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Abstract
Three series of thiazolylhydrazone derivatives were designed, synthesized, and evaluated for their neuraminidase (NA) inhibitory
activity against influenza virus H1N1 in vitro. Compounds 1 and 2 were synthesized via the one-pot reaction and compound 3
was synthesized in two steps. Pharmacological results showed that the majority of the target compounds 1, 2, and 3 exhibited
moderate-to-good influenza NA inhibitory activity. The NA inhibitory activity of the most active compound 2g (IC50= 7.12
μg/ml) is better than that of the lead compound A. Molecular docking was performed to study the possible interactions between
compound 2g and the active site of NA. On the basis of biological results, a preliminary structure–activity relationship (SAR)
was derived and discussed. Moreover, density functional theory (DFT) calculation was also performed to explain why the
thiazolylhydrazone skeleton has NA inhibitory activity, especially compound 2g with the most potent inhibitory activity.
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Introduction

Influenza commonly known as an infectious epidemic is a
major cause for health concern and economic costs.
According to statistics from WHO, seasonal influenza can
cause 2–5 million infections and 250,000–500,000 deaths
each year worldwide (Krammer et al. 2015; Dawood et al.
2012). Despite the fact that flu vaccine is effective to prevent
influenza virus infection, it still needs updating as the
influenza virus mutates annually and flu vaccine cannot treat
large-scale influenza outbreaks (Ellebedy et al. 2009).
However, it was reported that there are two main
glycoproteins–hemagglutinin (HA) and neuraminidase (NA)
on the surface of virus, which are responsible for the inva-
sion of viruses and the release of offspring virus, respectively

(Colman et al. 2012; Chavas et al. 2010). Moreover, further
study indicated that over ten amino acid residues of neur-
aminidase’s active site are highly conserved (Feng et al.
2012; Lou et al. 2014). Hence, compared with other targets,
NA is an attractive target for anti-influenza research.

Currently, Zanamivir and Oseltamivir are two effective
NA inhibitors that were approved in many countries (Baz
et al. 2007; Ison 2011). Among them, Oseltamivir is the
first-line drug for controlling pandemic influenza (Hata-
keyama et al. 2007). However, more and more influenza
virus strains are resistant to it, such as the seasonal H1N1
viruses and avian H5N1 strains (Takano et al. 2013).
Zanamivir is rarely used because of their low bioavailability
and rapid elimination analysis (MIST Study Group 1998).
Thus, it is urgent to develop new and potential antiviral
drugs to fight against human influenza pandemic.
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In our previous studies, we found that compounds con-
taining the hydrazone fragment always showed good NA
inhibitory activity such as (E)-2-((2-(4-(tert-butyl)-5-(1H-
1,2,4-triazol-1-yl)thiazol-2-yl)hydrazono)methyl)-4,6-dini-
trophenol hydrobromide (A, Fang et al. 2016) and 3-((4-(t-
butyl)-2-(2-benzylidenehydrazinyl) thiazol-5-yl) methyl)
quinolin-2(1H)-ones (B, Yuan et al. 2017). Moreover, in
2011, (Liu et al. 2011) found that the series of 2-(2-ami-
nothiazol-4-yl) acetic acid derivatives showed good NA
inhibitory activity, and the IC50 value of the most potent
compound C was 1.28 μg/ml (Liu et al. 2011). In order to
find more potent NA inhibitors, we kept the thiazolylhy-
drazone group of compound A or B and introduced ethyl
acetate at the 4-position of the thiazole ring to design
compound 1. However, compared with the lead compounds
A and B, the activity of compound 1 is not improved. So we
introduced the methyl at the 4-position and acetyl at the
5-position of the thiazole ring to design compound 2. For-
tunately, we found that compound 2 showed better activity
than the lead compounds A and B. Meanwhile, to make sure
if acetophenone thiazolylhydrazone can affect the activity
against NA, we designed a series of acetophenone thiazo-
lylhydrazone derivatives 3 (Fig. 1). Compounds 1 and 2
were synthesized via a one-pot reaction, while compound 3
was synthesized in two steps. To further discuss the inter-
action of target compounds with NA, density functional
theoretical (DFT) calculation and Ledock were carried out.
The results show an obvious NA inhibitory activity reg-
ularity and excellent molecular docking effect.

