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ABSTRACT: Selective inhibitors of mTOR kinase based upon saturated heterocycles fused to a 

pyrimidine core were designed and synthesized. Each series produced compounds with Ki < 

10nM for the mTOR kinase and > 500-fold selectivity over closely related PI3 kinases. This 

potency translated into strong pathway inhibition as measured by phosphorylation of mTOR 
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substrate proteins and antiproliferative activity in cell lines with a constitutively active PI3K 

pathway. Two compounds exhibiting suitable mouse PK were profiled in in vivo tumor models 

and were shown to suppress mTORC1 and mTORC2 signaling for over 12 hours when dosed 

orally. Both compounds were additionally shown to suppress tumor growth in vivo in a PC3 

prostate cancer model over a 14 day study. 

INTRODUCTION: 

As the role of misregulation of signaling pathways in various cancers has become better 

understood, activating mutations in the growth factor receptor tyrosine kinase/phosphoinositide 

3-kinase (PI3K)/Akt pathway stand out as being implicated in a multitude of cancers. More 

recent work has shown that the mammalian target of rapamycin (mTOR) serves as an essential 

component of this signaling pathway. mTOR is a serine-threonine protein kinase of the PI3K 

superfamily and forms two distinct signaling complexes, mTOR complexes 1 and 2 (mTORC1 & 

2).  

The mTORC1 complex is known to phosphorylate 4EBP1 and S6K1, thereby stimulating CAP 

dependent translation, protein synthesis and cell proliferation. mTORC2 has been found to 

phosphorylate and activate Akt upstream of mTORC1. The natural product rapamycin 1a and its 

semisynthetic analogs temsirolimus 1b and everolimus 1c (Figure 1) are selective allosteric 

inhibitors of most of the functions of mTORC1 but do not inhibit mTORC2. While everolimus 

has demonstrated efficacy when combined with exemestane in hormone receptor positive breast 

cancer,1 both temsirolimus and everolimus have been shown to have only modest efficacy in 

treating renal cell carcinoma and mantle cell lymphoma. This limited efficacy has been ascribed 

to the existence of two feedback pathways, mediated by mTORC2,  which induce 

hyperphosphorylation of Akt in the presence of rapamycin.2 These results prompted a great 
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interest in developing inhibitors of the kinase domain of mTOR which would inhibit both 

mTORC1 and mTORC2, a number of which have been reported recently. 3-28 

RESULTS AND DISCUSSION: 

Having previously developed both the PI3K selective29 compound 2 (GDC-0941, Figure 1) 

and the potent dual PI3K/mTOR inhibitor30 3 (GDC-0980, Figure 1), we focused on producing 

an inhibitor specific for mTOR that would enable us to assess the role mTOR signaling was 

playing in various cell lines and cancer types. Our starting point was morpholino 

thienopyrimidine 4, which had been found to be a potent inhibitor of the mTOR kinase with a 

Ki=3 nM which was also 20-fold selective for mTOR over PI3Kα. 
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Figure 1. Rapamycin and its analogs 1a-c, selective PI3K inhibitor 2 (GDC-0941), dual 

PI3K/mTOR inhibitor 3 (GDC-0980) and 4, which exhibits 20 fold mTOR selectivity. 

Our initial efforts were directed at moving away from the thienopyrimidine scaffold used in 

our previous work, which we knew from previous experience could present difficulties with 
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solubility, oral bioavailability and poor pharmacokinetics.30 In an effort to improve the predicted 

solubility, clogP and predicted metabolic stability of our core, we targeted replacement of the 

thiophene with a saturated ring. Pyrrolidine was an attractive replacement as it provided a 

functional handle for further diversification after assembly of the core. Molecules of this type 

could be rapidly assembled from the Boc-2,4-dichloro-5-pyrrolopyrimidine 5 through 

nucleophilic displacement of the C4 chloride followed by a Suzuki coupling at C2. Potassium 

acetate was included in the coupling to minimize the cleavage of the ethyl urea, which was a 

major side product when sodium carbonate was the exclusive base. Final diversification was 

accomplished by removal of the Boc group followed by treatment with an appropriate 

electrophile, as shown in Scheme 1.  

The in vitro potencies of these compounds were measured against recombinant mTOR kinase 

domain using a LanthaScreen FRET assay and against PI3Kα  using a fluorescence polarization 

assay, as previously described.31 PI3Kα was chosen as our initial anti-target as a representative 

class I PI3 kinase. We were pleased to discover that, with the exception of the unsubstituted 

pyrrolidine, all of these compounds were potent inhibitors of the mTOR kinase domain. 

Unexpectedly, the compounds also exhibited improved selectivity against PI3Kα relative to the 

starting thienopyrimidine (Table 1). At the same time, we observed chemical instability in a 

subset of these molecules upon standing in DMSO solution in air. We did not characterize this 

instability extensively, but supposed it stemmed from oxidation of the doubly activated benzylic 

methylenes. We therefore began investigating alternative saturated ring systems to identify those 

which would be tolerated in place of the pyrrolidine and would not exhibit this instability. 

Scheme 1. Synthesis of pyrrolopyrimidines 6a-e
a 
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5

aReagents and conditions: (a) morpholine, DIPEA, 90%; (b) (4-ethylurido)phenylboronic acid 
pinacol ester, Pd(PPh3)4, KOAc, Na2CO3, H2O/CH3CN, 120 °C, 96%; (c) TFA, CH2Cl2, then PS-
carbonate resin; (d) electrophile, DIPEA, CH2Cl2, (e) 2-chloropyrimidine, DIPEA, DMF, 120 ºC 

Table 1. Inhibition data for pyrrolopyrimidines 6a-e
a 

N

N

N

NR

O

N
H

N
H

O

mTOR

Ki (nM)
PI3K

(fold)R

122 82

3.7 82

H

CONHEt 5.1 42

3.0 126

6a

6b

10 21Boc

2-pyrimidine6c

6d

6e

SO2Me

 

aAssays described in reference 30. 

We began by investigating the possibility of expanding the pyrrolidine ring to a piperidine, 

thereby eliminating one of the doubly activated methylenes. Of the two possibilities, we first 

examined those in which the nitrogen on the saturated ring was in the 6-position. The synthesis 

of these compounds proved straightforward (Scheme 2), beginning with the formation of the 
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pyrimidine dione from methyl 1-benzyl-4-oxopiperidine-3-carboxylate. This could be converted 

to the dichloride 7 and the benzyl protecting group exchanged for Boc using ACE-Cl32 to give 8. 

Nucleophilic aromatic substitution with a morpholine followed by Suzuki coupling and Boc 

removal gave compounds 9a and 9b, which could be functionalized as needed through acylation, 

sulfonylation or nucleophilic aromatic substitution to give the desired 6-aza-

tetrahydroquinazolines 10. 

Scheme 2. Synthesis of 6-aza-tetrahydroquinazolines 10
a 
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10a R1=Boc, R2=H
10b R1=Boc, R2=Me
10c R1=MeSO2, R2=Me
10d R1=Ac, R2=Me
10e R1=2-pyrimidine, R2=H
10f R1=2-pyrimidine, R2=Me
10g R1=2-pyrazine, R2=H
10h R1=2-pyrazine, R2=Me

i

9a R=H
9b R=Me

aReagents and conditions: (a) urea, MeOH, NaOMe, reflux, 64%; (b) POCl3, reflux, 75%; (c) 
ACE-Cl, CH2Cl2, 0 °C to RT, then reflux; (d) MeOH, reflux; (e) PS-carbonate resin, Boc2O, 
CH2Cl2, 88% for three steps; (f) morpholine or (S)-methylmorpholine, DIPEA, DMF; (g) (4-
ethylurido)phenylboronic acid pinacol ester, Pd(PPh3)4, KOAc, Na2CO3, H2O / CH3CN, 120 °C; 
(h) TFA, CH2Cl2, then PS-carbonate resin; (i) electrophile, DIPEA, CH2Cl2 

The 6-aza-tetrahydroquinazolines 10a-h proved to be less potent but more selective inhibitors 

of mTOR than the equivalent pyrrolopyrimidines 6, as seen in Table 2. Additionally, all proved 

stable under our typical handling conditions. To investigate the source of the diminished activity, 

we examined compound 10f docked into a homology model of mTOR that was built using PI3Kγ 

as a template (Figure 2). The model indicates that the 6-N-substituents make a close approach to 

the protein, but are not predicted to make unfavorable interactions. The observed loss of affinity 

could be partially compensated for by incorporating an (S)-2-methylmorpholine, which has been 

Page 6 of 47

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

7

shown to enhance potency and selectivity for mTOR when used in place of morpholine as a 

hinge binder9,21 as this methyl group projects into a hydrophobic cavity created by Trp2239 that 

PI3Kα lacks. In the examples below, the methyl group improved mTOR potency an average of 

6.6-fold, with an 8.0-fold improvement in selectivity against PI3Kα. Encouraged by the 

improved selectivity of these compounds for the mTOR kinase, we decided to investigate the 

isomeric 7-aza-tetrahydroquinazoline series as our modeling indicated that substituents on the 

piperidine nitrogen would be more completely solvent exposed. 

