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The PI3K-AKT signalling pathway plays a critical role in cell growth, proliferation, motility and survival. In human cancer, this 
pathway is activated by several mechanisms, including somatic mutations, deletions and amplifications. Within this pathway, Class I 

phosphoinositide 3-kinases (PI3Ks) have emerged as attractive targets for the treatment of cancers. This class is composed of 4 

members: PI3Kα, PI3Kβ, PI3Kγ and PI3Kδ. All isoforms phosphorylate phosphatidylinositol (4,5)-bisphosphate (PIP2) to generate 

phosphatidylinositol (3,4,5)-triphosphate (PIP3). PIP3 acts as a second messenger to trigger a diverse set of signalling cascades, whilst 
the tumour suppressor PTEN (phosphatase and tensin homolog) reverses this process.

1
  

While the different members of Class I PI3Ks were originally thought to be redundant in function, the generation of isoform selective 

inhibitors has started to elucidate individual distinct functions for these lipid kinases.
2
 For instance, PI3Kδ has been shown to play a 

critical role in B-cell signalling in response to a number of cytokines and chemokines. Specific inhibition of PI3Kδ has been shown to 

have activity in human B-cell cancers such as chronic lymphocytic leukemia (CLL) and indolent non-Hodgkin lymphoma (iNHL).
3 

Similarly, inhibition of PI3Kβ is thought to be important in PTEN-deficient tumours, as deletion of PI3Kβ was shown to markedly 
impair tumorigenesis driven by the loss of PTEN.

4
 These results have prompted drug discovery efforts to find selective orally available 

PI3Kβ inhibitors and, as a result, many PI3Kβ selective inhibitors have been disclosed in recent years.
5 
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Figure 1. Structures of some pyridopyrimidone- and chromenone-based PI3Kβ/δ inhibitors 
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Attempts to lock the active conformation of compound 4, a PI3Kβ/δ  inhibitor (PI3Kβ cell IC50 0.015

µM), led to the discovery of a series of 8-(1-phenylpyrrolidin-2-yl)-6-carboxamide-2-morpholino-4H-

chromen-4-ones, which showed high levels of potency and selectivity as PI3Kβ/δ inhibitors. 

Compound 10 proved exquisitely potent and selective: PI3Kβ cell IC50 0.0011 µM in PTEN null 

MDA-MB-468 cell and PI3Kδ cell IC50 0.014 µM in Jeko-1 B-cell, and exhibited suitable physical 

properties for oral administration.  In vivo, compound 10 showed profound pharmacodynamic 

modulation of AKT phosphorylation in a mouse PTEN-null PC3 prostate tumour xenograft after a 

single oral dose and gave excellent tumour growth inhibition in the same model after chronic oral 

dosing. Based on these results, compound 10 was selected as one of our PI3Kβ/δ preclinical 

candidates. 
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Initial work at AstraZeneca resulted in the discovery of AZD6482,6 a PI3Kβ inhibitor showing inhibition of platelet aggregation 

suitable for short intravenous infusion in humans. We subsequently reported further optimisation of AZD6482 to potent and orally 

available PI3Kβ/δ inhibitors.
7-9

 An essential aspect of this work was the removal of the carboxylic acid, for which we had to 
compensate the increase of lipophilicity in this pyridopyrimidone series (measured logD7.4 of TGX-221: 3.6). Substitution with an 

amide at the 7-position of the pyridopyrimidone core afforded orally available compounds, as exemplified by 1 and 2, the latter showing 

potent tumour growth inhibition in a PTEN-deficient tumour model.
7b

 Scaffold hopping to the more hydrophilic chromenone increased 

human metabolic stability and led to the identification of the clinical candidate 3 (measured logD7.4: 2.3), known as AZD8186, currently 
in phase I clinical trials.

8
 Interestingly, during this work, we showed that alkylation of the nitrogen of the aniline by a methyl group (i.e. 

4) was tolerated with minimal loss of potency (PI3Kβ cell IC50 0.015 µM for 4 vs. 0.003 µM for 3). We previously reported our 

homology model of PI3Kβ kinase, the T-shaped active conformation for this series of PI3Kβ inhibitors and the key interactions with the 

PI3Kβ kinase.
7b

 On the basis of the docking of 4 in this model, the methyl on the asymmetric carbon bearing the aniline and the methyl 

on the nitrogen of the aniline would be on the same side and, therefore, might offer the possibility for cyclisation. We hypothesised that 

cyclisation may limit conformational freedom even further and lock the molecule into its active conformation. Modelling work 
suggested that a five membered ring would have the required conformation (see overlay in Figure 2).  The pyrrolidine linker was 

predicted to overlay very well with that of the acyclic linker, although the phenyl ring could be slightly shifted.  This was thought to 

potentially change the SAR previously reported around optimal substitution of the aniline.   

