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Azalamellarin N, a synthetic lactam congener of the marine natural product lamellarin N, and its
A-ring-modified analogues were synthesized and evaluated as potent and non-covalent
inhibitors of the drug-resistant epidermal growth factor receptor T790M/L858R mutant. An in
vitro tyrosine kinase assay indicated that the inhibitory activities of the synthetic azalamellarin
analogues were higher than those of the corresponding lamellarins. The azalamellarin analogue
bearing two 3-(dimethylamino)propoxy groups at C20- and C21-positions exhibited the highest
activity and selectivity against the mutant kinase [ICso (T790M/L858R) = 1.7 nM; ICso (WT) =
4.6 nM]. The inhibitory activity was attributed to the hydrogen bonding interaction between the
lactam NH group of the B-ring and carbonyl group of a methionine residue.

2009 Elsevier Ltd. All rights reserved.

1. Introduction

Activating mutations in the epidermal growth factor receptor
(EGFR), a member of the ErbB family of membrane tyrosine
kinases, are responsible for causing a subset of non-small cell
lung cancer (NSCLC).! Although several activating mutations
have been identified, the most common mutations in NSCLC
patients are the L858R point mutation and the exon 19 deletions
in the kinase domain.> Cancer cells having such activating
mutations are highly dependent on EGFR signaling for survival.
Several EGFR tyrosine kinase inhibitors (EGFR-TKIs) have been
developed for treating the NSCLC patients. Initially, gefitinib®
and erlotinib* were found to be effective in NSCLC patients with
activating EGFR mutations. These first-generation EGFR-TKIs
possess a 4-anilinoquinazoline scaffold as a structural motif and
act as competitive inhibitors of ATP that bind to the ATP binding
pocket of the EGFR kinase domain. However, drug resistance
was observed within about one year because of the T790M
‘gatekeeper’ mutation, which led to an increased affinity to ATP
and, hence, an increased resistance to the first-generation EGFR-
TKIs.>*¢ To overcome the acquired drug resistance, 4-
anilinoquinazoline-based irreversible inhibitors, such as afatinib,’
dacomitinib,® and neratinib’, were developed by introducing an
appropriate Michael acceptor, which could form a covalent bond
with the SH group of the Cys797 residue. Although these second-
generation EGFR-TKIs could effectively inhibit EGFR with

activating mutations as well as those with the T790M resistance
mutation, they caused serious side effects due to a total loss of
selectivity between the wild-type EGFR (EGFR WT) and mutant
EGFR.!*"? Recently, pyrimidine-based irreversible inhibitors,
such as WZ4002," rociletinib,'* and osimertinib'’, have been
developed to target EGFRs with the T790M mutation. The
affinities of these third-generation inhibitors for EGFR mutants,
including T790M, are much higher than those for EGFR WT, and
they exhibit a promising response to resistant NSCLC in clinical
evaluations. Osimertinib was approved for the treatment of
NSCLC patients harboring EGFR T790M mutation-positive
tumors and, more recently, as a first-line therapy for untreated
EGFR mutant NSCLC.'® However, acquired resistance emerged
despite the remarkable success of osimertinib. One of the most
recognized mechanisms of osimertinib resistance and resistance
to other related irreversible inhibitors was the emergence of a
tertiary point mutation at Cys797, the site of covalent binding to
serine (C797S)." Therefore, to achieve the desired potency,
inhibitors of the EGFR triple mutants should be such that they do
not rely on covalent bond formation with Cys797.

A marine natural product, lamellarin N (1), and its analogues,
inhibit the catalytic activity of several protein kinases relevant to
cancer and neurodegenerative diseases. These kinases include
cyclin-dependent kinases (CDKs), glycogen synthase kinase-3
(GSK-3), Pim-1 proto-oncogene serine/threonine kinase (PIM1),



and dual-specificity tyrosine phosphorylation regulated kinase
1A (DYRKI1A)."*"® Recently, we designed, synthesized, and
examined A-ring-modified analogues of 1 as non-covalent
inhibitors of the EGFR T790M/L858R mutant and found that
several water-soluble ammonium- or guanidinium-tethered
analogues exhibited good inhibitory activities in the EGFR
tyrosine kinase assay.? In particular, lamellarin-class analogue 2
bearing 3-(dimethylamino)propoxy groups at C20- and C21-
positions exhibited the most potent and selective inhibition
against the EGFR T790M/L858R mutant [ICso (WT) = 31.8 nM;
ICso (T790M/L858R) = 8.9 nM] (Fig. 1). However, we thought
that the inhibitory activity of 2 must be improved further,
because the affinity of the EGFR T790M/L858R mutant to ATP
is extremely high.®* We speculated that an additional hydrogen
bonding or electrostatic interaction between an amino acid
residue at the ATP binding pocket of the mutant EGFR and A-
ring-modified analogues of 1 could increase the affinity of the
mutant EGFR to the analogues.

lamellarin N (1)

lamellarin-class EGFR-TKI 2

EGFR (WT) ICs, >1000 nM EGFR (WT) ICs = 31.8 nM

EGFR (T790M/L858R) IC5, >1000 nM EGFR (T790M/L858R) IC5, = 8.9 nM
Water solubility <0.01 mg/mL Water solubility = 41 mg/mL

Fig. 1. Generation of lamellarin-class EGFR-TKI 2.%°

In 2010, Thasana and coworkers reported the synthesis and
biological evaluation of a series of newly designed azalamellarins
in which the lactone ring (B-ring) of lamellarins was substituted
with a lactam ring.*! Although azalamellarin D (3) exhibited
lower cytotoxicity than lamellarin D (4), it maintained a high
level of activity at a submicromolar range against several cancer
cell lines such as HuCCA-1, A549, HepG2, and MOLT-3 (Fig.
2). The lactam NH moiety of 3 was considered responsible for its
cytotoxicity, because N-allylated or N-propylated azalamellarin
analogues were much less cytotoxic than 3. Later, Chittchang and
coworkers synthesized lamellarins N (1) and D (4) and
azalamellarins N (5) and D (3) and evaluated their GSK-38
inhibitory activities (Fig. 2).**> Interestingly, replacing lactone
ring B with a lactam ring increased the GSK-3f inhibitory
activity markedly (1 vs 5 and 4 vs 3); azalamellarin N (5) was
found to be more potent than azalamellarin D (3). In addition, the
inhibitory activity of the lamellarins against GSK-3 was
dependent on the ATP concentration. However, increasing the
ATP concentrations up to 1 mM did not affect the inhibitory
activities of the azalamellarins, suggesting that the lactam
analogues could be ATP-non-competitive inhibitors.

R1o MeO OH
Wols
MeO. / \\_NH

IS
HO™ X"\~

azalamellarin D (3) (R' = H, R% = Me)
azalamellarin N (5) (R' = Me, R? = H)

Fig. 2. Structures of azalamellarins D (3) and N (5) and lamellarin D (4)

lamellarin D (4)

Based on the abovementioned studies, we speculated that A-
ring-modified azalamellarin N analogues would exhibit more
potent activities against EGFR tyrosine kinases than the
corresponding A-ring-modified lamellarin N analogues. In this
paper, we report the synthesis and evaluation of azalamellarin N
(5) and its A-ring-modified analogues 6-10 (Fig. 3).

2)3 Azalamellarin X Y
6 OMe OMe
7 O(CH,)3N*HMe, OMe
NH 8 O(CH,)sN*HMe, OH
9 OH O(CHy)3sN*HMe,
10 O(CHy)3sN*HMe, O(CH,)sN*HMe,

Fig. 3. A-ring-modified azalamellarin N analogues designed to target EGFR
tyrosine kinases.

2. Results and discussion
2.1. Synthesis

Recently, we successfully synthesized lamellarin N (1) and its
A-ring-modified analogues via cross-coupling of the common
tricyclic intermediate 11 (CDEF-ring of the lamellarin core) with
various 2-(methoxymethoxy)phenylboronic acids bearing alkoxy
functionalities at C4- and C5-positions.?*?> Thus, we speculated
that azalamellarin N and its A-ring-modified analogues 5-10
could also be accessed via a similar route for the synthesis of A-
ring-modified lamellarin N analogues. Cross-coupling of 11 with
2-(tert-butoxycarbonylamino)phenylboronic acid pinacol esters
12 would be the key step in this synthesis (Scheme 1).
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Scheme 1. Retrosynthetic analysis of azalamellarins.

The key common tricyclic intermediate 11 was synthesized in
eight steps from readily available 2,5-dibromo-1-(tert-
butoxycarbonyl)-1H-pyrrole (13) using a procedure established

in our laboratories (Scheme 2).2%%
MeO
i-PrO O
Br
ﬂ\ 8-steps MeO /A
Br N7 TBr T 479% overall yield O N~ ~CO:Me
Boc refs. 20 and 23 i-PrO _
13 11

Scheme 2. Synthesis of tricyclic intermediate 11.

Three types of 2-(tert-butoxycarbonylamino)phenylboronic
acid pinacol esters 12a—c were synthesized via cross-coupling of
4,5-dialkoxy-2-(tert-butoxycarbonylamino)phenyl bromides
14a—c with pinacol borane (Scheme 3).2* Treatment of bromides
14a—c with 3.0 equiv of pinacol borane in the presence of



5 mol% of PdCl,(dppf) and 4.0 equiv of Et;N under reflux in 1,4-
dioxane gave 12a—c in good yields.
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Br a I,3
HNBoc >§/O

14a: R'=Bn, R2=Me 12a: R'=Bn, R2=Me

14b: R'=R%=Me 12b: R'=R%=Me

14c: R'=R2=Bn 12c: R'=R2=Bn
Scheme 3. Synthesis of arylboronic acid pinacol esters 12a—c. Reagents and
conditions: (a) Pd(dppf)Cl2:CH:Cla (5 mol%), pinacol borane (3.0 equiv),
EtsN (4.0 equiv), 1,4-dioxane, reflux, 1-1.5h (12a: 67%, 12b: 84%, 12c:
76%).

