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Herein, we describe the discovery and synthesis of a new series of 1,2,4,7-tetra-substituted indole deriv-
atives as novel AKT inhibitors by optimization of a weak hit methyl 4-(2-aminoethoxy)-1H-indole-2-car-
boxylate (1). Both representative compounds 6a and 6o exhibited the most potent inhibitory activities
against AKT1, with inhibition rates of 72.5% and 78.6%, respectively, at concentrations of 10 nM. In addi-
tion, compounds 6a and 6o also potently inhibited the phosphorylation of the downstream GSK3 protein
and displayed slightly better anti-proliferative activities in a prostate cancer cell line.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The serine/threonine kinase AKT, also known as protein kinase
B (PKB), plays a key role in the regulation of cell survival, prolifer-
ation and growth.1 PKB has three isoforms (i.e., AKT1, AKT2, and
AKT3), which have approximately 90% sequence identity in the ki-
nase domain and 97–100% sequence identity in the ATP-binding
site.2 The three highly homologous isoforms of AKT are transcribed
from independent genes and have overlapping but distinct func-
tions.3 AKT1 mediates signals downstream of phosphatidylinositol
3-kinase (PI3K) activation, which promotes cell survival and prolif-
eration. AKT2 activation is associated with insulin-mediated meta-
bolic processes. AKT3�/� mice have reduced brain size and weight,
which might be attributed to reduced cell size and cell number.
The net result of the activation of all of the AKT isoforms is the pre-
vention of apoptosis and promotion of cell proliferation, which fa-
vors tumorigenesis.3 AKT belongs to the PI3K–AKT signaling
pathway, and the unregulated activation of this pathway is a cru-
cial feature in many cancers.4 AKT is over-expressed or activated
persistently in many cancers, such as ovarian, breast and pancre-
atic cancers.5,6 Activated AKT phosphorylates a series of substrates,
such as glycogen synthase kinase 3 (GSK-3), pro-apoptotic protein
Bad, apoptosis signal-regulating kinase 1 (ASK-1) and caspase-9,
which could block the apoptosis pathway, promote cell prolifera-
tion, and maintain the survival of tumor cells.7,8 Phosphorylation
by AKT leads to the loss of the proapoptotic properties of Bad,
which is a member of the Bcl-2 apoptosis-regulating proteins.9

ASK-1 is a positive regulator of cell apoptosis by activating
p38 and Jun amino-terminal kinases (JNKs).10 AKT can phosphory-
late ASK1 on Ser83 and inactivates the apoptotic function of ASK1,
leading to the enhancement of cell survival.11 Caspase-9 is an
important protease in the intrinsic apoptotic pathway.12 AKT
inhibits its pro-apoptotic activity via phosphorylation on
Ser196.13,14 Cyclin-dependent kinase inhibitors, such as p21 and
p27, terminate the cell cycle, but once phosphorylated by AKT,
p21 and p27 lose the anti-cell cycle function.15,16 AKT-dependent
phosphorylation of GSK3 (GSK3a and GSK3b) is likely to drive cell
proliferation by controlling the stability and synthesis of the
proteins involved in cell-cycle entry. The GSK3-mediated the phos-
phorylation of the G1 cyclins, cyclin D and cyclin E, and the tran-
scription factors c-jun and c-myc play a central role in the G1-to-
S-phase cell-cycle transition, targeting them for proteasomal
degradation.17–20 Therefore, AKT has been suggested as one of
the most attractive targets for new anticancer drug development.

Herein, we describe the optimization of lead compound 1
(Fig. 1), which was discovered via a random screening of a self-
established focused library and structure based drug design. Orig-
inally, compound 1 exhibited inhibitory activity against AKT1 with
an inhibition rate of 48.6% at a concentration of 10 nM. Molecular
modeling of compound 1 with AKT1 (Fig. 2) indicated that the ami-
no group of the compound formed two hydrogen bonds with resi-
dues Glu234 and Glu278 in the B pocket of AKT1, the methyl ester
group at position 2 of lead 1 entered into pocket A, and pocket C of
AKT1 was unoccupied. We hypothesized that the inhibitory activ-
ities of AKT1 could be improved either by increasing the affinity of

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bmc.2013.11.022&domain=pdf
http://dx.doi.org/10.1016/j.bmc.2013.11.022
mailto:guisenzhao@sdu.edu.cn
http://dx.doi.org/10.1016/j.bmc.2013.11.022
http://www.sciencedirect.com/science/journal/09680896
http://www.elsevier.com/locate/bmc


N

R1

O

R2

Ph

N

R1

OH

R2
a

b, c, d

2 3

* OH

O

R

NH2

* OH
R

NHBoc

4(a~g) 5(a~g)

4a: L-Phenylalanine; 4b: D-Phenylalanine; 4
4e: L-Leucine; 4f: L-Methionine; 4g: L-Isole

Scheme 1. Reagents and conditions: (a) 10% Pd/C, CH3OH/THF, H2, rt or AlCl3, N,N-d
CH2Cl2, 0 �C to rt, overnight; (d) THF, LiAlH4, 0–25 �C, 4 h; (e) PPh3, DIAD, THF, 0–
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Figure 1. Structure of compound 1.
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compounds for pocket A and/or B or by occupying pocket C. There-
fore, we replaced methyl ester at position 2 in compound 1 with its
bioisostere oxadiazole ring, we introduced a substituent group on
the a-carbon of the amino group on the side chain at the C-4 posi-
tion, and we introduced methoxy, bromine or chlorine at the C-7
position to design a series of indole derivatives and evaluate their
inhibitory activities against AKT1.

2. Results and discussion

2.1. Chemistry

The synthesis of the indole derivatives is depicted in
Scheme 1. Intermediate 2 was obtained in previous studies.21
c:L-T
ucine

imeth
25 �C,
Intermediate 3 was obtained by removal of the benzyl group
of compound 2 using palladium on carbon or N,N-dimethylani-
line. Intermediates 4 were chiral amino acids and commercially
available. Compound 4 reacted with thionyl chloride in the pres-
ence of methanol to produce their methyl esters, which were
treated with di-tert-butyl dicarbonate affording the desired t-
butyloxy carbonyl protection of the amino esters, which were
reduced with lithium aluminum hydride yielding chiral alcohol
5.22 Compounds 6 were produced by coupling 3 with chiral alco-
hol 5 via a Mitsunobu reaction23 followed by removal of the t-
butyloxy carbonyl.
2.2. Bioassays and structure–activity relationships

The kinase inhibitory activities against AKT1 and the antiprolif-
erative activities of the target compounds were evaluated in vitro
in the PC-3 cell line, and GSK690693,24 which is an AKT inhibitor,
was used as the positive control (Table 1).

