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ABSTRACT: While epidermal growth factor receptor (EGFR)
tyrosine kinase inhibitors (TKIs) have changed the treatment
landscape for EGFR mutant (L858R and ex19del)-driven non-
small-cell lung cancer (NSCLC), most patients will eventually
develop resistance to TKIs. In the case of first- and second-
generation TKIs, up to 60% of patients will develop an EGFR
T790M mutation, while third-generation irreversible TKIs, like
osimertinib, lead to C797S as the primary on-target resistance
mutation. The development of reversible inhibitors of these
resistance mutants is often hampered by poor selectivity against
wild-type EGFR, resulting in potentially dose-limiting toxicities and
a sub-optimal profile for use in combinations. BLU-945
(compound 30) is a potent, reversible, wild-type-sparing inhibitor
of EGFR+/T790M and EGFR+/T790M/C797S resistance mutants that maintains activity against the sensitizing mutations,
especially L858R. Pre-clinical efficacy and safety studies supported progression of BLU-945 into clinical studies, and it is currently in
phase 1/2 clinical trials for treatment-resistant EGFR-driven NSCLC.

■ INTRODUCTION
In 2020, lung cancer accounted for 18% of deaths caused by
cancer, making it the leading cause of cancer mortality
globally.1 Non-small-cell lung cancer (NSCLC) accounts for
the majority of these cases (80−85%), and mutations in the
kinase domain of the epidermal growth factor receptor
(EGFR) are oncogenic drivers in a subset of this disease,
adenocarcinoma.2−4 The most common EGFR-activating
mutations (EGFR+) in NSCLC are deletions in exon 19
(ex19del) of the EGFR gene and a single point mutation in
exon 21 (L858R).5,6 Tyrosine kinase inhibitors (TKIs)
developed over the past two decades that target mutated
EGFR have shown superiority in treating patients with EGFR-
positive NSCLC over chemotherapy and are now considered
the standard of care in this area.7−9

The first-generation EGFR TKIs developed for NSCLC
were reversible ATP-competitive inhibitors such as gefitinib
(Figure 1).10−13 Although targeted therapies such as these
show improved durations of survival, after 1−2 years patients
experience a recurrence of disease due to acquired resistance to
these inhibitors.14 The most common acquired resistance is

the formation of a secondary mutation to the gatekeeper
residue (T790M), which accounts for 50−70% of resistance
cases.15−18 This gatekeeper mutation is also the prevailing
acquired resistance mechanism to afatinib, an irreversible
second-generation EGFR inhibitor.19 In addition to acquired
resistance, first- and second-generation EGFR inhibitors suffer
from limited therapeutic windows, which can be attributed to
toxicity caused by wild-type (WT) EGFR inhibition.20−22

Since the identification of the T790M resistance mutation
and WT-EGFR-driven toxicities, several newer EGFR TKIs
have been developed to address these issues.23−25 Osimertinib,
an irreversible inhibitor that targets C797 in the EGFR active
site, is currently the only widely used third-generation EGFR
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TKI and has inhibitory activity against the T790M resistance
mutation as well as the primary, sensitizing mutations (Figure
1).26,27 While osimertinib shows clear patient benefit in first-
and second-line settings, acquired resistance also emerges over
time.28−30 The most commonly occurring EGFR-dependent
resistance mutation resulting from treatment with osimertinib
is the C797S mutation, which disrupts covalent binding of the
inhibitor, resulting in progression of the disease.31−35

Currently, when patients progress on osimertinib in second-
line settings, the resulting EGFR+/T790M/C797S mutant is
undruggable with currently available EGFR TKIs.36 Since
EGFR is an extensively studied oncogenic target for kinase
inhibitors and the NSCLC resistance mutations are well
known, there have been several recent publications describing
a variety of inhibitors with activity against EGFR+/T790M and
EGFR+/T790M/C797S mutant EGFR that do not rely on
covalent inhibition (selected examples shown in Figure
2).37−49

Genentech has documented the optimization of several
reversible WT-sparing EGFR inhibitors targeting EGFR
+/T790M, shown in Figure 2, based on aminopyrimidine (1,
2) and pyrazole hinge binders (3).50,51 An additional example
to address EGFR resistance is the combination of brigatinib
(Figure 2) with cetuximab (anti-EGFR antibody), which has
shown significant suppression of tumor growth in an EGFR-
ex19del/T790M/C797S mouse xenograft model derived from
the PC9 cell line.52 Pre-clinically this combination demon-
strated superior activity when compared to brigatinib
monotherapy and was well tolerated in both treatment groups.
There has also been some progress in the use of allosteric
inhibitors to overcome EGFR resistance and WT selectivity

issues faced by ATP-competitive inhibitors. EAI045 (Figure 2)
shows high WT selectivity and potency against the EGFR
L858R and EGFR L858R/T790M mutant but unfortunately is
not active against EGFR ex19del.43 Most recently, Engelhardt
et al. detailed the discovery of the conformationally restricted
macrocycle to target EGFR+/T790M/C797S mutant EGFR,
BI-4020 (Figure 2), which shows WT selectivity similar to that
of osimertinib.53 Despite several publications detailing next-
generation EGFR TKIs, there are currently no approved agents
that target EGFR+/T790M and EGFR+/T790M/C797S.
Given the high unmet medical need for an effective next-

generation EGFR inhibitor, we set out to develop a best-in-
class, WT-sparing, potent, EGFR TKI with activity against the
EGFR+/T790M and EGFR+/T790M/C797S mutants. Since
inhibition of WT-EGFR with approved TKIs is known to cause
adverse events, including skin rashes and gastroenterological
side effects,20−22 discovery efforts began with the aim of
identifying EGFR+/T790M and EGFR+/T790M/C797S
inhibitors with increased selectivity over WT-EGFR.

■ RESULTS AND DISCUSSION
Blueprint Medicines’ proprietary compound library contains
>25,000 agnostically designed small-molecule kinase inhibitors
spanning more than 100 diverse scaffolds. The majority of
these molecules have been screened up-front against a large
portion of the human kinome (>400 kinases, using the
KINOMEscan screening platform).54 This compound library
and the associated data allow us to quickly identify chemical
starting points for new programs from multiple scaffolds,
circumventing traditional high-throughput screening. From
this data set we identified 4, which showed moderate potency

Figure 1. Selected FDA-approved first-, second-, and third-generation EGFR tyrosine kinase inhibitors.

Figure 2. Selected examples of published mutant-selective EGFR inhibitors.
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against EGFR+/T790M and EGFR+/T790M/C797S paired
with good metabolic stability and excellent selectivity over
WT-EGFR in biochemical and cellular assays.
With a selective library hit in hand, we started to explore

various vectors with the aim of improving EGFR+/T790M and
EGFR+/T790M/C797S mutant potency. Although most
modifications to the piperidinol ring led to reduced activity,
we found that installation of a fluorine next to the alcohol led
to a 2-fold improvement in potency without diminishing WT
selectivity (5, Table 1), similar to findings from Genentech.50

Unfortunately, exploration of substituents off of the amide or
the amine of the pyridine to improve potency was mostly
unsuccessful. Meanwhile, we proposed that cyclization through
the amide carbonyl and aminopyridine NH to yield a 2,7-
napthyridine would mimic the proposed intramolecular
hydrogen bond of 5 and generate a structurally similar scaffold
for additional structure−activity relationship (SAR) explora-
tion. We were pleased to see that cyclized compound 6 showed
a significant increase in biochemical and cellular potency while,
importantly, maintaining WT selectivity. Compound 6 was a
promising early lead and, while achieving excellent selectivity

over EGFR WT, displayed only moderate kinome selectivity,
with S(10) at 3 μM = 0.14.55