Results and discussion

Chemistry

Compounds 1 and 2 were synthesized via a one-pot reaction
from substituted benzaldehyde derivative 4, thiosemi-
carbazide, α-haloketone 5, and catalytic sodium acetate
refluxing in ethanol (Scheme 1). Compared with 3-bromine-
acetylacetone, the reaction selectivity of ethyl 4-
chloroacetoacetate was so poor that the yield of com-
pound 1 (41.8–70.0%) was lower than that of compound 2
(52.4–92.1%). Instead of the one-pot reaction, compound 3
was easily synthesized in a two-step process with better
yields. As a first step, the condensation of acetophenone
derivative 6 and thiosemicarbazide was typically carried out
in ethanol with acetic acid as the catalyst to produce thio-
semicarbazone 7. As a second step, thiosemicarbazone 7
was cyclized with 3-bromineacetylacetone in ethanol to
obtain compound 3. All the target compounds were char-
acterized by nuclear magnetic resonance (NMR) spectro-
scopy and mass spectrometry (MS).

In vitro inhibitory activities on NA

The 32 target compounds were evaluated for the NA inhi-
bitory activity against influenza virus neuraminidase
(H1N1) in vitro using Oseltamivir as positive control. The
preliminary biological results of three series of thiazo-
lylhydrazone derivatives (Tables 1–3) show that many
compounds displayed moderate-to-good inhibitory activity
against NA.

As shown in Table 1, the activities of compound 1 were
generally lower than the lead compounds A and B. The
most active one is compound 1c (R=4-OH) with an IC50

value of 17.92 ± 1.60 μg/ml. To find out the reason why the
activity is so poor, compound C was synthesized and
evaluated for its NA inhibitory activity for activity control.
However, unlike the reported activity result in the literature
(Liu et al. 2011), compound C exhibited no inhibitory
activity against NA. So we designed the target compound 2
for activity comparison. As a result, the ethyl acetate sub-
stituent at 4-position of the thiazole ring cannot enhance the
activity.

Activity results (Table 2) suggest that all the compounds,
including compound 2 display over 50% inhibition rates at
the test concentration of 40 μg/mL. Moreover, there are two
compounds 2g and 2j with inhibition rates of over 90%.
With further testing for IC50 values, compound 2 shows the
IC50 values ranging from 7.12 to 34.31 μg/ml. Especially,
the most potent compound 2g shows the IC50 value of
7.12 μg/ml, which is better than the lead compound A or B.
Most of compound 2 with substituent R on the benzene ring
is more active than the unsubstituted compound 2n (IC50=
13.67 μg/ml). In terms of the substituent R at the 4-position
of the benzene ring, some hydrophilic groups, such as car-
boxylate (2j, IC50= 9.34 μg/ml) and hydroxyl (2c, IC50=
11.25 μg/ml) on the benzene ring, tend to enhance the
activity significantly. Furthermore, some hydrophobic
groups, such as carboxylate (2j, IC50= 9.34 μg/ml), halogen
(2m, IC50= 13.39 μg/ml), nitro- (2s, IC50= 15.08 μg/ml),
and acetylamino (2u, IC50= 13.14 μg/ml), also can enhance
the activity. However, hydrophobic groups, such as the
methoxy (2q, IC50= 27.58 μg/ml) and dimethylamine (2k,
IC50= 34.31 μg/ml), weaken the activity instead. The
hydrophilic substituents have a more pronounced effect than
the hydrophobic substituents on the inhibition activity.

The influence on the activities of substituent R at the 4-
position of the benzene ring is as follows: COOCH3 >
COOH > OH > NHCOCH3 > F >NO2 > H > NH2 > OCH3

> N(CH3)2. In general, most of compound 2 possesses better
activity than compound 1. So we can draw the conclusion
that the influence on the activities of substituent groups at 4-
and 5-position of the thiazole ring is as follows: 4-CH3-5-
COCH3 > 4-CH2CO2Et.

