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Abstract

Twelve baicalein derivatives, derivatized with 7-ester and 8-aminomethylene

groups, were synthesized as cyclin-dependent kinase 1 (CDK1) inhibitors, by

the addition of one of four secondary amines to C-8, using the Mannich reac-

tion, followed by mono-esterification with one of three carboxylic acids. Analy-

sis by 1H-, 13C-NMR, and HMBC spectra, as well as a chemical test, confirmed

that the esterification occurred at the 7-phenolic hydroxyl position of baicalein

but not at the 5- or 6-positions.
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1 | INTRODUCTION

Flavonoids are polyphenolic compounds, which have
diverse pharmacological effects, such as antioxidant,
antiinflammatory, antibacterial,[1–3] liver protection,[4,5]

antiviral,[6,7] and antitumor,[8,9] so they are frequently
exploited as lead compounds for drug development.[10]

Baicalein (Figure 1), one of the flavone class of com-
pounds, has often been used as a lead compound for
structural modification and screening for pharmacologi-
cal activity. Modifications were mainly of the phenolic
hydroxyl groups and the active hydrogen at C-8 on the A
ring. Etherification and esterification are common modi-
fications of phenolic hydroxyl groups[11–16]; benzyl ether
derivatives have higher antitumor and antiinflammatory
activities than baicalein itself.[11,12] Common modifica-
tions of the active hydrogen are aminomethylation and
sulphonation[16–19]; aminomethylation improves the anti-
tumor activity of baicalein,[16,17] and sulphonation
improves its antioxidant capacity.[18] The replacement of
the B ring by a substituted thiophene ring produced

derivatives with anti-hepatitis effects.[20] Modifying both
the phenolic hydroxyl groups and the active hydrogen,[13]

or the phenolic hydroxyl groups and the B ring,[21]

increased antitumor activity. Baicalein can induce apo-
ptosis and cell-cycle arrest by downregulating cyclin-
dependent kinase 1 (CDK1), CDK2, cyclin D2, and
cyclin A, as well as upregulating endogenous cyclin-
dependent kinase inhibitors (CDKIs) in the G1 and G2
cell-cycle phases. It can also attenuate the expression of
the CDK4/cyclin B- and D-complexes.[22] Baicalein
appears to be a promising lead compound for anticancer
drug development, based on its cell-cycle arrest-
inducing effects. We previously reported a new series of
derivatives (1, Figure 1), which were got by the esterifi-
cation of the 7-phenolic hydroxyl group and
aminomethylation at position-8 of baicalein. The newly
synthesized compounds enhanced their CDK1 inhibi-
tion activities (IC50 = 2.36–30.17 μM) compared with
baicalein (IC50 = 62.67 μM).[23] Here, we report the syn-
thesis and structural characterization of the various
derivatives.
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2 | RESULTS AND DISCUSSION

The synthesis of the target compounds can, in principle,
be carried out by either esterification followed by
aminomethylation (Scheme 1), or vice versa (Scheme 2).

There are three phenolic hydroxyl groups in baicalein,
at positions-5, -6, and -7 of the A ring. The 7-hydroxyl is in
the para-position, relative to the 4-carbonyl of the C ring,
so it is susceptible to electrophilic attack, because of the p-π
conjugation effect. The 5-hydroxyl forms an intramolecu-
lar hydrogen bond with the 4-carbonyl group, resulting in
relatively low reactivity. Therefore, the order of reactivity
with electrophiles is 7- > 6- > 5-. The 7-ester 2 can be
obtained by esterification, catalyzed by N, N0-dicyclohexyl-
carbodiimide/1-hydroxybenzotriazole (DCC/HOBT,
Scheme 1).[24–26] However, 2 was unreactive with form-
aldehyde and secondary amines.[17] The relatively high
reactivity of the 8-hydrogen is attributable to the keto-
enol tautomerism with the 7-hydroxyl group, which is
inhibited by esterification of the latter. This, in turn,
prevents nucleophilic attack by C-8 on the methylene
ammonium cation formed by the amine and formalde-
hyde (Mannich reaction), so this step must be
performed before esterification (Scheme 2).

The Mannich reaction of baicalein, however, proceeds
smoothly to yield the 8-aminomethyl derivatives

3 (Table 1),[17] which were then esterified successfully to
yield the target compounds 1 (Table 2). (Scheme 2) Com-
pounds 1 need to be purified by silica gel column chroma-
tography. Sometimes, further recrystallization is required.
So, some compounds 1 were obtained with low yield, for
example, 1b–d and 1l.

Although the original reactivity order of the three
phenolic hydroxyl groups in baicalein is 7- > 6- > 5-, the
introduction of steric hinderance from the bulky
aminomethylene groups at position-8 (3) would be
expected to inhibit reaction at position-7, making the pre-
diction of the esterification site difficult (Figure 2). It is
also difficult to confirm the esterification position by 1H,
or 13C-NMR spectra, because of the small differences in
chemical shift. Because there is no hydrogen atom on the
ester bond of the target compound, 1H-13C heteronuclear
multiple bond correlation spectroscopy (HMBC) cannot
determine the esterification position (Figure 3).

