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By inspiration of good Akt1 inhibitory and cytotoxic
activity of our previously screened hits 1 and 2, a ser-
ies of novel benzopyrans 3a–c, 4 and phenylpyrazoles
5a–c, 6a–b, and 7 were designed, synthesized, and
biologically evaluated for their in vitro Akt1 inhibitory
and cytotoxic activity. The results revealed that all of
these compounds showed moderate-to-excellent anti-
proliferative effects against the tested cancer cell lines
(i.e. HL-60, OVCAR, PC-3, and HepG2). Among them,
compounds 3a and 3c exhibited preferable Akt1 inhibi-
tory activities (IC50 of 3a and 3c are 6.18 and 5.28 lM,
respectively), while compounds 4, 5a–c, 6a–b, and 7
only showed weak Akt1 inhibitory activities. Conse-
quently, we used molecular docking and dynamic sim-
ulation to propose a mode of binding between Akt1
and the 3c compound.
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Akt (also known as protein kinase B or PKB) acts as a
central node in the PI3K/Akt/mTOR signaling pathway that
plays an essential role in cellular survival, proliferation,
growth, motility, and apoptosis (1). Akt can be classified
into three subfamilies (Akt1, Akt2, and Akt3) that share a
high degree of overall homology and similar downstream
targets (2). Aberrant activation of Akt is associated with
various malignancies such as breast, prostate, ovarian,
and skin cancers (3,4); thus, Akt has been identified as a
significant target for cancer treatment (5–7). Numerous

studies have demonstrated the importance of the Akt
enzyme as a target in anticancer strategies—resulting in
the identification of structurally diverse Akt inhibitors (e.g.
HT-89). Many of these inhibitors are currently under clinical
trial (e.g. perifosine, MK2206, triciribine, and GDC0068)
(Figure 1) (8–14). Top-line results of phase I/II trials of
MK2206 (15) and phase II trials of perifosine (16) indicate
a bright future for the development of Akt inhibitors (17).
However, there are still some issues needing to be
addressed, such as drug resistance and toxicology. Con-
sequently, the development of innovative Akt inhibitors
with novel structures and mechanisms is very important.
Previously, we combined a pharmacophore model with
molecular docking in a virtual screening, resulting in identi-
fication of two benzopyrans 1 and 2 (Figure 2A) with favor-
able Akt1 inhibitory activities (IC50 value of 1 and 2 are 5.4
and 3.9 lM, respectively) (18). It is noteworthy that these
two compounds are multihydroxyl flavonoids, which are
well-known natural products exhibiting extensively biologi-
cal activities (including anticancer) and very low toxic prop-
erties (19,20). Thus, further optimization of this series of
compounds as Akt inhibitors would lead to the discovery
of multifunctional anticancer agents.

In this study, we aimed to enhance the Akt inhibitory activi-
ties of lead compounds 1 and 2 by performing structural
optimizations. For clarity, the binding modes between Akt1
and compound 1 are presented in 2D structure (Figure 2B).
Key interactions are described as follows: (i) catechol moi-
ety of compound 1 forms two hydrogen bonds to the
kinase hinge through residues Ala230 and Glu228, (ii) 5-
hydroxyl group of chromanone ring hydrogen bonds with
basic amino Lys179 of Akt1, and (iii) the prenyl moiety
forms a hydrophobic interaction with residue Phe161. Thus,
several clues for further structural optimization of these lead
compounds are clearly given. Herein, we explored the
effect of replacing the side chain (prenyl group) of com-
pound 1 (morpholine 3a, piperidine 3b, benzylamine 3c)
extending the tolerance of side chain of compound 1. Sub-
sequently, we replaced the catechol moiety with a pyridyl
ring (see compound 4) based on the observed activity of
compound 3c and the reported potency of Akt inhibitors
bearing a pyridine in the hinge region (21). Moreover, we
extended the diversity of target compounds’ skeleton by
directly transferring flavones in the presence of hydrazine

ª 2014 John Wiley & Sons A/S. doi: 10.1111/cbdd.12489 1

Chem Biol Drug Des 2014

Research Article



onto phenylpyrazole, another good mimic skeleton of flavo-
noid. Accordingly, compounds 3a–c, 4, 5a–c, 6a–b, and 7

(Figure 3) were synthesized and biologically evaluated for in
vitro Akt1 inhibitory and cytotoxic activity against HL-60,
OVCAR-8, PC-3, and HepG2 cell lines (22,23). Further-
more, the molecular docking and molecular dynamics/
molecular mechanics (MD/MM) simulations were performed
to investigate the proposed mode of interaction.