As shown in Table 1, most compounds exhibited moderate
inhibitory activities against AKT1 compared to the reference,
GSK690693. The spatial configuration (R or S) of the compounds
exhibited irregular inhibitory activities against AKT1 (6a vs 6b
and 6f vs 6g). Compounds with hydrophobic aromatic rings on
the side chain exhibited more potent inhibitory activities com-
pared to those with hydrophobic aliphatic groups (6a vs 6c, 6o
vs 6s), which indicated that the hydrophobic aromatic rings most
likely interacted with the glycine rich loop (G-loop) of AKT1 to
generate hydrophobic interactions. In addition, the methyl ester
group in compound 6b was replaced by the oxadiazole moiety
(bioisosteristere) resulting in compound 6o, which exhibited the
most potent inhibitory activities. In addition, compounds 6a, 6h,
6l and 6o exhibited higher potency against AKT1 than hit 1,
which demonstrated that modification of lead 1 increased the
potency.

The molecular docking of compound 6a with the crystal
structure of AKT1 (PDB: 4GV1) indicated that 6a was nicely
bound to the ATP cleft of AKT1 via hydrogen bonds that were
formed between the amino group and the carboxylic acid side
chains of Glu234 and Glu278 in pocket B. The benzyl group
on the a-carbon of the amino group on the side chain at
the C-4 position entered into the back of pocket C, as hypoth-
esized, and the methyl ester entered into pocket A. In addi-
tion, the methoxy group at the C-7 position stretched into
another pocket on the left side of pocket B, which increased
N
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Table 1
The inhibitory effects of indole derivatives on AKT1 activity and on PC-3 cell growth

N

R1

O∗

H2N

R
R2

Code R R1 R2 R/S Inhibition of AKT1 activitya (%) IC50 (lM) for inhibiting PC-3 cell growthb

6a OCH3 COOCH3 S 72.5 3.8 ± 0.1

6b OCH3 COOCH3 R 38.9 16.1 ± 3.6

6c CH2CH(CH3)2 OCH3 COOCH3 S 27.8 7.8 ± 0.3
6d CH2CH2SCH3 OCH3 COOCH3 S 7.7 7.0 ± 0.5

6e OCH3 COOCH3 S 48.7 11.3 ± 0.3

6f Br COOCH3 S 56.1 6.0 ± 0.1

6g Br COOCH3 R 55.4 9.7 ± 1.1

6h
N
H

Br COOCH3 S 73.0 5.0 ± 0.1

6i
N
H

Br COOCH3 R 36.0 4.9 ± 0.1

6j Cl COOCH3 S 34.2 7.6 ± 0.6

6k Cl COOCH3 R 60.3 4.8 ± 0.3

6l
N
H

Cl COOCH3 S 73.5 3.2 ± 0.4

6m
N
H

Cl COOCH3 R 58.4 5.5 ± 0.2

6n OCH3
O N

N
S 55.7 5.1 ± 0.1

6o OCH3
O N

N
R 78.6 5.3 ± 0.4

6p
N
H

OCH3

O N

N
S 43.3 5.7 ± 0.4

6q
N
H

OCH3
O N

N

R 56.7 2.8 ± 0.1

6r CH2CH2SCH3 OCH3
O N

N
S 55.5 9.1 ± 0.7

6s CH2CH(CH3)2 OCH3
O N

N
S 42.0 11.4 ± 1.4

1 — — — — 48.6 5.9 ± 0.6
GSK690693 — — — — 58.3 15.5 ± 0.4

a The inhibition rates of AKT1 activity were determined at 10 nM concentrations of the tested compounds. The data shown are the mean of three independent experiments.
b IC50 indicates the concentration of the tested compound that inhibits 50% of PC-3 cell growth.
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the binding of AKT1 for 6a compared to lead 1, as shown in
Figure 3.

The kinase inhibitory activities of selected compounds 6a and
6o were further investigated by western blot analysis. The results
(Fig. 4) demonstrated that the two compounds dose-dependently
inhibited the phosphorylation of GSK3b, a downstream substrate
of AKT, which was in agreement with the reported selective AKT
inhibitors.25,26



Figure 3. Molecular docking mode of 6a with the AKT1 crystal structure (PDB:
4GV1).

Figure 4. Compounds 6a and 6o dose-dependently inhibited the phosphorylation
of GSK3 in the PC-3 cells.
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2.3. Conclusion

In conclusion, a new series of 1,2,4,7-tetra-substituted indole
derivatives were synthesized and evaluated as AKT inhibitors.
Among these compounds, compounds 6a and 6o exhibited the
most potent inhibitory activities against AKT1 with inhibition rates
of 72.5% and 78.6%, respectively, and antiproliferative activities on
the human prostate cancer cell line (PC-3) with IC50 values of 3.8
and 5.3 lM, respectively. The AKT1 inhibition of compounds 6a
and 6o were further confirmed via cell lysate assays. These types
of compounds may serve as leads for further optimization of novel
AKT inhibitors.

3. Experimental

All of the materials were obtained from commercial suppliers
and used without further purification. All of the reactions were
monitored by thin layer chromatography (TLC), and silica gel plates
with fluorescence F254 were used and visualized with UV light. All
of the products were characterized by NMR. All of the 1H NMR
spectra were recorded on a Bruker advance DPX600 model
Spectrometer in DMSO-d6, and the chemical shifts are reported
in ppm (d). The mass spectra (MS) were measured with an API
4000. All of the melting points were determined in a Büchi capil-
lary melting point apparatus and are uncorrected. Column chroma-
tography was performed with silica gel using the solvents
indicated.