   

             

  a    b 

Figure 2: Overlay of the docked structures for 4 (cyan) and 8 (orange) into the previously described homology model of PI3Kβ (a) Ribbon diagram showing the 

predicted conformation of the pyrolidine linker in relation to the acyclic version.  b) Surface (in red) showing the available pocket focused on the 3,5-

difluorophenyl moiety. 

 

We describe therein the discovery of a series of 8-(1-phenylpyrrolidin-2-yl)-6-carboxamide-2-morpholino-4H-chromen-4-one as orally 

available PI3Kβ/δ selective inhibitors and their potential application as anticancer agents in PTEN-deficient tumours. Compounds 5-15 
were evaluated as racemates or pure enantiomers as indicated in Table 1, and selectivity among PI3K kinases is reported for selected 

compounds in Table 2.
10

  

Compounds 5-15 were made according to Schemes 1-4. We previously reported the synthesis of dimethyl amide 17
9
 from 16,

8
 via a 

one-pot saponification / amide coupling with dimethyl amine via the activated 4,6-methoxytriazine-2-oxy ester. We anticipated 
accessing compound 5 from 19, which would be obtained from 17 by palladium-catalyzed arylation of N-Boc pyrrolidine with the 

option of high enantioselectivity (Scheme 1, dotted arrow).
11

 However, despite significant optimisation, 19 was obtained only in a very 

modest yield.
12

  

We turned to another strategy (Scheme 1): Suzuki coupling of 17 with N-Boc-pyrrole-2-boronic acid proceeded with good yield to give 
18. Selective hydrogenation of the Boc-pyrrole 18 gave pyrrolidine 19. Boc deprotection followed by Buchwald reaction with the 

corresponding aryl bromide afforded 5 as a racemate, and 6 as a pure enantiomer after preparative chiral chromatography. A similar 

sequence was developed from ester 16, allowing amide variation at the last step (e.g. compounds 8-9 and 13, Scheme 2).  

Separation of the enantiomers at the N-Boc pyrrolidine 22 stage was carried out and provided the (R)-N-Boc-pyrrolidine 25 and (S)-N-
Boc-pyrrolidine 26. Configuration of each enantiomer was assigned by X-ray structure determination of 29, the (S,S) tartrate salt of 28, 

obtained from 26 after Boc deprotection.13 The Boc deprotection of 25 provided enantiomerically pure 27 having the (R) configuration. 

A similar sequence as in Scheme 2 was carried out: Buchwald coupling with the appropriate aryl bromide provided esters 30-32 which 

were converted into the corresponding amides 6-7, 10-12 and 15 (Scheme 3).  
An alternative route was developed in Scheme 4. The one-pot saponification / amide coupling with morpholine via the activated 4,6-

methoxytriazine-2-oxy ester gave 33. Heck coupling with N-Boc-2,3-dihydropyrrole afforded the 2,5-dihydropyrrole 34 (contaminated 

with the 2,3-dihydropyrrole analogue). Boc deprotection with trifluoroacetic acid and hydrogenation afforded pyrrolidine 35, which was 

then coupled with 1-bromo-3,5-fluorobenzene or 1-bromo-4-fluorobenzene under Buchwald conditions to give 10 or 14 after chiral 
chromatography.

13
 

Initial compounds 5 and 6 showed exquisitely strong PI3Kβ inhibition (cellular IC50 around 0.003 µM, Table 1). This level of potency 

was unprecedented for unsubstituted or 4-fluoro phenyl in earlier series (e.g. PI3Kβ cellular IC50 0.128 µM for the racemic 4-

fluorophenyl analogue of 3).
7b,8

 Selectivity over PI3Kα and PI3Kγ was maintained as illustrated by 6 (PI3Kα cellular IC50 0.18 µM; 

PI3Kα/β cellular selectivity ratio: 50; PI3Kγ enzyme IC50 0.33 µM), while PI3Kδ activity was conserved (PI3Kδ enzyme IC50 0.0082 

µM). We had previously shown that 3-mono- or 3,5-di-substitution of the phenyl with fluorine was preferred in the earlier series: indeed 

compounds 7 and 8 showed increased PI3Kβ potency (cellular IC50 0.0012 µM for both), but not to the same extent, presumably owing 



