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Nine compounds were designed and synthesized by the condensation reaction of the carbonyl in 4-
benzoyl-3-methyl-1-phenyl-2-pyrazolin-5-one (HPMBP) with the amino groups in 5-aminoisophthalic 
acid, 4,4′-diaminodiphenylmethane, 4-aminophenylacetic acid, 4-aminobenzamide, 2-amino-4-10 

methylphenol, 5-amino-2-methylphenol, 2-aminophenol, 3-aminophenol and 4-aminophenol respectively. 
They were then characterized by IR, 1H NMR, elemental analysis, and X-ray crystallography, which 
suggest that all of them exist as the pyrazolone-enamine forms in the solid state and DMSO solution 
through tautomeric reactions. The nine compounds (compounds 1 ~ 9) were evaluated for their ability to 
inhibit the proliferation of human liver cancer HepG2 cells. Compounds 5, 6, 7 and 8 demonstrate strong 15 

inhibitory effect to the proliferation of HepG2 cells. The nine compounds can also inhibit the activity of 
human cancer cellular 20S proteasome. Further studies on compound 6 as the representative indicate that 
it can cause the accumulation of ubiquitinated proteins and the proteasome target proteins Bax and p27, 
and exhibit cytostatic effect to HepG2 cells in a concentration-dependent and time-dependent manner. 
The four potential tautomers of compound 6 were optimized and their single point energies were 20 

calculated by Density Functional Theory (DFT) B3LYP method based on the Polarized Continuum 
Model (PCM) in water to identify the most likely existed tautomer in cancer cells. Based on the optimized 
structure of the most stable tautomer in water, the Wiberg bond orders, molecular electrostatic potential 
(MEP) maps and frontier molecular orbital were calculated. As compounds 5, 6, 7 and 8 have hydroxyl in 
the ortho-position or meta-position, our study can provide some information to study their anticancer 25 

mechanism and the substitution effect of different functional groups. 

Introduction 

Pyrazolines derivatives have attracted intensive attentions during 
the past decades for their potentials as antibacterial,1 antifungal,2 
cyclooxygenase (COX-2),3 anti-inflammatory,4 antidiabetic,5 30 

anticonvulsant,6 antitumoral7 and antiHIV8 agents. Within this 
class, 4-acyl-5-pyrazolones are extensively studied as analgesics, 
anti-inflammatory agents, antipyretics and insecticides.9 4-
Benzoyl-3-methyl-1-phenyl-2-pyrazolin-5-one (HPMBP) and its 
derivatives are pervasively used for trace metal separating,10–13 35 

sterilizing and deinsectizing.14 As a β-diketone, HPMBP may 
exist as four tautomers as shown in Scheme 1.15 
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Scheme 1 Four tautomers of HPMBP. 

 Schiff bases (azomethines) represent one of the most widely 40 

used classes of organic compounds. Due to the presence of imine 
(–N=CH–) group which is similar to the structures in natural 
biological system, they play a key role in studying the mechanism 
of transformation and rasemination reaction in biological 
systems.16–24 Schiff bases are reported to show many important 45 

biological activities such as antibacterial,25 anti HIV,26 
antifungal,27 antiviral,28 antimosquito larvae,29 antiflamatory,30 
antitumor31 and anticancer32 activities. As a result, we surmised 
that the Schiff bases derived from HPMBP should have 
bioactivities. We then selected HPMBP to react with 5-50 

aminoisophthalic acid, 4,4′-diaminodiphenylmethane, 4-
aminophenylacetic acid, 4-aminobenzamide, 2-amino-4-
methylphenol and 5-amino-2-methylphenol, respectively, and 
obtained six new single crystals from the ethanol or methanol 
solution. Characterized by IR, 1H NMR, elemental analysis, and 55 

X-ray crystallography, the six compounds, 4-[(Z)-(3,5-
dicarboxyphenylamino)phenylmethylene]-3-methyl-1-phenyl-2-
pyrazolin-5-one (1), 4-{(Z)-[4-(4-aminobenzyl)phenylamino] 
phenylmethylene}-3-methyl-1-phenyl-2-pyrazolin-5-one (2), 4-
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{(Z)-[4-(carboxymethyl)phenylamino]phenylmethylene}-3-
methyl-1-phenyl-2-pyrazolin-5-one (3), 4-{(Z)-[4-
(aminocarbonyl)phenylamino]phenylmethylene}-3-methyl-1-
phenyl-2-pyrazolin-5-one (4), 4-[(Z)-(2-hydroxy-5-
methylphenylamino)phenylmethylene]-3-methyl-1-phenyl-2-5 

pyrazolin-5-one (5) and 4-[(Z)-(3-hydroxy-4-
methylphenylamino)phenylmethylene]-3-methyl-1-phenyl-2-
pyrazolin-5-one (6), and the previously reported three compounds 
4-[(Z)-(2-hydroxyphenylamino)phenylmethylene]-3-methyl-1-
phenyl-2-pyrazolin-5-one (7), 4-[(Z)-(3-10 

hydroxyphenylamino)phenylmethylene]-3-methyl-1-phenyl-2-
pyrazolin-5-one (8) and 4-[(Z)-(4-
hydroxyphenylamino)phenylmethylene]-3-methyl-1-phenyl-2-
pyrazolin-5-one (9)33 were found to exist as the pyrazolone-
enamines formed by tautomeric reactions instead of Schiff bases 15 

in the solid state and DMSO solution (Scheme 2). However, 
compounds 5, 6, 7 and 8 still demonstrate strong inhibitory effect 
to the proliferation of human liver cancer HepG2 cells. 
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Scheme 2 Structures of compounds 1 ~ 9. 20 

 The ubiquitin-proteasome system (UP-S) involves in a number 
of important cellular processes like cell proliferation and 
apoptosis, DNA damage and repair, drug resistance and 
differentiation, cycle progression and endocytosis.34–36 
Proteasome could be the target of novel anticancer drugs because 25 

it will have more impact on cancer cells than normal cells when 
its activity is inhibited.37 The UP-S contains a protease complex 
with high molecular weight called 20S proteasome. The 20S 

proteasome has a proteolytic core containing β1, β2 and β5 
subunits, which are respectively associated with three distinct 30 

catalytic activities: caspase-like, trypsin-like and chymotrypsin-
like (CT-like) activities.38,39 When the CT-like activity in tumor 
cells is inhibited through inhibition of the β5 proteasomal subunit, 
the apoptosis of tumor cells will be induced.40–42 At the same time, 
an associated accumulation of target proteins will occur, followed 35 

by an induction of programmed cell death, or apoptosis.43–45 Thus, 
the proteasome inhibitory ability of the nine compounds in 
human liver cancer HepG2 cells was investigated, and compound 
6 was selected to carry on the further study. 
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Scheme 3 Four tautomers of compound 6. 