3.1. MTT assay

The antiproliferation of the target compounds in the PC-3 cells
was tested using the MTT assay. The cells were seeded into 96-well
culture plates at a density of 5 � 103 cells per well and cultured in
an atmosphere of 5% CO2 at 37 �C with 100 lL/well RPMI1640
(Gibco) medium. On the second day, the cells were treated with
various concentrations of the tested compounds and DMSO (black
control) followed by incubation for 72 h. 5 mg/mL of the MTT (Sig-
ma) solution was added to each well, and the cells were incubated
for 4 h. The formazan crystal was extracted by DMSO for 15 min.
The optical density (OD570 nm) was measured by a plate micro-
reader (Bio-Rad 680). Cell growth inhibition was calculated as
the ratio of the absorbance of the sample to that of the control.

3.2. In vitro AKT1 kinase activity assay

The in vitro AKT1 kinase activity was evaluated via a nonradio-
active assay using the AKT kinase kit (9840s) (CST) and pan-AKT
antibody (CST). Briefly, PC-3 cells were treated with DMSO (the
black control) or 10 nM concentrations of the tested compounds
for 1 h. 80 lL of lysate was prepared for each tested well, and
20 lL of this lysate was used to detect the total amount of AKT.
In addition, the remaining 60 lL was used to immune precipitate
phosphor-AKT using immobilized antiphospho-AKT1 antibodies
by overnight incubation at 4 �C. The kinase assay was performed
according to the manufacturer’s instructions using the GSK-3b fu-
sion protein (CST) as a substrate. The kinase reaction was termi-
nated with sodium dodecyl sulfate (SDS) loading buffer. Then,
the samples were run on a 4–12% SDS–polyacrylamide gel electro-
phoresis (SDS–PAGE) gel, and the phosphorylation of GSK-3b was
measured by Western blot analysis with antiphospho-GSK-3a/b
(Ser21/9) antibodies. The results were detected by Bio-Rad and
were quantified with Image Lab software. Lysates from the begin-
ning were run on a 4–12% SDS–PAGE gel, and the total AKT was de-
tected using the pan-AKT antibody. The inhibition rate of each
compound was calculated using Eq. 1.

Inhibition rate ¼ FIgsk�3ðsampleÞ=FIAktðsampleÞ

FIgsk�3ðDMSOÞ=FIAktðDMSOÞ
� 100%: ð1Þ

FIgsk-3(sample) was the fluorescence intensity of the phospho-
GSK-3a/b (Ser21/9) band of the tested compounds; FIgsk-3(DMSO)

was the fluorescence intensity of the phospho-GSK-3a/b (Ser21/
9) band of the blank control; FIAkt(sample) was the fluorescence
intensity of the pan-Akt band of the tested compounds; FIAkt(DMSO)

was the fluorescence intensity of the pan-Akt band of the blank
control.
3.3. Western blot assay

Cells were seeded into 6-well culture plates at a density of
5 � 103 cells per well and cultured for 12 h. Then, the cells were
collected and washed with PBS (Sigma) and 500 lL of a kinase buf-
fer (CST), treated with various concentrations of compounds and
incubated for 4 h. 80 lL of lysate was treated to obtain the super-
natant. The concentration of the protein was determined through
Coomassie blue staining. The proteins was run across SDS–PAGE
and transferred to PVDF membranes. After blocking, the antiphos-
pho-GSK-3a/b (Ser21/9) antibodies (CST) were added to the mem-
branes and incubated for 12 h. Next, anti-rabbit IgG (CST) was
added followed by incubation for 1 h. Finally, the results were de-
tected using chemiluminescence and Bio-Rad.

3.4. Molecular docking

Molecular docking was performed with the Sybyl 1.1 program
and the AKT1 crystal structure, which was retrieved from the Pro-
tein Data Bank (PDB: 4GV1). Protein preparation was performed by
removing water molecules, and based on the ionization, hydrogen
atoms were added. The structures of target compounds were
treated with Chembiooffice (2010) and generated with the ligand
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module by minimizing the molecule. The best one as ranked by C
Score among the top 20 binding poses was chosen as the prelimin-
ary model for the subsequent minimization. The energy minimiza-
tion was computed by minimizing the model in Sybyl 1.1 using the
Powell method. The Tripos force field was used, and the maximum
number of iterations was set to 10,000. The gradient was set to
0.05 kcal/mol. All of the target compounds were docked into
AKT1 and formed hydrogen bonds and hydrophobic interactions
in the model. To improve visibility, residues Glu 441 and Phe 442
and substructure GLO505 were removed, and hydrogen bonds
are shown by the dotted yellow line.
3.5. General synthesis of compounds

3.5.1. General method for preparation of compounds (3a–3c)
To a solution of 2 (2 mmol) in tetrahydrofuran (15 mL) and

dried methanol (6 mL), Pd/C (0.16 g) was added under a hydrogen
atmosphere, which was stirred at 35 �C for 12 h. After completion
of the reaction, the reaction mixture was filtered. The solvent
was evaporated under reduced pressure to afford a solid, which
was purified by column chromatography with petroleum ether/
ethyl acetate (6:1) to obtain 3a–3c.

3.5.1.1. Methyl 4-hydroxy-7-methoxy-1-methyl-1H-indole-2-
carboxylate (3a). White solid, yield 94%, mp 100.1–101.8 �C,
1H NMR (600 MHz, DMSO-d6): d 9.31 (s, 1H), 7.27 (s, 1H), 6.63
(d, J = 7.8 Hz, 1H), 6.29 (d, J = 7.8 Hz, 1H), 4.24 (s, 3H), 3.82 (s,
3H), 3.81 (s, 3H).MS (ESI): m/z = 236.1 [M+H]+.

3.5.1.2. Methyl 7-bromo-4-hydroxy-1-methyl-1H-indole-2-car-
boxylate (3b). White solid, yield 69%, mp 106.5–109.6 �C, 1H
NMR (600 MHz, DMSO-d6): d 10.07 (s, 1H), 7.32 (d, J = 2.4 Hz,
1H), 7.25 (dd, J = 7.8 Hz and 2.4 Hz, 1H), 6.40 (dd, J = 7.8 Hz and
2.4 Hz, 1H), 4.26 (s, 3H), 3.86 (s, 3H). MS (ESI): m/z = 283.9 [M+H]+.

3.5.1.3. Methyl 7-chloro-4-hydroxy-1-methyl-1H-indole-2-car-
boxylate (3c). White solid, yield 55%, mp 101.7–103.1 �C, 1H
NMR (600 MHz, DMSO-d6): d 10.08 (s, 1H), 7.31 (d, J = 2.4 Hz,
1H), 7.26 (dd, J = 7.8 Hz and 2.4 Hz, 1H), 6.41 (dd, J = 7.8 Hz and
2.4 Hz, 1H), 4.26 (s, 3H), 3.86 (s, 3H). MS (ESI): m/z = 240.2 [M+H]+.

