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Graphical Abstract

Four ring-closing analogs of natural prenylated chalcone Desmethylxanthohumol (1) and their
dimers were synthesized. The antioxidant activities of these new chalcone derivatives were
evaluated in the PC12 cell model of hydrogen peroxide (H,O,)-induced oxidative damage.

Oy 9a-9d OH OH 14a-14d
R, =H, OH, Ry= H, OH, R3 = H, OH R;=H, OH, Ry= H, OH, R3 = H, OH

The dimers show better antioxidant activity than the corresponding monomers
The most potent compound increased PC12 cell viability from 25% to 85% under 100 uM
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Abstract:

Four ring-closed analogs of natural prenylated e
desmethylxanthohumoll) and their dimers were synthesized from the
commercially available 1-(2,4,6-trihydroxyphenyhan-1-one in five
and six linear steps, respectively. The structunésthe eight new
derivatives were confirmed usittd NMR, *C NMR and HRMS. The
antioxidant activity of the new chalcone derivatiwgere evaluated in a
PC12 cell model of FD,-induced oxidative damage. The SAR studies
suggested that the catechol motif was essentidh®antioxidant activity.
Moreover, the dimers showed better antioxidantvagtithan their
corresponding monomers did. Among them, compdi#atiwas the most
potent and increased PC12 cell viability from 2580 85%. Flow
cytometric analysis showed that compouddd, the most potent
compound, decreased the apoptotic PC12 cell pegentand
significantly reduced the LDH release and 8-OHdGhegation but
increased the GSH levels in,®b-treated PC12 cells. Furthermore,
compoundl4d had a higher FRAP value than that of gallic adidal$o
reduced the stable ABTSree radical with a lower Eg than that of
gallic acid.

Keywords: Synthesis; Chalcone; Desmethylxanthohumol; Dimer;

Antioxidant



1. Introduction

Chalcones with a prenyl group or a benzopyran moaee widely
distributed in fruits, vegetables, tea, and soyedasodstuff and display
a wide spectrum of biological activitifld. Desmethylxanthohumolj, a
prenylated hydroxychalcone, first isolated from hognes (Humulus
lupulus L.) by Schulz in 1988[2] showed antiplasmodial [3],
antiproliferative [4,5], and antioxidant bioacties[6]. Isobavachromene
(2) isolated from the twigs dDorstenia mannii by Ngadjui et al. [7] in
1998showed antibacterial [&], anticancer [10], antimalarifll], and
antioxidant activitiegl 2].

(insert Scheme 1)

Oxidative stress can cause cell injury and deaticlwmay be related
to numerous diseases and conditions such as laeage [13], aging
[14], cancer [15], stroke [16], myocardial infagoti [17], Alzheimer's
disease[18], and Parkinson's disease[19]. However, therestill no
agreement on whether oxidants trigger these aner atliseases, or are
produced as a secondary consequence of the disddsesrtheless,
whether oxidative stress can be considered as seauconsequence of
some diseases, it is important to develop new adént drugs.

As mentioned above, desmethylxanthohumdland isobavachromene
(2) showed antioxidant activity an@ could be considered as the

ring-closed analog df. Some biflavonoids have been reported to exhibit
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better bioactivities than their monomers do [20jefiefore, dimerization
of chalcones might increase their activities. Hggno peroxide (kD,) is
a major reactive oxygen species (ROS) with higHulzel membrane
permeability. The PC12 cell line was derived from at
pheochromocytoma of the adrenal medulla, ap@®,Hhduced oxidative
damage to these cells constitutes a useful in \miamel system for
evaluating the antioxidant properties of compoun@isl, 22].
H,O,-induced cytotoxicity in PC12 cells results in effe including
increased rate of apoptosis, membrane damage wabtaté
dehydrogenase (LDH) release, nuclear damage with
8-hydroxy-2'-deoxyguanosine (8-OHdG) generation,d adecreased
cellular glutathione (GSH) levels.