A comparison of the 1H, 13C-NMR, and HMBC spec-
tra of target compound 1a with those of 3a, however, was
successful in determining the position of esterification.

The 1H and 13C-NMR spectra, and HMBC (Figure 3)
of 3a determined the chemical shifts of each carbon atom
(Figure 4). In the 1H-NMR spectrum of compound 1a,
the signal at δ 13.14 was consistent with the existence of
a free 5-OH, which indicated that the benzoylation of 3a

O

OOH

O

O

N

O

OOH

HO

HO

baicalein's ether derivative[11]

IC50 = 0.8 μM (A549)
VS baicalein IC50 =13.0 μM

N

N

baicalein's mannich base derivative[17]

IC50 = 0.27μM (CDK1/cyclin B)
VS baicalein IC50 = 6.53μM

O

OOMe

MeO

MeO
N
H

O

OMe

GI50 = 7.06 μM (HepG2) and 7.67μM(MCF-7)
VS baicalein no growth inhibition at 10 μM

O

OOH

HO

HO
S

F

baicalein's B ring bioisosteres[20]

excellent anti-HBV activity

baicalein's phenolic hydroxyl groups 

and  B ring derivative[21]

O

OH

HO

HO

O

O

OH

HO

O

O

N

R1

R2

R3

O

baicalein

1

1
2

3
456

7

8

A
B

C

A
B

C

FIGURE 1 The structures

of baicalein and the target

derivatives

O

OH

HO

HO

O

O

OH

HO

O

O

O

OH

HO

O

O

N

R1

R2

R3

O

baicalein 2 1

R3

O

R3 = 2a

i carboxylic acid, 
DCC, HOBT

ii DMAP, TEA

anhydrous THF

HCHO, 
NHR1R2

MeOH

(70.1%)

SCHEME 1 Attempted

synthesis of the target

compounds

2 MOU ET AL.



took place at the 6- or 7-OH. Comparing the 13C-NMR
spectra of 1a and 3a, the chemical shifts of C-6 and C-8
in 3a (129.7 and 100.7) move upfield by 7.2 and 1.9 ppm
in 1a (122.5 and 98.8), respectively, whereas those of C-7
moved downfield by 5.6 ppm (155.0–160.6). These shift
changes are consistent with the reported chemical
shift changes of the carbon atom bonded to the esterified
hydroxyl group (down-field) and those of carbon atoms
ortho to it (upfield).[27] Therefore, the benzoylation of 3a
took place at the 7-OH position (Figure 4).

To verify the above result, a chemical test was also
carried out. Flavonoids with O-diphenol groups can form
a green, brown, or black precipitate with strontium chlo-
ride (SrCl2) in methanolic ammonia solution.[28] The
position of esterification can be determined, because a
7-ester (Scheme 3) would form a precipitate, whereas
a 6-ester, lacking the O-diphenol groups, would not.

Baicalein, 5,6,7-trihydroxy-2-phenyl-8-(thiomorpholino-
methyl)-4H-chromen-4-one (3a, Figure 5) and 7-(benzyloxy)-
5, 6-dihydroxy-2-phenyl-4H-chromen-4-one (4, Figure 5) that
have O-diphenol groups in their structures were selected as
positive controls, and chrysin (Figure 5), with no O-diphenol
hydroxyl groups, was selected as a negative control.

The colored precipitates resulting from the reaction
of the test compounds with SrCl2 were observed
(Figure 6). Compound 1a and the positive controls
yielded dark precipitates, indicating the presence of an
O-diphenol groups. Only chrysin, the negative control,
produced no precipitate. This result is consistent with

the spectral data analysis, and similar results were
obtained with compounds 1b-l. Even with bulky groups
at the 7- and 8-positions, compounds 1 still reacted with
SrCl2.

Combining the 1H, 13C-NMR, and HMBC data with
the results from the strontium chloride test of compounds
1 and 3, it can be concluded that the conjugation of the
7-hydroxyl with the 4-carbonyl group had a greater influ-
ence on the position of esterification than steric hin-
drance from an 8-aminomethyl group in 3, resulting in
esterification at position-7 and confirming the structure
shown in Scheme 2.

3 | EXPERIMENTAL SECTION

3.1 | General

All solvents were of analytical grade, from local suppliers,
and purified according to standard procedures. Thin-layer
chromatography (TLC) with silica gel-precoated glass
plates, with a fluorescent indicator, was used to monitor
the reactions. Melting points (uncorrected) were deter-
mined on a micromelting point apparatus. 1H, 13C-NMR,
and HMBC spectra were recorded on a Bruker AV-III-600
instrument. High-resolution mass spectral (HRMS) data
were determined on an Agilent 6,540 UHD accurate mass
Q-TOF MS instrument in a low resonance electrospray
mode (ESI) (Data S1).
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TABLE 1 Synthesis of

compounds 3a
Comp. N

R1

R2 Temperature (�C) Reaction time (hr) Yield (%)b

3a
S N

50 4.0 88.7

3b
N N

50 4.0 89.6

3c

N

45 3.5 92.4

3d
O N

55 4.5 93.5

aMannich reaction of baicalein (4 mmol) with formaldehyde solution (37%, 6 mmol) and one of four
secondary amines (4.8 mmol) in methanol (30 ml) until a large amount of yellow precipitate appeared.
bIsolated yield.
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3.2 | General synthetic procedure for
compounds 1a-1f

