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present with brain metastases (BM) and leptomeningeal metastases (LM). These patients have
poor prognosis as there are no approved drugs for these indications. Available agents have poor
efficacy for these patients even at well above their standard dose. Herein we report the discovery
of (4-[(3-chloro-2-fluorophenyl)amino]-7-methoxyquinazolin-6-yl (2R)-2,4-dimethylpiperazine-
I-carboxylate 1m (AZD3759), an investigational drug currently in Phase 1 clinical trial, which
has excellent central nervous system (CNS) penetration and which induced profound regression

of brain metastases in a mouse model.

» INTRODUCTION

Non-small cell lung cancer (NSCLC) accounts for more than 85% of all lung cancer cases and is
one of the leading causes of cancer death worldwide." It is estimated that in 2014 there were
224,210 new lung cancer cases and 159,260 NSCLC related deaths in the United States alone.’
Genetic aberrations in the tyrosine kinase domain of epidermal growth factor receptor have been
identified as one of the key drivers of NSCLC progression.” EGFR kinase inhibitors, such as
gefitinib, erlotinib, and afatinib (Scheme 1), deliver significant patient benefit and have been
approved for the treatment of advanced NSCLC with EGFR activating mutations.*”’

An increased incidence of CNS metastases has been reported as patients live longer with
treatment and with the improvement of imaging technology and routine screening.®’ Studies
have suggested that around 40-50% of patients with lung cancer would develop CNS metastases,
including brain metastases and leptomeningeal metastases, in their life span.'®'' Currently
approved drugs can neither effectively treat lung cancer CNS metastases nor prevent
development of the metastases at standard dosing due to their limited blood-brain-barrier (BBB)

12,13

penetration. For patients with symptomatic brain metastases, selective use of radiation

therapy and surgery are still the mainstay of treatment but provide limited benefit.'*"> Given the
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effectiveness of EGFR TKIs in treating tumors in the lung, there is a major unmet medical need
for an agent which can effectively penetrate the CNS and treat tumors in this tissue.

Scheme 1. Approved EGFR Kinase Inhibitors
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= RESULTS AND DISCUSSION

Discovery of compound 1m. In order to achieve efficacy in the CNS and periphery, it is
necessary to design biologically active agents with sufficient free drug exposures in both
environments. Initially, we started with the clinically proven EGFR TKI gefitinib, developed by
AstraZeneca, as the lead for the project with the objective of developing a CNS penetrable
candidate with potency and selectivity equal to or better than gefitinib.

It has been a challenging task to deliver a pharmaceutical agent that can enter the CNS.'®  Efflux
transport is a major determinant of drug disposition to the CNS. ATP-binding cassette (ABC)
export proteins such as P-glycoprotein (Pgp) and breast cancer resistance protein (BCRP) are
localized in the luminal membrane of brain microvessel endothelial cells.'”"® Pgp and BCRP
have been shown to play an important role in limiting distribution of various drugs into the CNS.
We examined several key parameters related to BBB penetration for approved EGFR inhibitors

(see Supporting Information for experimental protocols). Table 1 summarizes physicochemical

properties, unbound brain to unbound blood ratios (Kpuubrain), cerebrospinal fluid (CSF) to
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unbound blood ratios (Kyu,csr), and efflux ratios of these compounds in MDCKII-MDRI1 and
MDCKII-BCRP permeability experiments. All these agents are either Pgp (MDR1) or BCRP
substrates such that their Kpuyprain O Kpuucsr values are low. Unfavorable rotatable bonds in
gefitinib (10 rotatable bonds) and erlotinib (11 rotatable bonds) and undesired hydrogen bond
donors in afatinib (2 hydrogen bond donors) are likely responsible for the low CNS penetration
of these agents. Recently published papers highlighted that the correct balance of permeability,
potential for active efflux, and physicochemical properties, is needed to achieve good drug
partitioning and distribution into CNS with CNS active drugs having lower molecular weight,
fewer rotatable bonds, smaller polar surface area (PSA), and fewer hydrogen bond donors than
1923

non-CNS-penetrant drugs.

Table 1. Physicochemical Properties, Permeability and CNS Penetration Properties of Approved

EGFR Kinase Inhibitors
Gefitinib Erlotinib Afatinib

Molecular weight 446.7 393.4 485.9
tPSA (A?) 62.6 70.3 86.1
Rotatable bonds” 10 11 9
Hydrogen bond donor number 1 1 2
MDCKII- Papp. 408 (10 c1/s) 8.3 19 2.5
MDR1?

Efflux ratio® 3.0 1.7 11
MDCKII- Papp. 408 (10 c1/s) 42 14 13
BCRP!

Efflux ratio® 18 54 59
fl‘l,blood (%)e 33 4.5 4.1
Subrain (%) 0.39 2.9 0.54
Kpuuprain® 0.021 0.11 0.0066
Kpuucsr” 0.088 0.29 0.27

“Rotatable bond number is calculated by the equation of Nyt = Notac + Z(size - 4 - Nringac ~Nfused), Where Ny is rotatable bond number in the
molecule, Nroacis the number of rotatable acyclic bonds, Size is the size of the non-aromatic ring, Nsg ey is the number of rigid bonds within the
ring and Njgeq is the number of bonds which belong to more than one ring system. ‘Permeability was estimated by using MDR1-transfected
MDCKII cells seeded onto polyethylene membranes in 96-well BD insert systems with test compounds at 1 uM. “Efflux ratio = Papp510 A/ Pappato
. “Permeability was estimated by using BCRP-transfected MDCKII cells seeded onto polyethylene membranes in 96-well BD insert systems
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with test compounds at 1 pM. ). “Fraction of unbound drug in blood was obtained with the test compound at 5 uM by equilibrium dialysis.
/Fraction of unbound drug in brain homogenate was obtained with the test compound at 5 uM by equilibrium dialysis. *Ratio of unbound AUC,.
24nin rat brain to that in blood at the clinically relevant dose of EGFR TKIs. "Ratio of AUC.4, in rat CSF to unbound AUC.4,in blood at the
clinical relevant dose of EGFR TKIs, see Supporting Information for more details.

Achieving these desirable physicochemical properties while retaining good EGFR TKI potency
was the challenge. X-ray structure analysis of the gefitinib-EGFR complex indicated that the
quinazoline positions a hydrogen bond acceptor to Met793 in the hinge region of EGFR and the
anilino substituent extends into the hydrophobic pocket at the back of the ATP-binding cleft.”*
These structural elements, therefore, are essential to EGFR inhibitor activity and hence we
decided to retain this template but to re-engineer the quinazoline-based molecules to deliver the
physicochemical properties needed for CNS penetration, initially by re-directing the fluoro
moiety present in the phenyl group from the para to ortho position (Scheme 2). The previous
SAR study at AstraZeneca indicated that re-positioning fluorine atom present in gefitinib from
the para position to the ortho position maintained EGFR kinase inhibitory potency.” It was
believed that ortho-fluorine atom could partially mask the hydrogen bond donating effect of the
N-H by forming an intramolecular interaction.”**® Additionally, the linear and rotatable side
chain present in gefitinib was shortened to derive molecules with the general structure 1
(Scheme 2).

Scheme 2. Design Strategy Starting from Gefitinib as an Initial Lead

@\ C|
Re-position F Fjij
IN

E— HIN
R N
retain quinazoline ~0 N/)
for activity
Gefitinib 1

The brain and CSF penetration of the agents was estimated by Kpuuprain and Kpuucsr,

respectively.”’30 Kpuuprain 18 the ratio of unbound AUC in brain to unbound AUC in blood and
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Kpui,csris the ratio of AUC in CSF to unbound AUC in blood (see Supporting Information for
more details). Compared to gefitinib, compound 1a has lower molecular weight and polar
surface area (Table 2) and is also a more rigid molecule (seven rotatable bonds) than gefitinib
(ten rotatable bonds). As a result, CNS drug-like properties, such as efflux ratio (0.33) and
permeability (Pappa 0 B = 32 X 10°® cm/s) were achieved. Encouragingly, this compound
exhibited inhibitory potency (ICsp) at 3.8 nM and 6.6 nM in PC-9 and H3255 cell line EGFR
phosphorylation assays, which were comparable to that of gefitinib (at 6.2 nM and 6.5 nM,
respectively). Furthermore, compound 1a demonstrated acceptable human CYP450 inhibition
profile (ICsp > 10 uM for CYP2C9, CYP2D6 and CYP3A4) and low hERG inhibition liability
(hERG ICsp = 17 uM, patch clamp assay). More importantly, the preferred CNS drug-like
properties of the compound translated into much improved brain and CSF penetration (Kpuubrain
and Kpuucse were 0.47 and 0.76, respectively) and reasonable exposures in both brain and blood
(AUCy.7n values in brain and blood at 2 mg/kg were 1013 nM-h and 834 nM-h, respectively)
were achieved. These excellent in vitro potency and promising CNS penetration results were
achieved while maintaining a reasonable pharmacokinetic (PK) properties in rat (oral
bioavailability 44%, elimination half-life 1.1 hours, clearance 59 mL/min/kg and volume of
distribution at steady state 2.8 L/kg). With these encouraging results, further reduction in the
molecular weight and the number of rotatable bonds of 1a led to 1b. As expected, this
compound benefits from increased Kyuy prain and Kpuucsr (0.96 and 0.93, respectively). In order to
examine the importance of the position of the fluorine atom, inhibitor 2 with a para substituent
was prepared. Comparison of 1b with 2 suggested that indeed the intramolecular interaction
between the fluoro and N-H in 1b is important for CNS penetration. However, agents 1b and 2

also showed substantially lower level of blood and brain AUCs compared with la. As
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subsequent attempts to modify either 1b or 2 did not lead to further improvement in PK
properties, 1b and 2 analogs were no longer pursued and optimization of 1a became the priority.
In order to improve the PK properties of 1a, the next effort was to modify the potentially labile
methylene group (Table 2). An initial attempt was to change the methylene unit into a carbonyl
moiety (1¢) which could reduce potential oxidative liability and further decrease the bond
rotation. Unfortunately, this compound (1¢) was not a CNS penetrant and was much less potent
in a cell based phosphorylation assay (L858R pEGFR ICsy = 166 nM). However, an extension
of the amide present in l¢ by one atom to give the carbamate (1d) significantly improved
potency (L858R pEGFR ICsy = 4.1 nM), although the exposures of 1d in brain and plasma were
very low (Table 2). The poor equilibrium solubility (12 nM in pH 7.4 buffer) of the compound
was identified as a potential limiting factor for oral exposure. Thus, further modification were
undertaken to replace the oxygen present in the morpholine ring at the terminal position with a
basic nitrogen (1e). Indeed, the solubility of 1e (free base) was increased substantially (202 mM
in neutral buffer). With this increase in basicity (pKa = 8.4) and solubility, the exposure of 1e in
brain and blood improved dramatically.