Table 2. Inhibition data for 6-aza-tetrahydroquinazoline compounds 10a-h
a 

N

NN

N

O

N
H

N
H

O

R1

R2

Boc 48 103/48H

20 69/91H

17 120/61H

2.3 >900/>900Me

2.4 >1000/>1000Me

Boc 12 214/224Me

MeSO2 Me 6.8 >1000/>1000

Me 11 >900/>900Ac

R1

mTOR

Ki (nM)
PI3K

(fold)R2

2-pyrimidine

2-pyrazine

2-pyrazine

2-pyrimidine

10a

10b

10c

10d

10e

10f

10g

10h  

aAssays described in ref 30. 
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8

 

Figure 2. Compound 10f docked into a homology model of mTOR that was built using PI3Kγ as 
a template9. Residues differing from those in PI3Kγ are labeled. The molecular surfaces for both 
ligand and protein are shown to illustrate the intimate interaction provided by the presence of the 
(S)-methyl substituent on the morpholine. The protein surface is color coded by hydrophobicity 
(tan-brown is hydrophobic, cyan-blue is hydrophilic, green is in between). The ligand surface is 
magenta. 

We prepared the 7-aza-tetrahydroquinolines using chemistry analogous to that developed for 

the synthesis of the pyrrolopyrimidines (Scheme 3). When assayed (Table 3), we found that this 

series of compounds had recovered the potency and selectivity for mTOR over both PI3Kα and 

PI3Kδ we had observed in the pyrrolidine series, and all were again found to be stable under 

typical storage conditions.  

Scheme 3. Synthesis of 7-aza-tetrahydroquinazolines 12a-g
a 
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d

aReagents and conditions: (a) morpholine, DIPEA; (b) (4-ethylurido)phenylboronic acid pinacol 
ester, Pd(PPh3)4, KOAc, Na2CO3, H2O/CH3CN, 120 °C; (c) TFA, CH2Cl2, then PS-carbonate 
resin; (d) electrophile, DIPEA, CH2Cl2; (e) 4-hydroxyphenylboronic acid pinacol ester, 
Pd(PPh3)4, KOAc, Na2CO3, H2O/CH3CN, 120 °C, 89%; (f) EtNCO, THF, 70 °C, 24h, 38%; (g) 
4-aminophenylboronic acid pinacol ester, Pd(PPh3)4, KOAc, Na2CO3, H2O/CH3CN, 120 °C, 
86%; (h) ethyl chloroformate, THF, DIPEA, 70% 

Our initial inhibition data indicated that both polar and nonpolar functionality was tolerated on 

the piperidine nitrogen with little change in the biochemical potency. Docking of these molecules 

into a homology model of mTOR shows N-substituents are directed into a largely solvent 

exposed region of the protein (Figure 3). The basic piperidine, left unmodified, reduced the 

potency approximately ten fold, but reducing the basicity through formation of a carbamate, 

sulfonamide, urea or ester resulted in compounds of approximately equivalent Ki. Modeling 

shows this nitrogen is in a fairly hydrophobic region of the protein, flanked by Ile2163, Leu2185, 

Trp2239, Met2345, and Ile2356, and thus poorly tolerant of a formal charge. Modifications of 

the ethyl urea were much less well tolerated; replacement of the nitrogen adjacent to the phenyl 

ring with an oxygen (12f) resulted in a 200-fold reduction in mTOR binding and an almost 
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complete loss of selectivity against PI3Kα and δ. The second urea nitrogen was also replaced 

with oxygen (12g), resulting in a 20-fold reduction in binding, but no significant loss in 

selectivity. The requirement for hydrogen bond donors in both positions is consistent with our 

binding model, in which each of the urea nitrogens forms a hydrogen bond to the sidechain of 

Asp2195.9 

Having now developed a number of compounds potent in the biochemical assay, we examined 

their cellular activity in two separate assays. For this, we used the pTEN-null prostate carcinoma 

NCI-PC3 cell line, in which the loss of pTEN leads to phosphorylation of Akt at threonine 308, 

activating the Akt kinase, which then phosphorylates and activates mTOR along with its other 

substrates. In this cell line, we measured the inhibition of the phosphorylation of serine 473 of 

Akt, a known mTORC2 substrate, and also assessed the antiproliferative activity of our 

compounds more broadly through determination of an IC50 in a 3-day viability assay (Table 3). 

In each case, we found that cellular potency tracked roughly with the biochemical potency of the 

compounds, with compound 12h being the most potent in both assays. 

 

Table 3. In vitro data for 7-aza-tetrahydroquinazoline compounds 12a-h.a 
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N

N

N

N

O

X Y

O

NH

X Y

NH

O NH

NH O

1500 6.5 / 6.5

130 79 / 79

6.5 38 / 86

R

R

Bz

Bz

Bz

NHNH

NHNHBoc

NHNH

NHNH

H 140 36 / 17

12 48 / 79 22

21 10 / 50 43 430

pAKT
IC50 (nM)

12 22 / 92 37 220

22 340

115 4800

nd nd

nd nd

nd

mTOR

Ki (nM)
PI3K

(fold)

NCI-PC3
IC50 (nM)

CO2Me

12a

12b

12c

12d

12e

12f

12g

MeSO2

5.5 60/130 25 29012h 2-pyrimidine NHNH  

aAssays described in ref 30. nd = not determined 
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Figure 3. Compound 12i docked into a homology model of mTOR that was built using PI3Kγ as 
a template9. Residues differing from those in PI3Kγ are labeled. Predicted hydrogen bonding 
interactions with the protein are shown as dashed ovals, and the molecular surfaces for both 
ligand and protein are shown to illustrate the intimate interaction provided by the presence of the 
(S)-methyl substituent on the morpholine. The protein surface is color coded by hydrophobicity 
(tan-brown is hydrophobic, cyan-blue is hydrophilic, green is in between). The ligand surface is 
yellow. 

As it had been successful in the case of the 6-aza-tetrahydroquinazolines, we again attempted 

to improve the in vitro potency and selectivity of the 7-aza-tetrahydroquinazoline compounds by 

incorporating (S)-2-methylmorpholine as our hinge binder (Table 4). This proved successful, and 

we sought to better quantify the effect by evaluating the potency and selectivity of all 51 pairs of 

7-aza-tetrahydroquinazolines in our database. Each pair contained the phenethyl urea and 

differed only in the presence or absence of the 2-S methyl group on the morpholine. Matched 

pair analysis33 showed that the change in mTOR Ki was modest over these pairs, with those 
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molecules containing the methyl group being 3.2-fold more potent on average. The effect on 

selectivity was much more pronounced, with the methyl group containing compounds producing 

an average increase of 19.5-fold in selectivity for PI3Kα. This is consistent with our modeling 

results which predict an improved interaction with Trp2239 in mTOR as well as an unfavorable 

interaction with the larger phenylalanine residue in place of Leu2185 in PI3Kα. We were unable 

to observe any additional improvement in potency and or selectivity by incorporating a 2-S ethyl 

morpholine in compound 12j. 

Table 4. In vitro data for 7-aza-tetrahydroquinazoline compounds 12i-n
a 
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N

N

N

N

O

N
H

N
H

O

R2

R1

pAKT
IC50 (nM)

mTOR

Ki (nM)
PI3K

(fold)R1 R2

1.5 500/>1000 3.3 150Me
N

N
9.1

N

N

1.7 320/470 4.3 55Me 7.8

1.3 410/>1000 1.5 40Et
N

N
nd

NCI-PC3
IC50 (nM)

pp70S6K
IC50 (nM)

target modulation proliferation

MCF7neo/Her2
IC50 (nM)

potency/selectivity

57

38

110

N
N

1.4 94/180 13 140Me 35 290

3.5 410/360 8.7 230Me 19 69

4.4 340/570 22 310Me 62 130

N

N
S

H3C

N

N
O

H3C

12i

12j

12k

12l

12m

12n

 
aAssays described in ref 30. nd = not determined 

Having determined that the 7-aza-tetrahydroquinazolines with a 2-S methyl morpholine as 

hinge binding element provided superior potency and selectivity, we varied the heterocycles 

appended to the 7-position of our scaffold. We examined the diazines and a few additional 

electron-poor heterocycles, as shown in Table 4, and found that they exhibited similar single-

digit nanomolar potency with selectivity varying, but almost always exceeding 100 fold against 
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both PI3Kα and PI3Kδ. We observed the expected suppression of both mTORC1 and mTORC2 

in a pTEN-null prostate carcinoma NCI-PC3 cell line34 as measured by phosphorylation of 

p70S6K and Akt, respectively. We were pleased to observe potent antiproliferative activity for 

these compounds on both the PTEN null NCI-PC3 prostate cell line as well as the MCF-

7neo/Her2 breast cancer cell line, which has an activating mutation in PI3K. Additionally, 

compounds 12h-n showed no inhibition of the cytochrome P450 (CYP) mediated metabolism of 

standard substrates for the 3A4 (midazolam and testosterone), 2D6 (dextromethorphan), 2C9 

(warfarin), 1A2 (phenacetin) or 2C19 (mephenytoin) isoforms35 indicating that they were at a 

reduced risk for drug-drug interactions when co-dosed with compounds metabolized principally 

by only one of these isoforms. 