In addition to improving kinome selectivity, further
optimization around 6 was focused on improving potency
and metabolic stability. In order to aid in optimization, we
obtained an X-ray structure of 7, a closely related analog, in
EGFR L858R/T790M protein. The X-ray structure of
compound 7 shows several key interactions (Figure 3): (1)
an expected two-point interaction with the hinge, the amino-
naphthyridine NH making a hydrogen bond to the backbone
carbonyl of Gln791 and naphthyridine N2 forming a hydrogen
bond with the backbone NH of Met793; (2) a hydrogen-
bonding interaction in the back-pocket between the piperidinol
and Lys745; and (3) a weak interaction (3.5 Å) between the
NH of the methyl amine in the front-pocket and the backbone
carbonyl of Met793. This interaction is of note, since typically
the Met793 backbone carbonyl is involved in an intramolecular
hydrogen bond with the NH of Gly796. Here that hydrogen
bond is broken, and the carbonyl is rotated into the binding
pocket and closer to the inhibitor NH, providing a more polar
environment. Additionally, similar to reports by Hanan et al.,
there is a favorable hydrophobic interaction between the

Table 1. Properties of EGFR Inhibitors 4−6a

compound

4 5 6

Enz EGFR LR/TM IC50 (nM) 290 99 50
Enz EGFR LR/TM/CS IC50 (nM) 266 105 46
Enz EGFR WT IC50 (nM) >10 000 >10 000 >10 000
pEGFR H1975 LR/TM IC50 (nM) 914 420 67
pEGFR A431 WT (nM) >25 000 >25 000 >25 000
HLM Clint (μL/min/mg) 4.0 9.1 19.0

aBiochemical assays using different EGFR variants measure inhibition in the presence of 1 mM ATP, and compounds were incubated with enzymes
for 10 min before ATP and peptide substrate were added (for more details see Experimental Section). EGFR LR/TM means EGFR L858R/
T790M, and EGFR LR/TM/CS means L858R/T790M/C790S. HLM Clint is the measurement of intrinsic clearance obtained from isolated
human liver microsomes. H1975 is a human lung cancer cell line harboring the EGFR L858R/T790M mutation. A431 is a cell line in which EGFR
is amplified.

Figure 3. Compound 7 (left) and X-ray crystal structure of 7 (right) in the ATP pocket of the EGFR L858R/T790M protein (PDB: 8D73).
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piperidine group and M790, the gatekeeper residue, which is
mutated from WT-EGFR.51,56

From initial lead 6, further expansion of the back-pocket
piperidinol revealed that the addition of a methyl group at the

Table 2. Structure−Activity Relationship of Selected Analogs of Compound 6

aDiscoverX’s KINOMEscan selectivity profiling at 3 μM, S(10) = (number of non-mutant kinases with %Ctrl < 10)/(number of non-mutant
kinases tested). bBiochemical assays using different EGFR variants measure inhibition in the presence of 1 mM ATP, and compounds were
incubated with enzymes for 10 min before ATP and peptide substrate were added (for more details see Experimental Section). EGFR LR/TM =
EGFR L858R/T790M, EGFR LR/TM/CS = L858R/T790M/C790S, and ex19/TM/CS = ex19del(746−750)/L858R/C790S. cH1975 is a human
lung cancer cell line harboring the EGFR L858R/T790M mutation. dA431 is a cell line in which EGFR is amplified. eIntrinsic clearance obtained
from isolated human liver microsomes. fLipE = −log(LRTMCS Enz IC50) − log D (calculated from ACD labs @ pH = 7.4). ND: not determined.
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fluorine-containing stereocenter provided an improvement in
potency: pEGFR IC50 in the H1975 cell line = 20 nM (8,
Table 2). The rest of the 2,7-naphthyridine SAR investigations
were performed using this optimized back-pocket piece.
Previous internal SAR efforts had demonstrated that removing
the hydrogen bond donor from NH-alkyl R groups could
significantly enhance kinome selectivity. Replacing the methyl-
amine with azetidine 9 indeed led to improved kinome
selectivity (S(10) at 3 μM = 0.037) while maintaining the
favorable EGFR potency and WT selectivity of 8. Removal of
the NH is thought to disrupt the hydrogen bond from the
inhibitor to the carbonyl of Met793, restoring the carbonyl to
its canonical position in hydrogen-bonding distance to the
Gly796 NH. Meanwhile, a bulkier methylene is now directed
toward the side chain of Leu792. Since approximately 70% of
kinases have a larger residue at this position, commonly Phe or
Tyr, the additional inhibitor bulk likely creates a steric clash
with these kinases. Increasing the size of the ring to pyrrolidine
10 further increases kinome selectivity (S(10) at 3 μM =
0.022) but in turn leads to decreased potency on EGFR
mutants of interest. Turning our focus back to modifications of
the azetidine ring, we found the addition of a chiral methyl
group in 11 resulted in a meaningful improvement in potency
(pEGFR H1975 = 7 nM). While the removal of the NH and
additional methyl group proved to be beneficial for kinome
selectivity and potency, the additional lipophilicity led to
higher clearance in human microsomes (Clint = 80 μL/min/
mg).
We explored replacing the 2,7-naphthyridine with a more

polar heterocyclic group to improve metabolic stability, but
pyrido[3,4-d]pyridazine 13 led to a loss in potency and LipE
compared to 11. We then identified the 3-position of the
azetidine ring as a vector to explore the addition of polar
substituents to tune properties. 3-Hydroxylazetidine 15 led to a
1.4-unit improvement in LipE but a 2-fold loss in potency. Re-
introduction of the 2-methyl group to give 16 recovered the
potency loss and maintained the improvement in LipE and
metabolic stability (Clint = 25 μL/min/mg). While 16 was one
of the most promising compounds to date, we surveyed several
other polar substituents on the azetidine, targeting improved
metabolic stability. While most modifications did not show
improvements over the 3-hydroxyl (compounds 19−24, Table
2), sulfone-containing 24 was distinctly superior, with excellent
stability and potency compared to azetidine 9. The significant
potency against EGFR+/T790M and EGFR+/T790M/C797S
and high WT-EGFR selectivity (335-fold selective, pEGFR
WT/LRTM) prompted us to obtain a co-crystal of 24 in the
kinase domain of EGFR L858R/T790M to understand this
increase in potency (Figure 4). The X-ray crystal structure
revealed this improvement could be attributed to the S(O) of
the sulfone hydrogen-bonding to Lys716 and Lys728 in the
front-pocket, stabilized by a nearby helix from the kinase
domain carboxy terminus, which is not commonly observed in
published EGFR structures.
To further assess the potential to progress compound 24, it

was evaluated in vivo. Rat pharmacokinetics (PK) studies
showed that the intravenous clearance was close to hepatic
blood flow (∼70 mL min−1 kg−1), and the compound suffered
from low oral bioavailability (Table 3). Assessment of 24 in the
MDCK-MDR1 assay revealed that the compound has poor
passive permeability and a high efflux ratio, indicating a risk of
P-gp-mediated active efflux.57 In order to mitigate this
potential risk, we added a methyl group on the azetidine

ring, with the aim of increasing the steric bulk around the polar
substituent to reduce efflux. The additional methyl group of 25
did reduce efflux but likely not enough to have a substantial
impact on bioavailability, and therefore was not profiled
further. We then attempted to reduce the TPSA of the core by
replacing one of the nitrogen atoms with carbon to give
isoquinoline 26, which resulted in a superior MDCK-MDR1
profile. The improvement in passive permeability and
reduction in efflux resulted in an improved rat PK profile (F
= 85%, Cl = 20 mL min−1 kg−1) while having little effect on
cellular EGFR L858R/T790M potency. In the earlier SAR
investigation, combination of a 2-methyl on the azetidine with
the isoquinoline core resulted in a loss in potency (16 vs 18,
Table 2). We were pleased to see that this was not the case
with the sulfone azetidine, and the additional methyl group in
27 gave an improvement in potency and WT selectivity.
Cynomolgus monkey (cyno) PK was obtained for

compound 27 and revealed a poor in vitro/in vivo correlation
(determined using incubational and PPB corrections and the
well-stirred model58) with respect to the moderate cyno
microsomal intrinsic clearance (Clint = 55 μL/min/mg)
observed in vitro but high in vivo clearance (Cl = 31.8 mL
min−1 kg−1). In vitro profiling of 27 across species in
hepatocytes revealed relatively high turnover in human and
cyno (Table 4). This indicated that 27 was likely subject to
phase II metabolism, which could be driving the high in vivo
cyno clearance. Subsequent cross-species hepatocyte metabo-
lite identification studies revealed that 27 was subject to UGT-
mediated glucuronidation in human and cyno hepatocytes but
not in rats or dogs, and suggested the site of glucuronidation as
the hydroxyl of the piperidinol.
The next focus of optimization was aimed at reducing UGT-

mediated clearance by modifying the site of gluceronidation
(Table 5). Since this clearance mechanism was not observed in
rats, we used hepatocytes (human and cyno) and IV PK
(cyno) to monitor for improved clearance. Increasing steric
bulk adjacent to the site of glucuronidation via the ethylated
analog 28 did not improve the hepatocyte stability and was not
profiled further. Moving the steric bulk closer to the hydroxyl
group, 29 resulted in lower turnover in cyno hepatocytes,
which translated into reduced cyno PK clearance (Cl = 8.8 mL
min−1 kg−1); however, this modification led to a decrease in

