A. Targeted pharmacology: discovery of dual inhibitors 

of tyrosine and phosphoinositide kinases. Nat. Chem Biol. 2008, 4, 
691-699. 

[24] Knight, Z. A.; Gonzalez, B.; Feldman, M. E.; Zunder, E. R.; 
Goldenberg, D. D.; Williams, O.; Loewith, R.; Stokoe, D.; Balla, 

A.; Toth, B.; Balla, T.; Weiss, W. A.; Williams, R. L.; Shokat, K. 
M. A pharmacological map of the PI3-K family defines a role for 

p110  in insulin signaling. Cell 2006, 125, 733-747. 
[25] Zvelebil, M. J.; Waterfield, M. D.; Shuttleworth, S. J. Arch. 

Biochem. Biophys. 2008, 477, 404-410. 
[26] Frazzetto, M.; Suphioglu, C.; Zhu, J.; Schmidt-Kittler, O.; 

Jennings, I. G.; Cranmer, S. L.; Jackson, S. P.; Kinzler, K. W.; 
Vogelstein, B.; Thompson, P. E. Dissecting isoform selectivity of 

PI3K inhibitors: the role of non-conserved residues in the catalytic 
pocket. Biochem J. 2008, 414, 383-390. 

[27] Liao, J. J-L. Molecular recognition of protein kinase binding 
pockets for design of potent and selective kinase inhibitors. J. Med. 

Chem. 2007, 50, 409-424. 
[28] Blencke, S.; Zech, B.; Engkvist, O.; Greff, Z.; Orfi, L.; Horvath, Z.; 

Keri, G.; Ullrich, A.; Daub, H. Characterization of a conserved 
structural determinant controlling protein kinase sensitivity to 

selective inhibitors. Chem. Biol. 2004, 11, 691-701. 
[29] Alaimo, P. J.; Knight, Z. A.; Shokat, K. M. Targeting the 

gatekeeper residue in phosphoinositide 3-kinases. Bioorg. Med. 
Chem. 2005, 13, 2825-2836. 

[30] Knight, Z. A.; Shokat, K. M. Features of selective kinase inhibitors. 

Chem. Biol. 2005, 12, 621-637. 
[31] Wipf, P.; Halter, R. J. Chemistry and biology of wortmannin. Org. 

Biomol. Chem. 2005, 3, 2053-2061. 
[32] Arcaro, A.; Wymann, M. P. Wortmannin is a potent phosphati-

dylinositol 3-kinase inhibitor: the role of phosphatidylinositol 
3,4,5-trisphosphate in neutrophil responses. Biochem J. 1993, 296, 

297-301. 
[33] Yano, H.; Nakanishi, S.; Kimura, K.; Hanai, N.; Saitoh, Y.; Fukui, 

Y.; Nonomura, Y.; Matsuda, Y. Inhibition of histamine secretion 
by wortmannin through the blockade of phosphatidylinsoitol 3-

kinase in RBL-2H3 cells. J. Biol. Chem. 1993, 268, 25846-25856. 
[34] Wymann, M. P.; Bulgarelli-Leva, G.; Zvelebil, M. J.; Pirola, L.; 

Vanhaesebroeck, B.; Waterfield, M. D.; Panayotou, G. Wort-
mannin inactivates phosphoinositide 3-kinase by covalent 

modification of Lys-802, a residue involved in the phosphate 
transfer reaction. Mol. Cell Biol. 1996, 16, 1722-1733. 

[35] Ihle, N. T.; Paine-Murrieta, G.; Berggren, M. I.; Baker, A.; Tate, 
W. R.; Wipf, P.; Abraham, R. T.; Kirkpatrick, D. L.; Powis, G. The 

phosphatidylinositol-3-kinase inhibitor PX-866 overcomes 
resistance to the epidermal growth factor receptor inhibitor 

gefitinib in A-549 human non-small cell lung cancer xenografts. 
Mol. Cancer Ther. 2005, 4, 1349-1357. 

[36] Nakanishi, S.; Catt, K. J.; Balla, T. A wortmannin-sensitive 
phosphatidylinositol 4-kinase that regulates hormone-sensitive 

pools of inositolphospholipids. Proc. Natl. Acad. Sci. USA 1995, 
92, 5317-5321. 

[37] Sarkaria, J. N.; Tibbetts, R. S.; Busby, E. C.; Kennedy, A. P.; Hill, 
D. E.; Abraham, R. T. Inhibition of phosphoinositide 3-kinase 

related kinases by the radiosensitizing agent wortmannin. Cancer 
Res. 1998, 58, 4375-4382. 

[38] Norman, B. H.; Shih, C.; Toth, J. E.; Ray, J. E.; Dodge, J. A.; 
Johnson, D. W.; Rutherford, P. G.; Schultz, R. M.; Worzalla, J. F.; 

Vlahos, C. J. Studies on the mechanism of phospatidylinositol 3-
kinase inhibition by wortmannin and related analogs. J. Med. 

Chem. 1996, 39, 1106-1111. 
[39] Norman, B. H.; Paschal, J.; Vlahos, C. J. Synthetic studies on the 

furan ring of wortmannin. Biorg. Med. Chem. Lett. 1995, 5, 1183-
1186. 

[40] Ihle, N. T.; Williams, R.; Chow, S.; Chew, W.; Berggren, M. I.; 
Paine-Murrieta, G.; Minion, D. J.; Halter, R. J.; Wipf, P.; Abraham, 

R.; Kirkpatrick, L.; Powis, G. Molecular pharmacology and 
antitumor activity of PX-866, a novel inhibitor of phosphoino-

sitide-3-kinase signaling. Mol. Cancer Ther. 2004, 3, 763-772. 
[41] Clinical trials database homepage. http://clinicaltrials.gov 

Identifier: NCT00726583, (6/18/09). 
[42] Matter, W. F.; Brown, R. F.; Vlahos, C. J. The inhibition of 

phosphatidylinositol 3-kinase by quercetin and analogs. Biochem. 
Biophys. Res. Commun. 1992, 186, 624-631. 