Medicinal Chemistry Research (2019) 28:938–947 939



In order to make sure if the CH3 on R3 can affect the
activity against NA, we designed and synthesized compound
3. As shown in Table 3, only compounds 3a and 3d with
2-OH and 2,4-di-OH on the benzene ring showed the potent
inhibition activities against NA with IC50 values of 22.46
and 19.86 μg/ml, respectively, which are much lower than
those of compound 2. As a result, substituent CH3 on R

3 can
weaken the inhibition activity. In summary, the SAR of the
2-thiazolylhydrazone derivatives is summarized in Fig. 2.

Docking analysis

In order to understand the interaction between the thiazo-
lylhydrazone scaffold and the NA active site, the repre-
sentative compounds 1g, 2g, and 3c were docked into the
active sites of NA (H1N1, PDB entry: 3TI6), respectively,

Fig. 1 Design of target compounds

a: R = 2-OH, b: R = 3-OH, c: R = 4-OH, d: R = 2,4-(OH)2, e: R = 2-OH-3-OCH3, f: R= 3-

OH-4-OCH3, g: R = 4-OH-3-OCH3, h: R = 3,4-(OH)2, i: R = 4-COOCH3, j: R = 4-COOH, k: 

R = 4-N(CH3)2, l: R = 3-F, m: R = 4-F, n: R = H, o: R = 3-Cl, p: R = 2,4-Cl2, q: R = 4-OCH3, 

r: R = 3,4-(OCH2O), s: R = 4-NO2, t: R = 4-NH2, u: R = 4-NHAc

Scheme 1 Synthesis of target
compounds

Table 1 Inhibitory activity of compound 1 against NA in vitro

Compound R Inhibition rate (%) IC50 (μg/ml)

1a 2-OH 41.96 NAa

1b 3-OH 67.96 21.02 ± 2.41

1c 4-OH 73.22 17.92 ± 1.60

1d 2,4-(OH)2 55.90 31.83 ± 1.07

1e 2-OH-3-OCH3 47.54 NA

1f 3-OH-4-OCH3 19.47 NA

1g 4-OH-3-OCH3 56.99 31.54 ± 1.26

Cb – −1.99 NA

Cc – – 1.28

aThe inhibition rate is less than 50% at the the test concentration of
40 μg/mL
bThe activity result in test experiment
cActivity values in the literature (Liu et al. 2011)
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using LeDock (http://www.lephar.com/) with default para-
meters, and the results were analyzed and visualized using
PyMOL (http://pymol.sourceforge.net/) (Wang et al. 2016;
Zhao et al. 2012). LigPlot+v1.4.5 was used to depict the 2D
interaction diagram (Wallace et al. 1995).

According to the results in Fig. 3 (A1), it could be found
that the structure orientation of compound 2g and oselta-
mivir structure in the SA cavity are similar and they can fit
well with the SA cavity. There are six hydrogen bonds
formed between compound 2g and the amino acid residues
of NA (Fig. 3 (A2)). The carbonyl group at the 5-position of
the thiazole ring has a similar orientation with the acetamino
group of Oseltamivir acid. Both of them form two hydrogen
bonds with the amino acid residues of Arg 371 and Arg
292, which is one of the reasons why the activity of acetyl
substitution at the 5-position of the thiazole ring is better
than others. Besides, similar with the carboxyl on

oseltamivir acid interacting with a residue of Arg152, 3-
methoxy and 4-hydroxyl groups on the benzene ring have
strong interactions with residues of Arg152 and Trp178. In
addition, the structural fragment CH=N of Schiff base
structure can also be interacting with the residues of Glu
119 and Tyr 406 by hydrogen bonds. In summary, the
substituents on the phenyl ring, thiazole ring, and the schiff
base structure are all playing essential roles in contributing
to the higher inhibition activity against NA.