3.5.2. Method for preparation of compound (3d)
To a solution of 2 (1.7 mmol) in dried dichloromethane (12 mL),

N,N-dimethylaniline (0.83 g) and aluminum trichloride (0.92) were
added at 0 �C. The mixture was reacted at room temperature for
1.5 h. After completion of the reaction, 1 mol/L hydrochloric acid
(20 mL) and water (20 mL) was added to the solution followed
by extraction with ethyl acetate (50 � 3 mL). The organic layer
was successively washed with hydrochloric acid and saturated so-
dium chloride, dried with anhydrous sodium sulfate, filtered and
evaporated under reduced pressure to afford a solid, which was
purified by column chromatography with petroleum ether/ethyl
acetate (3:1) to obtain 3d.

3.5.2.1. 7-Methoxy-1-methyl-2-(3-methyl-1,2,4-oxadiazol-5-yl)-
1H-indole-4-ol (3d). Green solid, yield 89%, mp 125.8–
127.6 �C, 1H NMR (600 MHz, DMSO-d6): d 9.30 (s, 1H), 7.23 (s,
1H), 6.63 (d, J = 7.8 Hz, 1H), 6.28 (d, J = 7.8 Hz, 1H), 4.24 (s, 3H),
3.82 (s, 3H), 2.46 (s, 3H). MS (ESI): m/z = 260.2 [M+H]+.
3.5.3. General method for preparation of compounds (5)
To a dried methanol (50 mL) solution of 4 (3.3 g, 20 mmol),

thionyl chloride (3.57 g, 30 mmol) was slowly added over 30 min
at 0 �C, and then, the solution was maintained at room tempera-
ture for 18 h. The solvent was evaporated to obtain a solid in
quantitative yield, which was dissolved in dichloromethane
(120 mL), and triethylamine (12.1 g, 120 mL) and di-tert-butyl
dicarbonate (9.6 g, 40 mmol) were added to the dichloromethane
solution. The reaction mixture was stirred at 25 �C for 24 h. After
completion of the reaction, the solution was washed with phos-
phoric acid (50 � 3 mL), saturated sodium bicarbonate
(50 � 3 mL) and saturated sodium chloride (50 � 3 mL), dried over
anhydrous sodium sulfate, filtered and evaporated under reduced
pressure to afford a solid to which lithium aluminum hydride
(13 mmol) in the presence of dried tetrahydrofuran (25 mL) was
added at 0 �C. The reaction mixture was maintained at room tem-
perature for 4 h, and then water was added until the lithium alumi-
num hydride reacted completely. Next, the solution was filtered,
and the residue was washed with tetrahydrofuran (20 � 2 mL).
The combined organic solvent phase was evaporated under re-
duced pressure to yield the crude product, which was purified
using column chromatography (petroleum ether/acetone) to afford
5a–5g.
3.5.3.1. (S)-tert-Butyl (1-hydroxy-3-phenylpropan-2-yl)carba-
mate (5a). White solid, yield 82%, mp 92–93 �C, 1H NMR
(600 MHz, DMSO-d6): d 7.15–7.27 (m, 5H), 6.58 (d, J = 8.4 Hz,
1H), 4.69 (m,1H), 3.72–3.86 (m, 1H), 3.58 (br, s, 1H), 3.24–3.32
(m, 1H), 2.80 (dd, J = 13.8 Hz and 4.2 Hz), 2.57 (t, J = 9.6 Hz, 1H),
1.31 (s, 9H). MS (ESI): m/z = 252.3 [M+H]+.
3.5.3.2. (R)-tert-Butyl (1-hydroxy-3-phenylpropan-2-yl)carba-
mate (5b). White solid, yield 75%, mp 94–96 �C, 1H NMR
(600 MHz, DMSO-d6): d 7.14–7.28 (m, 5H), 6.57 (d, J = 8.4 Hz,
1H), 4.68 (t, J = 4.2 Hz, 1H), 3.72–3.86 (m, 1H), 3.58 (br, s, 1H),
3.24–3.32 (m, 1H), 2.80 (dd, J = 13.2 Hz and 4.2 Hz, 1H), 2.57 (t,
J = 9.6 Hz, 1H), 1.31 (s, 9H). MS (ESI): m/z = 252.4 [M+H]+.
3.5.3.3. (S)-tert-Butyl (1-hydroxy-3-(1H-indol-3-yl)propan-2-
yl)carbamate (5c). White solid, yield 78%, mp 94–96 �C, 1H
NMR (600 MHz, DMSO-d6): d 10.76 (s, 1H), 7.57 (d, J = 7.8 Hz,
1H), 7.31 (d, J = 7.8 Hz, 1H), 7.08 (s, 1H), 7.04 (t, J = 7.8 Hz, 1H),
6.96 (t, J = 7.2 Hz, 1H), 6.52 (d, J = 7.8 Hz, 1H), 4.63 (br, s, 1H),
3.65 (quint, J = 6.6 Hz, 1H), 3.29–3.37 (m, 2H), 2.87 (dd,
J = 14.4 Hz and 6.0 Hz, 1H), 2.71 (dd, J = 14.4 Hz and 6.0 Hz, 1H),
1.35 (s, 9H). MS (ESI): m/z = 291.3 [M+H]+.

3.5.3.4. (R)-tert-Butyl (1-hydroxy-3-(1H-indol-3-yl)propan-2-
yl)carbamate (5d). White solid, yield 69%, mp 90–92 �C, 1H
NMR (600 MHz, DMSO-d6): d 10.76 (s, 1H), 7.57 (d, J = 7.8 Hz,
1H), 7.31 (d, J = 7.8 Hz, 1H), 7.08 (s, 1H), 7.05 (t, J = 7.8 Hz, 1H),
6.96 (t, J = 7.8 Hz, 1H), 6.52 (d, J = 8.4 Hz, 1H), 4.63 (t, J = 5.4 Hz,
1H), 3.65 (q, J = 6.6 Hz, 1H), 3.34–3.38 (m, 1H), 3.29–3.32 (m,
1H), 2.88 (dd, J = 14.4 Hz and 6.0 Hz, 1H), 2.71 (dd, J = 14.4 Hz
and 7.2 Hz, 1H), 1.35 (s, 9H). MS (ESI): m/z = 291.5 [M+H]+.