As compounds 12h-n exhibited similar potency and selectivity in our enzymatic assays as well 

as potent antiproliferative activity in two separate cell lines, we used a series of mouse PK 

studies to determine which were most suitable for advancement to in vivo tumor models. We 

included similar compounds 10f and 10h from our 6-aza tetrahydroquinazoline series for 

comparison as well. We were gratified to observe that a microsomal model of metabolic stability 

enabled us to predict the in vivo clearance of compounds 12 in mice fairly well (Table 5). The 

intravenous clearance for these compounds ranged from 24-49% of mouse liver blood flow while 

the bioavailability of these compounds ranged from 22-70%. Compound 12h appeared most 

attractive overall, combining the lowest clearance with the highest oral bioavailability, resulting 

in an AUC after oral dosing which was two-fold higher than the other 7-aza-

tetrahydroquinazolines examined. 

Table 5. In vitro and in vivo PK data for selected 7-aza-tetrahydroquinazolines 
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aCompound dosed iv as a solution in 80% PEG/10% EtOH and dosed PO as a suspension in 
MCT. bClhep predicted from incubation with microsomes. ch/r/m = human/rat/mouse. dnd = not 
determined 

In addition to PK analysis, compound 12h was examined in a panel of 250 kinases at a 

concentration of 1 µM. It proved exquisitely selective with no inhibition greater than 25% 

observed in kinases other than mTOR and the three class I PI3Kα, γ and δ, which were 

approximately 50% inhibited at 1µM. Compounds 10f and 12i were spot checked against a 

smaller panel of 50 kinases and exhibited still greater selectivity, with no inhibition greater than 

25% for any kinase assayed at 1µM, including the PI3K isoforms. This illustrates the general 

nature of the selectivity derived from this scaffold and the still greater selectivity possible with 2-

S methyl morpholine used as the hinge binder. 

At this point, we had a number of potent and selective compounds in hand that exhibited 

sufficiently long half lives in vivo suitable for further study of the effects suppression of mTOR 

kinase activity has on antiproliferative potency. We began by investigating the ability of these 

compounds to suppress signaling through the PI3K/Akt/mTOR pathway using NCI-PC3 prostate 
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tumors implanted subcutaneously into Taconic NCR.nude mice. Compounds 12h and 12i were 

selected for this study due to their potency, selectivity and favorable mouse PK profile. 

After administration at three separate doses, tumor and plasma samples were obtained after six 

hours (Figure 4). The plasma levels observed for the two compounds were as expected based on 

our previous oral administration in mice. The pharmacodynamic (PD) effect of our inhibitors 

was assessed by measuring the fold reduction of phospho-serine 437, normalized to total Akt, as 

well as the fold reduction of phospho-serines 235 and 236, normalized to total S6, relative to 

their time-matched vehicle control. Inhibition of S6 phosphorylation is indicative of inhibition of 

the mTORC1 complex while inhibition of Akt phosphorylation is indicative of inhibition of the 

mTORC2 complex. Both molecules potently inhibited phosphorylation of both substrates after 

six hours. The performance of each drug was comparable to that of 10 mg/kg GDC-0980, which 

was run as a contemporaneous positive control, and can be considered a benchmark of maximum 

knockdown for this model and assay method.36 12h showed a dose response between 12.5 mg/kg 

and 100 mg/kg, while all doses of 12i tested performed similarly to GDC-0980. We did not 

repeat the study of 12i at lower doses to determine the lowest dose capable of achieving full 

knockdown of mTOR substrates. 
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Figure 4. Plasma levels of 12h and 12i 6 hours following oral administration in PC3 tumor-

bearing mice along with the fold decreases of phosphorylated mTORC1 and 2 substrates relative 

to time-matched vehicle controls. Error bars represent one standard deviation from the depicted 

mean value. Four mice were dosed for each compound, and phosphoprotein levels were 

measured in duplicate samples for each mouse. 

We next sought to evaluate the difference in inhibition profile between the present mTOR 

kinase inhibitors and rapamycin, which would be expected to reduce only phosphorylation of 

mTORC1 substrates such as S6. We therefore repeated our PK/PD experiment, sampling the 

tumor and blood over a 24h period,  comparing a 100 mg/kg dose of 12i to a 10mg/kg dose of 

rapamycin (Figure 5). In this instance, we used the U87 glioma model, which is also PTEN 
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deficient. By extending sampling to 24 hours, we were able to observe the clearance of 12i and 

the recovery of phospho-Akt and phospho-S6 levels to vehicle levels by the end of the 

experiment. As anticipated, we found that administration of rapamycin inhibited phosphorylation 

of S6, but did not reduce phospho-Akt levels. Instead, we observed the previously noted 

hyperphosphorylation of Akt on serine 473 at all time points beyond one hour. 

 

Figure 5. Plasma levels of 12i and rapamycin following administration in U87 tumor-bearing 

mice along with the fraction of phosphorylated mTORC1 and 2 substrates relative to time 

matched vehicle controls. Error bars represent one standard deviation from the depicted mean 

value. Four mice were dosed for each compound and time point, and phosphoprotein levels were 

measured in duplicate samples for each mouse. 
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Having obtained an understanding of the extent of PI3K/Akt/mTOR pathway inhibition we 

could obtain from our compounds at a given dose and time point, we decided to probe the extent 

to which these compounds could suppress tumor growth in vivo. A 14-day efficacy study was 

run in the NCI-PC3 model, with daily dosing. 12h was administered at doses from 6.25 mg/kg to 

100 mg/kg QD in an effort to span the range of pathway suppression observed in our PK/PD 

experiments. Rapamycin was dosed at 10 mg/kg, a dose previously determined to be efficacious 

in this model. 

After 14 days of dosing, all animals remained on study, but the 100 mg/kg dose group had lost 

slightly more than 10% of their starting body weight, which triggers a dosing holiday in our 

protocol, and indicates that we are approaching the maximum tolerated dose (MTD). By way of 

comparison, the vehicle group lost 3.7% of their body weight, as this model is mildly cachexic. 

The tumor growth curves (Figure 6a) were calculated by linear mixed effects (LME) modeling, 

and clearly illustrate that stronger pathway inhibition results in steadily increasing inhibition of 

growth and that tumor stasis has not been reached at the highest dose examined. The 10 mg/kg 

QDx14 course of rapamycin performed well in this model, approaching tumor stasis. While 

tolerated, this dose achieves a greater rapamycin exposure level in mice than can be analogously 

achieved in humans37-39, which may account for its efficacy in this model.  

We subsequently examined the growth inhibitory properties of the more potent 12i in the same 

model, again at a range of doses. At the highest dose of 200 mg/kg dosed QD, we again observed 

body weight loss exceeding 10% at the end of the study. We observed stronger tumor growth 

inhibition at all doses of 12i than was observed for 12h at the identical dose. We again noted that 

maximum inhibition of tumor growth was only achieved at doses greater than that which could 

be tolerated by the mice without a dosing holiday over the course of a two week study (Figure 
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6b). In this study, we noted that the 50 mg/kg dose appeared more efficacious than the 100 

mg/kg dose, but attribute this to experimental variability resulting from our small cohort size of 5 

animals per group. This was substantiated by the results of a second study performed 

simultaneously with material from the same lot of 12i, in which we examined the effect of BID 

dosing at the same total dose per day. In this study, the 50 mg/kg/day dose resulted in slightly 

lower efficacy than the 100 mg/kg/day dose as measured by the average tumor volume (data not 

shown). 
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Figure 6. Growth inhibition curves for compounds 12h (a) and 12i (b) used to treat 

subcutaneously implanted PC3 tumors in mice. 

These studies clearly demonstrated that we had met our goal of producing a potent, selective, 

orally available inhibitor of the mTOR kinase. Our compounds robustly inhibited tumor growth 

in cell lines in which the PI3K/Akt/mTOR signaling pathway is constitutively active due to the 

loss of PTEN. 12i achieved tumor stasis at the highest 200 mg/kg/day dose examined, which 

appears to also be approaching the limit of tolerability for this molecule.  