In this study, we synthesized desmethylxanthohufhplanalogs and
their respective dimers and subsequently evaludbed antioxidant
activity in the HO,-induced PC12 cell oxidative damage model. The
antioxidant properties of a selected analog, comgoi4d, and its

potential molecular mechanism were also invest@jate

2. Chemistry

Desmethylxanthohumollf is a commercially available compound and,
therefore, we synthesized its ring-closed analolichv could also be

considered as an analog of Isobavachrome?)e ($cheme 1). The
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mono-MOM protected 2',4',6'-trihydroxyacetopheng®@ was readily
synthesized from the commercially available
2',4',6'-trihnydroxyacetophenone by treatment witllocomethyl methyl
ether and ethyldiisopropylamine followed by reglestve deprotection
under acidic conditions. Compousdwvas converted to chalconeta{d)
by cyclization with 3-methyl-2-butenal followed kajldol condensation
with four different substituted benzaldehydésa-(). Full deprotection of
8a-d by 3N hydrochloric acid (HCI) in methanol (MeOH) dan
tetrahydrofuran (THF) produced the chalcofies] at a 16%-38% vyield.
It is noteworthy that compoundSa-d were not stable and partly
decomposed in the acid condition.

(insert Scheme 2)

Following the generation of the key intermediétewe attempted to
synthesize the corresponding dimers of compo8ady condensation
with polyformaldehyde followed by aldol and depuciten reactions.
However, the desired product was not obtaineded@ioce the steric effect
of the substrate, the corresponding de-MOM producivas evaluated.
Fortunately, the desired dimer?2 was obtained at 71% yield and was
subsequently transformed into the bichalcorieta€l) using a similar
approach to that used for the monomers.

(insert Scheme 3)

3. Results and discussion



Before the antioxidant activity analysis of our mgveynthesized
compounds, the toxicity of compountl and its ring-closed analog
compound 9a was evaluated using normal human umbilical vein
endothelial cells (HUVECs) and rat pheochromocytoredls (PC12).
Firstly, the toxicity of compound4 and 9a against the HUVECs was
evaluated using the 3-(4,5-dimethylthiazol-2-ylp-2iphenyltetrazolium
bromide (MTT) assaylhe half-minimal inhibitory concentration (46
was determined to reflect the toxicity and a lowaue indicates a higher
cytotoxicity. The result revealed that the;d©f compoundsl and9a in

HUVECs was 18.92 and 41.151, respectively
(insert Table 1).

The cytotoxicity of compound& and9a against the PC12 cells was
then determined, and both compounds showed highitipxat 200 uM
(Figure 1). Furthermor&®a only has a slight effect on cell proliferation at
100 uM while 1 showed considerable toxicity against PC12 cellthat
same concentration, suggesting that cyclizing tmeny group of
chalconé€l to benzopyran decreased its toxicity against P&&1I2.

(insert Figure 1)

Based on this information, the ring-closed anal@gsnpound®a-d)
were synthesized, and their antioxidant activity swavaluated in
H,O,-damaged PC12 cells at a concentration of @O0 Gallic acid was

used as a positive control, and the results arstifited in Figure 2. The
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viability of PC12 cells decreased to 25.47% afté&-la exposure to 100
uM H,0,. Compounds9b and 9d, which possess 2, 3-dihydroxyl
substituted phenyl group and 2, 3, 4-trihydroxybstituted phenyl
groups, respectively, showed antioxidant activitje viability of the
9b-pretreated PC12 cells was 54.46%. Moreo9dr which was the most
potent compound, protected the PC12 cells again®k ldxidation by
84.02% at 10QuM, which was comparable to protection shown by galli
acid (88.88%). However,9a and 9c, which possess 4-hydroxyl
substituted phenyl group and 2, 4-dihydroxyl subttd phenyl groups,
did not exhibit any antioxidant activity.

(insert Figure 2)

As we mentioned above, some dimers show bettectotges than
their monomers do. Therefore, we tested the amteoni activities oPa
and its dimerl4a, which did indeed show superior bioactivity to tioht
the monomer9a (Figure 3).