3.5.3.5. (S)-tert-Butyl (1-hydroxy-4-methylpentan-2-yl)carba-
mate (5e). Colorless oil, yield 58%, 1H NMR (600 MHz,
DMSO-d6): d 6.41 (d, J = 9.0 Hz, 1H), 4.53 (t, J = 5.4 Hz, 1H), 3.41–
3.46 (m, 1H), 3.26–3.29 (m, 1H), 3.14–3.18 (m, 1H), 1.37–1.98
(m, 1H), 1.37 (s, 9H), 1.16–1.28 (m, 2H), 0.83 (d, J = 6.0 Hz, 3H),
0.85 (d, J = 6.6 Hz, 3H). MS (ESI): m/z = 218.4 [M+H]+.

3.5.3.6. (S)-tert-Butyl (1-hydroxy-4-(methylthio)butan-2-yl)car-
bamate (5f). Colorless oil, yield 55%, 1H NMR (600 MHz,
DMSO-d6): d 6.53 (d, J = 8.4 Hz, 1H), 4.62 (t, J = 6.0 Hz, 1H), 3.42–
3.45 (m, 1H), 3.23–3.35 (m, 1H), 3.20–3.23 (m, 1H), 2.36–2.47
(m, 2H), 2.02 (s, 3H), 1.71–1.78 (m, 1H), 1.48–1.55 (m, 1H), 1.38
(s, 9H); MS (ESI): m/z = 236.4 [M+H]+.
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3.5.3.7. tert-Butyl ((2S,3S)-1-hydroxy-3-methylpentan-2-yl)car-
bamate (5g). Colorless oil, yield 64%, 1H NMR (600 MHz,
DMSO-d6): d 6.42 (d, J = 9.0 Hz, 1H), 4.41 (t, J = 5.4 Hz, 1H), 3.36–
3.39 (m, 1H), 3.25–3.34 (m, 3H), 1.47–1.98 (m, 1H), 1.38 (s, 9H),
0.99–1.07 (m, 1H), 0.80–0.83 (m, 6H). MS (ESI): m/z = 218.4 [M+H]+.
3.5.4. General method for preparation of compounds (6)
To diisopropyl azodiformate (DIAD) (0.41 g, 2 mmol), triphenyl-

phosphine (0.41 g, 2 mmol) and dried tetrahydrofuran (5 mL) were
slowly added. After 30 min, 5 (3 mmol) in tetrahydrofuran (5 mL)
was slowly added to the solution, and then, the tetrahydrofuran
(10 mL) solution of 3 (0.24 g, 1 mmol) was added to the solution
over the course of 30 min under a nitrogen atmosphere at 0 �C
and allowed to proceed for 12 h. After completion of the reaction,
the solvent was evaporated to obtain an oil, which was extracted
with ethyl acetate/petroleum ether (1:3, 4 � 10 mL). The organic
phase was evaporated under reduced pressure to yield an oil,
which was purified by column chromatography with petroleum
ether/ethyl acetate (15:1) to obtain a solid. To the solid (0.5 mmol),
ethyl acetate with saturated hydrochloric acid (15 mL) was added
and reacted for 1 h. The solvent was evaporated under reduced
pressure to obtain the crude product, which was recrystallized
with methanol/ether to obtain 6a–6s.

3.5.4.1. (S)-Methyl 4-(2-amino-3-phenylpropoxy)-7-methoxy-1-
methyl-1H-indole-2-carboxylate hydrochloride (6a). White
solid, yield 84%, mp 196.2–201.8 �C, ½a�25

D +50.0� (c 1, MeOH), 1H
NMR (600 MHz, DMSO-d6): d 8.38 (s, 3H), 7.61 (s, 1H), 7.32–7.34
(m, 2H), 7.26–7.28 (m, 3H), 6.66 (d, J = 8.4 Hz, 1H), 6.34 (d,
J = 8.4 Hz, 1H), 4.27 (s, 3H), 4.09 (dd, J = 2.4 Hz and 10.2 Hz, 1H),
3.90 (dd, J = 5.4 Hz and 10.2 Hz, 1H), 3.86 (s, 3H), 3.84 (s, 3H),
3.82–3.85 (m, 1H), 3.13 (dd, J = 5.4 Hz and 13.2 Hz, 1H), 3.04–
3.08 (m, 1H). HRMS (ESI): m/z for C21H25N2O4 [M+H]+: calculated
369.1809, found 369.1815.
3.5.4.2. (R)-Methyl 4-(2-amino-3-phenylpropoxy)-7-methoxy-1-
methyl-1H-indole-2-carboxylate hydrochloride (6b). White
solid, yield 89%, mp 188.3–189.9 �C, ½a�25

D �75.0� (c 1, MeOH): 1H
NMR (600 MHz, DMSO-d6): d 8.44 (br, s, 3H), 7.61 (s, 1H), 7.25–
7.34 (m, 5H), 6.67 (d, J = 8.4 Hz, 1H), 6.34 (d, J = 8.4 Hz, 1H), 4.27
(s, 3H), 4.10 (dd, J = 3.0 Hz and 10.2 Hz, 1H), 3.91 (dd, J = 4.8 Hz
and 10.8 Hz, 1H), 3.86 (s, 3H), 3.85 (s, 3H), 3.82–3.85 (m, 1H),
3.13–3.16 (m, 1H), 3.06–3.08 (m, 1H). HRMS (ESI): m/z for
C21H25N2O4 [M+H]+: calculated 369.1809, found 369.1814.
3.5.4.3. (S)-Methyl 4-((2-amino-4-methylpentyl)oxy)-7-meth-
oxy-1-methyl-1H-indole-2-carboxylate hydrochloride
(6c). White solid, yield 90%, mp 189.1–192.0 �C, ½a�25

D +14.3� (c
1, MeOH), 1H NMR (600 MHz, DMSO-d6): d 8.28 (s, 3H), 7.57 (s, 1H),
6.71 (d, J = 8.4 Hz, 1H), 6.46 (d, J = 8.4 Hz, 1H), 4.27 (s, 3H), 4.22 (dd,
J = 2.4 Hz and 10.2 Hz, 1H), 4.06 (dd, J = 5.4 Hz and 10.2 Hz, 1H), 3.86
(s, 3H), 3.84 (s, 3H), 3.55–3.57 (m, 1H), 1.76–1.80 (m, 1H), 1.58–1.64
(m, 2H), 0.93 (d, J = 6.6 Hz, 3H), 0.92 (d, J = 6.6 Hz, 3H).HRMS (ESI):
m/z for C18H27N2O4 [M+H]+: calculated 335.1963, found 335.1970.