CONCLUSIONS: 

We have developed a novel class of potent, highly selective selective mTOR kinase domain 

antagonists. The addition of saturated heterocycles fused to the central pyrimidine ring, along 

with the previously described phenyl ethyl urea and S-methyl morpholine hinge binder provided 

compounds with nanomolar in vitro potency and high selectivity against PI3K and other kinases.  

This biochemical potency translated into potent growth inhibition in cell lines where the 

PI3K/Akt/mTOR signaling pathway is constitutively active due to the loss of PTEN or due to an 
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activating mutation in PI3K. Compounds 12h and 12i suppressed mTORC1 and mTORC2 in 

cellular and in vivo PK/PD experiments, and did not induce the hyperphosphorylation of Akt as 

rapamycin did at time points after 3 hours. This potential advantage did not, however, translate 

into greater efficacy in our PC3 xenograft model when rapamycin and mTOR inhibitors were 

compared at doses approaching their MTD in mice. This may be due in part to the fact that the 

rapamycin levels achieved in mice cannot be reproduced in man, limiting its efficacy. What 

remains to be understood is whether the tolerability in man of these different modes of pathway 

inhibition differs and whether mTOR can be effectively combined with other targeted 

chemotherapeutics.  Compounds 12h and 12i were found to exhibit time dependent inhibition of 

CYP 3A4, which prevented their progression into the clinic, however further refinement of this 

scaffold enabled us to select a clinical candidate which joined the PI3K selective and dual 

PI3K/mTOR inhibitors undergoing human clinical trials in an effort to address these questions 

directly. 

EXPERIMENTAL SECTION: 

All chemicals were purchased from commercial suppliers and used as received. Flash 

chromatography was carried out with prepacked silica cartridges from either ISCO or SiliCycle 

on an ISCO Companion chromatography system using gradient elution. NMR spectra were 

recorded on a Bruker AV III 400 or 500 NMR spectrometer and referenced to tetramethylsilane. 

Preparative HPLC was performed on a Polaris C18 5 µm column (50 mm x 21 mm), eluting with 

mixtures of water/acetonitrile. All final compounds were purified to >95% chemical and optical 

purity, as assayed by LC/MS. This analysis was performed on an Agilent 1100 HPLC coupled 

with Agilent MSD mass spectrometer using ESI as the ionization source. The LC separation was 

performed using an Agilent ZORBAX SB-C18, 1.8mm, 30 x 2.1 mm column with a flow rate of 
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0.4 ml/minute. The gradient consisted of 3 - 97% acetonitrile in water, each containing 0.05% 

TFA, over 7 min. 97% acetonitrile was then maintained for 1.5 min, followed by reequilibration 

at 3% acetonitrile for 1.5 min. The LC column temperature was maintained at 40 ˚C. UV 

absorbance was measured at 220 and 254nm along with a full scan mass spectrum. For select 

compounds, a longer gradient LC was used (method B). In these cases, the gradient consisted of 

2 - 98% acetonitrile in water, each containing 0.05% TFA, over 25.5 min. 98% acetonitrile was 

then maintained for 2.5 min, followed by reequilibration at 2% acetonitrile for 1.5 min. UV and 

MS detection was performed as before. 

In-Life PK−PD Study. Human prostate cancer NCI-PC3 cells (National Cancer Institute, 

Frederick, MD) were implanted subcutaneously into the right hind flanks of female NCR.nude 

mice (5 × 106 cells in 100 µL of Hank’s balanced salt solution). Tumors were monitored until 

they reached a mean tumor volume of approximately 500 mm3. Then similarly sized tumors were 

randomly assigned to groups (n = 4). Compounds were formulated as suspensions in 0.5% 

methylcellulose/0.2% Tween 80 (MCT) and dosed orally at 25, 50, and 100 mg/kg (100 µL 

dose/25 g animal). Tumor and plasma samples were harvested at 1, 6, and 10 h postdose. 

Blood samples were harvested by terminal cardiac puncture and collected into tubes containing 

K2EDTA as an anticoagulant. Samples were kept chilled on ice until centrifugation at 

(1500−2000)g for 5 min; plasma was transferred to a new vial and snap frozen. Tumor samples 

were transferred to a 1.5 mL snap-cap polypropylene tube, weighed, and then flash frozen on dry 

ice. Samples were stored at −80 °C prior to PD biomarker evaluation. 

Xenograft Tumor Lysates. Frozen tumors were lysed in ice-cold extraction buffer by 

mechanical disruption and agitation with garnet/ceramic sphere matrix in a FastPrep-24 (MP 

Biomedicals, Solon, OH; five 20 s cycles with rest periods on wet ice). Extraction buffer 
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(Biosource; Carlsbad, CA) was supplemented with protease inhibitors (F. Hoffman-La Roche; 

Mannheim, Germany), 1 mM phenylmethysufonyl fluoride, and phosphatase inhibitor cocktails 

1 and 2 (Sigma-Aldrich; St. Louis, MO). After thorough disruption, tumor lysates were clarified 

by centrifugation at 4 °C. Protein concentrations were determined using the BCA protein assay 

kit (Pierce; Rockford, IL) and normalized to a standard concentration of 5 mg/mL. 

PD Biomarker Assays. The Meso Scale Discovery Multi-Spot biomarker detection system 

(Meso Scale Discovery; Gaithersburg, MD) was used to determine the levels of Akt 

phosphorylated at serine 473 (pAkt) and S6RP phosphorylated at serine 235/236 (pS6RP). These 

double-determinant immunoassays quantify protein levels on the basis of measurements of 

electrochemoluminescence intensity. In the case of pS473 and total Akt, both of these were 

measured in the same well using a duplex assay plate. All other markers required separate plates 

to measure phosphorylated and total protein. Protein was loaded at 20 µg/well for Akt and 10 

µg/well for S6RP. 

Relative levels of phosphoprotein were determined by comparison of treated tumor lysates 

with an average of the time-matched vehicle controls. 

In-Life Efficacy Study. NCI-PC3 cells were subcutaneously implanted as above. Tumors 

were grown to an average volume of 200mm3 before dosing was started. Extra mice were 

implanted, to insure that each treatment group of 5 mice had similarly-sized tumors. Tumor 

volumes were determined using digital calipers (Fred V. Fowler Company, Inc.) using the 

formula (L x W x W)/2. Average tumor volume was calculated by applying curve fitting to the 

Log2 transformed individual tumor volume data using a linear mixed-effects model using the R 

package nlme, version 3.1-97 in R v2.12.0. Percent tumor growth inhibition, %TGI, was 

calculated as the percentage of the area under the fitted curve (AUC) for the respective dose 
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group per day in relation to the vehicle, such that %TGI = 100 x 1-

(AUCtreatment/day)/(AUCvehicle/day). Tumors were measured, and mice weighed twice per 

week. If weight loss was >15%, the mice were weighed daily and euthanized if weight loss 

reached 20%. 10% body weight loss was the limit for tolerated doses. Mice whose tumors 

reached 2000mm3 were euthanized. 

tert-butyl 2-chloro-4-morpholino-5H-pyrrolo[3,4-d]pyrimidine-6(7H)-carboxylate. To a 

mixture of tert-butyl 2,4-dichloro-5H-pyrrolo[3,4-d]pyrimidine-6(7H)-carboxylate (1.2 g, 4.1 

mmol) and N,N-diisopropylamine (1.4 mL, 8.3 mmol) in isopropanol (8 mL) was added 

morpholine (0.430 mL, 5.0 mmol). The mixture was stirred at room temperature for 1hr and was 

then concentrated in vacuo. The resulting residue was purified by flash column chromatography 

(40% EA/Hex) to give tert-butyl 2-chloro-4-morpholino-5H-pyrrolo[3,4-d]pyrimidine-6(7H)-

carboxylate(1.378 g, 98%).  

tert-butyl 2-(4-(3-ethylureido)phenyl)-4-morpholino-5H-pyrrolo[3,4-d]pyrimidine-6(7H)-

carboxylate (6a). 2-chloro-4-morpholino-5H-pyrrolo[3,4-d]pyrimidine-6(7H)-carboxylate 

(0.366 mmol), (4-ethylureido)phenylboronic acid pinacol ester (0.439 mmol), 

tetrakis(triphenylphosphine)palladium (0.022 mmol), 1 M aq. KOAc (0.55 mL), 1 M aq. Na2CO3 

(0. 55 mL) and MeCN (2 mL) were mixed in a microwave reaction tube. The mixture was heated 

in a microwave reactor at 120 °C for 25 min. The mixture was extracted with EtOAc (3x) and the 

combined organic extracts were concentrated. The resulting residue was purified by flash column 

chromatography (40% EA/Hex) to give 6a (149 mg, 83%). LC/MS: 4.43 min, M+=469.2, 

MW=468.6 1H NMR (500 MHz, CDCl3) δ 8.28 (d, J = 8.7, 2H), 7.38 (d, J = 8.8, 2H), 7.10 (d, J 

