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ABSTRACT: The mechanistic target of rapamycin (mTOR) pathway is
hyperactivated in cancer and neurological disorders. Rapalogs and mTOR
kinase inhibitors (TORKi) have recently been applied to alleviate epileptic
seizures in tuberous sclerosis complex (TSC). Herein, we describe a
pharmacophore exploration to identify a highly potent, selective, brain
penetrant TORKi. An extensive investigation of the morpholine ring engaging
the mTOR solvent exposed region led to the discovery of PQR626 (8). 8
displayed excellent brain penetration and was well-tolerated in mice. In mice
with a conditionally inactivated Tsc1 gene in glia, 8 significantly reduced the
loss of Tsc1-induced mortality at 50 mg/kg p.o. twice a day. 8 overcomes the
metabolic liabilities of PQR620 (52), the first-in-class brain penetrant TORKi
showing efficacy in a TSC mouse model. The improved stability in human
hepatocytes, excellent brain penetration, and efficacy in Tsc1GFAPCKO mice
qualify 8 as a potential therapeutic candidate for the treatment of neurological
disorders.

■ INTRODUCTION

The mechanistic target of rapamycin (mTOR) is activated
downstream of phosphoinositide 3-kinase (PI3K). The mTOR
kinase is a part of two functionally distinct multiprotein
complexes, mTOR complex 1 (mTORC1) and mTOR
complex 2 (mTORC2).1,2 TORC1 monitors the availability
of cellular energy, oxygen and amino acids, surface receptor
ligation, and stress levels. Cell surface receptor-mediated
activation of PI3K triggers PtdIns(3,4,5)P3 production, which
is recognized by the pleckstrin homology domains in protein
kinase B (PKB/Akt), phosphoinositide-dependent protein
kinase 1 (PDK1), and the TORC2 component SIN1.
Thr308 is phosphorylated by PDK1 and at Ser473 in the
hydrophobic motif by mTORC2.3,4 TORC1 regulates lipid
and protein synthesis through phosphorylation of S6 kinase
(S6K), resulting in phosphorylation of the downstream effector
ribosomal protein S6.5 Moreover, TORC1 modulates lysosome
function and inhibits autophagy. TORC2 controls cytoskeletal
rearrangements, cell cycle progression, and survival.6 A critical
negative regulator of TORC1 is the suppressor protein
tuberous sclerosis complex (TSC), composed of hamartin
(TSC1) and tuberin (tuberous sclerosis 2, TSC2). PKB/Akt
regulates TSC via phosphorylation of tuberin on multiple sites.

Phosphorylation of TSC2 blocks its GTPase-activating
function, resulting in active Ras homolog enriched in brain
and TORC1.6,7

The mTOR pathway is dysregulated in many diseases such
as neurological disorders, cancer, and type 2 diabetes.4,8 In
central nervous system (CNS) disorders, mTOR is supposed
to be implicated in Parkinson’s, Alzheimer’s, and Huntington’s
disease, epilepsy, stroke, and trauma.9 TSC loss of function
triggers hyperactivation of TORC1, causing hyperplastic
lesions in multiple organs. In ∼90% of TSC patients, epilepsy,
behavioral problems, and cognitive impairment dominate the
patient’s morbidity, which have made mTOR kinase a target
for TSC treatment in the CNS.10

Rapamycin (55) and its derivatives (dubbed rapalogs;
Figure 1) are allosteric inhibitors of TORC1 and form via

Received: April 15, 2020

Articlepubs.acs.org/jmc

© XXXX American Chemical Society
A

https://dx.doi.org/10.1021/acs.jmedchem.0c00620
J. Med. Chem. XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
N

E
W

 E
N

G
L

A
N

D
 o

n 
N

ov
em

be
r 

10
, 2

02
0 

at
 0

0:
20

:1
9 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chiara+Borsari"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Erhan+Keles"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Denise+Rageot"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrea+Treyer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thomas+Bohnacker"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lukas+Bissegger"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Martina+De+Pascale"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Martina+De+Pascale"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anna+Melone"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rohitha+Sriramaratnam"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Florent+Beaufils"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matthias+Hamburger"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paul+Hebeisen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paul+Hebeisen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wolfgang+Lo%CC%88scher"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Doriano+Fabbro"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Petra+Hillmann"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matthias+P.+Wymann"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jmedchem.0c00620&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c00620?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c00620?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c00620?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c00620?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c00620?fig=abs1&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.jmedchem.0c00620?ref=pdf
https://pubs.acs.org/jmc?ref=pdf
https://pubs.acs.org/jmc?ref=pdf


the FKBP-rapamycin binding domain (FRB domain) of
TORC1 a stable complex with FK506 binding protein 12
(FKBP12) bound to rapamycin.11 Chronic exposure to
rapalogs has been proposed to disrupt mTORC2 after long
exposure.12 The beneficial effects of 55 or rapalogs alleviating
epileptic seizures caused by loss-of-function in mTOR
signaling have been recently explored. Sirolimus (55) and
everolimus (56, RAD001) significantly decreased seizures in
mice with tissue-specific inactivation of the Tsc1 gene primarily
in glia (Tsc1GFAPCKO mice) and prolonged their survival.13,14

Moreover, rapalogs displayed efficacy in reducing frequency of

seizures and TSC-associated solid tumor size in TSC patients,
leading to the approval of 56 for the treatment of TSC-
associated seizures in 2018.15,16 The ability of mTOR
inhibitors to induce autophagy and to reduce detrimental
protein aggregates in neurons may be exploited for the
treatment of other neurological disorders including Hunting-
ton’s,17,18 Alzheimer’s,19 and Parkinson’s diseases.20 However,
TORC1 inhibition by rapalogs is not efficient in all TSC
patients, and significant adverse side effects due to immune
suppression often demand the termination of further treat-
ment.21 The adverse side effects are pronounced because

Figure 1. (A) Chemical structures of selected TORKi, including 49,23 50,24 51,25 52,26 53,27 and a thiazolopyrimidine derivative (54).28 (B)
Chemical structures of 55 and rapalogs (e.g., 56), which function as allosteric inhibitors of TORC1, forming a TORC1-rapalog-FKBP12 complex.11

Scheme 1. (A−C) Synthesis of the Compound Library (1−22)a

aReagents and conditions: (i) morpholine, N,N-diisopropylethylamine (DIPEA), EtOH, 0 °C → rt, o/n as reported in the literature;26 (ii) (1)
boronate 48, XPhosPdG2 (cat.), K3PO4, dioxane/H2O, 95 °C, 2−16 h; (2) HCl, H2O, 60 °C, 3−16 h; (iii) morpholine derivative (Mn−H),
DIPEA, DCM, 0 °C → rt, o/n as reported in the literature;26 (iv) morpholine derivative (Mn−H), DCM, −50 °C, 2 h; (v) Mn−H, DIPEA, DCM,
0 °C → rt, o/n (for 27−29, 32, 34−46); (vi) Mn−H, DIPEA, THF, 0 °C → rt → 70 °C, o/n (for 30 and 31); (vii) see (i) for intermediate 33.
*Compound 3 is reported in ref 35.
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Table 1. SAR Investigation on the Exploration of Substituted Morpholines
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rapalogs have a limited ability to penetrate the blood−brain
barrier (BBB). Only when high plasma levels are reached,
mTOR in the brain can be efficiently inhibited.22

For these reasons, the identification of mTOR inhibitors
with optimized brain permeability is an ongoing challenge for
the treatment of CNS disorders.
mTOR kinase inhibitors (TORKi) that bind to the ATP-

pocket inhibit mTOR kinase and thus target the function of
both mTORC1 and mTORC2. mTOR-selective inhibitors
covering different chemical spaces have been discovered,
including CC-223 (49),23 sapanisertib/INK12824 (50), and
vistusertib/AZD201425 (51; Figure 1), and have been explored
to treat a variety of human cancers.
We have recently disclosed PQR620 (52, Figure 1), a brain

penetrable inhibitor of mTOR kinase with excellent
selectivity.26 Compound 52, bearing two ethylene bridged
morpholines, is the first-in-class selective catalytic mTOR
inhibitor able to cross the BBB. It has been identified through
chemical modifications of PQR309 (57, bimiralisib; see the
Supporting Information for chemical structure),29−32 a pan-
PI3K inhibitor with moderate mTOR affinity, currently
evaluated in Phase II trials of solid tumors and lymphomas.33

In 2020, Novartis has proposed a novel brain-penetrant
TORKi bearing a thiazolopyrimidine scaffold (54, Figure 1).28

Very recently, we have explored a novel chemical space and
disclosed a tricyclic pyrimido-pyrrolo-oxazine, PQR617 (53,
Figure 1), showing selectivity for mTOR over class I PI3Ks of
∼450-fold. However, this compound showed only minimal

brain penetration,27 preventing application in the treatment of
CNS disorders.
Because the ethylene bridge on the two morpholines in 52

has been identified as a primary site of metabolism in human
liver microsomes34 and human hepatocytes, 52 has been
characterized as an optimal proof-of-concept molecule for
rodent models22 but is expected to have a short half-life in
human patients. Pharmacokinetic studies of 52 in male
cynomolgous monkeys showed a rapid compound degradation
(Figure S1). The metabolic reactions occurred mainly by
oxidation of 52 at the bridged morpholines, while the triazine
core and the 4-(difluoromethyl)pyridin-2-amine did not show
metabolic sensitivity (Figure S2). We therefore focused on the
modification of both morpholines of 52 and on the
development of a follow-up compound for 52 with improved
metabolic stability in humans. We built up a broad structure−
activity relationship (SAR) study to develop novel, brain-
penetrable, and orally bioavailable mTORC1/2 inhibitors.
Evaluation of metabolic stability and pharmacokinetic proper-
ties pinpointed PQR626 (8) as a promising candidate for CNS
indications.

■ RESULTS AND DISCUSSION

Chemistry. The library of triazine compounds was
synthesized as depicted in Scheme 1. (R)-4-(4-Chloro-6-
morpholino-1,3,5-triazin-2-yl)-3-methylmorpholine (24) was
prepared from 2,4-dichloro-6-(morpholin-4-yl)-1,3,5-triazine
(23), and later compound 1 was generated from intermediate

Table 1. continued

aPhosphorylation of PKB (Ser473) and S6 (Ser235/236) were measured in A2058 cells treated with inhibitors. Subsequent detection of
phosphoproteins was done using in-cell western assays. IC50s were measured using a 7- or 11-point 1:2 serial dilution and each concentration was
measured in independent triplicate (7-point dilution) or independent duplicate (11-point dilution) experiments. Data are reported as mean ± SD.
Log IC50s are reported in Table S1 in the Supporting Information. bThe in vitro binding of the compounds to the ATP-binding site of p110α and
mTOR was evaluated with a commercially available time-resolved Förster resonance energy transfer (TR-FRET) displacement assay. IC50s were
measured using a 10-point 1:4 serial dilution and each concentration was performed in independent duplicate experiments. Data are reported as
mean ± SD. IC50s and log IC50s are reported in Table S1. cMarvin/JChem 20.9 was used to calculate logP (partition coefficient) and PSA (polar
surface area) values, ChemAxon (https://www.chemaxon.com).
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24 and boronate 48 (see Experimental Section for the
chemical structure) using a Suzuki cross-coupling (Scheme
1A). The first step in the synthesis of compound 2 involved the
di-substitution of cyanuric chloride with the same morpholine
moiety (M1, (R)-3-methylmorpholine) to generate intermedi-
ate 25 (Scheme 1B). All other final compounds were
synthesized starting from cyanuric chloride by following
substitution with two different morpholine derivatives: first
(R)-3-methylmorpholine was introduced (76% yield), followed
by substituted morpholine Mn (M2−M6 and M8−M21, Scheme
1C). Influenced by the first morpholine derivative introduced,
the second nucleophilic substitution yielded the desired
intermediates with moderate to excellent yields (48−99%).
As depicted in Scheme 1C, the synthesis of intermediate 32
was optimized introducing first the highest sterically hindered
morpholine [(3S,5R)-3,5-dimethylmorpholine, 62% yield],
followed by (R)-3-methylmorpholine (87% yield). The last
synthetic step involved the displacement of the chlorine of
intermediates (24, 25, 27−46) by the heteroaryl moiety using
a palladium-catalyzed Suzuki cross-coupling with boronate 48.
Yields for final compounds (1−22) were moderate to excellent
(36−97%).
Combining Pharmacophore Features. The triazine core

of 52 was selected as the primary building block, and chemical
features of 52 and 53 inspired scaffold explorations. The 4-
(difluoromethyl)pyridin-2-amine was chosen as a heteroar-
omatic ring because it was found to be an essential feature for
mTOR affinity. As previously suggested, the CHF2-moiety
potentially (i) interacts with a nitrogen atom of the triazine
core or (ii) with Glu2190 in mTOR, leading to highly potent
compounds in vitro and in cells.26 In addition, the pyridine ring
displayed a higher mTOR potency compared to the pyrimidine
moiety.32 The (R)-3-methylmorpholine represented the third
pharmacophoric feature in our drug design process. This
substituted morpholine provided selectivity for mTOR over
the closely related PI3K family, as highlighted by the
development of 53 and 54 (Figure 1).27,28

Assessment of Cellular Efficacy and PI3K/mTOR
Affinity. To identify novel brain penetrant TORKi with
optimized metabolic stability, we focused our SAR study on

the exploration of substituted morpholines. With the exception
of 1, which bears one unsubstituted morpholine, we
synthesized a library of compounds bearing differently
substituted morpholines (Mn substituents, Scheme 1), namely,
3-methylmorpholine [M1: (R) and M2: (S)], 3,3-dimethylmor-
pholine (M3), 8-oxa-5-azaspiro[3.5]nonane (M4), 3,5-dime-
thylmorpholine [M5: (3R,5R); M6: (3S,5S); M7: (3S,5R)],
(2R,6S)-2,6-dimethylmorpholine (M8), 3-ethylmorpholine
[M9: (R) and M10: (S)], morpholin-3-ylmethanol [M11: (R)
and M12: (S)], (R)-3-(methoxymethyl)morpholine (M13), 3-
oxa -6 - a zab i cyc lo[3 .1 .1]hep tane (M14) , 6 -oxa -3 -
azabicyclo[3.1.1]heptane (M15), 2-oxa-5-azabicyclo[2.2.1]-
heptane [M16: (1R,4R) and M17: (1S,4S)], 3-oxa-8-
azabicyclo[3.2.1]octane (M18), 8-oxa-3-azabicyclo[3.2.1]-
octane (M19), 2-oxa-6-azaspiro[3.3]heptane (M20), and 1,4-
oxazepane (M21). The compounds were tested for in vitro
binding to the catalytic subunit of mTOR and PI3Kα (p110α)
and for inhibition of PI3K/mTOR pathway in A2058 cells
[phosphorylation of S6 and protein kinase B (PKB/Akt) on
Ser473 to detect mTORC1 and mTORC2 activity, respec-
tively]. Whereas 1 bearing an unsubstituted morpholine
showed a selectivity for mTOR versus PI3Kα of 2.5-fold,
increasing the steric demand of the morpholine substituents
significantly enhanced the compounds’ selectivity (see
compounds 2, 4−9, 12−14; Table 1). Sterically hindered
morpholines had previously been reported to enhance the
selectivity for mTOR over PI3K.26,27,36 The presence of a
bridged morpholine resulted in a decrease in mTOR affinity,
with the exception of 3-oxa-8-azabicyclo[3.2.1]octane (M18)
and 8-oxa-3-azabicyclo[3.2.1]octane (M19) that led to a
significant activity toward mTOR (Ki for 19 and 20 = 13
and 24 nM, respectively). Ring-enlargement from a morpho-
line to a 1,4-oxazepane maintained strong mTOR affinity (Ki
for 1 and 22 = 8 and 15 nM, respectively). Compounds 4 and
8 showed a high potency for mTOR kinase [Ki 4 = 4.7 nM; 8 =
3.6 nM] together with a 100-/80-fold selectivity for mTOR
over PI3Kα. Sterically hindered morpholines caused a decrease
in cellular activity (Table 1), with the exception of M3 (3,3-
dimethylmorpholine) and M7 [(3S,5R)-3,5-dimethylmorpho-
line]. Bridged-morpholine derivatives (15−20) had poor

Figure 2. (A) Docking of 8 (light blue) to mTOR (gray) starting from PDB: 4JT6. H-bonds are represented as dashed black lines. The backbone
amide (Val2240) essential for binding is shown in a ball-and-stick representation. (B) Sphere representation of mTOR-8 complex and (C) of
PI3Kα-8 complex. Ile2163 (mTOR) is depicted as dark gray while Met772 (PI3Kα) in magenta. Both conformations (“methyl-up” in light blue
and “methyl-down” in orange) are displayed. Docking of 8 (light blue) to PI3Kα (pink) was performed starting from PDB: 6OAC. (D)
Superimposition of mTOR-8 and PI3Kα-8 complex; mTOR (gray) and PI3Kα (pink). (E) Superimposition of mTOR-4 and PI3Kα-4 complexes;
mTOR (gray) and PI3Kα (pink). Both conformations (“methyl-right” in green and “methyl-left” in yellow) are displayed.
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cellular activity, apart from 19 bearing a 3-oxa-8-
azabicyclo[3.2.1]octane (M18, Scheme 1) and showing
moderate potency in cells (IC50 for pPKB/Akt = 157 nM
and for pS6 = 282 nM). The 3-oxa-8-azabicyclo[3.2.1]octane is
also present in the lead compound 52. Compounds 4 and 8
displayed the best cellular activity (IC50 for pPKB/Akt = 191
and 96 nM, and for pS6 = 61 and 71 nM, respectively) and
were selected for additional studies.
Clarification of Inhibitor−Protein Interactions. Be-

cause the presence of a sterically hindered morpholine
increased the mTOR selectivity over PI3K, computational
modeling studies for compounds 8 and 4 were performed. To
explain the compounds’ different affinity for mTOR and
PI3Kα, we investigated the inhibitors’ interactions with the
ATP-binding site of the respective kinase. As previously
described for 52,26 53,27 and other morpholino-substituted
PI3K inhibitors,29,30,32,37,38 a pivotal interaction for mTOR and
PI3K binding is the H-bond formation between the backbone
amide of Val2240 in the hinge region of mTOR or of the
Val851 in PI3Kα with the oxygen atom of the morpholine
moiety. The (R)-3-methylmorpholine is well accommodated in
the hinge region of mTOR, providing selectivity for mTOR
kinase over the structurally related PI3Ks.27,28,39 We used the
X-ray structure of PI103 in mTOR (see ref 40; PDB ID 4JT6,
3.6 Å resolution) and replaced PI103 with compound 8. After
energy minimization, the resulting mTOR-8 complex pre-
served crucial interactions including the hydrogen bonds
between Asp2195/Glu2190 and the 2-aminopyridine and
between the oxygen atom of the (R)-3-methylmorpholine
and the Val2240 backbone amide (Figure 2A). The (3S,5R)-
3,5-dimethylmorpholine points toward the solvent exposed
region, and hydrophobic interactions between one of the two
methyl groups and Met2345 could further stabilize the mTOR-
8 complex (Figure 2A). The interaction with Met2345 has
been described to play a pivotal role in inhibitor binding
stabilization also for the tricyclic pyrimido-pyrrolo-oxazine
scaffold.27 Because of the high sequence homology of the ATP-
binding pocket of mTOR and class I PI3Ks, we can assume a
similar binding mode for PI3K isoforms. Analogous computa-
tional modeling analysis was carried out starting from the X-ray
structure of PI3Kα in complex with the structurally similar
triazine derivative PQR530 (see ref 35; PDB ID 6OAC, 3.15 Å

resolution). After ligand energy minimization, the oxygen atom
of the (R)-3-methylmorpholine established a H-bond with the
backbone amide of Val851 in PI3Kα, while the NH2 group of
the 4-(difluoromethyl)pyridin-2-amine forms H-bonds with
Asp810/Asp933. Two opposing conformations are possible for
the binding of (3S,5R)-3,5-dimethylmorpholine to the solvent
exposed region: with the methyl groups pointing toward (i)
Met2345 in mTOR (Met922 in PI3Kα) or (ii) Ile2163 in
mTOR (Met772 in PI3Kα). In mTOR, both conformations
are well accommodated (Figure 2B). On the contrary, only one
conformation can bind to PI3Kα because of a clash with
Met772 in the “methyl-down” conformation (Figure 2C). A
superimposition of mTOR and PI3Kα ATP-binding pockets
highlighted the inability of highly sterically hindered
substituents to bind in the solvent exposed region of PI3Kα
because of the different orientation between Met772 (PI3Kα)
and Ile2163 (mTOR; Figure 2D). Computational modeling
studies were also performed for compound 4 and, similarly,
both morpholine conformations bond with mTOR’s solvent
exposed region, while just the “methyl-right” conformation was
accommodated in the ATP-binding site of PI3Kα (Figure 2E).