Table 2. Results from Optimizing Physicochemical Properties

Cl Cl
F F
HN oY HN
AL AL
1a-e 2
Compounds Gefitinib la 1b 1c 1d le 2
SENNS I IS e
o o N N 0% N 04
& THTY
Molecular weight 446.7 402.9 388.8 416.8 432.8 4459 388.8
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tPSA (A% 62.6 53.5 53.2 71.8 80.9 733 532
Rotatable bonds* 10 7 6 6 6 6 6
L858R pEGFR ICs (nM)’ 6.5 6.6 1.5 166.0 4.1 5.0 L5
MDCKII-MDR1 Py, 4105 (10 cm/s)® 8.3 32 32 28 Iy) 28 29
Efflux ratio” 3.0 0.33 0.29 2.9 0.58 0.37 0.18
Brain AUCo. (nM-h)* 5647 1013 85 101 104 825 85
CSF AUCo.7 (nM-h)* 93/ 50 2 46 5 31 1
Blood AUCq.7 (nM-h)’ 31913 834 33 1627 Iy) 722 77
Stood (%)F 33 7.8 5.8 17 3.8 8.4 22
Suprain (%) 0.39 3.0 22 8.8 2.6 2.3 0.83
K puu brain’ 0.021/ 0.47 0.96 0.03 1.7 0.34 0.42
Kpuucse' 0.088' 0.76 0.93 0.16 34 0.52 0.79

“Rotatable bond number is calculated by the equation of Nroy = Nrogac T Z(Siz€ - 4 - Nringac -Niusea), Where Ny is rotatable bond number in the
molecule, Nqqc is the number of rotatable acyclic bonds, Size is the size of the non-aromatic ring, Nyg ey is the number of rigid bonds within the
ring and Ny is the number of bonds which belong to more than one ring system. “Cellular phosphorylation assay on H3255 (L858R) cell lines
(n =2). “MDRI-transfected MDCKII cells with test compound at 1 uM were used to estimate apical to basolateral permeability. “Efflux ratio =
Papp, Bto A/ Papp, atos. “Male Han Wistar rats (PO, 2 mg/kg; 1% MC);’Clinically equivalent dose of 20 mg/kg was orally administrated for CNS
penetration assessment of gefitinib and exposure was measured between 0.5 and 24 hr. ®Fraction of unbound drug in blood was obtained with the
test compound at 5 uM by equilibrium dialysis. “Fraction of unbound drug in brain homogenate was obtained with the test compound at 5uM by
equilibrium dialysis. ‘Ratio of unbound brain AUCy.7, to unbound blood AUC,. “Ratio of unbound brain AUC.4, to unbound blood AUC .4,
¥Ratio of CSF AUC. to unbound blood AUCy.7. 'Ratio of CSF AUC.4n to unbound blood AUCq.4.

Given its promising in vitro potency and good brain penetration, a rat PK study was conducted
for compound 1e and the results are summarized in Table 3. Compared to 1a, inhibitor 1e
significantly improved clearance (22 mL/min/kg) in rat. It was quickly absorbed and the oral
bioavailability was 45% while the elimination half-life was increased to 2.6 h. This improved
half-life, however, did not meet our design criteria (>4 h in rat).

Table 3. Rat PK Data for Compound 1e“:

CL
Dose (route) |  Formulation *(\fl\f"hz)‘? F (%) Tah) | Tow (0 | Cowe MY | (mLmink | Vi (Lkg)’
8
5 mg/kg 1%
(PO) methylcellulose 3905 4 - 0.25 2020 - -
DMSO0:10%
1 mg/kg (iv) Captisol in 1713 -- 2.6 - - 22 1.8
saline = 1:99

“Male Han Wistar rats (non-fasted) were used in this study. hArea under concentration-time curve from 0-24 hours. “Bioavailability (%). “Mean
elimination half-life. “Time to reach maximum concentration. /Peak concentration. éClearance, obtained from intravenous infusion. “Volume of
distribution at steady state. All pharmacokinetic parameters were calculated with Phoenix v6.3 (Certara, St Louis, MO, USA).
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1
2
3 .
4 Table 4. Properties of Compounds 1f-n.
5
6 Cl
7 F
8
9 - HN
10 SN
11 ~o N/)
12 1f-n
13
14 Compounds 1f 1g 1h 1i 1j 1k 11 1m 1n
15
16 R= /r‘q /rh, SN SNTY SNTY N ~N SN \N/\-““
17 Do | Dot @‘I&%’ | dTO‘i O”TO‘? el e
18 ¢ ¢ isomer 1 isomer 2 ° °
19
20 Rotatable bonds* 6 6 4 5 5 6 6 6 6
21
22 31\5;5 PEGER ICs0 1.1 2.7 23 4.4 12.8 16.9 21.5 7.2 6.9
23
24 MDCKII-MDR1 Py,
o5 ros (10 cm/s)’ 47 17 14 67 76 59 54 36 51
g? Efflux ratio” 0.76 0.34 0.39 0.60 0.69 1.5 0.94 0.41 0.92
28 Brain AUC.7 (nM-h)° 2037 798 332 585/ 727 278 417 3692 1935
)

29
30 CSF AUCy. (nM-h)* 75 68 BQL# 19 28/ 19 7 76 48
31
32 gf\’/f_fl)‘?UC‘”h 3001 2483 454 786/ 740/ 157 404 1231 805
33
34 Jubood (%) 5.8 4.9 13.4 2.8 2.4 35 6.4 4.7 23
35
36 Subrain (%) 2.3 2.4 1.6 1.9 1.8 1.6 1.8 2.0° 1.5
g; Kpuu prain’ 0.27 0.15 0.086 0.51 0.74 0.84 0.28 1.3 1.6
39 Kpuu.csr' 0.43 0.56 BQL® 0.90 1.6 3.5 0.28 1.3 2.6
40
41 “Rotatable bond number is calculated by the equation of Niot = Niotac + Z(size - 4 - Niingac -Niusea), Where Ny is rotatable bond number in the
42 molecule, Ny, is the number of rotatable acyclic bonds, Size is the size of the non-aromatic ring, Nyigcy is the number of rigid bonds within the

ring and Nieq is the number of bonds which belong to more than one ring system. ’Cellular phosphorylation assay on H3255 (L858R) cell lines
43 (n=2). “MDR1-transfected MDCKII cells with the test compound at 1 uM were used to estimate apical to basolateral permeability. “Efflux ratio
44 = Pupp, Bto A/ Papp, atoB. “Male Han Wistar rats (PO, 2 mg/kg; 1% MC. TAUC .6 5h- #Compound 1h concentrations in CSF at predefined time points
45 were below the quantification limit (1 ng/mL). ). hFraction of unbound drug in blood was obtained with test compound at SpM by equilibrium
46 dialysis. ‘Average value from 4 independent tests. ‘Fraction of unbound drug in brain homogenate was obtained with the test compound at 5 uM
47 by equilibrium dialysis. ¥Ratio of unbound brain AUC.7, to unbound blood AUC.7,.. ‘Ratio of CSF AUC. to unbound blood AUCq.7p.
48 The subsequent le metabolite identification in rat hepatocytes suggested that piperazine
49
50 c L . . . . .
51 oxidation was the main metabolic pathway (see Supporting Information for more details). Thus,
52
53 introduction of substituent(s) to the piperazine ring or change of the piperazine to another moiety
54
gg was examined (Table 4). Initially, we designed compounds 1f and 1g by replacing the piperazine
57 . . . .- . ‘g N .
58 with a dimethylaminopyrrolidine moiety. These pyrrolidine derivatives (1f and 1g) displayed
59
60

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Journal of Medicinal Chemistry Page 10 of 45

excellent potency (ICso = 1.1 nM and 2.7 nM, respectively) in cellular EGFR phosphorylation
assays but whilst blood AUC levels of these compounds were also increased and their levels of
brain penetration were not acceptable (Kpuuprain < 0.3). The limited brain penetration is
potentially due to the increased flexibility from the rotatable bond between the terminal
dimethylamino and pyrrolidine ring. Hence subsequently, the piperazine was substituted by a
much more rigid bridged bicyclic system. The constrained analog 1h (four rotatable bonds)
showed further reduced CNS penetration (Kpuuprain and Kpuucse < 0.1) which led us to speculate
that a balanced molecular flexibility (rotatable bond number) is needed for favorable CNS
penetration. Thus, compounds li-n were designed and prepared. In these compounds, the
rotatable bond numbers were retained at a range of 5-6 that is comparable to the number in le
while the piperazine ring was substituted by a small group. Encouragingly, most compounds
achieved Kpyuprain and Ky csr values > 0.5. In particular, the free brain and cerebrospinal fluid
AUCs of 1m were similar to that in blood, indicating its equivalent exposures in brain, CSF and
blood.

With the introduction of substituents to the piperazine moiety, several compounds achieved good
CNS penetration (Kpuybrain and Kpuucse> 0.5) as well as in vitro potency. As the final selection
of the compound for progression into pre-clinical testing would be the rat PK profile, potent
inhibitors with Kpuprain and Kpuucsr greater than 0.5 were further evaluated in rats (Table 5).
Overall, these compounds showed good oral bioavailability (>52%) except for compound 1k
(24%). Agent 1m exhibited the best pharmacokinetic profile with moderate blood clearance at
17 mL/min/kg and the volume of distribution of 5.2 L/kg. The intrinsic clearance (Cl;y) of 1m is
11.4 pL/min/10° cells in human hepatocytes and the predicted clearance of the agent in human is

7.7 mL/min/kg by in vitro-in vivo extrapolation (IVIVe)*'*% Liver blood flow (LBF) method
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with blood protein binding correction was applied to generate individual estimates of unbound
human hepatic clearance (CLicpaiic) using available data from each pre-clinical species.33'35 The
predicted human clearance by the LBF method from rat is 8.1 mL/min/kg which is very similar
to that derived from IVIVe. Following oral dosing in rats at 2 mg/kg, absorption of 1m was
rapid with blood Cy,ax of 0.58 uM achieved at 1.0 h. Subsequently, blood concentrations of 1m
declined mono-exponentially with mean elimination half-life of 4.3 h, which was close to the
same parameter obtained from intravenous dosing (4.1 h). The bioavailability following an oral
dose in rats was 91%. Given its promising PK properties, CNS penetration and in vitro potency,

1m was selected as the candidate for comprehensive biological profiling.