Experimental Section

Chemistry
1H NMR spectra were recorded on a 500 MHz spectrom-
eter (Br€uker AM, Hangzhou, China), 13C NMR spectra
were recorded on a 125 MHz spectrometer (Br€uker AM)
with TMS as the internal standard. The chemical shifts
were expressed as d values in parts in million (ppm) rela-
tive to tetramethylsilane (TMS). Melting points were
obtained on a B-540 B€uchi melting point apparatus and
are uncorrected. Mass spectra were recorded on an
Esquire-LC-00075 spectrometer. Reagents and solvents
were purchased from commercial sources (Sigma-Aldrich,
Alfa Aesar, TCI, Hangzhou, China and others).

General procedure of the synthesis of 3a–c
To a solution of quercetin (0.2 mmol) in 2 mL isopropanol
were added the corresponding amines (0.2 mmol) and
paraformaldehyde (0.6 mmol), and the reaction mixture
was heated to 60 °C for 5 h. After the reactants were
consumed, EtOAc (30 mL) and 2N HCl aqueous solution
(30 mL) was added to the mixture, then the pH of the
aqueous phase was adjusted to seven by addition of 1N
NaHCO3 aqueous solution and extracted with EtOAc
(3 9 15 mL). The combined organic layers were dried
over Na2SO4, concentrated under vacuum, and purified
by Buchi Sepacore preparative chromatography using
RP-18 reverse-phase column to afford the title com-
pounds.

2-(3,4-Dihydroxyphenyl)-3,5,7-trihydroxy-6-
(morpholinomethyl)-4H-chromen-4-one (3a)
Reagents: quercetin (60.4 mg, 0.2 mmol), morpholine
(17.4 mg, 0.2 mmol), and paraformaldehyde (16.8 mg,
0.6 mmol). The product was obtained as a pale yellow
solid (18%), m.p. >220 °C. 1H NMR (DMSO-d6) d 12.53
(s, 1H), 7.72 (s, 1H), 7.60 (d, J = 8.5 Hz, 1H), 6.90 (d,
J = 8.5 Hz, 1H), 6.22 (s, 1H), 3.82 (s, 2H), 3.59 (t, 4H),
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Figure 1: Structures of HT-89 and typical Akt inhibitors in clinical trials.
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Figure 2: (A) Structure of screened hits 1 and 2 as Akt1 inhibitors in our previous study; (B) the interaction mode between compound 1

and Akt1 by proposed by docking study.
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2.53 (t, 4H). 13C NMR (100 MHz, DMSO) d 175.97,
163.47, 159.54, 153.96, 147.69, 146.58, 145.09, 135.66,
122.21, 119.94, 115.61, 115.04, 102.87, 100.20, 97.93,
66.09, 52.72, 50.93. ESI-MS: m/z [M � H]� 400.
HR-MS (ESI): Calcd. for [M + H]�: 400.1032, found:
400.1028.

2-(3,4-Dihydroxyphenyl)-3,5,7-trihydroxy-6-((4-
methylpiperidin-1-yl)methyl)-4H-chromen-4-one
(3b)
Reagents: quercetin (60.4 mg, 0.2 mmol), 4-methylpiperi-
dine (19.8 mg, 0.2 mmol), and paraformaldehyde (16.8 mg,
0.6 mmol). The product was obtained as a pale yellow
solid (21%), m.p. >220 °C. 1H NMR (DMSO-d6) d 7.68
(d, J = 8.3 Hz, 1H), 7.55 (dd, J = 8.5, 2.1 Hz, 1H), 6.90
(d, J = 8.5 Hz, 1H), 6.10 (s, 1H), 3.96 (s, 2H), 2.99 (d,
J = 11.5 Hz, 2H), 2.29 (t, J = 11.1 Hz, 2H), 1.68 (d,
J = 12.0 Hz, 2H), 1.53–1.35 (m, 1H), 1.16 (td, J = 14.5,
3.1 Hz, 2H), 0.91 (d, J = 6.5 Hz, 3H). ESI-MS: m/z
[M � H]� 412. HR-MS(ESI): Calcd. for [M + H]�: 412.1396,
found: 412.1391.

6-((Benzyl(methyl)amino)methyl)-2-(3,4-
dihydroxyphenyl)-3,5,7-trihydroxy-4H-chromen-
4-one (3c)
Reagents: quercetin (60.4 mg, 0.2 mmol), N-methylben-
zylamine (19.8 mg, 0.2 mmol), and paraformaldehyde
(16.8 mg, 0.6 mmol). The product was obtained as a
pale yellow solid (15%), m.p. >220 °C. 1H NMR (MeOH-
d4) d 7.74 (s, 1H), 7.58 (d, J = 6.6 Hz, 1H), 7.47–7.24
(m, 5H), 6.87 (d, J = 10.3 Hz, 1H), 6.12 (s, 1H), 4.16 (s,
1H), 3.88 (s, 2H), 2.41 (s, 2H). ESI-MS: m/z [M � H]�

434. HR-MS(ESI): Calcd. for [M + H]�: 434.1240., found:
434.1245.

The general procedure for the synthesis of 12a–c
To a mixture of appropriate acetophenone 9 (10.2 mmol),
isonicotinic acid or nicotinic acid (10.2 mmol) in pyridine
(30 mL) was added POCl3 (11.2 mmol) slowly at 0 °C.
The reaction was stirred at room temperature for 16 h,
then the reaction mixture was poured into water (100 mL),
and the solid was separated by filtration and dried to give
10. Subsequently, to a solution of the compound 10 in
DMF was added potassium hydroxide (30.6 mmol) and
the mixture stirred for 2 h, afterward, the reaction mixture
was treated with ethyl acetate and water, and extracted
by ethyl acetate (3 9 50 mL). The combined organic
extraction was dried over Na2SO4 and concentrated to
give crude residue 11, which was further dissolved in ace-
tic acid (10 mL) and conc. H2SO4 (1 mL). The reaction
mixture was heated to 100 °C for 2 h, then diluted with
water, neutralized with a saturated aqueous NaHCO3

solution, extracted by ethyl acetate and finally purified by
column chromatography on silica gel using petroleum
ether-ethyl acetate as eluant to afford desired product.

5,7-Dimethoxy-2-(pyridin-4-yl)-4H-chromen-4-one
(12a)
The product was obtained as a white solid (42%). 1H NMR
(CDCl3) d 8.79 (d, J = 6.0 Hz, 2H), 7.73 (d, J = 6.0 Hz,
2H), 6.78 (s, 1H), 6.59 (d, J = 2.1 Hz, 1H), 6.41 (d,
J = 2.1 Hz, 1H), 3.97 (s, 3H), 3.93 (s, 3H). ESI-MS: m/z
[M + H]+ 284.

5,7-Dimethoxy-2-(pyridin-3-yl)-4H-chromen-4-one
(12b)
The product was obtained as a white solid (58%). 1H NMR
(CDCl3) d 9.28 (d, J = 1.0 Hz, 1H), 8.75 (dd, J = 4.8,
1.0 Hz, 1H), 8.55–8.43 (m, 1H), 7.60 (dd, J = 6.4, 3.8 Hz,
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Figure 3: Structures of the newly designed
benzopyrans and phenylpyrazoles as Akt
inhibitors.
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1H), 6.70 (s, 1H), 6.54 (d, J = 2.5 Hz, 1H), 6.42 (d,
J = 2.5 Hz, 1H), 4.02 (s, 3H), 3.95 (s, 3H). ESI-MS: m/z
[M + H]+ 284.

7-(Benzyloxy)-2-(pyridin-3-yl)-4H-chromen-4-one
(12c)
The product was obtained as a white solid (61%). 1H NMR
(CDCl3) d 9.16 (brs, 1H), 8.77 (brs, 1H), 8.16 (dd, J = 8.4,
2.9 Hz, 2H), 7.42 (m, 6H), 7.10 (dd, J = 8.8, 2.3 Hz, 1H),
7.06 (d, J = 2.2 Hz, 1H), 6.79 (s, 1H), 5.21 (s, 2H). ESI-
MS: m/z [M + H]+ 330.

General procedure for the synthesis of 13a and
13b
To a solution of compound 12a (1.0 mmol) in anhydrous
CH3CN (10 mL), anhydrous AlCl3 (4.0 mmol) was added
at room temperature, and then the mixture was refluxed
overnight. The reaction mixture was poured into ice water,
adjusted the PH ~6 using aqueous Na2CO3, and then
extracted with ethyl acetate (3 9 20 mL). The combined
organic phases were washed with brine, dried over anhy-
drous Na2SO4, concentrated and purified on silica gel to
give desired product.

5-Hydroxy-7-methoxy-2-(pyridin-4-yl)-4H-chromen-
4-one (13a)
The product was obtained as white solid (75%). 1H NMR
(500 MHz, CDCl3) d 12.50 (s, 1H), 8.83 (d, J = 4.5 Hz,
2H), 7.74 (d, J = 4.5 Hz, 2H), 6.77 (s, 1H), 6.53 (s, 1H),
3.90 (s, 3H). ESI-MS: m/z [M + H]+ 270.

5-Hydroxy-7-methoxy-2-(pyridin-3-yl)-4H-chromen-
4-one (13b)
The product was obtained as white solid (81%). 1H NMR
(500 MHz, CDCl3) d 12.44 (s, 1H), d 9.23 (d, J = 1.0 Hz,
1H), 8.70 (dd, J = 4.8, 1.0 Hz, 1H), 8.52–8.40 (m, 1H),
7.62 (dd, J = 6.5, 4.0 Hz, 1H), 6.77 (s, 1H), 6.53 (s, 1H),
3.90 (s, 3H). ESI-MS: m/z [M + H]+ 270.

