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Based on the previous research results of our research group, to further improve the anti-inflammatory
activity of hesperetin, we substituted triazole at the 7-OH branch of hesperetin. We also evaluated the
anti-inflammatory activity of 39 new hesperetin derivatives. All compounds showed inhibitory effects on
nitric oxide (NO) and inflammatory factors in lipopolysaccharide-induced RAW264.7 cells. Compound
d5 showed a strong inhibitory effect on NO (half maximal inhibitory concentration ¼ 2.34 ± 0.7 mM) and
tumor necrosis factor-a, interleukin (IL)-1b, and (IL-6). Structureeactivity relationships indicate that 7-O-
triazole is buried in a medium-sized hydrophobic cavity that binds to the receptor. Compound d5 can
also reduce the reactive oxygen species production and significantly inhibit the expression of inducible
NO synthase and cyclooxygenase-2 through the nuclear factor-kB signaling pathway. In vivo results
indicate that d5 can reduce liver inflammation in mice with acute liver injury (ALI) induced by CCI4. In
conclusion, d5 may be a candidate drug for treating inflammation associated with ALI.

© 2021 Elsevier Masson SAS. All rights reserved.
1. Introduction

Acute liver injury (ALI) involves emergent hepatocellular dam-
age accompanied by abnormal liver function [1,2]. ALI is usually
associated with drug poisoning [3e5], viral hepatitis [6], immu-
nological etiologies [7], chemical damage [8], and liver ischemia
reperfusion. Drug-induced liver injury is the main cause of ALI and
acute liver failure [9,10]. Most patients with ALI can recover
through treatment, but others may progress to acute liver failure,
which lacks effective treatment, with high mortality [7]. ALI is also
closely related to the occurrence of fibrosis, cirrhosis, and hepato-
cellular carcinoma [4]. Therefore, seeking an effective treatment
strategy is important.
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served.
Traditional Chinese medicine plays an important role in the
treatment of ALI [11,12]. The traditional Chinesemedicine tangerine
peel has liver protection and anti-inflammatory pharmacological
action in widespread clinical applications. Hesperetin and hesper-
idin, the main active ingredients of Chinese medicine orange peel,
are isolated from dried tangerine or orange peel and belong to
flavonoid compounds [13,14]. Flavonoids form anti-oxidant com-
ponents, scavenge reactive oxygen species (ROS) [15], remove
inflammation-mediated release of ALI inflammatory mediators,
and inhibit liver fibrosis [16,17]and abnormal hepatocyte apoptosis
[18,19]. Hesperetin is a flavonoid compound that has various
pharmacological effects, including anti-inflammatory, anti-oxida-
tion, and anti-tumor activities. Its anti-inflammatory activity is
recognized and widely studied. However, given hesperetin’s
structural characteristics, its plasma circulation time is short, and
easy removal from the body limits its wide application [20e22].

Our research group has been devoted to the research of hes-
peretin to improve its biological activity [23e26]. In the earlier
pharmacokinetics studies of hesperetin and its derivatives, the 7-
OH component of hesperetin was rapidly metabolized into 7-O-
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sulfates and 7-O-glucuronides by phase II metabolism in the liver
(Fig. 1) [22,27]. To improve the anti-inflammatory activity of hes-
peretin while reducing its elimination rate, we synthesized 23 new
hesperetin derivatives in four series and evaluated their anti-
inflammatory activity in vitro and in vivo [26]. In the primary
analysis of the structureeactivity relationships (SARs), the 7-O-
substituent was the lipophilic region. Subsequently, we optimized
7-O-substituent hesperetin derivatives by amide substitution at 7-
OH [25]. Studies of the 7-O-amide series of substituents further
demonstrated that increasing the hydrophobicity of the side chains
increased the anti-inflammatory activity of the derivatives, e.g. (6b
(piperidine ethanol) < 6a (piperidine)). And the size of the amide
side chain was appropriately increased, and its anti-inflammatory
Fig. 1. Synthesized potent hesperetin derivates along
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activity was increased (4a (methyl) < 4b (ethyl) < 4d (propyl); 4j
(cyclopropyl) < 4k (cyclopentyl)). Further, over-increasing the size
of the side chain group would reduce the anti-inflammatory ac-
tivity of the derivative, suggesting that the hydrophobic cavity was
of medium size (4d (propyl) > 4f (butyl). 4k (cyclopentyl) > 4L
(cyclohexyl)). The anti-inflammatory activities of 7-O-amide hes-
peretin derivatives increased significantly, with compounds 4d and
4k being the most effective with half maximal inhibitory concen-
trations (IC50) of 19.32 and 16.63 mM, respectively. Based on the
SARs, we optimized hesperetin derivatives using the following
strategies (Fig. 1): 1) Modification of 7-O-amide by replacement
with triazole: 1,2,3-Triazole was observed in a variety of bioactive
molecules as an anti-inflammatory and a non-classical bioisostere
with their SARs for anti-inflammatory activity.
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of amide. Enhance of lipophilicity with C4 and C5 of triazole: Tri-
azole was more stable when metabolized than amide [28e33]. 2)
Conversion of 4-carbonyl group to oxime: The 7-O-substituent was
located in a hydrophobic region inside the binding pocket, inwhich
the opposite 4-carbonyl group faces a hydrophilic region outside
the binding pocket. We also converted the 4-carbonyl group into a
more hydrophilic oximido; the converted form can significantly
enhance the anti-inflammatory activity of the skeleton of various
anti-inflammatory compounds [28,34,35]. We synthesized 39
hesperidin derivatives and evaluated their biological activity.
Nearly all derivatives showed inhibitory effects on lipopolysac-
charide (LPS)-induced nitric oxide (NO) release in RAW264.7 cells
and decreased the production of tumor necrosis factor (TNF)-a,
interleukin (IL)-1b, and (IL-6) inflammatory mediators. Derivative
d5 (IC50 ¼ 2.34 ± 0.7 mM) showed the best NO inhibitory activity
and inflammatory factor inhibitory activity. We further analyzed
themechanism of action of d5. We also verified the remission effect
of d5 on inflammatory status in mice with ALI.

2. Results and discussion

2.1. Chemistry

As shown in Scheme 1, the target compounds a1ea14, b1eb5,
c1ec11, and d1ed9 were prepared following a straightforward
synthesis starting with the hydrolysis of hesperidin. Hesperetin (1)
was obtained by sulfuric acid hydrolysis of hesperidin in ethanol
and then the synthesis of the target intermediate [36]. The resulting
hesperetin was substituted by bromopropyne with K2CO3 to obtain
Scheme 1. Synthesis route of hesperetin derivatives a1ea14, b1eb5, c1ec11, and d1ed9
bromide, dimethylformamide (DMF), r.t. (C) Ethanol, NH2OH$HCl, CH3COOK, 80 �C; reflux.
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intermediate 2. Intermediate 3 was obtained through the conden-
sation reaction of intermediate 2 with hydroxylamine hydrochlo-
ride [34]. The methodology for the synthesis of target compounds
was based on click chemistry catalyzed by monovalent copper ion
employing intermediates 2 and 3 as precursors [31,33].

As shown in Table 1, for intermediate 2, the chemical shift of 7-
OH disappeared compared with hesperetin. Bromopropyne was
selectively substituted at 7-OH. For intermediate 3, the 5-OH shif-
ted at 11.37 ppm, and the OH of oxime was at 11.43 ppm compared
with that in intermediate 2 (proton nuclearmagnetic resonance (1H
NMR) spectra and chemical shifts of hesperidin are shown in Fig. S0
of Supporting Information).

2.2. Evaluation of biological activities in vitro

2.2.1. Inhibitory activity of various compounds on NO
The production of NO, a pro-inflammatory mediator, is the key

link to inflammation-related diseases. During inflammation, a large
amount of NO is produced and further exacerbates the inflamma-
tory response. Thus, inhibiting the production of NO can relieve or
inhibit inflammatory diseases [37]. RAW 264.7 cells stimulated by
LPS secrete pro-inflammatory mediators, such as NO, TNF-a, IL-1b,
and IL-6, as a classic cell model for screening anti-inflammatory
drugs. To detect the inhibitory effect of LPS-induced NO in RAW
264.7 cells by hesperetin derivatives, we used Griess reagent to
detect the content of NO released by RAW264.7 cells after treat-
ment with the compounds. As shown in Table 2, the content of NO
in the untreated groupwas 0.5 ± 0.4 mM. After stimulationwith LPS,
compared with the untreated group, the content of NO in the
. Conditions and reagents: (A) MeOH, 96% H2SO4, reflux; 80 �C. (B) K2CO3, propargyl
(D) DMF, bromide, NaN3, r.t; Vc, K2CO3, CuSO4$5H2O, r.t.



Table 1
1H NMR data of OH of various compounds (d in ppm).

5-OH 7-OH 30-OH NeOH

Hesperidin 12.03 9.10
Hesperetin 12.14 10.80 9.11
Intermediate 2 12.09 9.15

Intermediate 3 11.37 9.10 11.43

Table 2
NO concentration in LPS-treated RAW264.7 cells at a compound concentration of 10 mM and IC50 values.

Cmd NO inhibition in 10 mM (%) IC50 (mM) Cmd NO inhibition in 10 mM (%) IC50 (mM)

Ctrl 0.5 ± 0.4 (NO content in cell supernatant) b4 22.76 ± 9.43*** 18.93 ± 2.07
LPS 30.19 ± 1.2(NO content in cell supernatant) b5 38.53 ± 10.8*** 15.36 ± 2.63
Hes 18.36 ± 3.6*** 48.59 ± 7.54 c1 39.99 ± 7.38*** 15.24 ± 1.89
4d 35.23 ± 2.06*** 20.89 ± 1.16 c2 41.4 ± 6.71*** 15.03 ± 1.75
4k 38.68 ± 5.76*** 19.14 ± 2.89 c3 56.39 ± 6.06*** 9.67 ± 1.23
a1 49.8 ± 1.79*** 10.95 ± 1.31 c4 50.06 ± 6.95*** 13.82 ± 1.7
a2 45.69 ± 2.71*** 13.08 ± 0.81 c5 49.89 ± 5.39*** 13.9 ± 1.37
a3 63.34 ± 1.97*** 7.32 ± 0.73 c6 48.78 ± 2.9*** 11.88 ± 0.51
a4 63.14 ± 0.88*** 6.14 ± 0.58 c7 44.16 ± 4.06*** 15.31 ± 1.42
a5 43.59 ± 6.3*** 14.61 ± 2.1 c8 53.82 ± 9.68*** 10.52 ± 2.04
a6 48.04 ± 1.86*** 12.49 ± 0.38 c9 42.37 ± 0.38*** 15.61 ± 0.35
a7 30.96 ± 1.35*** 17.42 ± 0.11 c10 24.73 ± 7.36*** 17.75 ± 1.6
a8 28.04 ± 2.12*** 18.23 ± 0.26 c11 32.75 ± 1.25*** 16.74 ± 0.8
a9 32.9 ± 6.69*** 17.99 ± 0.63 d1 63.65 ± 1.69*** 6.13 ± 0.51
a10 35.53 ± 5.25*** 19.87 ± 2.32 d2 22.53 ± 0.44*** 18 ± 0.35
a11 29.42 ± 5.56*** 16.84 ± 2.43 d3 65.36 ± 4.92*** 5.71 ± 1.25
a12 41.42 ± 6.13*** 15.09 ± 0.71 d4 33 ± 7.37*** 13.35 ± 4.5
a13 28.99 ± 6.01*** 17.76 ± 0.42 d5 67.47 ± 14.29*** 2.34 ± 0.7
a14 36.44 ± 1.24*** 17.73 ± 2.67 d6 65.13 ± 16.85*** 3.14 ± 0.37
b1 32.15 ± 1.35*** 16.89 ± 0.55 d7 56.91 ± 11.63*** 8.9 ± 2.43
b2 34.46 ± 1.02*** 18.91 ± 1.2 d8 67.03 ± 7.29*** 6.32 ± 1.85
b3 34.07 ± 3.17*** 13.19 ± 0.55 d9 63.71 ± 10.11*** 6.88 ± 2.33
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treatment group significantly increased to 30.19 ± 1.26 mM. Pre-
liminary results showed that almost all compounds reduced the NO
levels compared with the LPS stimulation group. Compounds a3,
a4, c3, c8, d1, d3, d5, and d6 significantly inhibited the production
of NO induced by LPS. Hesperetin derivatives with triazole showed
better NO inhibitory activity than thosewith amide, for example, c3
(IC50: 9.67 ± 1.23 mM) > 4d (IC50: 20.89 ± 1.16 mM); c8 (IC50:
10.52 ± 2.04 mM) > 4k (IC50:19.14 ± 2.89 mM). The anti-
inflammatory activities of 7-O-triazole hesperetin derivatives
were twice better than that of 7-O-amide. Triazole increases hy-
drophobicity, thereby increasing their anti-inflammatory activities.
Compounds with 4-oximido-7-O-triazole showed significantly
improved activity compared with 7-O-triazole: d5 (IC50:
2.34 ± 0.7 mM) > c3 (IC50: 9.67 ± 1.23 mM); d6 (IC50:
3.14 ± 0.37 mM) > c2 (IC50: 15.03 ± 1.75 mM). The anti-inflammatory
activities of 4-oximido-7-O-triazole hesperetin derivatives (d5 and
d6) were five times better than that of 7-O-triazole (c3 and c2).
Overall, 7-O-triazole and 4-oximido-7-O-triazole hesperetin de-
rivatives exhibited better NO inhibitory activity than 7-O-amido.
4

Compound d5 showed the best activity, which also reduced the
production of NO in a concentration-dependent manner. Its inhi-
bition rate was 67.47% at 10 mM, and its IC50 for NO inhibition was
2.34 ± 0.7 mM.

Table 2 shows the comparison of the inhibitory capability on NO
of the compounds and the positive control drug at a concentration
of 10 mM VS LPS group. The test compounds (10 mM) and positive
drugs were 2 h before LPS stimulation. The data are presented as
mean ± standard deviation (SD) (n ¼ 3). The difference was
considered statistically significant when p (*) < 0.05, (* *) < 0.01, (*
* *) < 0.001 vs LPS group.

2.2.2. Assessment of cytotoxicity
Methyl thiazolyl tetrazolium (MTT) assay was used to screen the

non-cytotoxic dose of hesperetin derivatives in RAW264.7 cells
[38]. Table 3 shows the results. Preliminary screening results
showed that most of the compounds exhibited non-toxicity at
40 mM. Thus, the effect of compound toxicity on cell viability was
ruled out. The inhibitory activities displayed by compounds on



Table 3
Compound effects on RAW264.7 cell viability was evaluated at the compound
concentration of 40 mM.