Profiling of Enzymatic Activity, Selectivity, and In
Vitro ADME. Due to their significant potency in cells, low
nanomolar affinity, and high selectivity for mTOR, compounds
4 and 8 were characterized on the DiscoverX KINOMEScan
platform. KdELECT assays (DiscoverX) confirmed the
excellent affinity of 4 and 8 for mTOR kinase, with compound
8 showing a selectivity >150-fold for mTOR compared to class
I PI3K isoforms (Table 2). The determined selectivity of 8 for
mTOR kinase over class I PI3K isoforms exceeded those of
previously published molecules such as CC22341 (49, ∼80×)
and INK128 (50, ∼40×) and was in the range of AZD2014
(51, ∼230×; Table 2). Both compounds (4 and 8) displayed a
low nanomolar affinity for the class III PI3K Vps34 (Table 2).
Although many pharmaceutical companies have curtailed their
drug discovery programs on Vps34 inhibitors,42 Vps34 has
been identified as a promising therapeutic target for
combination strategies in cancer treatment because of its
pivotal role in autophagy.43

These data qualify 8 as a highly potent mTOR inhibitor with
low to moderate activity for PI3Kα. Moreover, the selectivity
of compound 8 for mTOR over a wide range of proteins

Table 2. Lipid Kinase and mTOR Binding Constants of 4, 8, and Reference Compounds

inhibitor binding constantsa Kd, [nM], ±SD
*most sensitive
PI3K/mTOR

kinase → mTOR PI3Kα PI3Kβ PI3Kδ PI3Kγ PI4Kβ VPS34
fold selectivity

(class I PI3K isoforms)

4 0.88 ± 0.17 81 ± 27 1350 ± 71 2450 ± 354 595 ± 106 >30 000 28 ± 1.4 90

PQR626 (8) 0.67 ± 0.09 110 ± 14 1450 ± 71 3500 ± 424 1350 ± 71 >30 000 65 ± 3.5 164

CC223
(49)b

28 ± 11 2300 ± 141 18,500 ± 6364 6200 ± 0 7150 ± 919 39 ± 10 2500 ± 354 >80×

INK128
(50)b

0.092 ± 0.007 15 ± 3.5 81 ± 1.4 30 ± 13 3.7 ± 0.28 n.d. 8200 ± 707 >40×

AZD2014
(51)b

0.14 ± 0.02 33 ± 1.4 3300 ± 282 1500 ± 283 8400 ± 707 >30 000 23 000 ± 3535 >230×

PQR620
(52)b

0.27 ± 0.16 980 ± 14 22 000 ± 2828 23 000 ± 2828 18 000 ± 707 >30 000 1400 ± 0 >3700×

PQR617
(53)b

3.5 ± 0.49 1600 ± 0 7450 ± 495 12 000 ± 0 11 000 ± 1414 >30 000 3250 ± 495 457

aDissociation constants (Kd) were assessed with ScanMax technology from DiscoveRx (11 point threefold serial dilutions of the listed compounds).
Experiments were performed using an automated and standardized in vitro assay at DiscoverX (San Diego, USA) as technical duplicates, and Kd was
calculated from dose−response curves (fitting with Hill equation). Kd is shown as mean ± SD. bValues for compounds 49, 50, 51, 52, and 53 are
from ref 27. n.d. = not determined. *Ratio of Kd of most sensitive class I PI3K isoform (indicated in bold type) over Kd for mTOR.
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(>400) and lipid kinases was demonstrated in a DiscoverX
scanMAX kinase assay panel. Compound 8 displayed negligible
binding to protein kinases at a concentration of 10 μM (Figure
S3 and Table S3 in the Supporting Information). It obtained
excellent selectivity scores44 of S(35) = 0.04 and S(10) = 0.017
(corresponding to 16 and 4 hits, respectivelyTable S2),
compared to 50 which recorded 0.29 and 0.14 (corresponding
to 118 and 55 hits, respectivelyTable S2). In order to assess
off-target effects, compound 8 was tested at a 10 μM
concentration in a Cerep safety pharmacology panel. No off-
target interactions of 8 with the cell surface and nuclear
receptors, transporters, and ion channels including hERG
(Table S4) were identified. Enzyme activities such as
phosphodiesterases, kinases, and proteases were also un-
affected by compound 8 (Table S5).
Metabolic Stability and CYP450 Reactive Phenotyp-

ing. To assess its metabolic stability in comparison with 52,
compound 8 was incubated with hepatocytes from mice (CD-
1), rats (Sprague-Dawley), dogs (Beagle), and humans. The
hepatocytes stability is strongly predictive of in vivo clearance
across species, as previously demonstrated with 57.30

Compound 8 showed a moderate stability with mouse, rat,
and human hepatocytes, with 48.4, 42.3, and 44.0% compound
remaining after 3 h of incubation. A moderate-to-high stability
was observed with dog hepatocytes (75.6%; Table S6 and
Figure 3A). 52 presented a high stability in mouse, rat, and dog
hepatocytes (>59.9% remaining compound; see Table S7),
characterizing it as an excellent TORKi to explore rodent
models. Compound 52’s limited stability in human hepato-
cytes (27.8% remaining compound after 3 h; Table S7)
designates 52 as a candidate for topical applications, which is
also supported by its lipophilic properties. 8 achieved a 52%
increase in stability in human hepatocytes with respect to 52
(Table 3), providing substantial advantages for the develop-
ment of novel agents targeting CNS disorders.
Both 8 and compound 4, bearing a 3,3-dimethylmorpholine,

were characterized with respect to their CYP1A-related
metabolism, after incubation with individual human recombi-
nant CYP isoenzymes CYP1A1 and CYP1A2. CYP1A1 is
implicated in the metabolism of structurally similar molecules
and the high interindividual expression of this isoenzyme
hampers the establishment of a therapeutic dose. Compound 8
was moderately stable with CYP1A1 as indicated by 45.1%
remaining compound after 60 min of incubation (Figure 3B),
while compound 4 was extensively depleted, resulting in <2%
remaining compound after 60 min (Figure 3C). Both
compounds were not substrates of CYP1A2. Because the
(R)-3-methylmorpholine has been suggested to protect the
compounds from extensive CYP1A1 metabolism,27 the
susceptibility of 4 to the CYP1A1 metabolism is related to
the 3,3-dimethylmorpholine.
In Vitro Permeability and hMDR1 Affinity. To

determine the potential for BBB penetration, compound 8
and three other molecules with high potency in biochemical
and cellular assays (1, 3, 4; Table 1) were tested in an in vitro
TransWell assay using CRISPR−Cas9-generated Madin−
Darby canine kidney II (MDCK) cell lines with deleted
canine MDR1 (MDCKcMDR1‑ko) and one line stably expressing
human MDR1 (MDCK-hMDR1cMDR1‑ko).45 MDCK cells
differentiate to form tight junctions and monolayers that
mimic the BBB. The MDCK-hMDR1 permeability assay is
able to identify compounds which are multidrug resistance
protein 1 (MDR1 or P-glycoprotein, P-gp) substrates and

distinguish between potential CNS and non-CNS drugs. The
apparent permeability (Papp) and efflux ratio (ER) across cell
monolayers was assessed in MDCK-hMDR1cMDR1‑ko.45 The ER
was compared against the MDCKcMDR1‑ko control cells.
Compound 53 is known to have limited uptake into the
brain27 and displayed significantly different ER between the
MDCK-hMDR1cMDR1‑ko and the MDCKcMDR1‑ko cells (p-value
using an unpaired t-test: 0.000031, Figure 4A). Thus, 53 was
classified as a hMDR1 substrate. Compound 52 and 57, known
for having good brain penetration in vivo,26,30 did not show
significant differences between the ER in both cell lines (p-
value > 0.05), and an ER close to 1 indicated that these
compounds are not likely to be dependent on active transport.
Similarly, none of novel tested compounds1, 3, 4, and 8
was classified as a hMDR1 substrate. 4 showed a nonsignificant
trend toward hMDR1 affinity with an ER of 1.5 in MDCK-
hMDR1cMDR1‑ko cells (Figure 4A). Compound 8 was no
hMDR1 substrate and had a Papp comparable to those of the
brain penetrating compounds 52 and 57 (Figure 4B),
supporting the assessment of its BBB permeability using in
vivo models.

Pharmacological Parameters. To evaluate the in vivo
BBB permeability and oral availability, PK parameters of 8
were determined in male Sprague Dawley rats. 8 was

Figure 3. (A) Stability of 8 at 5 μM in primary hepatocyte cultures
from mice, rats, dogs, and humans (n = 2; mean ± SEM; error bars
are not shown when smaller than symbols). Values are tabulated in
Table S6 of the Supporting Information. (B,C) Pie chart displaying
the % of remaining (B) compound 8 (blue) and (C) compound 4
(blue) after 60 min of incubation with the indicated human
recombinant CYP isoenzymes.
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administered orally (5 mg/kg p.o.) and plasma and brain
concentrations were assessed after the application of a single
dose (Figure 5A). After 30 min, the maximal concentration
(Cmax) of 8 was achieved both in plasma and brain. The total

exposure AUC0−8 for compound 8 was in plasma 2429 ng h/
mL and in brain 3689 ng h/g after 8 h. The conformationally
restricted compound 53 was administered at the same dose
and reached an AUC0−8 of >5500 ng h/mL in plasma, but only
of <110 ng h/g in brain (∼1:55 brain/plasma ratio).27 While
the brain uptake of 53 was minimal, compound 8 showed
excellent brain exposure (Figure 5A). Compound 8 had a
brain/plasma ratio of ∼1.5:1 (Figure 5B).
PI3Kα inhibitors are known to trigger a rapid increase in

insulin and glucose plasma levels.46 We have previously
reported on 57,30 PQR530,35 and PQR514,32 which are
potent pan-PI3K inhibitors, and insulin and glucose peaks were
reliable markers for on-target action. 8 did not cause a rise of
insulin and glucose concentration as compared to the vehicle,
highlighting the selective inhibition of mTOR kinase (Figure
5C,D). These results match the observations published for the
selective and brain penetrant mTOR inhibitor 52.26

Comparative PK Studies: PQR626 versus Everolimus
and AZD2014. As 56 (see Figure 1 for chemical structure)
has been approved for the treatment of TSC-associated
seizures, the pharmacokinetic parameters of 8 were first
assessed in comparison with those of 56.22 Compound 8 was
orally administered (p.o.) to female C57BL/6J mice at 10 mg/
kg, either as single dose or once a day for 4 consecutive days
(qd4), while 56 was dosed at 10 mg/kg p.o. qd4. The plasma
and brain concentrations of the compounds were monitored.
The dose of compound 8 was doubled with respect to the
experiments carried out in male Sprague Dawley rats (see
Figure 5) aiming to achieve higher Cmax. The PK parameters
for 8 were assessed both in mice and rats because significant
species differences were observed with other compounds
previously investigated.30,47 In mice dosed at 10 mg/kg,
compound 8 reached a Cmax of 1096 and 947 ng/mL in plasma
and of 1425 and 1317 ng/g in brain, after either single or qd4
applications, respectively (Table 4). Applications of 56 once a
day for 4 consecutive days at 10 mg/kg led to a Cmax of 3941
ng/mL in plasma and of only 43 ng/g in brain (Table 4).
Concentrations of 8 were higher in the brain than in the
plasma (Figure 6A,B), highlighting the ability of compound 8
to reach the brain and confirming the results obtained in rats.
PQR626 (8) showed a ∼1.4:1 distribution between brain and
plasma, whereas the brain permeability of 56 was negligible
(brain/plasma ratio ∼1:92, Figure 6C).
To confirm the favorable brain distribution of 8 with respect

to the currently available drugs and clinical candidates, a study
including 8, 56, and 51 (see Figure 1 for chemical structures)
was carried out (Table 5 and Figure 6).
Dosed at 25 mg/kg in mice, compound 8 reached a Cmax of

1833 ng/mL and 3345 ng/g in plasma and brain, respectively.
On the contrary, both 56 and 51 reached a higher
concentration in plasma than in the brain (Cmax in plasma =

Table 3. Stability of Compound PQR626 (8) and PQR620 (52) in Hepatocyte Cultures

cpd./species mouse rat dog human

PQR626 (8) aCLint 4.3 ± 0.33 5.3 ± 0.19 1.8 ± 0.20 5.3 ± 0.26
t1/2 [min] 201 ± 16 162 ± 5.7 490 ± 57 164 ± 8.22

PQR620 (52)c CLint 2.7 ± 1.2 1.8 ± 0.35 1.6 ± 0.21 8.0 ± 0.18
t1/2 [min] 324 ± 177 468 ± 92 525 ± 70 108 ± 2.4

7-ECb CLint 42 ± 0.47 16 ± 0.18 60 ± 2.1 27 ± 0.09
t1/2 [min] 21 ± 0.23 55 ± 0.62 14 ± 0.50 31 ± 0.10

aCLint [μL/min/106 cells]; t1/2, [min]. bAssay reference compound: 7-EC, 7-ethoxycoumarin. Results are shown as mean ± SEM (n = 2). Raw data
are reported in Table S6 of the Supporting Information. cThe data for 52 are reprinted from ref 26.

Figure 4. (A) ER in MDCK-hMDR1cMDR1‑ko and MDCKcMDR1‑ko

cells. The dotted line shows ER = 1, indicative of equal apparent
permeability across the cell monolayer in both directions. High ER in
MDCK-hMDR1cMDR1‑ko cells indicates hMDR1 affinity of the
compound. Citalopram, a hMDR1 substrate,45 has been used as
positive control. 57 and 52 are known to have a good BBB
penetration in vivo, while 53 has a limited BBB penetration in vivo.
(B) Apparent permeability (Papp) in direction from apical to
basolateral compartment across MDCK-hMDR1cMDR1‑ko monolayers
seeded on TransWell plates. Results are shown as mean ± SD (n > 3),
*p-value < 0.05 (unpaired t-test, GraphPad Prism 8.0.2).

Figure 5. Pharmacokinetics and pharmacodynamics in male Sprague
Dawley rats. (A) Plasma (square) and brain (circle) levels of 8 and 53
after p.o. dosing at 5 mg/kg. (B) Calculation of brain/plasma ratio
over time using the values reported in (A). (C) Insulin and (D)
glucose plasma levels after oral administration of 8 in male Sprague
Dawley rats (n = 3; mean ± SEM; error bars not shown when <
symbols). Exact values can be found in Tables S8−S13 in the
Supporting Information.
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Table 4. PK Parameters after Oral Application in Female C57BL/6J Micea

plasma brain

test Item PQR626 (8) PQR626 (8) everolimus (56) PQR626 (8) PQR626 (8) everolimus (56)

p.o. dosage[mg/kg] 10 10 qd4 10 qd4 10 10 qd4 10 qd4
Cmax [ng/mL] 1096 947 3941 1425 1317 43
Tmax [h] 0.5 0.5 2.0 0.5 0.5 4.0
t1/2 [h] 3.0 2.2 5.7 2.9 2.3 15.8*
AUC0−8h [h·ng/mL] 2936 2371 42,267 4653 3048 640
Cl [mL/h/kg] 3397 3892 225 2144 3012 10,265*

ap.o.: per os; Cmax: maximal concentration, Tmax: time of maximal concentration in hours (derived from minimally 3 time points); t1/2: half-life
elimination in hours; AUC: area under the curve, Cl: clearance; (n = 3, mean for each time-point); qd4: compound was administered once a day for
4 consecutive days and the blood sampling was performed after the last treatment on day 4. *values obtained considering only 2 time points
following Tmax have to be regarded as a rough estimation.

Figure 6. Pharmacokinetic study in female C57BL/6J mice. (A−C) 8 was administered at 10 mg/kg in 20% Captisol p.o. either as single dose or
administered once a day for 4 consecutive days and the blood sampling performed after the last treatment on day 4 (qd4). 56 was administered at
10 mg/kg in 8% ethanol, 10% PEG 400, and 10% Tween 80 p.o. qd4. (A) Plasma and (B) brain levels of compounds 8 and 56. (C) Calculation of
brain/plasma ratio over time using the values reported in (A,B). Values are reported in Tables S14−S19 in the Supporting Information. (D−F) 8
and 51 were administered p.o. as a single dose of 25 mg/kg. 56 was administered at 10 mg/kg p.o. single dose. (D) Plasma and (E) brain levels of
compounds 8, 51, and 56. (C) Brain/plasma ratio over time calculated from the values reported in (D,E). Values are depicted in Tables S20−S25.
All values: mean ± SEM. Error bars not shown are smaller than the symbols.

Table 5. PK Parameters after Oral Application in Female C57BL/6J Micea

plasma brain

test item PQR626 (8) everolimus (56) AZD2014 (51) PQR626 (8) everolimus (56) AZD2014 (51)

p.o. dosage [mg/kg] 25 10 25 25 10 25
Cmax [ng/mL] 1833 3464 7189 3345 57 286
Tmax [h] 0.2 0.5 0.5 0.5 24.0 0.5
t1/2 [h] 2.4 6.5 7.5 2.4 NC 8.6
AUC0−8h [h·ng/mL] 10,295 33,636 33,706 17,103 804 1338
Cl [mL/h/kg] 2427 276 660 1460 NC 15,722

ap.o.: per os; Cmax: maximal concentration, Tmax: time of maximal concentration in hours; t1/2: half-life elimination in hours; AUC: area under the
curve, Cl: clearance; (n = 3, mean for each time-point). NC = not calculated.