 Tautomerism in bioactive compounds plays a key role in 
orientation of bioactivity of drugs that have found wide 
application in drug design, from new medicinal materials to 
antibacterial imidazo[1,2-a]pyrimidine (-pyridine),46 as 45 

sulphonamides in the antifungal agents47 and as potential antiHIV 
spiroheterocycles.48 Like HPMBP, compound 6 is also likely to 
exist as four tautomers (Scheme 3) in water, although it exists as 
tautomer 6c in the solid state. To well understand the inhibitory 
mechanism and acting sites of compound 6 to 20S proteasome, 50 

raveling which tautomer that actually exists in the solution 
environment is indispensable. Thus, 1H NMR spectra of the nine 
compounds were recorded to determine the position of the 
hydrogen. Then the four potential tautomers of compound 6 were 
optimized and their single point energies were calculated by 55 

Density Functional Theory (DFT) B3LYP method based on the 
Polarized Continuum Model (PCM) in water to identify the most 
likely existed tautomer in cancer cells. The substitution effect of 
different functional groups and possible inhibitory mechanism to 
the activity of 20S proteasome were discussed based on the 60 

experimental and computational results. 

Results and Discussions 
Description of crystal structures 

The atomic labeling schemes for an asymmetric unit of 
compounds 1 ~ 6 are shown in Fig. 1. Comparison of the selected 65 

bond lengths of compounds 1 ~ 6 is listed in Table 1. 
Crystallographic data and structure refinement for compounds 1 ~ 
6 are shown in Table S1 in the supplementary material. Selected 
bond lengths and angles for compounds 1 ~ 6 are listed in tables 
S2 ~ S7 in the supplementary material, respectively. Details of 70 

the hydrogen bonds for compounds 1 ~ 6 are listed in Tables S8 ~ 
S13 in the supplemenptary material, respectively. The crystal of 
compounds 1 ~ 4 have a supermolecular structure which is 
consisted of the molecules of the compounds and solvent 
molecules. In contrast, there exit no solvent molecules in the 75 

crystal lattice of compounds 5 and 6. As a result, compounds 1 
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and 6 are selected as the representatives to discuss.   

 
Fig. 1 The atomic labeling scheme for an asymmetric unit of (a) compound 1; (b) compound 2; (c) compound 3; (d) compound 4; (e) compound 5; (f) 
compound 6. All hydrogen atoms are omitted for clarity, except for those engaged in hydrogen bonding. 5 

 
Fig. 2 (a) The tetramer connected by hydrogen bonding in compound 1. (b) The 1-D chain structure of compound 1. (c) The 3-D supermolecular structure 
of compound 1. (d) The dimer connected by hydrogen bonding in compound 6. (e) The 1-D chain structure of compound 6. (f) The 3-D structure of 
compound 6. All hydrogen atoms are omitted for clarity, except for those engaged in hydrogen bonding. 

Table 1 Comparison of the selected bond lengths of compounds 1 ~ 6 (Å, °) 10 

Bond 1 Bond 2 Bond 3 Bond 4 Bond 5 Bond 6 
O5–C16 1.245(4) O1–C3 1.249(5) O3–C11 1.251(3) O1–C3 1.253(4) O1–C1 1.260(2) O1–C1 1.261(2) 
N3–C18 1.305(4) N2–C1 1.308(6) N3–C9 1.308(3) N2–C1 1.309(5) N2–C3 1.313(3) N2–C3 1.308(2) 
C9–C17 1.384(5) C2–C11 1.377(7) C10–C19 1.396(3) C2–C11 1.410(5) C2–C11 1.395(3) C2–C5 1.400(2) 
N2–C16 1.365(4) N1–C3 1.361(6) N2–C11 1.368(3) N1–C3 1.383(5) N1–C1 1.368(3) N1–C1 1.367(2) 
N2–N3 1.396(4) N1–N2 1.395(5) N2–N3 1.396(3) N1–N2 1.406(4) N1–N2 1.399(2) N1–N2 1.400(2) 
N1–C9 1.334(4) N3–C11 1.344(6) N1–C19 1.331(3) N3–C11 1.340(5) N4–C11 1.335(3) N3–C5 1.329(2) 

C16–C17 1.442(5) C2–C3 1.436(6) C10–C11 1.437(3) C2–C3 1.439(5) C1–C2 1.434(3) C1–C2 1.436(2) 
C17–C18 1.434(5) C1–C2 1.431(6) C9–C10 1.429(3) C1–C2 1.445(5) C2–C3 1.438(3) C2–C3 1.439(3) 

 

 Compound 1 exists as the enamine formed through two steps 
(Fig. 1a). In the first step, the carbonyl in HPMBP condenses 
with the amino group in 5-aminoisophthalic acid to form the Shiff 
base (Scheme 4). Then the proton transfers from N3 to N1 15 

through tautomeric reaction (Scheme 5) to form compound 1. As 
shown in Table 1, The O5–C16, N3–C18, C9–C17, N1–C9, C16–
C17, C17–C18 bond lengths indicate that O5–C16, N3–C18 and 

C9–C17 are double bonds while N1–C9, C16–C17 and C17–C18 
are single bonds, which is consistent to the existence of H1 20 

bonded to N1 (Fig. 1a). This suggests that the Schiff base 
structure obtained though the reaction of HPMBP with 5-
aminoisophthalic acid has become the pyrazolone-enamine 
through tautomeric reaction. As a result, O5 and H1 are linked by 
intramolecular hydrogen bond N1–H1···O5 to form a hexatomic 25 

Page 3 of 12 New Journal of Chemistry

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



 

4  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

ring O5–C16–C17–C9–N1–H1···O5, which make the O5–C16 
and N1–H1 bonds coplanar. Meanwhile, two ethanol molecules 
and two carboxylic groups from two molecules of compound 1 
are connected by the O–H···O hydrogen bonds to form a tetramer 
(Fig. 2a). Adjacent tetramers are connected through O–H···N 5 

hydrogen bonding to give rise to a 1-D chain structure (Fig. 2b). 
These chains are further connected through Van der Waals' force 
and π-π stacking interactions to form the 3-D supermolecular 
structure (Fig. 2c). 
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Scheme 4 Formation of the pyrazolone-imine form of compound 1. 