As shown in Fig. 4 (B1), the structure orientation of
compound 1g is also similar with oseltamivir in SA cavity.
However, the 4-CH2CO2Et on the thiazole ring extends
beyond the 430-cavity. Besides, the hydrazone fragment is
located on the corner of SA active cavity and 430 activity
cavity. Neither 4-CH2CO2Et on the thiazole ring nor the
hydrazone fragment is deeply inserted into the two activity
cavities. So they cannot interact strongly with the NA
activity cavity. There are only three binding sites forming
four hydrogen bonds (Fig. 4 (B2)). That is the reason why
the activity of compound 1 with 4-CH2CO2 Et substituent
on the thiazole ring is lower than that of compound 2 with
4-CH3-5-COCH3 on the thiazole ring. In Fig. 4 (C1), the
entire structure of compound 3c is hardly inside of the SA
activity cavity and 430 activity cavity. Because of the effect
of the methyl group on the hydrazone fragment, the thia-
zolylhydrazone skeleton cannot be inserted into the two
activity cavities and they may be detached from the surface
of NA activity cavity. There are two binding sites forming
four hydrogen bonds (Fig. 4 (C2)), but the two sites are not
able to immobilize compound 3c on the activity cavity. So
compound 3c displays poor activity. The docking analysis
result is consistent with the SAR analysis.

Theoretical calculation

Four electronic structure parameters of compound 2 were
calculated, including the HOMO and LUMO orbital
energy levels (EHOMO, ELUMO), energy-level difference
(ΔE), and oil–water partition coefficient (Log P). The
representative calculation results were shown in Table 4
(more calculation results can be found in Supporting
information). From the calculation results, it can be found
that EHOMO and ΔE of the target compound 2 are not only
close to each other, but also close to those of oseltamivir
and oseltamivir acid. The energy-level difference (ΔE) of
hydrophilic or electron-donating substituents is much
closer to that of oseltamivir and oseltamivir acid, such as
compounds 2c, 2g, and 2r. Moreover, since the introduc-
tion of electron-donating substituents or molecular
conjugate groups can contribute to improving the EHOMO

and ELUMO, it is significative to promote these energy
levels of the target compounds closer to oseltamivir and
oseltamivir acid to improve the biological activity.

Table 3 Inhibitory activity of compound 3 against NA in vitro

Compound R Inhibition rate (%, 40 μg/ml) IC50 (μg/ml)

3a 2-OH 67.36 22.46 ± 3.23

3b 3-OH 41.87 NAa

3c 4-OH 47.55 NA

3d 2,4-(OH)2 74.60 19.86 ± 2.25

aThe inhibition rate is less than 50% at the the test concentration of
40 μg/mL

Table 2 Inhibitory activity of compound 2 against NA in vitro

Compound R Inhibition rate (%) IC50 (μg/ml)

2a 2-OH 77.62 16.19 ± 2.75

2b 3-OH 87.93 11.83 ± 1.23

2c 4-OH 85.77 11.25 ± 0.23

2d 2,4-(OH)2 88.57 12.91 ± 1.73

2e 2-OH-3-OCH3 89.39 12.66 ± 0.60

2f 3-OH-4-OCH3 85.98 14.15 ± 2.71

2g 4-OH-3-OCH3 93.33 7.12 ± 0.80

2h 3,4-(OH)2 65.13 23.00 ± 1.89

2i 4-COOCH3 89.93 8.61 ± 0.12

2j 4-COOH 91.16 9.34 ± 0.46

2k 4-N(CH3)2 54.51 34.31 ± 3.24

2l 3-F 73.19 17.08 ± 3.45

2m 4-F 85.29 13.39 ± 1.28

2n H 78.74 13.67 ± 1.37

2o 3-Cl 86.38 12.44 ± 1.06

2p 2,4-Cl2 64.52 22.14 ± 3.81

2q 4-OCH3 63.99 27.58 ± 2.51

2r 3,4-(OCH2O) 71.68 21.05 ± 2.03

2s 4-NO2 86.79 15.08 ± 0.19

2t 4-NH2 84.94 14.90 ± 1.31

2u 4-NHAc 80.99 13.14 ± 1.18

Medicinal Chemistry Research (2019) 28:938–947 941

http://www.lephar.com/
http://pymol.sourceforge.net/


According to the frontier molecular orbital theory,
HOMO and LUMO orbital energy levels are the most
important factors that affected bioactivity (Nataraj et al.
2013). A study of the frontier orbital energy can provide
some useful information for the active mechanism. DFT
study is one of the most widely used computational meth-
ods due to its accuracy and less time consumption (Suvitha
et al. 2014). So further calculation on frontier molecular
orbital theory was conducted.