Figure 7. (A) Insulin and (B) glucose plasma levels after oral administration of 8 (25 mg/kg), 56 (10 mg/kg), and 51 (25 mg/kg) in female
C57BL/6J mice and of PQR514 (10 mg/kg)32 in male C57BL/6J mice. All values: mean ± SEM. Error bars are not shown when smaller than the
symbols. Values are reported in Tables S26−S31 in the Supporting Information.
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3464 and 7189 ng/mL; Cmax in brain = 57 and 286 ng/g; Table
5 and Figure 6D). Administered at the same dose, compound 8
yielded a Cmax in brain ∼12-fold higher than that of 51 (Figure
6E). 51 showed a higher brain/plasma ratio with respect to 56
[∼1:25 (51) and ∼1:61 (56), Figure 6F]. However, the brain-
to-plasma ratio is significantly improved for 8 (∼1.8:1, Figure
6F).
Compared to PQR514,32 a potent pan-PI3K inhibitor, 8 did

not lead to an increase in insulin and glucose plasma levels at a
concentration >2-fold higher than that of PQR514 (10 vs 25
mg/kg). 56 and 51 also did not trigger an increase in insulin
and glucose plasma concentrations (Figure 7A,B). Moreover,
metabolic side effects were not present at the same dose at
which 8 led to a significant decrease in brain pS6 and pS473
PKB (see next section).
Pharmacodynamic Evaluation of 8 in the Brain. The

effects of inhibiting the mTOR pathway in the brain using 8

were investigated in C57BL/6J mice after oral administration
at 25 mg/kg and compared with 56 dosed at 10 mg/kg. While
56 is an allosteric inhibitor of TORC1, 8 targets the ATP-
binding site and inhibits both mTORC1 and mTORC2. Thus,
8 was expected to impact both pS6(Ser235/236) and pPKB(Ser473)

levels, which, respectively, reflect the activity of mTORC1 and
mTORC2 complexes. At 10 mg/kg [same dose as investigated
in the vivo efficacy model], 56 did not show a decrease in pS6
levels (Figure 8A). On the contrary, a single administration of
compound 8 at 25 mg/kg led to an effective reduction of levels
of pS6 30 min after drug dosing in murine cortex (Figure
8A,C). Similarly, 8 significantly reduced the phosphorylation of
S473 PKB 30 min after dosing (Figure 8B,C). The
pharmacodynamic effect of 8 in the brain was strongly
correlated with the brain levels of the compound (Figure
8D). In a time-course experiment, we observed a significant
decrease in brain pS6 and pPKB at 0.5−2 h after dosing, while

Figure 8. Inhibition of mTOR signaling in murine brain cortex by PQR626 (8) and everolimus (56). (A−C) Brain cortex was collected from
female C57BL/6J mice or from mice treated with 8 (25 mg/kg, p.o.) or 56 (10 mg/kg, p.o.) for 30 min. Cortex was lysed and equal amount
proteins subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and western blotting, followed by the detection of
pPKB, pS6, phosphorylated MAP kinases, total PKB, or α-tubulin using specific primary antibodies and respective HRP-coupled secondary
antibodies and enhanced chemiluminescence. (A,B) Quantification of (A) pS6 and (B) pPKB levels in compound-treated murine cortex given as %
of control cortex. For details, see Experimental Section [n = 3, mean ± SEM, *p-value < 0.05. p-value using an unpaired t-test vs control: compound
8: 0.0125 (pS6); 0.0044 (pPKB)]. (C) Western blot images used for quantification of (A,B). (D) Time-course of inhibition of mTOR signaling in
murine brain cortex by 8. Brain cortex was collected from 8 (25 mg/kg, p.o.) treated female C57BL/6J mice at indicated time-points in [h] and
from control mice. Western blot images are reported in Figure S4. Phosphorylated proteins and α-tubulin levels were quantified using ImageJ, and
phospho-protein/tubulin levels are presented as % of control cortex (left y-axis) as a function of time [n = 9 for control animals, n = 3 for each
timepoint of 8 treatment, mean ± SEM]. Right y-axis: brain concentration of 8 in ng/mL from the same mice (n = 3, mean ± SEM for each time
point).

Figure 9. (A) Body weight changes in BALB/c nude female mice to assess MTD. Group 1: vehicle (20% Captisol in water) once a day (qd) × 14
from day 1 p.o. (n = 1). Group 2: compound 8 at 100 mg/kg qd × 14 from day 1 p.o. (n = 3). Group 3: compound 8 at 150 mg/kg qd × 14 from
day 8 p.o. (n = 3). Group 4: compound 8 at 200 mg/kg qd × 14 from day 15 p.o. (n = 3). Raw data are depicted in Table S32. (B). Body weight of
Tsc1GFAPCKO mice as a function of treatments. Data are shown as mean ± SEM. Raw data are depicted in Table S33. (C) Effects of treatments on
the survival rate of Tsc1GFAPCKO mice. All treatments started at P21, with the exception of 52 (50 mg/kg p.o. qd) which started on P27.
Compound 56 at 10 mg/kg, n = 12; compound 52 at 100 and 50 mg/kg, n = 12 and 8, respectively; compound 8 at 50 bid, 50, 25, and 10 mg/kg, n
= 7, 10, 10, and 10, respectively. Mid-study (day P45) brain and plasma collection: four additional animals per group were dosed and sacrificed on
day P45. Data are presented as percent surviving at each time point. Survival was determined from the start of the study (P21) to the day the
animal was found dead or until P90 (i.e., animals were censored at P90). A χ2 survival analysis was performed in JMP Statistical Software (a division
of SAS) with treatment as a factor. The statistical report for survival analysis: Table S34 in the Supporting Information. *p-value < 0.05. p-values
using the log-rank test vs vehiclecompound 52 at 50 and 100 mg/kg: p-value 0.1336 and 0.0093, respectively; compound 8 at 10, 25, 50, and 50
bid mg/kg: p-value 0.6530, 0.4502, 0.4489, and 0.0469, respectively. $p-value < 0.05. p-values using the log−rank test vs everolimus (56)
compound 52 at 50 and 100 mg/kg: p-value 0.0228 and 0.1483, respectively; compound 8 at 10, 25, 50, and 50 bid mg/kg: 0.0002, 0.0016, 0.0016,
and 0.0542, respectively.
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pS6 and pPKB levels returned to pretreated levels after 8 h
(Figure S4).
Evaluation of In Vivo Efficacy. In vivo toxicokinetic

studies were performed in nontumor-bearing BALB/c nude
female mice to establish the maximum tolerated dose (MTD).
Compound 8 was tested at 100 (group 2), 150 (group 3), and
200 mg/kg (group 4) and compared with vehicle (group 1).
Animals were evaluated for 7 days after 2 weeks of once a day
(qd) dosing schedule. The body weight changes are shown in
Figure 9A. No adverse effect on body weight was observed in
groups 2 and 3. Compound 8 had a tolerability in mice at 100
and 150 mg/kg comparable to that of 52 (MTD ∼150 mg/kg).
Efficacy studies were performed using mice with conditional
inactivation of the Tsc1 gene primarily in glia (Tsc1GFAPCKO
mice), which develop glial proliferation and postnatal epilepsy
and show a highly increased mortality. TSC-induced epilepsy
originates in the CNS, and compounds must therefore target
mTOR behind the BBB.22 Alterations in BBB permeability are
associated with mTOR-mediated inflammation in TSC
epileptogenesis.48 Increased permeability is not always
associated with enhanced drug penetration into the brain
because an increase in efflux carrier expression (i.g. P-gp) has
been observed as the mechanism to protect the brain from
toxins.49,50 While 55 is known to be a P-gp substrate,51 8 was
not affected by P-gp-mediated efflux (Figure 4), highlighting its
potential advantage in the treatment of TSC-associated
seizures. 55 decreased seizures and prolonged survival in
Tsc1GFAPCKO mice.13 Everolimus (56) is currently available
under the trend name Afinitor Disperz for the treatment of
TSC-associated seizures.52 However, the limited BBB pene-
tration of 56 leads to the need of a very high dose causing
serious systemic side effects (immunosuppression). Moreover,
56 forms quasi-irreversible complexes with TORC1 (FRB−
Rapalog−FKBP12 complexes) that act as a sink for the drug. A
brain-penetrant, reversible mTOR inhibitor is expected to have
a lower systemic impact on immune responses.
In a dose-range finding study, the efficacy of compound 8

(10, 25, and 50 mg/kg) on survival in Tsc1GFAPCKO mice was
assessed and compared to vehicle and treatment with 56 (10
mg/kg) and 52 (50 and 100 mg/kg). Significant changes in
body weight were not observed across all compounds and
doses ≤150 mg/kg (Figure 9B). Compounds 8 and 52 showed
a positive dose−response effect on survival. Both compounds 8
at 50 mg/kg, bid (twice a day) and 52 at 100 mg/kg
significantly decreased mortality as compared to vehicle
control mortality data (p-values using the log-rank test:
0.0469 and 0.0093, respectively). 56 at 10 mg/kg prevented
mortality in Tsc1GFAPCKO mice. Compounds 8 at 50 mg/kg
bid and 52 at 100 mg/kg were not statistically different from
56, suggesting noninferiority under these study conditions (p-
values using the log-rank test: 0.0542 and 0.1483, respectively;
Figure 9C and Table S34 in the Supporting Information). The
effectiveness of 8 administered twice a day at 50 mg/kg is
highly encouraging. 52 at 100 mg/kg had been previously
exploited as a proof-of-concept compound to prove the ability
of mTOR inhibitors in eliminating seizures in Tsc1GFAPCKO
mice. The almost complete elimination of seizures by 52
proved that ATP-competitive mTOR inhibitors are able to
counteract TSC-dependent overactivation of the mTOR
pathway26,53 and supports the further investigation of the
novel, metabolically optimized TORKi 8 for TSC treatment.

■ CONCLUSIONS

Recently, epileptic seizures in TSC-patients have been shown
to be reduced by treatment with everolimus. A limited clinical
success has, however, been reported. The discovery of novel,
brain-penetrant, and highly selective mTOR inhibitors could
prevent epilepsy, improve treatment, and mitigate comorbid-
ities. Previously, we had discovered PQR620 (52), a first-in-
class brain-penetrant ATP-competitive TORKi able to
attenuate seizures in a TSC mouse model.26

The ethylene-bridged morpholines of 52 have been replaced
in PQR626 (8) because they were found to be the primary site
of metabolism in human liver microsomes,34 human
hepatocytes, and Cynomolgus monkeys (Figures S1 and S2).
Compound 8 achieves a >50% increase in stability in human
hepatocytes as compared to 52, favoring 8 as a candidate for
further development in neurologic treatment in humans, as
metabolically stability of TORKi is a pivotal requirement for
long-term inhibition of the mTOR pathway in diseases such as
TSC.
Moreover, compound 8 showed a high stability toward

degradation by CYP1A1 as compared to 4, which was
extensively metabolized. The proven stability of 8 against the
CYP1A1 isoenzyme is an asset in drug development, as
CYP1A1 is highly variable in individual patients: liver and
extrahepatic expression of this enzyme can be induced by many
substrates, leading to a significant variation in pharmacoki-
netics of drugs metabolized by CYP1A1. Compound 8 has
been discovered through an extensive triazine-scaffold
exploration focused on the morpholine moiety pointing toward
the solvent exposed region of the ATP-binding site. 8 is a
potent, selective mTORC1/2 inhibitor and showed a good
exposure both in plasma and brain after oral dosing. The lack
of metabolic side effects in rats and mice, such as hyper-
glycemia and hyperinsulinemia, suggests its potential applica-
tion in the treatment of chronic diseases. Compound 8 at 50
mg/kg twice a day significantly reduced the loss of Tsc1-
induced mortality as compared to vehicle. The effectiveness of
8 in a Tsc1GFAPCKO mouse model, its excellent brain
penetration, optimized stability in human hepatocytes, and
CYP profile are highly encouraging and suggest further
preclinical and clinical investigations of the compound for
the treatment of CNS disorders.

■ EXPERIMENTAL SECTION
General Information. Reagents were purchased at the highest

commercial quality from Acros, Combi-blocks, Sigma-Aldrich, or
Fluorochem and used without further purification. Solvents were
purchased from Acros Organics in AcroSeal bottles over molecular
sieves. Cross-coupling reactions were performed under a nitrogen
atmosphere using anhydrous solvents, and glassware was oven-dried
prior to use. Thin-layer chromatography (TLC) plates were
purchased from Merck KGaA (Polygram SIL/UV254, 0.2 mm silica
with fluorescence indicator), and UV light (254 nm) was used to
visualize the compounds. Column chromatographic purifications were
performed on the Merck KGaA silica gel (pore size 60 Å, 230−400
mesh particle size). Alternatively, flash chromatography was
performed with Isco CombiFlash Companion systems using
prepacked silica gel columns (40−60 μm particle size RediSep). 1H,
19F, and 13C NMR spectra were recorded on a Bruker AVANCE 400
spectrometer. NMR spectra were obtained in deuterated solvents,
such as CDCl3, (CD3)2SO, or CD3OD. The chemical shifts (δ values)
are reported in parts-per-million and corrected to the signal of the
deuterated solvents [7.26 ppm (1H NMR) and 77.16 ppm (13C
NMR) for CDCl3; 2.50 ppm (1H NMR) and 39.52 ppm (13C NMR)
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for (CD3)2SO; and 3.31 ppm (1H NMR) and 49.00 ppm (13C NMR)
for CD3OD].

19F NMR spectra are calibrated relative to CFCl3 (δ = 0
ppm) as the external standard. Peak multiplicities are reported as: s
(singlet), d (doublet), dd (doublet of doublets), t (triplet), td (triplet
of doublets), q (quartet), m (multiplet), br (broadened). Coupling
constants are reported in Hertz (Hz). High-resolution mass spectra
(HRMS) were recorded on a Bruker maxis 4G, high-resolution ESI-
QTOF. Analyses were performed in positive ion mode, and MeOH
+0.1% formic acid was used as the solvent. Sodium formate was used
as the calibration standard. MALDI-ToF mass spectra were obtained
on a Voyager-De Pro measured in m/z. The purity of final
compounds was assessed by high-performance liquid chromatography
(HPLC) analyses on an Ultimate 3000SD System from Thermo
Fisher with a LPG-3400SD pump system, ACC-3000 autosampler
and column oven, and DAD-3000 diode array detector. An Acclaim-
120 C18 reversed-phase column from Thermo Fisher was used as the
stationary phase. Gradient elution (5:95 for 0.2 min, 5:95 → 100:0
over 10 min, 100:0 for 3 min) of the mobile phase consisting of
CH3CN/MeOH/H2O(10:90) was used at a flow rate of 0.5 mL/min at
40 °C. The purity of all final compounds was >95%. Melting points
were determined with a Stuart SMP20 apparatus.
General Procedure 1. Under a nitrogen atmosphere, boronate 48

(1.0−1.3 equiv) was charged in a flask and dissolved in dioxane
(approx. 1 mL/0.15 mmol). The respective chlorotriazine derivative
(24, 25, 27−46, 1.0 equiv), K3PO4 (2 equiv), and chloro(2-
dicyclohexylphosphino-2′,4′,6′-triisopropyl-1,1′-biphenyl)[2-(2′-
amino-1,1′-biphenyl)]-palladium(II) (XPhos Pd G2, 0.05 equiv) and
degassed distilled H2O (H2O/dioxane 1:2) were added. The reaction
mixture was placed in a preheated oil bath at 95 °C and stirred at this
temperature for 2−16 h. After completion of the reaction monitored
by TLC, a 3 M aqueous HCl solution (10 equiv) was added and the
mixture was stirred at 60 °C for 3−16 h. A 2 M aqueous NaOH
solution was added until pH 9−10. The aqueous layer was extracted
with EtOAc (3×). The combined organic layers were dried over
anhydrous Na2SO4 and filtered, and the solvent was evaporated under
reduced pressure. The crude product was purified by column
chromatography on a silica gel.
General Procedure 2. To a solution of the respective morpholine

(free base or hydrochloride, 1.05 equiv) and DIPEA (2.1 equiv) in
DCM (approx. 1 mL/0.15 mmol) at 0 °C, (R)-4-(4,6-dichloro-1,3,5-
triazin-2-yl)-3-methylmorpholine (26, 1.0 equiv) was added dropwise.
After completion of the addition, the reaction mixture was stirred at
r.t. overnight. After completion of the reaction monitored by TLC, the
reaction mixture was washed with NaHSO4 (2×). The organic layer
was dried over anhydrous Na2SO4 and filtered, and the solvent was
evaporated under reduced pressure. The crude product was purified
by column chromatography on a silica gel.
General Procedure 3. To a solution of the respective morpholine

(free base, 1.05 equiv) and DIPEA (2.1 equiv) in THF (approx. 1
mL/0.15 mmol) at 0 °C, (R)-4-(4,6-dichloro-1,3,5-triazin-2-yl)-3-
methylmorpholine (26, 1.0 equiv) was added dropwise. After
completion of the addition, the reaction mixture was stirred at 70
°C overnight. After completion of the reaction monitored by TLC,
the reaction mixture was washed with NaHSO4 (2×). The organic
layer was dried over anhydrous Na2SO4 and filtered, and the solvent
was evaporated under reduced pressure. The crude product was
purified by column chromatography on a silica gel.
General Procedure 4. To a solution of the respective morpholine

(free base, 1.05 equiv) and DIPEA (2.1 equiv) in EtOH (approx. 1
mL/0.15 mmol) at 0 °C, (R)-4-(4,6-dichloro-1,3,5-triazin-2-yl)-3-
methylmorpholine (26, 1.0 equiv) was added dropwise. After
completion of the addition, the reaction mixture was stirred at r.t.
overnight. After completion of the reaction monitored by TLC, the
reaction mixture was washed with NaHSO4 (2×). The organic layer
was dried over anhydrous Na2SO4 and filtered, and the solvent was
evaporated under reduced pressure. The crude product was purified
by column chromatography on a silica gel.
(R)-4-(Difluoromethyl)-5-(4-(3-methylmorpholino)-6-morpholi-

no-1,3,5-triazin-2-yl)pyridin-2-amine (1) was prepared according to
general procedure 1 from intermediate 24 (250 mg, 0.83 mmol, 1.0

equiv) and boronate 48 (298 mg, 0.92 mmol, 1.1 equiv). Purification
by column chromatography on a silica gel (cyclohexane/ethyl acetate
1:0→ 3:1) gave compound 1 as a colorless solid (248 mg, 0.61 mmol,
73%). 1H NMR (400 MHz, CDCl3): δ 9.03 (s, 1H), 7.68 (t, 1JH,F =
55.3 Hz, 1H), 6.84 (s, 1H), 4.91 (br s, 2H), 4.78−4.70 (m, 1H),
4.45−4.37 (m, 1H), 3.98 (dd, JH,H = 11.4, 3.7 Hz, 1H), 3.89−3.80 (m,
4H), 3.79−3.72 (m, 5H), 3.68 (dd, JH,H = 11.5, 3.3 Hz, 1H), 3.53
(ddd, JH,H = 12.4, 11.4, 3.0 Hz, 1H), 3.28 (td, JH,H = 13.0, 3.9 Hz,
1H), 1.32 (d, JH,H = 6.8 Hz, 3H). 19F{1H} NMR (376 MHz, CDCl3):
δ −115.99 (s, 2F). 13C{1H} NMR (101 MHz, CDCl3): δ 169.24 (s,
1C), 164.72 (s, 1C), 164.34 (s, 1C), 160.22 (s, 1C), 152.30 (s, 1C),
143.49 (t, 2JC,F = 22.2 Hz, 1C), 121.34 (t, 3JC,F = 4.8 Hz, 1C), 111.35
(t, 1JC,F = 238.6 Hz, 1C), 104.00 (t, 3JC,F = 7.9 Hz, 1C), 71.04 (s, 1C),
66.99 (s, 1C), 66.77 (s, 1C), 46.40 (s, 1C), 43.62 (s, 1C), 38.55 (s,
1C), 30.93 (s, 1C), 26.90 (s, 1C), 14.26 (s, 1C). HRMS (m/z): [M +
H]+ calcd for C18H24F2N7O2, 408.1954; found, 408.1958. HPLC: tR =
7.81 min (>99.9% purity). mp 189.8 °C (dec).

5-(4,6-Bis((R)-3-methylmorpholino)-1,3,5-triazin-2-yl)-4-
(difluoromethyl)pyridin-2-amine (2) was prepared according to
general procedure 1 from intermediate 25 (250 mg, 0.80 mmol, 1.0
equiv) and boronate 48 (285 mg, 0.88 mmol, 1.1 equiv). Purification
by column chromatography on a silica gel (cyclohexane/ethyl acetate
1:0→ 3:1) gave compound 2 as a colorless solid (327 mg, 0.78 mmol,
97%). 1H NMR (400 MHz, CDCl3): δ 9.04 (s, 1H), 7.70 (t, 1JH,F =
55.4 Hz, 1H), 6.83 (s, 1H), 5.01 (br s, 2H), 4.78−4.71 (m, 2H), 4.41
(d, JH,H = 13.7 Hz, 2H), 3.98 (dd, JH,H = 11.4, 3.7 Hz, 2H), 3.78 (d,
JH,H = 11.4 Hz, 2H), 3.68 (dd, JH,H = 11.5, 3.3 Hz, 2H), 3.53 (td, JH,H
= 11.7, 3.0 Hz, 2H), 3.27 (td, JH,H = 13.0, 3.9 Hz, 2H), 1.33 (d, JH,H =
6.9 Hz, 6H). 19F{1H} NMR (376 MHz, CDCl3): δ −115.98 (s, 2F).
13C{1H} NMR (101 MHz, CDCl3): δ 169.20 (s, 1C), 164.37 (s, 1C),
160.14 (s, 1C), 152.33 (s, 1C), 149.13 (s, 1C), 143.52 (t, 2JC,F = 22.1
Hz, 1C), 121.46 (s, 1C), 111.36 (t, 1JC,F = 238.7 Hz, 1C), 103.98 (t,
3JC,F = 7.8 Hz, 1C), 71.07 (s, 2C), 67.01 (s, 2C), 46.39 (s, 2C), 38.53
(s, 2C), 14.26 (s, 2C). HRMS (m/z): [M + H]+ calcd for
C19H26F2N7O2, 422.2111; found, 422.21117. HPLC: tR = 8.34 min
(>99.9% purity). mp 147.3 °C (dec).