Table 5. Rat PK Data of Compounds 1i-n (PO: 2 mg/kg; iv: 1 mg/kg)”:

Compounds 1i 1j 1k 11 1m 1n
Oral AUCq4 ("M -h)’ 1570 2315 789 1037 3803 2948
F (%)° 52 84 24 92 91 83
Tin (h)! 0.9 13 1.1 13 4.1 24
CL (mL/min/kg)* 28 31 26 55 17 29
V, (Lkg) 2.0 25 1.9 32 52 2.7

“In vivo PK was obtained via intravenous infusion route (DMSO: 10% Captisol in saline = 1:99) and oral gavage route (1% methylcellulose) in
male Wistar Han rats (non-fasted). “Area under concentration-time curve from 0-24 hours. “Bioavailability (%). “Mean elimination half-life,
obtained from intravenous infusion. ‘Clearance, obtained from intravenous infusion. ‘Volume of distribution at steady state. All pharmacokinetic
parameters were calculated with Phoenix v6.3 (Certara, St Louis, MO, USA).

In vitro profile of candidate 1m. The inhibition of 1m against EGFR tyrosine kinase (EGFR
TK) wild type and mutant enzymes was tested at their corresponding K, and 2 mM ATP
concentrations (Table 6). At Km ATP concentrations, the inhibition ICsy values were 0.3, 0.2
and 0.2 nM for EGFR TK wild type, L858R mutant and Exon 19Del enzymes, respectively. In

cellular EGFR phosphorylation and proliferation studies, PC-9 (Exon 19Del), H3255 (L858R),
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and H838 (wild type EGFR) cells were used (see details in Supporting Information). The results
are shown in Table 6. Compound 1m was an equally potent inhibitor of cellular
phosphorylation or proliferation in EGFR activating mutant cell lines (PC-9 and H3255 cell
lines) in a range of 7.0-7.7 nM, suggesting a high level of potency against all these clinically
relevant EGFR mutations. In cellular phosphorylation studies, 1Im also demonstrated 9-fold
inhibition selectivity in EGFR activating mutant cell lines over EGFR wild type cell lines (H838
cell line). This was consistent with the findings in biochemical assay when ATP concentration
was increased from Km to 2mM (the hypothesized cellular ATP concentration), suggesting ATP
competitive binding mode of 1m with its possible differential binding affinities to mutant and
wild type EGFRs. Although 1m showed some activity against pEGFR in H838 cells, as these
cells do not rely on activation of EGFR pathway for proliferation, we did not see activity of 1m
on cell proliferation of H838 cells. In contrast, Im demonstrated inhibitory effects on both
pEGFR pathway and cell proliferation of EGFR mutation derived cells, PC-9 and H3255,
suggesting these cells rely on activation of EGFR pathway for proliferation. In order to broadly
evaluate the selectivity of the compound, 1m was screened in a kinase panel and in a secondary
pharmacology panel (see details in Supporting Information). Kinase panel, screened at Millipore,
comprised of 124 recombinant protein kinases and lipid kinases. The percentage inhibition of
Im was tested at one single concentration (1 pM) across each of these kinases. At this
concentration, 1m displayed less than 50% inhibition against 115 kinases and greater than 50%
inhibition against the other nine kinases including EGFR kinase in the panel. The inhibition of
those 8 off targets were 83% for EphB4, 57% for Flt, 58% for Fyn, 62% for KDR, 61% for Lck
activated, 74% for Lyn, 69% for Src, and 87% for Yes. Secondary pharmacology panel,

performed at Cerep, covered 150 distinct molecular targets. Assays were run in concentration-
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response mode. It was found that 147 molecular targets exhibited > 1 uM and 3 targets <1 uM
of ICsgs. These active molecular targets with less than 1 uM of ICsos were KDR (156 nM), Src
(622 nM), and D2 (797 nM). The results from these panel screening indicated that 1m was a
highly selective compound. Furthermore, 1m was neither a direct inhibitor (ICsy > 50 uM) nor a
time dependent inhibitor for CYP1A2, CYP2B6, CYP2CS8, CYP2C9, CYP2C19, CYP2D6 and
CYP3A4/5 isoforms. This agent exhibited less than 3 fold of mRNA induction for CYP1A2,
CYP2B6 and CYP3A4 at the predicted maximum total concentration (0.3 pM) of the compound,
suggesting a low enzyme induction liability.’**" Also, the candidate showed acceptable hRERG

inhibition activity with ICsy of 13.3 uM in a conventional manual whole-cell patch clamp study.

Table 6. Compound 1m Activity in Biochemical and Cellular Assays”

Biochemical assay Cellular phosphorylation Cellular proliferation
EGFR EGFR
(Exon | (Exon | POFRC|EGFRC D pepp | pgpre | PCO | H3235 1 pesg | peog
L858R) | L858R) (Exon (L858R H3255 H838
19Del) 19Del) wt) ICso | wt) ICs (wt) (Exon
1Cs at ICsp at 2 19Del) ) (L858R (wt)
ICs at ICso at 2 at Km at 2 mM pEGFR 19Del)
Km of mM of pEGFR | pEGFR ) Glso Glso
Km of mM of of ATP of ATP 1Cso Gl
ATP ATP IC50 IC50 (I’IM) (I’l (I’IM) (I’l
ATP ATP OM)(n | (M) (0 mM)(n | (nM) (n M) (n | (M) (n mM)(n | (nM) (n = 40) -1
mM)(n | (nM) (n _ _ =65) =10) _ _ =13) =40)
_ - =65) =10) =12) =12)
=14) =5)
0.2+0.0 0.2+0.0 0.3+0.0 64.518. 21556+
~ +H - + - + + + - + + -
5 24403 P 7.6+2.1 4 102434 | 7.4+1.3 7.2+1.3 7 7.7£2.6 | 7.0£1.5 4366

“Average value from the n times of repeat tests.

Dog pharmacokinetics. Blood pharmacokinetic parameters of 1m in male dogs were
determined following both a single dose intravenous infusion and oral administration. These
data are summarized in Table 7. Following the IV dose in dogs, Im blood clearance was
determined as 14 mL/min/kg and volume of distribution was 6.4 L/kg. Its elimination half life
was 6.2 h. Absorption of 1m was rapid with blood Cy,.x (698 nM) occurring between 0.5 h and
1.5 h. The oral bioavailability of 1m was excellent at 90%.

Table 7. Dog PK Data of 1m*
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AUCo.24n CL

c 0/\d e h

Dose/route (nM-h)’ Ty (h) F (%) Tinax (h) Crnax (MM (mL/min/kg)* Vg (L/kg)
1 mg/kg/iv 2560 6.2 --- --- --- 14 6.4
2 mg/kg/PO 4625 5.5 90.2 0.5-1.5 698 ---

“In vivo PK was obtained via intravenous infusion route (DMSO: 10% Captisol in saline =1:99) and oral gavage route (1% methylcellulose) in
male Beagle dog (Fed). Area under concentration-time curve from 0-24 hours. “Mean elimination half-life. “Bioavailability (%), calculated with
AUC..4n and nominal dose. “Time to reach maximum concentration. ‘Peak concentration. ¢Clearance. "Volume of distribution at steady state. All
pharmacokinetic parameters were calculated with Phoenix v6.3 (Certara, St Louis, MO, USA).

Microdosing positron emission tomography (PET) studies. Brain distribution of 1m in
monkey was investigated by microdosing positron emission tomography (PET) to substantiate
the PK data in rats.*® Radio-labeled [''C]-1m (0.28 pug, 150 MBq and 0.35 pg, 155 MBq,
respectively) was injected into two male cynomolgus monkeys (PET1 and PET2, respectively).
The PET distribution volume (V1) was estimated for the whole brain region using the 2-tissue

compartment model.”®

The distribution volume and estimated free brain to plasma partition
coefticient (Cyprain/Cuplasma) are summarized in Table 10. The partition coefficient values (0.50
and 0.53 for PET1 and PET2, respectively) indicated 1m penetrated extensively into monkey
brain. PET images (Figure 1) for both monkeys also suggested that the radio-labeled compound

was well distributed throughout the brain.

Table 10. Unbound Brain/plasma Ratio for [''C]-1m in Cynomolgus Monkey*

Page 14 of 45

Injected mass and . b e
radioactivity Vi (mL cm73) ﬁl..plasma ﬁl brain Cu, brain/ Cu. plasma
PET1 0.28 pg, 150 MBq 3.0 0.12 0.02 0.50
PET2 0.35 pg, 155 MBq 3.7 0.14 0.02 0.53

“PET microdosing studies were performed after a single dose of [''C]-1m (phosphate buffered saline, pH 7.4) via intravenous bolus route. "The
unbound fraction in plasma was determined in the PET experiment using ultrafiltration. “Data obtained from in vitro equilibrium dialysis of rat
brain homogenate were used as an estimate of the unbound fraction in monkey brain tissue.”
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Figure 1. Color-coded PET images showing distribution of radioactivity in the monkey brain following administration of [''C]-1m. Horizontal
(left panel), coronal (middle panel) and sagittal (right panel) projections for Monkey PET1 (A) and Monkey PET2 (B). Images created from

summation images from 5 to 123 minutes and image intensity is normalized for injected radioactivity.

In vivo anti-tumor efficacy study. A brain metastasis model was generated by intracerebral
injection of luciferase transfected PC-9 (Exonl19Del) cells. Tumor growth was monitored by
IVIS Xenogen imaging system. 1m demonstrated significant dose dependent anti-tumor efficacy
(~78% tumor growth inhibition at 7.5 mg/kg qd and tumor regression at 15 mg/kg qd,
respectively, 4 weeks after treatment), with <20% body weight loss, while erlotinib had limited
effect in this model (Figure 2A). At the end of the study, brain tissues were collected for
histological assessment. Significantly decreased tumor area was observed by 1m treatment at the
doses of 7.5mg/kg and 15mg/kg (Figure 2B). In addition, modulation of pEGFR was detected by
a single dose 1m at 15mg/kg 1h after dosing, which confirmed target engagement by 1m (Figure
20).