  

to slight differences in the way the phenyl ring fits in the active site.  High permeability and evidence of oral exposure was seen in this 
series as exemplified by 5 and 8, but these early compounds 5-8 showed moderate to high human hepatocyte turnover. We turned our 

attention to the amide part of the molecule, with the intention to reduce lipophilicity as a way of increasing metabolic stability of our 

initial molecules. Many amides (i.e. 9-13) were tolerated and maintained high levels of potency. Gratifyingly, less lipophilic compounds 

9 and 13 had improved metabolic stability, but introduction of an additional H-bond donor (hydroxyl) compromised permeability (i.e. 
Caco-2 Papp 2.6x10

-6 
cm/s for 9) and, as a consequence, oral exposure in mouse was low. Similarly, the slightly basic N-methyl 

piperazine 11 had only modest permeability (i.e. Caco-2 Papp 3.3x10-6 cm/s). Overall, the most interesting amide was morpholine 10, 

displaying high permeability (i.e. Caco-2 Papp 18.10-6 cm/s), low human hepatocyte turnover (Clint 5 µL/min/106 cell) and acceptable 

mouse oral exposure (AUC 2.8 µM.h following a 30 µmol/kg oral dose). Pharmacokinetics of 10 and 15 were evaluated in mouse 

(see Table 3). The observed in vivo clearance was well predicted from in vitro mouse hepatocytes, suggesting that clearance was 
essentially metabolic in the liver.  

Based on its overall profile and properties, compound 10 was selected for further evaluation. Compound 10 was profiled in dog 
pharmacokinetics, confirming that in vivo clearance could essentially be predicted from in vitro hepatocytes. Compound 10 (from 

crystalline material, melting point 180 °C) had excellent aqueous solubility: 430 µg/mL in FASSIF (Fasted Simulated Intestinal Fluid) 
and 230 µg/mL in aqueous buffer (pH 6.5) and did not show any significant hERG inhibition (hERG IC50 45 µM) or CYP P450 

inhibition (IC50 >30 µM against CYP 1A2, 2C9, 2C19, 2D6 and 3A4). 
The broader kinase selectivity of 10 was evaluated in several kinase panels. 10 showed excellent selectivity in a panel of 71 protein 

kinases (‘Dundee University protein kinase’ panel) at 1 µM, showing less than 25% of inhibition against all kinases, except MNK1 and 

MARK4 respectively 36% and 32% of inhibition. Selectivity among lipid kinases was assessed in a panel of 15 kinases (‘Dundee 

University lipid kinase’ panel), where no significant activity (IC50 >50 µM for all kinases, except SphK1 IC50 29 µM) was seen outside 
of PI3K class I enzymes. Bespoke kinase assays confirmed selectivity against selected kinases from the closely related PIKK family 

(e.g. m-TOR IC50 42 µM). The selectivity profile of 10 among the PI3K isoforms was evaluated in cell based assays: 10 is a potent 

inhibitor of PI3Kβ [IC50 0.0011 µM (+/- SEM: 0.0002)] and PI3Kδ [IC50 0.014 µM (+/- SEM: 0.001)], with good selectivity over 

PI3Kα  [IC50 0.14 µM (+/- SEM: 0.06)] and PI3Kγ (IC50 1.5 µM)
10 

Compound 10 was selected for in vivo evaluation in PTEN-deficient tumour models. In an acute pharmacodynamic experiment 

following a single oral dose (100 mg/kg or 30 mg/kg) of 10 in nude mice bearing PTEN-deficient PC3 prostate tumour xenografts, 
target modulation was assessed by measuring AKT phosphorylation levels at Ser473 at 30 minutes, 2 and 8 hours. At both doses, strong 

inhibition of AKT phosphorylation was observed at early time points, with still significant inhibition at 8 hours (see Figure 3). 

The antitumour activity of 10 was evaluated in the PTEN-deficient PC3 prostate tumour xenograft model in nude mice at 100 mg/kg 

b.i.d. and 50 mg/kg b.i.d. Strong inhibition of tumour growth was seen at both doses, resp. 83% and 71% tumour growth inhibition at 
100 mg/kg and 50 mg/kg b.i.d. at the end of the study (Figure 4).  

 

In summary, based on the docking of 4 in our PI3Kβ homology model and the analysis of its active conformation, we have designed a 

series of 8-(1-phenylpyrrolidin-2-yl)-6-carboxamide-2-morpholino-4H-chromen-4-one as PI3Kβ/δ inhibitors. Optimisation of this novel 

series led to compound 10, a potent PI3Kβ/δ inhibitors with excellent selectivity vs. PI3Kα and PI3Kγ, and suitable physical properties 

for oral administration.  Compound 10 showed profound pharmacodynamic modulation of AKT phosphorylation in PTEN-deficient 
PC3 prostate tumour bearing mice after oral administration and gave significant inhibition of tumour growth in the same xenograft 

model. Compound 10 was selected as a PI3Kβ/δ preclinical candidate alongside AZD8186. 