Synthesis of 6-((benzyl(methyl)amino)methyl)-5-
hydroxy-7-methoxy-2-(pyridin-4-yl) -4H- chromen-
4-one 4
To a solution of 12a (0.1 mmol) in 2 mL dioxane were
added N-methylbenzylamine (0.1 mmol) and paraformalde-
hyde (0.3 mmol), and the mixture was stirred at 60 °C
overnight. After cooling, water (5 mL) was added and
extracted with ethyl ether (3 9 5 mL). The combined
organic layers were dried over Na2SO4 and concentrated
under vacuum. The residue was purified on silica gel to
afford the title compound 4 as white solid (56%). 1H NMR
(500 MHz, CDCl3) d 8.82 (d, J = 6.0 Hz, 2H), 7.74 (d,
J = 6.1 Hz, 2H), 7.43–7.15 (m, 5H), 6.78 (s, 1H), 6.52 (s,
1H), 3.90 (s, 3H), 3.64 (s, 2H), 2.26 (s, 2H). 13C NMR

(101 MHz, DMSO) d 182.05, 164.57, 160.59, 159.17,
156.71, 150.67, 139.32, 137.97, 128.60, 127.92, 126.68,
119.89, 109.28, 107.68, 104.95, 90.81, 61.41, 56.34,
47.43, 41.50. ESI-MS: m/z [M + H]� 403.

General procedure for the synthesis of 14a–14b
To a solution of compound 12 (2.0 mmol) in MeOH
(10 mL), hydrazine hydrate (10.0 mmol) was added and
the mixture was refluxed for 10 h. The reaction mixture
was then poured into ice water and extracted with ethyl
acetate (3 9 20 mL). The organic phase was washed with
brine, dried over anhydrous Na2SO4, and then concen-
trated in vacuum. The residue was purified by column
chromatography on silica gel using petroleum ether-ethyl
acetate as eluant to give desired product.

3,5-Dimethoxy-2-(5-(pyridin-4-yl)-1H-pyrazol-3-yl)
phenol (14a)
Reagents: 12a (566 mg, 2.0 mmol) and hydrazine hydrate
(320 mg, 10.0 mmol). The product was obtained as white
solid (76%). 1H NMR (500 MHz, CDCl3) d 8.71 (d,
J = 6.0 Hz, 2H), 7.58 (d, J = 6.0 Hz, 2H), 7.36 (s, 1H),
6.26 (d, J = 2.3 Hz, 1H), 6.16 (d, J = 2.3 Hz, 1H), 3.96 (s,
3H), 3.83 (s, 3H). ESI-MS: m/z [M + H]� 298.

3,5-Dimethoxy-2-(5-(pyridin-3-yl)-1H-pyrazol-3-yl)
phenol (14b)
Reagents: 12b (566 mg, 2.0 mmol) and hydrazine hydrate
(320 mg, 10.0 mmol). The product was obtained as white
solid (88%). 1H NMR (500 MHz, MeOH-d4) d 8.99 (s, 1H),
8.50 (d, J = 4.8 Hz, 1H), 8.24 (d, J = 8.0 Hz, 1H), 7.52
(dd, J = 7.8, 4.9 Hz, 1H), 7.22 (s, 1H), 6.22 (d,
J = 2.3 Hz, 1H), 6.20 (d, J = 2.3 Hz, 1H), 3.93 (s, 3H),
3.81 (s, 3H). ESI-MS: m/z [M + H]� 298.

Synthesis of 4-(5-(pyridin-4-yl)-1H-pyrazol-3-yl)
benzene-1,3-diol 16
To a solution of 12c (658 mg, 2.0 mmol) in MeOH
(10 mL), hydrazine hydrate (320 mg, 10.0 mmol) was
added and refluxed for 10 h. The reaction mixture was
then poured into ice water and extracted with ethyl
acetate (3 9 20 mL). The organic phase was washed
with brine, dried over anhydrous Na2SO4, and then
concentrated in vacuum. The residue was purified by
column chromatography on silica gel using petroleum
ether-ethyl acetate as eluant to give solid. Then, a
solution of the above solid and 5% Pd/C (30.0 mg) in
EtOH was charged with hydrogen and refluxed over-
night. The mixture was filtered and the filtrate was con-
centrated to give 16 without purification (48%, two
steps). 1H NMR (500 MHz, MeOH-d4) d 9.00 (brs, 1H),
8.48 (brs, 1H), 8.24 (brs, 1H), 7.52 (d, J = 8.0 Hz, 2H),
7.04 (s, 1H), 6.41 (d, J = 8.0 Hz, 2H). ESI-MS: m/z
[M + H]� 254.
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General procedure for the synthesis of compounds
5a–c, 6a, b, and 7
To a solution of 14 (or 16) (0.1 mmol) in 2 mL dioxane
were added corresponding amine (0.1 mmol) and parafor-
maldehyde (0.3 mmol), and the mixture was stirred at
60 °C overnight. After cooling to room temperature, the
mixture was poured into water (5 mL) and extracted with
ethyl acetate (3 9 5 mL). The combined organic layers
were dried over anhydrous Na2SO4, concentrated and
purified by column chromatography on silica gel using
petroleum ether-ethyl acetate to afford the desired prod-
uct.