(A)
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Figure 2. A brain metastasis model was established by injection of luciferase transfected PC-9 cells into the brain parenchyma. Tumor growth

was monitored by measuring bioluminescence signals. About 2-3 weeks after cell injection, animals were treated with erlotinib at 15 mg/kg qd,
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and 1m at 7.5 mg/kg qd and 15 mg/kg qd, respectively. (A) Significant tumor growth inhibition was observed by 1m treatment in a dose

dependent manner, compared with erlotinib. (B) Histological assessment showed dose-dependent reduction of tumor area with 1m treatment. (C)

Modulation of pEGFR in tumor tissue was observed by a single dose of 1m at 15mg/kg 1 h after dosing (at 1X and 20X amplification).

Synthesis Scheme 3 illustrates the synthesis of key intermediates 6 and 8. Starting material

4041 The reaction of 3 and

3 was conveniently prepared according to literature procedures.
commercially available 4 was carried out in acetonitrile without the addition of other reagents.
The resulting HCI salt of acetate 5 was treated with potassium carbonate in methanol to provide
6. Another building block, 8, was readily obtained from commercially available 7 by the reaction
with triphosgene in dichloromethane.** Crude 6 and 8 were used for the further reactions without

purification. Other similar starting materials 18a-h and 19 were prepared by the same procedure

and the crude materials were used directly.

Scheme 3. Synthesis of Intermediate 6 and 8“

F F
i ) 0
A0 SN+ i HN i HN
P HoN cl > AcO
N F
3 4 \0

i /—( 0
Boc—N NH —> Boc—N N
s \__/ _/<C|
7 8

“Reagents and conditions: (i) acetonitrile, reflux, 4 h; (ii) potassium carbonate, methanol, 10-15 °C, 2 h; (iii) triphosgene, pyridine,
dichloromethane, 0 °C to rt.

Scheme 4 describes the synthesis of 1a and 1c. Triflate 9, prepared from 6, was conveniently
converted to 1¢ under conditions described in the literature.*’ Heck reaction of 9 with methyl
acrylate delivered 10 which was subjected to ozonolysis to give aldehyde 11. This agent was

then reacted with morpholine under reductive condition to afford desired compound 1a.
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Scheme 5 depicts the synthetic route of 1b and 2. Triflate 13, prepared from commercially
available 12 under typical conditions, reacted with morpholine to provide 14. After reduction of
14, the resulting 15 was converted into a quinazoline derivative 16 by using formamidine acetate
in ethanol. The preparation of reactive intermediate 17 from 16 was accomplished with oxalyl
chloride in chloroform at an elevated temperature. With this key material, 1b and 2 were
synthesized by substitution reaction without addition of other basic reagents.

Scheme 4. Synthesis of 1a and 1¢*

Cl

o} HN
N SN
oS, 7
[ 1c
i T
cl cl cl
- HN i HN ii o} HN iv
\n — T SN — L _—
J J g \
/
~o 6N ~o Nig ~o N/)
9 10
cl cl
HN v HN
—_—
0”7 \)N (\N SN
~o N/ 0\) ? N/)

1 1a

“Reagents and conditions: (i) Tf,O, pyridine, 5 °C to rt; (ii) CO, Pd(OAc),, dppf, morpholine, 70 °C, overnight; (iii) methyl acrylate, Pd(OAc),,
Et:N, dppf, BuyNBr, DMF, 80 °C, overnight; (iv) Os;, CH,Cl,, -78 °C then (CH;),S, -78 °C to rt; (v) morpholine, NaBH;CN, acetic acid, rt.

Scheme 5. Synthesis of 1b and 2“
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Q ) o) o o
foji:ﬁ‘\O/ i @ o @I:ﬁko/
O NO, \O ~,
13

oY c Fj@
Lo SN v o HN
—_—
\O N) K/N NN

v
—

“Reagents and conditions: (i) Tf,0, pyridine, CH,Cl,, 0 °C to rt, 16 h; (ii) morpholine, CH;CN, reflux, overnight; (iii) Fe, NH4Cl, CH;0H, H,O,
80 °C, 4 h; (iv) formamidine acetate salt, C,HsOH, reflux, overnight; (v) oxalyl chloride, CHCl;, DMF, 60 °C, 2 h; (vi) 3-chloro-2-fluoroaniline,
CH;CN, reflux, 18 h; (vii) 3-chloro-4-fluoroaniline, CH3;CN, reflux, 2 days.

Scheme 6. General Synthesis of Compounds 1d-h, 1k-1, and 1n*

“Reagents and conditions: (i) (C,Hs);N or K,CO;, CH,Cl, or DMF, rt.

Scheme 7. Synthesis of 1i and 1j*

NP
6 + BocN N—/< _I>
cl

19

Cl
~
N/\ HN
t N__O
b B
(o] Pz
] N
| racemic mixture
22

“r; S0

cl
F
R Y i 1 ]iﬁ
N . R HN
RZ Cl sz N \”/O XN
18a-h 0 P
© N
1d-h, 1k, 1n
Cl Cl

N
Ty >y )
e} Z
%0 N o N
[ isomer 1 ‘ isomer 2
1i 1j

“Reagents and conditions: (i) K,COs;, DMF, rt, overnight; (ii) HCI, 1,4-dioxane, ethyl acetate, rt, 1 h; (iii) paraformaldehyde, NaBH;CN,
CH3CO,H, methanol, t, overnight; (iv) chiral SFC.

Scheme 8. Synthesis of 1m*

ACS Paragon Plus Environment

19



©CoO~NOUTA,WNPE

Journal of Medicinal Chemistry Page 20 of 45

F F F
i Boc. . ~
HN i HN/Y HN i /Y HN

6+8—>NN —_— _>N
Y SO Y

I 23 I 24 | 1m

“Conditions and reagents: (i) potassium carbonate, DMF, rt; (ii) HCI in dioxane, methanol, rt; (iii) paraformaldehyde, sodium cyanoborohydride,
methanol, rt.

The syntheses of compounds 1d-h, 1k-1, and 1n are illustrated in Scheme 6. The carbamate
formation was carried out in basic media at room temperature. Carbamate 20 was prepared
(Scheme 7) in a similar manner. The subsequent de-protection of 20 and reductive methylation
of 21 provided a racemic mixture (22). The resolution of this mixture by chiral SFC technology
delivered two optically pure isomers 1i and 1j. The preparation of compound 1m from a chiral

staring material (8) by a similar synthetic route is outlined in Scheme 8.
= CONCLUSION

By correctly balancing physicochemical properties, such as permeability, solubility and efflux
ratio, we were able to identify compound 1a. This early lead has significantly improved CNS
penetration without compromising the in vitro potency. Replacement of methylene group
present in 1a by carbamate linker led to compound 1e. This compound significantly improved
metabolic stability. The terminal basic nitrogen in 1e was found to be an essential element to
achieve good exposures in both brain and blood. By incorporating a methyl group into the
piperazine moiety, we further improved PK properties of 1e, leading to successful discovery of
clinical candidate 1m. 1m exhibited excellent free compound distribution in brain, CSF, and
blood. The extensive in vitro evaluation, including biochemical, cellular, and panel screening,
indicates that this agent is highly potent against EGFR activating mutants and highly selective
towards these targets. Importantly, 1Im showed tumor regression in the mouse model with brain

metastasis. The promising data package for 1m strongly supported its selection as a drug
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candidate for development. The results from additional in vivo studies are due to be published

separately.

* EXPERIMENTAL SECTION

In vivo animal model. PC-9 cells (EGFR Exonl9 deletion) were cultured with RPMI-1640
medium supplemented with 10% fetal bovine serum (FBS) at 37 °C. In order to monitor tumor
growth in the brain, PC-9 cells were stably transfected with pGL4.50[luc2/CMV/Hygro] vector
containing luciferase, and the bioluminescence signals were measured by a Xenogen imaging
system.** A brain metastasis model was established by intracerebral (ICB) injection of PC-9 Luc
cells using the method by Lal with modifications.*” In brief, after a sagittal incision over the
parieto-occipital bone, a hole was punctured on the skull at 2.5 mm to the right of the bregma
and 1 mm anterior to the coronal suture. Then the syringe was placed perpendicular to the skull
through the hole and placed 3 mm deep below the skull surface, and the PC-9 Luc cell
suspension was slowly injected. After injection, the sterile bone gel was applied to the hole, the
scalp was pulled back to cover the skull and the wound was closed. The mouse was gently put on
a heating pad to recover, and closely monitored after surgery. All in vivo studies were approved
by the Institutional Animal Care and Use Committee (IACUC) before the experiments were
started.

Xenograft tissues were obtained from PC-9 model after treatment with 1m for assessment of
histology and pEGFR modulation. Samples were harvested following formalin fixation and
paraffin embedding (FFPE) for further study. pEGFR(Tyr1068) (DAKO X9003) IHC was

performed on 3um FFPE sections using a Ventana automation (Roche) for staining.

Chemistry, Materials, and General Methods. Unless otherwise noted, all reagents and

solvents were obtained from commercial suppliers such as Aldrich, Sigma, Fluka, Acros, EMD
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Sciences, etc., and used without further purification. Dry organic solvents (dichloromethane,
acetonitrile, DMF, etc.) were purchased from Aldrich packaged under nitrogen in Sure/Seal
bottles. All reactions involving air or moisture sensitive reagents were performed under a
nitrogen or argon atmosphere. Silica gel chromatography was performed using prepacked silica
gel cartridges (Biotage or RediSep). '"H NMR spectra were recorded on a Bruker AV 400 MHz,

Bruker AV 11400 MHz, Bruker AV III 400 MHz, or a Varian 400 MHz spectrometer at ambient

temperature. Chemical shifts are reported in parts per million (ppm, o units). Data are reported as
follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, br = broad,
m = multiplet), coupling constants, and number of protons. Reactions were monitored using
LCMS (Shimadzu 20A) with UV detection at 220 & 254 nm and a low resonance electrospray
mode (ESI). All final compounds were purified to > 95% purity, as determined by LCMS (4
min). LCMS (4 min) methods used the following: Shimadzu 20A spectrometer, Xtimate C18 2.1
x 30 mm, 3 pum at 50 °C with a 0.8 mL/min flow rate; solvent A of 1.5 mL TFA in 4 L water,
solvent B of 0.75 mL TFA in 4 L acetonitrile; 0.0-3.0 min, 10% B; 3.0-3.5 min, 80% B; 3.51—
4.0 min, 10% B. Flow from UV detector was split (1:2) to the MS detector, which was
configured with ESI as ionizable source. All high resolution mass spectrometry (HRMS) data
were acquired on an Agilent 1100 Series (LC/MSD TOF G3251) operated in positive
electrospray ionization mode. The mobile phase: 0.1% TFA in water (solvent A) and 0.1% TFA
in acetonitrile (solvent B), using the elution gradient 10%-80% (solvent B) over 2 minutes and
holding at 80% for 1 minute, then back to 10% and holding at 10% for 1 minute at a flow rate of
I mL/minute. Nebulization Gas: nitrogen; Time of Flight mass spectrometer with ESI source;
Positive ion mode; Drying gas (N;) flow: 12 1/min; nebulizer pressure: 20 psi, 350 Centigrade;