[43] Vlahos, C. J.; Matter, W. F.; Hui, K. Y.; Brown, R. F. A specific 
inhibitor of phosphatidylinositol 3-kinase, 2-(4-morpholinyl)-8-

phenyl-4H-1-benzopyranon-4-one (LY294002). J. Biol. Chem. 
1994, 269, 5241-5248. 

[44] Gharbi, S. I.; Zvelebil, M. J.; Shuttleworth, S. J.; Hancox, T.; 
Saghir, N.; Timms, J. F.; Waterfield, M. D. Exploring the 

specificity of the PI3K family inhibitor LY294002. Biochem. J. 
2007, 404, 15-21. 

[45] Karaman, M. W.; Herrgard, S.; Treiber, D. K.; Gallant, P.; 
Atteridge, C. E.; Campbell, B. T.; Chan, K. W.; Ciceri, P.; Davis, 

M. I.; Edeen, P. T.; Faraoni, R.; Floyd, M.; Hunt, J. P.; Lockhart, 
D. J.; Milanov, Z. V.; Morrison, M. J.; Pallares, G.; Patel, H. K.; 

Pritchard, S.; Wodicka, L. M.; Zarrinkar, P. P. A quantitative 
analysis of kinase inhibitor selectivity. Nat. Biotechnol. 2008, 26, 

127-132. 
[46] Foukas, L. C.; Daniele, N.; Ktori, C.; Anderson, K. E.; Jensen, J.; 

Shepherd, P. R. Direct effects of caffeine and theophylline on 
p110  and other phosphoinositide 3-kinases. J. Biol. Chem. 2002, 

277, 37124-37130. 
[47] Sadhu, C.; Dick, K.; Treiberg, J.; Sowell, C. G.; Kesicki, E. A.; 

Oliver, A. Quinazolinone derivatives as inhibitors of human 
phosphatidylinositol 3-kinase delta. WO01081346, 2001. 

[48] Sadhu, C.; Dick, K.; Treiberg, J.; Sowell, C. G.; Kesicki, E. A.; 
Oliver, A. Preparation of purinylquinazolinones as inhibitors of 

human phosphatidylinositol 3-kinase delta. US02161014 2002. 

http://www.ingentaconnect.com/content/external-references?article=0021-9258(2002)277L.37124[aid=8897316]
http://www.ingentaconnect.com/content/external-references?article=0021-9258(2002)277L.37124[aid=8897316]
http://www.ingentaconnect.com/content/external-references?article=1087-0156(2008)26L.127[aid=8576195]
http://www.ingentaconnect.com/content/external-references?article=1087-0156(2008)26L.127[aid=8576195]
http://www.ingentaconnect.com/content/external-references?article=0264-6021(2007)404L.15[aid=8897317]
http://www.ingentaconnect.com/content/external-references?article=0264-6021(2007)404L.15[aid=8897317]
http://www.ingentaconnect.com/content/external-references?article=0021-9258(1994)269L.5241[aid=2436799]
http://www.ingentaconnect.com/content/external-references?article=0021-9258(1994)269L.5241[aid=2436799]
http://www.ingentaconnect.com/content/external-references?article=0006-291x(1992)186L.624[aid=8897318]
http://www.ingentaconnect.com/content/external-references?article=0006-291x(1992)186L.624[aid=8897318]
http://www.ingentaconnect.com/content/external-references?article=1535-7163(2004)3L.763[aid=8672872]
http://www.ingentaconnect.com/content/external-references?article=0022-2623(1996)39L.1106[aid=8672874]
http://www.ingentaconnect.com/content/external-references?article=0022-2623(1996)39L.1106[aid=8672874]
http://www.ingentaconnect.com/content/external-references?article=0008-5472(1998)58L.4375[aid=181900]
http://www.ingentaconnect.com/content/external-references?article=0008-5472(1998)58L.4375[aid=181900]
http://www.ingentaconnect.com/content/external-references?article=0027-8424(1995)92L.5317[aid=8897319]
http://www.ingentaconnect.com/content/external-references?article=0027-8424(1995)92L.5317[aid=8897319]
http://www.ingentaconnect.com/content/external-references?article=1535-7163(2005)4L.1349[aid=8866497]
http://www.ingentaconnect.com/content/external-references?article=0270-7306(1996)16L.1722[aid=5685719]
http://www.ingentaconnect.com/content/external-references?article=0021-9258(1993)268L.25846[aid=2611956]
http://www.ingentaconnect.com/content/external-references?article=0264-6021(1993)296L.297[aid=797989]
http://www.ingentaconnect.com/content/external-references?article=0264-6021(1993)296L.297[aid=797989]
http://www.ingentaconnect.com/content/external-references?article=1477-0520(2005)3L.2053[aid=8059323]
http://www.ingentaconnect.com/content/external-references?article=1477-0520(2005)3L.2053[aid=8059323]
http://www.ingentaconnect.com/content/external-references?article=1074-5521(2005)12L.621[aid=7382432]
http://www.ingentaconnect.com/content/external-references?article=0968-0896(2005)13L.2825[aid=7382456]
http://www.ingentaconnect.com/content/external-references?article=0968-0896(2005)13L.2825[aid=7382456]
http://www.ingentaconnect.com/content/external-references?article=1074-5521(2004)11L.691[aid=7339639]
http://www.ingentaconnect.com/content/external-references?article=0022-2623(2007)50L.409[aid=7910097]
http://www.ingentaconnect.com/content/external-references?article=0022-2623(2007)50L.409[aid=7910097]
http://www.ingentaconnect.com/content/external-references?article=0264-6021(2008)414L.383[aid=8897320]
http://www.ingentaconnect.com/content/external-references?article=0003-9861(2008)477L.404[aid=8897321]
http://www.ingentaconnect.com/content/external-references?article=0003-9861(2008)477L.404[aid=8897321]
http://www.ingentaconnect.com/content/external-references?article=0092-8674(2006)125L.733[aid=8672870]
http://www.ingentaconnect.com/content/external-references?article=1097-2765(2000)6L.909[aid=3276522]
http://www.ingentaconnect.com/content/external-references?article=1078-8956(2005)11L.936[aid=8313691]
http://www.ingentaconnect.com/content/external-references?article=0022-2623(2006)49L.3857[aid=8672869]
http://www.ingentaconnect.com/content/external-references?article=1554-8929(2008)3L.305[aid=8897322]
http://www.ingentaconnect.com/content/external-references?article=0028-0836(1999)402L.313[aid=1966030]
http://www.ingentaconnect.com/content/external-references?article=0036-8075(2007)318L.1744[aid=8672839]
http://www.ingentaconnect.com/content/external-references?article=0036-8075(2007)318L.1744[aid=8672839]
http://www.ingentaconnect.com/content/external-references?article=1477-0520(2009)7L.840[aid=8897323]
http://www.ingentaconnect.com/content/external-references?article=0022-3565(2007)321L.1[aid=8897324]
http://www.ingentaconnect.com/content/external-references?article=0340-6245(2008)99L.279[aid=8897325]
http://www.ingentaconnect.com/content/external-references?article=0006-3002(2008)1784L.159[aid=8866468]
http://www.ingentaconnect.com/content/external-references?article=0006-3002(2008)1784L.159[aid=8866468]
http://clinicaltrials.gov