Figure 4. X-ray co-crystal structure of 24 in EGFR LR/TM,
highlighting interactions of the sulfone substituent with Lys716 and
Lys728 (PDB: 8D76).
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EGFR+/T790M potency. Methylation of the hydroxyl to block
the site of glucuronidation in 30 led to a compound with an
improved in vivo profile while maintaining excellent potency
and EGFR WT selectivity. The methylated analog was
promising but had lower microsomal stability, a result of the
increased lipophilicity. In order to build back in polarity and
further improve clearance, 31 was made. The additional
hydroxyl in this case was not subject to glucuronidation, but
ultimately this compound led to elevated cyno clearance
compared to 30, despite the improved in vitro profile. Based on
the improved in vivo profile, compound 30 was chosen for
further characterization to determine its potential as a
development candidate.
In enzymatic assays, 30 displays sub-nanomolar activity

across the EGFR+/T790M and EGFR+/T790M/C797S
mutants and maintains activity against the EGFR-activating

mutations (L858R, ex19del), especially EGFR L858R.
Compound 30 showed excellent inhibitory activity against
the pEGFR H1975 cell line (IC50 = 1.1 nM) with about 500-
fold greater potency than in pEGFR A431, the EGFR-WT
amplified cell line. Additionally, 30 potently inhibited EGFR
phosphorylation in Ba/F3 engineered cell lines (L858R/
T790M/C797S IC50= 3.2 nM, and ex19del/T790M/C797S
IC50 = 4.0 nM).
Consistent with previous analogs, 30 was found to have a

high level of kinome selectivity, S(10) = 0.010.55 Pre-clinical
PK profiles for 30 in rat, dog, and cyno are also summarized in
Table 6. Compound 30 showed low to moderate clearance,
moderate volume of distribution, and good oral bioavailability
across species. The human PK profile of 30 was predicted
using a combination of in vitro/in vivo extrapolation from
hepatocyte data and in vivo-scaling methodology based on the
non-clinical PK.59,60 These different methodologies showed a
high level of agreement and predicted 30 to have low clearance
(<25% QH) and a terminal half-life of 6−7 h.
The activity of 30 was next evaluated in a series of in vivo

tumor models. Compound 30 was tested in PK/PD studies
using the NCI-H1975 EGFR L858R/T790M-driven mouse
tumor model, which confirmed it potently inhibits EGFR
L858R/T790M phosphorylation, with an unbound IC50 of 0.6
nM (Figure 5A), in good agreement with the cellular IC50
(Table 5).
The in vivo activity of 30 was evaluated in mice bearing

NCI-H1975 xenografts (Figure 5B). Compound 30 at 30 mg/
kg BID resulted in tumor stasis, while 100 mg/kg BID of 30
BID led to tumor regression over 14 days of dosing, on par
with the anti-tumor activity of osimertinib (25 mg/kg QD) in
this model. Both doses were well tolerated, without any
significant weight loss in the animals (Figure 5C). The activity
of 30 was subsequently assessed in engineered Ba/F3 EGFR
L858R/T790M/C797S and Ba/F3 ex19del/T790M/C797S

Table 3. Strategies to Improve Bioavailabilitya

compound

24 25 26 27

Enz EGFR LR/TM IC50 (nM) 0.1 0.2 0.2 0.3
Enz EGFR LR/TM/CS IC50 (nM) 0.1 0.2 0.2 0.2
Enz EGFR WT IC50 (nM) 1050 270 385 505
pEGFR H1975 LR/TM IC50(nM) 4.8 1.7 2.7 1.0
pEGFR A431 WT IC50 (nM) 1608 781 1362 1780
MDCK-MDR1 PA‑B/efflux 2/32 5/16 17/4 9/3
rat IV PKb Cl (mL min−1 kg−1) (Clu)

c, t1/2, F (%) 67 (838), 1.6 h, 2% − 20 (833), 3.0 h, 85% 25 (847), 1.3 h, 50%
aBiochemical assays using different EGFR variants measure inhibition in the presence of 1 mM ATP, and compounds were incubated with enzymes
for 10 min before ATP and peptide substrate were added (for more details see Experimental Section). EGFR LR/TM means EGFR L858R/
T790M, and EGFR LR/TM/CS means L858R/T790M/C790S. HLM Clint is the measurement of intrinsic clearance obtained from isolated
human liver microsomes. H1975 is a gefitinib resistance human cancer cell line harboring the EGFR L858R/T790M mutation. A431 is a cell line in
which EGFR is amplified. bSprague−Dawley rats (n = 3) were dosed at 1 mg/kg IV and 5 mg/kg PO dose using the following formulations. For
24: IV, solution of 10% DMSO, 10% solutol, 80%−“20% HP-β-CD in water” PO; suspension of “20% solutol in “0.5% MC in water”. For 26 and
27: IV and PO solution of 10% DMSO, 10% solutol, 80% “20% HP-β-CD in saline”. cClu: unbound in vivo clearance (in vivo rat clearance/free
fraction in rat), free fraction calculated from plasma protein binding determined by ultracentrifugation method.

Table 4. In Vitro/In Vivo Profile of Compound 27a

27: MW = 557, TPSA = 112, log D7.4 = 3.8

human LM Clint/Hep Clint 7.2/41
rat LM Clint/Hep Clint 43/33
dog LM Clint/Hep Clint 20/21
cyno LM Clint/Hep Clint 55/80
cyno IV PK Cl (mL min−1 kg−1)b (Clu)

c 31.8 (611)
cyno IV PK t1/2 (h) 2.9

aLM Clint represents intrinsic clearance obtained from isolated
microsomes (units = μL/min/mg) with NADPH, and Hep Clint
represents intrinsic clearance obtained from isolated hepatocyte cells
(units = μL/min/million cells). bCynomolgus monkey, 0.5 mg/kg IV
and 5 mg/kg PO dose. For IV and PO dosing, 27 was formulated in
5% DMSO + 5% kolliphor HS 15 + 90% saline vehicle. Cl: plasma
clearance after administration of single IV bolus dose. cClu: unbound
in vivo clearance (in vivo cyno clearance/free fraction in cyno), free
fraction calculated from plasma protein binding determined by
ultracentrifugation method.
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osimertinib-resistant tumor models (Figure 6A,B). In both
models, the 100 mpk BID dose of 30 produced strong tumor
regression while, as predicted, osimertinib did not show any
anti-tumor effects.
With promising in vivo activity in engineered tumor models

expressing EGFR+/T790M or EGFR+/T790M/C797S, we
were interested in further profiling the activity of 30 in a
patient-derived cell-line xenograft (PDX) model. Samples from
a patient with EGFR-driven NSCLC who progressed after
seven lines of treatment including gefitinib and osimertinib
were used to develop an osimertinib-resistant EGFR ex19del/
T790M/C797S mouse model. In this model, after treating
mice with 30 (75 and 100 mg/kg BID) for 56 days, we were
pleased to see substantial tumor growth inhibition with
compound treatment (Figure 6C). Supported by these
encouraging in vivo activity results, 30 was selected as a
development candidate (BLU-945) and advanced into key
non-clinical safety studies.
In pre-clinical 28-day GLP toxicity studies in rats and non-

human primates (NHP), BLU-945 achieved suitable safety
margins to support advancement into human testing with a
starting dose of 25 mg in the dose escalation phase.61 We
elected to use a spray-dry dispersion formulation due to the
pH-dependent solubility of BLU-945 and low aqueous
solubility at higher pH (Table 6). A first-in-human, phase 1
dose escalation study is currently underway with BLU-945 in
patients with EGFR-mutated NSCLC who have previously
received at least one prior EGFR-targeted TKI
(NCT04862780). BLU-945 was administered to patients
orally once daily on a continuous schedule. The plasma
concentrations versus time PK profile of the starting 25 mg
dose in one patient is shown in Figure 7, indicating that BLU-
945 has low clearance and a long plasma half-life (t1/2).