3,5-Dimethoxy-2-(piperidin-1-ylmethyl)-6-(5-
(pyridin-4-yl)-1H-pyrazol-3-yl) phenol (5a)
Reagent: 14a (29.7 mg, 0.1 mmol), piperidine (8.5 mg,
0.1 mmol), paraformaldehyde (84 mg, 0.3 mmol). The
product was obtained as white solid (55%), m.p. 178–
180 °C. 1H NMR (500 MHz, CDCl3) d 8.62 (d, J = 5.9 Hz,
2H), 7.80 (d, J = 6.1 Hz, 2H), 7.34 (s, 1H), 6.11 (s, 1H),
3.98 (s, 3H), 3.84 (s, 3H), 3.81 (s, 2H), 1.75–1.61 (m, 4H),
0.93–0.80 (m, 6H). ESI-MS: m/z [M + H]+ 395.

2-((Cyclohexyl(methyl)amino)methyl)-3,5-
dimethoxy-6-(5-(pyridin-4-yl)-1H-pyrazol-3-yl)
phenol (5b)
Reagent: 14b (29.7 mg, 0.1 mmol), N-methylcyclohexyl-
amine (11.3 mg, 0.1 mmol), paraformaldehyde (84 mg,
0.3 mmol). The product was obtained as white solid
(52%), m.p. 165–166 °C. 1H NMR (500 MHz, CDCl3) d
8.63 (d, J = 6.0 Hz, 2H), 7.81 (d, J = 4.8 Hz, 2H), 7.34 (s,
1H), 6.10 (s, 1H), 4.00 (s, 3H), 3.94 (s, 2H), 3.85 (s, 3H),
2.65–2.68 (m, 1H), 2.35 (s, 3H), 1.93–1.97 (m, 2H), 1.85–
1.89 (m, 2H), 1.68–1.72 (m, 1H), 1.44–1.36 (m, 2H), 1.16–
1.12 (m, 1H), 0.83 -0.88 (m, 2H). ESI-MS: m/z [M + H]+

423.

2-((Benzyl(methyl)amino)methyl)-3,5-dimethoxy-
6-(5-(pyridin-4-yl)-1H-pyrazol-3-yl)phenol (5c)
Reagent: 14c (29.7 mg, 0.1 mmol), N-methylbenzylamine
(12.1 mg, 0.1 mmol), paraformaldehyde (84 mg, 0.3 mmol).
The product was obtained as white solid (44%), m.p.
182–185 °C. 1H NMR (500 MHz, CDCl3) d 8.63 (d,
J = 5.6 Hz, 2H), 7.81 (d, J = 5.6 Hz, 2H), 7.39–7.29
(m, 5H), 7.26 (s, 1H), 6.14 (s, 1H), 3.99 (s, 3H), 3.89
(s, 2H), 3.86 (s, 3H), 2.28 (s, 3H). ESI-MS: m/z [M + H]+

431.

3,5-Dimethoxy-2-(piperidin-1-ylmethyl)-6-(5-
(pyridin-3-yl)-1H-pyrazol-3-yl) phenol (6a)
Reagent: 14b (29.7 mg, 0.1 mmol), piperidine (8.5 mg,
0.1 mmol), paraformaldehyde (84 mg, 0.3 mmol). The
product was obtained as white solid (59%), m.p. 183–
185 °C. 1H NMR (500 MHz, acetone-d6) d 9.11 (d,

J = 1.5 Hz, 1H), 8.49 (dd, J = 4.7, 1.6 Hz, 1H), 8.22 (dt,
J = 7.9, 1.9 Hz, 1H), 7.39 (dd, J = 7.9, 4.8 Hz, 1H), 7.33
(s, 1H), 6.35 (s, 1H), 4.00 (s, 3H), 3.88 (s, 3H), 3.85 (s,
2H), 3.58 (s, 4H), 1.74–1.65 (m, 4H), 1.55 (s, 2H). ESI-MS:
m/z [M + H]+ 395.