(insert Figure 3)

These encouraging results above led us to synthélse dimers of
14b-d and subsequently evaluate their antioxidant agt(¥igure 4). The
bioassay showed that unlike their monomers, allrdspective dimers
possessed antioxidant activity. Moreover, the teswkre in agreement
with our previous reports that dimers often showvitdseantioxidant
activity than their corresponding monomerd4l§-d versus 9b-d,
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respectively). Among those dimefsib and14d protected the PC12 cells
against HO, oxidation by 78% and 85% respectively at 1.00.

(insert Figure 4)

The effects of the test compounds on cell viabaitg shown in Table
2. After carefully analyzing the structuresSztd and those ot4ad, we
found that the catechol motif was essential for dnéoxidant activity.
We think that compared to the 4-hydroxyl phenyl &d-dihydroxyl
phenyl groups, the 2,3-dihydroxyl phenyl and 28idydroxyl phenyl
groups can be more easily oxidizedtquinone during the }0,-induced
oxidation process.

The structure-activity relationship (SAR) studidgleese compounds
identified the novel prenylated chalcone derivateempoundl4d, as a
highly potent antioxidant compound. Then, the mal@cmechanism by
which compound.4d exerts its antioxidant activity was investigated.

As shown in Table 2, treatment with®} (100uM) for 2 h markedly
decreased the cell viability. Hwarg al. [23] reported that oxidative
stress induces apoptosis rather than necrosis 12 R€lls.The effect of
compoundl4d on the morphological alterations in,®$-injured PC12
cells was evaluated to confirm, whether the treatmath H,O, could
induce apoptosis in PC12 cells and whether compdduaictould inhibit
this effect. The results (Figure 5A) showed thaatment with KO, (100

uM) for 2 h markedly increased the typical apoptatedl morphology
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such as cell shrinkage, blebbing, or both. Morpgigia changes in the
compoundl4d-treated PC12 cells suggested that it significaotbtected
them against bD,-induced cell injury. These results indicate that
compoundl4d might protect PC12 cells against oxidative striegsy
caused by BD..

(insert Table 2)

To further study the effects of compouridid on apoptosis of
pretreated bD,-damaged PC12 cells, they were double-labeled with
Annexin V-FITC and propidium iodide (PI) and themafyzed using flow
cytometry (Figure 5B). The apoptotic rate (AnneXifiPl" and Annexin
V*/PI") of the untreated }0.,-damaged PC12 cells was 77.6% while that
of the compoundl4d-treated cells decreased to 3.8% of the total cells
compared to 13.9% observed in the gallic acid-teeabntrol cells. These
results suggest that compouiMid protected the D, -injured PC12 cells
against apoptosis.

(insert Figure 5)

The effects of compountl4d for the release of LDH, generation of
8-OHdG, and GSH activity were assessed. The cdts pretreated with
10 uM compoundl4d or gallic acid for 30 min and then incubated with
H,O, (100 uM, 2 h). LDH is a stable cytoplasmic enzyme preserdll
cells, and is rapidly released into the culture mn@dwhen the plasma
membrane is damaged by an oxidadi. An increased LDH activity in

9



culture supernatant indicates an increase in tih@eu of dead or plasma
membrane-damaged cells. As shown in Figure 6Atreat with HO,
markedly increased the LDH level (P < 0.01) fronl8 23 to 479.77 U/L.
However, pre-incubation with gallic acid and compod4d significantly
decreased the LDH levels to 326.59 and 251.45 B/l (0.05 and P <
0.01), respectively.

DNA damage is one of the earliest recognized anst regtensively
studied manifestations of oxygen toxicity in biojogn nuclear and
mitochondrial DNA, 8-hydroxy-2'-deoxyguanosine (81dG) is one of
the predominant forms of free radical-induced otda lesions and,
therefore, has been widely used as a biomarkeoxXmlative stress and
carcinogenesi®5]. As shown in Figure 6B, the 8-OHdG level in 2C
cells exposed to #, significantly increased (123.97 ng/L, P < 0.01)
compared to that in the control group (47.12 ng/lEjowever,
pretreatment of PC12 cells with compouldt decreased 8-OHdG levels
(P < 0.01) to 62.80 ng/L, which was better thaneffect of gallic acid
treatment (85.70 ng/L).