4-(Difluoromethyl)-5-(4-((R)-3-methylmorpholino)-6-((S)-3-
methylmorpholino)-1,3,5-triazin-2-yl)pyridin-2-amine (3). Com-
pound 3 was prepared according to the literature.35 mp 214.0 °C.

(R)-4-(Difluoromethyl)-5-(4-(3,3-dimethylmorpholino)-6-(3-
methylmorpholino)-1,3,5-triazin-2-yl)pyridin-2-amine (4) was pre-
pared according to general procedure 1 from intermediate 28 (189
mg, 0.58 mmol, 1.0 equiv) and boronate 48 (188 mg, 0.58 mmol, 1.0
equiv). Purification by column chromatography on a silica gel
(cyclohexane/ethyl acetate 1:0 → 0:1) gave compound 4 as a
colorless solid (178 mg, 0.41 mmol, 71%). 1H NMR (400 MHz,
CDCl3): δ 9.02 (s, 1H), 7.68 (t, 1JH,F = 55.3 Hz, 1H), 6.84 (s, 1H),
4.94 (br s, 2H), 4.71−4.64 (m, 1H), 4.39−4.32 (m, 1H), 3.99 (dd,
JH,H = 11.4, 3.8 Hz, 1H), 3.94−3.87 (d, JH,H = 3.2 Hz, 4H), 3.79 (dt,
JH,H = 11.4, 1.0 Hz, 1H), 3.69 (dd, JH,H = 11.5, 3.2 Hz, 1H), 3.54
(ddd, JH,H = 12.3, 11.4, 3.0 Hz, 1H), 3.49 (s, 2H), 3.29 (ddd, JH,H =
13.7, 12.4, 3.8 Hz, 1H), 1.56 (d, JH,H = 2.6 Hz, 6H), 1.33 (d, JH,H =
6.8 Hz, 3H). 19F{1H} NMR (376 MHz, CDCl3): δ −116.11 (s, 2F).
13C{1H} NMR (101 MHz, CDCl3): δ 168.65 (s, 1C), 166.78 (s, 1C),
164.00 (s, 1C), 160.02 (s, 1C), 152.29 (s, 1C), 143.46 (t, 2JC,F = 22.1
Hz, 1C), 121.68 (t, 3JC,F = 4.9 Hz, 1C), 111.31 (t, 1JC,F = 238.6 Hz,
1C), 103.98 (t, 3JC,F = 7.9 Hz, 1C), 76.68 (s, 1C), 71.05 (s, 1C),
66.98 (s, 1C), 66.96 (s, 1C), 55.42 (s, 1C), 46.61 (s, 1C), 41.19 (s,
1C), 38.76 (s, 1C), 23.05 (s, 2C), 14.26 (s, 1C). HRMS (m/z): [M +
H]+ calcd for C20H28F2N7O2, 436.2267; found, 436.2272. HPLC: tR =
8.77 min (98.7% purity). mp 152.4 °C.

(R)-4-(Difluoromethyl)-5-(4-(3-methylmorpholino)-6-(8-oxa-5-
azaspiro[3.5]nonan-5-yl)-1,3,5-triazin-2-yl)pyridin-2-amine (5) was
prepared according to general procedure 1 from intermediate 29
(249 mg, 0.73 mmol, 1.0 equiv) and boronate 48 (239 mg, 0.73
mmol, 1.0 equiv). Purification by column chromatography on a silica
gel (cyclohexane/ethyl acetate 1:0 → 0:1) gave compound 5 as a
colorless solid (163 mg, 0.36 mmol, 50%). 1H NMR (400 MHz,
CDCl3): δ 8.99 (s, 1H), 7.67 (t, 1JH,F = 55.3 Hz, 1H), 6.83 (s, 1H),
5.00 (br s, 2H), 4.75−4.56 (m, 1H), 4.40−4.25 (m, 1H), 3.97 (dd,
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JH,H = 11.5, 3.7 Hz, 1H), 3.91−3.88 (m, 2H), 3.80−3.74 (m, 3H),
3.68 (dd, JH,H = 11.5, 3.2 Hz, 1H), 3.59 (t, JH,H = 4.7 Hz, 2H), 3.53
(td, JH,H = 11.9, 3.0 Hz, 2H), 2.61−2.52 (m, 2H), 2.40−2.32 (m, 2H),
1.85−1.77 (m, 1H), 1.71 (tdd, JH,H = 10.8, 8.2, 2.5 Hz, 1H), 1.31 (d,
JH,H = 6.9 Hz, 3H). 19F{1H} NMR (376 MHz, CDCl3): δ −115.31−
(−116.65) (m, 2F). 13C{1H} NMR (101 MHz, CDCl3): δ 169.12 (s,
1C), 164.27 (s, 1C), 160.12 (s, 1C), 152.32 (s, 1C), 149.13 (s, 1C),
143.47 (t, 2JC,F = 22.2 Hz, 1C), 121.45 (t, 3JC,F = 4.9 Hz, 1C), 111.31
(t, 1JC,F = 238.6 Hz, 1C), 103.97 (t, 3JC,F = 7.9 Hz, 1C), 71.03 (s, 1C),
70.73 (s, 1C), 66.96 (s, 1C), 66.14 (s, 1C), 60.59 (s, 1C), 46.50 (s,
1C), 43.43 (s, 1C), 38.66 (s, 1C), 31.26 (s, 1C), 31.18 (s, 1C), 14.97
(s, 1C), 14.25 (s, 1C). HRMS (m/z): [M + H]+ calcd for
C21H28F2N7O2, 448.2267; found, 448.2273. HPLC: tR = 9.00 min
(99.6% purity). mp 87.6 °C.
4-(Difluoromethyl)-5-(4-((3R,5R)-3,5-dimethylmorpholino)-6-

((R)-3-methylmorpholino)-1,3,5-triazin-2-yl)pyridin-2-amine (6) was
prepared according to general procedure 1 from intermediate 30 (267
mg, 0.82 mmol, 1.0 equiv) and boronate 48 (265 mg, 0.82 mmol, 1.0
equiv). Purification by column chromatography on a silica gel
(cyclohexane/ethyl acetate 1:0 → 0:1) gave compound 6 as a
colorless solid (253 mg, 0.58 mmol, 71%). 1H NMR (400 MHz,
CDCl3): δ 9.08 (s, 1H), 7.78 (t, 1JH,F = 55.4 Hz, 1H), 6.84 (s, 1H),
5.03 (br s, 2H), 4.77−4.70 (m, 1H), 4.45−4.36 (m, 3H), 4.25 (dd,
JH,H = 11.2, 3.4 Hz, 2H), 3.98 (dd, JH,H = 11.4, 3.7 Hz, 1H), 3.80−
3.74 (m, 3H), 3.68 (dd, JH,H = 11.4, 3.2 Hz, 1H), 3.54 (td, JH,H = 12.0,
3.0 Hz, 1H), 3.27 (td, JH,H = 12.8, 3.8 Hz, 1H), 1.46 (d, JH,H = 6.7 Hz,
6H), 1.34 (d, JH,H = 6.8 Hz, 3H). 19F{1H} NMR (376 MHz, CDCl3):
δ −115.28−(−118.15) (m, 2F). 13C{1H} NMR (101 MHz, CDCl3):
δ 168.92 (s, 1C), 164.16 (s, 1C), 163.97 (s, 1C), 160.14 (s, 1C),
152.42 (s, 1C), 143.57 (t, 2JC,F = 22.1 Hz, 1C), 121.42 (s, 1C), 111.37
(t, 1JC,F = 238.6 Hz, 1C), 103.95 (t, 3JC,F = 8.0 Hz, 1C), 71.11 (s, 1C),
67.68 (s, 2C), 67.02 (s, 1C), 47.95 (s, 2C), 46.42 (s, 1C), 38.47 (s,
1C), 19.66 (s, 2C), 14.26 (s, 1C). HRMS (m/z): [M + H]+ calcd for
C20H28F2N7O2, 436.2267; found, 436.2273. HPLC: tR = 8.73 min
(99.4% purity). mp 102.2 °C.
4-(Difluoromethyl)-5-(4-((3S,5S)-3,5-dimethylmorpholino)-6-

((R)-3-methylmorpholino)-1,3,5-triazin-2-yl)pyridin-2-amine (7) was
prepared according to general procedure 1 from intermediate 31 (244
mg, 0.75 mmol, 1.0 equiv) and boronate 48 (243 mg, 0.75 mmol, 1.0
equiv). Purification by column chromatography on a silica gel
(cyclohexane/ethyl acetate 1:0 → 0:1) gave compound 7 as a
colorless solid (213 mg, 0.49 mmol, 65%). 1H NMR (400 MHz,
CDCl3): δ 9.09 (s, 1H), 7.78 (t, 1JH,F = 55.4 Hz, 1H), 6.84 (s, 1H),
5.02 (br s, 2H), 4.77−4.70 (m, 1H), 4.44−4.36 (m, 3H), 4.25 (dd,
JH,H = 11.2, 3.4 Hz, 2H), 3.99 (dd, JH,H = 11.4, 3.7 Hz, 1H), 3.80−
3.74 (m, 3H), 3.69 (dd, JH,H = 11.4, 3.3 Hz, 1H), 3.57−3.48 (m, 1H),
3.29 (td, JH,H = 13.0, 3.8 Hz, 1H), 1.45 (d, JH,H = 6.7 Hz, 6H), 1.33
(d, JH,H = 6.9 Hz, 3H). 19F{1H} NMR (376 MHz, CDCl3): δ
−116.24−(−116.51) (m, 2F). 13C{1H} NMR (101 MHz, CDCl3): δ
168.91 (s, 1C), 164.19 (s, 1C), 163.99 (s, 1C), 160.15 (s, 1C), 152.45
(s, 1C), 143.58 (t, 2JC,F = 22.1 Hz, 1C), 121.40 (s, 1C), 111.36 (t,
1JC,F = 238.6 Hz, 1C), 103.94 (t, 3JC,F = 8.0 Hz, 1C), 71.05 (s, 1C),
67.68 (s, 2C), 67.03 (s, 1C), 47.94 (s, 2C), 38.57 (s, 1C), 26.91 (s,
1C), 19.64 (s, 2C), 14.31 (s, 1C). HRMS (m/z): [M + H]+ calcd for
C20H28F2N7O2, 436.2267; found, 436.2271. HPLC: tR = 8.89 min
(97.5% purity). mp 168.7 °C.
4-(Difluoromethyl)-5-(4-((3R,5S)-3,5-dimethylmorpholino)-6-

((R)-3-methylmorpholino)-1,3,5-triazin-2-yl)pyridin-2-amine
(PQR626, 8) was prepared according to general procedure 1 from
intermediate 32 (149 mg, 0.46 mmol, 1.0 equiv) and boronate 48
(148 mg, 0.46 mmol, 1.0 equiv). Purification by column
chromatography on a silica gel (cyclohexane/ethyl acetate 1:0 →
0:1) gave compound 8 as a colorless solid (149 mg, 0.34 mmol, 74%;
mp 100 °C). To generate the HCl salt, compound 8 was dissolved in
tert-butyl methyl ether (30 equiv) and a 5 N solution of HCl in
isopropanol (1.5 equiv) was added dropwise. The suspension was
stirred at r.t. for 1 h. The solid was collected via Buchner filtration and
dried in high vacuum. 1H NMR (400 MHz, DMSO-d6): δ 9.01 (br s,
2H), 8.82 (s, 1H), 7.83 (t, 1JH,F = 54.3 Hz, 1H), 7.41 (s, 1H), 4.75−
4.58 (m, 1H), 4.56−4.44 (m, 2H), 4.39−4.27 (m, 1H), 3.92 (dd, JH,H

= 11.4, 3.6 Hz, 1H), 3.76 (d, JH,H = 11.5 Hz, 2H), 3.71 (d, JH,H = 11.4
Hz, 1H), 3.59−3.51 (m, 3H), 3.44−3.36 (m, 1H), 3.18 (td, JH,H =
13.2, 3.8 Hz, 1H), 1.27 (d, JH,H = 6.9 Hz, 6H), 1.22 (d, JH,H = 6.8 Hz,
3H). 19F{1H} NMR (376 MHz, DMSO-d6): δ −116.14−(−119.51)
(m, 2F). 13C{1H} NMR (101 MHz, DMSO-d6): δ 167.00 (s, 1C),
164.01 (s, 1C), 163.63 (s, 1C), 155.53 (s, 1C), 146.95 (t, 2JC,F = 22.0
Hz, 1C), 140.68 (s, 1C), 120.00 (s, 1C), 111.15 (t, 1JC,F = 239.3 Hz,
1C), 110.80 (t, 3JC,F = 9.7 Hz, 1C), 70.89 (s, 1C), 70.61 (s, 1C),
66.81 (s, 1C), 66.56 (s, 1C), 49.17 (s, 1C), 46.42 (s, 1C), 45.75 (s,
1C), 38.70 (s, 1C), 27.25 (s, 1C), 19.19 (s, 1C), 14.52 (s, 1C).
HRMS (m/z): [M + H]+ calcd for C20H28F2N7O2, 436.2267; found,
436.2274. HPLC: tR = 8.96 min (>99.9% purity). mp 192.2 °C.

4-(Difluoromethyl)-5-(4-((2S,6R)-2,6-dimethylmorpholino)-6-
((R)-3-methylmorpholino)-1,3,5-triazin-2-yl)pyridin-2-amine (9) was
prepared according to general procedure 1 from intermediate 33 (150
mg, 0.46 mmol, 1.0 equiv) and boronate 48 (149 mg, 0.46 mmol, 1.0
equiv). Purification by column chromatography on a silica gel
(cyclohexane/ethyl acetate 1:0 → 0:1) gave compound 9 as a
colorless solid (142 mg, 0.33 mmol, 71%). 1H NMR (400 MHz,
CDCl3): δ 9.03 (s, 1H), 7.67 (t, 1JH,F = 55.3 Hz, 1H), 6.84 (s, 1H),
4.98 (br s, 2H), 4.78−4.49 (m, 3H), 4.40 (d, JH,H = 13.6 Hz, 1H),
3.99 (dd, JH,H = 11.4, 3.7 Hz, 1H), 3.78 (d, JH,H = 11.2 Hz, 1H), 3.68
(dd, JH,H = 11.5, 3.3 Hz, 1H), 3.62 (dddd, JH,H = 10.6, 6.3, 2.6, 1.7 Hz,
1H), 3.65−3.58 (m, 2H), 3.28 (td, JH,H = 12.7, 3.8 Hz, 1H), 2.60 (t,
JH,H = 11.5 Hz, 2H), 1.33 (d, JH,H = 6.8 Hz, 3H), 1.26 (d, JH,H = 6.2
Hz, 6H). 19F{1H} NMR (376 MHz, CDCl3): δ −115.97−(−116.64)
(m, 2F). 13C{1H} NMR (101 MHz, CDCl3): δ 169.18 (s, 1C), 164.38
(s, 2C), 160.13 (s, 1C), 152.30 (s, 1C), 143.51 (t, 2JC,F = 22.2 Hz,
1C), 121.51 (t, 3JC,F = 4.9 Hz, 1C), 111.34 (t, 1JC,F = 238.6 Hz, 1C),
103.99 (t, 3JC,F = 7.8 Hz, 1C), 71.74 (br s, 2C), 71.07 (s, 1C), 67.01
(s, 1C), 48.69 (br s, 2C), 46.41 (s, 1C), 38.57 (s, 1C), 18.90 (s, 1C),
14.27 (s, 1C), 14.20 (s, 1C). HRMS (m/z): [M + H]+ calcd for
C20H28F2N7O2, 436.2267; found, 436.2273. HPLC: tR = 8.79 min
(>99.9% purity). mp 106.4 °C.

4-(Difluoromethyl)-5-(4-((S)-3-ethylmorpholino)-6-((R)-3-meth-
ylmorpholino)-1,3,5-triazin-2-yl)pyridin-2-amine (10) was prepared
according to general procedure 1 from intermediate 34 (309 mg, 0.95
mmol, 1.0 equiv) and boronate 48 (307 mg, 0.95 mmol, 1.0 equiv).
Purification by column chromatography on a silica gel (cyclohexane/
ethyl acetate 1:0 → 0:1) gave compound 10 as a colorless solid (192
mg, 0.44 mmol, 47%). 1H NMR (400 MHz, CDCl3): δ 9.04 (s, 1H),
7.70 (t, 1JH,F = 55.3 Hz, 1H), 6.83 (s, 1H), 5.00 (br s, 2H), 4.78−4.68
(m, 1H), 4.59−4.34 (m, 3H), 4.01−3.87 (m, 3H), 3.78 (d, JH,H = 11.4
Hz, 1H), 3.69 (dd, JH,H = 11.5, 3.3 Hz, 1H), 3.61 (dd, JH,H = 11.6, 3.2
Hz, 1H), 3.56−3.48 (m, 2H), 3.32−3.18 (m, 2H), 1.88−1.77 (m,
2H), 1.32 (d, JH,H = 6.8 Hz, 3H), 0.94 (t, JH,H = 7.5 Hz, 3H). 19F{1H}
NMR (376 MHz, CDCl3): δ −116.26 (s, 2F). 13C{1H} NMR (101
MHz, CDCl3): δ 169.13 (s, 1C), 164.68 (s, 1C), 164.36 (s, 1C),
160.14 (s, 1C), 152.34 (s, 1C), 143.53 (t, 2JC,F = 22.1 Hz, 1C), 121.49
(t, 3JC,F = 5.0 Hz, 1C), 111.33 (t, 1JC,F = 238.6 Hz, 1C), 103.97 (t,
3JC,F = 7.8 Hz, 1C), 71.06 (s, 1C), 68.44 (br s, 1C), 67.00 (s, 1C),
52.09 (br s, 1C), 46.38 (s, 1C), 38.91 (br s, 1C), 38.57 (s, 1C), 24.87
(s, 1C), 21.53 (s, 1C), 14.23 (s, 1C), 10.86 (s, 1C). HRMS (m/z):
[M + H]+ calcd for C20H28F2N7O2, 436.2267; found, 436.2271.
HPLC: tR = 8.82 min (>99.9% purity). mp 101.3 °C.