Compound %cell viability at 40 mM Compound %cell viability at 40 mM

Hes 1.21 ± 0.12*** b5 0.64 ± 0.03***
Ind 0.87 ± 0.08ns c1 1.05 ± 0.11ns

Cel 0.83 ± 0.06ns c2 1.06 ± 0.11ns

a1 0.98 ± 0.06ns c3 1.14 ± 0.11ns

a2 1 ± 0.08ns c4 1.18 ± 0.1ns

a3 0.74 ± 0.11*** c5 1.18 ± 0.06ns

a4 0.83 ± 0.05ns c6 0.87 ± 0.07ns

a5 1.14 ± 0.09ns c7 1.11 ± 0.09ns

a6 1.35 ± 0.1*** c8 1.1 ± 0.08ns

a7 1.13 ± 0.08ns c9 1.24 ± 0.12**
a8 1.2 ± 0.08* c10 1.12 ± 0.08ns

a9 0.56 ± 0.05*** c11 1.21 ± 0.04*
a10 0.93 ± 0.05ns d1 0.93 ± 0.02ns

a11 1.1 ± 0.05ns d2 0.83 ± 0.03ns

a12 1.01 ± 0.06ns d3 0.82 ± 0.07*
a13 0.94 ± 0.02ns d4 0.86 ± 0.04ns

a14 0.66 ± 0.01*** d5 1.14 ± 0.04ns

b1 1.12 ± 0.04ns d6 1.01 ± 0.08ns

b2 1.13 ± 0.02ns d7 0.62 ± 0.03***
b3 0.99 ± 0.01ns d8 0.86 ± 0.03ns

b4 1.32 ± 0.12*** d9 1.12 ± 0.07ns

Results are the mean ± SD of three experiments. The difference was considered
statistically significant when p (*) < 0.05, (* *) < 0.01, (* * *) < 0.001, ns: no sig-
nificance vs LPS group. Hes: hesperetin, Ind: indomethacin; , Cel: celecoxib vs LPS
group.
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indicators, such as NO and inflammatory factors, were unaffected
by compound toxicity. Thus, further study of the anti-inflammatory
activities of the compounds should be set below 40 mM.

Compound d5 showed excellent inhibitory activity according to
the results of NO inhibition activity. Thus, we compared the activity
of compound d5 at different concentrations on LPS-induced
RAW264.7 cells in the LPS group. Compound d5 showed no
toxicity at 60 mM. In addition, compared with the LPS group with
the control, we observed that cells proliferated slightly after 24 h of
LPS stimulation. The results are shown in Fig. 2.
2.2.3. Test compounds inhibit LPS-induced cytokine production in
RAW264.7 cells

Multiple inflammatory factors, including TNF-a, IL-1b, and IL-6,
are involved in and accelerate inflammatory responses during in-
flammatory progression [39]. Therefore, the effective suppression
of inflammatory factors is considered an effective marker for the
treatment of inflammation. The effects of compound action on TNF-
Fig. 2. Compound d5 at different concentrations affected the viability of
RAW264.7 cells compared with the LPS group. The results are the mean ± SD of three
experiments. The difference was considered statistically significant when p (*) < 0.05,
(* *) < 0.01, (* * *) < 0.001. ns: no significance.
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a, IL-1b, and IL-6 levels in LPS-stimulated supernatant of
RAW264.7 cells were detected by enzyme-linked immunosorbent
assay (ELISA). First, we initially evaluated the suppression effects of
all compounds on LPS-induced RAW264.7 inflammatory response-
related factors at a concentration of 10 mM. Fig. 3AeC shows the
results. Overall, comparedwith normal basal levels, LPS stimulation
significantly increased the production of cytokines TNF-a, IL-1b,
and IL-6 in macrophages. Overall, almost all newly synthesized
triazole derivatives showed better inhibitory activities than hes-
peretin and the positive controls indomethacin and celecoxib. In
addition, compared with amide derivatives in 4d and 4k, the newly
synthesized triazole derivatives showed a significant improvement
in the inhibitory capability for inflammatory factors. Compared
with b1eb5 and c1ec11 series, a1ea14 and d1ed9 series showed
better inhibitory effects. Combined with the MTT experiment, the
compounds of a1, a2, and a3 had a high inhibition rate against NO,
but they exhibited strong cytotoxicity. Compared with the other
series, the compounds of d1ed9 had the best and extremely sig-
nificant inhibitory capability on inflammatory factors, which were
roughly the same as our previous NOmeasurement results. We also
detected the inhibitory effect of different concentrations of d5
(1.25, 2.5, 5, 10, and 20 mM) on LPS-induced RAW264.7 inflamma-
tory factors. Fig. 3DeF reveal the concentration-dependent inhibi-
tion of inflammatory factors by d5. Next, we selected compound d5,
which showed the most effects, to explore the anti-inflammatory
mechanism of the series derivatives.

2.2.4. Suppression effects of compound d5 on the expression of
cyclooxygenase-2 (COX-2) and induced NO synthase (iNOS) in
RAW264.7 cells stimulated by LPS

In the inflammatory process, iNOS is overexpressed under the
action of inflammatory cytokines, leading to NO overproduction
[40]. Western blotting was used to analyze whether the inhibitory
effects of compound d5 on LPS-induced NO occur through the
suppression effects on iNOS. The protein levels of iNOS were
determined by LPS stimulation (1 mg/mL) at different concentra-
tions of d5 (5, 10, and 20 mM) for 24 h. As shown in Fig. 4, d5
inhibited the expression of iNOS in RAW264.7 cells stimulated by
LPS in a concentration-dependent manner. COX-2, as an important
anti-inflammatory indicator, maintains a low expression level in
normal tissues. COX-2 is up-regulated in the occurrence of
inflammation, and prostaglandin secretion and other downstream
inflammatory mediators are rapidly increased, further intensifying
the disease’s inflammatory process [41,42]. We also confirmed that
compound d5 reduced COX-2 expression in a concentration-
dependent manner with Bay 11e7082 (5 mM) as the positive con-
trol (Fig. 4).

2.2.5. Compound d5 regulates the inflammatory effect on
RAW264.7 cells by LPS stimulation through negatively regulating
the nuclear factor (NF)-kB signaling pathway

NF-kB is a transcription factor known to regulate inflammation
positively [43]. When LPS stimulates RAW264.7 cells to activate NF-
kB, the activated NF-kB (ikb) protein phosphorylation releases NF-
kB p65 subunits from it, transfers them to the nucleus, binds to the
target promoter, and initiates transcription of inflammatory genes,
including TNF-a, IL-1b, IL-6, iNOS, and COX-2 [44,45]. Western
blotting was used to detect the effect of d5 on the transcriptional
activity of LPS-induced RAW264.7 cells.

As shown in Fig. 5, d5 significantly reduced IkBa phosphorylation
compared with the LPS induction group. At the same time, com-
pound d5 (5, 10, and 20 mM) inhibited LPS-induced nuclear trans-
location of NF-kBp65 in a concentration-dependent manner. The
above results indicate that the anti-inflammatory effects of com-
pound d5 may be achieved through negative regulation of NF-kB.



Fig. 3. ELISA kit was used to evaluate the inflammatory factor inhibiting the action of compounds on RAW 264.7 cells under LPS stimulation. All compounds were tested to release
TNF-a, IL-1b, and IL-6 from LPS-stimulated RAW264.7 cells at a concentration of 10 mM (AeC). Compound d5 showed the best suppression effect in the primary screening. We tested
the inhibitory effect of d5 on LPS-induced inflammatory factors in RAW264.7 cells at different concentrations (DeF). The difference was considered statistically significant when p
(*) < 0.05, (* *) < 0.01, (* * *) < 0.001 vs LPS group. Hes: hesperetin, Ind: indomethacin, Cel: celecoxib vs. LPS group.
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Fig. 4. Compound d5 suppressed the expression levels of COX-2 and iNOS in RAW264.7 cells stimulated by LPS. The difference was considered statistically significant when p
(*) < 0.05, (* *) < 0.01, (* * *) < 0.001. ns: no significance vs LPS group.

Fig. 5. Compound d5 regulates the inflammatory effect of RAW264.7 cells by LPS stimulation through negatively regulating the NF-kB signaling pathway. The difference was
considered statistically significant when p (*) < 0.05, (* *) < 0.01, (* * *) < 0.001. ns: no significance.
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2.2.6. Inhibition of ROS production
ROS, including superoxide radicals, hydrogen peroxide, and its

downstream products, peroxides, and hydroxides, are involved in
the occurrence and development of many kinds of inflammation
[46,47]. ROS detection kit is a technique that uses fluorescent probe
7

20-70dichlorofluorescin diacetate (DCFH-DA) to detect ROS. DCFH-
DA can freely pass through the cell membrane, enter the cell, and
hydrolyze to form DCFH, which cannot cross the cell membrane,
thus limiting the cell. The green fluorescence intensities of DCF and
DCFH oxidation to produce fluorescent substances are proportional
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to intracellular ROS levels, indirectly reflecting the level of ROS in
the cell. The inhibitory effects of compound d5 (10, 5, and 2.5 mM)
under different concentrations during ROS production stimulation
were detected by flow cytometry. The results are shown in Fig. 6.
The values of ROS expression in the LPS stimulation group were
significantly higher than that in the control group. This finding
suggests that the models were established successfully. After
treatment with derivative d5, the expression of ROS was lower than
that of the stimulation group, and the ROS content of
RAW264.7 cells stimulated by LPS decreased accordingly. Thus,
compound d5 can reduce the ROS production of LPS-stimulated
RAW264.7 cells in a concentration-dependent manner. Further-
more, the anti-inflammatory effects of compound d5 partly
inhibited the production of ROS in the inflammatory state.
2.3. In vivo pharmacology

2.3.1. Compound d5 can alleviate histopathological changes in a
mouse model of ALI induced by CCl4

ALI caused by intraperitoneal injection of CCl4 in mice is one of
the most commonly used inflammationmodels [48,49]. CCl4 can be
rapidly absorbed after entering hepatocytes and activated by
binding to cytochrome P450 of hepatocytes to produce harmful free
radicals and destroy the structure and function of biofilms, thereby
destroying the structure of liver cell biofilms, which ultimately
leads to liver apoptosis and necrosis.

As shown in Fig. 7A, the livers of normal control mice were
ruddy, and the livers surfaces were smooth. However, the livers of
mice with liver injury induced by CCl4 turned pale yellow, and
necrosis of yellow spots was visible to the naked eyes. Fig. 7B shows
the hematoxylin and eosin (HE)-stained liver tissue; the normal
group’s liver cells were regularly arranged, the liver sinus structures
were clear, and liver lobules were intact. CCl4-induced ALI in mice
showed evident hepatocyte necrosis, vacuoles, irregular arrange-
ment of hepatic cords, unclear or disappearing cell boundaries, and
inflammatory cell infiltration, but no such lesions were recorded in
the normal group. The liver tissue damage was alleviated in mice
treated with different concentrations of compound d5 (50, 100, and
200 mg/kg) and silymarin (200 mg/kg). The mice given with
compound d5 in the high-dose group showed comparable anti-
inflammatory and liver protection effects with the positive con-
trol drugs.
Fig. 6. ROS of RAW264.7 cells were determined by the fluorescent probe DCFH-DA on
compound d5 compared with the LPS group.
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2.3.2. Compound d5 can alleviate the increase in liver markers and
cytokine production in the CCl4-induced ALI mouse model

CCl4 induces ALI, destroys the cell biofilm structure, causes
transaminases in the liver cells to overflow, and increases the
content of alanine aminotransferase (ALT) and aspartate amino-
transferase (AST) in the blood. The increase in biochemical in-
dicators of liver enzymes occurs due to the destruction of liver cell
structural integrity [50]. Serum levels of ALT and AST were deter-
mined using ALT and ASTactivity assay kits. As shown in Fig. 8A and
B, the levels of ALT and AST inmice in the normal groupwere below
40 U/L, whereas those in the model group had greatly increased.
The low-, medium-, and high-dose compound d5 and silymarin can
reduce serum ALT and AST levels, with d5 in the high-dose group
showing higher effectivity in reducing ALT and AST than the sily-
marin control group.

ALI induced by CCI4 stimulates macrophages to release inflam-
matory cytokines, further aggravating liver damage [51]. Thus, we
used ELISA to detect serum inflammatory factors TNF-a, IL-1b, and
IL-6 levels. As shown in Fig. 8CeE, in normal state, the levels of
inflammatory factors in serum were low. Cytokines TNF-a, IL-1b,
and IL-6 in the model group had greatly increased. The content of
inflammatory factors in d5 and silymarin groups was lower than
those in the model group. The above results indicate that com-
pound d5 exerts hepatoprotective effect on ALI in mice and an
inhibitory effects on the inflammatory response during ALI.

3. Materials and methods

3.1. Chemistry

3.1.1. General
The reagents needed in the experiment are purchased through

formal commercial channels. SGW®X-4A melting point detector
was used to measure the melting point of the compound (Shanghai
Instrument Physical Optical Instrument Co., Ltd., Shanghai, China).
The 1H NMR and 13C NMR spectra of the compound were detected
in dimethyl sulfoxide (DMSO‑d6) using a Bruker AV-400MHz in-
strument. The tetramethylsilane (TMS) signal drop in parts per
million (d) is used as the internal standard to indicate the chemical
shift. Hz is the unit of coupling constant. Use s (single peak),
d (double peak), t (triplet), br (wide), or m (multimodal) to define
multiplicity. Use Agilent 1260e6221 TOF mass spectrometer to
analyze and obtain high-resolution mass spectra. Column chro-
matography (CC) uses silica gel (200e300 mesh) to separate. Thin-
layer chromatography (TLC) uses silica gel GF254 (Qingdao Ocean
Chemical Factory) for analysis.