Antioxidant nutrients such as GSH act as the pmymdefense
mechanisms that protect living systems from oxigatdamagd26].
Exposure of PC12 cells to,8, significantly (P < 0.01) reduced the GSH

level (Figure 6C) from 127.85 to 59.9&1ol/gprot, whereas pretreatment
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with gallic acid and compount¥d attenuated this effect (99.73 or 105.71
umol/gprot, respectively.

(insert Figure 6)

The antioxidant activity of compounti4d was evaluated using the
ferric reducing antioxidant power (FRAP) and
2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonicida (ABTS) assays
and the results are shown in Table 3. Compoi#d exhibited better
activity in the FRAP assay than the positive cdntgallic acid did
(648.44 and 531.02 mg/mMquivalent amounts of vitamin C [Vc],
respectively). The scavenging activity of compoudd against the
ABTS radical was also evaluated and expressed ashalf-maximal
effective concentration (Eg). Compoundl4d exhibited a high ABTS
radical scavenging activity with an Efof 0.54 mM, which was slightly
less than that of gallic acid (0.35 mM). This résalggests that

compoundl4d possesses potamtvitro antioxidant properties.

4. Conclusions

In summary, ring-closed analog®afd) of the natural prenylated
chalcone desmethylxanthohumdl) (and their dimers 1da-149 were
synthesized from the commercially available

1-(2,4,6-trihydroxyphenyl)ethan-1-on&) (in five and six linear steps
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respectively. The biological activity evaluatioludtrated the following. 1)
The ring-closed analo®a showed a lower toxicity than compouhdlid
on HUVECs and PC12 cells. 2) Compounds bearingdiygdroxyl
phenyl and 2,3,4-trihydroxyl phenyl groups showesttdr antioxidant
activity than their counterparts with 4-hydroxyl guyl and
2,4-dihydroxyl phenyl groups did. 3) The dimers wbd better
antioxidant activity than their corresponding momosndid. 4) The most
potent compoundl4d protected the PC12 cell againstOd oxidation by
85% at 100uM, which was comparable to the activity shown byligal
acid. 5) Pretreatment with compourddd significantly prevented the
H,O,-induced apoptosis. 6) Compouddd exhibited protective effects
on the release of LDH (a plasma membrane damagkemaproduction
of 8-OHdG (a DNA damage marker), and a decreas&3H (an
antioxidant enzyme).

Studies are currently underway to clarify the medtra of action of
compoundl4d and identify its target molecule. Although compdurid
showed a superior antioxidant activitg vitro to that of its parent
structure, the chalcones, the molecular mechanisthi® action is still
unclear. Therefore, it is necessary to furtherstibe in vivo antioxidant
action and associated mediating pathways of congpdda in animal

models [27-29].
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5. Experimental section
5.1. Chemistry

All commercial materials and reagents were usedowit further
purification, unless otherwise stated. All solventsre distilled prior to
use. The solvents for reaction were distilled tmoee water over Na or
CaH,. All reactions were carried out in oven-dried glaare under an
inert atmosphere (nitrogen or argon). For chromataigy, 200-300 mesh
silica gel (Qingdao, China) was employ&d.and*CNMR spectra were
recorded at 400 MHz and 100 MHz with a Brucker ARXO
spectrometer. The chemical shif§ for 'H NMR spectra were given in
parts per million (ppm) referenced to the residpiton signal of the
duterated solvent (CDgaté = 7.26 ppm, DMSQJ; ato = 2.50 ppm and
Acetoned; até = 2.05 ppm); coupling constants were expressdukitz
(Hz). *C NMR spectra were referenced to the carbon sigh@DCl (8
= 77.0 ppm), DMSQd; (6 = 40.0 ppm) and Acetord- (6 = 30.0 ppm
and 206.0 ppm). The following abbreviations aredusedescribe NMR
signals: s = singlet, d = doublet, t = triplet, altiple, and dd = doublet
of doublets. HRMS were recorded on Bruker Daltgnlies. APEXIII 7.0
TESLA FTMS (ESI). Known products were characteribydcomparing
to their correspondintH-NMR reported in the literatures.