N N
H

O

N

N N

O

HN

HOOC

COOH

HOOC

COOH

 

Scheme 5 the tautomeric reaction of compound 1. 
 Compound 6 also exists as the enamine formed through the 
two-step reactions. As shown in Table 1, The O1–C1, N2–C3, 15 

C2–C5, N3–C5, C1–C2, C2–C3 bond lengths indicate that O1–
C1, N2–C3 and C2–C5 are double bonds while N3–C5, C1–C2 
and C2–C3 are single bonds, which is consistent to the existence 
of H3 bonded to N3 (Fig. 1f). As a result, O1 and H3 are linked 
through intramolecular hydrogen bond N3–H3···O1 to form a 20 

hexatomic ring O1–C1–C2–C5–N3–H3···O1, which makes the 
O1–C1 and N3–H3 bonds coplanar. Meanwhile, two molecules 
of compound 6 are connected by the O–H···O hydrogen bonding 
to form a dimer (Fig. 2d). Adjacent dimers are linked through C–
H···π interactions to give rise to a 1-D chain structure (Fig. 2e). 25 

These chains are further connected through Van der Waals' force 
and π-π stacking interactions to form the 3-D structure (Fig. 2f). 
 Characterization of the position of the hydrogen atom is 
discussed in the supplementary material. The crystal structure and 
1H NMR spectra confirm the establishment of the pyrazolone-30 

enamine forms of compounds 1 and 6 both in the solid state and 
in DMSO solution. 

 Anticancer studies 

Viability assays of human liver cancer HepG2 cells 
Human liver cancer HepG2 cells were treated with compounds 1 35 

~ 9 at different concentrations (25, 50 and 100 μM) for 24 h, 
followed by MTT assay. Cells treated with the solvent DMSO 
were used as control (Fig. 3). As MTT can be reduced to 
formazan by the nine compounds, the inhibitory effect measured 
by MTT assay is not accurate. However, repeated experiments all 40 

show that compounds 5, 6, 7 and 8 have better effect to inhibit 
the proliferation of HepG2 cells, and compound 6 exhibits the 
best effect to inhibit the proliferation of HepG2 cells (p < 0.001). 
As compounds 5, 6, 7 and 8 have hydroxyl in the ortho-position 
or meta-position, their anticancer activities should be related to 45 

these hydroxyl. However, compound 9 with hydroxyl in the para-
position exhibits no anticancer activity. Fig. 4 shows the 
corresponding cellular morphological changes of human liver 
cancer HepG2 cells treated with compound 6 at different 
concentrations (25, 50 and 100 μM) for 24 h, and cells treated 50 

with the solvent DMSO were also used as control. When the 
concentration of compound 6 increased to 25 μM, almost all the 
cells are dead (shrunken and rounded up). When the 
concentration of compound 6 increased to 50 and 100 μM, part of 
the sample precipitated out (the black spot), so its concentration 55 

is also not accurate. As a result, we cannot obtain the quantitative 
results, but we can conclude that compound 6 exhibits the 
strongest inhibitory effect to the proliferation of human liver 
cancer HepG2 cells at the concentration of 25μM. 

60 

  

Fig. 3 Comparison of viability of human liver cancer HepG2 cells treated 
with the nine compounds, followed by MTT assay (p < 0.001). 

  

Fig. 4 Morphological changes of human liver cancer HepG2 cells treated 65 

with compound 6 at different concentrations (25, 50 and 100 μM) for 24 h 
(×100). 
Inhibition to human cancer cellular 20S proteasomal CT-like 
activity in human liver cancer HepG2 cells 
 To investigate if the growth-inhibitory activity of the nine 70 

compounds are associated with their ability to inhibit the 

Page 4 of 12New Journal of Chemistry

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  5 

proteasomal CT-like activity, human liver cancer HepG2 cells 
were treated with the nine compounds for 24 h at the 
concentration of 40μM (the maximum concentration that the nine 
compounds do not precipitate out) in the presence of fluorogenic 
substrate Suc-LLVY-AMC specific for the CT-like activity. Cells 5 

treated with the solvent DMSO were used as control (Fig. 5). The 
results show that all the nine compounds were able to inhibit the 
proteasomal CT-like activity in HepG2 cells (p < 0.001). 

  

Fig. 5 The inhibition of CT-like activity in human liver cancer HepG2 10 

cells treated with the nine compounds for 24 h at the concentration of 40 
μM (p < 0.001). 
Inhibition to the CT-like activity of purified 20S proteasome 
by compound 6 
 To make the quantitative study, purified rabbit 20S proteasome 15 

was treated with compound 6 in various concentrations (5, 10, 20 
and 40 μM) for 24 h in the presence of fluorogenic substrate Suc-
LLVY-AMC specific for the CT-like activity. Purified rabbit 20S 
proteasome treated with the solvent DMSO were used as control 
(Fig. 6a). The results indicate that compound 6 was capable of 20 

inhibiting proteasomal CT-like activity in a concentration-
dependent manner, with the IC50 value of 9.8 μM (p < 0.001). 
Then we incubated compound 6 at the concentration of 40 μM for 
increasing time (0, 8, 16 and 24 h) in the presence of fluorogenic 
substrate Suc-LLVY-AMC specific for the CT-like activity (Fig. 25 