■ SYNTHESIS
The synthesis of BLU-945 and related analogs began with the
construction of a modular isoquinoline core (Scheme 1).62

Regioselective bromination of commercially available isoquino-
line 32, followed by demethylation, provided 33 in 75% yield
over two steps. Triflate 34 was prepared under typical
conditions, followed by Suzuki−Miyaura coupling with
isopropenyl boronic ester at 45 °C, resulting in selective
coupling of the triflate to form 35. Treatment of 35 with
platinum oxide under an atmosphere of hydrogen yielded
isopropyl-containing 36. Intermediate 36 was then used in
subsequent Buchwald−Hartwig couplings with the appropriate
azetidine to furnish the penultimate intermediate to the desired
analogs shown in Table 5.
For BLU-945, the stereospecific synthesis of azetidine 42 is

shown in Scheme 2. Commercially available enantiopure
(2R,3S)-1-benzhydryl-2-methylazetidin-3-ol 37 was treated
with methanesulfonyl chloride to form activated alcohol 38.
Deprotonation of methyl 2-(methylsulfonyl)acetate with
sodium hydride followed by reaction with 38 led to mesylate
displacement with retention of stereochemistry, 39. This
retention of configuration has been previously described in
substitution reactions with 3-azetidinyl tosylates and mesylates,
where retention is attributed to the participation of the
azetidine nitrogen.63,64 The reaction is proposed to occur via
formation of a bicyclobutonium ion, 40, followed by
nucleophilic ring opening. Krapcho decarboxylation reaction
with lithium chloride followed by removal of the benzhydryl
protecting group afforded azetidine 42.
Aminopyrimidine 46 was available in three steps from tert-

butyl (3S,4R)-3-fluoro-4-hydroxypiperidine-1-carboxylate
(Scheme 3). Alcohol 43 was methylated with iodomethane
in the presence of sodium hydride to afford 44 in 94% yield.
Boc deprotection followed by SNAr with 2-chloropyrimidin-4-
amine yielded the desired aminopyrimidine 46.

Table 5. Lead Optimization to Mitigate UGT-Mediated Clearance

aIntrinsic clearance obtained from isolated human microsomes (units = μL/min/mg). bIntrinsic clearance obtained from isolated human
hepatocyte cells (units = μL/min/million cells). cIntrinsic clearance obtained from isolated cyno microsomes (units = μL/min/mg). dIntrinsic
clearance obtained from isolated cyno hepatocyte cells (units = μL/min/million cells). eCynomolgus monkey, 0.5 mg/kg IV and 2.5 mg/kg PO
dose. For IV and PO dosing, 29, 30, and 31 were formulated in 5% DMSO + 5% kolliphor HS 15 + 90% saline vehicle; Cl: plasma clearance after
administration of single IV bolus dose. fClu: unbound in vivo clearance (in vivo cyno clearance/free fraction in cyno), free fraction calculated from
plasma protein binding determined by ultracentrifugation method.
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The final synthetic sequence began with Buchwald−Hartwig
coupling reaction between azetidine 42 and isoquinoline 36

using Pd-Xantphos G4 pre-catalyst to provide azetidinyl
isoquinoline 47 (Scheme 4). The final product BLU-945 was
prepared by a second Buchwald−Hartwig coupling between 47
and aminopyrimidine 46.

■ CONCLUSION
Herein we have reported drug discovery efforts resulting in the
identification of BLU-945 (30), a potent and selective EGFR
+/T790M and EGFR+/T790M/C797S inhibitor. Using
Blueprint Medicines’ proprietary compound library, we
identified compound 4 with moderate EGFR mutant potency
but excellent selectivity over WT-EGFR. The initial phase of
optimization focused on improving potency, and a scaffold-hop
to a 2,7-naphthyridine improved EGFR+/T790M and EGFR
+/T790M/C797S enzymatic and cellular potency without
compromising WT-EGFR selectivity.
Subsequent optimization of kinome selectivity, metabolic

stability, and cellular potency resulted in lead compound 27.
Further analysis of 27 revealed a glucuronidation liability
leading to high in vivo clearance in cyno. A strategy of
mitigating glucuronidation by sterically encumbering the site of
glucuronidation paired with analysis of new compounds in
monkey IV PK studies for improved clearance enabled the
identification compounds with a reduced glucuronidation
liability. This effort ultimately led to the identification of
BLU-945. Evaluation of BLU-945 in osimertinib-resistant
mouse xenograft models showed robust tumor growth
inhibition. In addition to excellent in vivo tumor activity, an
acceptable non-clinical safety profile supported selection as a
clinical candidate. BLU-945 is currently being evaluated in a
phase 1/2 clinical trial (NCT 04862780).

■ EXPERIMENTAL SECTION
Compound Synthesis and Characterization. All solvents

employed were commercially available anhydrous grade, and reagents
were used as received unless otherwise noted. Compound purity of all
compounds was assessed by HPLC to confirm >95% purity. The
liquid chromatography−mass spectrometry (LC-MS) data were
obtained with an Agilent model-1260 LC system using an Agilent
model 6120 mass spectrometer utilizing ES-API ionization fitted with
an Agilent Poroshel 120 (EC-C18, 2.7 μm particle size, 3.0 × 50 mm
dimensions) reverse-phase column. The mobile phase consisted of a
mixture of solvent 0.1% formic acid in water and 0.1% formic acid in
acetonitrile. A constant gradient from 95% aqueous/5% organic to 5%
aqueous/95% organic mobile phase over the course of 4 min was
utilized. The flow rate was constant at 1 mL/min. Alternatively, the

Table 6. In Vitro and In Vivo Profile of Compound 30a

30: MW = 556/TPSA = 102/log D7.4 = 3.8

S(10) @ 3 μMb 0.010
Enz LR IC50 (nM) 7.4
Enz LR/TM IC50 (nM) 0.4
Enz LR/TM/CS IC50 (nM) 0.5
Enz ex19del IC50 (nM) 25
Enz ex19del/TM IC50 (nM) 0.8
Enz ex19del/TM/CS IC50 (nM) 0.7
Enz WT IC50 (nM) 683
pEGFR PC-9 ex19del IC50 (nM) 130
pEGFR H1975 LR/TM IC50 (nM) 1.1
pEGFR A431 WT IC50 (nM) 544
Ba/F3-EGFR-LR/TM/CS IC50 (nM) 3.2
Ba/F3-EGFR-ex19del/TM/CS IC50 (nM) 4.0
thermodynamic solubility at pH 1.5/6.5 (mg/mL) 11/0.01
plasma protein binding (%fu): human, rat, cyno, dogc 1.1, 0.9, 3.5, 1.4
rat: Clp (mL min−1 kg−1), t1/2 (h), Vss (L/kg), %F

d 32.4, 1.3, 2.3, 48%
cyno: Clp (mL min−1 kg−1), t1/2 (h), Vss (L/kg), %F

e 4.9, 3.5, 1.6, 33%
dog: Clp (mL min−1 kg−1), t1/2 (h), Vss (L/kg), %F

f 13.7, 4.9, 3.9, 49%
aBiochemical assays using different EGFR variants measures
inhibition in the presence of 1 mM ATP, and compounds were
incubated with enzymes for 10 min before ATP and peptide substrate
were added (for more details see Experimental Section). EGFR LR/
TM = EGFR L858R/T790M, EGFR LR/TM/CS = L858R/T790M/
C790S, ex19/TM = ex19del(746−750)/L858R, and ex19/TM/CS =
ex19del(746−750)/L858R/C790S. PC-9 is a human lung cancer cell
line harboring the EGFR ex19del(746−750) mutation. H1975 is a
human lung cancer cell line harboring the EGFR L858R/T790M
mutation. A431 is a cell line in which EGFR is amplified. Ba/F3 cells
are transduced with lentiviral particles encoding for mutant EGFR.
bDiscoverX’s KINOMEscan selectivity profiling at 3 μM, S(10) =
(number of non-mutant kinases with %Ctrl < 10)/(number of non-
mutant kinases tested). cPlasma−protein binding was determined by
an ultracentrifugation method. dSprague−Dawley rats (n = 3); IV
dose = 1 mg/kg using 10% DMSO, 10% solutol, 80% “20% HP-β-CD
in water” and PO dose = 2.5 mg/kg, solution of 10% DMSO, 10%
solutol, 80% “20% HP-β-CD in water”. eCynomolgus monkey (n = 3),
IV dose = 0.5 and PO dose = 2.5 mpk using formulation vehicle:
solution of 5% DMSO + 5% kolliphor HS 15 + 90% saline. fBeagle
dogs, IV dose = 0.5 mg/kg using 5% DMSO + 5% kolliphor HS 15 +
90% saline and PO dose = 2.5 mg/kg using suspension of 0.5% (w/v)
CMC-Na + 0.1% (v/v) Tween 80 in Milli-Q water.