3.1.2. Synthetic methods of all compounds
3.1.2.1. Synthesis of hesperetin (1). Hesperidin (72 g, 0.12 mol) was
added to the pre-configured ethanol (640 mL) and 98% H2SO4
(80 mL) mixed solution, and the suspension was heated to reflux
(80 �C, 8 h). The reaction solution was cooled to room temperature
and put into 2 L volume of ice water. The precipitate was collected
by filtration, washed with water and dried. The mixture was dis-
solved by ethanol and heated to reflux for 1 h. After cooled, added
activated carbon to the solution for 15 min. The solution was
filtered and washed with hot ethanol. The ethanol solution was
concentrated under reduced pressure, and the residue was
recrystallized from ethanol and CH2Cl2 to obtain hesperetin (1)
(white powder, 31.5 g, yield 87%), m.p. 229.5e231.6 �C; 1H NMR
(400 MHz, DMSO) d 12.14 (s, 1H, 5-OH), 10.80 (s, 1H, 7-OH), 9.11 (s,
1H, 30-OH), 6.95e6.92 (m, J ¼ 5.1, 3.2 Hz, 2H, 20-H, 50-H), 6.87 (dd,
J ¼ 8.3, 2.0 Hz, 1H, 60-H), 5.89 (d, J ¼ 2.1 Hz, 1H, 8-H), 5.88 (d,
J ¼ 2.1 Hz, 1H, 6-H), 5.43 (dd, J ¼ 12.4, 3.0 Hz, 1H, 2-H), 3.77 (s, 3H,
OCH3), 3.20 (dd, J ¼ 17.1, 12.4 Hz, 1H, 3-H), 2.70 (dd, J ¼ 17.1, 3.1 Hz,



Fig. 7. Pathological manifestation of the protective effect of compound d5 on the liver of model mice. (A) Representative images of fresh livers from different groups. (B) Pathological
microscopic ( � 20) observation of mouse liver tissue sections stained with HE. Compound d5 in the low- (50 mg/kg), middle- (100 mg/kg), and high-dose group (200 mg/kg) and
silymarin group (200 mg/kg).
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1H, 3-H). 13C NMR (101 MHz, DMSO) d 196.61, 167.22, 163.92,
163.24, 148.34, 146.85, 131.54, 118.20, 114.45, 112.34, 102.21, 96.31,
95.49, 78.68, 56.07, 42.46. HRMS (ESI): Calcd. C16H14O6, [MþH]þ m/
z: 303.0875, found: 303.0881.
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3.1.2.2. Synthesis of 7-O-(prop-2-yn-1-yl)hesperetin (2).
Hesperetin (1) (30.2 g, 100 mmol) was added to DMF (400 mL)
solution, stirred at room temperature (25 �C) for 5 min, then K2CO3
(20.7 g, 150 mmol) was added, last propargyl bromide (23.8 g,



Fig. 8. In the CCl4-induced ALI model, compound d5 inhibited liver markers and cytokines (AeB). Concentration-dependent alleviating effect of d5 on ALT and AST in the ALI model
(8Ce8E). Concentration-dependent inhibitory effect of d5 on TNF-a, IL-1b, and IL-6 in the ALI model. Silymarin was used as a positive control. Compound d5 in the low- (50 mg/kg),
middle- (100 mg/kg), and high-dose group (200 mg/kg); silymarin group (200 mg/kg).
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200 mmol) was added. Continued to fully stir the reaction solution
for 1 h, and monitored the reaction progress by thin layer chro-
matography. The reaction mixture was acidified with diluted HCl to
pH 5e6 and extracted with EtOAC. The organic phase was washed
five times with brine, dried over anhydrous Na2SO4, filtered, and
concentrated under reduced pressure. The residue was recrystal-
lized from ethanol to obtain a white crude product. The crude
product was recrystallized from CH2Cl2 to obtain 7-O-(prop-2-yn-
1-yl)hesperetin (2) (white crystal powder, 16.7 g, reaction yield
49%, Scheme 1), mp: 187.3e189.8 �C; 1H NMR (400 MHz, DMSO)
d 12.09 (s, 1H, 5-OH), 9.15 (s, 1H, 30-OH), 6.94 (d, J¼ 8.2 Hz, 2H, 20-H,
50-H), 6.89 (d, J ¼ 8.2 Hz, 1H, 60-H), 6.16 (brs, 1H, 8-H), 6.14 (brs, 1H,
6-H), 5.50 (dd, J ¼ 12.4, 2.1 Hz, 1H, 2-H), 4.88 (s, 2H, ArOCH2), 3.78
(s, 3H, OCH3), 3.67 (s, 1H, HC^C), 3.29 (dd, J ¼ 17.0, 12.8 Hz, 1H, 3-
H), 2.75 (dd, J ¼ 17.1, 2.5 Hz, 1H, 3-H). 13C NMR (101 MHz, DMSO)
d 197.47, 165.63, 163.48, 163.13, 148.40, 146.92, 131.34, 118.22,
114.55, 112.34, 103.43, 95.86, 94.95, 79.47, 78.98, 78.89, 56.50,
56.08, 42.62. TOF-HRMS: m/z [MþH]þcalcd for C23H20FO6:
341.1020; found: 341.1019.
3.1.2.3. Synthesis of 4- hydroxyimino -7-O- (prop-2-yn-1-yl) hes-
peretin (3). Substituent derivative (2, 19.4 g, 50 mmol) was dis-
solved by ethanol (300 mL), then hydroxylamine hydrochloride
(NH2OH$HCl, 2.5 g, 36 mmol) and potassium acetate (CH3COOK,
3.5 g, 36 mmol) were added. The reaction was heated to reflux at
80 �C. The progress of the reaction was monitored using thin-layer
chromatography. After 10 h, intermediate 2 was completely
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reacted. The reaction solution was concentrated under reduced
pressure. The resulting solid was dissolved in EtOAC (250 mL). The
organic phase was extracted twice with saturated brine, dried over
anhydrous Na2SO4, filtered, and concentrated under reduced
pressure to obtain a white solid. The white solid was recrystallized
with anhydrous ethanol to obtain the intermediate 3 as a white
solid (9.4 g, yield 88%, Scheme 1). mp: 226.5e230.8 �C; 1H NMR
(400 MHz, DMSO) d 11.43 (s, 1H, NeOH), 11.37 (s, 1H, 5-OH), 9.10 (s,
1H, 30-OH), 6.93 (d, J ¼ 7.6 Hz, 2H, 5-H, 6-H), 6.87 (d, J ¼ 8.3 Hz, 1H,
20-H), 6.13 (d, J ¼ 1.3 Hz, 2H, 6-H, 8-H), 5.10 (dd, J ¼ 11.4, 2.8 Hz, 1H,
2-H), 4.78 (d, J ¼ 1.9 Hz, 2H, OCH2C^C), 3.78 (s, 3H, OCH3), 3.60 (s,
1H, C^CH), 3.30 (dd, J ¼ 17.0, 3.0 Hz, 1H, 3-H), 2.80 (dd, J ¼ 17.1,
11.5 Hz, 1H, 3-H). 13C NMR (101 MHz, DMSO) d 160.12, 159.33,
158.08, 153.33, 148.14, 146.89, 132.38, 117.89, 114.33, 112.37, 99.23,
96.37, 95.06, 79.46, 78.94, 76.25, 56.06, 55.99, 29.42. TOF-HRMS:m/
z [MþH]þcalcd for C23H20FO6: 356.1129; found: 356.1132.
3.1.3. General procedure for the synthesis of a1-a14, c1-c11
To a solution of bromide (2.2 mmol) in DMF (50 mL) NaN3

(143 mg, 2.2 mmol) was added. After stirred at r.t for 3 h, the solid
disappeared completely. Added ascorbic acid (528mg, 3 mmol) and
anhydrous K2CO3 (414 mg, 3 mmol) into the reaction solution,
stirred at r.t for 30 min. Then added the intermediate 2 (680 mg,
2 mmol) and CuSO4$5H2O (625 mg, 2.5 mmol) into the reaction
solution, stirred at r.t for 3 h. The method as described in 4.1.2.2
(acidified to pH 5e6 and extracted with EtOAc, washed with brine
solution, dried over anhydrous Na2SO4, filtered, and concentrated).
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The residue was recrystallized from ethanol and CH2Cl2 to obtain
triazoles a1-a14 and c1-c9. The residues of c10, c11 were purified
by flash column chromatography (CHCl3/Petroleum ether/
mehanol ¼ 50/50/1, v/v/v) [30] (white crystal or powder, yield
36e80% for this step reaction, Scheme 1).

3.1.3.1. 7-O-((1-benzyl-1H-1,2,3-triazol-4-yl)methyl)hesperetin (a1).
White crystal, 83% yield, m.p. 221.2e223.8 �C; 1H NMR (400 MHz,
DMSO) d 12.15 (s, 1H, 5-OH), 9.18 (s, 1H, 30-OH), 8.36 (s, 1H, NC]
CHN), 7.45e7.34 (m, 5H, ArH), 7.01e6.96 (m, 2H, 20-H, 50-H), 6.93
(dd, J ¼ 8.4, 1.9 Hz, 1H, 60-H), 6.26 (d, J ¼ 2.2 Hz, 1H, 8-H), 6.24 (d,
J ¼ 2.2 Hz, 1H, 6-H), 5.66 (s, 2H, ArCH2N), 5.53 (dd, J ¼ 12.5, 2.9 Hz,
1H, 2-H), 5.24 (s, 2H, ArOCH2), 3.82 (s, 3H, OCH3), 3.31 (dd, J ¼ 17.2,
12.5 Hz, 1H, 3-H), 2.79 (dd, J ¼ 17.1, 3.0 Hz, 1H, 3-H). 13C NMR
(101 MHz, DMSO) d 197.35, 166.55, 163.60, 163.20, 148.41, 146.93、,
142.59,136.42,131.39,129.26,129.26,128.67,128.48,128.48,125.49,
118.23, 114.58, 112.39, 103.26, 95.77, 94.88, 78.94, 62.06, 56.11,
53.33, 42.60. TOF-HRMS: m/z [MþH]þcalcd for C24H23O6:
474.1660; found: 474.1658.

3.1.3.2. 7-O-((1-(2-methylbenzyl)-1H-1,2,3-triazol-4-yl)methyl)hes-
peretin (a2). White crystal, 85% yield, m.p. 222.6e225.2 �C; 1H
NMR (400 MHz, DMSO) d 12.10 (s, 1H, 5-OH), 9.15 (s, 1H, 30-OH),
8.22 (s,1H, NC]CHN), 7.29e7.16 (m, 3H, ArH), 7.10 (d, J¼ 7.4 Hz,1H,
ArH), 6.98e6.92 (m, 2H, 20-H, 50-H), 6.90 (d, J ¼ 8.2 Hz, 1H, 60-H),
6.22 (brs, 1H, 8-H), 6.20 (brs, 1H, 6-H), 5.64 (s, 2H, ArCH2N), 5.49
(dd, J ¼ 12.3, 2.5 Hz, 1H, 2-H), 5.21 (s, 2H, ArOCH2), 3.78 (s, 3H,
OCH3), 3.28 (dd, J ¼ 17.1, 12.6 Hz, 1H, 3-H), 2.76 (dd, J ¼ 17.1, 2.7 Hz,
1H, 3-H), 2.32 (s, 3H, ArCH3). 13C NMR (101 MHz, DMSO) d 197.35,
166.54, 163.59, 163.19, 148.41, 146.93, 142.47, 136.81, 134.52, 131.39,
130.93, 129.19, 128.85, 126.75, 125.56, 118.24, 114.58, 112.38, 103.25,
95.79, 94.90, 78.94, 62.03, 56.10, 51.45, 42.60, 19.11.; TOF-HRMS:m/
z [MþH]þcalcd for C24H23O6: 488.1816; found: 488.1816.

3.1.3.3. 7-O-((1-(2-fluorobenzyl)-1H-1,2,3-triazol-4-yl)methyl)hes-
peretin (a3). White crystal, 81% yield, m.p. 231.4e234.6 �C; 1H NMR
(400 MHz, DMSO) d 12.11 (s, 1H, 5-OH), 9.14 (s, 1H, 30-OH), 8.31 (s,
1H, NC]CHN), 7.47e7.34 (m, 2H, ArH), 7.30e7.20 (m, 2H, ArH), 6.95
(dd, J¼ 5.0, 3.1 Hz, 2H, 20-H, 50-H), 6.90 (dd, J¼ 8.3, 1.8 Hz,1H, 60-H),
6.23 (d, J ¼ 2.2 Hz, 1H, 8-H), 6.20 (d, J ¼ 2.2 Hz, 1H, 6-H), 5.69 (s, 2H,
ArCH2N), 5.49 (dd, J ¼ 12.4, 2.9 Hz, 1H, 2-H), 5.21 (s, 2H, ArOCH2),
3.78 (s, 3H, OCH3), 3.28 (dd, J ¼ 17.2, 12.5 Hz, 1H, 3-H), 2.76 (dd,
J ¼ 17.1, 3.0 Hz, 1H, 3-H). 13C NMR (101 MHz, DMSO) d 197.35,
166.54,163.59,163.20,160.58 (1J¼ 246.6 Hz),148.41,146.93,142.50,
131.39, 131.31 (3J ¼ 3.5 Hz), 131.26, 125.67, 125.34 (3J ¼ 3.5 Hz),
123.22 (2J ¼ 14.7 Hz), 118.23, 116.13 (2J ¼ 20.9 Hz), 114.58, 112.39,
103.26, 95.76, 94.88, 78.94, 61.99, 56.11, 47.42 (3J ¼ 3.8 Hz), 42.60;
TOF-HRMS: m/z [MþH]þcalcd for C24H23O6: 492.1565; found:
492.1565.

3.1.3.4. 7-O-((1-(2-chlorobenzyl)-1H-1,2,3-triazol-4-yl)methyl)hes-
peretin (a4). White crystal, 78% yield, m.p. 234.1e236.9 �C; 1H NMR
(400 MHz, DMSO) d 12.11 (s, 1H, 5-OH), 9.14 (s, 1H, 30-OH), 8.30 (s,
1H, NC]CHN), 7.53 (dd, J ¼ 7.6, 1.6 Hz, 1H, ArH), 7.44e7.35 (m, 2H,
ArH), 7.26 (dd, J ¼ 7.3, 1.9 Hz, 1H, ArH), 6.97e6.92 (m, 2H, 20-H, 50-
H), 6.90 (dd, J ¼ 8.3, 1.9 Hz, 1H, 60-H), 6.23 (d, J ¼ 2.2 Hz, 1H, 8-H),
6.20 (d, J ¼ 2.2 Hz, 1H, 6-H), 5.74 (s, 2H, ArCH2N), 5.49 (dd, J ¼ 12.5,
2.9 Hz, 1H, 2-H), 5.22 (s, 2H, ArOCH2), 3.78 (s, 3H, OCH3), 3.28 (dd,
J ¼ 17.2, 12.5 Hz, 1H, 3-H), 2.76 (dd, J ¼ 17.2, 3.1 Hz, 1H, 3-H). 13C
NMR (101 MHz, DMSO) d 197.35, 166.53, 163.59, 163.20, 148.41,
146.93, 142.43, 133.64, 133.14, 131.39, 131.05, 130.78, 130.13, 128.22,
125.92, 118.23, 114.58, 112.38, 103.26, 95.79, 94.90, 78.94, 61.99,
56.11, 51.13, 42.61; TOF-HRMS: m/z [MþH]þcalcd for C24H20NO6:
508.1270; found: 508.1266.
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3.1.3.5. 7-O-((1-(2-cyanobenzyl)-1H-1,2,3-triazol-4-yl)methyl)hes-
peretin (a5). White powder, 77% yield, m.p. 240.8e245.0 �C; 1H
NMR (400 MHz, DMSO) d 12.11 (s, 1H, 5-OH), 9.16 (s, 1H, 30-OH),
8.38 (s, 1H, NC]CHN), 7.93 (d, J¼ 7.6 Hz,1H, ArH), 7.73 (t, J¼ 7.6 Hz,
1H, ArH), 7.57 (t, J ¼ 7.5 Hz, 1H, ArH), 7.39 (d, J ¼ 7.7 Hz, 1H, ArH),
6.94 (d, J ¼ 7.8 Hz, 2H, 20-H, 50-H), 6.90 (d, J ¼ 8.2 Hz, 1H, 60-H), 6.23
(brs, 1H, 8-H), 6.21 (brs, 1H, 6-H), 5.85 (, 2H, ArCH2N), 5.49 (d,
J ¼ 11.9 Hz, 1H, 2-H), 5.23 (s, 2H, ArOCH2), 3.78 (s, 3H, OCH3), 3.28
(dd, J ¼ 16.9, 12.7 Hz, 1H, 3-H), 2.75 (d, J ¼ 16.8 Hz, 1H, 3-H). 13C
NMR (101 MHz, DMSO) d 197.37, 166.51, 163.60, 163.20, 148.40,
146.91, 142.61, 139.16, 134.33, 133.87, 131.37, 129.93, 129.73, 126.01,
118.24, 117.48, 114.58, 112.35, 111.73, 103.27, 95.78, 94.89, 78.95,
61.97, 56.08, 51.53, 42.60; TOF-HRMS: m/z [MþH]þcalcd for
C24H20NO6: 499.1612; found: 499.1614.