4-(Difluoromethyl)-5-(4-((S)-3-ethylmorpholino)-6-((R)-3-meth-
ylmorpholino)-1,3,5-triazin-2-yl)pyridin-2-amine (11) was prepared
according to general procedure 1 from intermediate 35 (345 mg, 1.06
mmol, 1.0 equiv) and boronate 48 (343 mg, 1.06 mmol, 1.0 equiv).
Purification by column chromatography on a silica gel (cyclohexane/
ethyl acetate 1:0 → 0:1) gave compound 11 as a colorless solid (241
mg, 0.55 mmol, 52%). 1H NMR (400 MHz, CDCl3): δ 9.04 (s, 1H),
7.70 (t, 1JH,F = 55.3 Hz, 1H), 6.83 (s, 1H), 5.05 (br s, 2H), 4.80−4.67
(m, 1H), 4.61−4.36 (m, 3H), 3.96 (ddd, JH,H = 14.5, 11.4, 3.6 Hz,
2H), 3.90 (d, JH,H = 11.6 Hz, 1H), 3.78 (d, JH,H = 11.4 Hz, 1H), 3.69
(dd, JH,H = 11.4, 3.3 Hz, 1H), 3.61 (dd, JH,H = 11.6, 3.2 Hz, 1H), 3.53
(ddt, JH,H = 15.2, 12.2, 3.2 Hz, 2H), 3.32−3.19 (m, 2H), 1.93−1.76
(m, 2H), 1.32 (d, JH,H = 6.8 Hz, 3H), 0.94 (t, JH,H = 7.4 Hz, 3H).
19F{1H} NMR (376 MHz, CDCl3): δ −116.25 (s, 2F). 13C{1H}
NMR (101 MHz, CDCl3): δ 169.14 (s, 1C), 164.68 (s, 1C), 164.36
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(s, 1C), 160.19 (s, 1C), 152.33 (s, 1C), 143.52 (t, 2JC,F = 22.2 Hz,
1C), 121.44 (t, 3JC,F = 4.9 Hz, 1C), 111.34 (t, 1JC,F = 238.5 Hz, 1C),
103.98 (t, 3JC,F = 7.8 Hz, 1C), 71.06 (s, 1C), 68.45 (br s, 1C), 67.00
(s, 1C), 52.09 (s, 1C), 46.38 (s, 1C), 38.91 (s, 1C), 38.58 (s, 1C),
24.87 (s, 1C), 21.53 (s, 1C), 14.23 (s, 1C), 10.87 (s, 1C). HRMS (m/
z): [M + H]+ calcd for C20H28F2N7O2, 436.2267; found, 436.2275.
HPLC: tR = 8.69 min (99.7% purity). mp 93.5 °C.
((R)-4-(4-(6-Amino-4-(difluoromethyl)pyridin-3-yl)-6-((R)-3-

methylmorpholino)-1,3,5-triazin-2-yl)morpholin-3-yl)methanol (12)
was prepared according to general procedure 1 from intermediate
36 (170 mg, 0.52 mmol, 1.0 equiv) and boronate 48 (168 mg, 0.52
mmol, 1.0 equiv). Purification by column chromatography on a silica
gel (cyclohexane/ethyl acetate 1:0 → 0:1) gave compound 12 as a
colorless solid (105 mg, 0.24 mmol, 44%). 1H NMR (400 MHz,
CDCl3): δ 9.02 (s, 1H), 7.66 (t, 1JH,F = 55.1 Hz, 1H), 6.83 (s, 1H),
4.96 (br s, 2H), 4.79−4.66 (m, 2H), 4.59−4.32 (m, 2H), 4.07 (d, JH,H
= 11.9 Hz, 1H), 4.03−3.92 (m, 4H), 3.77 (d, JH,H = 11.4 Hz, 1H),
3.70−3.62 (m, JH,H = 11.9, 6.2, 3.4 Hz, 2H), 3.60−3.48 (m, 2H),
3.35−3.24 (m, 2H), 2.57 (br s, 1H), 1.32 (d, JH,H = 6.8 Hz, 3H).
19F{1H} NMR (376 MHz, CDCl3): δ −114.79−(−118.05) (s, 2F).
13C{1H} NMR (101 MHz, CDCl3): δ 169.21 (s, 1C), 165.47 (s, 1C),
164.20 (s, 1C), 160.16 (s, 1C), 152.33 (s, 1C), 143.54 (t, 2JC,F = 22.1
Hz, 1C), 121.18 (t, 3JC,F = 4.9 Hz, 1C), 111.33 (t, 1JC,F = 238.6 Hz,
1C), 104.08 (t, 3JC,F = 8.1 Hz, 1C), 71.04 (s, 1C), 66.93−66.88 (m,
1C), 66.68 (s, 1C), 60.96 (s, 1C), 51.87 (s, 1C), 46.52 (s, 1C), 39.56
(s, 1C), 38.60 (s, 1C), 30.94 (s, 1C), 14.34 (s, 1C). HRMS (m/z):
[M + H]+ calcd for C19H26F2N7O3, 438.2060; found, 438.2066.
HPLC: tR = 6.72 min (97.7% purity). mp 118.9 °C.
((S)-4-(4-(6-Amino-4-(difluoromethyl)pyridin-3-yl)-6-((R)-3-

methylmorpholino)-1,3,5-triazin-2-yl)morpholin-3-yl)methanol (13)
was prepared according to general procedure 1 from intermediate
37 (253 mg, 0.77 mmol, 1.0 equiv) and boronate 48 (250 mg, 0.77
mmol, 1.0 equiv). Purification by column chromatography on a silica
gel (cyclohexane/ethyl acetate 1:0 → 0:1) gave compound 13 as a
colorless solid (162 mg, 0.37 mmol, 48%). 1H NMR (400 MHz,
CDCl3): δ 9.00 (s, 1H), 7.66 (t, 1JH,F = 55.2 Hz, 1H), 6.81 (s, 1H),
5.13 (br s, 2H), 4.77−4.68 (m, 2H), 4.57−4.34 (m, 2H), 4.10 (d, JH,H
= 12.5 Hz, 1H), 4.01−3.92 (m, 4H), 3.76 (d, JH,H = 11.4 Hz, 1H),
3.69−3.62 (m, 2H), 3.60−3.48 (m, 2H), 3.34−3.22 (m, 2H), 3.05 (br
s, 1H), 1.32 (d, JH,H = 6.9 Hz, 3H). 19F{1H} NMR (376 MHz,
CDCl3): δ −113.80−(−117.87) (s, 2F). 13C{1H} NMR (101 MHz,
CDCl3): δ 169.20 (s, 1C), 165.37 (s, 1C), 164.22 (s, 1C), 160.27 (s,
1C), 152.22 (s, 1C), 143.53 (t, 2JC,F = 22.1 Hz, 1C), 121.04 (t, 3JC,F =
4.8 Hz, 1C), 111.34 (t, 1JC,F = 238.7 Hz, 1C), 104.15 (t, 3JC,F = 8.0
Hz, 1C), 70.98 (s, 1C), 66.95−66.85 (m, 1C), 66.53(s, 1C), 60.43 (s,
1C), 51.85 (s, 1C), 46.47 (s, 1C), 39.58 (s, 1C), 38.61 (s, 1C), 21.05
(s, 1C), 14.30 (s, 1C). HRMS (m/z): [M + H]+ calcd for
C19H26F2N7O3, 438.2060; found, 438.2068. HPLC (ACN with 0.1%
TFA): tR = 5.66 min (98.1% purity). mp 100.5 °C.
4-(Difluoromethyl)-5-(4-((R)-3-(methoxymethyl)morpholino)-6-

((R)-3-methylmorpholino)-1,3,5-triazin-2-yl)pyridin-2-amine (14)
was prepared according to general procedure 1 from intermediate
38 (309 mg, 0.90 mmol, 1.0 equiv) and boronate 48 (293 mg, 0.90
mmol, 1.0 equiv). Purification by column chromatography on a silica
gel (cyclohexane/ethyl acetate 1:0 → 0:1) gave compound 14 as a
colorless solid (275 mg, 0.61 mmol, 68%). 1H NMR (400 MHz,
CDCl3): δ 9.03 (s, 1H), 7.71 (t, 1JH,F = 55.1 Hz, 1H), 6.83 (s, 1H),
4.93 (br s, 2H), 4.81−4.69 (m, 2H), 4.56−4.36 (m, 2H), 4.13−4.08
(m, 1H), 4.00−3.94 (m, 2H), 3.80−3.73 (m, 2H), 3.67 (dd, JH,H =
11.5, 3.2 Hz, 1H), 3.62−3.49 (m, 4H), 3.40 (s, 3H), 3.31−3.14 (m,
2H), 1.33 (d, JH,H = 6.8 Hz, 3H). 19F{1H} NMR (376 MHz, CDCl3):
δ −115.36−(−118.20) (m, 2F). 13C{1H} NMR (101 MHz, CDCl3):
δ 169.28 (s, 1C), 164.76 (s, 1C), 164.36 (s, 1C), 160.11 (s, 1C),
152.35 (s, 1C), 144.77 (s, 1C), 121.44 (s, 1C), 111.40 (t, 1JC,F =
238.7 Hz, 1C), 103.98 (t, 3JC,F = 8.0 Hz, 1C), 71.06 (s, 1C), 68.75−
68.11 (m, 1C), 66.99 (s, 1C), 66.75 (s, 1C), 66.44−66.08 (m, 1C),
59.06 (s, 1C), 49.76−49.25 (m, 1C), 46.44 (s, 1C), 39.99−39.51 (m,
1C), 38.56 (s, 1C), 14.30 (s, 1C). HRMS (m/z): [M + H]+ calcd for
C20H28F2N7O3, 452.2216; found, 452.2222. HPLC: tR = 7.91 min
(97.2% purity). mp 101.4 °C.

5-(4-(3-Oxa-6-azabicyclo[3.1.1]heptan-6-yl)-6-((R)-3-methylmor-
pholino)-1,3,5-triazin-2-yl)-4-(difluoromethyl)pyridin-2-amine (15)
was prepared according to general procedure 1 from intermediate
39 (228 mg, 0.73 mmol, 1.0 equiv) and boronate 48 (238 mg, 0.73
mmol, 1.0 equiv). Purification by column chromatography on a silica
gel (cyclohexane/ethyl acetate 1:0 → 0:1) gave compound 15 as a
colorless solid (159 mg, 0.38 mmol, 52%). 1H NMR (400 MHz,
CDCl3): δ 9.06 (s, 1H), 7.74 (t, 1JH,F = 55.4 Hz, 1H), 6.82 (s, 1H),
5.06 (br s, 2H), 4.77−4.68 (m, 1H), 4.50−4.30 (m, 5H), 4.00−3.94
(m, 1H), 3.84−3.74 (m, 3H), 3.67 (dd, JH,H = 11.5, 3.3 Hz, 1H), 3.52
(td, JH,H = 11.9, 3.0 Hz, 1H), 3.32−3.21 (m, 1H), 2.76 (q, JH,H = 6.8
Hz, 1H), 1.94 (d, JH,H = 8.2 Hz, 1H), 1.32 (d, JH,H = 6.8 Hz, 3H).
19F{1H} NMR (376 MHz, CDCl3): δ −115.05−(−118.48) (m, 2F).
13C{1H} NMR (101 MHz, CDCl3): δ 169.30 (s, 1C), 166.12 (s, 1C),
164.18 (s, 1C), 160.28 (s, 1C), 152.40 (s, 1C), 143.67 (t, 2JC,F = 22.1
Hz, 1C), 120.89 (t, 3JC,F = 4.8 Hz, 1C), 111.31 (t, 1JC,F = 238.7 Hz,
1C), 104.02 (t, 3JC,F = 8.1 Hz, 1C), 71.01 (s, 1C), 66.96 (s, 1C),
65.78 (s, 1C), 65.21 (s, 1C), 61.85 (s, 1C), 61.47 (s, 1C), 46.31 (s,
1C), 38.47 (s, 1C), 27.76 (s, 1C), 14.34 (s, 1C). HRMS (m/z): [M +
H]+ calcd for C19H24F2N7O2, 420.1954; found, 420.1962. HPLC
(ACN with 0.1% TFA): tR = 6.26 min (98.2% purity). mp 186.2 °C.

5-(4-(6-Oxa-3-azabicyclo[3.1.1]heptan-3-yl)-6-((R)-3-methylmor-
pholino)-1,3,5-triazin-2-yl)-4-(difluoromethyl)pyridin-2-amine (16)
was prepared according to general procedure 1 from intermediate
40 (230 mg, 0.74 mmol, 1.0 equiv) and boronate 48 (240 mg, 0.74
mmol, 1.0 equiv). Purification by column chromatography on a silica
gel (cyclohexane/ethyl acetate 1:0 → 0:1) gave compound 16 as a
colorless solid (113 mg, 0.27 mmol, 36%). 1H NMR (400 MHz,
CDCl3): δ 9.11 (s, 1H), 7.82 (t, 1JH,F = 55.4 Hz, 1H), 6.84 (s, 1H),
4.98 (br s, 2H), 4.83−4.69 (m, 3H), 4.46 (d, JH,H = 13.7 Hz, 1H),
4.05 (d, JH,H = 13.3 Hz, 1H), 4.01−3.93 (m, 2H), 3.87 (dt, JH,H =
13.2, 2.9 Hz, 1H), 3.82−3.75 (m, 2H), 3.69 (dd, JH,H = 11.4, 3.3 Hz,
1H), 3.54 (tt, JH,H = 12.0, 3.2 Hz, 1H), 3.34−3.24 (m, 2H), 1.93 (dd,
JH,H = 8.9, 4.7 Hz, 1H), 1.34 (d, JH,H = 6.8 Hz, 3H). 19F{1H} NMR
(376 MHz, CDCl3): δ −115.62−(−116.97) (m, 2F). 13C{1H} NMR
(101 MHz, CDCl3): δ 168.84 (s, 1C), 165.35 (s, 1C), 164.11−164.09
(m, 1C), 160.14 (s, 1C), 152.42 (s, 1C), 143.67 (t, 2JC,F = 22.1 Hz,
1C), 121.38 (t, 3JC,F = 4.8 Hz, 1C), 111.41 (t, 1JC,F = 238.6 Hz, 1C),
103.99 (t, 3JC,F = 8.1 Hz, 1C), 78.14 (s, 1C), 77.98 (s, 1C), 71.09 (s,
1C), 67.04 (s, 1C), 48.65 (s, 1C), 48.59 (s, 1C), 46.39 (s, 1C), 38.53
(s, 1C), 32.30−32.28 (m, 1C), 14.25 (s, 1C). HRMS (m/z): [M +
H]+ calcd for C19H24F2N7O2, 420.1954; found, 420.1956. HPLC
(ACN with 0.1% TFA): tR = 6.17 min (98.9% purity). mp 205.3 °C.

5-(4-((1R,4R)-2-Oxa-5-azabicyclo[2.2.1]heptan-5-yl)-6-((R)-3-
methylmorpholino)-1,3,5-triazin-2-yl)-4-(difluoromethyl)pyridin-2-
amine (17) was prepared according to general procedure 1 from
intermediate 41 (257 mg, 0.83 mmol, 1.0 equiv) and boronate 48
(209 mg, 0.83 mmol, 1.0 equiv). Purification by column
chromatography on a silica gel (cyclohexane/ethyl acetate 1:0 →
0:1) gave compound 17 as a colorless solid (182 mg, 0.43 mmol,
52%). 1H NMR (400 MHz, CDCl3): δ 9.07/9.04 (2 × s, 1H), 7.76 (2
× t, 1JH,F = 55.4 Hz, 1H), 6.83 (s, 1H), 5.10−5.00 (m, 1H), 4.98 (br s,
2H), 4.80−4.73 (m, 1H), 4.72−4.67 (m, 1H), 4.43 (d, JH,H = 12.2 Hz,
1H), 3.97 (dd, JH,H = 11.4, 3.6 Hz, 1H), 3.92−3.86 (m, 2H), 3.77 (d,
JH,H = 11.5 Hz, 1H), 3.71−3.48 (m, 4H), 3.31−3.22 (m, 1H), 1.99−
1.90 (m, 2H), 1.33 (2 × d, JH,H = 6.9 Hz, 3H). 19F{1H} NMR (376
MHz, CDCl3): δ −116.10−(−116.89) (m, 2F). 13C{1H} NMR (101
MHz, CDCl3): δ 169.25/168.83 (2 × s, 1C), 164.29/164.06 (2 × s,
1C), 163.37/163.30 (2 × s, 1C), 160.20/160.16 (2 × s, 1C), 152.36/
152.28 (2 × s, 1C), 143.94−143.31 (m, 1C), 121.39−121.16 (2 × s,
1C), 111.38 (t, 1JC,F = 238.6 Hz, 1C), 104.00 (t, 3JC,F = 8.0 Hz, 1C),
76.42/76.34 (2 × s, 1C), 74.06/73.80 (2 × s, 1C), 71.07 (s, 1C),
67.02 (s, 1C), 56.63/56.26 (2 × s, 1C), 55.06/54.98 (2 × s, 1C),
46.33 (s, 1C), 38.47 (s, 1C), 36.67/36.47 (2 × s, 1C), 14.28 (s, 1C).
HRMS (m/z): [M + H]+ calcd for C19H24F2N7O2, 420.1954; found,
420.1960. HPLC (ACN with 0.1% TFA): tR = 6.13 min (99.0%
purity). mp 122.1 °C.

5-(4-((1S,4S)-2-Oxa-5-azabicyclo[2.2.1]heptan-5-yl)-6-((R)-3-
methylmorpholino)-1,3,5-triazin-2-yl)-4-(difluoromethyl)pyridin-2-
amine (18) was prepared according to general procedure 1 from
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intermediate 42 (217 mg, 0.70 mmol, 1.0 equiv) and boronate 48
(227 mg, 0.70 mmol, 1.0 equiv). Purification by column
chromatography on a silica gel (cyclohexane/ethyl acetate 1:0 →
0:1) gave compound 18 as a colorless solid (129 mg, 0.31 mmol,
44%). 1H NMR (400 MHz, CDCl3): δ 9.06/9.04 (2 × s, 1H), 7.76 (2
× t, 1JH,F = 55.4 Hz, 1H), 6.83 (2 × s, 1H), 5.10−5.02 (m, 3H), 4.78−
4.69 (m, 1H), 4.70 (d, JH,H = 5.5 Hz, 1H), 4.42 (d, JH,H = 13.4 Hz,
1H), 3.97 (dt, JH,H = 11.4, 3.8 Hz, 1H), 3.89−3.86 (m, 2H), 3.77 (dd,
JH,H = 11.4, 3.1 Hz, 1H), 3.71−3.48 (m, 4H), 3.27 (td, JH,H = 13.0, 3.8
Hz, 1H), 2.00−1.89 (m, 2H), 1.32 (d, JH,H = 6.8 Hz, 3H). 19F{1H}
NMR (376 MHz, CDCl3): δ −115.72−(−116.88) (m, 2F). 13C{1H}
NMR (101 MHz, CDCl3): δ 169.22/168.83 (2 × s, 1C), 164.30/
164.04 (2 × s, 1C), 163.40/163.25 (2 × s, 1C), 160.16/160.14 (2 × s,
1C), 152.36/152.29 (2 × s, 1C), 143.54 (t, 2JC,F = 22.1 Hz, 1C),
121.40 (s, 1C), 111.38 (t, 1JC,F = 238.6 Hz, 1C), 104.01 (t, 3JC,F = 8.0
Hz, 1C), 76.43/76.34 (s × 2, 1C), 74.05/73.86 (s × 2, 1C), 71.08 (s,
1C), 67.02 (s, 1C), 56.65/56.22 (2 × s, 1C), 55.01 (s, 1C), 46.30 (s,
1C), 38.52/38.47 (2 × s, 1C), 36.68/36.49 (2 × s, 1C), 14.26 (s, 1C).
HRMS (m/z): [M + H]+ calcd for C19H24F2N7O2, 420.1954; found,
420.1960. HPLC (ACN with 0.1% TFA): tR = 6.12 min (95.5%
purity). mp 115.2 °C.
5-(4-(3-Oxa-8-azabicyclo[3.2.1]octan-8-yl)-6-((R)-3-methylmor-