6b). Compound 6 also inhibited the proteasomal CT-like activity 
in a time-dependent manner (p < 0.001). These data suggest that 
compound 6 could target the 20S proteasomal catalytic β5 
subunit. L. da Costa Souza et. al. have reported the inhibitory 

effect of Black-eyed pea Trypsin/Chymotrypsin Inhibitor (BTCI) 30 

toward 20S proteasomal caspase-like, chymotrypsin-like and 
trypsin-like activities using MG132 as the positve control.49 Both 
BTCI and MG132 demonstrate very effective inhibition to CT-
like activities which decreases to about 15% at the concentration 
of 10 μM. In contrast, 50% CT-like activity is determined with 35 

the 10 μM concentration of compound 6, which is worse than 
BTCI and MG132. There are also some transitional metal 
complexes as proteasome inhibitors. J. Zuo et. al. synthesized 
some amino acid Schiff base-copper complexes as the 
proteasome inhibitors.34 Two of the complexes exhibit effective 40 

inhibition to purified 20S proteasomal CT-like activities with the 
IC50 values of 13.3 and 11.3 μM, respectively, In contrast, the 
IC50 value of compound 6 to inhibit proteasomal CT-like activity 
is 9.8 μM. However, many complexes have very high toxity to 
human body, and this is the shortcoming of complexes as 45 

proteasome inhibitors. 

  

Fig. 6 The inhibition to CT-like activity of purified 20S proteasome (a) 
incubated with DMSO or various concentrations (5, 10, 20 and 40 μM) of 
compound 6 for 24 h; (b) incubated with 40 μM of compound 6 for 50 

various time (0, 4, 8, 16 and 24 h) (p < 0.001). 
Western blot assay of compound 6 
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Fig 7 (a) Western blot analysis of ubiquitinated proteins, PARP, p27 and Bax, and (b) cellular morphologic changes of human liver cancer HepG2 cells 
(×100) treated with compound 6 at increasing concentrations (5, 10, 20 and 40 μM) for 24 h. 

 Human liver cancer HepG2 cells were treated with compound 6 
at increasing concentrations (5, 10, 20 and 40 μM) for 24 h, 
followed by assessment of accumulated ubiquitinated proteins 5 

and the level of the proteasome target protein Bax and p27. Cells 
treated with the solvent DMSO were used as a vehicle control 
(Fig. 7a). The ubiquitinated proteins and the proteasome target 
protein Bax and p27 were accumulated in a concentration-
dependent manner. In addition, the cleaved Poly (ADP-ribose) 10 

polymerase (PARP) fragment (85 kDa), a cell death-specific 
protein, appeared after HepG2 cells were treated with compound 
6. Consistently, morphological changes, indicative of cell death, 
were also observed in the same experiment (Fig. 7b). The results 
demonstrate that compound 6 possess proteasome inhibitory 15 

capability and cytostatic effect to human liver cancer HepG2 cells 
in a concentration-dependent manner 

 Human liver cancer HepG2 cells were treated with 40 μM of 
compound 6 for increasing time (0, 4, 8, 16 and 24 h), followed 
by Western blot analysis (Fig. 8a) and measurement of cell death 20 

(Fig. 8b). The result shows that accumulation of ubiquitinated 
proteins and the proteasome target protein Bax enhanced 
gradually as the time went on. Also, increased levels of p27 were 
detected at 16 and 24 h, and the cleaved p85 (PARP fragment) 
was observed at 24 h after HepG2 cells were treated with 25 

compound 6. In addition, we observed morphological changes at 
16 h after HepG2 cells were treated with compound 6, and the 
morphological changes increased gradually with time (Fig. 8b). 
The results suggest that compound 6 induced proteasome 
inhibition and cytostatic effect to human liver cancer HepG2 cells 30 

in a time-dependent manner. 

 
Fig 8 (a) Western blot analysis of ubiquitinated proteins, PARP, p27 and Bax, and (b) cellular morphologic changes of human liver cancer HepG2 cells 
(×100) treated with 40 μM of compound 6 for increasing time (0, 4, 8, 16 and 24 h). 

Quantum Chemistry Calculations 35 

Optimized geometries 
The optimized molecular structures of the four tautomers of 
compound 6 in water environment are shown in Fig. 9. After 
optimization, tautomer 6d has become tautomer 6c, which means 
that tautomer 6d cannot exist in water. Thus, only the optimized 40 

structure of tautomers 6a, 6b and 6c are compared and discussed. 
The experimental bond lengths and torsion angles for tautomer 6c, 
and the corresponding calculated values for tautomers 6a, 6b and 
6c are listed in Table S14 in the supplementary material. For 
tautomer 6c, the optimized geometry parameters are consistent to 45 

those gained from experiments, except for some conformational 
discrepancies. The conformational differences is attributed to the 
weak intermolecular interactions between adjacent molecules in 
the solid state (experimental result), whereas these weak 
intermolecular interactions are absent in water (calculated results). 50 

Such crystal packing effects can make the phenyl rings rotate on 
the connecting bonds to change the conformation. The important 

Wiberg bond orders of tautomers 6a, 6b and 6c are listed in Table 
2. Fig. 9 shows the optimized molecular structure of tautomers 6a, 
6b and 6c. 55 

Table 2 The important Wiberg bond orders of tautomers 6a, 6b and 6c 

Bond 6a 6b 6c 
O1–C1 1.537 1.645 1.469 
C1–C2 1.132 0.948 1.132 
C2–C3 1.457 0.990 1.167 
C2–C5 1.063 0.975 1.347 
N1–C1 1.069 1.136 1.115 
N1–N2 1.032 1.033 1.063 
N2–C3 1.246 1.789 1.618 
N3–C5 1.742 1.822 1.354 

 

 For tautomer 6a, the bond lengths and bond orders of O1–C1, 
C2–C3 and N3–C5 show that they are double bonds while the 
bond lengths and bond orders of C1–C2, C2–C5, N1–C1, N1–N2 60 

and N2–C3 show that they are single bonds. H2 is not coplanar 
with the pyrazolone ring, indicating that N2 adopts the sp3 
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hybridization to some extent. The steric hindrance between H2 
and H24 leads to the large dihedral angle (43.7°) between the 
pyrazolone ring and the neighbouring phenyl ring. N3=C5 is also 
not coplanar with the pyrazolone ring with the large C1–C2–C5–
N3 torsion angle of -37.0° and the 3.098 Å distance between O1 5 

and N3, which is attributed to the electronic repulsion between 
O1 and N3. Thus, tautomer 6a has a very low conjugation extent. 
The calculated total energy of tautomer 6a is -1241.9626 a.u., and 
the dipole moment is 12.2875 D. 
 For tautomer 6b, the bond lengths and bond orders of O1–C1, 10 