3.5.4.4. (S)-Methyl 4-(2-amino-4-(methylthio)butoxy)-7-meth-
oxy-1-methyl-1H-indole-2-carboxylate hydrochloride
(6d). White solid, yield 80%, mp 219.8–223.0 �C, ½a�25

D +13.3�
(c 1, MeOH), 1H NMR (600 MHz, DMSO-d6): d 8.36 (br, s, 3H),
7.56 (s, 1H), 6.72 (d, J = 8.4 Hz, 1H), 6.47 (d, J = 8.4 Hz, 1H), 4.27
(s, 3H), 4.25 (m, 1H), 4.10–4.13 (m, 1H), 3.86 (s, 3H), 3.84 (s, 3H),
3.66 (s, 1H), 2.65–2.67 (m, 2H), 2.08 (s, 3H), 2.00–2.05 (m, 2H).
HRMS (ESI): m/z for C17H25N2O4S [M+H]+: calculated 353.1530,
found 353.1534.
3.5.4.5. Methyl 4-(((2S,3S)-2-amino-3-methylpentyl)oxy)-7-
methoxy-1-methyl-1H-indole-2-carboxylate (6e). White
solid, yield 88%, mp 187.0–189.1 �C, ½a�25

D +20.0� (c 1, MeOH), 1H
NMR (600 MHz, DMSO-d6): d 8.31 (s, 3H), 7.56 (s, 1H), 6.71 (d,
J = 8.4 Hz, 1H), 6.49 (d, J = 8.4 Hz, 1H), 4.27 (s, 3H), 4.22 (dd,
J = 2.4 Hz and 10.2 Hz, 1H), 4.11–4.14 (m, 1H), 3.86 (s, 3H), 3.84
(s, 3H), 3.45 (br, s, 1H), 1.91–1.95 (m, 1H), 1.57–1.61 (m, 1H),
1.25–1.30 (m, 1H), 0.98 (d, J = 7.2 Hz, 3H), 0.92 (t, J = 7.2 Hz,
3H).HRMS (ESI): m/z for C18H27N2O4 [M+H]+: calculated
335.1965, found 335.1970.

3.5.4.6. (S)-Methyl 4-(2-amino-3-phenylpropoxy)-7-bromo-1-
methyl-1H-indole-2-carboxylate hydrochloride (6f). White
solid, yield 85.6%, mp 230.3–232.5 �C, ½a�25

D +25.0� (c 1, MeOH), 1H
NMR (600 MHz, DMSO-d6): d 8.58 (s, 3H), 7.74 (s, 1H), 7.42 (d,
J = 7.8 Hz, 1H), 7.31–7.34 (m, 2H), 7.25–7.27 (m, 3H), 6.45 (d,
J = 7.8 Hz, 1H), 4.36 (s, 3H), 4.18 (d, J = 10.2 Hz, 1H), 3.97–3.99
(m, 1H), 3.88 (s, 3H), 3.85–3.87 (m, 1H), 3.18–3.20 (m, 1H), 3.04–
3.08 (m, 1H). HRMS (ESI): m/z for C20H22BrN2O3 [M+H]+: calculated
417.0808, found 417.0816.

3.5.4.7. (R)-Methyl 4-(2-amino-3-phenylpropoxy)-7-bromo-1-
methyl-1H-indole-2-carboxylate hydrochloride (6g). White
solid, yield 93%, mp 228.2–230.9 �C, ½a�25

D �62.5� (c 1, MeOH), 1H
NMR (600 MHz, DMSO-d6): d 8.68 (br, s, 3H), 7.74 (s, 1H), 7.41
(d, J = 7.8 Hz, 1H), 7.31–7.32 (m, 2H), 7.25–7.27 (m, 3H), 6.45 (d,
J = 7.8 Hz, 1H), 4.36 (s, 3H), 4.19 (dd, J = 3.0 Hz and 10.8 Hz, 1H),
3.97–3.99 (m, 1H), 3.88 (s, 3H), 3.82–3.83 (m, 1H), 3.20–3.23 (m,
1H), 3.04–3.08 (m, 1H). HRMS (ESI): m/z for C20H22BrN2O3

[M+H]+: calculated 417.0808, found 417.0816.

3.5.4.8. (S)-Methyl 4-(2-amino-3-(1H-indol-3-yl)propoxy)-7-
bromo-1-methyl-1H-indole-2-carboxylate hydrochloride
(6h). White solid, yield 85%, mp 223.9–224.8 �C, ½a�25

D +50.0�
(c 1, MeOH), 1H NMR (600 MHz, DMSO-d6): d 11.02 (s, 1H), 8.36
(br, s, 3H), 7.51 (s, 1H), 7.59 (d, J = 7.8 Hz, 1H), 7.41 (d, J = 8.4 Hz,
1H), 7.37 (d, J = 7.8 Hz, 1H), 7.21 (d, J = 2.4 Hz, 1H), 7.08 (t,
J = 7.8 Hz, 1H), 6.96 (t, J = 7.2 Hz, 1H), 6.45 (d, J = 8.4 Hz, 1H), 4.36
(s, 3H), 4.21–4.24 (m, 1H), 4.05–4.07 (m, 1H), 3.88 (s, 3H), 3.85–
3.87 (m, 1H), 3.20–3.22 (m, 1H). HRMS (ESI): m/z for C22H23BrN3O3

[M+H]+: calculated 456.0917, found 456.0924.