Small Molecule Inhibitors of Phosphoinositide 3-Kinase (PI3K)  and  Current Topics in Medicinal Chemistry, 2009, Vol. 9, No. 8     751 

[49] Sadhu, C.; Masinovsky, B.; Dick, K.; Sowell, C.G.; Staunton, D. E. 

Essential role of phosphoinositide 3-kinase  in neutrophil 
directional movement. J. Immunol. 2003, 170, 2647-2654. 

[50] Puri, K. D.; Doggett, T. A.; Douangpanya, J.; Hou, Y.; Tino, W. T.; 
Wilson, T.; Graf, T.; Clayton, E.; Turner, M.; Hayflick, J. S.; 

Diacovo, T. G. Mechanisms and implications of phosphoinositide 
3-kinase  in promoting neutrophil trafficking into inflamed tissue. 

Immunobiol. 2004, 103, 3448-3456. 
[51] Sadhu, C.; Dick, K.; Tino, W. T.; Staunton, D. E. Selective role of 

PI3K  in neutrophil inflammatory responses. Biochem. Biophys. 
Res. Commun. 2003, 308, 764-769. 

[52] Randis, T. M.; Puri, K. D.; Zhou, H.; Diacovo, T. G. Role of PI3K  
and PI3K  in inflammatory arthritis and tissue localization of 

neutrophils. Eur. J. Immunol. 2008, 38, 1215. 
[53] Wedemeyer, J.; Galli, S. J. Mast cells and basophils in acquired 

immunity. Br. Med. Bull. 2000, 56, 936-955. 
[54] Ali, K.; Bilancio, A.; Thomas, M.; Pearce, W.; Gilfillan, A. M.; 

Tkacyk, C.; Kuehn, N.; Gray, A.; Giddings, J.; Peskett, E.; Fox, R.; 
Bruce, I.; Walker, C.; Sawyer, C.; Okkenburg, K.; Finan, P.; 

Vanhaesebroeck, B. Essential role for the p110  phosphoinositide 
3-kinase in the allergic response. Nature 2004, 431, 1007-1011. 

[55] Ali, K.; Camps, M.; Pearce, W. P.; Ji, H.; Ruckle, T.; Kuehn, N.; 
Pasquali, C.; Chabert, C.; Rommel, C.; Vanhasebroeck, B. Isoform-

specific functions of phosphoinositide 3-kinases: p110  but not 
p110  promotes optimal allergic responses in vivo. J. Immunol. 

2008, 180, 2538-2544. 
[56] Laffargue, M.; Calvez, R.; Finan, P.; Trifilieff, A.; Barbier, M..; 

Altruda, F.; Hirsch, E.; Wymann, M. P. Phosphoinositide 3-kinase 
 is an essential amplifier of mast cell function. Immunity 2002, 16, 

441-451. 
[57] Lee, K. S.; Park, S. J.; Kim, S. R.; Min, K. H.; Jin, S. M.; Puri, K. 

D.; Lee, Y. C. Phosphoinositide 3-kinase-  inhibitor reduces 
vascular permeability in a murine model of asthma. J. Allergy Clin. 

Immunol. 2006, 118, 403-409. 
[58] Lee, K. S.; Lee, H. K.; Hayflick, J. S.; Lee, Y. C.; Puri, K. D. 

Inhibition of phosphoinositide 3-kinase  attenuates allergic airway 
inflammation and hyperresponsiveness in murine asthma model. 

FASEB J. 2006, 20, 455-465. 
[59] Park, S. J.; Min, K. H.; Lee, Y. C. Phosphoinositide 3-kinase  

inhibitor as a novel therapeutic agent in asthma. Respirology 2008, 
13, 764-771. 