Figure 5. (A) PK/PD measurements in plasma and PK/PD relationship of 30 in the NCI-H1975 tumor model. (B) Activity in the NCI-H1975
tumor model. (C) NCI-H1975 tolerability in female BALB/c nude mice.
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LC-MS data were obtained with a Shimadzu LC-MS system using a
Shimadzu LC-MS mass spectrometer utilizing ESI fitted with an
Agilent (Poroshel HPH-C18 2.7 μm particle size, 3.0 × 50 mm
dimensions) reverse-phase column. The mobile phase consisted of a
mixture of solvent 5 mM NH4HCO3 (or 0.05% TFA) in water and
acetonitrile. A constant gradient from 90% aqueous/10% organic to
5% aqueous/95% organic mobile phase over the course of 2 min was
utilized. The flow rate was constant at 1.5 mL/min. Preparative

HPLC was performed on a Shimadzu Discovery VPR preparative
system fitted with a Luna 5 μm C18(2) 100 Å, AXIA packed, 250 ×
21.2 mm reverse-phase column. Alternatively, the preparative HPLC
was performed on a Waters Preparative system fitted with an XBridge
Shield RP18 OBD column, 30 × 150 mm, 5 μm; the mobile phase
consisted of a mixture of solvent water (10 mmol/L NH4CO3 +
0.05% NH3·H2O) and acetonitrile. A constant gradient from 95%
aqueous/5% organic to 5% aqueous/95% organic mobile phase over
the course of 11 min was utilized. The flow rate was constant at 60
mL/min. Reactions carried out in a microwave were performed in a
Biotage Initiator microwave unit. Silica gel chromatography was
performed on a Teledyne Isco CombiFlash Rf unit, a BiotageR Isolera
Four unit, or a BiotageR Isolera Prime unit. 1H NMR spectra were
obtained with a Varian 400 MHz Unity Inova 400 MHz NMR
instrument, an Avance 400 MHz Unity Inova 400 MHz NMR
instrument, or an Avance 300 MHz Unity Inova 300 MHz NMR
instrument. Unless otherwise indicated, all protons were reported in
DMSO-d6 solvent as parts per million (ppm) with respect to residual
DMSO (2.50 ppm). Chiral-HPLC was performed on an Agilent 1260
Preparative system. Chiral-SFC purification was performed with a
Waters preparative system.

Synthesis of compounds 4−27 can be found in the Supporting
Information.
Synthesis of BLU-945, N-(2-((3S,4R)-3-fluoro-4-methoxypi-

peridin-1-yl)pyrimidin-4-yl)-5-isopropyl-8-((2R,3S)-2-methyl-
3-((methylsulfonyl)methyl)azetidin-1-yl)isoquinolin-3-amine.
8-Bromo-3-chloroisoquinolin-5-yl Trifluoromethanesulfonate (34).
Trifluoromethanesulfonyl trifluoromethanesulfonate (45.7 g, 162
mmol) was added dropwise to 8-bromo-3-chloroisoquinolin-5-ol
(14 g, 54.1 mmol) and TEA (21.8 g, 216 mmol) in DCM (400 mL)
at −60 °C. The resulting mixture was warmed to room temperature
naturally and stirred at rt for 1 h. The mixture was concentrated under
vacuum. The residue was purified by a silica gel column with PE:EA =
5:1 to afford 18 g (85%) of the title compound as a white solid. LC-
MS: (ES, m/z) = 392 [M+1]; 1H NMR (400 MHz, DMSO-d6) δ 9.46
(d, 1H, J = 0.8 Hz), 8.20 (d, 1H, J = 8.3 Hz), 8.02 (d, 1H, J = 8.4 Hz),
7.93 (d, 1H, J = 0.7 Hz).

8-Bromo-3-chloro-5-(prop-1-en-2-yl)isoquinoline (35). The mix-
ture of K2CO3 (6 g, 43.5 mmol), 8-bromo-3-chloroisoquinolin-5-yl
trifluoromethanesulfonate (17 g, 43.5 mmol, 34), 4,4,5,5-tetramethyl-
2-(prop-1-en-2-yl)-l,3,2-dioxaborolane (7.30 g, 43.5 mmol), and
Pd(dppf)Cl2·CH2Cl2 (2.83 g, 3.48 mmol) in dioxane (200/20 mL)
was stirred for 3 h at 45 °C. The mixture was diluted with 500 mL of
EA and washed two times with brine (200 mL). The organic layer was
dried with Na2SO4 and concentrated under vacuum. The residue was
purified by a silica gel column with PE:EA = 20:1 to afford 8.0 g

Figure 6. (A) Activity of 30 in NOD SCID mice bearing engineered Ba/F3 (EGFR L858R/T790M/C797S) tumors. (B) Activity of 30 in NOD
SCID mice bearing engineered Ba/F3 (EGFR ex19del/T790M/C797S) tumors. (C) Activity of 30 and osimertinib in EGFR ex19del/T790M/
C797S PDX model.

Figure 7. Concentration vs time profile of BLU-945 after 25 mg dose
in one patient.

Scheme 1. Synthesis of Isoquinoline Core 36a

aReagents and conditions: (a) Br2, AcOH, rt followed by BBr3,
CH2Cl2, 0 °C−rt, 75%; (b) Tf2O, TEA, CH2Cl2, −60 °C, 85%; (c)
4,4,5,5-tetramethyl-2-(prop-1-en-2-yl)-l,3,2-dioxaborolane, K2CO3,
Pd(dppf)Cl2·CH2Cl2, dioxane, H2O, 45 °C, 67%; (d) PtO2, H2,
EtOAc, rt, 93%.
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(67%) of the title compound as an off-white solid. LC-MS: (ES, m/z)
= 282 [M+1].

8-Bromo-3-chloro-5-isopropylisoquinoline (36). PtO2 (1.7 g 7.04
mmol) and 8-bromo-3-chloro-5-(prop-1-en-2-yl)isoquinoline (7.1 g,
25.1 mmol, 35) in EA (300 mL) were stirred under an atmosphere of
H2 at rt for l h. The solid was filtered out. The mother solvent was
concentrated under vacuum. The crude product was purified by a
silica gel column with PE:EA = 10:1 to get 6.7 g (93%) of the title
compound as a brown solid.

(2R,3S)-1-Benzhydryl-2-methylazetidin-3-yl Methanesulfonate
(38). (2R,3S)-1-Benzhydryl-2-methylazetidin-3-ol (Pharmablock, 20
g, 78.9 mmol) was dissolved in 300 mL of DCM, TEA (9.55 g, 94.6
mmol) was added, and the reaction mixture was cooled in an ice bath.
Mesyl chloride (9.93 g, 86.7 mmol) was added dropwise and allowed
to stir, warming slowly to rt and continuing stirring overnight. The
mixture was diluted with DCM and washed with water, and the
organic phase was dried over sodium sulfate, filtered, and evaporated
to give 26 g (98%) of the title compound as a viscous yellow oil. LC-
MS: (ES, m/z) = 332 [M+1].