As shown in Fig. 5, the LUMO orbital of compound 2g
is mainly distributed at the nitrogen atom of the thiazole
ring and the carbon atom between the nitrogen atom and the
sulfur atom, while the HOMO orbital is distributed at the

carbonyl group. The LUMO orbitals of oseltamivir or
oseltamivir acid are mainly distributed at the carbonyl group
of the carboxyl or ester group, while HOMO orbitals are
distributed at the acetamide bond, especially at the carbonyl
group of the acetamide bond. Figure 6 indicates that the
HOMO orbital distribution of compound 2g and oseltamivir
acid is almost identical on the structure of carbonyl. In
addition, the electron transfer’s direction from the HOMO
to the LOMO orbit of 2g and oseltamivir acid is in accor-
dance as well. According to the direction of electron
transfer, it can be speculated that the electron-withdrawing
groups on the benzene ring are more beneficial to electron
transfer, which is similar with the effect of the carboxyl

Fig. 2 Structure–activity
relationship of 2-
thiazolylhydrazone derivatives

Fig. 3 Specific interactions of compound 2g and Oseltamivir acid
binding to the active site of NA (H1N1, PDB: 3TI6). A1 The docking
result of compound 2g and Oseltamivir acid binding to the active site

of NA (H1N1, PDB: 3TI6); A2 interaction between compound 2g with
the corresponding amino acid residues of NA; A3 the 2D binding
mode of compound 2g

942 Medicinal Chemistry Research (2019) 28:938–947



group on oseltamivir. To some extent, the frontier molecular
orbital theory can explain the reason why the target com-
pounds have anti-influenza activities.

Besides, the target compounds’ oil–water partition
coefficients (Log P) are greater than those of oseltamivir
and oseltamivir acid. Among compound 2, the Log P of
compounds 2q, 2j, and 2k is also greater than that of the
most potent bioactivity compound 2g. The calculation result
of Log P is consistent with the conclusion that the hydro-
philic groups are more conducive to increased activity in the
SAR analysis. So we can modify the lead compound by
decreasing the Log P value and enhancing the water solu-
bility to improve anti-influenza activity.

Conclusions

Three series of compounds were designed, synthesized, and
evaluated for their ability to inhibit NA of influenza H1N1

virus. Compound 2 has better activity than compound 1. The
activities of compounds 2g and 2i with the IC50 values of 7.12
and 8.61 μg/ml, respectively, are superior to the lead com-
pound B. The SAR analysis indicates that most of the sub-
stituents of R at the 4-position of the benzene ring can increase
the inhibition activity, wherein the hydrophilic substituents
have a more pronounced effect than the hydrophobic sub-
stituents on the inhibition activity. The specific influence on the
activity of the substituent groups at 4-position (R1) and 5-
position (R2) on the thiazole ring is as follows: 4-CH3-
5-COCH3 > 4-CH3CO2Et-5-H. The substituent CH3 on R3 can
weaken the inhibition activity. Molecular docking indicates that
the structure orientations of thiazolylhydrazone derivatives can
fit well with the SA cavity. The thiazole ring and the structural
fragment CH=N of the thiazolylhydrazone skeleton can be
interacting well with the amino acid residues by hydrogen
bonds. DFT calculation suggests that the electron transfer’s
direction of compound 2g from the HOMO to the LOMO orbit
is in accordance with that of oseltamivir acid. In addition, the

Fig. 4 Specific interactions of
compound 1g, 3c, and
Oseltamivir acid binding to the
active site of NA (H1N1, PDB:
3TI6). B1 The docking result of
compound 1g and Oseltamivir
acid binding to the active site of
NA (H1N1, PDB: 3TI6); B2
interaction between compound
1g with the corresponding
amino acid residues of NA; C1
the docking result of compound
3c and Oseltamivir acid binding
to the active site of NA (H1N1,
PDB: 3TI6); C2 interaction
between compound 3c with the
corresponding amino acid
residues of NA

Table 4 Partial electronic
structure parameters of
compounds 2, 3, and
Oseltamivir