HNBoc

With the key common tricyclic intermediate 11 and
arylboronic acid pinacol esters 12 in hand, we proceeded for the
conversion to azalamellarin core (Scheme 4). Suzuki-Miyaura
cross-coupling of 11 with 12a—c in the presence of Pd(PPh;), as a
catalyst gave products 15a—c in good yields. Subsequent
treatment of 15a—c with tetrabutylammonium fluoride (TBAF)
led to the removal of the N-Boc group and induced lactamization
to give 16a—c in good yields.?

1 12a-c
a MeO
i-PrO
15a: R'=Bn, R2=Me
15b: R'=R2=Me
15¢c: R'=R2=Bn
MeQO RZO OR1
o)
b
MeO [\ NH

16a: R'=Bn, R2=Me

16b: R'=R?=Me

16¢: R'=R2=Bn
Scheme 4. Synthesis of O-protected azalamellarins 16a—c. Reagents and
conditions: (a) Pd(PPhs)s (11 mol%), 12 (1.7 equiv), Na2CO; (7.3 equiv),
DME, water, 85°C, 24h (15a: 91%, 15b: 88%, 15¢c: 93%); (b) TBAF
(5.0 equiv), THF, 65 °C, 19 h (16a: 91%, 16b: 85%, 16¢: 89%).

Next, the O-isopropyl and/or O-benzyl groups of 16a—c were
removed (Scheme 5). Both the isopropyl and benzyl protecting
groups in 16a and 16b were simultaneously removed upon
treatment with BCl; in dichloromethane (DCM) to afford fully
deprotected azalamellarins 5 and 6.2° The spectroscopic data of
compound 5 are in good agreement with the previously reported
data.?? Although we attempted the deprotection of 16¢, the
desired product was not obtained. The O-benzyl groups of 16a
and 16c¢ could be selectively removed upon hydrogenolysis over
Pd-C using HCO,NH, as a hydrogen source, affording 17a and
17b in 99% and 97% yields, respectively.?’

With the selectively debenzylated azalamellarins 17a and 17b
in hand, we proceeded for their conversion to 3-
(dimethylamino)propylated analogues (Scheme 6). When 17a
was reacted with 2 equiv of 3-(dimethylamino)propyl chloride
hydrochloride in acetone in the presence of 10 equiv of K,COs,
compound 18 was obtained in 59% yield. Treatment of 17b with
1.5 equiv of 3-(dimethylamino)propyl chloride hydrochloride in
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Scheme 5. Removal of O-protecting groups. Reagents and conditions: (a)
BCls, DCM, =78 °C, 0.5 h then rt, 3 h (5: 84%, 6: 83%); (b) HCO2NHa,
10% Pd-C, EtOAc, EtOH, reflux, 0.5-1 h (17a: 99%, 17b: 97%)).
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acetone in the presence of 6 equiv of K,CO; afforded 20-O-
alkylated 19, 21-O-alkylated 20, and 20-O,21-O-dialkylated 21 in
56%, 23%, and 4% yields, respectively, after chromatographic
purification. Increasing the amounts of the alkylating agent to 2.4
equiv increased the yield of 21 to 28% and decreased the yield of
19 to 39% yield. The O-isopropyl protecting group in 18, 19, 20,
and 21 were easily removed upon treatment with AlICl; at room
temperature for 3 d, without affecting the 3-
(dimethylamino)propoxy and methoxy groups.”® The deprotected
azalamellarins 7, 8, 9, and 10 were purified using a Sephadex
LH-20 column and isolated as trifluoroacetate salts.

2.2. In vitro kinase assay

Kinase inhibitory activities of azalamellarins 5-10 were
evaluated by enzyme-linked immunosorbent assays using the
recombinant kinase domains of EGFR WT and EGFR
T790M/L858R mutant.” Approved EGFR-TKIs, gefitinib and
afatinib, were used as the positive controls. The half-maximal
inhibitory concentration (ICso) of the tested compounds are listed
in Table 1. The ICsy values of azalamellarin N (5) and its 20-O-
methyl analogue 6 for EGFR inhibition were in the
submicromolar range, whereas the corresponding lamellarin N
analogues were found to be inactive at concentrations lower than
1000 nM (entries 1 and 2).*° Introduction of a 3-
(dimethylamino)propyl group into 20-O position of 5 (i.e.,
compound 7) resulted in considerably increased inhibitory
activities (entry 3). The inhibitory activities of compound 8 with
21-hydroxy and 20-[3-(dimethylamino)propoxy]| groups were
slightly lower than those of 7 (entry 4). Transposition of the 20-
and 21-substituents (X and Y) in 8 had a minor effect on the
activities (entry 5). The activities of azalamellarin analogue 10
bearing 3-(dimethylamino)propoxy groups at C20- and C21-
positions were higher than those of the corresponding
monopropoxy azalamellarins and the corresponding lamellarin
analogue 2 (entry 6). Overall, the inhibitory activities of the
azalamellarins against EGFR were higher than those of the
corresponding lamellarins,? indicating that the lactam NH group
is an essential structural unit to potentiate the kinase inhibitory
activities. Furthermore, inhibitory activities of all the
azalamellarin analogues against EGFR T790M/L858R were
higher than those against EGFR WT.

To verify whether azalamellarin compounds functioned as
ATP-competitive or non-competitive inhibitors, kinase inhibition



rates were determined using azalamellarins 5-10 (1 pM) and are summarized in Table 2. In the case of compounds 5 and 6,
three ATP concentrations (10, 100, and 1,000 uM). The results the inhibition rate against EGFR WT and T790M/L858R mutant
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Scheme 6. Synthesis of A-ring-modified azalamellarin N analogues 7, 8, 9, and 10. Reagents and conditions: (a) CI(CH2);sNMez'HCI (2.0 equiv), K2COs
(10 equiv), acetone, reflux, 20 h (59%); (b) (1) AICl;, DCM, rt, 72 h, (2) TFA (7: quant, 8: 94%, 9: 95%, 10: 97%); (c) CICH2CH2CH2NMe, HCI (1.5 equiv),
K>COs (6.0 equiv), acetone, reflux, 22 h (19: 56%, 20: 23%, 21: 4%); (d) CI(CHz2);NMez-HCl (2.4 equiv), K2COs (5.0 equiv), acetone, reflux, 20 h (19: 39%, 21:
28%).

Table 1
Inhibitory activities of A-ring-modified azalamellarin N analogues 5-10 against EGFR WT and EGFR T790M/L858R mutant kinase domains.*
Entry Compound X Y ICso (nM)
WT T790M/L858R

1 5 OH OMe 307.7 134.8
2 6 OMe OMe 259 65.3
3 7 O(CH2);NMe: - TFA OMe 15.5 5.7
4 8 O(CH:);NMe: - TFA OH 24.7 10.2
5 9 OH O(CH:);NMe: - TFA 23.6 16.6
6 ] 0 OCH)NMe TFA OCH)NMe: TFA 4 T
7 gefitinib - - 4.0 >1000
8 afatinib — — <1.0 3.8
* ICso values were determined at an ATP concentration of 10 pM.
Table 2
Effect of ATP concentrations on the inhibition potential of azalamellarin analogues 5-10 against EGFR WT and EGFR T790M/L858R mutant kinase domains®
Compound EGFR WT (% inhibition®) EGFR T790M/L858R (% inhibition®)

ATP (10 uM) ATP (100 uM) ATP (1,000 pM) ATP (10 uM) ATP (100 uM) ATP (1,000 pM)
5 79.4 18.1 4.2 88.9 18.9 5.5
6 71.5 14.1 0.6 92.7 37.8 16.9
7 83.3 19.4 4.7 99.1 69.9 0¢
8 83.2 26.9 7.4 99.0 71.5 0°
9 84.9 27.8 9.1 99.1 91.5 14.3
10 87.7 33.2 12.8 97.8 84.9 13.3

# Inhibition rates obtained using 1 uM of azalamellarin N analogues and three concentrations of ATP (10, 100, and 1,000 uM).
b Percentage (%) of inhibition is represented as the mean value of two independent experiments.
¢ In case of a negative value, it was considered to be zero.



decreased proportionally to increasing ATP concentrations. In
contrast, in the case of compounds 7-10, the inhibition rate
against EGFR T790M/L858R mutant at 100 pM ATP was
maintained compared with that against EGFR WT, which was
significantly low; nonetheless, the inhibition rate of both EGFR
WT and T790M/L858R mutant decreased significantly at the
highest ATP concentration used. Collectively, these results
suggest that azalamellarin compounds can inhibit both EGFR
WT and T790M/L858R mutant in an ATP-competitive manner.