(S)-Methyl 2-((2R,3S)-1-Benzhydryl-2-methylazetidin-3-yl)-2-
(methylsulfonyl)acetate (39). (2R,3S)-1-Benzhydryl-2-methylazeti-
din-3-yl methanesulfonate (26 g, 78.4 mmol, 38) and methyl 2-
(methylsulfonyl)acetate (15.3 g, 101 mmol) were dissolved in 260 mL
of DMF, and then NaH (3.75 g of 60% dispersion in mineral oil, 6.63
mmol) was added and the mixture was stirred for ∼15 min, until
hydrogen evolution had ceased. The reaction mixture was heated to
80 °C overnight. The reaction was cooled, then diluted with 200 mL
of water and extracted with EA. The combined organics were washed
with water and brine, dried over sodium sulfate, filtered, and
evaporated to give the crude product. The residue was purified by
chromatography (0 to 7% MeOH/DCM). Pure fractions were
combined and evaporated to give 24 g (80%) of the title compound
as a pale-yellow foam.

(2R,3S)-1-Benzhydryl-2-methyl-3-(methylsulfonylmethyl)-
azetidine (41). (S)-Methyl 2-((2R,3S)-1-benzhydryl-2-methylazeti-
din-3-yl)-2-(methylsulfonyl)acetate (24 g, 61.9 mmol, 39) was
dissolved in 240 mL of DMA, lithium chloride (20.9 g, 495 mmol)
was added, and the flask was put into a preheated block that was kept
at 150 °C. LC-MS indicated the starting material was consumed after

Scheme 2. Stereospecific Synthesis of Azetidine 42a

aReagents and conditions: (a) mesyl chloride, TEA; CH2Cl2, rt, 98%; (b) methyl 2-(methylsulfonyl)acetate, NaH; DMF, 80 °C, 80%; (c) LiCl;
DMA, 150 °C, 93%; (d) Pd(OH)2, TFA; MeOH, rt, 75%.

Scheme 3. Synthesis of Aminopyrimidine 46a

aReagents and conditions: (a) NaH, iodomethane, THF, 0 °C, 94%; (b) TFA, DCM, rt; (c) 2-chloropyrimidin-4-amine, TEA, IPA, rt, 66%, over
two steps.

Scheme 4. Synthesis of BLU-945 via Subsequent Buchwald−Hartwig Couplingsa

aReagents and conditions: (a) 42, XantphosPd G4, Cs2CO3, 1,4-dioxane, 100 °C, 63%; (b) 46, BrettPhosPd G4, Cs2CO3, 1,4-dioxane, 100 °C,
38%.
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1.5 h. The mixture was cooled to rt, diluted with water, and extracted
with EA, and the combined organics were washed with water and
brine, dried over sodium sulfate, filtered, and evaporated to give the
crude product, which was further purified by chromatography (0 to
5% MeOH/DCM). Pure fractions were combined and evaporated to
give 19 g (93%) of the title compound as a pale-yellow foam. LC-MS:
(ES, m/z) = 330 [M+1].

(2R,3S)-2-Methyl-3-(methylsulfonylmethyl)azetidine (42). To a
solution of (2R,3S)-1-(diphenylmethyl)-3-(methanesulfonylmethyl)-
2-methylazetidine (1 9 g, 57.3 mmol, 41) in MeOH (270 mL) was
added TFA (9 mL) and Pd(OH)2 (5.7 g), the reaction was stirred
overnight at rt under H2 atmosphere. The reaction mixture was
filtered and evaporated to give the crude title compound (17 g) as a
light-brown oil. LC-MS: (ES, m/z) = 164 [M+1].

(3S,4R)-tert-Butyl 3-Fluoro-4-methoxypiperidine-1-carboxylate
(44). Sodium hydride (218.90 mg, 9.122 mmol, 4 equiv) was added
to tert-butyl (3S,4R)-3-fluoro-4-hydroxypiperidine-1-carboxylate (500
mg, 2.280 mmol, 1 equiv, 42) in THF (10 mL) at 0 °C. After the
mixture was stirred for 20 min, methyl iodide (1294.73 mg, 9.122
mmol, 4 equiv) was added. The resulting solution was stirred for an
additional 1 h at 0 °C. The reaction was then quenched by addition of
10 mL of water. The solids were filtered out. The resulting solution
was extracted with EA and concentrated under vacuum. This resulted
in 500 mg (94.1%) of the title compound as a light-yellow oil. LC-
MS: (ES, m/z) = 178 [M+l−56].

(3S,4R)-3-Fluoro-4-methoxypiperidine (45). The solution of tert-
butyl (3S,4R)-3-fluoro-4-methoxypiperidine-1-carboxylate (500 mg,
2.143 mmol, 1 equiv, 42) in TFA/DCM (3/10 mL) was stirred for 1
h at rt. The resulting mixture was concentrated under vacuum to
afford 500 mg (crude) of the title compound as a solid.

2-((3S,4R)-3-Fluoro-4-methoxypiperidin-1-yl)pyrimidin-4-amine
(46). The mixture of (3S,4R)-3-fluoro-4-methoxypiperidine (3 g,
22.528 mmol, 1 equiv, 45), 2-chloropyrimidin-4-amine (2.33 g, 0.018
mmol, 0.8 equiv), and TEA (6.84 g, 0.068 mmol, 3 equiv) in IPA (3
mL) was stirred for 12 h at 100 °C. The solvent was removed under
vacuum, and THE residue was purified by FLASH (5% MeOH in
DCM) to give 3.3 g (66%) of the title compound as a light-yellow
solid. LC-MS: (ES, m/z) = 227 [M+1]. 1H NMR (400 MHz, DMSO-
d6) δ ppm 7.72 (d, 1H, J = 5.6 Hz), 6.39 (s, 2H), 5.71 (d, 1H, J = 5.6
Hz), 4.83 (d, 1H, J = 49.3 Hz), 4.60−4.49 (m, 1H), 4.29 (d, 1H, J =
13.3 Hz), 3.55−3.42 (m, 1H), 3.28 (d, 1H, J = 13.3 Hz), 3.20−3.04
(m, 1H), 1.76−1.48 (m, 2H).

3 - C h l o r o - 5 - i s o p r o p y l - 8 - ( ( 2 R , 3 S ) - 2 - m e t h y l - 3 -
(methylsulfonylmethyl)azetidin-1-yl)isoquinoline (47). To a sol-
ution of 8-bromo-3-chloro-5-(propan-2-yl)isoquinoline (9 g, 31.6
mmol, 36) in 1,4-dioxane (130 mL) were added (2R,3S)-3-
(methanesulfonylmethyl)-2-methylazetidine (5.15 g, 31.6 mmol,
42), Cs2CO3 (20.6 g, 63.2 mmol), and XantphosPd G4 (1.51 g,
1.58 mmol) under nitrogen. The mixture was stirred at 100 °C for 3 h
under nitrogen. The reaction mixture was cooled to rt and diluted
with 300 mL of water. The resulting solution was extracted with EA,
washed with brine, dried over anhydrous sodium sulfate, and
concentrated under vacuum. The crude product was purified by
silica gel chromatography (0−60% EA in PE) to give 7.2 g (62.6%) of
3-chloro-8-[(2R,3S)-3-(methanesulfonylmethyl)-2-methylazetidin-1-
yl]-5-(propan-2-yl)isoquinoline as a yellow solid. LC-MS: (ES, m/z)
= 367 [M+1].