N2–C3 and N3–C5 show that they are double bonds while the 
bond lengths and bond orders of C1–C2, C2–C3, C2–C5, N1–C1 
and N1–N2 show that they are single bonds. The dihedral angle 
between the pyrazolone ring and the neighbouring phenyl ring is 
1.8°, indicating that the pyrazolone ring and the neighbouring 15 

phenyl ring and can form a large conjugated system. This is 
because H2 has transferred to connect with C2 and thereby the 
steric hindrance has been eliminated. Accordingly, C2 adopts the 
sp3 hybridization leading to the distortion of C2–C5 and 
increased O1···N3 seperation (3.736 Å). The total energy of 20 

tautomer 6b is -1241.9561 a.u., and the dipole moment is 5.9126 
D. 

  

Fig. 9 The optimized molecular structure of (a) tautomer 6a; (b) tautomer 
6b; (c) tautomer 6c. 25 

N N

CO

HN

N N

O

HN

HO HO

  

Scheme 6 Resonance between two structures of tautomer 6c. 
 For tautomer 6c, the bond lengths and bond orders of O1–C1 
and N2–C3 show that they are double bonds while the bond 
lengths and bond orders of C1–C2, C2–C3, N1–C1 and N1–N2 30 

show that they are single bonds. However, the bond orders of 
C2–C5 and N3–C5 are very similar and difficult to be assigned as 
double bonds or single bonds. The pyrazolone-enamine form of 
tautomer 6c can actually be represented by the resonance between 
the two structures shown in Scheme 6, which also causes the 35 

partial separation of positive and negative charge. Considering 
the fact that the redundant positive charge on N3–H3 is in favor 
of the formation of hydrogen bonding, the partial separation of 
positive and negative charge might be ascribed to the formation 
of the intramolecular hydrogen bond N3–H3···O1. The 40 

stabilization effect of hydrogen bonding allows a closer approach 
between O1 and N3 (2.741 Å) and N3=C5 coplanar with the 
pyrazolone ring. As the dihedral angle between the pyrazolone 
ring and the phenyl ring is 14.4°, N3=C5, the pyrazolone ring and 
the neighbouring phenyl ring can form a large conjugated system. 45 

The total energy of tautomer 6c is -1241.9839 a.u., and the dipole 
moment is 7.9209 D. 
 Since tautomer 6c has the lowest molecular total energy and 
largest delocalization extent in water environment, it is the most 
stable and thereby the most likely existed tautomer in cancer cells. 50 

This is also consistent to the fact that tautomer 6c is the one 
found in the crystal and DMSO solution. Thus, we will make the 
detailed discussions on tautomer 6c to provide some information 
for its anticancer mechanism study. 
Molecular electrostatic potential 55 

 Molecular electrostatic potential (MEP) is a useful tool to predict 
the sites for electrophilic and nucleophilic attacks as well as 
hydrogen bonding interactions, because they are associated with 
the electron densities in the molecule.50 As two species can 
recognize each other through the potentials, the electrostatic 60 

potential V(r) are very suitable to analyze the interactions based 
on the recognition of two molecules like drug-receptor, and 
enzyme-substrate interactions.51 To predict the possible 
interactive sites for tautomer 6c with 20S proteasome through 
hydrogen bonding, MEP surface of tautomer 6c was obtained 65 

based on the optimized molecular structure. The red and yellow 
regions in MEP are the negative regions while the blue regions 
represent the positive regions.  
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Fig. 10 The total electron density mapped with electrostatic potential 
surface of tautomer 6c (for interpretation of the color, the reader is 
referred to the web version of this article). 
 As can be seen in Fig. 10, the negative regions of tautomer 6c 5 

were found around O1 and N3 with the V(r) values of -0.058 a.u. 
and -0.054 a.u. Thus, it would be predicted that an electrophile 
would preferentially attack of tautomer 6c at the region around 
O1 and N3. In contrast, the most positive region was found 
around the hydroxyl with the V(r) value of 0.098 a.u., indicating 10 

the possible site for nucleophilic attack. These sites can provide 
information concerning the regions from where tautomer 6c can 
undergo hydrogen bonding interactions with 20S proteasome. 
Therefore, the anticancer activity of tautomer 6c should be related 
to the pyrazolone ring and the hydroxyl because they are most 15 

likely engaged in hydrogen bonding as the most negative or 
positive regions. 
Frontier molecular orbital energies and components 
 The frontier molecular orbitals of tautomer 6c are shown in Fig. 
11. The energies of HOMO-1, HOMO, LUMO and LUMO+1 20 

orbitals are −0.2255, −0.2150, −0.0709, and −0.0270 a.u., 
respectively. Analysis of the frontier molecular orbital 
components shows that the frontier molecular orbital distributes 
nearly evenly on the molecules, which is consistent to its large 
extent of electron delocalization. In addition, the HOMO orbital 25 

is mainly distributed on N3=C5, the pyrazolone ring and the 
neighbouring phenyl ring, forming a large conjugated system. 
The large conjugated system makes N3=C5, the pyrazolone ring 
and the neighbouring phenyl ring coplanar, which could 
intercalate into 20S proteasome to inhibit its activity. Therefore, 30 

the anticancer activity of tautomer 6c is also possible to be related 
to the plane consisted of N3=C5, the pyrazolone ring and the 
neighbouring phenyl ring. 