2.3. Docking analysis

To rationalize the effects of B-ring moiety and A-ring-
substituents X and Y on the kinase inhibitory activity, docking
simulations of compounds 1, 5, 7, and 10 in the ATP-binding
pocket of EGFR T790M/L858R/V948R were performed using
the published X-ray crystallographic data for the
T790M/L858R/V948R  kinase—gefitinib complex*® [PDB ID:
4122]. An additional V948R mutation was introduced to prevent
dimerization of the T790M/L858R kinase during crystallization.
This mutation had virtually no influence on the structure or
activity of the T790M/L858R kinase, except the changes
observed in the monomeric state in solution. Gefitinib in the
ATP-binding pocket of the kinase was replaced with each ligand,
and docking poses were predicted using the Autodock Vina
program.*!*? Plausible binding models and their binding affinities
are represented in Fig. 4. In the EGFR—lamellarin N (1) complex
model, the planar pentacyclic core (ABCDE-ring) of 1 occupied
the ATP-binding pocket in such a way that the A-ring was
directed to the solvent channel (entrance region) and the E-ring
was oriented to the specificity (back) pocket. The F-ring, which
was perpendicularly connected to the pentacyclic core, was
situated at the ribose-binding site. The lactone carbonyl (C=0)
group of the B-ring formed a hydrogen bond with the NH group
of Met793 located in the hinge region. The phenolic OH group at
C8 also formed a hydrogen bond with the side chain carboxylate
group of Lys745 in the conserved catalytic salt bridge (Lys745—
Asp855). Another phenolic OH at C13 of the F-ring was directed
downward and formed an additional hydrogen bond with C=0 of
Arg841 in the A-loop. The predicted binding mode of 1 in this
study was substantially similar to that reported using a different
docking program.” The binding mode of the EGFR-
azalamellarin N (5) complex model was similar to that of the
corresponding EGFR-lamellarin N (1) complex model. The
lactam NH group of the B-ring formed an additional hydrogen
bond with C=0O of Met793. This could explain the higher
inhibitory activity and affinity energy of 5 compared to that of 1.
Each 3-(dimethylamino)propoxy group at the C20-position of 7
and 10 was embedded in the negatively charged small pocket in
the entrance region surrounded by stem chain C=O of Phe795
and side chain carboxylate groups of both Asp800 and Glu804.
The ammonium group was involved in hydrogen bonding and/or
ionic interactions with the side-chain carboxylate group of
Glu804. The higher activities of 10 compared to that of 7 implied
that 3-(dimethylamino)propoxy group at the C21-position of 10
could form an additional hydrogen bond with Asp800. Although
compounds 7 and 10 exhibited remarkably higher inhibitory
activity than compounds 1 and 5, their affinity energy was
estimated to be lower than those of 1 and 5. One possible reason
for this poor correlation between activity and affinity may be
attributed to the fact that 1 and 5 are neutral compounds, whereas
compounds 7 and 10 are positively charged owing to their 3-
(dimethylamino)propoxy group(s). Since the scoring function
used in the Autodock Vina program does not explicitly consider
the hydrogen atoms or partial charges for atoms,’' it may be
difficult to compare the affinity energies between uncharged and
charged compounds.

2.4. Proliferation assay

Lastly, a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay was performed to determine the effects of
azalamellarin analogues 5, 7, and 10 on the proliferation of two
kinds of NSCLC cell lines, i.e., A549 and NCI-H1975 harboring
the EGFR WT and T790M/L858R mutation.?’ The ICs, values of
the tested compounds are summarized in Table 3. All three
compounds exhibited lower ICsy values in NCI-H1975 than in
A549 cells, indicating that they selectively inhibited EGFR
T790M/L858R rather than the WT genotype cells. Additionally,
compound 5 showed markedly more potent cytotoxicity than
compounds 7 and 10, which may be caused by its multi-targeting
property. Indeed, lamellarin N (1), the parent compound of §, is a
potent inhibitor of topoisomerase I and a variety of protein
kinases. 81922

Table 3
Cytotoxicity of azalamellarin N analogues 5, 7, and 10 against A549 and
NCI-H1975 cells.

Compound ICso (LM)
A549 NCI-H1975
5 0.0155 0.0019
7 1.04 0.35
10 2.04 1.36

3. Conclusion

Azalamellarin N (5) and its A-ring-modified analogues 6—10
were synthesized and evaluated as non-covalent inhibitors of the
EGFR T790M/L858R  mutant. Analogues bearing 3-
(dimethylamino)propoxy group(s) at the C20- and/or C21-
position(s) exhibited good inhibitory activity against the WT and
mutant EGFR, with ICsy values in the low, nanomolar range. In
addition, azalamellarins selectively inhibited the EGFR
T790M/L858R mutant over the EGFR WT and functioned as
ATP-competitive inhibitors. Docking studies revealed that the
higher inhibitory activities of the azalamellarin N analogues
compared to the corresponding lamellarin N analogues were
attributable to the additional hydrogen bonding interaction
between the lactam NH group of the B-ring and C=0 of Met793.
Moreover, azalamellarins 5, 7, and 10 selectively inhibit the
proliferation of EGFR T790M/L858R mutant cells over EGFR
WT cells. Further biological evaluations of these azalamellarins
are currently in progress in our laboratories.

4. Experimental section
4.1. Synthesis

Melting points were determined using the Yanagimoto micro
melting point apparatus and are uncorrected. IR spectra were
obtained with a Thermo Nicolet Nexus 670 NT FT-IR instrument
and are reported in terms of the absorption frequency (cm™).
NMR spectra were recorded on a JEOL JNM-AL400 instrument
(400 MHz for 'H and 100 MHz for "*C) or a Varian NMR
System 500PS SN instrument (500 MHz for 'H and 126 MHz for
13C). Chemical shifts for '"H NMR are expressed in parts per
million (ppm) relative to CDCl; (tetramethylsilane, & 0.0 ppm)
and DMSO-ds (DMSO, 6 2.50 ppm) internal standards. '"H NMR
spectral data are reported as follows: chemical shift (6 ppm),
multiplicity (s = singlet, d = doublet, dd = double doublet, t =
triplet, sep = septet, m = multiplet, br s = broad singlet), coupling
constant (Hz), and integration. Chemical shifts for 1*C NMR are
expressed in ppm relative to CDCl; (tetramethylsilane, o
0.0 ppm) and DMSO-ds (DMSO-ds, 6 39.52 ppm) internal
standards. High-resolution mass spectra (HRMS) were recorded
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Fig. 4. Plausible binding modes of 1, 5, 7, and 10 in the ATP-binding pocket of EGFR T790M/L858R/V948R. (A) Side view from the entrance region (region
surrounding the ATP-binding pocket is shown by an electrostatic potential map). (B) Side view from the entrance region. (C) Top view from the N-terminal lobe.

on a JEOL JMS-T100TD (direct analysis in real-time mass
spectrometry, DARTMS) instrument or a JEOL JMS-700N (fast
atom bombardment mass spectrometry, FABMS) instrument.
Column chromatography was performed using silica gel 60N
(63-210 um, Kanto Chemical Co., Inc.), Chromatorex Diol
MB100-75/200 (Fuji Silysia Chemical Ltd.), or Sephadex LH-20
(GE Healthcare Life Sciences). Flash chromatography was
performed using Chromatorex NH-DM2035 (Fuji Silysia
Chemical Ltd.).

4.2. Synthesis of arylboronic acid pinacol esters 12a—c

4.2.1. tert-Butyl N-[5-(benzyloxy)-4-methoxy-2-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl]carbamate (12a)

Under an argon atmosphere, a mixture of 14a (1.01 g,
2.46 mmol),  pinacol  borane  (1.06 mL,  7.37 mmol),
Pd(dppf)Cl,'CH,Cl, (100 mg, 0.123 mmol), triethylamine
(1.37 mL, 9.83 mmol), and 1,4-dioxane (14 mL) was refluxed for
1.5 h. After cooling to room temperature, the mixture was added
saturated aqueous NH4Cl and evaporated. The product was
extracted with DCM and the extract was washed with water and
brine, dried over Na,SOs4, and evaporated. The residue was
purified by column chromatography over silica gel 60N (hexane—
ethyl acetate = 7:1) to give 12a as a colorless solid (756 mg,
67%). Recrystallization from Et,O-hexane gave colorless
powder. Mp 128.5-129.5 °C. IR (KBr): 3367, 1725, 1613, 1529,
1365, 1311, 1237, 1169 cm™. 'H NMR (400 MHz, CDCl): &
1.35 (s, 12H), 1.52 (s, 9H), 3.86 (s, 3H), 5.19 (s, 2H), 7.18 (s,
1H), 7.27-7.32 (m, 1H), 7.33-7.39 (m, 2H), 7.47-7.51 (m, 2H),



8.02 (brs, 1H), 8.63 (br s, 1H). *C NMR (100 MHz, CDCl3): &
24.8, 28.4, 56.4, 70.4, 79.5, 83.9, 103.5, 118.3, 127.8, 127.8,
128.4, 136.7, 140.6, 143.9, 151.8, 153.2. HRDARTMS m/z.
Calcd for CysH34BNOg (M¥): 455.2479. Found: 455.2485.

4.2.2. tert-Butyl N-[4,5-dimethoxy-2-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)phenyl]carbamate (12b)

According to the procedure described for the preparation of
12a, 14b (7.18 g, 21.6 mmol), pinacol borane (9.40 mL,
65.4 mmol), and Pd(dppf)Cl,-CH,Cl, (885 mg, 1.08 mmol) were
reacted for 1h. After purification by column chromatography
over silica gel 60N (hexane—ethyl acetate = 5:1), 12b was
obtained as a colorless solid (6.88 g, 84%). Recrystallization
from Et,0O-hexane gave colorless powder. Mp 90-91 °C.
IR (KBr): 3369, 1727, 1532, 1363, 1166, 1139 cm™'. '"H NMR
(400 MHz, CDCls): 6 1.35 (s, 12H), 1.52 (s, 9H), 3.88 (s, 3H),
3.94 (s, 3H), 7.15 (s, 1H), 7.93 (br s, 1H), 8.67 (br s, 1H). *C
NMR (100 MHz, CDCls): & 24.9, 28.4, 55.8, 56.1, 79.6, 84.0,
101.9, 117.3, 140.8, 143.5, 152.4, 153.2. HRDARTMS m/z.
Calcd for C19H30BNOg (M¥): 379.2166. Found: 379.2169.

4.2.3.  tert-Butyl N-[4,5-bis(benzyloxy)-2-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)phenyl]carbamate (12¢)

According to the procedure described for the preparation of
12a, 14¢ (2.00g, 4.13 mmol), pinacol borane (1.79 mL,
12.4 mmol), and Pd(dppf)Cl,-CH,Cl, (169 mg, 0.206 mmol)
were reacted for 1h. After purification by column
chromatography over silica gel 60N (hexane—ethyl acetate = 7:1),
12¢ was obtained as a colorless solid (1.66g, 76%).
Recrystallization from Et,O-hexane gave colorless powder. Mp
150.5-151.5 °C. IR (KBr): 3354, 1714, 1611, 1533, 1372, 1238,
1140 cm™'. "H NMR (400 MHz, CDCl3): §1.35 (s, 12H), 1.53 (s,
9H), 5.07 (s, 2H), 5.19 (s, 2H), 7.27-7.38 (m, 6H), 7.33 (s, 1H),
7.42-7.46 (m, 2H), 7.47-7.51 (m, 2H), 8.05 (br s, 1H), 8.66 (brs,
1H). *C NMR (100 MHz, CDCls): §24.8, 28.4, 70.4, 72.4, 79.6,
84.0, 103.9, 123.0, 127.6, 127.6, 127.7, 128.3, 128.4, 136.9,
137.7, 141.5, 143.1, 153.1, 153.2. HRDARTMS m/z. Calcd for
C31H3sBNOg (M"): 531.2792. Found: 531.2773.