3.1.3.6. 7-O-((1-(2-(trifluoromethyl)benzyl)-1H-1,2,3-triazol-4-yl)
methyl)hesperetin (a6). White crystal, 80% yield, m.p.
242.1e245.5 �C; 1H NMR (400 MHz, DMSO) d 12.12 (s, 1H, 5-OH),
9.15 (s, 1H, 30-OH), 8.32 (s, 1H, NC]CHN), 7.82 (d, J ¼ 7.8 Hz, 1H,
ArH), 7.69 (t, J¼ 7.6 Hz,1H, ArH), 7.59 (t, J¼ 7.6 Hz,1H, ArH), 7.20 (d,
J ¼ 7.7 Hz, 1H, ArH), 6.95 (d, J ¼ 8.0 Hz, 2H, 20-H, 50-H), 6.90 (d,
J ¼ 8.3 Hz, 1H, 60-H), 6.23 (brs, 1H, 8-H), 6.21 (brs, 1H, 6-H), 5.83 (s,
2H, ArCH2N), 5.49 (dd, J ¼ 12.4, 2.5 Hz, 1H, 2-H), 5.23 (s, 2H,
ArOCH2), 3.78 (s, 3H, OCH3), 3.28 (dd, J¼ 17.1, 12.6 Hz,1H, 3-H), 2.76
(dd, J ¼ 17.1, 2.7 Hz, 1H, 3-H). 13C NMR (101 MHz, DMSO) d 197.36,
166.52, 163.60, 163.20, 148.40, 146.92, 142.57, 134.04 (3J ¼ 1.4 Hz),
133.65, 131.37, 130.80, 129.42, 127.07 (2J ¼ 30.1 Hz), 126.70
(3J ¼ 5.0 Hz), 126.17, 124.59 (1J ¼ 273.9 Hz), 118.23, 114.58, 112.35,
103.26, 95.79, 94.90, 78.95, 61.98, 56.08, 50.07 (4J ¼ 2.2 Hz), 42.60;
TOF-HRMS: m/z [MþH]þcalcd for C24H20NO6: 542.1533; found:
542.1535.

3.1.3.7. 7-O-((1-(3-methylbenzyl)-1H-1,2,3-triazol-4-yl)methyl)hes-
peretin (a7). White crystal, 81% yield, m.p. 233.8e236.3 �C; 1H
NMR (400 MHz, DMSO) d 12.11 (s, 1H, 5-OH), 9.14 (s, 1H, 30-OH),
8.31 (s, 1H, NC]CHN), 7.30e7.23 (m, 1H, ArH), 7.14 (dd, J ¼ 11.1,
5.0 Hz, 3H, ArH), 6.97e6.92 (m, 2H, 20-H, 50-H), 6.89 (dd, J ¼ 8.3,
1.9 Hz, 1H, 60-H), 6.23 (d, J¼ 2.2 Hz, 1H, 8-H), 6.20 (d, J ¼ 2.2 Hz, 1H,
6-H), 5.57 (s, 2H, ArCH2N), 5.49 (dd, J ¼ 12.5, 2.9 Hz, 1H, 2-H), 5.20
(s, 2H, ArOCH2), 3.78 (s, 3H, OCH3), 3.27 (dd, J ¼ 17.2, 12.5 Hz, 1H, 3-
H), 2.75 (dd, J ¼ 17.1, 3.0 Hz, 1H, 3-H), 2.29 (s, 3H, ArCH3). 13C NMR
(101 MHz, DMSO) d 197.35, 166.54, 163.60, 163.19, 148.41, 146.93,
142.56, 138.50, 136.30, 131.39, 129.30, 129.17, 129.06, 125.61, 125.45,
118.23, 114.58, 112.39, 103.26, 95.76, 94.89, 78.94, 62.06, 56.11,
53.34, 42.60, 21.38; TOF-HRMS: m/z [MþH]þ calcd for C24H20F3O6:
488.1816; found: 488.1813.

3.1.3.8. 7-O-((1-(3-chlorobenzyl)-1H-1,2,3-triazol-4-yl)methyl)hes-
peretin (a8). White powder, 79% yield, m.p. 245.2e249.1 �C; 1H
NMR (400 MHz, DMSO) d 12.11 (s, 1H, 5-OH), 9.14 (s, 1H, 30-OH),
8.36 (s, 1H, NC]CHN), 7.45e7.38 (m, 3H, ArH), 7.32e7.26 (m, 1H,
ArH), 6.95 (dd, J ¼ 5.0, 3.1 Hz, 2H, 20-H, 50-H), 6.89 (dd, J ¼ 8.4,
1.8 Hz, 1H, 60-H), 6.23 (d, J¼ 2.2 Hz, 1H, 8-H), 6.20 (d, J ¼ 2.2 Hz, 1H,
6-H), 5.65 (s, 2H, ArCH2N), 5.49 (dd, J ¼ 12.5, 2.9 Hz, 1H, 2-H), 5.22
(s, 2H, ArOCH2), 3.78 (s, 3H, OCH3), 3.28 (dd, J ¼ 17.1, 12.5 Hz, 1H, 3-
H), 2.76 (dd, J ¼ 17.1, 3.0 Hz, 1H, 3-H). 13C NMR (101 MHz, DMSO)
d 197.35, 166.52, 163.60, 163.20, 148.41, 146.93, 142.68, 138.78,
133.77, 131.39, 131.21, 128.67, 128.40, 127.22, 125.65, 118.23, 114.58,
112.39, 103.27, 95.77, 94.88, 78.94, 62.03, 56.11, 52.55, 42.60; TOF-
HRMS: m/z [MþH]þcalcd for C24H20F3O6: 508.1270; found:
508.1274.

3.1.3.9. 7-O-((1-(3-cyanobenzyl)-1H-1,2,3-triazol-4-yl)methyl)hes-
peretin (a9). White powder, 71% yield, m.p. 250.8e255.1 �C; 1H
NMR (400 MHz, DMSO) d 12.15 (s, 1H, 5-OH), 9.18 (s, 1H, 30-OH),
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8.42 (s, 1H, NC]CHN), 7.88 (d, J ¼ 8.6 Hz, 2H, ArH), 7.70 (d,
J ¼ 7.9 Hz, 1H, ArH), 7.64 (t, J ¼ 7.7 Hz, 1H, ArH), 7.02e6.96 (m, 2H,
20-H, 50-H), 6.93 (dd, J ¼ 8.4, 1.8 Hz, 1H, 60-H), 6.27 (d, J ¼ 2.2 Hz, 1H,
8-H), 6.24 (d, J ¼ 2.2 Hz, 1H, 6-H), 5.75 (s, 2H, ArCH2N), 5.53 (dd,
J ¼ 12.4, 2.9 Hz, 1H, 2-H), 5.26 (s, 2H, ArOCH2), 3.82 (s, 3H, OCH3),
3.32 (dd, J ¼ 17.1, 12.5 Hz, 1H, 3-H), 2.80 (dd, J ¼ 17.1, 3.0 Hz, 1H, 3-
H). 13C NMR (101 MHz, DMSO) d 197.35, 166.51, 163.60, 163.20,
148.41, 146.92, 142.74, 137.91, 133.50, 132.53, 132.24, 131.38, 130.59,
125.72, 118.90, 118.24, 114.59, 112.38, 112.18, 103.27, 95.76, 94.88,
78.95, 62.03, 56.10, 52.38, 42.60; TOF-HRMS: m/z [MþH]þcalcd for
C24H20F3O6: 499.1612; found: 499.1608.

3.1.3.10. 7-O-((1-(3-(trifluoromethyl)benzyl)-1H-1,2,3-triazol-4-yl)
methyl)hesperetin (a10). White powder, 72% yield, m.p.
259.3e262.5 �C; 1H NMR (400 MHz, DMSO) d 12.15 (s, 1H, 5-OH),
9.18 (s, 1H, 30-OH), 8.43 (s, 1H, NC]CHN), 7.82e7.73 (m, 2H, ArH),
7.68 (dd, J ¼ 7.6, 5.7 Hz, 2H, ArH), 6.99 (dd, J ¼ 5.0, 3.2 Hz, 2H, 20-H,
50-H), 6.93 (dd, J¼ 8.4, 1.8 Hz, 1H, 60-H), 6.26 (d, J¼ 2.2 Hz, 1H, 8-H),
6.24 (d, J ¼ 2.2 Hz, 1H, 6-H), 5.79 (s, 2H, ArCH2N), 5.53 (dd, J ¼ 12.5,
2.8 Hz, 1H, 2-H), 5.26 (s, 2H, ArOCH2), 3.82 (s, 3H, OCH3), 3.32 (dd,
J¼ 17.1,12.5 Hz,1H, 3-H), 2.80 (dd, J¼ 17.1, 3.0 Hz,1H, 3-H). 13C NMR
(101 MHz, DMSO) d 197.34, 166.51, 163.60, 163.20, 148.41, 146.93,
142.71, 137.79, 130.46, 129.87 (2J ¼ 31.8 Hz), 125.70, 125.48
(3J ¼ 11.4 Hz), 125.48 (4J ¼ 3.7 Hz), 125.21 (3J ¼ 11.5 Hz), 125.21
(4J ¼ 3.9 Hz), 124.47 (1J ¼ 272.4 Hz), 118.22, 114.58, 112.39, 103.27,
95.76, 94.88, 78.94, 62.02, 56.10, 52.59, 42.60; TOF-HRMS: m/z
[MþH]þcalcd for C23H21O6: 542.1533; found: 542.1529.

3.1.3.11. 7-O-((1-(4-methylbenzyl)-1H-1,2,3-triazol-4-yl)methyl)hes-
peretin (a11). White crystal, 75% yield, m.p. 228.4e231.0 �C; 1H
NMR (400 MHz, DMSO) d 12.15 (s, 1H, 5-OH), 9.18 (s, 1H, 30-OH),
8.31 (s, 1H, NC]CHN), 7.27 (d, J ¼ 8.0 Hz, 2H, ArH), 7.22 (d,
J ¼ 8.0 Hz, 2H, ArH), 7.01e6.96 (m, 2H, 20-H, 50-H), 6.93 (dd, J ¼ 8.3,
1.9 Hz, 1H, 60-H), 6.26 (d, J ¼ 2.2 Hz, 1H, 8-H), 6.23 (d, J¼ 2.2 Hz, 1H,
6-H), 5.60 (s, 2H, ArCH2N), 5.52 (dd, J ¼ 12.5, 2.9 Hz, 1H, 2-H), 5.23
(s, 2H, ArOCH2), 3.82 (s, 3H, OCH3), 3.31 (dd, J ¼ 17.1, 12.5 Hz, 1H, 3-
H), 2.79 (dd, J ¼ 17.1, 3.0 Hz, 1H, 3-H), 2.32 (s, 3H, ArCH3). 13C NMR
(101 MHz, DMSO) d 197.35, 166.55, 163.59, 163.20, 148.41, 146.93,
142.54,138.03,133.40,131.39,129.78,129.78,128.54,128.54,125.33,
118.22, 114.58, 112.38, 103.26, 95.76, 94.87, 78.94, 62.05, 56.10,
53.14, 42.61, 21.16; TOF-HRMS: m/z [MþH]þcalcd for C18H19O6:
488.1816; found: 488.1819.

3.1.3.12. 7-O-((1-(4-fluorobenzyl)-1H-1,2,3-triazol-4-yl)methyl)hes-
peretin (a12). White powder, 77% yield, m.p. 240.2e243.4 �C; 1H
NMR (400 MHz, DMSO) d 12.11 (s, 1H, 5-OH), 9.14 (s, 1H, 30-OH),
8.32 (s, 1H, NC]CHN), 7.42 (dd, J ¼ 8.5, 5.6 Hz, 2H, ArH), 7.22 (t,
J ¼ 8.8 Hz, 2H, ArH), 6.97e6.93 (m, 2H, 20-H, 50-H), 6.89 (dd, J ¼ 8.3,
1.7 Hz, 1H, 60-H), 6.23 (d, J ¼ 2.2 Hz, 1H, 8-H), 6.20 (d, J¼ 2.2 Hz, 1H,
6-H), 5.62 (s, 2H, ArCH2N), 5.49 (dd, J ¼ 12.4, 2.8 Hz, 1H, 2-H), 5.20
(s, 2H, ArOCH2), 3.78 (s, 3H, OCH3), 3.28 (dd, J ¼ 17.1, 12.5 Hz, 1H, 3-
H), 2.76 (dd, J ¼ 17.1, 3.0 Hz, 1H, 3-H). 13C NMR (101 MHz, DMSO)
d 197.34, 166.54, 163.60, 163.20, 162.38 (1J ¼ 244.1 Hz), 148.41,
146.93, 142.61, 132.66 (4J ¼ 3.0 Hz), 131.39, 130.85 (3J ¼ 8.4 Hz),
130.85 (3J ¼ 8.4 Hz), 125.40, 118.23, 116.10 (2J ¼ 21.6 Hz), 116.10
(2J ¼ 21.6 Hz), 114.58, 112.39, 103.26, 95.75, 94.87, 78.94, 62.04,
56.10, 52.53, 42.60; TOF-HRMS: m/z [MþH]þcalcd for C19H21O6:
492.1565; found: 492.1562.