2-((Benzyl(methyl)amino)methyl)-3,5-dimethoxy-6-
(5-(pyridin-3-yl)-1H-pyrazol-3-yl)phenol (6b)
Reagent: 14b (29.7 mg, 0.1 mmol), N-methylbenzylamine
(12.1 mg, 0.1 mmol), paraformaldehyde (84 mg, 0.3 mmol).
The product was obtained as white solid (45%), m.p.
171–173 °C. 1H NMR (500 MHz, acetone-d6) d 12.34
(brs, 1H), 9.09 (s, 1H), 8.48 (dd, J = 4.7, 1.5 Hz, 1H),
8.21 (dt, J = 7.9, 1.9 Hz, 1H), 7.44–7.36 (m, 5H), 7.35 (s,
1H), 7.32 (t, J = 7.0 Hz, 1H), 6.40 (s, 1H), 4.02 (s, 3H),
3.91 (s, 5H), 3.74 (s, 2H), 2.29 (s, 3H). 13C NMR
(101 MHz, DMSO) d 157.81, 157.68, 157.48, 157.41,
150.41, 150.02, 129.33, 128.47, 127.54, 119.40, 103.90,
99.18, 87.18, 60.00, 55.66, 55.60, 45.59. ESI-MS: m/z
[M + H]+ 431.

2,4-bis((benzyl(methyl)amino)methyl)-6-(5-(pyridin-
4-yl)-1H-pyrazol-3-yl) benzene-1,3-diol 7
Reagent: 16 (25.4 mg, 0.1 mmol), N-methylbenzylamine
(24.2 mg, 0.2 mmol), paraformaldehyde (112 mg, 0.4 mmol).
The product was obtained as a white solid (39%),
m.p. 110–113 °C. 1H NMR (500 MHz, CDCl3) d 8.66
(d, J = 5.8 Hz, 2H), 7.78 (d, J = 6.0 Hz, 1H), 7.46–7.30
(m, 11H), 6.87 (s, 1H), 4.00 (s, 2H), 3.79 (s, 4H), 3.64
(s, 2H), 2.35 (s, 3H), 2.27 (s, 3H). ESI-MS: m/z [M + H]+

520.

Akt1 inhibitory activity assay
in vitro kinase assays were carried out using HTScan�

PKB/Akt1 Kinase Assay kit (Cell Signaling Technology).
Active recombinant Akt1 kinase (GST fusion protein, 4 ng)
in 8 lL of 2.59 kinase buffer [62.5 mM Tris–HCl (pH 7.5),
25 mM MgCl2, 12.5 mM b-glycerophosphate, 0.25 mM

Na3VO4, 5 mM dithiothreitol (DTT)] was mixed with 2 lL of
dimethyl sulfoxide (DMSO) vehicle or each of the com-
pound (indicated concentrations), incubated at room tem-
perature for 5 min, and 10 lL of ATP/substrate cocktail
(20 mM ATP, 3 mM eNOS served as substrate) was added.
After incubation at room temperature for 30 min, add
20 lL of 50 mM ethylenediaminetetraacetic acid (EDTA)
(pH 8.0) and terminate the reaction. Then, PKB/Akt1
kinase activity was analyzed according to the manufac-
turer’s instructions.

Cytotoxic activity assay
The cytotoxic activity of tested compounds in PC3, OV-
CAR-8, HepG2, and HL-60 cells was measured using the
MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide, a tetrazole) assay (23). Cells were seeded in
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96-well microtiter plates (at a density of 4000 cells per
well) for overnight attachment and exposed to each of the
compound (1.0–100.0 lM) for 72 h. The MTT solution
(5.0 mg/mL in RPMI 1640 medium; Sigma-Aldrich) was
added (20.0 lL/well), and plates were incubated for a fur-
ther 4 h at 37 °C. The purple formazan crystals were dis-
solved in 100.0 lL of DMSO. After 5 min, the plates were
read on an automated microplate spectrophotometer (Bio-
Tek Instruments, Winooski, VT, USA) at 570 nm. Assays
were performed in triplicate on three independent

experiments. The concentration of drug inhibiting 50% of
cells (IC50) was calculated using the GraphPad prism soft-
ware with microcomputers.

Computational Methods

Molecular docking with LigandFit
The X-ray crystal structure of Akt1 (PDB ID: 3OCB) was
retrieved from the Protein Data Bank (PDB, http://www.
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pdb.org). The docking site of Akt1 was derived using the
LigandFit site search utility in DISCOVERY STUDIO 2.5 software
(Accelrys, Inc., San Diego, CA, USA). For the generation of
different ligand conformations, we used variable numbers
of Monte Carlo simulations. All the calculations during the
docking step were performed under PLP Force Field for-
malism (24). A short rigid body minimization was then per-
formed, and 50 poses for each ligand were saved.
Scoring was performed with a set of scoring functions
implemented in LigandFit module, including Dock_score
(25), PLP1 (24), and PMF (26). The combination of con-
sensus scoring method (27) and key interaction with the
residues of Akt1 was applied to select the preferable out-
put docking conformation.