 
Fig. 11 View of the frontier molecular orbitals of tautomer 6c (for interpretation of the color, the reader is referred to the web version of this article) 35 

Conclusions 
 In this study the tautomerism and anticancer activities of 
compounds 1 ~ 9 were investigated experimentally and 
theoretically. Many anticancer drugs demonstrate toxicity 
because they are unable to distinguish the normal and tumor cells.  40 

As the cancer cells rely on proteasome more than normal cells, 
inhibition on the activity of proteasome could be an effective 
approach to resolve the problem of toxicity of anticancer 
drugs.42,52,53 To study the interaction mechanism of compound 6 

with 20S proteasome, we have made a detailed discussion on the 45 

tautomerism, because different tautomers may exhibit different 
inhibitory effect or mechanism to the activity of 20S proteasome. 
We have found that tautomer 6c should be the tautomer in human 
cancer cells that targets 20S proteasome. It could possibly interact 
with 20S proteasome through hydrogen bonding formed by the 50 

pyrazolone ring and the hydroxyl, or intercalate into 20S 
proteasome through the plane consisted of N3=C5, the 
pyrazolone ring and the neighbouring phenyl ring. As a result, 
this kind of pyrazolone-enamine demonstrates proteasome 
inhibition and cytostatic effect to human cancer cells. In addition, 55 
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the position of the hydroxyl also has strong impact to the 
inhibitory effect. The corresponding isomers with the hydroxyl in 
the meta-position have much better anticancer activities than 
those in the ortho- or para-position. We can introduce some 
hydrophilic groups while retaining the pyrazolone ring and the 5 

hydroxyl in the meta-position to resolve the problem of low 
solubility in water, and design compounds with anticancer 
activities based on this study.  

Experimental 
Materials and physical measurement 10 

All reagents used for synthesis of the nine compounds were of 
analytical grade and were used as obtained by commercial 
sources without further purification. Elemental analyses were 
carried out with a model 2400 Perkin-Elmer analyzer. Infrared 
spectra of the compounds were recorded in KBr pellets using a 15 

Nicolet 170SX spectrophotometer in the 4000 ~ 400 cm−1 region. 
1H NMR spectra were recorded on a Bruker DRX-600 
spectrometer. The X-ray diffraction data were collected on a 
Bruker Smart CCD X-ray single-crystal diffractometer. The 
obtained single crystals were preserved in mother liquor, 20 

mounted in inert oil and transferred to the cold gas stream of the 
diffractometer. Other crystals were maintained at 60 °C for 24 h 
in an oven to remove the solvent molecules in the crystal lattice 
for other characterizations. 

Experimental procedures of infrared spectroscopy 25 

Take about 0.25 ~ 0.50 teaspoons of KBr and grind it with pestle 
in a mortar. Place just enough KBr powder to cover bottom in 
pellet die. Place in press and press at 5000 ~ 10000 psi. Carefully 
remove the pressed sample from die and place in the FT–IR 
sample holder to collect the background. The pressed disc should 30 

be nearly clear if properly made. Then take a little of samples on 
a microspatula and about 0.25 ~ 0.50 teaspoons of KBr. Mix 
thoroughly in a mortar while grinding with the pestle. Place just 
enough mixtures to cover bottom in pellet die. Place in press and 
press at 5000 ~ 10000 psi. Carefully remove the pressed sample 35 

from die and place in the FTIR sample holder to collect the 
spectra for the samples.  

Experimental procedures of NMR 

Weight about 10 mg samples and dissolve them in [D6]DMSO. 
Then add the solvent into NMR tube. Hold the sample by the top, 40 

place sample tube in the spinner and the spinner in the sample 
depth gauge. Push or pull the sample tube so that the depth of the 
sample above and below the center line of the sample depth 
gauge is equal. Put NMR tube into the machine. Select 
experiment as proton and solvent as DMSO. Click setup 45 

hardware, stdval, auto lock and gradient shim one by one. 
Acquire the spectrum and make the Fourier transformation. Then 
save the spectrum. 

Synthesis of the nine compounds 

4-[(Z)-(3,5-dicarboxyphenylamino)phenylmethylene]-3-methyl-50 

1-phenyl-2-pyrazolin-5-one (1). HPMBP (0.278 g, 1.0 mmol) 
dissolved in 20 mL ethanol was mixed with 5-aminoisophthalic 
acid (0.181 g, 1.0 mmol) dissolved in 20 mL ethanol and stirred 
for 4 h at 60°C. The solution obtained was filtered and the filtrate 

was left for slow evaporation at room temperature in the air. The 55 

yellow prismatic crystal formed after approximately 30 days. M.p. 
335–340°C. Found: C, 68.11; H, 4.27; N, 9.58. Calc. for 
C25H19N3O5: C, 68.02; H, 4.34; N, 9.52%. νmax/cm−1: 3394, 2978, 
1727, 1698, 1617, 1591, 1532, 1501, 1458, 1382, 1275, 1148, 
1121, 1054, 1017, 781, 756, 727, 588. δH (600 MHz; [D6]DMSO; 60 

Me4Si) 13.34 (2H, s, COOH), 12.77 (1H, s; NH), 8.16–7.18 (15H, 
m, 6–H), 1.48 ppm (3H, s, CH3). 
4-{(Z)-[4-(4-aminobenzyl)phenylamino]phenylmethylene}-3-
methyl-1-phenyl-2-pyrazolin-5-one (2). HPMBP (0.278 g, 1.0 
mmol) dissolved in 20 mL methanol was mixed with 4,4′-65 

diaminodiphenylmethane (0.198 g, 1.0 mmol) dissolved in 20 mL 
methanol and stirred for 4 h at 60°C. The solution obtained was 
filtered and the filtrate was left for slow evaporation at room 
temperature in the air. The brown needle crystal formed after 
approximately 20 days. M.p. 110–115°C. Found: C, 78.66; H, 70 

6.80; N, 12.31. Calc. for C30H26N4O: C, 78.58; H, 5.72; N, 
12.22%. νmax/cm−1: 1625, 1592, 1572, 1513, 1491, 1480, 1394, 
1232, 1210, 1053, 1009, 822, 777, 757, 694. δH (600 MHz; 
[D6]DMSO; Me4Si) 12.73 (1H, s, NH), 8.02–6.43 (18H, m, 6–H), 
4.86 (2H, s, NH2), 3.64 (2H, s, CH2), 1.44 (3H, s, CH3). 75 