4.3. Synthesis of O-protected azalamellarins 16a—c

4.3.1. Methyl 2-[4-(benzyloxy)-2-(tert-butoxycarbonylamino)-5-
methoxyphenyl]-8-isopropoxy-1-(3-isopropoxy-4-
methoxyphenyl)-9-methoxy-pyrrolo[2, 1-afisoquinoline-3-
carboxylate (15a)

Under an argon atmosphere, a mixture of 11 (100 mg,
0.180 mmol), 12a (137 mg, 0.302 mmol), Pd(PPhs)s (23.2 mg,
20.1 pmol), Na,COs (141 mg, 1.33 mmol), DME (5.0 mL), and
degassed water (0.5 mL) was heated in a sealed tube at 85 °C for
24 h. After cooling to room temperature, the mixture was
evaporated and the product was extracted with DCM. The extract
was washed with water and brine, dried over Na,SO4, and
evaporated. The residue was purified by column chromatography
over silica gel 60N (hexane—ethyl acetate = 3:1-1:2) to give 15a
as a pale yellow semisolid (131 mg, 91%). IR (KBr): 3421, 1725,
1685, 1533, 1486, 1373, 1156, 1122 cm™. 'H NMR (500 MHz,
DMSO-ds): 6 1.02 (d, J = 6.1 Hz, 1.67H), 1.10 (d, J = 6.1 Hz,
1.67H), 1.13 (d, J = 6.1 Hz, 1.33H), 1.17 (d, J = 6.1 Hz, 1.33H),
1.30 (d, J = 6.1 Hz, 6H), 1.37 (s, 9H), 3.29 (s, 1.33H), 3.30 (s,
1.67H), 3.49 (s, 1.67H), 3.53 (s, 1.33H), 3.54 (s, 1.67H), 3.57 (s,
1.33H), 3.72 (s, 1.33H), 3.74 (s, 1.67H), 4.28 (sep, J = 6.1 Hz,
0.56H), 4.44 (sep, J = 6.1 Hz, 0.44H), 4.71 (sep, J = 6.1 Hz, 1H),
4.92-5.01 (m, 2H), 6.56 (s, 0.56H), 6.75 (s, 0.44H), 6.86-7.10
(m, 4H), 7.18 (d, J = 7.6 Hz, 0.56H), 7.19 (d, J = 7.6 Hz, 0.44H),
7.23-7.47 (m, 7H), 7.64 (s, 0.44H), 7.89 (s, 0.56H), 9.21 (d, J =
7.6 Hz, 0.56H), 9.23 (d, J = 7.6 Hz, 0.44H). *C NMR (126 MHz,

DMSO-dy): 621.5,21.7,21.7,21.7,21.7, 21.7, 21.8, 21.8, 28.1,
50.8, 50.9, 54.3, 54.4, 55.5, 55.5, 55.6, 59.7, 69.8, 70.0, 70.1,
70.1, 78.5, 78.5, 104.8, 108.2, 109.1, 110.2, 110.3, 111.7, 112.0,
112.1, 112.3, 112.4, 114.8, 115.1, 118.8, 118.8, 118.8, 118.9,
119.7, 120.4, 122.7, 122.7, 123.0, 123.0, 123.6, 124.5, 127.7,
127.9, 127.9, 128.0, 128.3, 129.9, 129.9, 130.0, 130.4, 131.0,
131.1, 137.0, 144.2, 144.3, 146.3, 146.4, 146.4, 146.4, 147.0,
147.1, 149.0, 149.1, 149.4, 1494, 153.0, 153.3, 161.6.
HRDARTMS m/z. Caled for C47Hs3N2O49 [(M+H)']: 805.3700.
Found: 805.3715.

4.3.2. Methyl 2-[2-(tert-butoxycarbonylamino)-4,5-
dimethoxyphenyl]-8-isopropoxy-1-(3-isopropoxy-4-
methoxyphenyl)-9-methoxy-pyrrolo[2, 1-afisoquinoline-3-
carboxylate (15b)

According to the procedure described for the preparation of
15a, 11 (100 mg, 0.180 mmol) and 12b (114 mg, 0.301 mmol)
were reacted. After purification by column chromatography over
silica gel 60N (hexane—ecthyl acetate = 3:1-1:1), 15b was
obtained as a pale yellow semisolid (115 mg, 88%). IR (KBr):
3420, 1726, 1686, 1533, 1486, 1375, 1208, 1158 cm™'. 'H NMR
(500 MHz, DMSO-ds): 61.02 (d, J= 6.1 Hz, 1.72H), 1.09 (d, J =
6.1 Hz, 1.72H), 1.11 (d, J = 6.1 Hz, 1.28H), 1.16 (d, J = 6.1 Hz,
1.28H), 1.30 (d, J = 6.1 Hz, 6H), 1.37 (s, 9H), 3.29 (s, 1.28H),
3.29 (s, 1.72H), 3.48 (s, 1.72H), 3.53 (s, 1.28H), 3.53 (s, 1.72H),
3.56 (s, 1.28H), 3.69 (s, 1.72H), 3.70 (s, 1.28H), 3.71 (s, 1.28H),
3.74 (s, 1.72H), 4.26 (sep, J = 6.1 Hz, 0.57H), 4.43 (sep, J =
6.1 Hz, 0.43H), 4.70 (sep, J = 6.1 Hz, 1H), 6.52 (s, 0.57H), 6.71
(s, 0.43H), 6.85-7.17 (m, 4H), 7.18 (d, J = 7.6 Hz, 0.57H), 7.18
(d, J=17.6 Hz, 0.43H), 7.34 (s, 1H), 7.35 (br s, 0.43H), 7.44 (br s,
0.57H), 7.60 (br s, 0.43H), 7.85 (s, 0.57H), 9.20 (d, J = 7.6 Hz,
0.57H), 9.23 (d, J = 7.6 Hz, 0.43H). *C NMR (126 MHz,
DMSO-dy): 621.6,21.7,21.7,21.7, 21.8, 21.8, 21.8, 25.0, 28.1,
50.8, 50.9, 54.4, 54.4, 55.2, 55.3, 55.4, 55.5, 55.5, 55.6, 69.8,
70.1, 70.1, 73.5, 78.5, 78.5, 104.8, 106.4, 107.4, 110.2, 110.3,
111.7, 112.0, 112.1, 112.3, 112.3, 112.4, 1124, 114.6, 114.8,
118.8, 118.8, 1189, 118.9, 118.9, 119.0, 119.7, 119.8, 122.7,
122.7, 123.0, 123.0, 123.6, 124.5, 127.7, 127.9, 128.1, 129.9,
129.9, 130.0, 130.3, 130.4, 131.1, 131.1, 134.0, 143.8, 143.9,
146.4, 146.4, 147.1, 147.1, 147.1, 147.2, 149.0, 149.1, 149.4,
153.0, 153.3, 161.6. HRDARTMS m/z. Caled for Cs4Hs9N,O10
[(M+H)"]: 729.3387. Found: 729.3358.

4.3.3. Methyl 2-[4,5-bis(benzyloxy)-2-(tert-
butoxycarbonylamino)phenyl]-8-isopropoxy-1-(3-isopropoxy-4-
methoxyphenyl)-9-methoxy-pyrrolo[2, 1-afisoquinoline-3-
carboxylate (15¢)

According to the procedure described for the preparation of
15a, 11 (200 mg, 0.359 mmol) and 12¢ (321 mg, 0.603 mmol)
were reacted. After purification by column chromatography over
silica gel 60N (hexane—ethyl acetate = 3:1), 15¢ was obtained as
a pale yellow semisolid (294 mg, 93%). IR (KBr): 3418, 1726,
1685, 1507, 1486, 1372, 1224, 1155 ¢cm™. 'H NMR (500 MHz,
DMSO-ds): 6 1.03 (d, J = 6.0 Hz, 1.65H), 1.09 (d, J = 6.0 Hz,
1.35H), 1.10 (d, J = 6.0 Hz, 1.65H), 1.15 (d, J = 6.0 Hz, 1.35H),
1.30 (d, J = 6.0 Hz, 6H), 1.37 (s, 4.95H), 1.37 (s, 4.05H), 3.30 (s,
3H), 3.48 (s, 1.35H), 3.51 (s, 1.65H), 3.71 (s, 1.35H), 3.72 (s,
1.65H), 4.28 (sep, J = 6.0 Hz, 0.55H), 4.45 (sep, J = 6.0 Hz,
0.45H), 4.70 (sep, J = 6.0 Hz, 1H), 4.72 (d, J = 12.2 Hz, 0.55H),
4.78 (d, J = 12.0 Hz, 0.45H), 4.88 (d, J = 12.2 Hz, 0.55H), 4.96
(d, J=12.0 Hz, 0.45H), 4.97 (d, J=11.7 Hz, 0.45H), 4.99 (d, J =
11.7 Hz, 0.55H), 5.03 (d, J=11.7 Hz, 1H), 6.67 (s, 0.55H), 6.87—
7.01 (m, 4.45H), 7.18 (d, J = 7.6 Hz, 0.55H), 7.19 (d, /= 7.6 Hz,
0.45H), 7.28-7.39 (m, 10H), 7.42-7.46 (m, 2H), 7.65 (s, 0.45H),
7.84 (s, 0.55H), 9.20 (d, J = 7.6 Hz, 0.55H), 9.23 (d, J = 7.6 Hz,
0.45H). 3C NMR (126 MHz, DMSO-ds): 6 21.6, 21.7, 21.7,



21.7, 21.8, 21.8, 21.8, 28.1, 28.1, 50.8, 50.9, 54.4, 54.4, 55.6,
55.6, 69.9, 70.1, 70.1, 70.2, 70.3, 70.8, 70.8, 78.6, 78.6, 104.8,
108.8, 109.5, 110.2, 110.3, 111.8, 112.1, 112.1, 112.3, 112.4,
117.6, 117.8, 118.7, 118.8, 118.8, 118.9, 118.9, 119.9, 120.4,
122.7, 122.7, 123.0, 123.1, 123.7, 124.4, 127.4, 127.4, 127.6,
127.7, 127.8, 127.8, 128.3, 128.3, 128.3, 129.9, 130.7, 130.8,
130.9, 131.0, 137.1, 137.2, 137.3, 137.4, 143.4, 143.5, 146.4,
146.4, 147.1, 147.1, 147.1, 149.1, 149.1, 149.5, 152.9, 153.2,
161.6, 161.6. HRDARTMS m/z. Caled for Cs;Hs7N2O10
[(M+H)"]: 881.4013. Found: 881.4040.