[60] Sujobert, P.; Bardet, V.; Cornillet-Lefebvre, P.; Hayflick, J. S.; 
Prie, N.; Verdier, F.; Vanhaesebroeck, B.; Muller, O.; Pesce, F.; 

Ifrah, N.; Hunault-Berger, M.; Berthou, C.; Villemagne, B.; 
Jourdan, E.; Audhuy, B.; Solary, E.; Witz, B.; Harousseau, J. L.; 

Himberlin, C.; Lamy, T.; Lioure, B.; Cahn, J. Y.; Dreyfus, F.; 
Mayeux, P.; Lacombe, C.; Bouscary, D. Essential role for the 

p110  isoform in phosphoinositide 3-kinase activation and cell 
proliferation in acute myeloid leukemia. Blood 2005, 106, 1063-

1066. 
[61] Calistoga Pharmaceuticals press release, March 5, 2007; 

www.calistogapharma.com 
[62] Calistoga Pharmaceuticals press release, June 9, 2009; 

www.calistogapharma.com 
[63] Clinical trials database homepage. http://clinicaltrials.gov 

Identifier: NCT00836914, (6/18/09). 
[64] Amzel, L. M.; Huang, C.-H.; Mandelker, D.; Lengauer, C.; Gabelli, 

S. B.; Vogelstein, B. Structural comparisons of class I phos-
phoinositide 3-kinases. Nat. Rev. Cancer 2008, 8, 665-669. 

[65] Liu, Y.; Gray, N. S. Rational design of inhibitors that bind to 
inactive kinase conformations. Nat. Chem Biol. 2006, 2, 358-364. 

[66] Knight, Z. A.; Shokat, K. M. Chemically targeting the PI3K family. 
Biochem. Soc. Trans. 2007, 35, 245-249. 

[67] Knight, Z.; Shokat, K. M.; Williams, O. PI3 kinase antagonists. 
WO2008127226, 2008. 

[68] Knight, Z.; Shokat, K. M.; Williams, O. PI3 kinase antagonists. 
US20080032960, 2008. 

[69] Knight, Z.; Apsel, B.; Shokat, K. M. Kinase antagonists. 
US20070293516, 2007. 

[70] White, S. L.; Ruan, F.; Kesicki, E. A.; Thorsett, E.; Farouz, F. 
Inhibitors of phophatidyl-inositol-3-kinase delta. WO064802, 2009. 

[71] White, S. L. Thienopyrimidinones for treatment of inflammatory 
disorders and cancers. WO2008064018, 2008. 

[72] Annelated azaheterocycles comprising pyrimidine fragment, 
method for the production thereof and (PI3Ks) kinase inhibitors. 

WO2009011617, 2009. 

[73] Chen, Y.; Cushing, T. D.; Hao, X.; He, X.; Reichelt, A.; Rzasa, R. 

M.; Seganish, J.; Shin, Y.; Zhang, D. 3-Substituted quinoline or 
quinoxaline derivatives and their use as phosphatidylinositol-3-

kinase (PI3K) inhibitors. WO2008118455, 2008. 
[74] Hayakawa, M.; Kaizawa, H.; Moritomo, H.; Koizumi, T.; Ohishi, 

T.; Okada, M.; Ohta, M.; Tsukamoto, S.-I.; Parker, P.; Workman, 
P.; Waterfield, M. Synthesis and biological evaluation of 4-

morpholino-2-phenylquinazolines and related derivatives as novel 
PI3 kinase p110  inhibitors. Bioorg. Med. Chem. Lett. 2006, 14, 

6847-6858. 
[75] Chuckowree, I.; Folkes, A.; Hancox, T.; Shuttleworth, S. 

Pharmaceutical compounds. WO07129161, 2007. 
[76] Folkes, A. J.; Ahmadi, K.; Alderton, W. K.; Alix, S.; Baker, S. J.; 

Box, G.; Chuckowree, I. S.; Clarke, P. A.; Depledge, P.; Eccles, S. 
A.; Friedman, L. S.; Hayes, A.; Hancox, T. C.; Kugendradas, A.; 

Lensun, L.; Moore, P.; Olivero, A. G.; Pang, J.; Patel, S.; Pergl-
Wilson, G. H.; Raynaud, F. I.; Robson, A.; Saghir, N.; Salpathu, L.; 

Sohal, S.; Ultsch, M. H.; Valenti, M.; Wallweber, H. J. A.; Wan, N. 
C.; Wiesmann, C.; Workman, P.; Zhyvoloup, A.; Zvelebil, M. J.; 

Shuttleworth, S. J. The identification of 2-(1H-indazol-4-yl)-6-(4-
methanesulfonyl-piperazin-1-ylmethyl)-4-morpholin-4-yl-

thieno[3,2,-d]pyrimidine (GDC-0941) as a potent, selective, orally 
bioavailable inhibitor of class I PI3 kinase for the treatment of 

cancer. J. Med. Chem. 2008, 51, 5522-5532. 
[77] Clinical trials database homepage. http://clinicaltrials.gov 

Indentifier: NCT00876109, (6/18/09). 
[78] Clinical trials database homepage. http://clinicaltrials.gov 

Indentifier: NCT00876122, (6/18/09). 
[79] Hancox, T. C.; Pegg, N. A.; Nadin, A. J.; Price, S. Thieno-

pyrimidine derivatives as PI3K inhibitors. WO053715, 2009. 
[80] Goldsmith, P.; Hancox, T. C.; Hudson, A.; Pegg, N. A.; 

Kulagowski, J. J.; Nadin, A. J.; Price, S. Purine derivatives useful 
as PI3 kinase inhibitors. WO2009053716, 2009. 