4-{(Z)-[4-(carboxymethyl)phenylamino]phenylmethylene}-3-
methyl-1-phenyl-2-pyrazolin-5-one (3). Compound 3 was 
prepared using a similar procedure as that for the preparation of 
compound 2 but using 4-aminophenylacetic acid (0.151 g, 1 
mmol) instead of 4,4′-diaminodiphenylmethane. The yellow 80 

block crystal formed after approximately 20 days. M.p. 148–
151°C. Found: C, 73.44; H, 5.22; N, 10.25. Calc. for C25H21N3O3: 
C, 72.98; H, 5.14; N, 10.21%. νmax/cm−1: 3448, 1716, 1618, 1593, 
1571, 1515, 1500, 1475, 1383, 1230, 1166, 1011, 778, 775, 690. 
δH (600 MHz; [D6]DMSO; Me4Si) 12.73 (1H, s, NH), 12.31 (1H, 85 

s, COOH), 8.02–6.92 (14H, m, 6–H), 3.60 (2H, s, CH2), 1.45 (3H, 
s, CH3). 
4-{(Z)-[4-(aminocarbonyl)phenylamino]phenylmethylene}-3-
methyl-1-phenyl-2-pyrazolin-5-one (4). Compound 4 was 
prepared using a similar procedure as that for the preparation of 90 

compound 2 but using 4-aminobenzamide (0.136 g, 1 mmol) 
instead of 4,4′-diaminodiphenylmethane. The yellow prismatic 
crystal formed after approximately 20 days. M.p. 235–240°C. 
Found: C, 72.68; H, 5.01; N, 14.15. Calc. for C24H20N4O2: C, 
72.71; H, 5.08; N, 14.13%. νmax/cm−1: 3380, 3173, 1672, 1607, 95 

1590, 1541, 1498, 1375, 1234, 1214, 1195, 1145, 1053, 773, 706. 
δH (600 MHz; [D6]DMSO; Me4Si) 12.76 (1H, s, NH), 8.02–7.17 
(14H, m, 6–H), 7.00 (2H, d, JAB 8.6, CONH2), 1.47 (3H, s, CH3). 
4-[(Z)-(2-hydroxy-5-methylphenylamino)phenylmethylene]-3-
methyl-1-phenyl-2-pyrazolin-5-one (5). Compound 5 was 100 

prepared using a similar procedure as that for the preparation of 
compound 2 but using 2-amino-4-methylphenol (0.123 g, 1 mmol) 
instead of 4,4′-diaminodiphenylmethane. The yellow block 
crystal formed after approximately 20 days. M.p. 284–288°C. 
Found: C, 75.03; H, 5.58; N, 10.88. Calc. for C24H21N3O2: C, 105 

75.18; H, 5.52; N, 10.96%. νmax/cm−1: 3246, 1614, 1585, 1573, 
1534, 1516, 1499, 1475, 1396, 1333, 1289, 1244, 1193, 1011, 
841, 781, 738, 706. δH (600 MHz; [D6]DMSO; Me4Si) 12.58 (1H, 
s, NH), 10.01 (1H, s, OH), 8.01–6.25 (13H, m, 6–H), 1.88 (3H, s, 
PhCH3), 1.44 (3H, s, CH3). 110 

4-[(Z)-(3-hydroxy-4-methylphenylamino)phenylmethylene]-3-
methyl-1-phenyl-2-pyrazolin-5-one (6). Compound 6 was 
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prepared using a similar procedure as that for the preparation of 
compound 2 but using 5-amino-2-methylphenol (0.123 g, 1 mmol) 
instead of 4,4′-diaminodiphenylmethane. The yellow block 
crystal formed after approximately 20 days. M.p. 203–206°C. 
Found: C, 75.22; H, 5.47; N, 11.02. Calc. for C24H21N3O2: C, 5 

75.18; H, 5.52; N, 10.96%. νmax/cm−1: 3207, 1611, 1589, 1526, 
1499, 1479, 1446, 1386, 1294, 1238, 1185, 1053, 997, 848, 756, 
687. δH (600 MHz; [D6]DMSO; Me4Si) 12.67 (1H, s, NH), 9.52 
(1H, s, OH), 8.01–6.24 (13H, m, 6–H), 2.00 (3H, s, PhCH3), 1.44 
(3H, s, CH3). 10 

4-[(Z)-(2-hydroxyphenylamino)phenylmethylene]-3-methyl-1-
phenyl-2-pyrazolin-5-one (7). Compound 7 was prepared by the 
method in the literature.54,55 HPMBP (4.170 g, 15.0 mmol) 
dissolved in 30 mL ethanol was mixed with 2-aminophenol 
(1.635 g, 15.0 mmol) dissolved in 20 mL ethanol and stirred for 4 15 

h at 80°C give a yellow precipitate. The precipitate was filtered 
off and recrystallized from ethanol. M.p. 298–302°C. Found: C, 
74.71; H, 5.24; N, 11.45. Calc. for C23H19N3O2: C, 74.78; H, 5.18; 
N, 11.37%. νmax/cm−1: 1618, 1581, 1501, 1464, 1397, 1332, 1283, 
1224, 1181, 1148, 1094, 1067, 1010, 747, 694, 650, 583, 497. δH 20 

(600 MHz; [D6]DMSO; Me4Si) 12.60 (1H, s, NH), 10.27 (1H, s, 
OH), 8.01–6.49 (14H, m, 6–H), 1.43 (3H, s, CH3). 
4-[(Z)-(3-hydroxyphenylamino)phenylmethylene]-3-methyl-1-
phenyl-2-pyrazolin-5-one (8). Compound 8 was prepared using a 
similar procedure as that for the preparation of compound 7 but 25 

using 3-aminophenol (1.635 g, 15.0 mmol) instead of 2-
aminophenol. M.p. 236–238°C. Found: C, 74.88; H, 5.13; N, 
11.36. Calc. for C24H21N3O2: C, 74.78; H, 5.18; N, 11.37%. 
νmax/cm−1: 3446, 3062, 1587, 1490, 1387, 1174, 1055, 1005, 846, 
764, 696. δH (600 MHz; [D6]DMSO; Me4Si) 12.69 (1H, s, NH), 30 

9.61 (1H, s, OH), 8.01–6.35 (14H, m, 6–H), 1.44 (3H, s, CH3). 
4-[(Z)-(4-hydroxyphenylamino)phenylmethylene]-3-methyl-1-
phenyl-2-pyrazolin-5-one (9). Compound 9 was prepared using a 
similar procedure as that for the preparation of compound 7 but 
using 4-aminophenol (1.635 g, 15.0 mmol) instead of 2-35 

aminophenol. M.p. 267–270°C. Found: C, 74.84; H, 5.13; N, 
11.39. Calc. for C24H21N3O2: C, 74.78; H, 5.18; N, 11.37%. 
νmax/cm−1: 3419, 3250, 1614, 1507, 1470, 1392, 1261, 1221, 1145, 
839, 760, 697, 648, 607, 545, 507. δH (600 MHz; [D6]DMSO; 
Me4Si) 12.60 (1H, s, NH), 9.56 (1H, s, OH), 8.02–6.57 (14H, m, 40 

6–H), 1.43 (3H, s, CH3). 