3.2.1 | Aminomethylation

Formaldehyde solution (37%, 0.17 ml, 6 mmol) was added to
baicalein (1.08 g, 4 mmol) in methanol (30 ml), followed by
one of the secondary amines (4.8 mmol, Scheme 2). The mix-
ture was stirred at 30–70�C until a large amount of yellow
precipitate appeared. The precipitate was filtered under

vacuum, washed with a small amount of methanol, and
dried in a vacuum oven to obtain one of the 5,6,7-trihydroxy-
2-phenyl-8-aminomethylene-4H-chromen-4-ones (3).[17]

3.2.2 | Activation of the carboxylic acid

HOBT (0.35 g, 2.6 mmol) was added to one of the carbox-
ylic acids (2.2 mmol, Scheme 2) in anhydrous tetrahydro-
furan (THF) (30 ml), maintained at �5�C. DCC (0.54 g,

TABLE 2 Synthesis of compounds 1a

Comp. N

R1

R2
R3 Reaction time (hr)b Yield (%)c

1a
S N

O 8 70.1

1b
N N

O 12 18.9

1c

N

O 10 29.8

1d
O N

O 10 21.2

1e
S N

O 8 69.5

1f
N N

O 8 52.9

1g

N

O 8 62.3

1h
O N

O 8 50.2

1i
S N

O 8 59.8

1j
N N

O 10 40.3

1k

N

O 8 52.5

1l
O N

O 10 19.5

aMono-esterification of one of three carboxylic acids (2.2 mmol) with one of four compounds 3 (2.2 mmol) under the catalyst of HOBT (2.6 mmol), DCC

(2.6 mmol), DMAP (0.43 mmol), and TEA (5.7 mmol) in anhydrous THF (100 ml).
bThe time used to activate various of carboxylic acids is the same 12 hr. But the final esterification reaction time varies.
cTotal yield.
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2.6 mmol) in anhydrous THF (20 ml) was then added
dropwise. The mixture was stirred at �5�C for 12 hr, and
then, the resulting precipitate was filtered under vacuum,
and the filtrate containing activated carboxylic acid was
retained.

3.2.3 | Esterification reaction

Dimethylaminopyridine (DMAP, 0.05 g, 0.43 mmol) and
triethylamine (0.8 ml, 5.7 mmol) were added with stir-
ring, to one of the aminomethylene derivatives (3,
2.2 mmol) in anhydrous THF (50 ml). Then, the filtrate
containing one of the activated esters was added

dropwise, with continued stirring. After the completion
of the reaction, the organic solvent was removed, and
then, the residue was purified by silica gel column chro-
matography, as described previously, to isolate the
desired aminomethyl ester derivatives 1; sometimes, fur-
ther recrystallization was needed.[24]

3.2.4 | Analytical data

5,6-Dihydroxy-4-oxo-2-phenyl-8-(thiomorpholinomethyl)-
4H-chromen-7-yl benzoate (1a) yellow crystals. 70.1%
yield. mp 176.9–177.1�C. 1H-NMR (DMSO-d6, 600 MHz)
δ: 13.14 (s, 1H, 5-OH), 8.12–8.14 (m, 4H, H-200,600,20,60),
7.75–7.77 (m, 1H, H-400), 7.60–7.64 (m, 5H, H-30,
40,50,300,500), 7.01 (s, 1H, H-3), 4.20 (s, 2H, H-9), 3.06 (brs,
4H, H-11,14), 2.75 (brs, 4H, H-12,13). 13C-NMR (DMSO-
d6, 150 MHz) δ: 181.6 (C-4), 163.5 (C-10), 162.6 (C-2),
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160.6 (C-7), 152.3 (C-8a), 151.5 (C-5), 133.8 (C-400), 131.9
(C-40), 130.8 (C-10), 129.7 (C-200,600), 129.1 (C-30,50), 128.8
(C-300,500), 128.6 (C-100), 126.4 (C-20,60), 122.5 (C-6), 104.7
(C-4a), 102.0 (C-3), 98.8 (C-8), 54.8 (C-11,14), 53.3 (C-9),
26.2 (C-12,13). HRMS (ESI) m/z [M + H]+ Calcd for
C27H24NO6S : 490.1324, found : 490.1346.

4 | CONCLUSIONS

In summary, 7-ester-8-aminomethylene-substituted baicalein
derivatives (1) were successfully synthesized by a Mannich
reaction, followed by esterification. Comparison of the 1H,
13C-NMR, HMBC data, and strontium chloride reactivity of
1 with those of the 7-ester derivatives 3 confirmed the
proposed structure of 1.
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FIGURE 6 The appearance of the test compounds in

methanolic ammonia solution (a) before and (b) after the addition

of strontium chloride. From left to right: baicalein, chrysin, the

7-ether (4), 8-aminomethyl derivative (3a), and the 7-ester-

8-aminomethyl derivative (1a)
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