3.5.4.9. (R)-Methyl 4-(2-amino-3-(1H-indol-3-yl)propoxy)-7-
bromo-1-methyl-1H-indole-2-carboxylate hydrochloride
(6i). White solid, yield 80%, mp 223.9–224.6 �C, ½a�25

D �63.6�
(c 1, MeOH), 1H NMR (600 MHz, DMSO-d6): d 11.3 (s, 1H), 8.46
(br, s, 3H), 7.76 (s, 1H), 7.60 (dd, J = 3.0 Hz and 7.8 Hz, 1H), 7.41
(d, J = 8.4 Hz, 1H), 7.37 (d, J = 7.8 Hz, 1H), 7.21 (d, J = 2.4 Hz, 1H),
7.08 (t, J = 7.8 Hz, 1H), 6.96 (t, J = 7.2 Hz, 1H), 6.45 (d, J = 8.4 Hz,
1H), 4.36 (s, 3H), 4.22 (dd, J = 2.4 Hz and 10.2 Hz, 1H), 4.05–4.07
(m, 1H), 3.88 (s, 3H), 3.83–3.85 (m, 1H), 3.19–3.25 (m, 1H). HRMS
(ESI): m/z for C22H23BrN3O3 [M+H]+: calculated 456.0917, found
456.0925.

3.5.4.10. (S)-Methyl 4-(2-amino-3-phenylpropoxy)-7-chloro-1-
methyl-1H-indole-2-carboxylate hydrochloride (6j). White
solid, yield 88%, mp 235.4–237.1 �C, ½a�25

D +33.3� (c 1, MeOH), 1H
NMR (600 MHz, DMSO-d6): d 8.56 (br, s, 3H), 7.74 (s, 1H), 7.31–
7.34 (m, 2H), 7.25–7.27 (m, 3H), 7.24 (d, J = 8.4 Hz, 1H), 6.50 (d,
J = 8.4 Hz, 1H), 4.35 (s, 3H), 4.18 (dd, J = 3.0 Hz and 10.2 Hz, 1H),
3.97–4.00 (m, 1H), 3.88 (s, 3H), 3.84–3.86 (m, 1H), 3.18 (dd,
J = 4.8 Hz and 13.2 Hz, 1H), 3.04–3.08 (m, 1H). HRMS (ESI): m/z
for C20H22ClN2O3 [M+H]+: calculated 373.1313, found 373.1321.

3.5.4.11. (R)-Methyl 4-(2-amino-3-phenylpropoxy)-7-chloro-1-
methyl-1H-indole-2-carboxylate hydrochloride (6k). White
solid, yield 81%, mp 228.8–230.6 �C, ½a�25

D �92.3� (c 1, MeOH), 1H
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NMR (600 MHz, DMSO-d6): d 8.40 (s, 3H), 7.73 (s, 1H), 7.32–7.34
(m, 2H), 7.24–7.28 (m, 4H), 6.51 (d, J = 8.4 Hz, 1H), 4.35 (s, 3H),
4.17 (dd, J = 2.4 Hz and 10.2 Hz, 1H), 3.96–3.99 (m, 1H), 3.88 (s,
3H), 3.87 (m, 1H), 3.13–3.15 (m, 1H), 3.04–3.08 (m, 1H). HRMS
(ESI): m/z for C20H22ClN2O3 [M+H]+: calculated 373.1313, found
373.1319.

3.5.4.12. (R)-Methyl 4-(2-amino-3-(1H-indol-3-yl)propoxy)-7-
chloro-1-methyl-1H-indole-2-carboxylate hydrochloride
(6l). White solid, yield 88%, mp 223.2–226.6 �C, ½a�25

D �83.3�
(c 1, MeOH), 1H NMR (600 MHz, DMSO-d6): d 11.03 (s, 1H), 8.45
(s, 3H), 7.76 (s, 1H), 7.60 (d, J = 7.8 Hz, 1H), 7.37 (d, J = 8.4 Hz,
1H), 7.21–7.24 (m, 2H), 7.08 (t, J = 7.2 Hz, 1H), 6.97 (t, J = 7.2 Hz,
1H), 6.48 (d, J = 8.4 Hz, 1H), 4.35 (s, 3H), 4.23 (dd, J = 2.4 Hz and
10.2 Hz, 1H), 4.07 (dd, J = 5.4 Hz and 10.2 Hz, 1H), 3.88 (s, 3H),
3.84 (br, s, 1H), 3.21–3.24 (m, 2H). HRMS (ESI): m/z for C22H23ClN3-

O3 [M+H]+: calculated 412.1422, found 412.1430.

3.5.4.13. (S)-Methyl 4-(2-amino-3-(1H-indol-3-yl)propoxy)-7-
chloro-1-methyl-1H-indole-2-carboxylate hydrochloride
(6m). White solid, yield 80%, mp 223.3–225.9 �C, ½a�25

D +64.3�
(c 1, MeOH), 1H NMR (600 MHz, DMSO-d6): d 11.02 (s, 1H), 8.38
(s, 3H), 7.76 (s, 1H), 7.60 (d, J = 7.8 Hz, 1H), 7.37 (d, J = 7.8 Hz,
1H), 7.23 (d, J = 8.4 Hz, 1H), 7.21 (d, J = 1.8 Hz, 1H), 7.09 (t,
J = 7.2 Hz, 1H), 6.97 (t, J = 7.2 Hz, 1H), 6.48 (d, J = 8.4 Hz, 1H), 4.35
(s, 3H), 4.23 (dd, J = 2.4 Hz and 10.2 Hz, 1H), 4.07 (dd, J = 5.4 Hz
and 10.2 Hz, 1H), 3.88 (s, 3H), 3.85 (br, s, 1H), 3.18–3.25 (m, 2H).
HRMS (ESI): m/z for C22H23ClN3O3 [M+H]+: calculated 412.1422,
found 412.1429.

3.5.4.14. (S)-1-((7-Methoxy-1-methyl-2-(3-methyl-1,2,4-oxa-
diazol-5-yl)-1H-indol-4-yl)oxy)-3-phenylpropan-2-amine
hydrochloride (6n). White solid, yield 85%, mp 155.5–
158.6 �C, ½a�25

D +47.1� (c 1, MeOH), 1H NMR (600 MHz, DMSO-d6):
d 8.43 (s, 3H), 7.82 (s, 1H), 7.32–7.35 (m, 2H), 7.25–7.28 (m, 3H),
6.70 (d, J = 8.4 Hz, 1H), 6.39 (d, J = 8.4 Hz, 1H), 4.39 (s, 3H), 4.12
(dd, J = 2.4 Hz and 10.2 Hz, 1H), 3.93–3.96 (m, 1H), 3.88 (s, 3H),
3.84 (m, 1H), 3.15 (dd, J = 5.4 Hz and 13.2 Hz, 1H), 3.06–3.09 (m,
1H), 2.45 (s, 3H). HRMS (ESI): m/z for C22H25N3O4 [M+H]+: calcu-
lated 393.1921, found 393.1928.