= 8.6, 1H), 6.81 (d, J = 8.8, 1H), 4.78 (s, 2H), 4.57 (s, 2H), 3.93 – 3.59 (m, 8H), 3.36 – 3.29 (m, 

2H), 1.53 (s, 9H), 1.17 (t, J = 7.2, 3H). 
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1-ethyl-3-(4-(4-morpholino-6,7-dihydro-5H-pyrrolo[3,4-d]pyrimidin-2-yl)phenyl)urea 

(6b). tert-butyl 2-(4-(3-ethylureido)phenyl)-4-morpholino-5H-pyrrolo[3,4-d]pyrimidine-6(7H)-

carboxylate (c, 1.74 mmol) was dissolved in CH2Cl2 (5 mL), then TFA (3 mL) was added. The 

mixture was stirred at room temperature for 2 hours. Isopropanol and toluene were added and the 

resulting mixture was concentrated in vacuo. The resulting residue was azeotroped with toluene 

two more times. Methanol and methylene chloride (4 mL each) were added to the resulting 

residue, then PS-carbonate (2.5-3.5 mmol N/gram resin, 1.45 g) was added. The mixture was 

stirred at room temperature until the pH reached >7 (~ 1 hr). The mixture was filtered, and the 

resin was washed with methanol and CH2Cl2. The filtrate was concentrated to provide 6b, which 

was used without further purification in subsequent reactions. A portion of the material was 

purified by reverse phase HPLC for assay. LC/MS: 2.74 min, M+=369.2, MW=368.4 1H NMR 

(400 MHz, DMSO) δ 9.57 (s, 1H), 8.75 (s, 1H), 8.19 (d, J = 8.9, 2H), 7.50 (d, J = 8.9, 2H), 6.38 

– 6.08 (m, 1H), 4.71 (s, 2H), 4.38 (s, 2H), 3.72 (s, 8H), 3.24 – 3.03 (m, 2H), 1.06 (t, J = 7.2, 3H). 

1-ethyl-3-(4-(4-morpholino-6-(pyrimidin-2-yl)-6,7-dihydro-5H-pyrrolo[3,4-d]pyrimidin-2-

yl)phenyl)urea (6c). 6b (0.15 mmol), 2-chloropyrimidine (0.21 mmol) and i-PrN2Et (0.6 mmol) 

were mixed in DMF (0.6 mL) in a microwave reaction tube. The mixture was heated to 120 °C 

and stirred for 15 min. After cooling to room temperature, the mixture was diluted with DMF. 

The resulting mixture was purified by reverse-phase HPLC to give 6c. LC/MS: 3.80 min, 

M+=447.3, MW=446.5 1H NMR (500 MHz, DMSO) δ 8.71 (s, 1H), 8.47 (d, J = 4.8, 2H), 8.21 

(d, J = 8.8, 2H), 7.51 (d, J = 8.8, 2H), 6.77 (t, J = 2.5, 1H), 6.18 (m, 1H), 4.99 (s, 2H), 4.68 (s, 

2H), 3.78 (m, 8H), 3.20 – 3.15 (m, 2H), 1.26 (t, J = 6.9, 3H); LC-MS: m/z = + 447 (M+H)+. 

1-ethyl-3-(4-(6-(methylsulfonyl)-4-morpholino-6,7-dihydro-5H-pyrrolo[3,4-d]pyrimidin-

2-yl)phenyl)urea (6d). LC/MS: 3.59 min, M+=447.2, MW=446.5 
1H NMR (400 MHz, DMSO) 

Page 27 of 47

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

28

δ 8.69 (s, 1H), 8.18 (d, J = 8.7, 2H), 7.49 (d, J = 8.8, 2H), 6.19 (br s, 1H), 4.84 (s, 2H), 4.51 (s, 

2H), 4.04 – 3.76 (m, 8H), 3.20 – 3.08 (m, 2H), 3.06 (s, 3H), 1.06 (t, J = 7.2, 3H); 

ethyl 2-(4-(3-ethylureido)phenyl)-4-morpholino-5H-pyrrolo[3,4-d]pyrimidine-6(7H)-

carboxylate (6e). LC/MS: 3.53 min, M+=440.3, MW=439.5 
1H NMR (500 MHz, DMSO) δ 

8.73 (s, 1H), 8.18 (d, J = 6.7, 2H), 7.49 (d, J = 8.8, 2H), 6.26 – 6.15 (m, 1H), 4.82 (d, J = 13.9, 

2H), 4.50 (d, J = 15.2, 2H), 4.21 – 4.07 (m, 2H), 3.80 – 3.69 (m, 8H), 3.19 – 3.06 (m, 2H), 1.25 

(t, J = 7.0, 3H), 1.06 (t, J = 7.2, 3H).  

6-benzyl-5,6,7,8-tetrahydropyrido[4,3-d]pyrimidine-2,4(1H,3H)-dione. Methyl 1-benzyl-4-

oxo-3-piperidinecarboxylate (20.194 g, 71.168 mmol) and urea (9.031 g, 150.4 mmol) were 

dissolved in methanol (150 mL, 3700 mmol). 46 mL of a 1M solution of sodium methoxide in 

methanol was added dropwise, and then the reaction was heated to reflux under N2 for 96h. The 

reaction was cooled to 0 °C and filtered to give a white solid. This was stirred vigorously for 30 

minutes with 50 mL water, then cooled to 0 °C and filtered to give 6-benzyl-5,6,7,8-

tetrahydropyrido[4,3-d]pyrimidine-2,4(1H,3H)-dione as a white solid (11.77g, 45.7 mmol) which 

was dried under high vacuum overnight and then used without further purification. 1H NMR (D6-

DMSO, 400 MHz) δ 7.47 – 7.07 (m, 5H), 3.56 (s, 2H), 2.96 (s, 2H), 2.51 (t, 4H), 2.27 (t, J = 5.6, 

2H). 

6-benzyl-2,4-dichloro-5,6,7,8-tetrahydropyrido[4,3-d]pyrimidine (7). 6-benzyl-5,6,7,8-

tetrahydropyrido[4,3-d]pyrimidine-2,4(1H,3H)-dione (16.95 g, 65.88 mmol) was added to 

phosphoryl chloride (100 mL, 1070 mmol) in a 500 mL roundbottom flask equipped with a 

stirbar and the solution was refluxed 3h under N2. The volatiles were removed under reduced 

pressure, and the concentrate was poured over 250 mL ice. 3M NaOH was added to a final pH of 
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10, and then the aqueous phase was extracted with CH2Cl2 (3x150 mL). The combined organics 

were dried over MgSO4, filtered and concentrated to a tan oil. This crude material was dissolved 

in dichloromethane and concentrated onto silica gel and subjected to column chromatography 

using a 120g column, with a gradient of 0% to 50% ethyl acetate in hexanes. The product 

containing fractions were combined and evaporated under reduced pressure to give 7 as a pale 

solid (14.63g, 49.7 mmol). 1H NMR (CDCl3, 400 MHz) δ 7.41 – 7.27 (m, 5H), 3.77 (s, 2H), 3.62 

(s, 2H), 2.99 (t, J = 5.8, 2H), 2.81 (t, J = 5.8, 2H). 

 tert-butyl 2,4-dichloro-7,8-dihydropyrido[4,3-d]pyrimidine-6(5H)-carboxylate (8). 

Compound 7 (1.84 g, 6.25 mmol) was dissolved in methylene chloride (40 mL, 700 mmol) in a 

roundbottom flask equipped with a stirbar and the reaction was cooled to 0 °C. α-chloroethyl 

chloroformate (0.810 mL, 7.50 mmol) was added slowly and the reaction was stirred at 0 °C for 

15 minutes. The reaction was allowed to warm to RT, and then was refluxed for 1h. The volatiles 

were removed under reduced pressure and the residue was redissolved in 20 mL MeOH and 

heated to reflux for 30 min. The volatiles were removed under reduced pressure to give the 

intermediate amine hydrochloride salt. This material was dissolved in 50 mL dry CH2Cl2, to 

which was added 3.1 g tetraalkylammonium carbonate polymer-bound (2.5-3.5 mmol N/g) resin 

and di-tert-butyldicarbonate (2.45 g, 11.2 mmol). The mixture was stirred at RT for 1h and was 

then filtered to remove the resin. The crude mixture was concentrated onto silica gel and 

subjected to column chromatography using a 12g column, eluting with a gradient of 0-30% 

EtOAc in hexanes. The product containing fractions were combined and evaporated under 

reduced pressure to give 8 as a clear oil which slowly crystallized (1.68g, 5.52 mmol). 1H NMR 

(CDCl3, 400 MHz) δ 4.56 (s, 2H), 3.75 (t, J = 5.9, 2H), 2.97 (t, J = 5.8, 2H), 1.50 (s, 9H). 
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tert-butyl 2-(4-(3-ethylureido)phenyl)-4-morpholino-7,8-dihydropyrido[4,3-d]pyrimidine-

6(5H)-carboxylate (10a). LC/MS: 4.97 min, M+=483.3, MW=482.6 1H NMR (D6-DMSO, 400 

MHz) δ 8.67 (s, 1H), 8.19 (d, J = 8.7, 2H), 7.48 (d, J = 8.8, 2H), 6.18 (t, J = 5.5, 1H), 4.42 (s, 

2H), 3.78 – 3.70 (m, J = 4.6, 4H), 3.67 (t, J = 6.2, 2H), 3.44 – 3.36 (m, J = 4.5, 4H), 3.17 – 3.05 

(m, 2H), 2.85 (t, J = 6.2, 2H), 1.41 (s, 9H), 1.06 (t, J = 7.2, 3H). 