Compound IC50 (μg/ml) EHOMO (a.u.) ELUMO (a.u.) ΔE (a.u.) Log P

2c 11.25 ± 0.23 −0.24474 −0.00987 0.23487 2.82

2g 7.12 ± 0.80 −0.24493 −0.01052 0.23441 2.69

2j 9.34 ± 0.46 −0.25171 −0.01712 0.23459 2.84

2k 34.31 ± 3.24 −0.23706 −0.00409 0.23297 3.49

2q 27.58 ± 2.51 −0.24225 −0.00899 0.23326 3.08

2r 21.05 ± 2.03 −0.24489 −0.00990 0.23499 2.99

3a 22.46 ± 3.23 −0.24239 −0.00491 0.23748 2.39

3b NAa −0.24447 −0.01263 0.23184 2.39

Oseltamivir −0.22892 0.01503 0.24395 0.19

aNA: the inhibition rate is less than 50% at the the test concentration of 40 μg/mL
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lower Log P of thiazolylhydrazone derivatives also can con-
tribute to improving activity. In summary, the thiazolylhy-
drazone skeleton could show potent NA inhibitory activity,
which contributes to designing novel influenza NA inhibitors.

Experiments

Chemistry

The starting materials and solvents were commercially
available and used without further purification. All reactions

were monitored by thin-layer chromatography (TLC) on
25.4–6.2-mm silica gel plates (GF-254). Melting points were
measured on an X-4 electrothermal digital melting point
apparatus and uncorrected. Nuclear magnetic resonance
(NMR) was recorded on a Varian INOVA-400 spectrometer
apparatus using tetramethylsilane as an internal standard. The
solvents for NMR were DMSO-d6. Mass spectra data were
obtained by an LCQ Advantage MAX spectrometer elec-
trospray ionization–MS and an Agilent 1100 series LC–MS.
The general procedure for the synthesis of compounds 1, 2,
and 3 can be found in Supporting information.

Fig. 5 Frontier molecular orbital
energy level and distribution of
compound 2g, Oseltamivir acid,
and Oseltamivir

Fig. 6 Comparison of the
frontier orbital distribution and
the direction of electron transfer
of compound 2g and
oseltamivir acid

944 Medicinal Chemistry Research (2019) 28:938–947



General procedure for the synthesis of compounds 1a–1g

A mixture of substituted benzaldehyde 4 (2 mmol), thiose-
micarbazide (2 mmol), 4-chloro ethyl acetoacetate (2.4 mmol),
and sodium acetate (0.1 mmol) in ethanol (10mL) was
refluxed for 6 h. After the completion of the reaction con-
firmed by TLC, the reaction mixture was cooled at room
temperature, and then poured into 10-ml saturated NaHCO3

solution to adjust the pH to 8–10. The precipitate was filtered
and washed with brine, recrystallized from ethyl acetate/pet-
roleum ether, or ethanol to afford the pure product 1a–1g.

General procedure for the synthesis of compounds 2a–2s

A mixture of substituted benzaldehyde 4 (2 mmol), thiose-
micarbazide (2 mmol), and 3-bromoacetylacetone
(2.4 mmol) and sodium acetate (0.1 mmol) in ethanol (10
mL) was refluxed for 6 h. After completion of the reaction
confirmed by TLC, the reaction mixture was cooled at room
temperature, and then poured into 10 -ml saturated NaHCO3

solution to adjust the pH to 8–10. The precipitate was fil-
tered and washed with brine, and recrystallized from etha-
nol to afford the pure compounds 2a–2s.

Procedure for the synthesis of compound 2t

A mixture of compound 2s (2 mmol), iron powder
(15 mmol), dichloromethane (20 ml), water (20 ml), and
glacial acetic acid (20 ml) was vigorously stirred at room
temperature for 15 h. After the completion of the reaction
confirmed by TLC, the precipitate was filtered and washed
with dichloromethane (50 ml). Then saturated sodium
bicarbonate was dropped into the filtrate to adjust the pH to
7–8. An organic layer was washed three times with water,
dried with anhydrous sodium sulfate, and evaporated the
solvent to afford the pure compound 2t.

Procedure for the synthesis of compound 2u

1,1ʹ-Carbonyldiimidazole (1.2 mmol) was added into the
mixture solution DMF (6 ml) and acetic acid (1.2 mmol) in
two portions and stirred for 30 min at room temperature.
Then compound 2t (1 mmol) was added into the reaction
solution. The mixture was stirred at 85 °C for 5 h (con-
firmed by TLC), and cooled at room temperature. The
reaction solution was poured into 10 ml of water and stirred
for 30 min. The precipitate of the product was filtered and
washed with water to afford the pure compound 2u.