Molecular dynamic and mechanical (MD/MM)
simulation
With an aim to examine the reliability of the interaction
mode between Akt1 and its inhibitor, the ligand-bound
Akt1 complex proposed by LigandFit was further refined
by MD/MM simulation: (i) An NVT ensemble molecular
dynamic simulations with CHARMm force field were then
performed at a constant temperature of 300 K with a time
step of 1 fs for a total of 3 ns; (ii) then, the output confor-
mation was initially run with CHARMm force field for 500
iterations of steepest descents, followed by a 500 itera-
tions conjugate gradients optimization. The other parame-
ters of MD/MM simulation were maintained at their
Discovery studio default configuration.

Results and Discussion

Chemistry
The synthetic routes for compounds 3a–c, 4, 5a–c, 6a–b,
and 7 are outlined in Scheme 1. According to the literature
(28), the C-6 regioselective products 3a–c can be obtained
by a direct Mannich reaction on quercetin 8 in the presence
of paraformaldehyde and corresponding amines (e.g. mor-
pholine, 4-methylpiperidine, and N-methylbenzylamine) in

ethanol. In addition, esterification of hydroxyacetophenone
9 with carboxyl-pyridine (e.g. nicotinic acid and isonicotinic
acid) yielded ester 10. Diketone 11 was obtained by a
Baker–Venkataraman rearrangement from 10. Thereafter,
efficient acid-promoted cyclization of 11 afforded flavone
12. Also, demethylation of 12a using aluminum chloride in
anhydrous acetonitrile furnished 13, and compounds 12a–b
were treated with hydrazine hydrate in ethanol to give phen-
ylpyrazoles 14a–b. Furthermore, compound 12c was
reacted with hydrazine hydrate and then debenzylation
using Pd/C/H2 in ethanol to afford compound 16. Finally,
target compounds 4, 5a–b, 6a–b, and 7 were obtained by a
direct Mannich reaction on compounds 13, 14a–b, and 16

in the presence of paraformaldehyde and corresponding
amines (e.g. N-methylbenzylamine, N-methylcyclohexyl-
amine, piperidine) in dioxane.

Pharmacology
The target compounds 3a–c, 4, 5a–c, 6a–b, and 7 were
tested for in vitro cytotoxic activity against four human
cancer cell lines (i.e. HL60, OVCAR-8, PC-3, and HepG2).
H-89, a well-known Akt inhibitor (29), was employed as a
positive control. The results are summarized in Table 1. All
of them exhibited moderate-to-potent cytotoxic activity. In
the benzopyran class (3a–c), the effect of the side chain
(Mannich base moieties) on the A-ring of benzopyran to
the cytotoxic activity indicated that the N-methylbenzyl
group (3c) was better than morpholine (3a) and piperidine
(3b) in the matter of cytotoxic activity. As exemplified in
compound 3c, its IC50 values against HL60, OVCAR-8,
PC-3, and HepG2 cell lines were 7.56, 16.69, 15.45 and
7.2 lM, respectively. In the phenylpyrazole class, the effect
of the side chain (Mannich base moieties) on A-ring of
phenylpyrazole to the cytotoxic activity indicated that 4-
methylpiperidine was preferable compared with the activity
of compounds 5a–c. In addition, the two Mannich base
groups on A-ring of phenylpyrazole skeleton (i.e. com-
pound 7) attenuated the cytotoxic activity. The cytotoxic
activity against solid tumor cells of compound 5b, the
most potent one, was observed to be significantly

Table 1: The cytotoxic activities of compounds 3a–c, 4, 5a–c, 6a–b, and 7 against HL-60, OVCAR-8, PC-3, and HepG2 cells

Compound

Cytotoxic activities (IC50, lM)

HL-60 OVCAR-8 PC-3 HepG2

3a 16.65 � 1.5 >50 42.74 � 3.8 12.50 � 0.9
3b 14.22 � 1.1 >50 32.28 � 2.2 18.57 � 1.1
3c 7.56 � 0.4 16.69 � 2.0 15.45 � 1.8 7.20 � 0.5
4 13.32 � 1.5 9.69 � 0.9 30.13 � 5.0 6.68 � 0.4
5a 10.63 � 1.2 13.94 � 1.5 32.26 � 4.1 22.18 � 1.5
5b 4.75 � 0.5 7.96 � 0.8 4.98 � 0.6 4.62 � 0.5
5c 16.53 � 1.4 9.73 � 1.1 48.52 � 10.5 20.47 � 1.8
6a 11.64 � 1.0 17.59 � 1.9 >50 17.86 � 1.5
6b 4.34 � 0.3 10.76 � 1.7 22.11 � 2.5 10.26 � 1.1
7 17.33 � 1.2 38.00 � 3.2 17.01 � 1.2 >50
HT-89 11.45 � 0.9 7.74 � 0.5 9.49 � 0.8 10.17 � 0.6
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improved when compared to lead compound 1

(IC50 = 14.6, 23.8 for PC-3, OVCAR-8, respectively) in all
cell lines except HL-60 cells (IC50 = 4.98 and 7.96 for
PC-3 and OVCAR-8, respectively).