4.3.4. 3-(Benzyloxy)-11-isopropoxy-14-(3-isopropoxy-4-
methoxyphenyl)-2, 1 2-dimethoxy-benzo[7,8]indolizino/3, 2-
cJquinolin-6(5H)-one (16a)

Under an argon atmosphere, a mixture of 15a (600 mg,
0.745 mmol), TBAF (1.0M solution in THF, 3.70 mL,
3.70 mmol), and THF (30 mL) was heated in a sealed tube at
65 °C for 19 h. After cooling to room temperature, the reaction
mixture was quenched with water and evaporated. The
precipitate thus formed was collected by filtration, washed with
water and MeOH, and dried under reduced pressure to give 16a
as a pale brown powder (458 mg, 91%). Recrystallization from
DCM-hexane gave a pale brown powder. Mp 292-295 °C. IR
(KBr): 1652, 1489, 1430, 1262, 1222, 1192cm™'. '"H NMR
(500 MHz, CDCl3): 6 1.34 (d, J = 6.1 Hz, 3H), 1.34 (d, J =
6.1 Hz, 3H), 1.43 (d, J = 6.1 Hz, 3H), 1.44 (d, J = 6.1 Hz, 3H),
3.42 (s, 3H), 3.46 (s, 3H), 3.93 (s, 3H), 4.53 (sep, J = 6.1 Hz,
1H), 4.68 (sep, J = 6.1 Hz, 1H), 5.22 (s, 2H), 6.76—6.88 (m, 2H),
7.00-7.30 (m, 9H), 7.43-7.47 (m, 2H), 9.44 (br s, 1H), 11.05 (br
s, 1H). *C NMR (126 MHz, CDCly): § 21.9, 22.0, 22.0, 55.1,
55.3, 56.4, 70.8, 71.1, 71.2, 101.3, 105.7, 105.8, 110.5, 110.6,
110.7, 112.6, 112.9, 118.4, 119.3, 123.7, 124.2, 124.5, 127.4,
128.0, 128.6, 128.6, 129.4, 130.6, 132.3, 136.6, 145.2, 147.8,
148.1, 148.2, 149.8, 150.0, 156.5. HRDARTMS m/z. Calcd for
C4HaN,O7 [(M+H)"]: 673.2914. Found: 673.2939.

4.3.5. 11-Isopropoxy-14-(3-isopropoxy-4-methoxyphenyl)-2,3,12-
trimethoxy-benzo[7,8]indolizino[3,2-c]quinolin-6(5H)-one (16b)

According to the procedure described for the preparation of
16a, 15b (620 mg, 0.850 mmol) was reacted to give 16b as a pale
yellow powder (430 mg, 85%). Recrystallization from DCM-
hexane gave a colorless powder. Mp >300 °C. IR (KBr): 1646,
1510, 1434, 1265, 1224 cm™’. '"H NMR (500 MHz, CDCl3): &
1.35 (d, J = 6.1 Hz, 6H), 1.43 (d, J = 6.1 Hz, 6H), 3.45 (s, 3H),
3.47 (s, 3H), 3.96 (s, 3H), 3.99 (s, 3H), 4.54 (sep, J = 6.1 Hz,
1H), 4.69 (sep, J = 6.1 Hz, 1H), 6.90 (s, 1H), 6.94 (d, J = 7.4 Hz,
1H), 6.94 (s, 1H), 7.10 (s, 1H), 7.16 (d, J = 8.1 Hz, 1H), 7.17 (d,
J=1.7Hz, 1H), 7.20 (s, 1H), 7.22 (dd, J= 1.7 and 8.1 Hz, 1H),
9.59 (d, J = 7.4 Hz, 1H), 10.58 (br s, 1H). *C NMR (126 MHz,
CDCl): 6 21.9, 22.0, 55.1, 55.3, 56.0, 56.4, 71.2, 71.2, 98.9,
105.6, 105.8, 110.5, 110.6, 110.8, 110.9, 112.8, 112.9, 118.4,
119.3, 123.6, 124.2, 124.3, 128.8, 129.4, 130.6, 132.6, 144.8,
147.9, 148.2, 149.3, 149.9, 150.0, 156.6. HRDARTMS m/z.
Calcd for C3sH37N,O7 [(M+H)™]: 597.2601. Found: 597.2612.

4.3.6. 2,3-Bis(benzyloxy)-11-isopropoxy-14-(3-isopropoxy-4-
methoxyphenyl)-12-methoxy-benzo[7,8]indolizino[3,2-
cJquinolin-6(5H)-one (16¢)

According to the procedure described for the preparation of
16a, 15¢ (655 mg, 0.744 mmol) was reacted to give 16c as a pale
yellow powder (498 mg, 89%). Recrystallization from DCM-
hexane gave a pale yellow powder. Mp 281.5-282.5°C. IR
(KBr): 1651, 1432, 1263, 1222, 1193 cm™'. 'H NMR (500 MHz,
CDCl): 61.34 (d, J= 6.1 Hz, 3H), 1.36 (d, J= 6.1 Hz, 3H), 1.43
(d, J= 6.1 Hz, 3H), 1.43 (d, J = 6.1 Hz, 3H), 3.45 (s, 3H), 3.96
(s, 3H), 4.54 (sep, J = 6.1 Hz, 1H), 4.68 (sep, J = 6.1 Hz, 1H),

4.73 (s, 2H), 5.23 (s, 2H), 6.85 (s, 1H), 6.92 (d, J = 7.4 Hz, 1H),
7.06 (s, 1H), 7.08 (s, 1H), 7.13 (d, /= 8.3 Hz, 1H), 7.13 (d, J =
1.7 Hz, 1H), 7.16 (s, 1H), 7.17 (dd, J = 1.7 and 8.3 Hz, 1H),
7.26-7.38 (m, 8H), 7.45-7.48 (m, 2H), 9.44 (br s, 1H), 9.53 (d, J
= 7.4 Hz, 1H). C NMR (126 MHz, CDCly): §21.9, 21.9, 22.0,
22.1, 552, 56.4, 70.7, 71.1, 71.2, 71.2, 101.9, 105.8, 109.2,
110.7, 110.8, 111.0, 111.1, 112.8, 112.8, 118.3, 119.3, 123.6,
124.2, 127.2, 127.3, 127.7, 128.0, 128.4, 128.4, 128.5, 128.6,
129.2, 130.7, 132.6, 136.8, 136.9, 144.5, 147.9, 148.3, 149.1,
149.9, 150.1, 156.1. HRDARTMS m/z. Calcd for C4HasN2O;
[(M+H)"]: 749.3227. Found: 749.3221.

4.4. Removal of O-protecting groups of 16a—c

44.1. 3,11-Dihydroxy-14-(3-hydroxy-4-methoxyphenyl)-2,12-
dimethoxy-benzo[7,8]indolizino[3,2-c]quinolin-6(5H)-one
(azalamellarin N, 5)

To a cooled (=78 °C) solution of 16a (30.0 mg, 44.6 pmol) in
DCM (5.0 mL), was added dropwise a solution of BCI; in
heptane (1.0 M, 0.445mL, 0.445 mmol) under an argon
atmosphere. The mixture was stirred at —78 °C for 30 min and
0°C for 3 h. The reaction was quenched by adding saturated
aqueous NaHCO; and the DCM was removed in vacuo. The
precipitated solid was filtered, washed with water, and dried in
vacuo. After purification by column chromatography over silica
gel 60N (ethyl acetate to acetone), 5 was obtained as a colorless
powder (18.6 mg, 84%). Mp >300 °C (sealed capillary) [lit.>> Mp
>290 °C]. IR (KBr): 3301, 1648, 1606, 1428, 1274, 1215 cm™.
"H NMR (500 MHz, DMSO-ds): 8 3.36 (s, 3H), 3.39 (s, 3H),
3.86 (s, 3H), 6.84 (s, 1H), 6.89 (s, 1H), 6.98-7.03 (m, 3H), 7.13
(s, 1H), 7.15 (s, 1H), 7.23 (d, J = 8.2 Hz, 1H), 9.33 (s, 1H), 9.37
(d, J= 7.4 Hz, 1H), 9.49 (s, 1H), 9.71 (s, 1H), 11.27 (s, 1H). 1*C
NMR (126 MHz, DMSO-ds) & 54.5, 54.8, 56.2, 102.3, 105.4,
105.9, 108.5, 109.7, 1104, 111.6, 112.1, 113.7, 117.7, 118.5,
122.3, 122.6, 123.9, 127.7, 128.8, 131.2, 131.4, 143.4, 147.1,
147.4, 147.7, 148.0, 1554. HRDARTMS m/z Calcd for
CysHasN,O; [(M+H)]: 499.1505. Found: 499.1502. These
physical and spectroscopic data are in good agreement with those
previously reported.?