[81] Baker, S. J.; Goldsmith, P. J.; Hancox, T. C.; Pegg, N. A.; 
Shuttleworth, S. J.; Dechaux, E. A.; Krintel, S. L.; Price, S.; Large, 

J. M.; MacDonald, E. Pharmaceutical compounds. 
WO2008125833, 2008. 

[82] Goldsmith, P. J.; Hancox, T. C.; Pegg, N. A.; Shuttleworth, S. J.; 
Large, J. M.; MacDonald, E. 2-Morpholin-4-yl-pyrimidines as 

PI3K inhibitors. WO2008125835, 2008. 
[83] Goldsmith, P. J.; Hancox, T. C.; Pegg, N. A.; Shuttleworth, S. J.; 

Large, J. M.; Dechaux, E. A.; Price, S.; MacDonald, E. 
Pharmaceutical compounds. WO2008125839, 2008. 

[84] Baker, S. J.; Hancox, T. C.; Pegg, N. A.; Nadin, A. J.; Price, S. 
Quinazoline derivatives as PI3K inhibitors. WO2008152387, 2008. 

[85] Hancox, T. C.; Pegg, N. A.; Beswick, M. C.; Blench, T. J.; 
Dechaux, E. A.; Kulagowski, J. J.; Nadin, A. J.; Price, S. 

Thiazoliopyrimidines and their use as inhibitors of 
phosphatidylinositol-3 kinase. WO2008152390, 2008.  

[86] Alexander, R.; Balasundaram, A.; Batchelor, M.; Brookings, D.; 
Crabbe, T.; Deltent, M.-F.; Driessens, F.; Gill, A.; Harris, S.; 

Hutchinson, G.; Kitahara, K.; Kulisa, C.; Merriman, M.; Mistry, P.; 
Parton, T.; Turner, J.; Whitcombe, I.; Wright, S. 4-(1,3-Thiazol-2-

yl)morpholine derivatives as inhibitors of phosphoinositide 3-
kinase. Bioorg. Med. Chem. Lett. 2008, 18, 4316-4320. 

[87] Alexander, R. P.; Aujla, P.; Batchelor, M. J.; Brookings, D. C.; 
Buckley, G. M.; Crepy, K. V. L.; Kulisa, C. L.; Turner, J. P. 

WO2006114606, 2006. 
[88] Perry B.; Alexander R; Bennett G.; Buckley, G.; Ceska, T.; Crabbe, 

T.; Dale, V.; Gowers, L.; Horsley, H.; James, L.; Jenkins, K.; 
Kitahara, K.; Kulisa, C.; Lightfoot, H.; Lock, C.; Mack, S.; 

Morgan, T.; Nicolas, A.-L.; Pitt, W.; Sabin, V.; Wright, S. 
Achieving multi-isoform PI3K inhibition in a series of substituted 

3,4-dihydro-2H-benzo[1,4]oxazines. Bioorg. Med. Chem. Lett., 
2008, 18, 4700-4704. 

[89] Alexander, R. P.; Aujla, P. S.; Crepy, K. V. L.; Foley, A. M.; 
Franklin, R. J.; Haughan, A. F.; Horsley, H. T.; Jones, W. M.; 

Lallemand, B. I. L.; Mack, S. R.; Morgan, T.; Pasau, P. M. G.; 
Phillips, D. J.; Sabin, V. M.; Buckley, G. M.; Jenkins, K.; Perry, B. 

G. Fused thiazole derivatives as PI3 kinase inhibitors and their 
preparation, pharmaceutical compositions and use in the treatment 

of diseases. WO2008001076, 2008. 
[90] Perry B.; Beevers R.; Bennett G.; Buckley, G.; Crabbe, T.; Gowers, 

L.; James, L.; Jenkins, K.; Lock, C.; Sabin, V.; Wright, S. 
Optimization of a series of multi-isoform PI3 kinase inhibitors. 

Bioorg. Med. Chem. Lett. 2008, 18, 5299-5302. 

http://www.ingentaconnect.com/content/external-references?article=0960-894x(2008)18L.5299[aid=8897326]
http://www.ingentaconnect.com/content/external-references?article=0960-894x(2008)18L.4700[aid=8897327]
http://www.ingentaconnect.com/content/external-references?article=0960-894x(2008)18L.4700[aid=8897327]
http://www.ingentaconnect.com/content/external-references?article=0960-894x(2008)18L.4316[aid=8897328]
http://www.ingentaconnect.com/content/external-references?article=0022-2623(2008)51L.5522[aid=8672904]
http://www.ingentaconnect.com/content/external-references?article=0300-5127(2007)35L.245[aid=8897330]
http://www.ingentaconnect.com/content/external-references?article=1474-175x(2008)8L.665[aid=8897331]
http://www.ingentaconnect.com/content/external-references?article=0006-4971(2005)106L.1063[aid=8866499]
http://www.ingentaconnect.com/content/external-references?article=1323-7799(2008)13L.764[aid=8897332]
http://www.ingentaconnect.com/content/external-references?article=1323-7799(2008)13L.764[aid=8897332]
http://www.ingentaconnect.com/content/external-references?article=0892-6638(2006)20L.455[aid=8866500]
http://www.ingentaconnect.com/content/external-references?article=0091-6749(2006)118L.403[aid=8897333]
http://www.ingentaconnect.com/content/external-references?article=0091-6749(2006)118L.403[aid=8897333]
http://www.ingentaconnect.com/content/external-references?article=1074-7613(2002)16L.441[aid=8897334]
http://www.ingentaconnect.com/content/external-references?article=1074-7613(2002)16L.441[aid=8897334]
http://www.ingentaconnect.com/content/external-references?article=0028-0836(2004)431L.1007[aid=8897335]
http://www.ingentaconnect.com/content/external-references?article=0007-1420(2000)56L.936[aid=8897336]
http://www.ingentaconnect.com/content/external-references?article=0014-2980(2008)38L.1215[aid=8897337]
http://www.ingentaconnect.com/content/external-references?article=0006-291x(2003)308L.764[aid=8672879]
http://www.ingentaconnect.com/content/external-references?article=0006-291x(2003)308L.764[aid=8672879]
http://www.ingentaconnect.com/content/external-references?article=0022-1767(2003)170L.2647[aid=7339353]
http://www.calistogapharma.com
http://www.calistogapharma.com
http://clinicaltrials.gov
http://clinicaltrials.gov
http://clinicaltrials.gov