3.5.4.15. (R)-1-((7-Methoxy-1-methyl-2-(3-methyl-1,2,4-oxa-
diazol-5-yl)-1H-indol-4-yl)oxy)-3-phenylpropan-2-amine
hydrochloride (6o). White solid, yield 80%, mp 155.5–
157.9 �C, ½a�25

D �58.3� (c 1, MeOH), 1H NMR (600 MHz, DMSO-d6):
d 8.39 (s, 3H), 7.82 (s, 1H), 7.32–7.35 (m, 2H), 7.26–7.29 (m, 3H),
6.71 (d, J = 7.8 Hz, 1H), 6.39 (d, J = 7.8 Hz, 1H), 4.35 (s, 3H), 4.13
(dd, J = 2.4 Hz and 10.2 Hz, 1H), 3.93–3.96 (m, 1H), 3.88 (s, 3H),
3.84 (m, 1H), 3.14 (dd, J = 5.4 Hz and 13.2 Hz, 1H), 3.06–3.09 (m,
1H), 2.45 (s, 3H). HRMS (ESI): m/z for C22H25N3O4 [M+H]+: calcu-
lated 393.1921, found 393.1928.

3.5.4.16. (S)-1-(1H-Indol-3-yl)-3-((7-methoxy-1-methyl-2-(3-
methyl-1,2,4-oxadiazol-5-yl)-1H-indol-4-yl)oxy)propan-2-
amine hydrochloride (6p). White solid, yield 84%, mp 169.7–
173.9 �C, ½a�25

D +30.8� (c 1, MeOH), 1H NMR (600 MHz, DMSO-d6): d
11.05 (s, 1H), 8.48 (s, 3H), 7.85 (s, 1H), 7.63 (d, J = 7.8 Hz, 1H), 7.37
(d, J = 8.4 Hz, 1H), 7.23 (s, 1H), 7.09 (t, J = 7.8 Hz, 1H), 6.98 (t,
J = 7.8 Hz, 1H), 6.69 (d, J = 8.4 Hz, 1H), 6.37 (d, J = 8.4 Hz, 1H),
4.38 (s, 3H), 4.18 (dd, J = 2.4 Hz and 10.2 Hz, 1H), 4.03–4.05 (m,
1H), 3.87 (s, 3H), 3.83 (m, 1H), 3.21–3.29 (m, 2H), 2.45 (s, 3H).
HRMS (ESI): m/z for C24H26N5O3 [M+H]+: calculated 432.2030,
found 432.2038.

3.5.4.17. (R)-1-(1H-Indol-3-yl)-3-((7-methoxy-1-methyl-2-(3-
methyl-1,2,4-oxadiazol-5-yl)-1H-indol-4-yl)oxy)propan-2-
amine hydrochloride (6q). White solid, yield 92%, mp 169.9–
173.5 �C, ½a�25
D �46.7� (c 1, MeOH), 1H NMR (600 MHz, DMSO-d6): d

11.02 (s, 1H), 8.31 (s, 3H), 7.84 (s, 1H), 7.61 (d, J = 8.4 Hz, 1H), 7.37
(d, J = 8.4 Hz, 1H), 7.23 (d, J = 1.8 Hz, 1H), 7.09 (t, J = 7.8 Hz, 1H),
6.98 (t, J = 7.8 Hz, 1H), 6.70 (d, J = 8.4 Hz, 1H), 6.38 (d, J = 8.4 Hz,
1H), 4.39 (s, 3H), 4.18 (dd, J = 3.0 Hz and 10.2 Hz, 1H), 4.02–4.04
(m, 1H), 3.87 (s, 3H), 3.87 (m, 1H), 3.22 (d, J = 7.8 Hz, 2H), 2.45 (s,
3H). HRMS (ESI): m/z for C24H26N5O3 [M+H]+: calculated
432.2030, found 432.2038.

3.5.4.18. (S)-1-((7-Methoxy-1-methyl-2-(3-methyl-1,2,4-oxa-
diazol-5-yl)-1H-indol-4-yl)oxy)-4-(methylthio)butan-2-amine
hydrochloride (6r). White solid, yield 84%, mp 209.4–
213.2 �C, ½a�25

D +15.4� (c 1, MeOH), 1H NMR (600 MHz, DMSO-d6):
d 8.17 (s, 3H), 7.77 (s, 1H), 6.76 (d, J = 7.8 Hz, 1H), 6.53 (d,
J = 7.8 Hz, 1H), 4.38 (s, 3H), 4.28 (dd, J = 2.4 Hz and 10.2 Hz, 1H),
4.10–4.13 (m, 1H), 3.89 (s, 3H), 3.70 (br, s, 1H), 2.65 (t, J = 7.8 Hz,
2H), 2.45 (s, 3H), 2.08 (s, 3H), 1.99–2.03 (m, 2H). HRMS (ESI): m/
z for C18H25N4O3 [M+H]+: calculated 377.1642, found 377.1648.

3.5.4.19. (S)-1-((7-Methoxy-1-methyl-2-(3-methyl-1,2,4-oxa-
diazol-5-yl)-1H-indol-4-yl)oxy)-4-methylpentan-2-amine
hydrochloride (6s). White solid, yield 93%, mp 214.3–
216.5 �C, ½a�25

D +17.6� (c 1, MeOH), 1H NMR (600 MHz, DMSO-d6):
d 8.22 (s, 3H), 7.78 (s, 1H), 6.75 (d, J = 8.4 Hz, 1H), 6.52 (d,
J = 8.4 Hz, 1H), 4.37 (s, 3H), 4.25 (dd, J = 3.0 Hz and 10.2 Hz, 1H),
4.06–4.08 (m, 1H), 3.89 (s, 3H), 3.61 (br, s, 1H), 2.46 (s, 3H),
1.76–1.80 (m, 1H), 1.60–1.62 (m, 2H), 0.94 (d, J = 6.6 Hz, 3H),
0.92 (d, J = 6.6 Hz, 3H). HRMS (ESI): m/z for C19H27N4O3 [M+H]+:
calculated 359.2078, found 359.2084.
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