4.4.2. 11-Hydroxy-14-(3-hydroxy-4-methoxyphenyl)-2,3,12-
trimethoxy-benzo[7,8]indolizino[3,2-c]quinolin-6(5H)-one (6)

According to the procedure described for the preparation of 5,
16b (20.0 mg, 33.5 umol) and a solution of BCl; in heptane
(1.0 M, 0.235 mL, 0.235 mmol) were reacted. After purification
by column chromatography over silica gel 60N (acetone), 6 was
obtained as a colorless powder (14.2 mg, 83%). Mp >300 °C
(sealed capillary). IR (KBr): 3409, 1652, 1604, 1492, 1431, 1271,
1205 cm™'. 'H NMR (500 MHz, DMSO-dg): § 3.34 (s, 3H), 3.39
(s, 3H), 3.78 (s, 3H), 3.86 (s, 3H), 6.87 (s, 1H), 6.98-7.02 (m,
3H), 7.04 (d, J = 7.4 Hz, 1H), 7.14 (s, 1H), 7.16 (s, 1H), 7.23 (d,
J=8.7Hz, 1H), 9.34 (s, 1H), 9.38 (d, J = 7.4 Hz, 1H), 9.73 (s,
1H), 11.34 (s, 1H). C NMR (126 MHz, DMSO-ds): & 54.5,
54.7, 55.4, 56.2, 99.1, 105.4, 105.5, 109.2, 109.9, 110.7, 111.6,
112.3, 113.7, 117.7, 118.5, 122.3, 122.5, 123.9, 127.4, 128.7,
131.1, 131.3, 144.0, 147.5, 147.7, 147.7, 148.1, 149.0, 155.3.
HRDARTMS m/z Calcd for CyHsN.O7; [(M+H)™]: 513.1662.
Found: 513.1676.

4.4.3. 3-Hydroxy-11-isopropoxy-14-(3-isopropoxy-4-
methoxyphenyl)-2, 1 2-dimethoxy-benzo[7,8]indolizino/3, 2-
c/quinolin-6(5H)-one (17a)

Under an argon atmosphere, ammonium formate (844 mg,
13.4 mmol) was added portionwise to a mixture of 16a (300 mg,
0.446 mmol), palladium carbon (Pd: 10%, 60.0 mg), ethyl acetate
(45 mL), and EtOH (45 mL) at room temperature and the mixture



was refluxed for 0.5 h. After cooling to room temperature, the
mixture was passed through a pad of Celite. The filtrate was
evaporated under reduced pressure. The residue was purified by
column chromatography over silica gel 60N (acetone) to give
17a as a pale yellow powder (258 mg, 99%). Recrystallization
from DCM-hexane gave a pale brown powder. Mp 280-300 °C
(dec) (sealed capillary). IR (KBr): 3565, 3335, 1629, 1490, 1460,
1432, 1257, 1220 cm™. 'H NMR (500 MHz, DMSO-d): & 1.22
(d, J= 6.0 Hz, 6H), 1.29 (d, J = 6.0 Hz, 6H), 3.33 (s, 3H), 3.33
(s, 3H), 3.85 (s, 3H), 4.57 (sep, J = 6.0 Hz, 1H), 4.71 (sep, J =
6.0 Hz, 1H), 6.76 (s, 1H), 6.90 (s, 1H), 7.08 (s, 1H), 7.10 (d, J =
7.5Hz, 1H), 7.14 (d, J = 2.0 Hz, 1H), 7.14 (dd, J = 2.0 and
8.6 Hz, 1H), 7.28 (d, J = 8.6 Hz, 1H), 7.35 (s, 1H), 9.42 (d, J =
7.5 Hz, 1H), 9.51 (s, 1H), 11.31 (s, 1H). *C NMR (126 MHz,
DMSO-dy): 621.7,21.7,21.8, 54.3, 54.8, 56.0, 70.1, 70.3, 102.4,
105.2, 105.8, 108.5, 110.0, 110.7, 110.8, 112.2, 113.7, 118.4,
118.5, 122.7, 123.7, 123.9, 127.8, 128.6, 131.0, 131.4, 143.4,
147.2, 147.2, 147.7, 149.3, 150.0, 155.5. HRFABMS m/z. Calcd
for C34H3sN,O7 [(M+H)']: 583.2444. Found: 583.2444.

4.4.4. 2,3-Dihydroxy-11-isopropoxy-14-(3-isopropoxy-4-
methoxyphenyl)-12-methoxy-benzo[7,8]indolizino[3,2-
cJquinolin-6(5H)-one (17b)

According to the procedure described for the preparation of
17a, 16¢ (503 mg, 0.671 mmol), palladium carbon (Pd: 10%,
151 mg), ethyl acetate (500 mL), and EtOH (250 mL) were
reacted for 1h. After purification by column chromatography
over silica gel 60N (acetone), 17b was obtained as a pale yellow
powder (371 mg, 97%). Recrystallization from acetone—hexane
gave a pale brown powder. Mp >300 °C (sealed capillary). IR
(KBr): 3550, 3385, 1655, 1490, 1436, 1249 cm™'. 'H NMR
(500 MHz, DMSO-dq): 6 1.20 (d, J = 6.1 Hz, 3H), 1.24 (d, J =
6.1 Hz, 3H), 1.29 (d, J = 6.1 Hz, 6H), 3.31 (s, 3H), 3.88 (s, 3H),
4.56 (sep, J = 6.1 Hz, 1H), 4.69 (sep, J = 6.1 Hz, 1H), 6.78 (s,
1H), 6.87 (s, 2H), 7.06-7.09 (m, 2H), 7.08 (dd, J = 2.0 and
8.0 Hz, 1H), 7.26 (d, J = 8.0 Hz, 1H), 7.33 (s, 1H), 8.61 (br s,
1H), 9.45 (d, J = 7.4 Hz, 1H), 9.50 (br s, 1H), 11.22 (br s, 1H).
3C NMR (126 MHz, DMSO-ds): 6 21.7, 21.7, 21.8, 21.9, 54.3,
55.7, 70.1, 70.1, 102.1, 105.1, 109.0, 109.3, 110.3, 110.6, 110.7,
112.2, 113.5, 118.2, 118.5, 122.7, 123.7, 123.8, 127.5, 128.5,
130.4, 131.1, 141.0, 146.4, 147.1, 147.6, 149.2, 149.9, 155.4.
HRDARTMS m/z. Caled for C33HzN,O7 [(M+H)]: 569.2288.
Found: 569.2299.

4.5. Synthesis of A-ring-modified azalamellarin N analogues 7, 8,
9, and 10

4.5.1 3-[3-(Dimethylamino)propoxy]-11-isopropoxy-14-(3-
isopropoxy-4-methoxyphenyl)-2, 12-dimethoxy-
benzo[7,8]indolizino[3,2-c]quinolin-6(5H)-one (18)

Under an argon atmosphere, a mixture of 17a (117 mg,
0.201 mmol), 3-(dimethylamino)propyl chloride hydrochloride
(63.6 mg, 0.402 mmol), K,CO; (278 mg, 2.01 mmol), and
acetone (25 mL) was refluxed for 20 h. After cooling to room
temperature, the mixture was passed through a pad of Celite. The
filtrate was evaporated under reduced pressure. The residue was
purified by column chromatography over Chromatorex Diol
MB100-75/200 (ethyl acetate to DCM-MeOH = 10:1 to 1:1) to
give 18 as a pale brown solid (78.8 mg, 59%). Recrystallization
from DCM-hexane gave a pale brown powder. Mp 150-180 °C
(dec) (sealed capillary). IR (KBr): 1652, 1452, 1430, 1260,
1223 cm™'. '"H NMR (500 MHz, CDCl3): & 1.35 (d, J = 6.1 Hz,
6H), 1.43 (d, J = 6.1 Hz, 6H), 2.08 (quin, J = 6.9 Hz, 2H), 2.28
(s, 6H), 2.51 (t, J = 7.2 Hz, 2H), 3.45 (s, 6H), 3.96 (s, 3H), 4.17
(t, J = 6.7 Hz, 2H), 4.54 (sep, J = 6.1 Hz, 1H), 4.68 (sep, J =
6.1 Hz, 1H), 6.88 (s, 1H), 6.93 (d, J= 7.4 Hz, 1H), 7.00 (s, 1H),

7.09 (s, 1H), 7.14 (d, J = 8.2 Hz, 1H), 7.16 (d, J = 1.7 Hz, 1H),
7.19 (s, 1H), 7.21 (dd, J = 1.7 and 8.2 Hz, 1H), 9.59 (d, J =
7.4 Hz, 1H), 10.86 (br s, 1H). '*C NMR (126 MHz, CDCls): &
22.0, 22.0, 22.0, 27.3, 45.5, 55.2, 55.4, 56.3, 56.5, 67.4, 71.2,
71.3, 100.4, 105.8, 105.9, 110.5, 110.7, 110.8, 110.9, 112.8,
112.9, 118.4, 119.4, 123.7, 124.2, 124.4, 128.9, 129.5, 130.7,
132.5, 145.1, 14709, 148.2, 148.7, 1499, 150.0, 156.7.
HRDARTMS m/z. Caled for C3;HiN;O7 [(M+H)']: 668.3336.
Found: 668.3352.