  
Figure 3. Inhibition of AKT phosphorylation in the PC3 xenograft model in nude mice following oral administration of compound 10 (100 mg/kg and 30 mg/kg) 

and associated free plasma concentration at 30 minutes, 2 hours and 8 hours. 

 

 
 

 

 

 
Figure 4. Tumour growth inhibition in the PC3 xenograft model in nude mice following chronic oral administration of compound 10 (100 mg/kg b.i.d. and 50 

mg/kg b.i.d.). 
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Scheme 1. Synthesis of compounds 5-6. (a) KOH (2 eq.), H2O, rt, 4 h; Me2NH.HCl (3 eq.), 2-Cl-4,6-MeO-1,3,5-triazine (4.3 eq.),  N-Me-morpholine (7 eq.), 

H2O, rt to 70 °C, 78%; (b) N-Boc-pyrrole-2-boronic acid (1.2 eq), (PPh3)2PdCl2 (0.02 eq.), Na2CO3, DME-water, 80 °C, 8 h, 62%; (c) 5% Rh/Al2O3, MeOH, H2, 10 

atm, 50 °C, 3.5 h, H-Cube®, then 10% Pd/C, MeOH, H
2
, 60 atm, 60 °C, 6 h, H-Cube®, 50%; (d) 4M HCl in dioxane, CH2Cl2, rt, 4 h, quantitative; (e) xant-Phos 

(0.09 eq.), Pd(OAc)2 (0.06 eq.), Ar-Br (1.3 eq.) Cs2CO3 (1.5 eq.), dioxane, 100 °C, 16 h, 19-38%; chiral chromatography (for 6). 
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Scheme 2. Synthesis of compounds 8-9, 13. (a) N-Boc-pyrrole-2-boronic acid (1.1 eq), (PPh3)2PdCl2 (0.02 eq.), Na2CO3, DME-water, 80 °C, 7 h, 70%; (b) 5% 

Rh/Al2O3, MeOH, H2, 5 atm, 65 °C, 7 h, H-Cube®, 83%; (c) 4M HCl in dioxane, CH2Cl2, rt, 4 h, 83%; (d) Pd-catalyst (0.05 eq. ; made from: xant-Phos (2.2 eq.), 

Pd2dba3 (1 eq.), 1-bromo-3,5-difluorobenzene (9 eq.), benzene; precipitation in ether, 39%), Cs2CO3 (1.5 eq.), 1-bromo-3,5-difluorobenzene (1.1 eq.), dioxane, 80 

°C, 23 h, 58%; (e) NaOH, MeOH, 40 °C, 23 h, 35%; (f) R1R2NH, TSTU or TBTU, NEtiPr2  or N-methylmorpholine, DMF or NMP, rt, 66-71%. 
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Scheme 3. Synthesis of compounds 6-7, 10-12, 15. (a) chiral chromatography; (b) 4M HCl in dioxane, CH2Cl2, rt, 8 h, 88%; (c) (S,S)-tartaric acid, MeOH and 
isopropanol vapour diffusion crystallization; (d) Pd(OAc)2 (0.05 eq.), xant-Phos (0.1 eq.), Cs2CO3 (1.5 eq.), aryl bromide (1.3 eq.), dioxane, 100 °C, 15 h; (e) 

NaOH, MeOH (f) R1R2NH, TSTU or TBTU or nPr-phosphonic anhydride trimer, NEtiPr2, CH
2
Cl

2 
or

 
CHCl

3
, rt, 44-77%. 
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Scheme 4. Synthesis of compounds 10, 14.  (a) KOH (2 eq.), H2O, rt, 4 h; morpholine (3 eq.), 2-Cl-4,6-MeO-1,3,5-triazine (4.3 eq.), N-methylmorpholine (0.5 

eq.), H2O, rt, 18 h, 78%; (b) N-Boc-2,3-dihydropyrrole (1.4 eq), PPh3 (0.1 eq.), Pd(OAc)2 (0.05 eq.), K2CO3, DMF, 100 °C, 16 h, 88%; (c) TFA, CH2Cl2, 

quantitative. (d) 5% Pd/C, MeOH, H
2
, 5 atm, 45 °C, 3 h, H-Cube®, 53%; (e) xant-Phos (0.10 eq.), Pd(OAc)2 (0.05 eq.), 1-bromo-3,5-difluorobenzene (1.3 eq.) 