The Akt1 inhibitory activity of screened hits was evaluated
using HTScan� Akt1 Kinase Assay kit (Cell Signaling
Technology, Beverly, MA, USA) with H-89 as a positive

control. The results are presented in Table 2. Compounds
3a and 3c showed the best Akt1 inhibitory activities
(IC50 = 6.2 and 5.5 lM for 3a and 3c, respectively), which
were comparable to our previously screened hits 1 and 2;
these results suggest that the introduction of more flexi-
ble substituents into A-ring of benzofuran was tolerated
for Akt1 inhibitory activities. Besides, although compounds
4, 5a–c, 6a–b, and 7 showed comparable cytotoxic activ-
ity with 3a–c, the in vitro Akt1 inhibitory activities were
weak (the inhibitory rate is between 15.9% and 23.1%
at a concentration of 10 lM), indicating other possible
targets contributing to their favorable cytotoxic activity.
The study of phenylpyrazoles on their potential targets is
ongoing.

Molecular docking and MD/MM simulation
With the aim to study the interaction mode between the
active compounds 3a–c and Akt1, all of them were
docked into the active pocket of Akt1. The docking scores
from various functions (Dock_score, PLP1 and PMF) are
presented in Table 3. All of them showed good consensus
results and good performance in various scoring functions.
For example, the scores from Dock_scores, PLP1 and
PMF for compound 3c were 104.3, 108.6, and 73.7,
respectively. Furthermore, the proposed complex of Akt1
and 3c was then submitted for MD/MM simulation by
DISCOVERY STUDIO 2.5 program, providing us with a stable
compound 3c-Akt1 complex. As shown in Figure 4A,
compound 3c was embraced in the Akt1 binding pocket.
The polar and hydrophobic interaction between Akt1 and
3c is presented in Figure 4B. The Glu228 and Ala230 resi-
dues of Akt1 in the hinge region made key hydrogen bond
interactions with the catechol group of 3c. An additional

Table 2: The Akt1 inhibitory activities of compounds 3a–c, 4, 5a
–c, 6a–b, and 7

Compound IC50 (Inhibitory rate, %)a

3a 6.2 � 0.4 lM
3b (39%)a

3c 5.5 � 0.5 lM
4 N. A.b

5a (16%)a

5b (19%)a

5c (16%)a

6a (23%)a

6b (21%)a

7 (20%)a

H-89 1.7 � 0.2 lM

aThe Akt1 inhibitory rate was determined at a concentration of
10 lM.
bN. A. means no activity.

Table 3: The docking results of compounds 3a–c

Compound Dock_score -PLP1 -PMF

3a 94.17 99.86 88.51
3b 98.26 103.66 95.72
3c 104.31 108.64 73.68

A B

Figure 4: (A) Interaction mode of 3c with Akt1: Compound 3c was embraced in the Akt1 binding pocket; (B) compound 3c is displayed
in stick within the binding pocket of Akt1 in the detailed picture, and the hydrogen bond interactions between 3c and Akt1 are highlighted
using dash line.
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hydrogen bond was observed between guanidine of Arg4
and 5-hydroxyl of 3c. Besides, the benzyl moiety of 3c

packed into the glycine-rich pocket of Akt1, forming a p–p
stacking interaction with Phe161 of Akt1.

Conclusion

In this study, a series of Mannich base of benzopyran and
phenylpyrazole derivatives were designed, synthesized,
and biologically evaluated for in vitro Akt1 inhibitory and
cytotoxic activity. Most of them exhibited moderate-to-
potent cytotoxic activity against four cancer cell lines.
Moreover, three compounds 3a–c showed promising Akt1
inhibitory activity that was comparable to that of lead com-
pounds 1 and 2. However, the Akt1 inhibitory activity of
the other compounds was very weak. The negative rela-
tionship between cytotoxicity and Akt1 inhibitory activity
strongly suggests that there are other mechanisms con-
tributing to cancer cell apoptosis. In fact, determining the
exact mechanism of action for these compounds is an
ongoing project to give us a novel anchor point for further
development of these series of compounds as anticancer
agents. This is the first example, to the best of our knowl-
edge, of extensive structural modification of flavonoids in
the development of Akt1 inhibitors. Furthermore, the struc-
tural acquirement and the binding mode proposed in this
study will be valuable for the future development of more
potent flavonoids derivatives as Akt1 inhibitors.
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