(S)-tert-butyl 2-(4-(3-ethylureido)phenyl)-4-(3-methylmorpholino)-7,8-dihydropyrido[4,3-

d]pyrimidine-6(5H)-carboxylate (10b). LC/MS: 5.22 min, M+=497.3, MW=496.6 1H NMR 

(D6-DMSO, 400 MHz) δ 8.66 (s, 1H), 8.18 (d, J = 8.8, 2H), 7.48 (d, J = 8.8, 2H), 6.18 (s, 1H), 

4.47 (d, J = 16.0, 1H), 4.38 (d, 1H), 3.88 (d, J = 11.4, 2H), 3.76 – 3.35 (m, 7H), 3.19 – 3.03 (m, 

2H), 2.85 (t, J = 6.2, 2H), 1.41 (s, 9H), 1.25 (d, J = 6.2, 3H), 1.06 (t, J = 7.2, 3H). 

(S)-1-ethyl-3-(4-(4-(3-methylmorpholino)-6-(methylsulfonyl)-5,6,7,8-

tetrahydropyrido[4,3-d]pyrimidin-2-yl)phenyl)urea (10c). LC/MS: 2.51 min, M+=475.2, 

MW=474.6 1H NMR (500 MHz, DMSO) δ 8.69 (s, 1H), 8.26 – 8.11 (m, 2H), 7.59 – 7.40 (m, 

2H), 6.18 (t, J = 5.5 Hz, 1H), 4.34 – 4.12 (m, 2H), 4.01 – 3.80 (m, 2H), 3.72 (dd, J = 11.4, 2.9 

Hz, 1H), 3.70 – 3.56 (m, 3H), 3.54 – 3.39 (m, 3H), 3.12 (dt, J = 12.7, 7.0 Hz, 2H), 3.03 (s, 3H), 

2.99 (t, J = 6.4 Hz, 2H), 2.08 (s, 1H), 1.22 (d, J = 6.5 Hz, 3H), 1.06 (t, J = 7.2 Hz, 3H). 

(S)-1-(4-(6-acetyl-4-(3-methylmorpholino)-5,6,7,8-tetrahydropyrido[4,3-d]pyrimidin-2-

yl)phenyl)-3-ethylurea (10d). LC/MS: 2.25 min, M+=439.2, MW=438.5 1H NMR (400 MHz, 

DMSO) δ 8.66 (s, 1H), 8.24 – 8.12 (m, 2H), 7.53 – 7.42 (m, 2H), 6.17 (t, J = 5.7 Hz, 1H), 4.71 – 

4.33 (m, 2H), 4.03 – 3.55 (m, 6H), 3.54 – 3.37 (m, 2H), 3.12 (qd, J = 7.2, 5.6 Hz, 2H), 2.95 (t, J 

= 5.9 Hz, 1H), 2.82 (t, J = 6.4 Hz, 1H), 2.15 – 2.02 (m, 3H), 1.32 – 1.19 (m, 3H), 1.06 (t, J = 7.2 

Hz, 3H). 
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 1-ethyl-3-(4-(4-morpholino-6-(pyrimidin-2-yl)-6,7-dihydro-5H-pyrrolo[3,4-d]pyrimidin-

2-yl)phenyl)urea (10e). 

1-Ethyl-3-(4-(4-morpholino-6,7-dihydro-5H-pyrrolo[3,4-d]pyrimidin-2-yl)phenyl)urea (0.15 

mmol), 2-chloropyrimidine (0.21 mmol) and DIPEA (0.6 mmol) were mixed in DMF (0.6 mL) 

in a microwave reaction tube. The mixture was heated to 120 °C and stirred for 15 min. After 

cooling to room temperature, the mixture was diluted with DMF. The resulting mixture was 

purified by reverse-phase HPLC to give 9e. LC/MS: 3.94 min, M+=461.3, MW=460.5 1H NMR 

(D6-DMSO, 400 MHz) δ 8.64 (s, 1H), 8.40 (d, J = 4.7, 2H), 8.18 (d, J = 8.7, 2H), 7.47 (d, J = 8.8, 

2H), 6.66 (t, J = 4.7, 1H), 6.15 (t, J = 5.6, 1H), 4.85 (s, 2H), 4.10 (t, J = 6.2, 2H), 3.83 – 3.72 (m, 

4H), 3.52 – 3.42 (m, 4H), 3.18 – 3.04 (m, 2H), 2.92 (t, J = 6.1, 2H), 1.06 (t, J = 7.2, 3H). 

 (S)-1-ethyl-3-(4-(4-(3-methylmorpholino)-6-(pyrimidin-2-yl)-5,6,7,8-

tetrahydropyrido[4,3-d]pyrimidin-2-yl)phenyl)urea (10f). LC/MS: 4.92 min, M+=475.3, 

MW=474.6 1H NMR (D6-DMSO, 400 MHz) δ 8.66 (s, 1H), 8.40 (d, J = 4.7, 2H), 8.17 (d, J = 

8.7, 2H), 7.47 (d, J = 8.8, 2H), 6.65 (t, J = 4.7, 1H), 6.18 (t, J = 5.5, 1H), 4.93 (d, J = 16.1, 1H), 

4.75 (d, J = 16.1, 1H), 4.25 – 4.12 (m, 1H), 4.06 – 3.95 (m, 2H), 3.90 (d, J = 11.3, 1H), 3.79 – 

3.60 (m, 3H), 3.58 – 3.41 (m, 2H), 3.17 – 3.05 (m, 2H), 2.93 (t, J = 6.1, 2H), 1.27 (d, J = 6.6, 

3H), 1.06 (t, J = 7.2, 3H). 

1-ethyl-3-(4-(4-morpholino-6-(pyrazin-2-yl)-5,6,7,8-tetrahydropyrido[4,3-d]pyrimidin-2-

yl)phenyl)urea (10g). LC/MS: 3.83 min, M+=461.3, MW=460.5 1H NMR (D6-DMSO, 400 

MHz) δ 8.64 (s, 1H), 8.42 (s, 1H), 8.18 (d, J = 8.7, 2H), 8.11 (s, 1H), 7.85 (d, J = 2.6, 1H), 7.47 

(d, J = 8.7, 2H), 6.16 (t, J = 5.6, 1H), 4.70 (s, 2H), 3.98 (t, J = 6.2, 2H), 3.86 – 3.72 (m, 5H), 3.52 

– 3.41 (m, 4H), 3.19 – 3.05 (m, 2H), 2.97 (t, J = 6.1, 2H), 1.06 (t, J = 7.2, 3H). 
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 (S)-1-ethyl-3-(4-(4-(3-methylmorpholino)-6-(pyrazin-2-yl)-5,6,7,8-tetrahydropyrido[4,3-

d]pyrimidin-2-yl)phenyl)urea (10h). LC/MS: 4.72 min, M+=475.3, MW=474.6 1H NMR (D6-

DMSO, 400 MHz) δ 8.65 (s, 1H), 8.41 (s, 1H), 8.17 (d, J = 8.7, 2H), 7.85 (d, J = 2.6, 1H), 7.47 

(d, J = 8.8, 2H), 6.17 (t, J = 5.5, 1H), 4.76 (d, J = 16.1, 1H), 4.61 (d, J = 16.1, 1H), 4.08 – 3.98 

(m, 2H), 3.96 – 3.84 (m, 3H), 3.78 (d, J = 8.6, 1H), 3.66 (t, J = 9.8, 3H), 3.56 – 3.42 (m, 3H), 

3.17 – 3.05 (m, 2H), 2.97 (t, J = 6.1, 2H), 1.27 (d, J = 6.6, 4H), 1.06 (t, J = 7.2, 3H). 

t-butyl 2-chloro-4-morpholino-5,6-dihydropyrido[3,4-d]pyrimidine-7(8H)-carboxylate 