Cs2CO3 (3 eq.), dioxane, 100 °C, 2 h, 75% (for 10) or biphenyl-2-yldicyclohexylphosphine (0.10 eq.), Pd(OAc)2 (0.05 eq.), 1-bromo-4-fluorobenzene (1.3 eq.), 

Cs2CO3 (1.5 eq.), dioxane, 100 °C, 15 h, 46% (for 14); chiral chromatography. 

 
Table 2. Biological activity of compounds 6, 10, 15 in different PI3K enzyme and cell assays.  

cmpd 
PI3Kα 

enz IC50
a 

PI3Kβ 

enz IC50
a 

PI3Kγ 

enz IC50
a 

PI3Kδ 

enz IC50
a 

PI3Kα 

cell IC50
a 

PI3Kβ 

cell IC50
a 

PI3Kγ 

cell IC50
a 

PI3Kδ 

cell IC50
a 

6 0.024 0.0067 0.33b 0.0082 0.18 0.0034 - - 

10 0.013 0.0071 0.19 0.0086 0.14 0.0011 1.5b 0.014 

15 0.019 0.0061 0.34 0.0051 0.30 0.0028 - - 
a µM, numbers are a geometric mean of 2 or more values 
b n=1 

 

Table 3. Pharmacokinetic properties of compounds 10 and 15. 

Cpd 
Mo/Dog  

CL a 

Mo/Dog 

Vdssa 

Mo/Dog 

F%a 

Mo/Dog/Hu  

fu
b 

Mo/Dog/Hu  

heps CLint 
c 

10 60 /23 1 / 1.2 26 / 29 19 / 28 / 17 68 / 23 / 2.7 

15 47 / - 0.9 / - 18 / - - / - / 11 134 / - / - 



  

a
 Mouse and dog pharmacokinetic parameters from blood concentrations; hairy mice dosed at 5 µmol/kg i.v. and 30 µmol/kg p.o., dogs dosed at 4 µmol/kg i.v. 

and 10 µmol/kg p.o.; Clearance (mL/min/kg), Vdss (L/kg) and bioavailability (%).  
b protein binding in mouse, dog or human plasma, expressed as fraction unbound (%). 
c intrinsic clearance from mouse, dog or human hepatocytes, CLint (mL/min/106 cell) 
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Table 1. Structure, PI3K cellular activity, human hepatocyte Clint, lipophilicity, solubility and permeability of compounds 5-15.  

 

 

Cmpd NR1R2 Ar 
PI3Kβ cell 

IC50 (µM)a 

PI3Kα cell 

IC50 (µM)a 
Log D7.4 

Human 

hep. Clint
b 

Caco-2 

Papp
d 

Mouse p.o.  

AUCe 

Enantiomeric 

statusf 

5 NMe2 Ph 0.0032 0.48 2.4 11 19 6.0 racemic 

6 NMe2 4-F Ph 0.0034 0.18 - 14 - 1.0 R 

7 NMe2 3-F Ph 0.0012 0.091 2.5 15 - - R 

8 NMe2 3,5-di-F Ph 0.0012 0.15 2.7 17 33 2.4 racemic 

9 N(Me)CH2CH2OH 3,5-di-F Ph 0.0020 0.87 2.0 4 2.6 0.3 racemic 

10 4-morpholine 3,5-di-F Ph 0.0011 0.14 2.5 2.7 18 2.8 R 

11 4-Me-1-piperazine 3,5-di-F Ph 0.0023 0.25 2.3 11 3.3 - R 

12 azetidine 3,5-di-F Ph 0.0014 0.058g 2.9 9 - - R 

13 4-OH-1-piperidine 3,5-di-F Ph 0.0030 0.63 2.3 <3 - - racemic 

14 4-morpholine 4-F Ph 0.0045 1.2 2.2 8 - - note h 
15 4-morpholine 3-F Ph 0.0028 0.30 2.2 6 14 1.7 R 

a numbers are a geometric mean of 2 or more values. 
b human hepatocyte intrinsic clearance, µL/min/106 cells. 
c solubility from solid material, phosphate buffer (pH 7.4). 
d apparent permeability from A (pH 6.5) to B (pH 7.4) in Caco-2 cell line, 10-6 cm/s. 
e AUC after oral dosing (30 µmol/kg): hairy mice 
f for compounds isolated as a pure enantiomer, absolute configuration. 
g n=1 
h Single enantiomer; absolute configuration not determined. 
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