3.1.3.13. 7-O-((1-(4-chlorobenzyl)-1H-1,2,3-triazol-4-yl)methyl)hes-
peretin (a13). White crystal, 70% yield, m.p. 239.1e242.2 �C; 1H
NMR (400 MHz, DMSO) d 12.11 (s, 1H, 5-OH), 9.14 (s, 1H, 30-OH),
8.33 (s, 1H, NC]CHN), 7.46 (d, J ¼ 8.4 Hz, 2H, ArH), 7.36 (d,
J ¼ 8.4 Hz, 2H, ArH), 6.95 (dd, J ¼ 5.1, 3.2 Hz, 2H, 20-H, 50-H), 6.89
(dd, J ¼ 8.4, 1.8 Hz, 1H, 60-H), 6.22 (d, J ¼ 2.2 Hz, 1H, 8-H), 6.20 (d,
12
J ¼ 2.2 Hz, 1H, 6-H), 5.63 (s, 2H, ArCH2N), 5.49 (dd, J ¼ 12.4, 2.9 Hz,
1H, 2-H), 5.20 (s, 2H, ArOCH2), 3.78 (s, 3H, OCH3), 3.28 (dd, J ¼ 17.1,
12.5 Hz, 1H, 3-H), 2.76 (dd, J ¼ 17.1, 3.0 Hz, 1H, 3-H). 13C NMR
(101 MHz, DMSO) d 197.35, 166.53, 163.59, 163.20, 148.41, 146.92,
142.63,135.40,133.40,131.38,130.45,130.45,129.26,129.26,125.54,
118.23,114.58,112.39,103.27, 95.76, 94.88, 78.94, 62.03, 56.11, 52.51,
42.60; TOF-HRMS: m/z [MþH]þcalcd for C19H19O6: 508.1270;
found: 508.1262.
3.1.3.14. 7-O-((1-(4-(trifluoromethyl)benzyl)-1H-1,2,3-triazol-4-yl)
methyl)hesperetin (a14). White powder, 69% yield, m.p.
246.3e250.4 �C; 1H NMR (400 MHz, DMSO) d 12.12 (s, 1H, 5-OH),
9.16 (s, 1H, 30-OH), 8.38 (s, 1H, NC]CHN), 7.77 (d, J ¼ 7.9 Hz, 2H,
ArH), 7.53 (d, J¼ 7.9 Hz, 2H, ArH), 6.95 (d, J¼ 8.2 Hz, 2H, 20-H, 50-H),
6.90 (d, J ¼ 8.2 Hz, 1H, 60-H), 6.24 (brs, 1H, 8-H), 6.21 (brs, 1H, 6-H),
5.77 (s, 2H, ArOCH2), 5.50 (d, J ¼ 12.3 Hz, 1H, 2-H), 5.23 (s, 2H,
ArOCH2), 3.78 (s, 3H, OCH3), 3.28 (dd, J¼ 17.0,12.7 Hz,1H, 3-H), 2.76
(d, J¼ 17.0 Hz,1H, 3-H). 13C NMR (101MHz, DMSO) d 197.36,166.52,
163.61, 163.20, 148.40, 146.92, 142.71, 141.05, 131.37, 129.18
(2J¼ 31.8 Hz),129.17,129.17,126.19 (3J¼ 3.8 Hz),126.19 (3J¼ 3.8 Hz),
125.81, 124.55 (1J ¼ 272.2 Hz), 118.22, 114.57, 112.34, 103.27, 95.76,
94.88, 78.95, 62.02, 56.07, 52.65, 42.60; TOF-HRMS: m/z
[MþH]þcalcd for C19H19O6: 542.1533; found: 542.1528.
3.1.3.15. 7-O-((1-methyl-1H-1,2,3-triazol-4-yl)methyl)hesperetin
(c1). White crystal, 63% yield, m.p. 191.1e193.6 �C; 1H NMR
(400 MHz, DMSO) d 12.11 (s, 1H, 5-OH), 9.14 (s, 1H, 30-OH), 8.19 (s,
1H, NC]CHN), 6.94 (d, J ¼ 8.4 Hz, 2H, 20-H, 50-H), 6.89 (dd, J ¼ 8.4,
1.6 Hz, 1H, 60-H), 6.22 (d, J ¼ 2.1 Hz, 1H, 8-H), 6.20 (d, J ¼ 2.1 Hz, 1H,
6-H), 5.49 (dd, J ¼ 12.4, 2.8 Hz, 1H, 2-H), 5.20 (s, 2H, ArOCH2), 4.05
(s, 3H, NCH3), 3.78 (s, 3H, OCH3), 3.27 (dd, J¼ 17.1, 12.5 Hz, 1H, 3-H),
2.75 (dd, J ¼ 17.1, 2.9 Hz, 1H, 3-H). 13C NMR (101 MHz, DMSO)
d 197.33, 166.54, 163.60, 163.19, 148.40, 146.92, 142.34, 131.38,
126.14, 118.23, 114.57, 112.37, 103.24, 95.76, 94.90, 78.93, 62.05,
56.09, 42.59, 36.78; TOF-HRMS: m/z [MþH]þcalcd for C19H19O6:
398.1347; found: 398.1340.
3.1.3.16. 7-O-((1-ethyl-1H-1,2,3-triazol-4-yl)methyl)hesperetin (c2).
White crystal, 69% yield, m.p. 195.3e197.6 �C; 1H NMR (400 MHz,
DMSO) d 12.12 (s, 1H, 5-OH), 9.14 (s, 1H, 30-OH), 8.27 (s, 1H, NC]
CHN), 6.98e6.93 (m, 2H, 20-H, 50-H), 6.90 (dd, J ¼ 8.4, 1.9 Hz, 1H, 60-
H), 6.24 (d, J¼ 2.2 Hz,1H, 8-H), 6.21 (d, J¼ 2.2 Hz,1H, 6-H), 5.50 (dd,
J ¼ 12.4, 2.9 Hz, 1H, 2-H), 5.20 (s, 2H, ArOCH2), 4.40 (q, J ¼ 7.3 Hz,
2H, NCH2C), 3.78 (s, 3H, OCH3), 3.28 (dd, J ¼ 17.2, 12.5 Hz, 1H, 3-H),
2.76 (dd, J ¼ 17.1, 3.0 Hz, 1H, 3-H), 1.44 (t, J¼ 7.3 Hz, 3H, NCCH3). 13C
NMR (101 MHz, DMSO) d 197.34, 166.59, 163.61, 163.20, 148.40,
146.93, 142.22, 131.39, 124.77, 118.23, 114.58, 112.38, 103.25, 95.74,
94.88, 78.93, 62.15, 56.10, 45.11, 42.60, 15.83; TOF-HRMS: m/z
[MþH]þcalcd for C19H19O6: 412.1503; found: 412.1503.
3.1.3.17. 7-O-((1-propyl-1H-1,2,3-triazol-4-yl)methyl)hesperetin
(c3). White crystal, 72% yield, m.p. 206.6e209.2 �C; 1H NMR
(400 MHz, DMSO) d 12.12 (s, 1H, 5-OH), 9.15 (s, 1H, 30-OH), 8.26 (s,
1H, NC]CHN), 6.94 (d, J¼ 8.1 Hz, 2H, 20-H, 50-H), 6.89 (d, J¼ 8.3 Hz,
1H, 60-H), 6.23 (d, J ¼ 1.9 Hz, 1H, 8-H), 6.20 (d, J ¼ 2.0 Hz, 1H, 6-H),
5.49 (dd, J ¼ 12.4, 2.6 Hz, 1H, 2-H), 5.20 (s, 2H, ArOCH2), 4.33 (t,
J ¼ 7.0 Hz, 2H, NCH2), 3.78 (s, 3H, OCH3), 3.28 (dd, J ¼ 17.1, 12.6 Hz,
1H, 3-H), 2.75 (dd, J ¼ 17.1, 2.8 Hz, 1H, 3-H), 1.83 (h, J ¼ 7.2 Hz, 2H,
NCCH2C), 0.84 (t, J ¼ 7.4 Hz, 3H, NCCCH3). 13C NMR (101 MHz,
DMSO) d 197.35, 166.58, 163.60, 163.19, 148.40, 146.92, 142.16,
131.38, 125.23, 118.23, 114.57, 112.35, 103.24, 95.75, 94.88, 78.94,
62.14, 56.08, 51.44, 42.60, 23.63, 11.27; TOF-HRMS: m/z
[MþH]þcalcd for C19H19O6: 426.1660; found: 426.1664.
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3.1.3.18. 7-O-((1-allyl-1H-1,2,3-triazol-4-yl)methyl)hesperetin (c4).
Yellow crystal, 76% yield, m.p. 196.4e198.8 �C; 1H NMR (400 MHz,
DMSO) d 12.11 (s, 1H, 5-OH), 9.14 (s, 1H, 30-OH), 8.23 (s, 1H, NC]
CHN), 6.95 (dd, J ¼ 5.1, 3.2 Hz, 2H, 20-H, 50-H), 6.90 (dd, J ¼ 8.3,
1.9 Hz, 1H, 60-H), 6.23 (d, J ¼ 2.2 Hz, 1H, 8-H), 6.21 (d, J ¼ 2.2 Hz, 1H,
6-H), 6.06 (ddt, J ¼ 16.2, 10.3, 5.9 Hz, 1H, C]CHCeN), 5.50 (dd,
J ¼ 12.4, 2.9 Hz, 1H, 2-H), 5.28 (dd, J ¼ 10.2, 1.2 Hz, 1H, CH]CC-N),
5.24e5.15 (m, 3H, CH]CC-N, ArOCH2), 5.05 (d, J ¼ 5.9 Hz, 2H, C]
CCH2N), 3.78 (s, 3H, OCH3), 3.28 (dd, J ¼ 17.2, 12.5 Hz, 1H, 3-H), 2.76
(dd, J ¼ 17.1, 3.0 Hz, 1H, 3-H). 13C NMR (101 MHz, DMSO) d 197.35,
166.56, 163.60, 163.20, 148.40, 146.92, 142.41, 133.17, 131.39, 125.35,
119.38, 118.23, 114.58, 112.39, 103.26, 95.75, 94.89, 78.93, 62.06,
56.11, 52.19, 42.60; TOF-HRMS: m/z [MþH]þcalcd for C19H19O6:
424.1503; found: 424.1506.

3.1.3.19. 7-O-((1-butyl-1H-1,2,3-triazol-4-yl)methyl)hesperetin (c5).
White crystal, 79% yield, m.p. 210.7e213.4 �C; 1H NMR (400 MHz,
DMSO) d 12.11 (s, 1H, 5-OH), 9.14 (s, 1H, 30-OH), 8.26 (s, 1H, NC]
CHN), 6.95 (dd, J ¼ 5.1, 3.1 Hz, 2H, 20-H, 50-H), 6.90 (dd, J ¼ 8.4,
1.9 Hz, 1H, 60-H), 6.23 (d, J ¼ 2.2 Hz, 1H, 8-H), 6.21 (d, J ¼ 2.2 Hz, 1H,
6-H), 5.50 (dd, J ¼ 12.4, 2.9 Hz, 1H, 2-H), 5.20 (s, 2H, ArOCH2), 4.37
(t, J ¼ 7.1 Hz, 2H, NCH2), 3.78 (s, 3H, OCH3), 3.28 (dd, J ¼ 17.2,
12.5 Hz, 1H, 3-H), 2.76 (dd, J ¼ 17.2, 3.1 Hz, 1H, 3-H), 1.87e1.71 (m,
2H, NCCH2), 1.31e1.19 (m, 2H, NCCCH2), 0.89 (t, J ¼ 7.4 Hz, 3H,
NCCCCH3). 13C NMR (101 MHz, DMSO) d 197.34, 166.58, 163.60,
163.20, 148.40, 146.93, 142.17, 131.39, 125.21, 118.22, 114.58, 112.38,
103.25, 95.76, 94.89, 78.94, 62.15, 56.10, 49.57, 42.60, 32.16, 19.54,
13.75; TOF-HRMS: m/z [MþH]þcalcd for C19H19O6: 440.1816;
found: 440.1814.

3.1.3.20. 7-O-((1-(cyclopropylmethyl)-1H-1,2,3-triazol-4-yl)methyl)
hesperetin (c6). White crystal, 75% yield, m.p. 208.1e210.3 �C; 1H
NMR (400 MHz, DMSO) d 12.11 (s, 1H, 5-OH), 9.14 (s, 1H, 30-OH),
8.30 (s, 1H, NC]CHN), 6.95 (dd, J ¼ 5.1, 3.2 Hz, 2H, 20-H, 50-H), 6.90
(dd, J ¼ 8.4, 1.9 Hz, 1H, 60-H), 6.24 (d, J ¼ 2.2 Hz, 1H, 8-H), 6.22 (d,
J ¼ 2.2 Hz, 1H, 6-H), 5.50 (dd, J ¼ 12.4, 2.9 Hz, 1H, 2-H), 5.21 (s, 2H,
ArOCH2), 4.25 (d, J ¼ 7.3 Hz, 2H, NCH2), 3.78 (s, 3H, OCH3), 3.28 (dd,
J ¼ 17.2, 12.5 Hz, 1H, 3-H), 2.76 (dd, J ¼ 17.2, 3.1 Hz, 1H, 3-H),
1.33e1.24 (m, 1H, NCCHC2), 0.60e0.53 (m, 2H, CH2), 0.46e0.39 (m,
2H, CH2). 13C NMR (101 MHz, DMSO) d 197.35, 166.60, 163.60,
163.20, 148.40, 146.93, 142.17, 131.39, 124.97, 118.22, 114.58, 112.39,
103.25, 95.75, 94.88, 78.93, 62.14, 56.11, 54.27, 42.60, 11.83, 4.21,
4.21; TOF-HRMS: m/z [MþH]þcalcd for C19H19O6: 438.1660; found:
438.1654.

3.1.3.21. 7-O-((1-cyclobutyl-1H-1,2,3-triazol-4-yl)methyl)hesperetin
(c7). White crystal, 70% yield, m.p. 199.4e201.8 �C; 1H NMR
(400 MHz, DMSO) d 12.12 (s, 1H, 5-OH), 9.14 (s, 1H, 30-OH), 8.39 (s,
1H, NC]CHN), 6.98e6.92 (m, 2H, 20-H, 50-H), 6.90 (dd, J ¼ 8.3,
1.8 Hz, 1H, 60-H), 6.24 (d, J ¼ 2.2 Hz, 1H, 8-H), 6.21 (d, J ¼ 2.2 Hz, 1H,
6-H), 5.50 (dd, J ¼ 12.4, 2.9 Hz, 1H, 2-H), 5.20 (s, 2H, ArOCH2), 5.14
(dt, J ¼ 16.8, 8.5 Hz, 1H, NCH), 3.78 (s, 3H, OCH3), 3.28 (dd, J ¼ 17.2,
12.5 Hz, 1H, 3-H), 2.76 (dd, J ¼ 17.1, 3.0 Hz, 1H, 3-H), 2.53e2.44 (m,
4H, NC(CH2)2), 1.93e1.79 (m, 2H, CH2). 13C NMR (101 MHz, DMSO)
d 197.34, 166.57, 163.61, 163.20, 148.41, 146.93, 142.26, 131.39,
123.95, 118.23, 114.57, 112.38, 103.26, 95.73, 94.87, 78.94, 62.16,
56.10, 53.64, 42.60, 30.70, 30.70, 14.86; TOF-HRMS: m/z
[MþH]þcalcd for C19H19O6: 438.1660; found: 438.1657.