(11). To a solution of t-butyl 2,4-dichloro-5,6-dihydropyrido-[3,4-d]pyrimidine-7(8H)-

carboxylate (1.020 g, 3.353 mmol) in isopropyl alcohol (8.00 mL, 0.104 mol) was added N,N-

diisopropylethylamine (1.15 mL, 0.00660 mol) followed by addition of morpholine (0.350 mL, 

0.00401 mol) in a single portion. The resulting solution was stirred 2h at RT. The volatiles were 

removed under reduced pressure, and then the resulting white residue was partitioned between 

EtOAc (100 mL) and water (100 mL). The layers were separated and the aqueous layer was 

washed with EtOAc (2x50 mL). The combined organic extracts were dried over MgSO4, filtered 

and concentrated to a white solid. This crude material was dissolved in CH2Cl2 and concentrated 

onto silica gel before being subjected to column chromatography using a 40g column, with a 

gradient of 0% to 40% ethyl acetate in hexanes. The product containing fractions were combined 

and evaporated under reduced pressure to give t-butyl 2-chloro-4-morpholino-5,6-

dihydropyrido[3,4-d]pyrimidine-7(8H)-carboxylate as a white solid (1.114g, 3.14 mmol). 

tert-butyl 2-(4-(3-ethylureido)phenyl)-4-morpholino-5,6-dihydropyrido[3,4-d]pyrimidine-

7(8H)-carboxylate (12b). t-Butyl 2-chloro-4-morpholino-5,6-dihydropyrido[3,4-d]pyrimidine-

7(8H)-carboxylate (0.5784 g, 1.630 mmol), [4-ethylureido)phenyl]boronic acid, pinacol ester 

(0.5749 g, 1.981 mmol) and tetrakis(triphenylphosphine)palladium(0) (205 mg, 0.177 mmol) 
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were weighed into a microwave vial. Acetonitrile (6 mL, 100 mmol), degassed 1 M Na2CO3 in 

water (2.2 mL) and degassed 1 M KOAc in water (2.2 mL) were added and the mixture heated to 

120 °C for 15min. The reaction was diluted with 50 mL water and extracted with EtOAc (3x 50 

mL). Approximately ~10 mL brine was added to aid in separating the layers. The combined 

organic extracts were dried with MgSO4, filtered and concentrated onto silica gel. This crude 

material was then subjected to column chromatography using a 40g column, with a gradient of 

20% to 50% ethyl acetate in CH2Cl2. The product containing fractions were combined and 

evaporated under reduced pressure to give 12b (0.785g, 1.63 mmol). LC/MS: 4.53 min, 

M+=483.3, MW=482.6 1H NMR (D6-DMSO, 400 MHz) δ 8.63 (s, 1H), 8.18 (d, J = 8.7, 2H), 

7.48 (d, J = 8.8, 2H), 6.14 (s, 1H), 4.46 (s, 2H), 3.90 (s, 1H), 3.73 (s, 4H), 3.49 (d, J = 22.0, 6H), 

3.18 – 3.06 (m, 2H), 2.66 (s, 2H), 1.46 (s, 9H), 1.09 – 1.03 (m, 8H). 

1-ethyl-3-(4-(4-morpholino-5,6,7,8-tetrahydropyrido[3,4-d]pyrimidin-2-yl)phenyl)urea 

(12a). To 12b (0.568 g, 1.00 mmol) in a 100 mL roundbottom flask equipped with a stirbar was 

added TFA (3.0 mL, 39 mmol) in a single portion. The reaction was stirred at RT for 1h. The 

volatiles were removed under reduced pressure, and the resulting oil was washed with Et2O, 

which produced a white solid precipitate. The precipitate was filtered off, dissolved in CH2Cl2 

and MeOH and stirred with 1.0g PS-carbonate resin (2.5-3.6 mmol N/g) for 1h at RT. The resin 

was filtered off and washed with CH2Cl2. The filtrate was then concentrated to give 12a as a 

white solid (0.326 g, 8.52 mmol), which was used without further purification in subsequent 

reactions. A portion of the material was purified by reverse phase HPLC for assay. LC/MS: 2.99 

min, M+=383.3, MW=382.5 1H NMR (D6-DMSO, 400 MHz) δ 8.66 (s, 1H), 8.18 (d, J = 8.8, 

2H), 7.47 (d, J = 8.8, 2H), 6.17 (t, J = 5.6, 1H), 3.86 (s, 2H), 3.77 – 3.70 (m, 4H), 3.47 – 3.40 (m, 

4H), 3.15 – 3.06 (m, 2H), 2.93 – 2.85 (m, 2H), 2.62 – 2.56 (m, 2H), 1.06 (t, J = 7.2, 3H). 
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1-ethyl-3-(4-(7-(methylsulfonyl)-4-morpholino-5,6,7,8-tetrahydropyrido[3,4-d]pyrimidin-

2-yl)phenyl)urea (12c). LC/MS (ESI): M+=461, MW=460.55. 1H NMR (D6-DMSO, 400 

MHz) δ  9.01 (s, 1H), 8.18 (d, J = 8.8, 2H), 7.49 (d, J = 8.8, 2H), 6.43 (s, 1H), 4.32 (s, 2H), 3.72 

(s, 4H), 3.49 (d, J = 4.0 Hz, 4H), 3.12 (t, J = 6.4 Hz, 2H), 3.01 (s, 3H), 2.79 (s, 2H), 2.53 (s, 1H), 

2.31 (s, 1H), 1.06 (t, J = 7.2 Hz, 3H). The purity of this compound was 87% by UV at 254 nm. 

methyl 2-(4-(3-ethylureido)phenyl)-4-morpholino-5,6-dihydropyrido[3,4-d]pyrimidine-

7(8H)-carboxylate (12d). LC/MS (ESI): M+=441, MW=440.5. 1H NMR (D6-DMSO, 400 

MHz) δ  8.75 (s, 1H), 8.17 (d, J = 8.4 Hz, 2H), 7.51 (d, J = 8.4 Hz, 2H), 6.22 (s, 1H), 4.53 (s, 

2H), 3. 72-3.55 (m, 13H), 3.12 (t, J = 5.2 Hz, 2H), 2.69 (t, J = 5.2 Hz, 2H), 1.07 (t, J = 7.2 Hz, 

3H). The purity of this compound was 94% by UV at 254 nm. 

1-(4-(7-benzoyl-4-morpholino-5,6,7,8-tetrahydropyrido[3,4-d]pyrimidin-2-yl)phenyl)-3-

ethylurea (12e). 12a (111.6 mg, 0.2918 mmol) was weighed into a reaction vial. CH2Cl2 (5.0 

mL, 78 mmol) and N,N-diisopropylethylamine (150 uL, 0.86 mmol) were added, then benzoyl 

chloride (45 uL, 0.39 mmol). The reaction was stirred at RT for 2h, and then the reaction was 

diluted with 8 mL CH2Cl2, and shaken with 10 mL 1N HCl. The layers were separated, then 

extracted with CH2Cl2 (2x 5mL). The combined organic extracts were dried with MgSO4, 

filtered and concentrated. The resulting material was purified by reverse phase chromatography. 

LC/MS: 4.11 min, M+=487.2, MW=486.6 1H NMR (400 MHz, D6-DMSO) δ 10.12 – 9.97 (m, J 

= 23.6, 2H), 9.35 (s, 1H), 9.09 (s, 1H), 7.62 (d, J = 9.0, 1H), 6.97 (d, J = 8.7, 2H), 5.69 (s, 1H), 

3.40 – 3.24 (m, J = 6.3, 13.6, 7H), 3.17 (s, 1H), 3.04 – 2.91 (m, 1H), 1.20 (t, J = 7.2, 3H), 0.97 (t, 

J = 7.2, 2H). 
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ethyl (4-(7-benzoyl-4-morpholino-5,6,7,8-tetrahydropyrido[3,4-d]pyrimidin-2-

yl)phenyl)carbamate (12f). LC/MS: 4.68 min, M+=488.3, MW=486.6 1H NMR (D6-DMSO, 

400 MHz) δ 9.80 (s, 1H), 8.31 - 8.10 (m, 2H), 7.62-7.45 (m, 6H), 4.72 (br s, 1H), 4.53 (br s, 1H), 

4.14 (q, J = 7.1 Hz, 2H), 3.83 (br s, 1H), 3.78 - 3.68 (m, 4H), 3.57 - 3.45 (m, 5H), 2.77 (t, J = 5.0 

Hz, 2H), 1.26 (t, J = 7.1 Hz, 3H). 