N-(2-((3S,4R)-3-Fluoro-4-methoxypiperidin-1-yl)pyrimidin-4-yl)-
5-isopropyl-8-((2R,3S)-2-methyl-3-((methylsulfonyl)methyl)-
azetidin-1-yl)isoquinolin-3-amine (BLU-945). To a solution of 2-
((3S,4R)-3-fluoro-4-methoxypiperidin-1-yl)pyrimidin-4-amine (18.50
mg, 0.082 mmol, 1 equiv, 46) 3-chloro-5-isopropyl-8-((2R,3S)-2-
methyl-3-((methylsulfonyl)methyl)azetidin-1-yl)isoquinoline (30 mg,
0.082 mmol, 1 equiv, 47), and Cs2CO3 (53.3 mg, 0.164 mmol, 2
equiv) in 1,4-dioxane (0.82 mL) was added BrettPhos precatalyst
(Gen IV) (3.76 mg, 4.09 pmol, 0.05 equiv) under nitrogen. The
mixture was stirred at 90 °C for 16 h and then filtered and
concentrated in vacuo. The crude mixture was purified by reverse-
phase chromatography (0−60% acetonitrile/water containing 0.1%
TFA). Pure fractions were combined and neutralized with saturated

sodium bicarbonate solution and then extracted with 10% MeOH/
DCM (5 mL × 3). The combined organic phases were dried over
sodium sulfate, filtered, and evaporated to give 17.4 mg of the title
compound (38%) as a yellow solid. LC-MS: (ES, m/z) = 557 [M+1].
1H NMR (400 MHz, DMSO-d6) δ 9.90 (s, 1H), 9.06 (s, 1H), 8.63 (s,
1H), 8.00 (d, 1H, J = 5.6 Hz), 7.42 (d, 1H, J = 8.0 Hz), 6.56 (d, 1H, J
= 8.1 Hz), 6.47 (d, 1H, J = 5.7 Hz), 4.94 (d, 1H, J = 49.3 Hz), 4.69
(dt, J = 25.9, 6.4 Hz, 2H), 4.47 (d, 1H, J = 13.2 Hz), 4.27−4.11 (m,
1H), 3.72−3.42 (m, 5H), 3.37 (s, 3H), 2.99 (s, 3H), 2.89 (q, 1H, J =
7.3 Hz), 1.86−1.65 (m, 2H), 1.42 (d, 3H, J = 6.0 Hz), 1.31 (dd, 6H, J
= 6.8, 1.9 Hz).
General Procedure for the Synthesis of Compounds 27−29

and 31. 3-Chloro-5- i sopropy l -8 -((2R , 3S)-2-methy l -3 -
(methylsulfonylmethyl)azetidin-1-yl)isoquinoline (47) was combined
with aminopyrimidine derivatives (SI1−SI7, see Supporting In-
formation), Cs2CO3, and BrettPhos precatalyst (Gen IV) (5 mol%) in
1,4-dioxane (0.1 M) and stirred under nitrogen at 90 °C for 2−16 h.
Reactions were determined complete by LC-MS filtered and
concentrated in vacuo. Crude mixtures were purified by reverse-
phase chromatography, and pure fractions were neutralized with
saturated sodium bicarbonate solution and then extracted with 10%
MeOH/DCM (5 mL × 3). Combined organic phases were dried over
sodium sulfate, filtered, and evaporated to give the title compounds.

(3S,4R)-3-Fluoro-1-(4-(5-isopropyl-8-((2R,3S)-2-methyl-3-
(methylsulfonylmethyl)azetidin-1-yl)isoquinolin-3-ylamino)-
pyrimidin-2-yl)-3-methylpiperidin-4-ol (27). The general procedure
using SI1 yielded the title compound as a yellow solid (4.6 g, 8.3
mmol, 61%). LC-MS: (ES, m/z) = 557 [M+1]. 1H NMR (400 MHz,
DMSO-d6) δ ppm 9.88 (s, 1H), 9.05 (s, 1H), 8.63 (s, 1H), 7.99 (d,
1H, J = 5.6 Hz), 7.42 (d, 1H, J = 8.0 Hz), 6.56 (d, 1H, J = 8.1 Hz),
6.52−6.43 (m, 1H), 5.32 (d, 1H, J = 4.4 Hz), 4.65 (t, 1H, J = 7.5 Hz),
4.19 (t, 1H, J = 6.3 Hz), 4.04−3.82 (m, 4H), 3.75 (s, 1H), 3.64 (t,
1H, J = 7.1 Hz), 3.53 (hept, 3H, J = 7.9, 7.3 Hz), 2.99 (s, 3H), 2.89
(q, 1H, J = 7.3 Hz), 1.92−1.88 (m, 1H), 1.57−1.51 (m, 1H), 1.42 (d,
3H, J = 6.1 Hz), 1.35−1.21 (m, 9H).

(3R,4S)-3-Ethyl-3-fluoro-1-(4-((5-isopropyl-8-((2R,3S)-2-methyl-
3-((methylsulfonyl)methyl)azetidin-1-yl)isoquinolin-3-yl)amino)-
pyrimidin-2-yl)piperidin-4-ol (28). The general procedure using SI3,
followed by chiral separation (column: CHIRALPAK IG-3, 0.46 × 5
cm, 3 μm, mobile phase (Hex:DCM = 1:1) (0.1% DEA):EtOH =
50:50, flow rate: 1.0 mL/min), gave the title compound (peak 2, 29.8
mg, 0.05 mmol, 51%). LC-MS: (ES, m/z) = 571 [M+1]. 1H NMR
(400 MHz, DMSO-d6) δ ppm 10.03 (s, 1H), 9.07 (s, 1H), 8.60 (s,
1H), 7.99 (d, 1H, J = 5.8 Hz), 7.43 (d, 1H, J = 8.0 Hz), 6.57 (d, 1H, J
= 8.1 Hz), 6.50 (d, 1H, J = 5.8 Hz), 5.00 (s, 1H), 4.71−4.54 (m, 3H),
4.20 (p, 1H, J = 6.1 Hz), 3.66 (dt, 2H, J = 20.7, 7.2 Hz), 3.61−3.44
(m, 3H), 3.31−3.19 (m, 2H), 2.99 (s, 3H), 2.96−2.84 (m, 1H), 1.86
(dt, 1H, J = 16.6, 7.8 Hz), 1.80−1.60 (m, 3H), 1.42 (d, 3H, J = 6.1
Hz), 1.34−1.26 (m, 6H), 0.93 (t, 3H, J = 7.5 Hz).

(3S,4R)-3-Fluoro-1-(4-(5-isopropyl-8-((2R,3S)-2-methyl-3-
(methylsulfonylmethyl)azetidin-1-yl)isoquinolin-3-ylamino)-
pyrimidin-2-yl)-4-methylpiperidin-4-ol (29). The general procedure
using SI4 yielded the title compound as a light-yellow solid (28.8 g,
51.1 mmol, 67%). LC-MS: (ES, m/z) = 557 [M+1] .1H NMR (400
MHz, DMSO-d6) δ ppm 9.95 (s, 1H), 9.06 (s, 1H), 8.67 (s, 1H), 8.01
(d, 1H, J = 5.6 Hz), 7.42 (d, 1H, J = 8.0 Hz), 6.57 (d, 1H, J = 8.1 Hz),
6.47 (d, 1H, J = 5.7 Hz), 4.86 (s, 1H), 4.66 (t, 1H, J = 7.5 Hz), 4.52−
4.36 (m, 2H), 4.25−4.14 (m, 2H), 3.69−3.47 (m, 6H), 3.00 (s, 3H),
2.89 (q, 1H, J = 7.3 Hz), 1.73−1.67 (m, 1H), 1.62−1.50 (m, 1H),
1.43 (d, 3H, J = 6.0 Hz), 1.34−1.23 (m, 9H).