Crystallographic data collection and structure determination 

Diffraction intensity data of the single crystals of compounds 1 ~ 
6 were collected on a Bruker Smart CCD X-ray single-crystal 
diffractometer equipped with a graphite monochromated MoKα 45 

radiation (λ = 0.71073 Å) by using a φ and ω scan mode at 298(2) 
K. The programs used for data collection and cell refinement are 
the SMART and SAINT programs.56 Empirical absorption 
correction was applied using the SADABS programs,57 The 
structures refinements were against F2 by the full-matrix least-50 

squares technique using the SHELXTL crystallographic software 
package,58 All non-hydrogen atoms were found in the final 
difference Fourier map. The hydrogen atoms involved in 
tautomeric reactions were also found from difference Fourier 
maps and refined without constraints. The methyl H atoms were 55 

positioned geometrically and refined using a riding model, with 
C–H = 0.96 Å and Uiso(H) = 1.5 Ueq(C). All the other hydrogen 
atoms were fixed geometrically at calculated distances and 

allowed to ride on the parent non-hydrogen atoms. Positional and 
thermal parameters were refined by full-matrix least-squares 60 

method to convergence. The crystallographic data of compounds 
1 ~ 6 are summarized in Table S1. 

Anticancer activity studies 

Biological reagents and antibodies 
 Stock solutions of compounds were prepared by dissolution in 65 

DMSO (20 mM) and stored at −20 °C. DMEM/F-12, RPMI-1640, 
penicillin, and streptomycinwere purchased from Invitrogen 
(Carlsbad, CA). Fetal bovine serum was purchased from Tissue 
Culture Biologicals (Tulare, CA). Purified 20S proteasome 
(rabbit) was purchased from Boston Biochem. Fluorogenic 70 

peptide substrate Suc-LLVY-AMC was purchased from Calbio-
chem (San Diego, CA). Rabbit monoclonal antibody against 
human poly (ADP-ribose) polymerase (PARP) and Bax (B-9) 
was purchased from Biomol International LP (Plymouth Meeting, 
PA). Mouse monoclonal antibodies against Ub and p27, and goat 75 

polyclonal antibody against actin (C-11) and all secondary 
antibodies were purchased from Santa Cruz Biotechnology Inc. 
(Santa Cruz, CA). The concentrations of all antibodies were 200 
μg/mL. 
Cell cultures and whole-cell extract preparation 80 

 HepG2 human liver cancer cells were obtained from American 
Type Culture Collection (Manassas, VA) and grown in 
DMEM/F-12 media supplemented with10% fetal bovine serum, 
100 U/mL penicillin, and 100 μg/mL streptomycin. The media 
were supplemented with 10% fetal calf serum, 100 U/mL of 85 

penicillin, and 100 mg/mL of streptomycin. All cells were 
maintained at 37˚C and 5% CO2. A whole-cell extract was 
prepared as previously described.59–61 
Proteasomal CT-like activity in cell extracts 
 Whole-cell extracts (4 μg) were incubated for 2 h at 37˚C in 100 90 

μL assay buffer (50 mM Tris-HCl, pH 7.5) with 20 μM 
fluorogenic substrate Suc-LLVY-AMC specific for the CT-like 
activity. After incubation, production of hydrolyzed AMC groups 
was measured with a Wallac Victor 3 Multilabel Counter with an 
excitation filter of 365 nm and emission filter of 460 nm. 95 

Changes in fluorescence were calculated against the DMSO 
treated control. 
Inhibition of purified 20S proteasome activity 
 Briefly, 0.1 mg of purified 20S rabbit proteasome was incubated 
with 20 mM fluorogenic substrate Suc-LLVY-AMC specific for 100 

the CT-like activity for 30 min at 378 in 100 mL of assay buffer 
(50 mM Tris–HCl (pH = 7.5)) with different concentrations of 
samples. After incubation, production of hydrolyzed AMC 
groups were measured using a multi-well plate VersaFluorTM 
Fluorometer with a Wallac Victor 3 Multilabel Counter with an 105 

excitation filter of 365 nm and an emission filter of 460 nm. 
Cellular morphologic analysis 
 A Zeiss Axiovert-25 microscope was used for all microscopic 
imaging with phase contrast for cellular morphology, and cells 
that become shrunken and rounded up were considered as dead 110 

cells. 
Western blot analysis 
 Equal amounts of cell lysate (40 μg) were resolved by SDS-
polyacrylamide gel electrophoresis, transferred to a nitrocellulose 
membrane and blotted with indicated antibodies followed by 115 

visualization with the enhanced chemiluminescence reagent 
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(Amersham Biosciences, Piscataway, NJ). 

Computational details 

Optimizations of geometrical structures and Natural Bond Orbital 
(NBO) analyses of compounds 6 were carried out by DFT 
B3LYP method with 6-31+G* basis set combined with PCM in 5 

water. The harmonic vibrational frequencies were calculated at 
the same level of theory for the optimized structure. The 
vibrational frequency calculations revealed no imaginary 
frequencies, indicating that a stationary point at this level of 
approximation was found for the compounds. Atom coordinates 10 

used in the calculations were based on the four tautomers of 
HPMBP optimized by F. Caruso et. al.62 All calculations were 
conducted on a Pentium IV computer using Gaussian 03 
program.63 To investigate the reactive sites of tautomer 6c the 
molecular electrostatic potential was evaluated. The molecular 15 

electrostatic potential, V(r), at a given point r(x, y, z) in the 
vicinity of a molecule, is defined in terms of the interaction 
energy between the electrical charge generated by the molecule’s 
electrons and nuclei and a positive test charge (a proton) located 
at r. 20 
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