pholino)-1,3,5-triazin-2-yl)-4-(difluoromethyl)pyridin-2-amine (19)
was prepared according to general procedure 1 from intermediate
43 (200 mg, 0.61 mmol, 1.0 equiv) and boronate 48 (259 mg, 0.80
mmol, 1.3 equiv). Purification by column chromatography on a silica
gel (cyclohexane/ethyl acetate 1:0 → 0:1) gave compound 19 as a
colorless solid (187 mg, 0.43 mmol, 71%). 1H NMR (400 MHz,
CDCl3): δ 9.00 (s, 1H), 7.71 (t, 1JH,F = 55.4 Hz, 1H), 6.83 (s, 1H),
5.29 (br s, 2H), 4.77−4.63 (m, 3H), 4.41 (d, JH,H = 13.7 Hz, 1H),
3.97 (dd, JH,H = 11.4, 3.7 Hz, 1H), 3.81−3.75 (m, 3H), 3.70−3.62 (m,
3H), 3.53 (td, JH,H = 11.9, 3.0 Hz, 1H), 3.27 (td, JH,H = 13.0, 3.8 Hz,
1H), 2.11−1.97 (m, 4H), 1.32 (d, JH,H = 6.8 Hz, 3H). 19F{1H} NMR
(376 MHz, CDCl3): δ −115.57−(−116.57) (m, 2F). 13C{1H} NMR
(101 MHz, CDCl3): δ 176.21 (s, 1C), 169.34 (s, 1C), 164.48 (s, 1C),
160.16 (s, 1C), 151.68 (s, 1C), 143.80 (t, 2JC,F = 22.1 Hz, 1C), 121.22
(s, 1C), 111.31 (t, 1JC,F = 238.8 Hz, 1C), 104.40 (t, 3JC,F = 8.1 Hz,
1C), 71.91−71.84 (m, 1C), 71.57 (br s, 1C), 71.07 (s, 1C), 67.01 (s,
1C), 54.93 (br s, 1C), 54.55−54.48 (m, 1C), 46.34 (s, 1C), 38.52 (s,
1C), 26.97 (br s, 1C), 26.83 (br s, 1C), 14.27 (s, 1C). HRMS (m/z):
[M + H]+ calcd for C20H26F2N7O2, 434.2111; found, 434.2111.
HPLC: tR = 8.29 min (98.6% purity). mp 106.1 °C.
5-(4-(8-Oxa-3-azabicyclo[3.2.1]octan-3-yl)-6-((R)-3-methylmor-

pholino)-1,3,5-triazin-2-yl)-4-(difluoromethyl)pyridin-2-amine (20)
was prepared according to general procedure 1 from intermediate
44 (200 mg, 0.61 mmol, 1.0 equiv) and boronate 48 (259 mg, 0.80
mmol, 1.3 equiv). Purification by column chromatography on a silica
gel (cyclohexane/ethyl acetate 1:0 → 0:1) gave compound 20 as a
colorless solid (172 mg, 0.40 mmol, 65%). 1H NMR (400 MHz,
CDCl3): δ 9.00 (s, 1H), 7.70 (t, 1JH,F = 55.3 Hz, 1H), 6.83 (s, 1H),
5.18 (br s, 2H), 4.77−4.68 (m, 1H), 4.48−4.27 (m, 5H), 3.97 (dd,
JH,H = 11.4, 3.7 Hz, 1H), 3.77 (d, JH,H = 11.4 Hz, 1H), 3.68 (dd, JH,H
= 11.5, 3.2 Hz, 1H), 3.53 (ddd, JH,H = 12.3, 11.4, 3.0 Hz, 1H), 3.31−
3.14 (m, 3H), 1.95 (dd, JH,H = 7.8, 3.8 Hz, 2H), 1.81−1.73 (m, 2H),
1.32 (d, J = 6.8 Hz, 3H). 19F{1H} NMR (376 MHz, CDCl3): δ
−115.52−(−117.61) (m, 2F). 13C{1H} NMR (101 MHz, CDCl3): δ
168.90 (s, 1C), 165.73 (s, 1C), 164.20 (s, 1C), 160.11 (s, 1C), 151.86
(s, 1C), 143.72 (t, 2JC,F = 22.1 Hz, 1C), 121.36 (t, 3JC,F = 4.7 Hz, 1C),
111.30 (t, 1JC,F = 238.8 Hz, 1C), 104.28 (t, 3JC,F = 8.1 Hz, 1C), 73.89
(br s, 2C), 71.07 (s, 1C), 67.00 (s, 1C), 49.32 (s, 1C), 49.08 (s, 1C),
46.38 (s, 1C), 38.54 (s, 1C), 27.70 (s, 1C), 21.54 (s, 1C), 14.20 (s,
1C). HRMS (m/z): [M + H]+ calcd for C20H26F2N7O2, 434.2111;
found, 434.2118. HPLC: tR = 8.14 min (96.2% purity). mp 124.0 °C.
(R)-4-(Difluoromethyl)-5-(4-(3-methylmorpholino)-6-(2-oxa-6-

azaspiro[3.3]heptan-6-yl)-1,3,5-triazin-2-yl)pyridin-2-amine (21) was
prepared according to general procedure 1 from intermediate 45 (212
mg, 0.68 mmol, 1.0 equiv) and boronate 48 (222 mg, 0.68 mmol, 1.0
equiv). Purification by column chromatography on a silica gel
(cyclohexane/ethyl acetate 1:0 → 0:1) gave compound 21 as a
colorless solid (151 mg, 0.36 mmol, 53%). 1H NMR (400 MHz,

CDCl3): δ 9.04 (s, 1H), 7.78 (t, 1JH,F = 55.4 Hz, 1H), 6.82 (s, 1H),
5.04 (br s, 2H), 4.84 (s, 4H), 4.79−4.72 (m, 1H), 4.44−4.38 (m,
1H), 4.29 (s, 4H), 3.97 (dd, JH,H = 11.4, 3.7 Hz, 1H), 3.76 (d, JH,H =
11.4 Hz, 1H), 3.66 (dd, JH,H = 11.5, 3.2 Hz, 1H), 3.51 (td, JH,H = 11.7,
3.0 Hz, 1H), 3.25 (td, JH,H = 13.0, 3.8 Hz, 1H), 1.31 (d, JH,H = 6.8 Hz,
3H). 19F{1H} NMR (376 MHz, CDCl3): δ −113.75−(−116.94) (m,
2F). 13C{1H} NMR (101 MHz, CDCl3): δ 169.13 (s, 1C), 165.33 (s,
1C), 164.08 (s, 1C), 160.26 (s, 1C), 152.33 (s, 1C), 143.69 (t, 2JC,F =
22.1 Hz, 1C), 120.96 (s, 1C), 111.38 (t, 1JC,F = 238.7 Hz, 1C), 104.02
(t, 3JC,F = 8.1 Hz, 1C), 81.05 (s, 2C), 71.02 (s, 1C), 66.98 (s, 1C),
58.89 (s, 2C), 46.29 (s, 1C), 38.81 (s, 1C), 38.46 (s, 1C), 14.27 (s,
1C). HRMS (m/z): [M + H]+ calcd for C19H24F2N7O2, 420.1954;
found, 420.1957. HPLC (ACN with 0.1% TFA): tR = 5.89 min
(97.8% purity). mp 174.9 °C.

(R)-4-(Difluoromethyl)-5-(4-(3-methylmorpholino)-6-(1,4-oxaze-
pan-4-yl)-1,3,5-triazin-2-yl)pyridin-2-amine (22) was prepared ac-
cording to general procedure 1 from intermediate 46 (252 mg, 0.81
mmol, 1.0 equiv) and boronate 48 (262 mg, 0.81 mmol, 1.0 equiv).
Purification by column chromatography on a silica gel (cyclohexane/
ethyl acetate 1:0 → 0:1) gave compound 22 as a colorless solid (145
mg, 0.34 mmol, 43%). 1H NMR (400 MHz, CDCl3): δ 9.08/9.05 (2
× s, 1H), 7.76/7.70 (2 × t, 1JH,F = 55.4 Hz, 1H), 6.83 (s, 1H), 4.99
(br s, 2H), 4.78−4.69 (m, 1H), 4.45−4.36 (m, 1H), 4.01−3.66 (m,
11H), 3.58−3.49 (m, 1H), 3.32−3.22 (m, 1H), 2.04−1.96 (m, 2H),
1.32 (d, JH,H = 6.1 Hz, 3H). 19F{1H} NMR (376 MHz, CDCl3): δ
−115.59−(−117.25) (m, 2F). 13C{1H} NMR (101 MHz, CDCl3): δ
169.11/168.99 (2 × s, 1C), 164.63 (s, 1C), 164.43/164.32 (2 × s,
1C), 160.11 (s, 1C), 152.39/152.34 (2 × s, 1C), 143.58/143.52 (2 ×
t, 2JC,F = 22.2 Hz, 1C), 121.51 (t, 3JC,F = 4.8 Hz, 1C), 111.39 (t, 1JC,F =
238.8 Hz, 1C), 103.94 (t, 3JC,F = 7.9 Hz, 1C), 71.08 (s, 1C), 70.90 (s,
1C), 70.14−70.06 (m, 1C), 67.02 (s, 1C), 49.51/49.21 (2 × s, 1C),
46.35 (s, 1C), 45.27/45.25 (2 × s, 1C), 38.52 (s, 1C), 29.54/28.93 (2
× s, 1C), 14.22 (s, 1C). HRMS (m/z): [M + H]+ calcd for
C19H26F2N7O2, 422.2111; found, 422.2117. HPLC: tR = 8.06 min
(99.2% purity). mp 157.5 °C.

4-(4,6-Dichloro-1,3,5-triazin-2-yl)morpholine (23). Compound 23
was prepared according to the literature.29

(R)-4-(4-Chloro-6-morpholino-1,3,5-triazin-2-yl)-3-methylmor-
pholine (24). Compound 24 was prepared according to the
literature.26

(3R,3′R)-4,4′-(6-Chloro-1,3,5-triazine-2,4-diyl)bis(3-methylmor-
pholine) (25). Compound 25 was prepared according to the
literature.26

(R)-4-(4,6-Dichloro-1,3,5-triazin-2-yl)-3-methylmorpholine (26).
Compound 26 was prepared according to the literature.35

(S)-4-(4-Chloro-6-((R)-3-methylmorpholino)-1,3,5-triazin-2-yl)-3-
methylmorpholine (27). Compound 27 was prepared according to
the literature.35

(R)-4-(4-Chloro-6-(3-methylmorpholino)-1,3,5-triazin-2-yl)-3,3-
dimethylmorpholine (28). Compound 28 was prepared according to
general procedure 2 from 3,3-dimethylmorpholine hydrochloride
(192 mg, 1.27 mmol, 1.05 equiv) and compound 26 (300 mg, 1.20
mmol, 1.0 equiv). Purification by column chromatography on a silica
gel (cyclohexane/ethyl acetate 1:0 → 0:1) gave compound 28 as a
colorless solid (189 mg, 0.58 mmol, 48%). 1H NMR (400 MHz,
DMSO-d6): δ 4.53−4.45 (m, 1H), 4.15 (dd, JH,H = 13.8, 2.7 Hz, 1H),
3.93−3.86 (m, 1H), 3.80−3.73 (m, 4H), 3.73−3.65 (m, 1H), 3.57−
3.52 (m, 1H), 3.46−3.42 (m, 2H), 3.44−3.34 (m, 1H), 3.23−3.13
(m, 1H), 1.44 (s, 6H), 1.21 (d, JH,H = 6.8 Hz, 3H). MALDI-MS: m/z
328.896 [M + H]+.

(R)-5-(4-Chloro-6-(3-methylmorpholino)-1,3,5-triazin-2-yl)-8-oxa-
5-azaspiro[3.5]nonane (29). Compound 29 was prepared according
to general procedure 2 from 8-oxa-5-azaspiro[3.5]nonane (161 mg,
1.27 mmol, 1.05 equiv) and compound 26 (300 mg, 1.20 mmol, 1.0
equiv). Purification by column chromatography on a silica gel
(cyclohexane/ethyl acetate 1:0 → 0:1) gave compound 29 as a
colorless solid (249 mg, 0.73 mmol, 61%). 1H NMR (400 MHz,
DMSO-d6): δ 4.454−4.35 (m, 1H), 4.17−4.07 (m, 1H), 3.87 (dd,
JH,H = 11.5, 3.7 Hz, 1H), 3.73−3.61 (m, 5H), 3.56−3.45 (m, 3H),
3.41−3.35 (m, 1H), 3.19−3.10 (m, 1H), 2.49−2.40 (m, 2H), 2.25−
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2.16 (m, 2H), 1.75−1.65 (m, 2H), 1.19 (d, JH,H = 6.8 Hz, 3H).
MALDI-MS: m/z 340.577 [M + H]+.
(3R,5R)-4-(4-Chloro-6-((R)-3-methylmorpholino)-1,3,5-triazin-2-

yl)-3,5-dimethylmorpholine (30). Compound 30 was prepared
according to general procedure 3 from (3R,5R)-3,5-dimethylmorpho-
line (193 mg, 1.27 mmol, 1.05 equiv) and compound 26 (300 mg,
1.20 mmol, 1.0 equiv). Purification by column chromatography on a
silica gel (cyclohexane/ethyl acetate 1:0→ 0:1) gave compound 30 as
a colorless solid (267 mg, 0.81 mmol, 68%). 1H NMR (400 MHz,
DMSO-d6): δ 4.56−4.49 (m, 1H), 4.27−4.17 (m, 3H), 4.09 (dd, JH,H
= 11.4, 3.3 Hz, 2H), 3.88 (dd, JH,H = 11.6, 3.6 Hz, 1H), 3.72−3.62
(m, 3H), 3.53 (d, JH,H = 11.7 Hz, 1H), 3.38 (td, JH,H = 12.0, 3.0 Hz,
1H), 3.17 (td, JH,H = 13.0, 3.9 Hz, 1H), 1.33 (d, JH,H = 6.7 Hz, 6H),
1.21 (d, JH,H = 6.8 Hz, 3H). MALDI-MS: m/z 328.675 [M + H]+.
(3S,5S)-4-(4-Chloro-6-((R)-3-methylmorpholino)-1,3,5-triazin-2-

yl)-3,5-dimethylmorpholine (31). Compound 31 was prepared
according to general procedure 3 from (3S,5S)-3,5-dimethylmorpho-
line (193 mg, 1.27 mmol, 1.05 equiv) and compound 26 (300 mg,
1.20 mmol, 1.0 equiv). Purification by column chromatography on a
silica gel (cyclohexane/ethyl acetate 1:0→ 0:1) gave compound 31 as
a colorless solid (244 mg, 0.74 mmol, 62%). 1H NMR (400 MHz,
DMSO-d6): δ 4.60−4.50 (m, 1H), 4.26−4.13 (m, 3H), 4.09 (dd, JH,H
= 11.4, 3.4 Hz, 2H), 3.89 (d, JH,H = 11.2 Hz, 1H), 3.73−3.66 (m, 1H),
3.65 (dd, JH,H = 11.4, 2.2 Hz, 2H), 3.53 (dd, JH,H = 11.6, 3.3 Hz, 1H),
3.43−3.33 (m, 1H), 3.22−3.12 (m, 1H), 1.33 (d, JH,H = 6.6 Hz, 6H),
1.21 (d, JH,H = 6.8 Hz, 3H). MALDI-MS: m/z 328.692 [M + H]+.
(3R,5S)-4-(4-Chloro-6-((R)-3-methylmorpholino)-1,3,5-triazin-2-

yl)-3,5-dimethylmorpholine (32). Compound 32 was prepared
according to general procedure 2 from (R)-3-methylmorpholine (86
mg, 0.85 mmol, 1.05 equiv) and compound 47 (214 mg, 0.81 mmol,
1.0 equiv). Purification by column chromatography on a silica gel
(cyclohexane/ethyl acetate 1:0 → 0:1) gave compound 32 as a
colorless solid (232 mg, 0.71 mmol, 87%). 1H NMR (400 MHz,
DMSO-d6): δ 4.57−4.50 (m, 1H), 4.44−4.35 (m, 2H), 4.27−4.12
(m, 1H), 3.88 (dd, JH,H = 11.6, 3.6 Hz, 1H), 3.76−3.65 (m, 3H),
3.56−3.50 (m, 3H), 3.38 (td, JH,H = 11.9, 3.0 Hz, 1H), 3.21−3.12 (m,
1H), 1.25 (d, JH,H = 6.8 Hz, 6H), 1.21 (d, JH,H = 6.8 Hz, 3H).
MALDI-MS: m/z 328.828 [M + H]+.
(2S,6R)-4-(4-Chloro-6-((R)-3-methylmorpholino)-1,3,5-triazin-2-

yl)-2,6-dimethylmorpholine (33). Compound 33 was prepared
according to general procedure 4 from (2S,6R)-2,6-dimethylmorpho-
line (145 mg, 1.27 mmol, 1.05 equiv) and compound 26 (300 mg,
1.20 mmol, 1.0 equiv). Purification by column chromatography on a
silica gel (cyclohexane/ethyl acetate 1:0→ 0:1) gave compound 33 as
a colorless solid (220 mg, 0.67 mmol, 56%). 1H NMR (400 MHz,
DMSO-d6): δ 4.64−4.48 (m, 1H), 4.47−4.32 (m, 2H), 4.30−4.12
(m, 1H), 3.88 (dd, JH,H = 11.6, 3.7 Hz, 1H), 3.68 (d, JH,H = 11.5 Hz,
1H), 3.58−3.46 (m, 3H), 3.41−3.33 (m, 1H), 3.16 (td, JH,H = 13.1,
3.8 Hz, 1H), 2.60−2.51 (m, 2H), 1.20 (d, JH,H = 6.8 Hz, 3H), 1.13 (d,
JH,H = 6.2 Hz, 6H). MALDI-MS: m/z 328.788 [M + H]+.
(R)-4-(4-Chloro-6-((R)-3-ethylmorpholino)-1,3,5-triazin-2-yl)-3-

methylmorpholine (34). Compound 34 was prepared according to
general procedure 2 from (R)-3-ethylmorpholine hydrochloride (193
mg, 1.27 mmol, 1.05 equiv) and compound 26 (300 mg, 1.20 mmol,
1.0 equiv). Purification by column chromatography on a silica gel
(cyclohexane/ethyl acetate 1:0 → 0:1) gave compound 34 as a
colorless solid (317 mg, 0.97 mmol, 81%). 1H NMR (400 MHz,
DMSO-d6): δ 4.60−4.47 (m, 1H), 4.46−4.10 (m, 3H), 3.92−3.80
(m, 2H), 3.77 (d, JH,H = 11.7 Hz, 1H), 3.71−3.62 (m, 1H), 3.57−3.43
(m, 2H), 3.41−3.31 (m, 2H), 3.21−3.08 (m, 2H), 1.80−1.65 (m,
2H), 1.19 (d, JH,H = 6.8 Hz, 3H), 0.87−0.78 (m, 3H). MALDI-MS:
m/z 328.709 [M + H]+.
(S)-4-(4-Chloro-6-((R)-3-methylmorpholino)-1,3,5-triazin-2-yl)-3-

ethylmorpholine (35). Compound 35 was prepared according to
general procedure 2 from (S)-3-ethylmorpholine hydrochloride (191
mg, 1.27 mmol, 1.05 equiv) and compound 26 (300 mg, 1.20 mmol,
1.0 equiv). Purification by column chromatography on a silica gel
(cyclohexane/ethyl acetate 1:0 → 0:1) gave compound 35 as a
colorless solid (345 mg, 1.06 mmol, 88%). 1H NMR (400 MHz,
DMSO-d6): δ 4.59−4.47 (m, 1H), 4.46−4.10 (m, 3H), 3.91−3.80

(m, 2H), 3.77 (d, JH,H = 11.7 Hz, 1H), 3.71−3.63 (m, 1H), 3.57−3.43
(m, 2H), 3.41−3.31 (m, 2H), 3.21−3.07 (m, 2H), 1.80−1.65 (m,
2H), 1.19 (d, JH,H = 6.8 Hz, 3H), 0.88−0.77 (m, 3H). MALDI-MS:
m/z 328.635 [M + H]+.

((R)-4-(4-Chloro-6-((R)-3-methylmorpholino)-1,3,5-triazin-2-yl)-
morpholin-3-yl)methanol (36). Compound 36 was prepared
according to general procedure 2 from (R)-morpholin-3-ylmethanol
hydrochloride (195 mg, 1.27 mmol, 1.05 equiv) and compound 26
(300 mg, 1.20 mmol, 1.0 equiv). Purification by column
chromatography on a silica gel (cyclohexane/ethyl acetate 1:0 →
0:1) gave compound 36 as a colorless solid (338 mg, 1.03 mmol,
86%). 1H NMR (400 MHz, DMSO-d6): δ 4.97−4.84 (m, 1H), 4.64−
4.47 (m, 1H), 4.43−4.11 (m, 3H), 4.01−3.94 (m, 1H), 3.91−3.80
(m, 2H), 3.75−3.62 (m, 2H), 3.56−3.49 (m, 1H), 3.48−3.32 (m,
4H), 3.22−3.04 (m, 2H), 1.20 (d, JH,H = 7.3 Hz, 3H). MALDI-MS:
m/z 330.797 [M + H]+.