(3R,4R)-5,5-Difluoro-1-(4-(5-isopropyl-8-((2R,3S)-2-methyl-3-
(methylsulfonylmethyl)azetidin-1-yl)isoquinolin-3-ylamino)-
pyrimidin-2-yl)-4-methoxypiperidin-3-ol (31). The general proce-
dure using SI6 gave the title compound as a yellow solid (50 mg, 0.08
μmol, 44%). LC-MS: (ES, m/z) = 591 [M+1]. 1H NMR (400 MHz,
DMSO-d6) δ ppm 9.97 (s, 1H), 9.05 (s, 1H), 8.52 (s, 1H), 8.02 (d,
1H, J = 5.7 Hz), 7.41 (d, 1H, J = 8.0 Hz), 6.57 (d, 1H, J = 5.5 Hz),
6.41 (d, 1H, J = 8.1 Hz), 5.31 (d, 1H, J = 5.8 Hz), 4.80 (s, 1H), 4.56−
4.48 (m, 1H), 4.43−4.34 (m, 2H), 3.96 (td, 2H, J = 7.0, 2.7 Hz),
3.82−3.66 (m, 2H), 3.64−3.51 (m, 6H), 3.54−3.48 (m, 1H), 3.30−
3.23 (m, 1H), 3.22−3.04 (m, 3H), 1.33−1.20 (m, 9H).
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Inhibition of EGFR Mutant Biochemical Enzymatic Activity.
Inhibitory effects of the compounds were determined by measuring
the enzymatic activity of EGFR enzyme phosphorylates’ 2.5 μM
fluorescent substrate (5-FAM-EEPLYWSFPAKKK-CONH2, Profiler-
Pro kinase peptide substrate 22, PerkinElmer) in the presence of 1
mM adenosine-5′-triphosphate (ATP) and varying concentrations of
the test compound. The enzyme reaction buffer contains 10 mM
MgCl2, 0.015% Brij-35, 1 mM dithiothreitol (DTT), 1.0% dimethyl
sulfoxide (DMSO), and 100 mM 2-[4-(2-hydroxyethyl)piperazin-1-
yl]ethanesulfonic acid (HEPES), pH 7.5, at 25 °C. The WT and
mutant EGFR enzymes (SignalChem) were allowed to incubate with
the inhibitor for 10 min. The kinase reaction was activated by the
addition of ATP and the peptide substrate. Reactions proceeded until
10%−20% total peptides were phosphorylated and were terminated
with 35 mM 2,2′,2″,2‴-(ethane-1,2-diyldinitrilo)tetraacetic acid
(EDTA). Analysis of the proportion of phosphorylated substrate
peptide was performed automatically on the Caliper EZReader 2
(PerkinElmer), where the phosphorylated peptide (product) and
substrate were electrophoretically separated and measured. Percent
activity was plotted against log concentration of compound to
generate an apparent IC50 using a 4-parameter fit in CORE LIMS.
Measurement of EGFR Inhibition in Cells. Cell Lines. Ba/F3

cells were transduced with lentiviral particles encoding mutant EGFR.
After 48 h, cells were placed in blasticidin-containing media for 14
days, followed by incubation in IL-3-free media for another 14 days to
enable selection of mutant EGFR Ba/F3 cells that were IL-3-
independent. These cells were then expanded and used in subsequent
assays. A-431 and NCI-H1975 cells in 10% FBS DMEM + 1x Pen-
Strep were purchased from ATCC, PC-9 cells in 10% FBS RPMI + 1x
Pen-Strep were purchased from Millipore Sigma, Osimertinib was
purchased from LC Laboratories, and Gefitinib was purchased from
Selleckchem.

Assessing Inhibition of EGFR by AlphaLISA (A431, PC9 and NCI-
H1975). Ba/F3 cells were diluted with phenol-free DMEM with 10%
FBS ,while A431 cells were diluted with DMEM lacking 10% FBS (for
serum starvation) to 3.125 × 105 cells/mL. Next, 40 μL of cell
suspension was added into each well of a 384-well microplate, which
was then placed in an incubator containing 5% CO2 at 37 °C
overnight for cells to adhere. The following day, experimental
compounds were serial-diluted in DMSO, added to the cells, and then
placed in a humidified 37 °C incubator for 4−5 h. After incubation
with compounds, A431 cells were stimulated for 10 min with EGF
(30 ng/mL final concentration). Media was then removed from all
cell plates. All cells were then lysed and processed per the Phospho-
EGFR (Tyr1068) AlphaLISA SureFire Ultra Detection Kit protocol,
and the plate was read on an EnVision multilabel reader. All IC50
representative curves were plotted using GraphPad Prism (version
8.00 for Windows, GraphPad Software, San Diego, California, USA).
All values quoted are the average of at least two independent
experiments.

Assessing Inhibition of EGFR by AlphaLISA (Mutant EGFR Ba/F3
Lines). Mutant EGFR-expressing Ba/F3 cells were resuspended in
fresh 10% FBS RPMI and plated at 1.0 × 106 cells/mL. Cells were
harvested the next day and then diluted in fresh media at 1.25 × 106
cells/mL and plated (40 μL of cells) to each well of a 384-well
microplate. Experimental compounds were serial-diluted in DMSO,
added to the cells, and then placed in a humidified 37 °C incubator
for 4 h. The plate was then spun at 3000 rpm for 5 min to pellet the
cells, and media was removed. All cells were then lysed and processed
per the Phospho-EGFR (Tyr1068) AlphaLISA SureFire Ultra
Detection Kit protocol, and the plate was read on an EnVision
multilabel reader. All IC50 representative curves were plotted using
GraphPad Prism (version 8.00 for Windows, GraphPad Software, San
Diego, California, USA). All values quoted are the average of at least
two independent experiments.
Crystallization and Structure Determination. Protein ex-

pression and purification of a triple-mutant EGFR protein (L858R,
T790M, V948R) were performed as previously published.65 Mutant
EGFR at 5−6 mg/mL (25 mM HEPES/NaOH, 300 mM NaCl, 10%
glycerol, 4 mM TCEP, pH 8.0) was incubated with compound to a

final concentration of 0.7 mM for 1 h on ice. The complex was
crystallized in 0.10 M sodium acetate, pH 5.30, 0.20 M potassium
acetate, and 3% (w/v) PEG 8000 at 12 °C over 3−7 days. Crystals
were cryoprotected by addition of 20% glycerol prior to mounting,
and diffraction data were collected at ESRF beamline ID30a1 and
Diamond beamline i04-1. The structure was solved using molecular
replacement followed by multiple rounds of refinement with
REFMAC5 to produce the final models. Crystal structures have
been deposited in the RCSB PDB with accession codes 8D73 and
8D76, and coordinates will be released upon publication.

In Vivo Pharmacokinetics and Pharmacodynamics Studies.
All the procedures related to animal handling, care, and treatment in
the study were performed according to the guidelines approved by the
Institutional Animal Care and Use Committee (IACUC) of WuXi
AppTec following the guidance of the Association for Assessment and
Accreditation of Laboratory Animal Care (AAALAC).

BALB/c nude female mice (Zhejiang Vital River Laboratory
Animal Technology Co., Ltd.) weighing 18−22 g were used for
studies. NCI-H1975 cells (5 × 106) were inoculated subcutaneously
at the right flank for tumor development. The treatments started
when the average tumor size reached approximately 389 mm3.
Treatment was given by oral gavage (PO doses). Blood samples were
collected from all animals at 2, 6, and 12 h post dose. Plasma was
separated from blood by centrifugation at 4 °C. Compound
concentrations in both plasma and tumor were quantified using a
liquid chromatography with tandem mass spectrometry (LC-MS/MS)
method.
Cell-Line-Derived Xenograft (CDX) Efficacy Studies. The

protocol and any amendment(s) or procedures involving the care and
use of animals in this study were reviewed and approved by the
IACUC of WuXi AppTec prior to conduct.

BALB/c nude female mice (Zhejiang Vital River Laboratory
Animal Technology Co., Ltd.), 6−8 weeks old, were used for our
studies. Each mouse was inoculated subcutaneously at the right flank
with the tumor cells (5 × 106) in 0.2 mL of PBS supplemented with
Matrigel (PBS:Matrigel = 1:1) for tumor development. Animal
randomization and treatments started when the average tumor
volume reached approximately 155 mm3. Animals were dosed twice
(BID) or once daily (QD) by oral gavage. Tumor size and body
weight were measured every second day. After the last dose, blood
was collected at 2, 6 and 12 h for plasma preparation to assess
compound concentration (LC-MS/MS). Tumor volume was
calculated using the formula V = 0.5ab2, where a and b are the long
and short diameters of the tumor in mm, respectively. Statistical
analysis was performed by using a two-way RM ANOVA analysis
followed by Dunnett’s multiple comparison test.
Patient-Derived Xenograft (PDX) Efficacy Studies. The

protocol and any amendment(s) or procedures involving the care
and use of animals in this study were reviewed and approved by the
IACUC of Lide Biotech prior to conduct. During the study, the care
and use of animals were conducted in accordance with the regulations
of the AAALAC.

LUPF104 human tumor fragments, 15−30 mm3, were implanted in
the right flanks of 5−7-week-old NU/NU female mice (Zhejiang Vital
River Laboratory Animal Technology Co. Ltd.) under isoflurane
anesthesia. Animal randomization and treatments started when the
tumor average reached 200 mm3. Treatment, animal monitoring, end
of study plasma collection, and statistical analysis were performed in
the same way as the CDX efficacy studies.
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