4.5.2. Trifluoroacetic acid salt of 3-[3-(dimethylamino)propoxy]-
11-hydroxy-14-(3-hydroxy-4-methoxyphenyl)-2, 1 2-dimethoxy-
benzo[7,8]indolizino[3,2-c]quinolin-6(5H)-one (7)

Under an argon atmosphere, a nitrobenzene solution of AlCI;
(1.0 M, 145 pL, 0.145 mmol) was added dropwise to a solution
of 18 (152mg, 22.8umol) in DCM (5.0mL) at room
temperature. After stirring for 72h at room temperature, a
solution of NaHCOs; (36.7 mg, 0.437 mmol) and Rochelle salt
(123 mg, 0.437 mmol) in water (2.1 mL) was added. The mixture
was stirred for an additional 1h and then evaporated. The
nitrobenzene was removed azeotropically with water under
reduced pressure. To the residue was added DCM (1.0 mL) and
TFA (1.0 mL) and then the mixture was evaporated. The residue
was purified by column chromatography over Sephadex LH-20
using following solvent systems (water containing 0.1% TFA,
water—-MeOH = 1:1 containing 0.1% TFA, and MeOH containing
0.1% TFA) to give 7 as a brown powder (15.8 mg, quant). Mp
125-155 °C (dec) (sealed capillary). IR (KBr): 3128, 1681, 1457,
1432, 1276, 1199 cm™. 'H NMR (500 MHz, DMSO-d): 6 2.14
(dt, J = 6.0 and 15.3 Hz, 2H), 2.82 (s, 3H), 2.83 (s, 3H), 3.20—
3.26 (m, 2H), 3.36 (s, 3H), 3.39 (s, 3H), 3.86 (s, 3H), 4.05 (t, J =
5.9 Hz, 2H), 6.90 (s, 1H), 6.98-7.02 (m, 3H), 7.05 (d, J= 7.5 Hz,
1H), 7.14 (s, 1H), 7.16 (s, 1H), 7.23 (d, J = 8.7 Hz, 1H), 9.37 (d,
J="7.5Hz, 1H), 9.60 (br s, 1H), 9.75 (br s, 2H), 11.37 (s, 1H).
3C NMR (126 MHz, DMSO-ds): 6 23.9, 42.4, 54.5, 54.8, 56.2,
65.8, 100.6, 105.4, 105.7, 109.8, 109.9, 110.8, 111.6, 112.4,
113.7, 117.7, 118.5, 122.2, 122.5, 123.9, 127.3, 128.6, 131.0,
131.3, 144.1, 1475, 147.7, 147.8, 147.8, 148.1, 1553.
HRDARTMS m/z. Caled for C33H34N3O7 [(M—CF}COO)Jr]Z
584.2397. Found: 584.2381.

4.5.3. Treatment of 17b with 3-(dimethylamino)propyl chloride
hydrochloride

Method 1: Under an argon atmosphere, a mixture of 17b
(371 mg, 0.653 mmol), 3-(dimethylamino)propyl chloride
hydrochloride  (155mg, 0.979 mmol), K,CO; (541 mg,
3.92 mmol), and acetone (350 mL) was refluxed for 22 h. After
cooling to room temperature, the mixture was passed through a
pad of Celite. The filtrate was evaporated under reduced pressure.
The residue was purified by flash chromatography over
Chromatorex NH-DM2035 (DCM-MeOH = 99:1 to 97:3 to 9:1)
to give 19 as a pale brown solid (237 mg, 56%), 20 as a pale
brown solid (99.3 mg, 23%), and 21 as a pale brown solid
(17.4 mg, 4%).

Method 2: Under an argon atmosphere, a mixture of 17b
(50.0mg, 87.9 pmol), 3-(dimethylamino)propyl chloride
hydrochloride (33.4mg, 0.211 mmol), K,COs; (60.8 mg,
0.440 mmol), and acetone (50 mL) was refluxed for 20 h. After
cooling to room temperature, the mixture was passed through a
pad of Celite. The filtrate was evaporated under reduced pressure.
The residue was purified by column chromatography over
Chromatorex Diol MB100-75/200 (DCM-MeOH = 20:1 to 10:1)
to give 19 as a pale brown solid (22.2 mg, 39%) and 21 as a pale
brown solid (17.9 mg, 28%).



4.53.1. 3-[3-(Dimethylamino)propoxy]-2-hydroxy-11-
isopropoxy-14-(3-isopropoxy-4-methoxyphenyl)- 1 2-methoxy-
benzo[7,8]indolizino[3,2-c]quinolin-6(5H)-one (19)

Recrystallization from DCM-hexane gave a pale green
powder. Mp 180-200 °C (dec) (sealed capillary). IR (KBr): 1650,
1449, 1434, 1259, 1219, 1188 cm™. 'H NMR (500 MHz,
CDCl): 61.33 (d, J= 6.1 Hz, 3H), 1.38 (d, J= 6.1 Hz, 3H), 1.42
(d, J= 6.1 Hz, 3H), 1.42 (d, J = 6.1 Hz, 3H), 1.93-2.01 (m, 2H),
2.32 (s, 6H), 2.59 (t, J = 5.6 Hz, 2H), 3.43 (s, 3H), 3.98 (s, 3H),
4.01-4.07 (m, 2H), 4.55 (sep, J = 6.1 Hz, 1H), 4.67 (sep, J =
6.1 Hz, 1H), 6.93 (d, J = 7.4 Hz, 1H), 6.99 (s, 1H), 7.03 (s, 1H),
7.04 (s, 1H), 7.07 (s, 1H), 7.10-7.18 (m, 3H), 9.60 (d, J = 7.4 Hz,
1H), 9.89 (br s, 1H). *C NMR (126 MHz, CDCl;): 621.9, 21.9,
22.1,26.4, 44.9, 55.1, 56.2, 57.4, 71.1, 71.1, 72.5, 105.8, 107.0,
110.7, 110.8, 111.0, 111.5, 112.9, 113.1, 118.4, 119.4, 123.7,
124.1, 124.2, 128.2, 129.0, 129.0, 132.6, 145.8, 147.3, 147.7,
148.2, 149.8, 150.2, 156.3. HRDARTMS m/z. Calcd for
C33HaaN;07 [(M+H)"]: 654.3179. Found: 654.3175.

4.5.3.2. 2-[3-(Dimethylamino)propoxy]-3-hydroxy-11-
isopropoxy-14-(3-isopropoxy-4-methoxyphenyl)- 1 2-methoxy-
benzo[7,8]indolizino[3,2-c]quinolin-6(5H)-one (20)

Recrystallization from DCM-hexane gave a pale brown
powder. Mp 170-200 °C (dec) (sealed capillary). IR (KBr): 1650,
1488, 1451, 1432, 1259, 1220cm™. 'H NMR (500 MHz,
CDCl): 61.35 (d, J=6.1 Hz, 3H), 1.38 (d, J= 6.1 Hz, 3H), 1.43
(d, J= 6.1 Hz, 6H), 1.82-1.93 (m, 2H), 2.36 (s, 6H), 2.55-2.64
(m, 2H), 3.44 (s, 3H), 3.72-3.82 (m, 2H), 3.99 (s, 3H), 4.56 (sep,
J=16.1Hz, 1H), 4.68 (sep, J = 6.1 Hz, 1H), 6.88 (s, 1H), 6.93 (d,
J="714Hz, 1H), 7.03 (s, 1H), 7.08 (s, 2H), 7.14 (d, J = 1.6 Hz,
1H), 7.14 (d, J= 8.2 Hz, 1H), 7.17 (dd, J = 1.6 and 8.2 Hz, 1H),
9.57 (d, J = 7.4 Hz, 1H), 9.92 (br s, 1H). '*C NMR (126 MHz,
CDCL): 6 21.9, 22.0, 22.0, 26.2, 44.9, 55.1, 56.3, 57.7, 71.1,
71.1,73.4,103.1, 105.7, 109.4, 110.6, 110.7, 110.8, 112.4, 112.8,
115.7, 118.3, 119.3, 123.9, 124.3, 124.3, 128.8, 129.4, 132.5,
133.9, 143.2, 147.7, 148.1, 149.7, 149.9, 151.5, 156.6.
HRFABMS m/z. Caled for CisHuN;O; [(M+H)]: 654.3179.
Found: 654.3178.

4.5.3.3.  2,3-Bis[3-(dimethylamino)propoxy]-11-isopropoxy-14-
(3-isopropoxy-4-methoxyphenyl)-12-methoxy-
benzo[7,8]indolizino[3,2-c]quinolin-6(5H)-one (21)

Recrystallization from DCM-hexane gave a brown needles.
Mp 165-200 °C (dec) (sealed capillary). IR (KBr): 3440, 1650,
1434, 1260, 1223, 1199 cm™'. '"H NMR (500 MHz, CDCL): &
1.33 (d, J = 6.1 Hz, 3H), 1.33 (d, J = 6.1 Hz, 3H), 143 (d, J =
6.1 Hz, 6H), 1.84 (quin, J = 6.9 Hz, 2H), 2.06 (quin, J = 6.8 Hz,
2H), 2.29 (s, 6H), 2.32 (s, 6H), 2.38-2.48 (m, 2H), 2.54-2.61 (m,
2H), 3.43 (s, 3H), 3.59 (t, J = 6.3 Hz, 2H), 3.95 (s, 3H), 4.08—
4.20 (m, 2H), 4.52 (sep, J = 6.1 Hz, 1H), 4.68 (sep, J = 6.1 Hz,
1H), 6.86 (s, 1H), 6.92 (s, 1H), 6.93 (d, J= 7.3 Hz, 1H), 7.08 (d,
J=8.3 Hz, 1H), 7.09 (s, 1H), 7.12 (d, /= 1.6 Hz, 1H), 7.15 (dd, J
= 1.6 and 8.3 Hz, 1H), 7.16 (s, 1H), 9.54 (d, J = 7.3 Hz, 1H),
10.10 (br s, 1H). *C NMR (126 MHz, CDCl;): §21.9, 21.9, 22.0,
22.1, 27.2, 27.3, 45.4, 454, 55.1, 56.3, 56.4, 66.8, 67.3, 71.2,
71.2, 100.7, 105.8, 107.7, 110.6, 110.6, 110.7, 110.9, 112.7,
112.8, 118.5, 119.3, 123.6, 124.2, 124.3, 128.7, 129.3, 130.6,
132.5, 144.3, 147.8, 1482, 149.1, 149.9, 150.1, 156.3.
HRDARTMS m/z. Caled for CssHssN4O7 [(M+H)]: 739.4071.
Found: 739.4045.