((S)-4-(4-Chloro-6-((R)-3-methylmorpholino)-1,3,5-triazin-2-yl)-
morpholin-3-yl)methanol (37). Compound 37 was prepared
according to general procedure 2 from (S)-morpholin-3-ylmethanol
hydrochloride (124 mg, 1.05 mmol, 1.05 equiv) and compound 26
(250 mg, 1.00 mmol, 1.0 equiv). Purification by column
chromatography on a silica gel (cyclohexane/ethyl acetate 1:0 →
0:1) gave compound 37 as a colorless solid (253 mg, 0.77 mmol,
77%). 1H NMR (400 MHz, DMSO-d6): δ 4.97−4.84 (m, 1H), 4.60−
4.46 (m, 1H), 4.45−4.32 (m, 1H), 4.30−4.11 (m, 2H), 3.98 (d, JH,H =
11.5 Hz, 1H), 3.93−3.81 (m, 2H), 3.73−3.63 (m, 2H), 3.57−3.49
(m, 1H), 3.48−3.35 (m, 4H), 3.21−3.04 (m, 2H), 1.20 (d, JH,H = 6.8
Hz, 3H). MALDI-MS: m/z 330.661 [M + H]+

(R)-4-(4-Chloro-6-((R)-3-(methoxymethyl)morpholino)-1,3,5-tri-
azin-2-yl)-3-methylmorpholine (38). Compound 38 was prepared
according to general procedure 2 from (R)-3-(methoxymethyl)-
morpholine hydrochloride (224 mg, 1.27 mmol, 1.05 equiv) and
compound 26 (300 mg, 1.20 mmol, 1.0 equiv). Purification by
column chromatography on a silica gel (cyclohexane/ethyl acetate 1:0
→ 0:1) gave compound 38 as a colorless solid (309 mg, 0.90 mmol,
75%). 1H NMR (400 MHz, DMSO-d6): δ 4.65−4.49 (m, 2H), 4.33−
4.13 (m, 2H), 3.92−3.81 (m, 3H), 3.71−3.56 (m, 2H), 3.55−3.44
(m, 3H), 3.43−3.34 (m, 2H), 3.28 (s, 3H), 3.21−3.08 (m, 2H), 1.21
(d, JH,H = 6.9 Hz, 3H). MALDI-MS: m/z 344.159 [M + H]+.

6-(4-Chloro-6-((R)-3-methylmorpholino)-1,3,5-triazin-2-yl)-3-oxa-
6-azabicyclo[3.1.1]heptane (39). Compound 39 was prepared
according to general procedure 2 from 3-oxa-6-azabicyclo[3.1.1]-
heptane (344 mg, 1.27 mmol, 1.05 equiv) and compound 26 (300
mg, 1.20 mmol, 1.0 equiv). Purification by column chromatography
on a silica gel (cyclohexane/ethyl acetate 1:0 → 0:1) gave compound
39 as a colorless solid (228 mg, 0.73 mmol, 61%). 1H NMR (400
MHz, DMSO-d6): δ 4.57−4.49 (m, 1H), 4.41−4.34 (m, 2H), 4.24−
4.11 (m, 2H), 4.04 (d, JH,H = 10.1 Hz, 1H), 3.87 (dd, JH,H = 11.6, 3.7
Hz, 1H), 3.79−3.72 (m, 2H), 3.67 (d, JH,H = 11.5 Hz, 1H), 3.53 (dd,
JH,H = 11.3, 2.9 Hz, 1H), 3.42−3.33 (m, 1H), 3.21−3.12 (m, 1H),
2.67 (q, JH,H = 6.9 Hz, 1H), 1.81 (d, JH,H = 8.3 Hz, 1H), 1.20 (d, JH,H
= 6.9 Hz, 3H). MALDI-MS: m/z 312.708 [M + H]+.

3-(4-Chloro-6-((R)-3-methylmorpholino)-1,3,5-triazin-2-yl)-6-oxa-
3-azabicyclo[3.1.1]heptane (40). Compound 40 was prepared
according to general procedure 2 from 6-oxa-3-azabicyclo[3.1.1]-
heptane (344 mg, 1.27 mmol, 1.05 equiv) and compound 26 (300
mg, 1.20 mmol, 1.0 equiv). Purification by column chromatography
on a silica gel (cyclohexane/ethyl acetate 1:0 → 0:1) gave compound
40 as a colorless solid (230 mg, 0.74 mmol, 62%). 1H NMR (400
MHz, DMSO-d6): δ 4.69−4.52 (m, 3H), 4.34−4.15 (m, 1H), 3.93−
3.79 (m, 3H), 3.73−3.50 (m, 4H), 3.43−3.34 (m, 1H), 3.24−3.14
(m, 1H), 3.14−3.07 (m, 1H), 1.81 (d, JH,H = 9.0 Hz, 1H), 1.22 (d,
JH,H = 6.9 Hz, 3H). MALDI-MS: m/z 312.749 [M + H]+.

(1R,4R)-5-(4-Chloro-6-((R)-3-methylmorpholino)-1,3,5-triazin-2-
yl)-2-oxa-5-azabicyclo[2.2.1]heptane (41). Compound 41 was
prepared according to general procedure 2 from (1R,4R)-2-oxa-5-
azabicyclo[2.2.1]heptane (171 mg, 1.27 mmol, 1.05 equiv) and
compound 26 (300 mg, 1.20 mmol, 1.0 equiv). Purification by
column chromatography on a silica gel (cyclohexane/ethyl acetate 1:0
→ 0:1) gave compound 41 as a colorless solid (268 mg, 0.87 mmol,
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72%). 1H NMR (400 MHz, DMSO-d6): δ 4.95−4.87 (m, 1H), 4.69−
4.63 (m, 1H), 4.63−4.49 (m, 1H), 4.29−4.13 (m, 1H), 3.88 (dd, JH,H
= 11.5, 3.6 Hz, 1H), 3.79−3.74 (m, 1H), 3.72−3.63 (m, 2H), 3.57−
3.49 (m, 1H), 3.46−3.33 (m, 3H), 3.22−3.11 (m, 1H), 1.92−1.80
(m, 2H), 1.20 (d, JH,H = 6.8 Hz, 3H). MALDI-MS: m/z 312.199 [M +
H]+.
(1S,4S)-5-(4-Chloro-6-((R)-3-methylmorpholino)-1,3,5-triazin-2-

yl)-2-oxa-5-azabicyclo[2.2.1]heptane (42). Compound 42 was
prepared according to general procedure 2 from (1S,4S)-2-oxa-5-
azabicyclo[2.2.1]heptane (171 mg, 1.27 mmol, 1.05 equiv) and
compound 26 (300 mg, 1.20 mmol, 1.0 equiv). Purification by
column chromatography on a silica gel (cyclohexane/ethyl acetate 1:0
→ 0:1) gave compound 42 as a colorless solid (271 mg, 0.87 mmol,
73%). 1H NMR (400 MHz, DMSO-d6): δ 4.99−4.86 (m, 1H), 4.66−
4.51 (m, 2H), 4.34−4.11 (m, 1H), 3.92−3.84 (dd, JH,H = 11.3, 3.7 Hz,
1H), 3.76 (dd, JH,H = 7.4, 1.6 Hz, 1H), 3.71−3.63 (m, 2H), 3.55−3.48
(m, 1H), 3.45−3.33 (m, 3H), 3.21−3.11 (m, 1H), 1.92−1.83 (m,
2H), 1.21 (d, JH,H = 7.0 Hz, 3H). MALDI-MS: m/z 312.216 [M +
H]+.
8-(4-Chloro-6-((R)-3-methylmorpholino)-1,3,5-triazin-2-yl)-3-oxa-

8-azabicyclo[3.2.1]octane (43). Compound 43 was prepared
according to general procedure 2 from 3-oxa-8-azabicyclo[3.2.1]-
octane hydrochloride (439 mg, 2.94 mmol, 1.05 equiv) and
compound 26 (700 mg, 2.80 mmol, 1.0 equiv). Purification by
column chromatography on a silica gel (cyclohexane/ethyl acetate 1:0
→ 0:1) gave compound 43 as a colorless solid (672 mg, 2.06 mmol,
74%). 1H NMR (400 MHz, CDCl3): δ 4.71−4.57 (m, 3H), 4.36−
4.28 (m, 1H), 3.93 (dd, JH,H = 11.5, 3.8 Hz, 1H), 3.75−3.70 (m, 3H),
3.66−3.61 (m, 3H), 3.48 (td, JH,H = 11.9, 3.0 Hz, 1H), 3.24 (td, JH,H =
13.0, 3.8 Hz, 1H), 2.09−1.93 (m, 4H), 1.30 (d, JH,H = 6.9 Hz, 3H).
MALDI-MS: m/z 326.645 [M + H]+.
3-(4-Chloro-6-((R)-3-methylmorpholino)-1,3,5-triazin-2-yl)-8-oxa-

3-azabicyclo[3.2.1]octane (44). Compound 44 was prepared
according to general procedure 2 from 8-oxa-3-azabicyclo[3.2.1]-
octane hydrochloride (253 mg, 2.23 mmol, 1.05 equiv) and
compound 26 (500 mg, 2.03 mmol, 1.0 equiv). Purification by
column chromatography on a silica gel (cyclohexane/ethyl acetate 1:0
→ 0:1) gave compound 44 as a colorless solid (504 mg, 1.55 mmol,
76%). 1H NMR (400 MHz, CDCl3): δ 4.73−4.59 (m, 1H), 4.43−
4.38 (m, 2H), 4.34−4.18 (m, 3H), 3.93 (dd, JH,H = 11.5, 3.7 Hz, 1H),
3.73 (d, JH,H = 11.5 Hz, 1H), 3.63 (dd, JH,H = 11.5, 3.2 Hz, 1H), 3.48
(td, JH,H = 11.9, 3.0 Hz, 1H), 3.26 (dd, JH,H = 13.2, 3.8 Hz, 1H),
3.22−3.12 (m, 2H), 1.99−1.88 (m, 2H), 1.84−1.68 (m, 2H), 1.30 (d,
JH,H = 7.1 Hz, 3H). MALDI-MS: m/z 326.679 [M + H]+.
(R)-6-(4-Chloro-6-(3-methylmorpholino)-1,3,5-triazin-2-yl)-2-oxa-

6-azaspiro[3.3]heptane (45). Compound 45 was prepared according
to general procedure 2 from 2-oxa-6-azaspiro[3.3]heptane oxalate
(2:1, 183 mg, 1.27 mmol, 1.05 equiv) and compound 26 (300 mg,
1.21 mmol, 1.0 equiv). Purification by column chromatography on a
silica gel (cyclohexane/ethyl acetate 1:0→ 0:1) gave compound 45 as
a colorless solid (212 mg, 0.68 mmol, 57%). 1H NMR (400 MHz,
DMSO-d6): δ 4.69 (br s, 4H), 4.57−4.49 (m, 1H), 4.24−4.11 (m,
5H), 3.88 (d, JH,H = 9.8 Hz, 1H), 3.67 (d, JH,H = 11.6 Hz, 1H), 3.50
(dd, JH,H = 11.6, 3.2 Hz, 1H), 3.39−3.32 (m, 1H), 3.15 (ddd, JH,H =
13.7, 12.3, 3.9 Hz, 1H), 1.19 (d, JH,H = 6.9 Hz, 3H). MALDI-MS: m/z
312.598 [M + H]+.
(R)-4-(4-Chloro-6-(3-methylmorpholino)-1,3,5-triazin-2-yl)-1,4-

oxazepane (46). Compound 46 was prepared according to general
procedure 2 from 1,4-oxazepane (128 mg, 1.27 mmol, 1.05 equiv) and
compound 26 (300 mg, 1.21 mmol, 1.0 equiv). Purification by
column chromatography on a silica gel (cyclohexane/ethyl acetate 1:0
→ 0:1) gave compound 46 as a colorless solid (252 mg, 0.81 mmol,
67%). 1H NMR (400 MHz, DMSO-d6): δ 4.59−4.50 (m, 1H), 4.30−
4.11 (m, 1H), 3.92−3.85 (m, 1H), 3.86−3.59 (m, 8H), 3.56−3.49
(m, 1H), 3.42−3.35 (m, 1H), 3.21−3.11 (m, 2H), 1.88−1.76 (m,
2H), 1.23−1.18 (m, 3H). MALDI-MS: m/z 314.342 [M + H]+.
(3R,5S)-4-(4,6-Dichloro-1,3,5-triazin-2-yl)-3,5-dimethylmorpho-

line (47). To a solution of cyanuric chloride (479 mg, 2.60 mmol, 1.0
equiv) in DCM (10 mL) at −50 °C, a solution of (3R,5S)-3,5-
dimethylmorpholine (300 mg, 2.60 mmol, 1.0 equiv) and DIPEA (1

mL, 742 mg, 5.75 mmol, 2.1 equiv) in DCM (5 mL) was added
dropwise over 20 min. The mixture was stirred at −50 °C for 2 h.
After completion of the reaction monitored by TLC, the mixture was
washed with NaHSO4, the organic layer was separated, dried over
Na2SO4, filtered, and concentrated under reduced pressure.
Recrystallization from dichloromethane/heptanes gave compound
47 as a colorless solid (423 mg, 1.60 mmol, 62%). 1H NMR (400
MHz, CDCl3): δ 4.55 (qd, JH,H = 7.0, 3.8 Hz, 2H), 3.84 (d, JH,H =
11.8 Hz, 2H), 3.63 (dd, JH,H = 11.7, 3.9 Hz, 2H), 1.41 (dd, JH,H = 7.1,
0.7 Hz, 3H).

N′-[4-(Difluoromethyl)-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-
2-yl)pyridin-2-yl]-N,N-dimethylmethanimidamide (48). Compound
48 was prepared according to the literature.35,54

Structure Modeling of PI3K and mTOR Kinase Complexes.
The coordinates of mTOR kinase bound to PI103 (PDB code 4JT6;
3.6 Å) and PQR530 in PI3Kα complex (PDB code 6OAC, resolution
of 3.15 Å) were used as starting points for docking the molecules into
the kinase ATP-binding site. Compounds were manually replaced/
modified in crystal structures using Maestro 11.1, and energy
minimization of the resulting protein-inhibitor complex was carried
out. Measurements and figures were generated using Maestro
Schrödinger 11.1 and Chimera UCSF.

Determination of Inhibitor Dissociation Constants. The
library’s dissociation constants (Ki) for p110α and mTOR were
determined using a commercial LanthaScreen (Life Technologies)
assay. The assays were performed as described in ref 30, and data
analysis was carried out as previously reported in ref 29. Briefly,
AlexaFluor647-labeled Kinase Tracer314 (#PV6087) with a Kd of 2.2
nM was used at 20 nM for p110α and at a final concentration of 10
nM for mTOR (Kd of 19 nM; modifications see Table S1).
Recombinant N-terminally (His)6-tagged p110α was captured with
biotinylated anti-(His)6-tag antibody (2 nM, #PV6089) and detected
with LanthaScreen Eu-steptavidin (2 nM, #PV5899); N-terminal
GST fused to truncated mTOR (amino acids 1360−2549;
#PR8683B) was detected with a LanthaScreen Eu-labeled anti-GST
antibody (2 nM, #PV5594). The p110α assay buffer was composed of
50 mM HEPES pH 7.5, 10 mM MgCl2, 1 mM EGTA, and 0.01% (v/
v) Brij-35, and the mTOR assay buffer contained 50 mM HEPES; 5
mM MgCl2; 1 mM EGTA; 0.01% Pluronic F-127. IC50s were
measured using a 10-point 1:4 serial dilution. Values at each
concentration were determined in independent duplicate experiments.

Kinome Profiling. Compounds’ binding affinity and selectivity
were determined using the ScanMax platform of DiscoverX.55

Experiments were performed at DiscoverX, 11180 Roselle Street,
Suite D, San Diego, using an automated and standardized in vitro
assay. Inhibitor binding constants (Kd values) were calculated from
duplicate 11-point dose−response curves. As described in the
standard DiscoverX protocol, kinase-tagged T7 phage strains were
grown in parallel in 24-well blocks in an Escherichia coli host derived
from the BL21 strain. E. coli were grown to log-phase and infected
with T7 phage from a frozen stock (multiplicity of infection = 0.4)
and incubated with shaking at 32 °C until lysis (90−150 min). The
lysates were centrifuged (6000g) and filtered (0.2 μm) to remove cell
debris. The remaining kinases were produced in HEK-293 cells and
subsequently tagged with DNA for qPCR detection. Streptavidin-
coated magnetic beads were treated with biotinylated small-molecule
ligands for 30 min at room temperature to generate affinity resins for
kinase assays. The liganded beads were blocked with excess biotin and
washed with a blocking buffer [SeaBlock (Pierce), 1% BSA, 0.05%
Tween 20, 1 mM DTT] to remove unbound ligand and to reduce
nonspecific phage binding. Binding reactions were assembled by
combining kinases, liganded affinity beads, and test compounds in 1×
binding buffer (20% SeaBlock, 0.17× PBS, 0.05% Tween 20, 6 mM
DTT). Test compounds were prepared as 40× stocks in 100% DMSO
and directly diluted into the assay. All reactions were performed in
polypropylene 384-well plates in a final volume of 0.02 mL. The assay
plates were incubated at room temperature with shaking for 1 h, and
the affinity beads were washed with a wash buffer (1× PBS, 0.05%
Tween 20). The beads were then resuspended in an elution buffer
(1× PBS, 0.05% Tween 20, 0.5 μM non-biotinylated affinity ligand)
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and incubated at room temperature with shaking for 30 min. The
kinase concentration in the eluates was measured by qPCR. Binding
of the immobilized ligand to DNA-tagged kinases was competed with
10 μM compound. The amount of kinase bound to the immobilized
ligand was measured by quantitative PCR of the respective DNA tags
and was reported as % of control. The compounds’ binding constants
for selected kinases were determined by competing the immobilized
ligand kinase interactions with an 11-point threefold serial dilution of
compound starting from 30 μM and subsequent quantitative PCR of
DNA tags. Binding constants were calculated by a standard dose−
response curve using the Hill equation (with Hill slope set to −1)

= + ‐

+ [ − ]*

response background (signal background)

/(1 10 )K( lg lg dose Hill slope)d

Selectivity scores44 were calculated as reported below

=S number of hits/number of tested kinases

(excluding mutant variants)

where S35, S10, and S1 were calculated using % Ctrl as a potency
threshold (35, 10, 1%); for example, S(35) = (number of nonmutant
kinases with % Ctrl < 35)/(number of nonmutant kinases tested).
Cellular PI3K and mTOR Signaling. In-cell western assays were

used to measure phosphorylation of PKB/Akt at Ser473 and
phosphorylation of ribosomal protein S6 at Ser235/236. ICW
experiments and determination of IC50 were performed as described
in ref 30. Briefly, A2058 cells were seeded at 2 × 104 cells/well in 96-
well plates (Cell Carrier, Perkin Elmer) and grown for 24 h at 37 °C
(at 5% CO2). Cells were then exposed to inhibitors or DMSO for 1 h.
At this time, cells were fixed (4% PFA in PBS for 30 min at r.t.),
blocked (1% BSA/0.1% Triton X-100/5% goat serum in PBS for 30
min, r.t.), and stained with CST primary anti-phosphoprotein
antibodies [1:500; phosphorylation of Ser473 of PKB/Akt was
detected with rabbit polyclonal antibody from Cell Signaling
Technology (CST, #4058) and mTORC1 activity as phosphorylation
of Ser235/236 on the ribosomal protein S6 with rabbit monoclonal
antibody from CST, #4856]. Tubulin staining was assessed as the
internal standard with mouse anti-α-tubulin, 1:2000, from Sigma
(#T9026). Fluorescence outputs were detected on an Odyssey CLx
infrared imaging scanner (LICOR) using secondary, species-specific
antibodies, IR-dye-labeled antibodies (IRDye680-conjugated goat
anti-mouse, and IRDye800-conjugated goat anti-rabbit antibodies
[LICOR # 926-68070 and # 926-32211], both 1:500). Remaining
phospho-protein signals were normalized to cellular tubulin and
related to DMSO controls. IC50s were measured using a 7- or 11-
point 1:2 serial dilution and each concentration was measured in
independent triplicate (7-point dilution) or independent duplicate
(11-point dilution).
Hepatocyte Stability Assay. The hepatocyte stability was

assessed using primary hepatocytes from mice (CD-1), rats
(Sprague-Dawley, SD), dogs (Beagle), and humans. Assays were
performed using cryopreserved hepatocytes in suspension, and each
experiment was performed in duplicate. Stock solution of compound
8 was prepared with 10 mM in DMSO and diluted to the final
concentration of 5 μM. 7-EC has been used as a positive control.
Negative control incubations were run in line with all experiments
using the incubation medium in the absence of hepatocytes to exclude
nonmetabolic degradation processes. Further experimental details are
reported in ref 27. As described in the standard Pharmacelsus
protocol, 25 μL of a 10-fold stock of 8 or 7-EC (reference compound)
was added to 225 μL of cell suspension, yielding a final concentration
of 5 μM for 8 and 7-EC. The final solvent concentrations did not
exceed 0.5% DMSO (for 8) or 1% ACN (for 7-EC). Samples were
collected after 0, 15, 60, 90, and 180 min of incubation for 8 and after
0, 60, and 180 min for 7-EC. Subsequently, proteins were precipitated
using ACN (200 μL cell suspension plus 200 μL ACN/ISTD3). After
centrifugation for 5 min at 4800g, particle-free supernatant was
diluted with one volume of H2O and analyzed by LC−MS. To
exclude nonmetabolic degradation processes, negative controls were

performed. For example, the finding that the concentrations remained
stable over the investigated time suggested that the decrease of the
parent compound was mainly due to metabolism. Negative control
incubations were performed in line with all experiments using the
incubation medium in the absence of hepatocytes.