Capillary voltage: 3000V. The fragmentor voltage: 50V.
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4-(3-Chloro-2-fluorophenylamino)-7-methoxyquinazolin-6-yl acetate (5). To a suspension of
4-chloro-7-methoxyquinazolin-6-yl acetate (3) (100 g, 396 mmol) in acetonitrile (4 L) was added
3-chloro-2-fluoroaniline (4) (57.8 g, 396.8 mmol). The reaction mixture was heated to reflux
for 4 h with stirring before being cooled to room temperature. After filtration, the cake was
washed with acetonitrile (1 L) and dried in vacuo to afford the HCI salt of 5 (143.3 g, 91%) as a
white solid. "H NMR (400 MHz, DMSO-dq): § 11.64 (s, 1H), 8.87 (s, 1H), 8.68 (s, 1H), 7.67-
7.62 (m, 1H), 7.52 (s, 2H), 7.39-7.33 (m, 1H), 4.01 (s, 3H), 2.39 (s, 3H). LCMS (ESI) m/z
calculated for C;7H3CIFN;0; + H [M+H']: 362.1. Found: 361.8.
4-(3-Chloro-2-fluorophenylamino)-7-methoxyquinazolin-6-ol (6). Potassium carbonate (114.0
g, 826 mmol) was added to a solution of HCI salt of 5 (150.0 g, 377 mmol) in methanol (800 ml).
The reaction mixture was stirred at 10-15 °C for 2 h. After filtration, the solid was rinsed with
methanol (120 mL). The filtrate was concentrated in vacuo to a residue (~300 g) and treated with
methyl fert-butyl ether (800 mL). The resulting mixture was filtered. The solid was dried at 40-
45 °C to afford a potassium salt of compound 6 (132.0 g, 98%). 'H NMR (400 MHz, DMSO-
de): 0 71.97 (s, 1H), 7.61-7.57 (m,1H), 7.24-7.11 (m, 2H), 7.29-7.25 (m,1H), 6.89 (s,1H), 6.79 (s,
1H), 3.77 (s, 3H). LCMS (ESI) m/z calculated for C;sH;;CIFN;0, + H" [M+H']: 320.1. Found:
319.9.

(R)-tert-Butyl 4-(chlorocarbonyl)-3-methylpiperazine-1-carboxylate (8). Pyridine (18 g, 225
mmol) was added drop-wise to a mixture of triphosgene (23 g, 75 mmol) in dry dichloromethane
(250 mL) followed by (R)-4-Boc-2-methylpiperazine (7) (15 g, 75 mmol) at 0 °C under nitrogen.
The reaction mixture was stirred overnight at room temperature and concentrated to afford 8 as a

yellow solid, which was used without further purification.
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4-(3-Chloro-2-fluorophenylamino)-7-methoxyquinazolin-6-yl trifluoromethanesulfonate
(9). Pyridine (5 g, 62.4 mmol) was added to a solution of 6 (5 g, 15.6 mmol) in dichloromethane
(60 mL) followed by the addition of trifluoromethanesulfonic anhydride (13.2 g, 46.8 mmol)
dropwise at 5 °C. The reaction mixture was warmed to room temperature and stirred at that
temperature overnight. The mixture was treated with water and separated. The organic layer
was dried over sodium sulfate and concentrated. The residue was purified by chromatography
using silica gel column and eluting with ethyl acetate in petroleum (1:3) to afford 9 (5.2 g, 11.53
mmol, 74%) as a yellow solid. 'H NMR (400 MHz, CDCls): d 8.81 (s, 1H), 8.42-8.39 (m, , 1H),
7.76 (s, 1H), 7.46 (s, 1H), 7.39 (s, 1H), 7.24-7.18 (m, 2H), 4.10 (s, 3H). LCMS (ESI) m/z
calculated for C¢H oCIF4sN304S + H [M+H']: 452.0. Found: 451.8.

(E)-Methyl 3-(4-(3-chloro-2-fluorophenylamino)-7-methoxyquinazolin-6-yl)acrylate (10).
Methyl acrylate (2.21 g, 25.7 mmol), Pd(OAc), (287 mg, 1.28 mmol), 1,1'-
bis(diphenylphosphino)ferrocene (710 mg, 1.28 mmol), BusNBr (4.13 g, 12.8 mmol) and Et;N
(2.6 g, 25.7 mmol) were added to a solution of 9 (5.8 g, 12.8 mmol) in DMF (200 mL). The
reaction mixture was degassed and refilled with nitrogen three times. The mixture was stirred at
80 °C overnight, cooled to room temperature, and treated with ethyl acetate (500 mL) and water
(600 mL). After separation, the aqueous layer was extracted with ethyl acetate three times. The
combined extracts were washed with brine, dried over sodium sulfate, and concentrated. The
residue was purified by flash chromatography eluting with ethyl acetate in petroleum (1:2) to
afford 10 (4 g, 10.3 mmol, 80%). 'H NMR (400 MHz, CDCl;): & 8.76 (s, 1H), 8.48-8.44 (m,
1H), 8.07-7.03 (m, 2H), 7.72 (s, 1H), 7.30 (s, 1H), 7.23-7.16 (m, 2H), 6.74 (d, J = 16.4 Hz, 1H),
4.06 (s, 3H), 3.86 (s, 3H). LCMS (ESI) m/z calculated for CoH;5sCIFN;O; + H [M+H']: 388.1.

Found: 387.9.
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4-(3-Chloro-2-fluorophenylamino)-7-methoxyquinazoline-6-carbaldehyde (11). A solution
of 10 (4 g, 10.3 mmol) in dichloromethane (100 mL) was cooled with dry-ice bath and ozone gas
was bubbled into the solution for 15 min. The nitrogen was bubbled into the mixture to remove
O;. After addition of methyl sulfide (3.2 g, 51.9 mmol), the mixture was warmed to room
temperature and stirred at that temperature for 30 min. The solvent was removed in vacuo and
the residue was purified by flash chromatography eluting with petroleum in ethyl acetate (2: 1) to
afford 11 (1.3 g, 38% yield) as yellow solid. 'H NMR (400 MHz, CDCls): & 10.58 (s, 1H), 8.79
(s, 1H), 8.54 (s, 1H), 8.34 (t, J = 7.2 Hz, 1H), 7.50 (s, 1H), 7.25-7.18 (m, 2H), 4.12 (s, 3H).
LCMS (ESI) m/z calculated for C ¢H,;CIFN;0, + H [M+H']: 332.1. Found: 332.1.

N-(3-Chloro-2-fluorophenyl)-7-methoxy-6-(morpholinomethyl)quinazolin-4-amine (1a).
Morpholine (420 mg, 4.82 mmol) and acetic acid (289 mg, 4.82 mmol) were added to a solution
of 11 (800 mg, 2.41 mmol) in methanol (10 mL). The reaction mixture was stirred at room
temperature for 30 min and NaBH3;CN (227 mg, 3.61 mmol) was added. The resulting mixture
was stirred at room temperature for additional 1 h and concentrated. The residue was purified by
reverse phase preparative HPLC using Agella Venusil ASB C18 150 x 21 mm, 5 um column and
eluting with a gradient of 5-35% acetonitrile in water containing 0.05% HCI to afford HCI salt of
1a (575.2 mg, 1.31 mmol, 54%). 'H NMR (400 MHz, CD;OD): & 8.87 (s, 1H), 8.81 (s, 1H),
7.59-7.53 (m, 2H), 7.39 (s, 1H), 7.35-3.31 (m, 1H), 4.62 (s, 2H), 4.19 (s, 3H), 4.07 (d, J = 12.8
Hz, 2H), 3.91 (t, J = 12.0 Hz, 2H), 3.54 (d, J = 12.0 Hz, 2H), 3.43-3.37 (m, 2H). “C NMR (101
MHz, CD;OD): 6 166.1, 162.4, 153.5, 153.0, 143.6, 132.2, 131.6, ,128.3, 126.9, 126.3, 123.1,
122.6, 108.2, 100.9, 65.0, 58.2, 56.4, 53.6. HRMS(ESI): m/z calculated for CyoH0CIFN40, + H'

[M + H']: 403.1337. Found 403.1302
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Methyl 4-methoxy-2-nitro-5-(trifluoromethylsulfonyloxy)benzoate (13). Pyridine (8.7 g, 110
mmol) was added to a solution of methyl 5-hydroxy-4-methoxy-2-nitrobenzoate (5 g, 22 mmol)
in dichloromethane (50 mL). The reaction mixture was cooled to 0 °C with ice-water, and then
trifluoromethanesulfonic anhydride (12.4 g, 44 mmol) was added slowly to maintain the internal
temperature below 10 °C. The reaction mixture was slowly warmed to room temperature and
stirred at that temperature for 16 h. Water (100 mL) was then added and the organic layer was
separated. The aqueous layer was extracted with dichloromethane (3 x 100 mL). The combined
organic layers were washed with citric acid solution (2 x 100 mL) and brine. The organic
solution was dried over sodium sulfate and concentrated to afford 13 (5.9 g, 75%) as a yellow
solid. This material was used for the next reaction without purification. 'H NMR (400 MHz,

CDCly): § 7.71 (s, 1H), 7.41 (s, 1H), 4.05 (s, 3H), 3.91 (s, 3H).

Methyl 4-methoxy-5-morpholino-2-nitrobenzoate (14). Morpholine (0.73 g, 7.35 mmol) was
added to a solution of 13 (1 g, 2.78 mmol) in acetonitrile (20 mL). The reaction mixture was
refluxed overnight prior to the addition of a second batch of morpholine (0.5 g, 5.73 mmol). The
reaction mixture was refluxed for an additional 3 h and cooled to room temperature. The solvent
was evaporated in vacuo and the residue was purified by flash chromatography eluting with ethyl
acetate in petroleum (1:3) to afford 14 (800 mg, 2.7 mmol, 97%). "H NMR (400 MHz, CDCl;):
0748 (s, 1H), 7.02 (s, 1H), 3.96 (s, 3H), 3.90 (s, 3H), 3.87 (t, /=4.8 Hz, 4H), 3.21 (t, /= 4.8 Hz,

4H).