4.5.4. Trifluoroacetic acid salt of 3-[3-(dimethylamino)propoxy]-
2, 11-dihydroxy-14-(3-hydroxy-4-methoxyphenyl)-12-methoxy-
benzo[7,8]indolizino[3,2-c]quinolin-6(5H)-one (8)

According to the procedure described for the preparation of 7,
19 (143 mg, 219 pumol) and AICl; (1.0M solution in
nitrobenzene, 162 uL, 0.162 mmol) were reacted. After
purification by column chromatography over Sephadex LH-20
using following solvent systems (water containing 0.1% TFA,
water—-MeOH = 1:1 containing 0.1% TFA, and MeOH containing
0.1% TFA), 8 was obtained as a brown powder (14.1 mg, 94%).
Mp 230-260 °C (dec) (sealed capillary). IR (KBr): 3115, 1683,
1436, 1277, 1205, 1130 cm™'. '"H NMR (500 MHz, DMSO-dy): &
2.14 (dt, J = 5.8 and 15.2 Hz, 2H), 2.82 (s, 3H), 2.83 (s, 3H),
3.27-3.33 (m, 2H), 3.37 (s, 3H), 3.90 (s, 3H), 4.06 (t, J= 5.7 Hz,
2H), 6.89 (s, 1H), 6.89 (s, 1H), 6.92-6.96 (m, 2H), 6.98 (s, 1H),
7.02 (d, J=7.5Hz, 1H), 7.12 (s, 1H), 7.22 (d, J = 8.0 Hz, 1H),
8.66 (br s, 1H), 9.35 (br s, 1H), 9.41 (d, J = 7.5 Hz, 1H), 9.64 (br
s, 2H), 11.29 (s, 1H). *C NMR (126 MHz, DMSO-d): & 23.8,
424, 54.4, 54.4, 55.9, 65.6, 100.3, 105.3, 109.4, 110.2, 110.4,
110.7, 111.6, 112.3, 113.6, 117.7, 118.3, 122.1, 122.5, 123.9,
126.9, 128.6, 130.1, 131.5, 141.6, 147.1, 147.3, 147.6, 147.7,
148.0, 155.3. HRDARTMS m/z. Caled for Cs3HnN3O;
[(M—CF;COO0)"]: 570.2240. Found: 570.2216.

4.5.5. Trifluoroacetic acid salt of 2-[3-(dimethylamino)propoxy]-
3,11-dihydroxy-14-(3-hydroxy-4-methoxyphenyl)- 12-methoxy-
benzo[7,8]indolizino[3,2-c]quinolin-6(5H)-one (9)

According to the procedure described for the preparation of 7,
20 (10.8mg, 16.5pumol) and AICl; (1.0 M solution in
nitrobenzene, 122 pul, 0.122 mmol) were reacted. After
purification by column chromatography over Sephadex LH-20
using following solvent systems (water containing 0.1% TFA,
water—-MeOH = 1:1 containing 0.1% TFA, and MeOH containing
0.1% TFA), 9 was obtained as a brown powder (10.7 mg, 95%).
Mp 165-195 °C (dec) (sealed capillary). IR (KBr): 3392, 1683,
1647, 1432, 1276, 1203, 1129 cm™'. "H NMR (500 MHz, DMSO-
ds): 6 1.94 (dt, J = 5.9 and 15.3 Hz, 2H), 2.80 (s, 3H), 2.81 (s,
3H), 3.16 (dt, J = 5.7 and 9.0 Hz, 2H), 3.39 (s, 3H), 3.55-3.65
(m, 2H), 3.89 (s, 3H), 6.82 (s, 1H), 6.92 (s, 1H), 6.99 (d, J =
2.0 Hz, 1H), 7.00 (dd, J = 2.0 and 8.0 Hz, 1H), 7.02 (d, J =
7.4 Hz, 1H), 7.13 (s, 1H), 7.14 (s, 1H), 7.24 (d, J = 8.0 Hz, 1H),
9.37 (d, J=7.4 Hz, 1H), 9.55 (br s, 4H), 11.31 (s, 1H). 3*C NMR
(126 MHz, DMSO-ds): 23.8,42.3, 42.4, 54.3, 54.5, 56.2, 65.5,
102.4, 105.4, 107.7, 108.5, 109.7, 110.5, 111.6, 112.1, 113.7,
117.7, 118.5, 122.3, 122.6, 123.9, 127.5, 128.8, 131.2, 131.8,
141.9, 147.4, 147.5, 147.7, 147.7, 148.0, 155.5. HRDARTMS
m/z. Calcd for C3H3N307; [(M—CFsCOO)*]: 570.2240. Found:
570.2239.

4.5.6. Trifluoroacetic acid salt of
(dimethylamino)propoxy]-11-hydroxy-14-(3-hydroxy-4-
methoxyphenyl)-12-methoxy-benzo[7,8]indolizino[3,2-
cJquinolin-6(5H)-one (10)

2,3-bis[3-

According to the procedure described for the preparation of 7,
21 (20.0mg, 27.1 pmol) and AICl; (1.0M solution in
nitrobenzene, 200 puL, 0.200 mmol) were reacted. After
purification by column chromatography over Sephadex LH-20
using following solvent systems (water containing 0.1% TFA,
water—-MeOH = 1:1 containing 0.1% TFA, and MeOH containing
0.1% TFA), 10 was obtained as a brown powder (23.1 mg, 97%).
Mp 160-200 °C (dec) (sealed capillary). IR (KBr): 3413, 1683,
1432, 1275, 1201, 1130 cm™'. '"H NMR (500 MHz, DMSO-dy): &
1.94 (dt, J= 6.1 and 15.6 Hz, 2H), 2.15 (dt, J = 6.0 and 15.3 Hz,
2H), 2.81 (s, 3H), 2.82 (s, 3H), 2.83 (s, 3H), 2.83 (s, 3H), 3.05-
3.13 (m, 2H), 3.19-3.26 (m, 2H), 3.39 (s, 3H), 3.55-3.67 (m,
2H), 3.90 (s, 3H), 4.06 (t, J= 6.0 Hz, 2H), 6.89 (s, 1H), 6.99 (d, J
= 2.0 Hz, 1H), 7.01 (dd, J = 2.0 and 8.0 Hz, 1H), 7.02 (s, 1H),
7.06 (d, J = 7.4 Hz, 1H), 7.15 (s, 2H), 7.25 (d, J = 8.0 Hz, 1H),
9.37 (d, J=17.4 Hz, 1H), 9.42 (br s, 1H), 9.79 (br s, 3H), 11.40 (s,



1H). 3C NMR (126 MHz, DMSO-ds): & 23.7, 23.9, 42.3, 42.4,
54.1, 54.4, 54.5, 56.1, 65.6, 65.8, 100.9, 105.4, 107.8, 109.8,
109.9, 1109, 111.6, 112.3, 113.6, 117.6, 118.4, 122.2, 122.5,
123.9, 127.1, 128.6, 131.3, 131.5, 142.7, 147.5, 147.7, 147.7,
148.1, 148.1, 155.3. HRDARTMS m/z. Calcd for Cs;HasN4O7
[(M—2CF3;COO—H)"]: 655.3132. Found: 655.3104.

4.6. In vitro kinase assay

Recombinant kinase domains (from amino residues 696 to the
C-terminus) of EGFR WT and EGFR T790M/L858R (Cell
Signaling Technology) (100 ng) were preincubated with 1—
10,000 nM of inhibitors in 25 pL of kinase reaction buffer
(120 mM HEPES, pH 7.5, 10 mM MnCl,, 6 uM NazVOs, and
2.5mM DTT) at 25 °C for 30 min. Then, 25 pL. ATP/substrate
solution containing 20, 200, or 2,000 uM ATP and 6 uM poly
(Glu-Tyr) biotinylated peptide (Cell Signaling Technology) was
added to the preincubated samples. The kinase reaction was
allowed to proceed at 25 °C for 30 min and terminated by adding
50 pL of 50 mM of EDTA, pH 8.0. Phosphorylation levels were
quantified using ELISA, with avidin-coated 96-well plates and an
anti-phosphotyrosine  antibody (PY20). Unless otherwise
mentioned, relative inhibitions were calculated from at least three
independent experiments and ICsy values were estimated using
the mean relative inhibition.?’

4.7. Docking simulation

Three-dimensional structures of 1, 5, 7, and 10 were built and
optimized using the PM3 method implemented in the Spartan 18
package (version 1.4.4).3 Crystal structure of the EGFR
(T790M/L858R/V948R)—gefitinib complex (PDB ID: 4122)*
was obtained from the Protein Data Bank. Molecular docking of
ligands into the EGFR kinase domain was carried out using the
AutoDock Vina program (version 1.1.2)°! after preparing the
ligand and EGFR pdbqt files by the AutoDock Tools program
(version 1.5.6).3* For ligands, the Gasteiger charges were
calculated, and all nonpolar hydrogen atoms were merged with
the carbon atoms. For EGFR, hydrogen atoms were added to the
structure, and the Gasteiger charges were computed. Gefitinib
and all the water molecules were removed from the crystal
structure of EGFR. The nonpolar hydrogen atoms were merged
with the carbon atoms. Leu718, Val726, Lys745, Met790,
Leu792, Cys797, Asp800, Glu804, Leu844, Thr854, and Asp855
in EGFR were set as flexible residues. To ensure the inclusion of
the ATP-binding site of the EGFR, a 24 x 22 x 22 A3 grid box
with 1.000 A grid spacing was used; the grid center coordinates
were placed at x = 12.097 A, y = —12.296 A, and z = 10.985 A.
The exhaustiveness of the global search and the maximum
number of binding modes to be generated were set to 8 and 100.
The maximum energy difference between the best and worst
binding modes was fixed at 5 kcal/mol. After five docking runs
for each ligand, the obtained poses were evaluated using the
predicted binding affinity, and the plausible low energy pose for
each docked ligand in EGFR was visualized and analyzed using
PyMOL (version 2.3.4).3° These results are shown in Fig. 4.

4.8. Proliferation assay

A549 or NCI-H1975 cells (1 x 10* cells/well) were cultured in
flat-bottom 96-well plates in 150 pL. of media containing various
concentrations of inhibitors for 72 h. Next, the inhibitor-treated
cells were incubated with 0.5 mg/mL MTT in a CO, incubator
for 4 h, and then 100 pL of 20% SDS was added to each well to
dissolve the purple formazan product. The absorption was
determined at 570 nm using a spectrophotometer. The relative
viability values were calculated from at least three independent

experiments. ICsy values were estimated using the mean relative
viability.?
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