3.1.3.22. 7-O-((1-cyclopentyl-1H-1,2,3-triazol-4-yl)methyl)hesper-
etin (c8). White crystal, 80% yield, m.p. 207.2e210.8 �C; 1H NMR
(400 MHz, DMSO) d 12.11 (s, 1H, 5-OH), 9.14 (s, 1H, 30-OH), 8.31 (s,
1H, NC]CHN), 6.97e6.92 (m, 2H, 20-H, 50-H), 6.89 (dd, J ¼ 8.4,
1.7 Hz, 1H, 60-H), 6.24 (d, J ¼ 2.2 Hz, 1H, 8-H), 6.21 (d, J ¼ 2.2 Hz, 1H,
6-H), 5.49 (dd, J ¼ 12.4, 2.8 Hz, 1H, 2-H), 5.17 (s, 2H, ArOCH2), 4.98
13
(p, J¼ 6.9 Hz,1H, NCH), 3.78 (s, 3H, OCH3), 3.28 (dd, J¼ 17.2,12.5 Hz,
1H, 3-H), 2.75 (dd, J ¼ 17.1, 3.0 Hz, 1H, 3-H), 2.24e2.12 (m, 2H, CH2),
1.94 (td, J ¼ 14.1, 6.8 Hz, 2H, CH2), 1.86e1.74 (m, 2H, CH2), 1.74e1.61
(m, 2H, CH2). 13C NMR (101 MHz, DMSO) d 197.35, 166.61, 163.61,
163.20, 148.40, 146.92, 142.10, 131.38, 124.12, 118.22, 114.57, 112.36,
103.25, 95.72, 94.86, 78.94, 62.18, 61.53, 56.09, 42.60, 33.30, 33.30,
24.06, 24.06; TOF-HRMS:m/z [MþH]þcalcd for C19H19O6: 452.1816;
found: 452.1815.

3.1.3.23. 7-O-((1-cyclohexyl-1H-1,2,3-triazol-4-yl)methyl)hesperetin
(c9). White crystal, 82% yield, m.p. 216.3e220.2 �C; 1H NMR
(400 MHz, DMSO) d 12.12 (s, 1H, 5-OH), 9.14 (s, 1H, 30-OH), 8.31 (s,
1H, NC]CHN), 6.98e6.92 (m, 2H, 20-H, 50-H), 6.90 (dd, J ¼ 8.3,
1.7 Hz, 1H, 60-H), 6.24 (d, J ¼ 2.1 Hz, 1H, 8-H), 6.22 (d, J ¼ 2.1 Hz, 1H,
6-H), 5.50 (dd, J ¼ 12.4, 2.8 Hz, 1H, 2-H), 5.18 (s, 2H, ArOCH2), 4.49
(tt, J ¼ 11.2, 3.5 Hz, 1H, NCH), 3.78 (s, 3H, OCH3), 3.28 (dd, J ¼ 17.1,
12.5 Hz, 1H, 3-H), 2.76 (dd, J ¼ 17.1, 3.0 Hz, 1H, 3-H), 2.06 (d,
J ¼ 11.8 Hz, 2H, CH2), 1.87e1.70 (m, 4H, CH2, CH2), 1.67 (d,
J ¼ 12.7 Hz, 1H, CH), 1.49e1.35 (m, 2H, CH2), 1.30e1.21 (m, 1H, CH).
13C NMR (101 MHz, DMSO) d 197.34, 166.63, 163.61, 163.20, 148.40,
146.93, 141.87, 131.39, 123.44, 118.21, 114.57, 112.38, 103.25, 95.71,
94.85, 78.94, 62.22, 59.57, 56.10, 42.61, 33.29, 33.29, 25.12, 25.06,
25.06; TOF-HRMS: m/z [MþH]þcalcd for C19H19O6: 466.1973;
found: 466.1969.

3.1.3.24. 7-O-((1-(2-hydroxyethyl)-1H-1,2,3-triazol-4-yl)methyl)hes-
peretin (c10). White powder, 39% yield, m.p. 236.5e239.9 �C; 1H
NMR (400 MHz, DMSO) d 12.12 (s, 1H, 5-OH), 9.15 (s, 1H, 30-OH),
8.22 (s, 1H, NC]CHN), 6.94 (d, J ¼ 7.5 Hz, 2H, 20-H, 50-H), 6.89 (d,
J¼ 8.3 Hz,1H, 60-H), 6.24 (brs, 1H, 8-H), 6.22 (brs, 1H, 6-H), 5.49 (dd,
J¼ 12.3, 2.1 Hz,1H, 2-H), 5.20 (s, 2H, ArOCH2), 5.08 (t, J¼ 5.0 Hz,1H,
NCC-OH), 4.42 (t, J ¼ 5.1 Hz, 2H, NCH2C), 3.78 (s, 5H, OCH3,
NCCH2O), 3.28 (dd, J ¼ 17.1, 12.6 Hz, 1H, 3-H), 2.75 (dd, J ¼ 17.0,
2.3 Hz,1H, 3-H). 13C NMR (101MHz, DMSO) d 197.36,166.62,163.61,
163.20, 148.39, 146.91, 141.94, 131.38, 125.86, 118.24, 114.57, 112.35,
103.24, 95.73, 94.88, 78.94, 62.10, 60.26, 56.08, 52.72, 42.60; TOF-
HRMS: m/z [MþH]þcalcd for C19H19O6: 428.1452; found: 428.1460.

3.1.3.25. 7-O-((1-(3-hydroxypropyl)-1H-1,2,3-triazol-4-yl)methyl)
hesperetin (c11). White powder, 43% yield, m.p. 219.7e223.3 �C; 1H
NMR (400 MHz, DMSO) d 12.11 (s, 1H, 5-OH), 9.14 (s, 1H, 30-OH),
8.25 (s, 1H, NC]CHN), 6.94 (d, J ¼ 7.7 Hz, 2H, 20-H, 50-H), 6.89 (d,
J ¼ 8.2 Hz, 1H, 60-H), 6.23 (s, 1H, 8-H), 6.21 (s, 1H, 6-H), 5.49 (d,
J ¼ 11.0 Hz, 1H, 2-H), 5.20 (s, 2H, ArOCH2), 4.70 (t, J ¼ 4.7 Hz, 1H,
NCCC-OH), 4.43 (t, J ¼ 7.0 Hz, 2H, NCH2), 3.78 (s, 3H, OCH3), 3.41
(dd, J¼ 10.6, 5.2 Hz, 2H, NCCCH2O), 3.28 (dd, J¼ 16.9,12.8 Hz,1H, 3-
H), 2.76 (d, J ¼ 15.4 Hz, 1H, 3-H), 2.03e1.91 (m, 2H, NCCH2CO). 13C
NMR (101 MHz, DMSO) d 197.34, 166.58, 163.61, 163.19, 148.40,
146.92, 142.14, 131.38, 125.39, 118.23, 114.58, 112.36, 103.25, 95.74,
94.89, 78.94, 62.13, 57.89, 56.09, 47.19, 42.60, 33.37; TOF-HRMS:m/z
[MþH]þcalcd for C19H19O6: 442.1609; found: 442.1607.

3.1.4. General procedure for the synthesis of b1-b5
To a solution of acetophenone (3 mmol) in CHCl3 were added p-

TsOH$H2O (100 mg, 0.53 mmol) and N-bromosuccinimide (NBS,
214 mg, 3.6 mmol). The mixture was stirred at room temperature
for 24 h. The aqueous mixture was extracted with ether (50 mL).
The organic layer was dried (Na2SO4), after filtration, and concen-
trated under reduced pressure. The residue was purified by silica
gel column chromatography (Petroleum ether and CH2Cl2, 2:1) to
obtain white solid. To a solution of the white solid in DMF (50 mL),
NaN3 (143 mg, 2.2 mmol) was added. After stirred at r.t for 3 h, the
solid was disappeared completely. Added ascorbic acid (528 mg,
3 mmol) and anhydrous K2CO3 (414 mg, 3 mmol) into the reaction
solution, stirred at r.t for 30 min. Then added the intermediate 2
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(680 mg, 2 mmol) and CuSO4$5H2O (625 mg, 2.5 mmol) into the
reaction solution, stirred at r.t for 3 h. Method as described in 4.1.2.2
(acidified to pH 5e6 and extracted with EtOAc, washed with brine
solution, dried over anhydrous Na2SO4, filtered, and concentrated).
The residues of b1eb5, were purified by flash column chromatog-
raphy (CHCl3/Petroleum ether/mehanol ¼ 1/1, v/v) [30] (white
crystal or powder, yield 36e80% for this step reaction, Scheme 1).

3.1.4.1. 7-O-((1-(2-oxo-2-phenylethyl)-1H-1,2,3-triazol-4-yl)methyl)
hesperetin (b1). White powder, 61% yield, m.p. 241.1e245.9 �C; 1H
NMR (400 MHz, DMSO) d 12.13 (s, 1H, 5-OH), 9.15 (s, 1H, 30-OH),
8.24 (s,1H, NC]CHN), 8.08 (d, J¼ 7.6 Hz, 2H, ArH), 7.74 (t, J¼ 7.2 Hz,
1H, ArH), 7.62 (t, J¼ 7.5 Hz, 2H, ArH), 6.95 (d, J¼ 8.2 Hz, 2H, 20-H, 50-
H), 6.90 (d, J ¼ 8.2 Hz, 1H, 60-H), 6.25 (d, J ¼ 13.3 Hz, 4H, 6-H, 8-H,
ArC]OCH2N), 5.50 (d, J ¼ 11.1 Hz, 1H, 2-H), 5.28 (s, 2H, ArOCH2),
3.78 (s, 3H, OCH3), 3.29 (dd, J ¼ 16.9, 12.8 Hz, 1H, 3-H), 2.76 (d,
J ¼ 16.4 Hz, 1H, 3-H). 13C NMR (101 MHz, DMSO) d 197.37, 192.61,
166.61, 163.63, 163.22, 148.40, 146.92, 142.19, 134.74, 134.53, 131.39,
129.47, 129.47, 128.66, 128.66, 127.14, 118.24, 114.58, 112.37, 103.27,
95.78, 94.92, 78.95, 62.08, 56.42, 56.09, 42.62; TOF-HRMS: m/z
[MþH]þcalcd for C19H19O6: 502.1609; found: 502.1603.

3.1.4.2. 7-O-((1-(2-(2-fluorophenyl)-2-oxoethyl)-1H-1,2,3-triazol-4-
yl)methyl) hesperetin (b2). White powder, 53% yield, m.p.
232.4e235.8 �C; 1H NMR (400 MHz, DMSO) d 12.13 (s, 1H, 5-OH),
9.15 (s, 1H, 30-OH), 8.22 (s, 1H, NC]CHN), 7.97 (t, J ¼ 7.1 Hz, 1H,
ArH), 7.78 (dd, J¼ 13.0, 6.2 Hz,1H, ArH), 7.45 (dt, J¼ 15.0, 8.1 Hz, 2H,
ArH), 6.95 (d, J¼ 8.1 Hz, 2H, 50-H, 60-H), 6.90 (d, J¼ 8.2 Hz,1H, 20-H),
6.27 (d, J ¼ 1.6 Hz, 1H, 8-H), 6.24 (d, J ¼ 1.6 Hz, 1H, 6-H), 6.05 (d,
J ¼ 2.0 Hz, 2H, ArC]OCH2N), 5.50 (dd, J ¼ 12.4, 2.5 Hz, 1H, 2-H),
5.28 (s, 2H, ArOCH2), 3.78 (s, 3H, OCH3), 3.28 (dd, J ¼ 17.1, 12.6 Hz,
1H, 3-H), 2.76 (dd, J ¼ 17.1, 2.7 Hz, 1H, 3-H). 13C NMR (101 MHz,
DMSO) d 197.36, 190.36 (3J ¼ 4.4 Hz), 166.61, 163.63, 163.22, 162.10
(1J ¼ 255.2 Hz), 148.41, 146.93, 142.14, 136.85 (3J ¼ 9.1 Hz), 131.39,
130.85 (4J ¼ 1.8 Hz), 127.08, 125.58 (3J ¼ 3.1 Hz), 122.94
(2J ¼ 12.9 Hz), 118.24, 117.54 (2J ¼ 23.0 Hz), 114.58, 112.38, 103.27,
95.78, 94.92, 78.95, 62.06, 59.06 (4J ¼ 11.0 Hz), 56.10, 42.61; TOF-
HRMS: m/z [MþH]þcalcd for C19H19O6: 520.1515; found: 520.1510.

3.1.4.3. 7-O-((1-(2-(2-chlorophenyl)-2-oxoethyl)-1H-1,2,3-triazol-4-
yl)methyl) hesperetin (b3). White powder, 58% yield, m.p.
229.3e232.6 �C; 1H NMR (400 MHz, DMSO) d 12.13 (s, 1H, 5-OH),
9.14 (s, 1H, 30-OH), 8.26 (s, 1H, NC]CHN), 7.99 (d, J ¼ 7.6 Hz, 1H, 1H,
ArH), 7.63 (d, J ¼ 3.7 Hz, 2H, ArH), 7.55 (td, J ¼ 8.3, 4.3 Hz, 1H, ArH),
6.95 (d, J ¼ 8.0 Hz, 2H, 50-H, 60-H), 6.90 (d, J¼ 8.2 Hz, 1H, 20-H), 6.26
(brs, 1H, 8-H), 6.24 (brs, 1H, 6-H), 6.10 (s, 2H, ArC]OCH2N),
5.57e5.41 (m, 1H, 2-H), 5.28 (s, 2H, ArOCH2), 3.78 (s, 3H, OCH3),
3.29 (dd, J ¼ 17.0, 12.6 Hz, 1H, 3-H), 2.76 (dd, J ¼ 16.9, 2.2 Hz, 1H, 3-
H). 13C NMR (101 MHz, DMSO) d 197.37, 194.05, 166.59, 163.63,
163.22, 148.41, 146.93, 142.28, 135.01, 134.07, 131.51, 131.39, 131.24,
130.66, 127.98, 127.03, 118.24, 114.58, 112.38, 103.28, 95.78, 94.92,
78.95, 62.01, 58.25, 56.10, 42.62; TOF-HRMS: m/z [MþH]þcalcd for
C19H19O6: 536.1219; found: 536.1217.