A HPLC system consisting of a LC pump Surveyor Plus and an
auto sampler Surveyor Plus (Thermo Fisher, USA) was used to
quantify compound 8 in samples from primary hepatocytes. Mass
spectrometry was carried out on a TSQ Quantum Discovery Max
triple quadrupole mass spectrometer equipped with an electro-spray
ion source (ESI, Thermo Fisher Scientific, USA). Xcalibur 2.0.7. was
used as software for data analysis.

CYP Reactive Phenotyping with Human Recombinant
CYP1A1 and CYP1A2 Isoenzymes. Human recombinant iso-
enzymes from insect cells infected by baculovirus and containing
cDNA of a single human CYP isoenzyme (Supersomes, Corning)
were employed. The compounds were tested in the CYP-reactive
phenotyping at a concentration of 1 μM in the presence of 0.25%
DMSO. The assays were performed in duplicate using human
recombinant enzymes systems from Corning (BD Gentest P450 High
Throughput Inhibitor Screening Kits). Further experimental details
are reported in ref 27.

As described in standard Pharmacelsus protocol, the cofactor-mix,
containing the NADP+-regenerating system, was prepared according
to the manufacturer’s instructions. For CYP1A1 and CYP1A2, 4 μL of
the 50-fold concentrated working solution was added to 96 μL of the
cofactor mix. The cofactor mix and test item were pipetted into the
respective wells of a prewarmed 96-well plate and prewarmed for 10
min on a shaker with fitted heating block. The reactions were initiated
by addition of 100 μL of prewarmed enzyme-mix. By default, the final
protein concentration of all CYP isoenzymes was 25 pmol/mL.
Incubations with a final volume of 200 μL were performed at 37 °C.
After 0 and 60 min (30 min for positive control substrates), the
reactions were stopped by the addition of 200 μL of stop solution,
that is, ACN containing the internal standard. Two control groups
were evaluated in parallel for each assay: specific substrates for each
CYP isoform were used as positive controls (CYP1A1, melatonin and
CYP1A2, phenacetin). Negative controls (n = 2) were performed
without cofactors and glucose-6-phosphate-dehydrogenase to ensure
that the potential loss of parent compound is due to the CYP-
mediated metabolism.

For quantitative analysis of compounds 8 and 4, the following
equipment have been used: (1) LC−MS consisting of an Accela U-
HPLC pump and an Accela auto sampler connected to an Exactive
mass spectrometer (Orbitrap with accurate mass, Thermo Fisher
Scientific, USA). Data analysis was performed with Xcalibur 2.1
software. (2) LC−HRMS consisting of an Accela U-HPLC pump and
an Accela Open auto sampler (Thermo Fisher Scientific, USA)
connected to a Q Exactive mass spectrometer (Orbitrap). Data
analysis was performed with Xcalibur 2.2. (3) LC−MS consisting of a
Surveyor MS Plus HPLC system connected to a TSQ Quantum
Discovery Max (Thermo Electron) triple quadrupole mass
spectrometer equipped with an electrospray (ESI) or APCI interface
(Thermo Fisher Scientific, USA). Software used: Xcalibur 2.0.7.

MDCK TransWell Assays. MDCK-hMDR1cMDR1‑ko and
MDCKcMDR1‑ko cells were obtained from Karlgren et al., Uppsala
University,45 and cultured according to the provided protocol. Briefly,
cells were cultured in DMEM with Glutamax (cat. no. 14190), 10%
fetal bovine serum (cat. no. 10270), and 5% penicillin−streptomycin
(cat. no. 10687). Hygromycin B (cat no 10687) was used as selection
antibiotic for cells expressing hMDR1. Cells (100,000/well) were
seeded into 12-well TransWell plates (cat. no. CLS3401) and grown
for 5 days prior to experiments. Cell culture medium was exchanged
every second day and the day before the experiment. For Papp
experiments, the cell culture medium was replaced with prewarmed
HBSS for 30 min at 37 °C under gentle stirring (300 rpm). The
experiment was started by the addition of 0.4 mL of 1 μM drug
solution in HBSS to the apical side (Papp A to B) or 1.2 mL of 1 μM
drug solution to the basolateral side (Papp B to A). Samples of 100 μL
were retrieved from the receiver chamber at time points 5, 10, and 20
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min and replaced with fresh buffer. Samples (100 μL) were retrieved
from the donor chamber at the end of the experiment for calculation
of mass balance. Trans-epithelial electrical resistance (TEER) values
were measured prior to addition of drug and 30 min after sampling of
last time point [Epithelial Volt/Ohm Meter (EVOM), World
Precision Instrument, equipped with Chopstick Electrode STX2].
Immediately after the final sampling, the samples and calibration

standards were diluted 1:1 with ACN containing the internal
standard, vortexed, and centrifuged at 2000g for 15 min, and the
supernatant was analyzed by UPLC−MS/MS. The UPLC-MS/MS
system consisted of an Agilent 1290 Infinity Binary Pump coupled to
an Agilent 6460 Triple Quad Mass Spectrometer with an AJS ESI
interface. Mobile phases consisted of (A) water with 5% ACN, 0.05%
formic acid, and 10 mM ammonium formate and (B) ACN with
0.05% formic acid. Separation was performed on an Acquity UPLC
column (BEH C18 1.7 μm, 2.1 × 50 mm) with an integrated prefilter.
Acquisition and quantification were performed with the Agilent
MassHunter Workstation (Version 10.1).
Finally, Papp was calculated according to the literature56 using the

equation

=P Q t AC(d /d )(1/ )app 0

where dQ/dt is the steady-state flux (μmol/s), A is the surface area of
the filter (cm2), and C0 is the initial concentration in the donor
chamber (μM).
The ER is the ratio between the secretory permeability and the

absorptive permeability

= P PER B to A/ A to Bapp app

Experiments were performed in triplicates on at least two
independent occasions. Papp values were retained for experiments
with a mass balance >75% and TEER in the range of 160−180 Ω·cm2.
Citalopram has been used as control because it is a hMDR1 substrate
for which literature data using these cell lines are available.45

Pharmacokinetic Studies in Rats. Male Sprague Dawley rats
purchased from Janvier Labs (France) were used for the study. The
animals were 8 weeks old at delivery and were housed in a
temperature-controlled room (20−24 °C) and kept in a 12 h light/12
h dark cycle. Food and water were available ad libitum throughout the
duration of the study. Formulation of compound 8 was prepared by
dissolving it in Captisol (40% w/w in water). Compound preparation
and experiment setup were consistent with the previous literature
reports.27 Briefly, the compounds were administrated p.o. at 5 mg/kg
(application volume: 5 mL/kg). At each time point (30 min, 2, 4, and
8 h), three rats were anesthetized with isoflurane and 1 mL of blood
was collected, via heart puncture, in tubes containing lithium-heparin.
After blood sampling, the rats were euthanized and brain, liver, and
skin were collected.
Quantification of Plasma Insulin. Plasma insulin was determined

using an immunoassay kit (Rat/Mouse Insulin ELISA from Merck
Millipore, cat. no. EZRMI-13K, lot 2688510, Germany), according to
the manufacturer’s instructions. This Rat/Mouse Insulin ELISA kit
was used for the nonradioactive quantification of insulin in rat sera. At
each time point, three rats were anesthetized with isoflurane and 1 mL
of blood was collected. Blood samples were stored on dry ice until
centrifugation at 3000g (10 min, 4 °C). Plasma supernatants and
tissue samples were stored at −80 °C until being assayed.
Quantification of Plasma Glucose. Plasma glucose was

determined using a glucose colorimetric assay (Cayman, cat. no.
10009582, lot 0478964, USA). The glucose assay uses the glucose
oxidase−peroxide reaction for the determination of glucose
concentrations. In this assay, glucose is oxidized to δ-gluconolactone
with concomitant reduction of the flavin adenine dinucleotide-
dependent enzyme glucose oxidase. The reduced form of glucose
oxidase is regenerated to its oxidized form by molecular oxygen to
produce hydrogen peroxide. Finally, hydrogen peroxide reacts with
3,5-dichloro-2-hydroxybenzenesulfonic acid and 4-aminoantipyrine to
generate a pink dye with an optimal absorption at 514 nm. The

plasma was collected and stored in ice or at −80 °C until being
assayed.

Pharmacokinetic Studies in Mice. Female C57BL/6J mice
purchased from Janvier Labs (France) were used for the study. The
animals were 8 weeks old at delivery and were housed in a
temperature-controlled room (20−24 °C) and maintained in a 12 h
light/12 h dark cycle. Food and water were available ad libitum before
and throughout the duration of the study. The animals were checked
for clinical signs throughout the study. No adverse effects were
observed. Dose formulations were prepared freshly on the day of the
in-life phase.

Study PQR626 (8) versus Everolimus (56). The compounds were
orally administered the following: compound 8 at 10 mg/kg, either as
single or multiple (qd4) application in 20% Captisol and compound
56 at 10 mg/kg qd4 in 8% ethanol, 10% PEG 400, 10% Tween 80.

Study PQR626 (8) versus Everolimus (56) and AZD2014 (51).
The compounds were orally administered the following: compound 8
at 25 mg/kg in 20% Captisol; compound 56 at 10 mg/kg in 8%
ethanol, 10% PEG 400, 10% Tween 80 and 72% water; and
compound 51 at 25 mg/kg in 20% Captisol (SBECD).

At each of the designated time points, three mice were subjected to
isoflurane anesthesia to obtain about 0.5 mL of Li heparin blood by
puncture of the retrobulbar venous plexus. Blood samples were stored
on ice until centrifugation at 3000g (6000 rpm) for 10 min at 4 °C for
the preparation of plasma samples. Subsequently, mice were sacrificed
by inhalation of an overdose of isoflurane for the collection of the
brain and muscles. All samples were frozen on dry ice and stored at
−80 °C.

The HPLC system consisted of a U-HPLC pump (Ultimate 3000
RS) and an Accela Open auto sampler (Thermo Fisher Scientific,
USA). Mass spectrometry was performed on a Q Exactive (Orbitrap)
accurate mass spectrometer equipped with a heated electrospray (H-
ESI) interface (Thermo Fisher Scientific, USA). Xcalibur 4.0. software
was used for data collection and analysis.

For the quantification of plasma insulin and glucose, see the section
above.

All experimental procedures in male Sprague Dawley rats and in
female C57BL/6J mice were approved by and conducted in
accordance with the regulations of the local Animal Welfare
authorities (Landesamt für Gesundheit und Verbraucherschutz,
Abteilung Lebensmittel und Veterinar̈wesen, Saarbrücken).

Determination of Phospho-Protein Levels in the Murine
Cortex. Tissue Lysis. Snap-frozen murine cortical brain pieces of
compound-treated animals were obtained from studies described in
Experimental Section in “Pharmacokinetic Studies in Mice” above and
control animals were obtained from the same supplier and were stored
at −80 °C. Cortical tissue was homogenized and lysed in 400 μL of
ice-cold RIPA lysis buffer + protease/phosphatase inhibitor cocktail
(Halt Protease Inhibitor Cocktail #87786; Halt Phosphatase Inhibitor
Cocktail #78420, Thermo Fisher Scientific) in precooled 2 mL
ScrewCup tubes by mechanical tissue disruption using a bead mill
[MP Fast-Prep 24 with beads (#11079124zx, Biospec products), 1
cycle: 20s, speed 6 m/s]. The lysate was cleared in a cooled centrifuge
(4 °C, 5 min, 16 000 g) and cleared lysate transferred and aliquoted in
cooled Eppendorf tubes and snap frozen until further processing.

SDS-PAGE. The total protein content of cortex lysates was
determined using a Bradford assay (Bio-Rad DC Protein Assay).
Equal amounts of lysates were denatured in a SDS-PAGE sample
buffer and heated to 97 °C for 5 min. Denatured protein samples were
subjected to SDS-PAGE and transferred to Immobilon FL
membranes (Millipore).

Immunodetection by Western Blotting. Primary antibodies to
pSer473-PKB/Akt (#4058L), PKB/AKT (#2929S), pS235/236
ribosomal protein S6 (#4856S), and ribosomal protein S6 (#2317S)
were from Cell Signaling Technology; mouse monoclonal anti
activated MAP Kinase (#M8159) and primary antibody to α-tubulin
(#T9026) was from Sigma. HRP-conjugated secondary antibodies
were visualized using enhanced chemiluminescence (Millipore) on a
Fusion FX (Vilber Lourmat) imaging system. Levels of phosphory-
lated protein and total protein and α-tubulin signals were quantified
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using ImageJ. Phospho-protein levels in each sample were corrected
for unequal loading using α-tubulin or total PKB signals. Resulting
phospho-protein signals of compound-treated samples were sub-
sequently normalized to control-treated samples and illustrated and
analyzed using a GraphPad Prism. Statistical analysis was performed
using unpaired t-test and the probability value (p-value) used to
identify significance (p < 0.05).
Toxicokinetic Studies in Mice. Female Balb/c nude mice were

purchased from Beijing Anikeeper Biological Technology Co. Ltd.
(AK, Beijing, China). The animals were housed in a temperature-
controlled room (20−26 °C) and maintained in a 12 h light/12 h
dark cycle. Food and water were available ad libitum before and
throughout the duration of the study. Treatment with compound 8 at
100, 150, and 200 mg/kg was carried out and compared to vehicle
(20% Captisol). Ten mice, 6−8 weeks old at inoculation, were
enrolled in the study. All animals were randomly allocated to the four
different study groups. Randomization was performed based on body
weight and randomized block design on day 1. The animals were
checked daily for morbidity and mortality. At the time of routine
monitoring, the animals were checked for treatments on normal
behavior such as mobility, visual estimation of food and water
consumption, body weight gain/loss, eye/hair matting, and any other
abnormalities. The body weights were recorded daily. The entire
procedure of dosing and body weight measurement was conducted in
a laminar flow cabinet. Animals showing obvious signs of severe
distress were euthanized. Gross necropsy was performed on
euthanized animals, and observations on the major organs (heart,
lung, liver, kidney, spleen, and intestine) were reported.
All studies were conducted following an approved Institutional

Animal Care and Use Committee (IACUC) protocol of CrownBio.
During the study, the care and use of animals were conducted in
accordance with the regulations of the Association for Assessment and
Accreditation of Laboratory Animal Care (AAALAC). All exper-
imental data management and reporting procedures were in strict
accordance with applicable Crown Bioscience, Inc. Guidelines and
Standard Operating Procedures.
Efficacy on Survival in Tsc1GFAP Knockout Mice. The study

was performed at PsychoGenics, Inc., headquartered at 215 College
Road, Paramus, NJ 07652, USA. Animals were used in accordance
with humane laboratory animal care and used based on the Guide for
the Care and Use of Laboratory Animals (NRC 2011) and
PsychoGenics, Inc. internal IACUC program. PyschoGenics achieved
AAALAC accreditation (Unit #001213) and holds PHS OLAW
Assurance (#D16-00732 [A4471-0]).
Tsc1flox/flox-GFAP-Cre+ (Tsc1GFAP conditional knockout) male and

female mice were bred at PsychoGenics using breeding pairs obtained
from Prof. Michael Wong, MD, Ph.D. (Washington University, St.
Louis, MO). Genotyping of mice was performed using PCR and
primers for TSC1 and CRE according to the procedure provided by
Dr. Wong. Kits were purchased from Lambda Biotech (catalog
number D124R). All mice were acclimated to the environment,
examined, handled, and weighed prior to the initiation of the study to
assure adequate health and suitability and to minimize nonspecific
stress associated with human handling. During the course of the
study, 12 h/12 h light/dark cycles were maintained. The room
temperature was maintained at 20−23 °C with a relative humidity
maintained around 50%. Food and water were provided ad libitum for
the duration of the study. Each mouse was randomly assigned to
designated treatment groups. The dosing was performed during the
animals’ light cycle phase. Body weights were determined twice per
week from P21 to P90. Twice a week all mice were assessed for
general health including biweekly body weights.
Animals were checked at least once daily for survival. Survival

curves were generated and represented as a percent of surviving
animals for each treatment group over the course of the study. The
first death was observed at P26, therefore data are plotted from P25 to
P90 and recorded in intervals of 5 days. At end of study at P90,
surviving mice were euthanized for plasma and brain collection 2 h
after last dose.

Blood was collected from submandibular vein in K2EDTA tubes
and kept on ice for short-term storage. Within 15 min of blood
collection, tubes were centrifuged for 10 min at 10 000 rpm in a
refrigerated centrifuge. The plasma was extracted using a pipette and
transferred into prelabeled tubes. Plasma were stored at −80 °C until
shipment to Sponsor-designated laboratory.

Whole brains were perfused by PBS first and then 4% PFA and
collected into 4% PFA filled vials and stored at 4 °C overnight. Fixed
brains were transferred to 30% sucrose and 0.05% sodium azide for
storage and shipment. Brains were stored at −4 °C.

With the exception of compound 52 at 50 mg/kg, all compounds
were dosed p.o. and daily from P21 to P90. A treatment group with
52 at 50 mg/kg was added at P27, and 6 days post-study comparing
with compound 8 at 50 mg/kg was started. Four additional animals
per group were dosed and sacrificed on day P45 for brain and plasma
collection. See Supporting Information Table S33 for additional
information (P21 and P23 were not measured for 52 at 50 mg/kg).
Details on animals used in the study are reported in Table S35 of the
Supporting Information. Vehicle was 20% SBECD (sulfobutyl-ether-
β-cyclodextrin, Captisol, Dexolve) pH 3.0. Compounds 52 and 8 were
dissolved in vehicle. Compound 56 was dissolved in 10% PEG400/
10% Tween-80/8% ethanol.

Statistical Reports for Survival Analysis. Survival was
determined from the start of the study (P21) to the day the animal
was found dead or until P90 (i.e., animals were censored at P90). A
Chi-square survival analysis was performed in JMP Statistical Software
(a division of SAS) with treatment as a factor. The log-rank test places
more weight on larger survival times and is more useful when the ratio
of hazard functions in the groups being compared is approximately
constant where the hazard function is the instantaneous failure rate at
a given time. Data are reported as percent of survival across days.
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