752    Current Topics in Medicinal Chemistry, 2009, Vol. 9, No. 8 Ameriks and Venable 

[91] Alexander, R. P.; Bailey, S.; Brand, S.; Brookings, D. C.; Brown, J. 

A.; Haughan, A. F.; Kinsella, N.; Lowe, C.; Mack, S. R.; Pitt, W. 
R.; Richard, M. D.; Sharpe, A.; Tait, L. J. Fused thiophene 

derivatives as kinase inhibitors. WO2007141504, 2007. 
[92] Buckley, G. M.; Morgan, T.; Sabin, V. M. Fused thiazole 

derivatives as kinase inhibitors. WO2008044022, 2008. 
[93] Alexander, R. P.; Brown, J. A.; Crepy, K. V. L.; Mack, S. R. 

Thiazole derivatives as kinase inhibitors. WO2008047109, 2008. 
[94] Palanki, M. S. S.; Dneprovskaia, E.; Doukas, J.; Fine, R. M.; Hood, 

J.; Kang, X.; Lohse, D.; Martin, M.; Noronha, G.; Soll, R. M.; 
Wrasidlo, W.; Yee, S.; Zhu, H. Discovery of 3,3'-(2,4-diamino-

pteridine-6,7-diyl)diphenol as an isozyme-selective inhibitor of 
PI3K for the treatment of ischemia reperfusion injury associated 

with myocardial infarction. J. Med. Chem. 2007, 50, 4279. 
[95] Doukas, J.; Wrasidlo, W.; Noronha, G.; Dneprovskaia, E.; Fine, R.; 

Weis, S.; Hood, J.; DeMaria, A.; Soll, R.; Cheresh, D. 
Phosphoinositide 3-kinase /  inhibition limits infarct size after 

myocardial ischemia/reperfusion injury. Proc. Nat. Acad. Sci. 
2006, 103, 19866-19871. 

[96] Doukas, J.; Wrasidlo, W.; Noronha, G.; Dneprovskaia, E.; Hood, 
J.; Soll, R. Isoform-selective PI3K inhibitors as novel therapeutics 

for the treatment of acute myocardial infarction. Biochem. Soc. 
Trans. 2007, 35, 204-206. 

[97] Clinical trials database homepage. http://clinicaltrials.gov 
Identifier: NCT00103350, (6/18/09). 

[98] Doukas, J.; Eide, L.; Stebbins, K.; Racanelli-Layton, A.; 
Dellamary, L.; Martin, M.; Dneprovskaia, E.; Noronha, G.; Soll, 

R.; Wrasidlo, W.; Acevedo, L. M.; Cheresh, D. A. Aerosolized 
phosphoinositide 3-kinase /  inhibitor TG100-115 [3-[2,4-

diamino-6-(3-hydroxyphenyl)pteridin-7-yl]phenol] as a therapeutic 
candidate for asthma and chronic obstructive pulmonary disease. J. 

Pharmacol. Exp. Ther. 2009, 328, 758-765. 
[99] Rueckle, T.; Jiang, X.; Gaillard, P.; Church, D.; Vallotton, T. 

Azolidinone-vinyl fused-benzene derivatives. WO2004007491, 
2004. 

[100] Rueckle, T., Shaw, J., Church, D., Covini, D. 2-Imino-4-(thio)oxo-
5-polycyclovinylazolines for use as PI3 kinase inhibitors. 

WO011686, 2005. 
[101] Rueckle, T.; Quattropani, A.; Pomel, V.; Dorbais, J.; Covini, D.; 

Bischoff, A. Pyridine methylene azolidinones and use there of 
phosphoinositide inhibitors. WO20024666, 2006. 

[102] Yki-Jarvinen, H. Thiazolidinediones. New Engl. J. Med. 2004, 351, 
1106-1118. 

[103] Fougerat, A.; Gayral, S.; Gourdy, P.; Schambourg, A.; Ruckle, T.; 
Schwarz, M. K.; Rommel, C.; Irsch, E.; Arnal, J.-F.; Salles, J.-P.; 

Perret, B.; Breton-Douillon, M.; Wymann, M. P.; Laffargue, M. 
Genetic and pharmacological targeting of phosphoinositide 3-

kinase-  reduces atherosclerosis and favors plaque stability by 
modulating inflammatory processes. Circulation 2008, 117, 1310-

1317. 
[104] Barber, D. F.; Bartolome, A.; Hernandez, C.; Flores, J. M.; 

Redondo, C.; Fernandez-Arias, C.; Camps, M.; Ruckle, T.; 
Schwarz, M. K.; Rodriguez, S.; Martinez, A-C.; Balomenos, D.; 

Rommel, C.; Carrera, A. C. PI3Kg inhibition blocks glomerulone-
phritis and extends lifespan in a mouse model of systemic lupus. 