3.1.4.4. 7-O-((1-(2-(2-methoxyphenyl)-2-oxoethyl)-1H-1,2,3-triazol-
4-yl)methyl) hesperetin (b4). White crystal, 60% yield, m.p.
236.7e241.2 �C; 1H NMR (400 MHz, DMSO) d 12.13 (s, 1H, 5-OH),
9.16 (s,1H, 30-OH), 8.23 (s,1H, NC]CHN), 7.79 (dd, J¼ 7.7,1.3 Hz,1H,
ArH), 7.70e7.64 (m, 1H, ArH), 7.28 (d, J ¼ 8.4 Hz, 1H, ArH), 7.11 (t,
J ¼ 7.5 Hz, 1H, ArH), 6.95 (d, J ¼ 8.4 Hz, 2H, 20-H, 50-H), 6.90 (d,
J ¼ 8.3 Hz, 1H, 60-H), 6.26 (d, J ¼ 1.9 Hz, 1H, 8-H), 6.24 (d, J ¼ 1.9 Hz,
1H, 6-H), 5.94 (s, 2H, ArC]OCH2N), 5.50 (dd, J ¼ 12.4, 2.6 Hz, 1H, 2-
H), 5.26 (s, 2H, ArOCH2), 3.99 (s, 3H, OCH3), 3.78 (s, 3H, OCH3), 3.28
(dd, J ¼ 17.1, 12.6 Hz, 1H, 3-H), 2.76 (dd, J ¼ 17.1, 2.7 Hz, 1H, 3-H). 13C
NMR (101 MHz, DMSO) d 197.36, 192.61, 166.62, 163.62, 163.21,
14
160.00, 148.40, 146.92, 142.01, 136.09, 131.39, 130.69, 127.10, 124.30,
121.27, 118.23, 114.57, 113.31, 112.36, 103.25, 95.78, 94.92, 78.95,
62.10, 59.96, 56.54, 56.09, 42.62; TOF-HRMS: m/z [MþH]þcalcd for
C19H19O6: 532.1714; found: 532.1714.

3.1.4.5. 7-O-((1-(2-(4-fluorophenyl)-2-oxoethyl)-1H-1,2,3-triazol-4-
yl)methyl) hesperetin (b5). White powder, 47% yield, m.p.
246.2e248.9 �C; 1H NMR (400 MHz, DMSO) d 12.13 (s, 1H, 5-OH),
9.16 (s, 1H, 30-OH), 8.23 (s, 1H, NC]CHN), 8.17 (dd, J ¼ 8.3, 5.6 Hz,
2H, ArH), 7.46 (t, J¼ 8.7 Hz, 2H, ArH), 6.95 (d, J¼ 8.4 Hz, 2H, 20-H, 50-
H), 6.90 (d, J¼ 8.3 Hz, 1H, 60-H), 6.27 (d, J¼ 1.6 Hz, 1H, 8-H), 6.24 (d,
J ¼ 2.1 Hz, 1H, 6-H), 6.23 (s, 2H, ArC]OCH2N), 5.50 (dd, J ¼ 12.4,
2.4 Hz, 1H, 2-H), 5.28 (s, 2H, ArOCH2), 3.78 (s, 3H, OCH3), 3.29 (dd,
J¼ 17.1, 12.6 Hz,1H, 3-H), 2.76 (dd, J¼ 17.1, 2.5 Hz,1H, 3-H). 13C NMR
(101 MHz, DMSO) d 197.36, 191.30, 166.60, 166.05 (1J ¼ 253.2 Hz),
163.63, 163.22, 148.40, 146.92, 142.21, 131.78 (3J ¼ 9.7 Hz), 131.78
(3J ¼ 9.7 Hz), 131.39, 131.33 (4J ¼ 2.8 Hz), 127.13, 118.24, 116.58
(2J ¼ 22.0 Hz), 116.58 (2J ¼ 22.0 Hz), 114.58, 112.36, 103.26, 95.78,
94.92, 78.95, 62.06, 56.35, 56.08, 42.62; TOF-HRMS: m/z
[MþH]þcalcd for C19H19O6: 520.1515; found: 520.1513.

3.1.5. General procedure for the synthesis of d1-d9
To a solution of bromide (2.2 mmol) in DMF (50 mL), NaN3

(143 mg, 2.2 mmol) was added. TLC monitored The reaction. After
stirred at r.t for 3 h, the solid was disappeared completely. Added
ascorbic acid (528 mg, 3 mmol) and anhydrous K2CO3 (414 mg,
3 mmol) into the reaction solution stirred at r.t for 30 min. Then
added the intermediate 3 (680 mg, 2 mmol) and CuSO4$5H2O
(625 mg, 2.5 mmol) into the reaction solution, stirred at r.t for 3 h.
The Method was described in 4.1.2.2 (acidified to pH 5e6 and
extracted with EtOAc, washed with brine solution, dried over
anhydrous Na2SO4, filtered, and concentrated). The residue was
recrystallized from EtOAc to obtain the 4-hydroxyimino-7-O-tri-
azoles d1-d9 (white crystal or powder, yield 36e80% for this step
reaction, Scheme 1).

3.1.5.1. 4-Hydroxyimino -7-O-((1-benzyl-1H-1,2,3-triazol-4-yl)
methyl)hesperetin (d1). White powder, 81% yield, m.p.
233.4e236.8 �C; 1H NMR (400 MHz, DMSO) d 11.41 (s, 1H, NeOH),
11.35 (s, 1H, 5-OH), 9.11 (s, 1H, 30-OH), 8.29 (s, 1H, NC]CHN),
7.40e7.31 (m, 5H, ArH), 6.93 (d, J ¼ 7.7 Hz, 2H, 20-H, 50-H), 6.87 (d,
J ¼ 8.3 Hz, 1H, 60-H), 6.18 (brs, 2H, 6-H, 8-H), 5.62 (s, 2H, ArCH2N),
5.18e5.02 (m, 3H, 2-H, ArOCH2), 3.77 (s, 3H, OCH3), 3.29 (dd,
J ¼ 16.8, 2.5 Hz, 1H, 3-H), 2.81 (dd, J ¼ 17.0, 11.4 Hz, 1H, 3-H). 13C
NMR (101 MHz, DMSO) d 160.99, 159.39, 158.14, 153.36, 148.14,
146.90,143.12, 136.46, 132.41,129.25,129.25,128.65,128.46,128.46,
125.27, 117.90, 114.35, 112.37, 98.97, 96.28, 94.97, 76.22, 61.61, 56.07,
53.31, 29.42; TOF-HRMS:m/z [MþH]þcalcd for C19H19O6: 489.1769;
found: 489.1768.

3.1.5.2. 4-Hydroxyimino-7-O-((1-(2-methylbenzyl)-1H-1,2,3-triazol-
4-yl)methyl) hesperetin (d2). White powder, 77% yield, m.p.
231.5e234.8 �C; 1H NMR (400 MHz, DMSO) d 11.45 (s, 1H, NeOH),
11.35 (s, 1H, 5-OH), 9.15 (s, 1H, 30-OH), 8.19 (s, 1H, NC]CHN),
7.29e7.15 (m, 3H, ArH), 7.09 (d, J ¼ 7.4 Hz, 1H, ArH), 6.93 (d,
J¼ 7.5 Hz, 2H, 20-H, 50-H), 6.87 (d, J¼ 8.2 Hz, 1H, 60-H), 6.18 (brs, 2H,
6-H, 8-H), 5.62 (s, 2H, ArCH2N), 5.19e5.05 (m, 3H, 2-H, ArOCH2),
3.77 (s, 3H, OCH3), 3.29 (dd, J ¼ 17.0, 3.0 Hz, 1H, 3-H), 2.81 (dd,
J ¼ 17.0, 11.4 Hz, 1H, 3-H), 2.31 (s, 3H, ArCH3). 13C NMR (101 MHz,
DMSO) d 160.96, 159.38, 158.12, 153.34, 148.13, 146.87, 143.00,
136.79, 134.55, 132.38, 130.92, 129.15, 128.84, 126.75, 125.34, 117.92,
114.33, 112.34, 98.95, 96.31, 94.99, 76.22, 61.56, 56.05, 51.42, 29.41,
19.11; TOF-HRMS:m/z [MþH]þcalcd for C19H19O6: 503.1925; found:
503.1926.



Y. Zheng, Y.-l. Zhang, Z. Li et al. European Journal of Medicinal Chemistry 213 (2021) 113162
3.1.5.3. 4-Hydroxyimino-7-O-((1-(2-fluorobenzyl)-1H-1,2,3-triazol-
4-yl)methyl) hesperetin (d3). White powder, 72% yield, m.p.
240.2e243.7 �C; 1H NMR (400 MHz, DMSO) d 11.42 (s, 1H, NeOH),
11.36 (s, 1H, 5-OH), 9.11 (s, 1H, 30-OH), 8.28 (s, 1H, NC]CHN), 7.42
(dt, J ¼ 7.4, 3.7 Hz, 1H, ArH), 7.36 (t, J ¼ 7.2 Hz, 1H, ArH), 7.30e7.18
(m, 2H, ArH), 6.93 (d, J ¼ 8.1 Hz, 2H, 20-H, 50-H), 6.87 (d, J ¼ 8.3 Hz,
1H, 6’-), 6.18 (brs, 2H, 6-H, 8-H), 5.69 (s, 2H, ArCH2N), 5.15e5.05 (m,
3H, 2-H, ArOCH2), 3.78 (s, 3H, OCH3), 3.29 (dd, J¼ 17.0, 2.9 Hz,1H, 3-
H), 2.81 (dd, J ¼ 17.1, 11.4 Hz, 1H, 3-H). 13C NMR (101 MHz, DMSO)
d 160.99, 160.56 (1J ¼ 246.7 Hz), 159.39, 158.14, 153.35, 148.14,
146.89, 143.03, 132.41, 131.28 (3J ¼ 3.6 Hz), 131.22, 125.44, 125.33
(3J ¼ 3.5 Hz), 123.27 (2J ¼ 14.7 Hz), 117.90, 116.12 (2J ¼ 20.8 Hz),
114.35, 112.37, 98.97, 96.27, 94.97, 76.22, 61.54, 56.07, 47.39
(3J ¼ 3.6 Hz), 29.42; TOF-HRMS: m/z [MþH]þcalcd for C19H19O6:
507.1674; found: 507.1675.

3.1.5.4. 4-Hydroxyimino-7-O-((1-(2-chlorobenzyl)-1H-1,2,3-triazol-
4-yl)methyl) hesperetin (d4). White powder, 79% yield, m.p.
247.5e251.4 �C; 1H NMR (400 MHz, DMSO) d 11.41 (s, 1H, NeOH),
11.35 (s, 1H, 5-OH), 9.10 (s, 1H, 30-OH), 8.27 (s, 1H, NC]CHN), 7.52
(d, J ¼ 7.4 Hz, 1H, ArH), 7.39 (tt, J ¼ 13.4, 6.6 Hz, 2H, ArH), 7.24 (d,
J ¼ 7.2 Hz, 1H, ArH), 6.93 (d, J ¼ 8.4 Hz, 2H, 20-H, 50-H), 6.87 (d,
J ¼ 8.3 Hz, 1H, 60-H), 6.18 (brs, 2H, 6-H, 8-H), 5.73 (s, 2H, ArCH2N),
5.12 (s, 2H, ArOCH2), 5.09 (dd, J ¼ 11.5, 2.9 Hz, 1H, 2-H), 3.77 (s, 3H,
OCH3), 3.29 (dd, J ¼ 17.0, 2.9 Hz, 1H, 3-H), 2.81 (dd, J ¼ 17.1, 11.4 Hz,
1H, 3-H). 13C NMR (101MHz, DMSO) d 160.97,159.39,158.14,153.35,
148.14, 146.89, 142.96, 133.70, 133.11, 132.40, 130.99, 130.75, 130.12,
128.21, 125.70, 117.90, 114.35, 112.37, 98.97, 96.31, 95.00, 76.22,
61.55, 56.07, 51.09, 29.42; TOF-HRMS: m/z [MþH]þcalcd for
C19H19O6: 523.1379; found: 523.1379.

3.1.5.5. 4-Hydroxyimino-7-O-((1-propyl-1H-1,2,3-triazol-4-yl)
methyl)hesperetin (d5). White crystal, 77% yield, m.p.
216.1e218.6 �C; 1H NMR (400 MHz, DMSO) d 11.41 (s, 1H, NeOH),
11.35 (s, 1H, 5-OH), 9.10 (s, 1H, 30-OH), 8.23 (s, 1H, NC]CHN), 6.93
(d, J ¼ 8.3 Hz, 2H, 20-H, 50-H), 6.87 (d, J ¼ 8.3 Hz, 1H, 60-H), 6.19 (s,
2H, 6-H, 8-H), 5.15e5.05 (m, 3H, 2-H, ArOCH2), 4.33 (t, J ¼ 7.0 Hz,
2H, NCH2CC), 3.78 (s, 3H, OCH3), 3.29 (dd, J ¼ 17.0, 2.9 Hz, 1H, 3-H),
2.81 (dd, J ¼ 17.1, 11.4 Hz, 1H, 3-H), 1.83 (h, J ¼ 7.2 Hz, 1H, NCCH2C),
0.84 (t, J¼ 7.4 Hz,1H, NCCCH3). 13C NMR (101MHz, DMSO) d 161.03,
159.39, 158.13, 153.35, 148.13, 146.89, 142.70, 132.41, 124.99, 117.89,
114.35, 112.37, 98.95, 96.27, 94.98, 76.21, 61.70, 56.07, 51.42, 29.41,
23.63, 11.27; TOF-HRMS: m/z [MþH]þcalcd for C19H19O6: 441.1769;
found: 441.1771.

3.1.5.6. 4-Hydroxyimino-7-O-((1-ethyl-1H-1,2,3-triazol-4-yl)methyl)
hesperetin (d6). White crystal, 81% yield, m.p. 211.6e213.9 �C; 1H
NMR (400 MHz, DMSO) d 11.41 (s, 1H, NeOH), 11.36 (s, 1H, 5-OH),
9.11 (s, 1H, 30-OH), 8.24 (s, 1H, NC]CHN), 6.93 (d, J ¼ 7.7 Hz, 2H, 20-
H, 50-H), 6.87 (d, J ¼ 8.3 Hz, 1H, 60-H), 6.19 (brs, 2H, 6-H, 8-H),
5.16e5.06 (m, 3H, 2-H, ArOCH2), 4.39 (q, J ¼ 7.3 Hz, 2H, NCH2C),
3.78 (s, 3H, OCH3), 3.30 (dd, J ¼ 17.0, 3.0 Hz, 1H, 3-H), 2.82 (dd,
J ¼ 17.1, 11.4 Hz, 1H, 3-H), 1.43 (t, J ¼ 7.3 Hz, 3H, NCCH3). 13C NMR
(101 MHz, DMSO) d 161.04, 159.40, 158.14, 153.35, 148.13, 146.89,
142.76, 132.41, 124.54, 117.90, 114.35, 112.37, 98.95, 96.25, 94.96,
76.21, 61.69, 56.06, 45.07, 29.41, 15.84; TOF-HRMS: m/z
[MþH]þcalcd for C19H19O6: 427.1612; found: 427.1606.