General procedure for the synthesis of compounds 3a–3d

The appropriate thiosemicarbazide (5.0 mmol), substituted
acetophenone 6 (5.5 mmol), was suspended in ethanol

(20 ml), and two drops of acetic acid were added to the
above solution. The reaction mixture was refluxed for 6–8 h
and then cooled at room temperature. The resulting pre-
cipitate was filtered and washed with brine to obtain the
corresponding thiosemicarbazone derivative 7.

A mixture of thiosemicarbazone derivative 7 (2 mmol)
and 3-bromoacetylacetone (2.4 mmol) in ethanol (10 mL)
was refluxed for 6 h. The same workup as the synthesis of
compounds 1a–1s was carried out to afford the products
3a–3d. The spectral data and figures of target compounds
are shown in Supporting information.

Neuraminidase inhibition assay

All the target compounds were tested for their NA inhibi-
tory activity in vitro using Oseltamivir as positive control.
Influenza virus A/PR/8/34, donated by Chinese Centers for
Disease Control, was used as a source of NA in enzyme
inhibition assays based on the method reported by Guanhua
Du (Liu et al. 2005; Zhang et al. 2008). The NA was
obtained by the method described by Laver et al. (1984).
The compound 2ʹ-(4-methylumbellifer-yl)-α-D-acetyl neur-
aminic acid (MUNANA) was purchased from Sigma as the
substrate of NA. Cleavage of this substrate by NA produces
a fluorescent product, which can emit an emission wave-
length of 450 nm with an excitation wavelength of 360 nm
(Wetherall et al. 2003). The intensity of fluorescence can
reflect the activity of NA sensitively (Mitrasinovic 2009).

The reaction mixture consisting of 10-μL solution of
target compounds and 30-μL NA enzyme in 33 mmol/L
MES buffer (pH 3.5) was added to a 96-well microtiter
plate. Meanwhile, blank, enzyme, and a positive drug
Oseltamivir were set. The reaction was started by the
addition of a substrate containing 10 μL of 4 mmol/L CaCl2,
20 μL of 20 μmol/L MUNANA, and 30 μL of water to the
plate. After incubation for 60 min, the reaction was termi-
nated by adding 150 μL of 14 mmol/L NaOH in 83%
ethanol. The resulting fluorescence was quantified at an
excitation wavelength of 360 nm and an emission wave-
length of 450 nm. The data are expressed as the mean of
three independent experiments. The IC50 value was calcu-
lated by plotting the percent of inhibition of NA activity
versus the inhibitor concentration.

Docking study

The crystal structure data of H1N1 neuraminidase–oseltamivir
complex (PDB Code: 3TI6) were downloaded from RSCB
Protein Data Bank. The docked compound 2g was energy-
minimized using the MM2 force fielld. Then LeDock was
used to prepare the pdbqt files with default parameters (Wang
et al. 2016; Zhao et al. 2012). The dimension of the binding
box was set as (Xmin=−37.4, Xmax=−19.8, Ymin= 7.0,
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Ymax= 21.5, Zmin= 12.0, and Zmax= 30.2). The results were
analyzed and visualized by PyMOL. LigPlot+v1.4.5 was
used to depict the 2D interaction diagrams (Wallace et al.
1995).

DFT calculation

The DFT calculations of the representative compounds were
performed at the Becke–Lee–Parr hybrid exchange corre-
lation three-parameter functional (B3LYP) level with stan-
dard 6-311G (d, p) basis set (Kohn et al. 1965; Becke 1993;
Lee et al. 1998).

Vibration analysis showed that the optimized structure
was in accordance with the minimum points on the potential
energy surface. All of the convergent precisions were the
system default values, and all the quantum chemical calcu-
lations in this study were performed using the Gaussian 09
program (Frisch et al., Gaussian 09, Revision A.1, Gaussian,
Inc., Wallingford, CT, 2009). The calculated convergence
accuracy is determined by the program default parameter.
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