Nat. Med. 2005, 11, 933-935. 
[105] Noronha, G.; Mak, C. C.; Palanki, M. Thiazolidine compounds, 

and methods of making and using same. WO20026346, 2009. 
[106] Barvian, N. C.; Kolz, C. N.; Para, K. S.; Patt, W. C.; Visnick, M. 

Benzoxazine-3-ones and derivatives thereof as inhibitors of PI3K. 
WO2004052373, 2004. 

[107] Gogliotti, R. D.; Muccioli, K. L.; Para, K. S.; Visnick, M. 
Benzoxazines and derivatives thereof as inhibitors of PI3Ks. 

WO2004056820, 2004. 
[108] Lanni, T. B. Jr.; Greene K. L.; Kolz, C. N.; Para, K. S.; Visnick, 

M.; Mobley, J. L.; Dudley, D. T.; Baginski, T. J.; Liimatta, M. B. 
Design and synthesis of phenethyl benzo[1,4]oxazine-3-ones as 

potent inhibitors of PI3Kinase . Bioorg. Med. Chem. Lett. 2007, 
17, 756-760. 

[109] Bruce, I.; Finan, P.; Leblanc, C.; McCarthy, C.; Whitehead, L.; 
Blair, N. E.; Bloomfield, G. C.; Hayler, J.; Kirman, L.; Oza, M. S.; 

Shukla, L. 5-Phenylthiazole derivatives and their use as PI3 kinase 
inhibitors. WO20072557, 2003. 

[110] Bloomfield, G. C.; Bruce, I.; Hayler, J. F.; LeBlanc, C.; Legrand, 
D. M.; McCarthy, C. Organic compounds. WO05021519, 2005. 

[111] Bloomfield, G. C.; Bruce, I.; Leblanc, C.; Oza, Mrinalini S.; 

Whithead, L.; Cuenoud, B.; Keller, T. H.; Kirman, L.; McCarthy, 
C.; Woodward, G. E. 5-Phenylthiazole derivatives and use as PI3 

kinase inhibitors US20060148822, 2006. 
[112] Budd, E.; Fox, H. J.; Ian B.; Legrand, D. M.; Cox, B.; Roth, P. R. 

5-Phenyl-thiazol-2-yl-urea derivatives and use as PI3 kinase 
inhibitors. WO2007134827, 2007. 

[113] Bruce, I.; Cuenoud, B.; Keller, T. H.; Pilgrim, G. E.; Press, N.; Le 
Grand, D. M.; Ritchie, C.; Valade, B.; Hayler, J.; Budd, E. 

Inhibitors of phosphatidylinositol 3-kinase. US20070032487, 2007. 
[114] Budd, E.; Hatto, J. D. I.; Hayler, J. F.; Legrand, D. M.; Valade, B. 

Organic compounds. WO2007068473, 2007. 
[115] Bruce, I.; Weitz, S. G. Organic compounds. WO2008000421, 2008. 

[116] Bruce, I.; Dunstan, A.; Hunt, T. A.; Howsham, C. Organic 
compounds. WO2009013348, 2009. 

[117] Brandl, T.; Maier U.; Hoffmann, M.; Scheuerer, S.; Joergensen, A. 
T.; Pautsch, A.; Breitfelder, S.; Grauert, M.; Hoenke, C.; Erb, K.; 

Pieper, M.; Pragst I. Thiazolyl-dihydroquinazolines. 
WO2007115929, 2007. 

[118] Maier, U.; Grauert, M.; Hoffmann, M.; Hoenke, C.; Joergensen, A. 
T.; Pautsch, A.; Brandl, T.; Breitfelder, S.; Scheuerer, S.; Erb, K.; 

Pieper, M.; Pragst, I. Thiazolyldihydroindazoles. WO2007115930, 
2007. 

[119] Breitfelder, S.; Maier, U.; Hoenke, C.; Joergensen, A. T.; Pautsch, 
A.; Brandl, T.; Grauert, M.; Hoffmann, M.; Scheuerer, S.; Erb, K.; 

Pieper, M.; Pragst I. Thiazolyl-dihydrocyclopentapyrazoles for use 
as PI3-kinase inhibitors. WO2007115931, 2007. 

[120] Grauert, M.; Maier, U.; Hoffman, M.; Scheuerer, S.; Joergensen, A. 
T.; Pautsch, A.; Brandl, T.; Hoenke, C.; Breitfelder, S.; Klaus, E.; 

Pieper, M.; Pragst, I. Thiazolyl-dihydro-indazole. US20090093474, 
2009. 

[121] Wang, T.; Green, J.; Cornebise, M.; Ledford, B.; Parsons, J.; 
Tanner, A.; Westcott, J. Inhibitors of phosphatidylinositol 3-kinase. 

WO2008027584, 2008. 
[122] Moffat, D. C. F.; Davies, S.; Alesso, S. M.; Launay, D. F. M.: 

WO2007129048, 2007. 
[123] Quattropani, A.; Rueckle,T.; Schwarz, M.; Dorbais, J.; Sauer, W.; 

Cleva, C.; Desforges, G. Thiazole derivatives and use thereof. 
WO2005068444, 2005. 

[124] Quattropani, A.; Pomel, V.; Rueckle, T.; Grippi-Vallotton, T. 
Thiazole derivatives and use thereof. WO2007082956, 2007. 

[125] Giovannini, R.; Frattini, S.; Brandl, T.; Breitfelder, S.; Cereda, E.; 
Grauer, M.; Hoffmann, M.; Joergensen, A. T.; Maier U.; Pautsch 

A.; Quai, M.; Scheuerer, S. Pteridinone derivatives as PI3-kinases 
inhibitors. WO2008092831, 2008. 