Methyl 2-amino-4-methoxy-5-morpholinobenzoate (15). Water (5 mL), ammonium chloride
(1.44 g, 27 mmol) and iron powder (753 mg, 13.5 mmol) were added to a solution of 14 (800 mg,
2.7 mmol) in methanol (15 mL). The suspension was heated to 60 °C for 4 h and cooled to room

temperature. The mixture was filtered. The filtration cake was rinsed with dichloromethane.
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After separation of the filtrate, the aqueous layer was extracted with dichloromethane (2 x 50
mL). The combined extracts were dried over sodium sulfate and concentrated to afford 15 (720
mg, 2.7 mmol, 100%) as a yellow solid. This product was used for the next step without

purification.

7-Methoxy-6-morpholinoquinazolin-4-ol (16). Formamidine acetate salt (563 mg, 5.4 mmol)
was added to a solution of 15 (720 mg, 2.7 mmol) in ethanol (20 mL). The reaction mixture was
refluxed overnight and cooled to room temperature. The solvent was evaporated in vacuo and
the residue was suspended with water (10 mL). The solid was collected by filtration and dried in
vacuo to afford 16 (400 mg, 1.53 mmol, 57%) as a white solid. 'H NMR (400 MHz, DMSO-d):
0 12.10 (br, 1H), 7.97 (s, 1H), 7.44 (s, 1H), 7.12 (s, 1H), 3.93 (s, 3H), 3.76 (t, J = 4.4 Hz, 4H),
3.03 (t, J = 4.4 Hz, 4H). LCMS (ESI) m/z calculated for C;3H;sN303 + H [M+H']: 262.1.
Found: 262.1.

4-(4-Chloro-7-methoxyquinazolin-6-yl)morpholine (17). Three drops of DMF was added to a
suspension of 16 (600 mg, 2.3 mmol) in chloroform (10 mL) followed by the dropwise addition
of oxalyl chloride (870 mg, 6.9 mmol). The reaction mixture was stirred at 80 °C for 2 h and
cooled to room temperature. The solvent was evaporated in vacuo to afford 17 (644 mg, 100%)
as a brown solid, which was used for the next step directly. LCMS (ESI) m/z calculated for
C13H14CIN;0, + H [M+H]: 280.1. Found: 279.8.
N-(3-Chloro-2-fluorophenyl)-7-methoxy-6-morpholinoquinazolin-4-amine (1b). 3-Chloro-2-
fluoroaniline (670 mg, 4.6 mmol) was added to a suspension of 17 (644 mg, 2.3 mmol) in
acetonitrile (10 mL). The reaction mixture was refluxed for 18 h and cooled to room
temperature. The solvent was evaporated in vacuo and the residue was purified by reverse phase

preparative HPLC using YMC-pack ODS-AQ 150 x 30 mm, 5 um column and eluting with a
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gradient of 35-65% acetonitrile (containing 0.05% ammonia) in water to afford 1b (446.6 mg,
1.15 mmol, 50%) as a white solid. 'H NMR (400 MHz, CD;OD): & 8.36 (s, 1H), 7.72 (s, 1H),
7.58-7.54 (m, 1H), 7.44-7.41 (m, 1H), 7.25 (d, J = 9.6 Hz, 1H), 7.22 (s, 1H), 4.05 (s, 3H), 3.93-
3.90 (m, 4H), 3.23-3.21 (m, 4H). HRMS(ESI): m/z calculated for C;oH;sCIFN4O, + H" [M +
H']: 389.1181. Found: 389.1186.
N-(3-Chloro-4-fluorophenyl)-7-methoxy-6-morpholinoquinazolin-4-amine (2). 3-Chloro-4-
fluoroaniline (166 mg, 1.14 mmol) was added to a suspension of 17 (160 mg, 0.57 mmol) in
acetonitrile (3 mL). The reaction mixture was refluxed for 2 days and cooled to room
temperature. The mixture was treated with water, neutralized with sodium carbonate solution,
and extracted with ethyl acetate (3 x 100 mL). The combined organic layers were dried over
sodium sulfate and concentrated. The residue was purified by reverse phase preparative HPLC
using Agella Venusil ASB C18 150 x 25 mm, 5 pm column and eluting with a gradient of 9-79%
acetonitrile (containing 0.05% HCI) in water to afford HCI salt of 2 (110.8 mg, 0.26 mmol, 49%)
as a white solid. "H NMR (400 MHz, CD;OD): & 8.72 (s, 1H), 7.96-7.94 (m, 2H), 7.69-7.66 (m,
1H), 7.39 (t, J = 8.8 Hz, 1H), 7.26 (s, 1H), 4.13 (s, 3H), 3.93-3.91 (m, 4H), 3.230-3.28 (m, 4H).
BC NMR (101 MHz, CD;OD): & 162.0, 160.4, 156.6, 149.8, 145.7, 138.0, 135.2, 128.4, 126.4,
121.9, 118.1, 112.0, 109.2, 100.6, 68.0, 57.5, 52.5. HRMS(ESI): m/z calculated for
C1oHsCIFN4O, + H' [M + H']: 389.1181. Found: 389.1205.
(4-(3-Chloro-2-fluorophenylamino)-7-methoxyquinazolin-6-yl)(morpholino)methanone
(1c). Pd(OAc); (10 mg, 0.044 mmol) and 1,1'-bis(diphenylphosphino)ferrocene (24 mg, 0.044
mmol) were added to a solution of 9 (200 mg, 0.44 mmol) in morpholine (10 mL). The reaction
mixture was stirred at 70 °C under carbon monoxide atmosphere (45 psi) overnight. After being

cooled to room temperature, the solvent was evaporated in vacuo. The residue was purified by
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reverse phase preparative HPLC using Phenomenex Gemini C18 200 x 25 mm, 10 um column
and eluting with a gradient of 30-50% acetonitrile in water to afford 1¢ (70.6 mg, 0.17 mmol,
39%). "HNMR (400 MHz, CD;0D): § 8.48 (s, 1H), 8.30 (s, 1H), 7.59—7.55 (m, 1H), 7.45-7.42
(m, 1H), 7.31 (s, 1H), 7.27-7.23 (m, 1H), 4.06 (s, 3H), 3.84-3.77 (m, 4H), 3.69-3.64 (m, 2H),
3.37-3.34 (m, 2H). "C NMR (101 MHz, CD;OD): & 168.6, 161.1, 160.5, 157.1, 155.8, 153.5,
129.4, 1284, 1279, 1259, 1244, 122.8, 122.7, 110.7, 107.3, 68.1, 67.8, 57.0, 43.8.
HRMS(ESI): m/z calculated for CyoH;sCIFN,O3 + H' [M + H']: 417.1130. Found: 417.1144.
4-(3-Chloro-2-fluorophenylamino)-7-methoxyquinazolin-6-yl morpholine-4-carboxylate
(1d). Morpholine-4-carbonyl chloride (18a) (250 mg, ~1.7 mmol) was added to a solution of 6
(500 mg, 1.4 mmol) and Et;N (285 mg, 2.8 mmol) in anhydrous dichloromethane (20 mL). The
reaction mixture was stirred at 25 °C overnight and concentrated under reduced pressure. The
residue was purified by reverse phase preparative HPLC using Synergi C18 200 x 25mm, 10 um
column and eluting with 0-41% acetonitrile in water to give 1d (272 mg, 0.63 mmol, 45%) as a
yellow solid. "H NMR (400 MHz, CD;OD): & 8.46 (s, 1H), 8.11 (s, 1H), 7.62-7.58 (m, 1H),
7.43-7.40 (m, 1H), 7.31 (s, 1H), 7.26-7.22 (m, 1H), 4.03 (s, 3H), 3.78 (br, 6H), 3.58 (br, 2H). "°C
NMR (101 MHz, CDs;OD): 6 160.1, 158.5, 156.0, 155.1, 151.0, 142.2, 129.2, 129.0, 127.8,
1259, 122.8, 122.6, 117.4, 110.2, 108.4, 67.7, 57.1, 46.7. HRMS (ESI): m/z calculated for
CyoH sCIFN4O4 + H [M + H']: 433.1079. Found: 433.1106.
4-(3-Chloro-2-fluorophenylamino)-7-methoxyquinazolin-6-yl 4-methylpiperazine-1-
carboxylate (le). 4-methylpiperazine-1-carbonyl chloride (18b) (19.9 g, ~122.3 mmol) and
potassium carbonate (27.5 g, 196 mmol) were added to a solution of 6 (15.64 g, 48.9 mmol) in
DMF (270 mL). The reaction mixture was stirred at room temperature for 60 h before being

treated with water (100 mL) and extracted with CH,Cl, (3 x 500 mL). The combined organic
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layers were washed with brine, dried over Na,SO,, and concentrated under vacuum. The residue
was purified by column chromatography on silica gel eluting with methanol in ethyl acetate
(1:10) to afford 1e (3.586 g, 8.06 mmol, 16%) as a yellow solid. 'H NMR (400 MHz, CD;0D):
0 8.45 (s, 1H), 8.10 (s, 1H), 7.61-7.58 (m, 1H), 7.43-7.40 (m, 1H), 7.30 (s, 1H), 7.26-7.23 (m,
1H), 4.03 (s, 3H), 3.80 (br, 2H), 3.61 (br, 2H), 2.55 (br, 4H), 2.39 (s, 3H). *C NMR (101 MHz,
CD;0D): 6 160.0, 158.5, 156.0, 155.0, 153.2, 151.0, 142.2, 129.1, 127.7, 125.9, 125.8, 122.8,
117.4,110.2, 108.3, 57.1, 55.8, 46.3, 45.7. HRMS(ESI): m/z calculated for Cy;H,;CIFNsO; + H"
[M +H']: 446.1395. Found: 446.1421.