4-(7-benzoyl-4-morpholino-5,6,7,8-tetrahydropyrido[3,4-d]pyrimidin-2-yl)phenyl 

ethylcarbamate (12g). LC/MS: 5.45 min, M+=488.3, MW=487.6 1H NMR (D6-DMSO, 400 

MHz) δ 3.79 - 3.69 (m, 4H), 3.59 - 3.44 (m, 5H), 3.11 (p, J = 6.6 Hz, 2H), 2.78 (t, J = 5.1 Hz, 

2H), 1.10 (t, J = 7.2Hz, 3H), 3.91 - 3.79 (m, 1H), 8.43 - 8.15 (m, 2H), 7.82 - 7.73 (m, 1H), 7.57 - 

7.46 (m, 4H), 7.26 - 7.09 (m, 2H), 4.80 - 4.47 (m, 2H). 

1-ethyl-3-(4-(4-morpholino-7-(pyrimidin-2-yl)-5,6,7,8-tetrahydropyrido[3,4-d]pyrimidin-

2-yl)phenyl)urea (12h). LC/MS: 3.97 min, M+=461.2, MW=460.5 1H NMR (D6-DMSO, 400 

MHz) δ 8.64 (s, 1H), 8.43 (d, J = 4.7, 2H), 8.21 (d, J = 8.7, 2H), 7.49 (d, J = 8.8, 2H), 6.69 (t, J = 

4.7, 1H), 6.16 (t, J = 5.5, 1H), 4.81 (s, 2H), 3.98 (s, 2H), 3.73 (d, J = 4.5, 4H), 3.47 (d, J = 4.4, 

4H), 3.19 – 3.02 (m, 2H), 2.75 (s, 2H), 1.06 (t, J = 7.2, 3H). 

(S)-1-ethyl-3-(4-(4-(3-methylmorpholino)-7-(pyrimidin-2-yl)-5,6,7,8-

tetrahydropyrido[3,4-d]pyrimidin-2-yl)phenyl)urea (12i). LC/MS: 4.82 min, M+=475.3, 

MW=474.6 1H NMR (D6-DMSO, 400 MHz) δ 8.68 (s, 1H), 8.44 (d, J = 4.7, 2H), 8.20 (d, J = 

8.8, 2H), 7.49 (d, J = 8.8, 2H), 6.69 (t, J = 4.7, 1H), 6.19 (t, J = 5.6, 1H), 4.90 (d, J = 18.7, 1H), 

4.73 (d, J = 18.7, 1H), 4.19 – 4.06 (m, 2H), 3.94 – 3.76 (m, 2H), 3.74 – 3.54 (m, 4H), 3.50 – 3.36 

(m, 1H), 3.17 – 3.06 (m, 2H), 2.80 – 2.68 (m, 2H), 1.25 (d, J = 6.6, 3H), 1.06 (t, J = 7.2, 3H). 
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(S)-1-ethyl-3-(4-(4-(3-ethylmorpholino)-7-(pyrimidin-2-yl)-5,6,7,8-tetrahydropyrido[3,4-

d]pyrimidin-2-yl)phenyl)urea (12j). LC/MS: 3.56 min, M+=489.3, MW=488.6 1H NMR (D6-

DMSO, 400 MHz) δ 8.39 (d, J = 4.8 Hz, 2H), 8.30 – 8.16 (m, 2H), 7.50 – 7.38 (m, 2H), 6.70 – 

6.55 (m, 1H), 5.06 (d, J = 18.7 Hz, 1H), 4.68 (d, J = 18.7 Hz, 1H), 4.39 (dt, J = 13.2, 4.8 Hz, 

1H), 4.03 (s, 1H), 3.95 – 3.61 (m, 6H), 3.61 – 3.50 (m, 1H), 3.34 (s, 1H), 3.24 (d, J = 7.2 Hz, 

1H), 2.94 – 2.62 (m, 2H), 1.90 (ddd, J = 13.8, 9.9, 6.7 Hz, 2H), 1.17 (t, J = 7.2 Hz, 3H), 0.98 – 

0.80 (m, 3H). 

(S)-1-ethyl-3-(4-(4-(3-methylmorpholino)-7-(pyrazin-2-yl)-5,6,7,8-tetrahydropyrido[3,4-

d]pyrimidin-2-yl)phenyl)urea (12k). LC/MS: 3.05 min, M+=475.2, MW=474.6 1H NMR (D6-

DMSO, 400 MHz) δ 8.67 (s, 1H), 8.43 (d, J = 1.5 Hz, 1H), 8.24 – 8.16 (m, 2H), 8.13 (dd, J = 

2.6, 1.5 Hz, 1H), 7.87 (d, J = 2.6 Hz, 1H), 7.55 – 7.44 (m, 2H), 6.19 (t, J = 5.5 Hz, 1H), 4.87 – 

4.49 (m, 2H), 4.14 (d, J = 7.4 Hz, 1H), 3.99 (dt, J = 12.8, 5.0 Hz, 1H), 3.94 – 3.82 (m, 1H), 3.82 

– 3.52 (m, 5H), 3.51 – 3.37 (m, 1H), 3.12 (dt, J = 12.7, 7.1 Hz, 2H), 2.78 (t, J = 5.5 Hz, 2H), 

1.26 (d, J = 6.6 Hz, 3H), 1.06 (t, J = 7.2 Hz, 3H). 

(S)-1-ethyl-3-(4-(4-(3-methylmorpholino)-7-(pyridazin-3-yl)-5,6,7,8-tetrahydropyrido[3,4-

d]pyrimidin-2-yl)phenyl)urea (12l). LC/MS: 3.63 min, M+=475.2, MW=474.6 1H NMR (D6-

DMSO, 400 MHz) δ 8.66 (s, 1H), 8.58 (dd, J=4.3, 1.3 Hz, 1H), 8.21 (d, J=8.8 Hz, 2H), 7.50 (d, 

J=8.8 Hz, 2H), 7.46-7.36 (m, 2H), 6.17 (t, J=5.6 Hz, 1H), 4.78 (d, J=18.1 Hz, 1H), 4.66 (d, 

J=18.1 Hz, 1H), 4.17-4.00 (m, 2H), 3.93-3.84 (m, 1H), 3.82-3.56 (m, 5H), 3.48-3.39 (m, 1H), 

3.17-3.07 (m, 2H), 2.83-2.75 (m, 2H), 1.26 (d, J=6.7 Hz, 3H), 1.06 (t, J=7.2 Hz, 3H). The purity 

of this compound was 89% by UV at 254nm. 
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(S)-1-ethyl-3-(4-(7-(3-methyl-1,2,4-thiadiazol-5-yl)-4-(3-methylmorpholino)-5,6,7,8-

tetrahydropyrido[3,4-d]pyrimidin-2-yl)phenyl)urea (12m). LC/MS: 3.58 min, M+=495.2, 

MW=494.6 1H NMR (D6-DMSO, 400 MHz) δ 8.78 (s, 1H), 8.19 (d, J=8.8 Hz, 2H), 7.50 (d, 

J=8.8 Hz, 2H), 6.29 (t, J=5.7 Hz, 1H), 4.59 (d, J=4.8Hz, 2H), 4.14-4.08 (m, 2H), 3.90-3.58 (m, 

5H), 3.47-3.42 (m, 1H), 3.15-3.08 (m, 2H), 2.85-2.81 (m, 2H), 2.69-2.66 (m, 1H), 2.33 (s, 3H), 

1.26 (d, i=6.7 Hz, 3H), 1.06 (t, J=7.2Hz, 3H). 

(S)-1-ethyl-3-(4-(7-(5-methyl-1,3,4-oxadiazol-2-yl)-4-(3-methylmorpholino)-5,6,7,8-

tetrahydropyrido[3,4-d]pyrimidin-2-yl)phenyl)urea (12n). LC/MS (ESI): M+=479.3, 

MW=478.55. 1H NMR (D6-DMSO, 400 MHz) δ 8.73 (s, 1H), 8.09 (d, J = 8.8 Hz, 2H), 7.45(d, J 

= 8.8 Hz, 2H), 6.20 (s, 1H), 4.51 (s, 1H), 4.25 (s, 1H), 3.59-3.44 (m, 8H), 3.05 (d, J = 5.6 Hz, 

2H), 2.29 (s, 3H), 1.23(d, J = 6.4 Hz, 3H), 0.99(t, J = 7.2 Hz, 3H). 

Molecular Modeling. A homology model of the mTOR kinase domain was built from 

publicly available PI3Kγ crystal structures (PDB code 3IBE) using the Fugue and Orchestrar 

modules of Sybyl, version 8.1 (Tripos Associates, St. Louis, MO), and further optimized using 

the Maximin module within Sybyl (all atoms, Amber FF02 charges on protein, MMFF94 charges 

on ligand) including the bound ligand from 3IBE. Docking studies were conducted using Gold, 

version 4.1, with a single hydrogen bond constraint to the hinge Val backbone NH, allowing 

flexible Lys and Asp side chains so appropriate hydrogen bond geometry between the ligand 

urea moiety and protein could be attained. A 10Å sphere arond the centroid of the ligand was 

used to define the active site region. 
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