[126] Bruendl, M. M.; Gogliotti, R. D.; Goodman, A. P.; Reichard, G. A. 
Pyrrolyl-substituted pyrido[2,3-D]pyrimidin-7-ones and derivatives 

thereof as therapeutic agents. US20080255162, 2008. 
[127] Shimada, M.; Murata, T.; Fuchikami, K.; Tsujishita, H.; Omori, N.; 

Kato, I.; Miura, M.; Urbahns, K.; Gantner, F.; Bacon, K. Fused 
azole-pyrimidine derivatives. WO2004029055, 2004. 

[128]  Bruce, I.; Hayler, J. F.; Bloomfield, G. C.; Edwards, L.; Cox, B.; 
Howsham, C. Pyrazolo[3,4-D]pyrimidine derivatives useful to treat 

respiratory disorders. WO2007134828, 2007. 
[129] Gaillard, P.; Quattropani A.; Pomel, V.; Rueckle, T.; Klicic, J.; 

Church, D. Pyrazine derivatives and use as PI3K inhibitors. 
WO2007023186, 2007. 

[130] Connolly, M. K.; Gogliotti, R. D.; Plummer, M. S.; Visnick, M. 
Pyrimidines as inhibitors of phosphoinositide 3-kinases (PI3K). 

WO2005042519, 2005. 
[131] Robertson, D. G.; Datta, K.; Wells, D.; Egnash, L.; Robosky, L.; 

Manning, M.; Rohde, C.; Reily, M. D. Metabonomic evaluation of 
metabolic dysregulation in rats induced by PF 376304, a novel 

inhibitor of phosphoinositide 3-kinase. Chem. Res. Toxicol. 2007, 
20, 1871-1877. 

[132] Gogliotti, R. D.; Lee, H. T.; Sexton, K. E.; Visnick, M. Tetrazol 
benzofurancarboxamides with PI3K activity as therapeutic agents. 

WO2004108709, 2004. 
[133] Bruendl, M. M.; Connolly, M. K.;Goodman, A. P.; Gogliotti, R. D.; 

Lee, H. T.; Plummer, M. S.; Sexton, K. E.; Reichard, G. A.; 
Visnick, M.; Wilson, M. W.; Shahripour, A. B. 3-Aryloxy and 3-

heteroaryloxy substituted benzo(B) thiophenes as therapeutic 
agents with PI3K activity. WO2004108715, 2004. 

[134] Connolly, M. K.; Cogliotti, R. D.; Hurt, C. R.; Reichard, G. A.; 
Visnick, M. Halo substituted benzo(B) thiophenes with PI3K 

inhibitory activity as therapeutic agents. WO2005023800, 2005. 

http://www.ingentaconnect.com/content/external-references?article=0893-228x(2007)20L.1871[aid=8897339]
http://www.ingentaconnect.com/content/external-references?article=0893-228x(2007)20L.1871[aid=8897339]
http://www.ingentaconnect.com/content/external-references?article=0960-894x(2007)17L.756[aid=8897340]
http://www.ingentaconnect.com/content/external-references?article=0960-894x(2007)17L.756[aid=8897340]
http://www.ingentaconnect.com/content/external-references?article=1078-8956(2005)11L.933[aid=8866486]
http://www.ingentaconnect.com/content/external-references?article=0009-7322(2008)117L.1310[aid=8897341]
http://www.ingentaconnect.com/content/external-references?article=0028-4793(2004)351L.1106[aid=6896404]
http://www.ingentaconnect.com/content/external-references?article=0028-4793(2004)351L.1106[aid=6896404]
http://www.ingentaconnect.com/content/external-references?article=0022-3565(2009)328L.758[aid=8897342]
http://www.ingentaconnect.com/content/external-references?article=0022-3565(2009)328L.758[aid=8897342]
http://www.ingentaconnect.com/content/external-references?article=0300-5127(2007)35L.204[aid=8897343]
http://www.ingentaconnect.com/content/external-references?article=0300-5127(2007)35L.204[aid=8897343]
http://www.ingentaconnect.com/content/external-references?article=0027-8424(2006)103L.19866[aid=8621592]
http://www.ingentaconnect.com/content/external-references?article=0027-8424(2006)103L.19866[aid=8621592]
http://www.ingentaconnect.com/content/external-references?article=0022-2623(2007)50L.4279[aid=8866508]
http://clinicaltrials.gov


Small Molecule Inhibitors of Phosphoinositide 3-Kinase (PI3K)  and  Current Topics in Medicinal Chemistry, 2009, Vol. 9, No. 8     753 

[135] Wilson, F.; Ramsden, N.; Bell, K.; Cansfield, A.; Burckhardt, S.; 

Taylor, J.; Sunose, M.; Middlemiss, D. Triazole derivatives as 
kinase inhibitors. WO2008025821, 2008. 

[136] Ramsden, N.; Bell, K.; Cansfield, A.; Taylor, J.; Sunose, M.; 
Middlemiss, D.; Neubauer, G. Amino triazoles as PI3K inhibitors. 

WO2008025821, 2008. 
[137] Bruce, I.; Dale, J.; Hunt, T. A. Bicyclic heteroaryl compounds and 

their use as kinase inhibitors. WO2009010530, 2009. 

[138] Capraro, H-G.; Imbach, P.; Caravatti, G.; Furet, P. Organic 

compounds. WO2008138834, 2008. 
[139] Capraro, H-G.; Charavatti, G.; Furet, P.; Imbach, P.; Lan, J.; 

Pecchi, S.; Schoepfer, J. Substituted imidazopyridazines and 
pyrrolopyrimidines as lipid kinase inhibitors. WO2008138889, 

2008. 

 

 

Received June 12, 2009         Accepted July 1, 2009 

 