(R)-4-(3-Chloro-2-fluorophenylamino)-7-methoxyquinazolin-6-yl 3-
(dimethylamino)pyrrolidine-1-carboxylate (1f). Quinazolin-6-ol derivative 6 (4 g, 11 mmol)
and potassium carbonate (4.5 g, 33 mmol) were added to a solution of (R)-3-
(dimethylamino)pyrrolidine-1-carbonyl chloride (18¢) (5 g, ~22 mmol) in DMF (100 mL). The
resulting solution was stirred at room temperature overnight and poured into water (500 mL).
After extraction with dichloromethane (3 x 300 mL), the combined organic layers were dried and
concentrated. The residue was purified by reverse phase preparative HPLC using Phenomenex
Gemini C18 200 x 25 mm, 10 um column and eluting with a gradient of 25-55% acetonitrile
(containing 0.05% ammonia) in water to afford 1f (2100 mg). The free base was treated with 1N
HCI (5 mL) solution and lyophilized to afford HCI salt of 1f (2231 mg, 4.50 mmol, 20%) as a
yellow solid. 'H NMR (400 MHz, CD;0D): & 8.58 (s, 1H), 8.24 (d, J=5.2, 1H), 7.60-7.56 (m,
1H), 7.50-7.46 (m, 1H), 7.35 (s, 1H), 7.30-7.25 (m, 1H), 4.27-4.22 (m, 1H), 4.14-3.91 (m, 2H),
4.05 (s, 3H), 3.89-3.55 (m, 2H), 3.02 (s, 3H), 3.01 (s, 3H), 2.64-2.55 (m, 1H), 2.42-2.27 (m, 1H).

HRMS (ESI): m/z calculated for CyHy;CIFNsOs + H' [M + H']: 460.1552. Found: 460.1576.
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(S)-4-(3-Chloro-2-fluorophenylamino)-7-methoxyquinazolin-6-yl 3-
(dimethylamino)pyrrolidine-1-carboxylate (1g). Quinazolin-6-ol analog 6 (1.8 g, 5 mmol) and
potassium carbonate (2 g, 15 mmol) were added to a solution of (5)-3-
(dimethylamino)pyrrolidine-1-carbonyl chloride (18d) (crude, ~10 mmol) in DMF (100 mL).
The reaction mixture was stirred at room temperature overnight and poured into water (500 mL).
After extraction with dichloromethane (3 x 300 mL), the combined organic layers were dried and
concentrated. The residure was purified by reverse phase preparative HPLC using Phenomenex
Gemini C18 200 x 25 mm, 10 um column and eluting with a gradient of 20-50% acetonitrile
(containing 0.05% ammonia) in water to afford 1g (530 mg). The free base was treated with 1N
HCI (1.3 mL) solution and lyophilized to give HCl salt (558.7 mg, 1.12 mmol, 22%) as a yellow
solid. 'H NMR (400 MHz, CD;0D): & 8.54 (s, 1H), 8.22 (s, J = 5.6, 1H), 7.58-7.56 (m, 1H),
7.46-7.30 (m, 1H), 7.34 (s, 1H), 7.28-7.26 (m, 1H), 4.26-3.90 (m, 3H), 4.04 (s, 3H), 3.85-3.54 (m,
2H), 3.01 (s, 3H), 3.00 (s, 3H), 2.66-2.52 (m, 1H), 2.40-2.31 (m, 1H). HRMS (ESI): m/z
calculated for CoyHp;CIFNsO; + H' M + H+]: 460.1552. Found: 460.1549.

(15,45)4-(3-Chloro-2-fluorophenylamino)-7-methoxyquinazolin-6-yl 5-methyl-2,5-
diazabicyclo[2.2.1]heptane-2-carboxylate (1h). A mixture of 6 (1.5 g, 4.69 mmol), (15,45)-5-
methyl-2,5-diazabicyclo[2.2.1]heptane-2-carbonyl chloride (18e) (crude, ~13.37 mmol), and
triethylamine (950 mg, 9.38 mmol) in dichloromethane (20 mL) was stirred at room temperature
overnight. After filtration, the filtrate was concentrated and the residue was purified by reverse
phase preparative HPLC using Synergi 250 x 77 mm, 10 um column and eluting with a gradient
of 5-40% acetonitrile (containing 0.05% HCI) in water to afford HCI salt of 1h as a white solid
(836.5 mg, 1.69 mmol, 36%). "H NMR (400 MHz, CDCl3): & 8.75 (s ,1H), 8.51-8.46 (m, 1H),

7.68 (s, 1H), 7.50 (s, 1H), 7.33 (s, 1H), 7.18-7.16 (m, 2H), 4.63-4.50 (m, 1H), 3.9 (s, 3H), 3.93-
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3.75 (m, 1H), 3.56-3.35 (m, 2H), 3.08-2.85 (m, 2H), 2.55-2.53 (m, 3H), 2.03-1.87 (m, 2H).
HRMS(ESI): m/z calculated for CoH, CIFNsO; + H' [M + H']: 458.1395. Found: 458.1370.
2-tert-Butyl 5-(4-(3-chloro-2-fluorophenylamino)-7-methoxyquinazolin-6-yl) 2,5-
diazabicyclo[4.1.0]heptane-2,5-dicarboxylate (20). A mixture of zert-butyl 5-(chlorocarbonyl)-
2,5-diazabicyclo[4.1.0]heptane-2-carboxylate (19) (5.2 g, crude, ~15.1 mmol), 6 (3.4 g, 10.6
mmol), and potassium carbonate (3.1 g, 22.7 mmol) in N,N-dimethylformamide (50 mL) was
stirred at room temperature overnight. After the reaction was completed, the solvent was
evaporated under reduced pressure. The residue was treated with water (100 mL). The solid was
collected by filtration and dried in vacuo to afford 20 (5.85 g, crude). LCMS (ESI) m/z
calculated for Co¢H,7CIFNsOs + H [M+H']: 544.2. Found: 544.1.
4-(3-Chloro-2-fluorophenylamino)-7-methoxyquinazolin-6-yl 2,5-
diazabicyclo[4.1.0]heptane-2-carboxylate (21). To a solution of 20 (5.85 g, crude) in ethyl
acetate (20 mL) was added a solution of HCI in 1,4-dioxane (50 mL, 4.0 M). The reaction
mixture was stirred at room temperature for 1 h, concentrated, and dried under vacumn to afford
crude 21 (5.61 g) which was used for next step directly.
4-(3-Chloro-2-fluorophenylamino)-7-methoxyquinazolin-6-yl 5-methyl-2,5-
diazabicyclo[4.1.0]heptane-2-carboxylate (22). To a solution of 21 (5.61 g, ~10 mmol) in
methanol (50 mL) was added triethylamine (1.07 g, 10.6 mmol), paraformaldehyde (645 mg,
21.5 mmol) and acetic acid (1.29 g, 21.5 mmol). The resulting mixture was stirred at room
temperature overnight. Then NaBH;CN (1.35 g, 21.5 mmol) was added and the reaction mixture
was stirred at room temperature for additional 24 h. The solvent was evaporated and the residue
was purified by reverse phase preparative HPLC using Gemini 250 x 50 mm column with 10 pm

particle size and eluting with a gradient of 25-50% acetonitrile (containing 0.05% ammonia) in
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water to provide 22 (2.0 g, 4.38 mmol, 41% for two steps) as a racemic mixture. LCMS (ESI)
m/z calculated for Co,H,CIFNsO; + H [M+H']: 458.1. Found: 458.0.
4-(3-Chloro-2-fluorophenylamino)-7-methoxyquinazolin-6-yl 5-methyl-2,5-
diazabicyclo[4.1.0]heptane-2-carboxylate, isomer 1 (1i), and isomer 2 (1j). Racemic mixture
22 (0.99 g, 2.17 mmol) was separated by chiral supercritical fluid chromatography using AD 300
x 50 mm column and eluting with 40% methanol in ammonia to afford 1i (isomer 1, 445 mg) and
1j (isomer 2, 440 mg). Compounds 1i and 1j were separately treated with HCI aqueous solution
(1.0 M, 1 mL) and lyophilized to provide HCI salt of 1i (471.8 mg, 0.95 mmol, 44%) and HCI
salt of 1j (465.5 mg, 0.94 mmol, 43% yield), respectively. (Analytical method: Column:
Chiralpak AD-3 50 x 4.6 mm with 3 um particle size; mobile phase: methanol containing 0.05%
di-ethylamine in CO, from 5% to 40%; flow rate: 4 mL/min; wavelength: 220 nm). HCI salt of 1i
(peak 1): tg = 1.30 min in 4 min chromatography (tg = 1.90 min in chiral SFC). 'H NMR:
(400MHz, CD;0D) 6 8.59 (s, 1H), 8.28 (s, 1H), 7.60-7.57 (m, 1H), 7.51-7.47 (m, 1H), 7.36 (s,
1H), 7.30-7.26 (m, 1H), 4.18-4.00 (m, 1H), 4.08 (s, 3H), 3.53-3.46 (m, 1H), 3.37-3.10 (m, 3H),
3.01-2.93 (m, 1H), 2.95 (s, 3H), 1.41-1.14 (m, 2H). >C NMR (101 MHz, CD;0D): & 160.6,
159.2, 156.4, 154.7, 153.3, 147.8, 142.6, 142.4, 129.8, 127.9, 126.0, 122.9, 118.1, 109.6, 106.4,
57.4,51.0,43.9,41.5,38.5,30.4,9.7. HRMS (ESI): m/z calculated for C;,;H,,CIFNsO; + H' [M
+H']: 458.1395. Found: 458.1401. HCI of 1j (peak 2): tg = 1.33 min in 4 min chromatography
(tg = 2.11 min in chiral SFC). "H NMR: (400 MHz, CD;0D) & 8.64 (s, 1H), 8.35 (s, 1H), 7.60-
7.56 (m, 1H), 7.52-7.49 (m, 1H), 7.38 (s, 1H), 7.31-7.27 (m, 1H), 4.22-4.00 (m, 1H), 4.10 (s, 3H),
3.58-3.45 (m, 2H), 3.36-3.25 (m, 2H), 3.17-3.09 (m, 1H), 3.04 (s, 3H), 1.52-1.24 (m, 2H). "°C

NMR (101 MHz, CD;0D): 6 160.9, 159.5, 155.8, 155.4, 154.3, 153.3, 146.6, 142.7, 130.1, 128.1,
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126.0, 122.9, 118.4, 109.4, 105.7, 57.5, 51.1, 43.9, 41.1, 38.4, 30.6, 9.9. HRMS (ESI): m/z

calculated for Co,H,CIFNsO; + H' M + H+]: 458.1395. Found: 458.1386.