3.1.5.7. 4-Hydroxyimino-7-O-((1-butyl-1H-1,2,3-triazol-4-yl)methyl)
hesperetin (d7). White crystal, 75% yield, m.p. 219.8e222.1 �C; 1H
NMR (400 MHz, DMSO) d 11.41 (s, 1H, NeOH), 11.35 (s, 1H, 5-OH),
9.10 (s, 1H, 30-OH), 8.23 (s, 1H, NC]CHN), 6.93 (d, J ¼ 8.4 Hz, 2H, 20-
H, 50-H), 6.87 (d, J ¼ 8.3 Hz, 1H, 60-H), 6.19 (brs, 2H, 6-H, 8-H),
5.14e5.06 (m, 3H, 2-H, ArOCH2), 4.36 (t, J ¼ 7.1 Hz, 2H, NCH2), 3.78
(s, 3H, OCH3), 3.29 (dd, J ¼ 17.0, 3.0 Hz, 1H, 3-H), 2.81 (dd, J ¼ 17.1,
15
11.4 Hz, 1H, 3-H), 1.84e1.74 (m, 2H, CH2), 1.29e1.19 (m, 2H, CH2),
0.89 (t, J ¼ 7.4 Hz, 3H, CH3). 13C NMR (101 MHz, DMSO) d 161.02,
159.39, 158.13, 153.34, 148.13, 146.89, 142.70, 132.41, 124.97, 117.89,
114.34, 112.37, 98.95, 96.28, 94.97, 76.22, 61.69, 56.07, 49.54, 32.17,
29.42, 19.54, 13.76; TOF-HRMS: m/z [MþH]þcalcd for C19H19O6:
455.1925; found: 455.1919.
3.1.5.8. 4-hydroxyimino-7-O-((1-(cyclopropylmethyl)-1H-1,2,3-
triazol-4-yl)methyl)hesperetin (d8). White powder, 78% yield, m.p.
217.4e221.2 �C; 1H NMR (400 MHz, DMSO) d 11.41 (s, 1H, NeOH),
11.36 (s, 1H, 5-OH), 9.11 (s, 1H, 30-OH), 8.27 (s, 1H, NC]CHN), 6.93
(d, J ¼ 8.0 Hz, 2H, 20-H, 50-H), 6.87 (d, J ¼ 8.3 Hz, 1H, 60-H), 6.20 (s,
2H, 6-H, 8-H), 5.16e5.06 (m, 3H, 2-H, ArOCH2), 4.24 (d, J ¼ 7.3 Hz,
2H, NCH2C), 3.77 (s, 3H, OCH3), 3.29 (dd, J ¼ 16.9, 2.7 Hz, 1H, 3-H),
2.81 (dd, J¼ 17.0,11.4 Hz,1H, 3-H),1.28 (ddd, J¼ 12.4, 7.8, 4.8 Hz,1H,
NCCH), 0.59e0.52 (m, 2H, NCCCH2), 0.46e0.38 (m, 2H, NCCCH2). 13C
NMR (101 MHz, DMSO) d 161.05, 159.40, 158.14, 153.35, 148.13,
146.89, 142.71, 132.40, 124.73, 117.89, 114.35, 112.36, 98.95, 96.26,
94.96, 76.22, 61.67, 56.06, 54.25, 29.42, 11.85, 4.21, 4.21; TOF-HRMS:
m/z [MþH]þcalcd for C19H19O6: 453.1769; found: 453.1772.
3.1.5.9. 4-hydroxyimino-7-O-((1-cyclopentyl-1H-1,2,3-triazol-4-yl)
methyl)hesperetin (d9). White powder, 83% yield, m.p.
222.3e225.9 �C; 1H NMR (400 MHz, DMSO) d 11.41 (s, 1H, NeOH),
11.35 (s, 1H, 5-OH), 9.10 (s, 1H, 30-OH), 8.28 (s, 1H, NC]CHN), 6.93
(d, J ¼ 8.4 Hz, 2H, 20-H, 50-H), 6.90e6.85 (m, 1H, 60-H), 6.19 (d,
J ¼ 1.6 Hz, 2H, 6-H, 8-H), 5.15e5.04 (m, 3H, 2-H, ArOCH2), 4.97 (p,
J¼ 6.9 Hz,1H, NCH), 3.77 (s, 3H, OCH3), 3.29 (dd, J¼ 17.0, 3.1 Hz, 1H,
3-H), 2.81 (dd, J¼ 17.1, 11.3 Hz, 1H, 3-H), 2.17 (td, J¼ 12.7, 7.1 Hz, 2H,
CH2), 1.95 (td, J ¼ 14.0, 7.4 Hz, 2H, CH2), 1.87e1.74 (m, 2H, CH2),
1.74e1.61 (m, 2H, CH2). 13C NMR (101 MHz, DMSO) d 161.06, 159.39,
158.14, 153.34, 148.13, 146.89, 142.63, 132.41, 123.88, 117.89, 114.35,
112.37, 98.95, 96.23, 94.93, 76.21, 61.71, 61.49, 56.07, 33.31, 33.31,
29.42, 24.06, 24.06; TOF-HRMS: m/z [MþH]þcalcd for C19H19O6:
467.1925; found: 467.1927.
3.2. Biological assay

3.2.1. Animal and treatment
C57BL/6J mice (18 ge22 g) were provided by the Experimental

Animal Center of Anhui Medical University. Animal experiments
and procedures were approved by the Ethics Committee and Ani-
mal Experiment Committee of Anhui Medical University.

C57BL/6J mice were randomly divided into six groups, with
eight mice in each group. They are the control group, CCl4 group,
different concentrations of compound d5 treatment group, and
silymarin group. Different concentrations of the compound d5
(50 mg/kg, 100 mg/kg, 200 mg/kg) dissolved in sodium carboxy-
methylcellulose and silymarin (200 mg/kg) were continuously
administered for one week. The control group was given the same
concentration of carboxymethylcellulose. In the model group,
seven days later, different concentrations of compound d5 and
silymarin treatment groupwere intraperitoneally and injectedwith
1% CCl4 dissolved olive oil to induce an acute liver injurymodel. The
control group was intraperitoneally injected with the same volume
of olive oil. After 24 h, the mouse serum was collected and stored
in�80 �C for the detection of serological markers. The largest leaf of
mouse livers was taken in the same position at approximately
1 cm3 and fixed with paraformaldehyde for more than 24 h and
then, it embedded the livers with paraffin. After sectioning, he-
matoxylin, and eosin (H&E) staining was performed by standard
methods, and pathological changes of the liver were observed
under a microscope.
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3.2.2. Cell culture
We obtained the cell lines of RAW264.7 from Cell Bank of Chi-

nese Academy of Sciences (Shanghai, China) and the cell lines were
cultured at 37 �C under 5% CO2 in DMEM (Hyclone, Logan, UT, USA)
medium with 10% FBS (BI), 100 IU/mL Streptomycin and penicillin
(Beyotime, Shanghai, China).

3.2.3. Determination of cell viability
Cell viability and Cytotoxicity were assessed by an MTT assay

(Sigma, Shanghai, China). Before the assay, MTT dissolved in
phosphate-buffered saline (PBS) to reach a concentration of 5 mg/
mL. First of all, Cells were inoculated into ninety-six hole plates, and
then cells cultured at 37 �C for a night with a density of
7.0 � 103 cells/well, and reached a total volume of 200 mL/well.
Then, cells treated with 40 mM compounds for 24 h and the same
concentration of DMSO as the vehicle. Next, MTT was added to the
culture mediumwith 20 mL per well and then incubated at 37 �C for
another 4 h. Removing The media and adding 150 mL of DMSO into
the plates and incubating at 37 �C for 30 min. Finally, the cell
viability and cytotoxicity were measured using a microplate reader
(Synergy HTX, Biotek, Winooski, VT, USA) and calculated by
GraphPad Prism 6 (GraphPad, San Diego, CA, USA).

3.2.4. Measurement of production of NO levels
NO levels were determined using the Griess reaction (Beyotime,

Shanghai, China), to determine the formation of nitrite, for NO has a
short half-life and was oxidized to stable nitrite. RAW 264.7 cells
were plated at a density of 2� 105 cells per well in a 24-well culture
plate and reached a total of 300 mL/well. And they were incubated
overnight. The next day, the supernatant was discarded, and
different concentrations of pre-configured compounds (1.25, 2.5, 5,
10, 20 mM)were added to the plate. Then, stimulate with LPS (1 mg/
mL) or not for 24 h. Finally, collect the culture supernatant, use
Griess reagent to determine the formation of nitrite, take 50 mL
culture supernatant and 50 mL standard (NaNO2) of different con-
centrations (0e100 mM) and add them to the 96-well plate in turn.
Add 50 mL of GriessI and GriessII reagents, immediately read the
absorbance at 540 nm with using a microplate reader (Synergy
HTX, Biotek, Winooski, VT, USA). The concentrations of NO were
calculated from a sodium nitrite standard curve. Unactivated cells
(exposed to media alone) were used as a negative control and
activated cells as a positive control. NO production inhibitory ac-
tivity was calculated as inhibition rate (%):

inhibition rate (%) ¼ [1 � (sample(NO concentration) � negative con-
trol(NO concentration))/(positive control(NO concentration) � negative
control(NO concentration)] � 100

The IC50 value was calculated by SPSS23 (IBM, Chicago, Illinois,
USA) by the inhibition rate of five different concentrations of
compounds on NO.

3.2.5. Measurement of cytokines
RAW264.7 cells were planted in a 24-well plate at 200,000 cells

per well. After the cells adhere to thewall and before LPS (1mg/mL)
stimulation, the experimental group was pretreated with com-
pounds of 10 mM concentration for 1 h, and the control group was
treated with the same concentration of DMSO solvent as a control
treatment. After 22 h of LPS stimulation, the supernatant was
collected in the EP tube. The levels of TNF-a, IL-1b, and IL-6 were
measured with ELISA kit (Elabscience, Wuhan, China), and the
optical density (OD) was measured at 540 nm using a microplate
reader (Synergy HTX, Biotek, Winooski, VT, USA). The results were
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analyzed using Origin Pro 8 (OriginLab, Northampton, Massachu-
setts, USA).

3.2.6. Reactive oxygen species (ROS) measurement
The kit is detection using the fluorescent probe DCFH-DA. DCFH

is produced when DCFH-DA enters the cell. DCFH is oxidized by
active oxygen to form a fluorescent substance DCF, and the level of
reactive oxygen species in the cells can be known by detecting the
fluorescence of DCF. ROS was detected by Reactive Oxygen Detec-
tion Kit (Bestbio, Shanghai, China). RAW264.7 cells (1.5 � 106 cells/
well) were cultured in a 6-well plate and reached a total volume of
1 mL/well. After overnight, Cell culture supernatants were
removed, pre-configured concentrations of compounds were
added and the same concentration of DMSO as compound groups
was added as a control. One hour later, the cells were stimulated
with LPS (1 mL/L) in addition to the negative wells. After 24 h, the
supernatant was removed, washed with PBS and incubated with
pre-configured DCFH-DA at 37 �C for 20 min. Collected cells and
washed them a third timewith a serum-free medium. Fluorescence
was detected by CytoFLEX (BECKMAN, Fullerton, CA, USA) at
488 nm excitation and 525 nm emission wavelengths.

3.2.7. ALT/AST activity assay
Serum alanine aminotransferase (ALT) and aspartate amino-

transferase (AST) activity kits (Jiangcheng, Nanjing, Jiangsu) were
used to determine the contents of ALT and AST in the extracted
mouse serum. ELISA results were measured with a microplate
reader Synergy HTX (Biotek, Winooski, VT, USA) at 510 nm and
analyzed using Origin Pro 8 (OriginLab, Northampton, Massachu-
setts, USA).

3.2.8. Western blot analysis
RAW264.7 cells (1.5 � 106 cells/well) were cultured in a 6-well

plate and reached a total volume of 1 mL/well. After overnight,
Cell culture supernatants were removed, pre-configured concen-
trations of compounds were added, and the same concentration of
DMSO as compound groups was added as a control. One hour later,
the cells were stimulated with LPS (1 mL/L) in addition to the
negative wells. All the remaining proteins were incubated for 24 h,
except that PeP65 and P-ikb were incubated for half an hour. With
low-temperature operation, a mixture of RIPA lysis buffer (Beyo-
time, Shanghai, China) and phosphatase inhibitor (Beibokit, Best-
bio, Shanghai, China) is configured. Then, cells are collected and
lysed using the pre-prepared lysis buffer. After full lysis, the lysate
was fully lysed and centrifuged (4 �C, 30 min, 12,000 rpm, Beckman
Coulter, Inc., Fullerton, California, USA) to carefully extract the su-
pernatant. The total protein concentration was determined using
BCA Protein Assay Kit (Beyotime, Shanghai, China). Boil the sample
at 100 �C for 5 min to denature and stabilize the protein. The
amount of sample loaded was determined based on the protein
quantification results, and fractionated using SDS polyacrylamide
gel, and transferred to a polyvinylidene fluoride membrane (PVDF)
(Merck Millipore, Tullagreen Carrigtwohill, Ireland). The PVDF
membrane was blocked in a TBST solution containing 5% skimmed
milk or 3% BSA (Albumin Bovine V, Sigma), and then Incubated the
primary antibody overnight at 4 �C: b-actin (1:1000 dilution;
Abcam, Cambridge, MA, USA), iNOS (1:1000 dilution; Abcam,
Cambridge, MA, USA), COX-2 (1: 1000 dilution; CST, Danvers, MA,
USA), NF-kB (1:1000 dilution; CST, Danvers, MA, USA). After the
primary antibody was incubated overnight, it was washed 3 times
with TBST containing Tween 20. The PVDF membrane was incu-
bated with the secondary antibody for 1 h at room temperature.
After washing 3 times, it was developed by an ultra-sensitive
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enhanced chemiluminescence (ECL) substrate (ECL-plus, Thermo
Scientific, Rockford, IL, USA).

4. Statistical analysis

Data are expressed as the mean ± standard deviation (SD) of
independently performed experiments and repeated the experi-
ment at least three times. SPSS 23 (IBM, Chicago, IL, USA) was used
to analyze the significant difference of the drug blank group, the
drug treatment group and the positive control group VS the model
group. When p(*)<0.05, p(**)<0.01, p(***)<0.001, the difference
was considered to be statistically significant.

5. Conclusions

In conclusion, we successfully synthesized 39 new hesperetin 7-
O-1, 2, 3-triazole derivatives and evaluated their anti-inflammatory
activity. Preliminary evaluation results showed that compared with
the positive control and the previous amide series compounds 4d
and 4k, most of the compounds had more effective inhibition on
NO and TNF-a, IL-1b, IL-6 produced by LPS-induced RAW264.7.
Among the synthesized compounds, compound d5 seemed to be
the most effective. Besides, compound d5 inhibited ROS production
in a concentration-dependent manner. These results showed that
the compound’s anti-inflammatory mechanism might be through
negative regulation of the NF-kB signaling pathway and to further
inhibit the expression of iNOS and COX-2 from inhibit the inflam-
matory process. The results of in vivo studies showed that in the
CCl4-induced acute liver injury model, compound d5 exerted anti-
inflammatory effects by inhibiting the expression of cytokines such
as TNF-a, IL-1b and IL-6 in the serum and reduced ALT and AST. In
conclusion, d5 showed promising anti-inflammatory activity and
may be beneficial in treating ALI-related inflammatory processes.
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