(5)-4-(3-Chloro-2-fluorophenylamino)-7-methoxyquinazolin-6-yl 3,4-dimethylpiperazine-1-
carboxylate (1k). A mixture of (5)-3,4-dimethylpiperazine-1-carbonyl chloride (18f) (5.8 g,
~10.15 mmol), 6 (2.6 g, 8.12 mmol) and potassium carbonate (4.2 g, 30.45 mmol) in DMF (120
mL) was stirred at room temperature for 16 h. After evaporation of solvent under vacuum, the
residue was treated with water. The mixture was extracted with ethyl acetate (4 x 500 mL). The
combined organic layers were dried over sodium sulfate and concentrated. The residue was
purified by reverse phase preparative HPLC using Phenomenex Synergi 250 x 50 mm column
with 10 pm particle size and eluting with a gradient of 5-25% acetonitrile (containing 0.2%
formic acid) in water. The fractions contained desired product were neutralized with potassium
carbonate, the precipitate was collected by filtration and dried in vacuo to provide 1k (2460 mg).
This compound was dissolved in CH3CN (5 mL), treated with 1 N HCI (5.5 mL) and lyophilized
to afford the HCI salt of 1k (2647.1 mg, 5.34 mmol, 66%). 'H NMR (400 MHz, CD;0D): & 8.79
(s, 1H), 8.50 (s, 1H), 7.60-7.53 (m, 2H), 7.43 (s, 1H), 7.34-7.30 (m, 1H), 4.53 (br, 1H), 4.32 (br,
1H), 4.14 (s, 3H), 3.84-3.22 (m, 5H), 3.04 (s, 3H), 1.52 (br, 3H). HRMS (ESI): m/z calculated
for CoH,3CIFNsOs; + H [M + H']: 460.1552. Found: 460.1538.

(R)-4-(3-Chloro-2-fluorophenylamino)-7-methoxyquinazolin-6-yl 3,4-dimethylpiperazine-1-
carboxylate (11). A mixture of (R)-3,4-dimethylpiperazine-1-carbonyl chloride (18g) (6.2 g,
~13.4 mmol), 6 (3.56 g, 11.12 mmol) and potassium carbonate (5.76 g, 41.7 mmol) in DMF (100
mL) was stirred at room temperature for 16 h. The mixture was concentrated in vacuo and
treated with water. The mixture was then extracted with ethyl acetate (4 x 500 mL). The

combined organic layers were dried over sodium sulfate and concentrated. The residue was
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purified by reverse phase preparative HPLC using Synergi Phenomenex Synergi 250 x 50 mm
column with 10 pum particle size and eluting with a gradient of 2-40% acetonitrile (containing
0.2% formic acid) in water. The fractions contained desired product were neutralized with
potassium carbonate, the precipitate was collected by filtration and dried in vacuo to provide 11
(2500 mg). Compound 11 was dissolved in CH3CN (5 mL), treated with 1 N HCI (5.5 mL) and
lyophilized to afford the HCI salt of 11 (2663.6 mg, 5.37 mmol, 48%). '"H NMR (400 MHz,
D,0): 6 8.38 (s, 1H), 7.84 (s, 1H), 7.51-7.44 (m, 2H), 7.27-7.23 (m, 1H), 7.06 (s, 1H), 4.34 (br,
1H), 4.23 (br, 1H), 3.92 (s, 3H), 3.68-3.48 (m, 2H), 3.45-3.15 (m, 3H), 2.99 (s, 3H), 1.41 (d, J =
4.8 Hz, 3H). HRMS (ESI): m/z calculated for C,Hy;CIFNsO; + H [M + H']: 460.1552.
Found: 460.1539.

(R)-4-tert-Butyl 1-(4-(2-fluorophenylamino)-7-methoxyquinazolin-6-yl) 2-
methylpiperazine-1,4-dicarboxylate (23). A mixture of 8 (15.8 g, ~60 mmol), 6 (19.2 g, 60
mmol), and potassium carbonate (16.6 g, 120 mmol) in dry N, N-dimethylformamide (300 mL)
was stirred overnight at room temperature. The reaction mixture was poured into water (250 mL)
and filtered. The filtration cake was dried under vacuum to afford crude 23 (25 g) as yellow
solid, which was used without further purification. HRMS (ESI) m/z calculated for
C6H9CIFNsOs+ H' [M+H']: 546.1914. Found: 546.1901.
(R)-4-(3-Chloro-2-fluorophenylamino)-7-methoxyquinazolin-6-yl 2-methylpiperazine-1-
carboxylate (24). HCI in dioxane (4M, 1 L) was added to a solution of 23 (750 g, crude) in
methanol (1.0 L). The mixture was stirred at room temperature for 1 h and concentrated. The
residue was diluted with water (3 L) and neutralized to pH = 7 with saturated sodium bicarbonate
solution. After filtration, the collected solid was treated with toluene (300 mL) and the toluene

was evaporated under reduced pressure. This process was repeated twice and the crude
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compound 24 (495 g, yellow solid) was used without further purification. HRMS (ESI)
calculated for C,1Hy CIFNsO5+H " [M+H+]: 446.1390. Found: 446.1393.
4-[(3-Chloro-2-fluorophenyl)amino]-7-methoxyquinazolin-6-yl (2R)-2,4-
dimethylpiperazine-1-carboxylate (1m). Sodium cyanoborohydride (2.0 g, 32 mmol) was
added to a mixture of 24 (8 g, ~15 mmol) and paraformaldehyde (1.0 g, 32 mmol) in methanol
(100 mL). The reaction mixture was stirred at room temperature overnight and then
concentrated in vacuo. The residue was treated with water and extracted with ethyl acetate (3 x
100 mL). The combined organic layers were washed with brine, dried over anhydrous sodium
sulfate, and concentrated under reduced pressure. The crude product was purified by reverse
phase preparative HPLC using Synergi 250 x 77 mm column with 10 pum particle size and
eluting with a gradient of 5-35% acetonitrile (containing 0.05% formic acid) in water. The
combined desired fractions were neutralized with saturated potassium carbonate and
concentrated under reduced pressure. The residue was extracted with ethyl acetate (3 x 100 mL).
The combined organic layers were concentrated in vacuo and freeze-dried to afford 1m (4.0 g,
8.71 mmol, 58%) as white solid. 'H NMR (400 MHz, CDCls): $8.76 (s, 1H), 8.53-8.48 (m, 1H),
7.65 (s, 1H), 7.44 (br, 1H), 7.34 (s, 1H), 7.19 - 7.15 (m, 2H), 4.51-4.50 (br, 1H), 4.20-4.05 (br,
1H), 3.99 (s, 3H), 3.50-3.30 (br, 1H), 2.87 (d, /= 10.8 Hz, 1H), 2.73 (d, J=11.2 Hz, 1H), 2.35 (s,
3H), 2.35-2.25 (m, 1H), 2.13-2.11 (m, 1H), 1.47 (br, 3H). *C NMR (101 MHz, DMSO-d): &
158.1, 156.7, 155.2, 154.2, 153.0, 151.7, 150.4, 140.4, 128.6, 127.8, 127.4, 125.4, 120.7, 116.9,
108.8, 59.5, 56.8, 55.0, 48.3, 46.4, 16.6. HRMS (ESI) calculated for CHy;CIFNsOs+ H'
[M+H'] 460.1546. Found: 460.1540.
4-[(3-Chloro-2-fluorophenyl)amino]-7-methoxyquinazolin-6-yl (25)-2,4-

dimethylpiperazine-1-carboxylate (In). A mixture of 6 (150 mg, 0.47 mmol), (S5)-2,4-

ACS Paragon Plus Environment

36



Page 37 of 45 Journal of Medicinal Chemistry

dimethylpiperazine-1-carbonyl chloride (18h) (1 g, crude) and K,CO; (130 mg, 0.94 mmol) in
DMF (10 mL) was stirred at 30 °C overnight. The mixture was cooled to room temperature,

treated with water, and filtered. The filtration cake was purified by reverse phase preparative

©CoO~NOUTA,WNPE

11 HPLC using ASB 150 x 25 mm column with 5 um particle size and eluting with a gradient of 3-
13 28% acetonitrile (containing 0.05% HCI) in water to give HCl salt of 1n (21.0 mg, 0.042 mmol,
15 9%). '"H NMR (400 MHz, CD;0D): & 8.77 (s, 1H), 8.43 (s, 1H), 7.57-7.50 (m, 2H), 7.38 (s, 1H),
18 7.32-7.28 (m, 1H), 4.51-4.21 (m, 1H), 4.10 (s, 3H), 3.77-3.35 (m, 5H), 3.27-3.17 (m, 1H), 2.99
20 (s, 3H), 1.58-1.49 (m, 3H). LCMS (ESI): m/z calculated for C,H;CIFNsO; + H" [M + H']:
460.1. Found: 460.1.

25 = ASSOCIATED CONTENT

28 Supporting Information. EGFR inhibition activity of compounds 1a-n and 2 in biochemical

30 assay; cellular assay data of compounds 1a-n and 2; biochemical assay protocols; cellular
phosphorylation and proliferation assay procedures; permeability and efflux transport in

35 MDCKII-MDR1 and MDCK-BCRP cell lines; unbound brain to unbound blood (Kpyu brain) and
37 CSF to unbound blood (K, csF) ratios; compound 1e hepatocyte metabolite ID; Millipore kinase
panel screening results; secondary pharmacology panel screening results; PET microdosing

42 study; summary of in vitro DMPK of 1m; metabolites identified in rat, dog, monkey, and human
44 hepatocytes; physical properties of 1m; procedures for assessing pEGFR expression in tumor

47 tissue by using immunohistochemistry; tumor growth curve of individual animals. This material

49 is available free of charge via the Internet at http://pubs.acs.org.
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= ABBREVIATIONS

EGFR, epidermal growth factor receptor; EGFR TKI, epidermal growth factor receptor tyrosine
kinase inhibitor; NSCLC, non-small cell lung cancer; BBB, blood-brain-barrier; BM, brain
metastasis; LM, leptomeningeal metastasis; CNS, central nervous system; MDCK, Madin-Darby
canine kidney; MDR1, multidrug resistance protein 1; BCRP, breast cancer resistance protein;
Pgp, P-glycoprotein; PSA, polar surface area; CSF, cerebrospinal fluid; PK, pharmacokinetics;
wt, wild-type; ATP, adenosine triphosphate; OATP, organic anion-transporting polypeptide;
DD, drug-drug interaction; EGFR TK, EGFR tyrosine kinase; Cliy;, intrinsic clearance; CLicpatic,
hepatic clearance. IVIVe: in vitro-in vivo extrapolation; LBF: liver blood flow method; PET,
positron emission tomography; LCMS, liquid chromatography-mass spectrometry; SAR,
structure-activity relationship; HPLC, high-performance liquid chromatography; SFC,
supercritical fluid chromatography; MS, mass spectrometry; DCM, dichloromethane; DMF,
N,N-dimethylformamide; DMSO, dimethyl sulfoxide; TFA, trifluoroacetic acid; THEF,

tetrahydrofuran; rt, room temperature; h, hour(s); tg, retention time.
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