5.1.1. 1-(2-hydroxy-4,6-bis(methoxymethoxy)phenylean-1-one (4)

13



1-(2,4,6-trihydroxyphenyl)ethan-1-on@d6.8 g, 100 mmol) in dry
CH,CI, (500 mL) were added DMF (20 mL). The mixture wasled to
0°C and N,N-diethylpropan-2-amine (39.3 g, 250 mmoehs added
slowly. After addtion chloro(methoxy)methane (1@,7220 mmol) in dry
CH,Cl, (100 mL) was added dropwised. The reaction mixtweass
warmed to room temperature and stirred for 6 h. Téwction was
gquenched with NECI (aq) and extracted with GBI, (3x500 mL). The
combined organic layers were washed with brineeddaver NaSO, and
concentrated under reduced pressure. The crudeigiracs purified by
column chromatography on silica (petroleum ethbyledicetate 20:1) to
afford a compound (21.0 g, 82%) as a colorless d#H NMR (400 MHz,
CDCly) & 13.66 (s, 1H), 6.17 (s, 2H), 5.19 (s, 2H), 5.102(3), 3.46 (s,
3H), 3.41 (s, 3H), 2.58 (s, 3HC NMR (100 MHz, CDG) & 203.1,
166.8, 163.4, 160.3, 106.8, 97.0, 94.4, 93.9, &%, 56.3, 32.9.
5.1.2 1-(2,6-dihydroxy-4-(methoxymethoxy)phenyl)etim-1-one (5)

Compound4 (2.56 g, 10.0 mmol) in MeOH (50 mL) was cooled to
0 °C. Then 2N HCI (10 mL) was added dropwised. A#ddition, the
reaction mixture was warmed to 40 °C and stirred3ie. The reaction
was quenched with NaHG®aq) and extracted with EtOAc (3x100 mL).
The combined organic layers were washed with bdnied over NgSO,
and concentrated under reduced pressure. The pradact was purified
by column chromatography on silica (petroleum d#tbyl acetate 10:1)

14



to afford a compoun (1.30 g, 61%) as a white solitH NMR (400
MHz, DMSO) § 12.26 (s, 2H), 6.02 (s, 2H), 5.17 (s, 2H), 3.363(d),
2.58 (s, 3H)*C NMR (100 MHz, DMSO) 203.8, 164.4, 163.6, 105.8,
95.1, 93.9, 56.3, 33.0.

5.1.3
1-(7-hydroxy-5-(methoxymethoxy)-2,2-dimethyl-2H-chomen-8-yl)et
han-1-one (6)

Compoundb (2.12 g, 10.0 mmol) in dry pyridine (20 mL) waslad
3-Methyl-2-butenal (1.26 g, 15.0 mmol). The reactiwas heated to
120 °C for 16h. The mixture was cooled and pyridivess removed by
distillation under reduced pressure. The residug dvesolved in CKCl,
(20 mL) and poured into 1N HCI (20 mL). The orgapiase was washed
with NaHCGQ, (aq) (10 mL) and brine, dried over 0, and
concentrated under reduced pressure. The crudeigiracs purified by
column chromatography on silica (petroleum ethbyledicetate 50:1) to
afford a compoun@ (2.09 g, 75%) as a yellow ofiH NMR (400 MHz,
CDCl) & 13.64 (s, 1 H), 6.58 (d,= 10.0 Hz, 1 H), 6.20 (s, 1 H), 5.43 (d,
J=10.0 Hz, 1 H), 5.20 (s, 2 H), 3.47 (s, 3 H),72(6, 3 H), 1.50 (s, 6 H).
¥C NMR (100 MHz, CDGJ)) § 202.4, 164.9, 157.4, 155.4, 123.8, 115.5,

105.5, 102.2, 93.9, 93.2, 77.0, 55.5, 32.2, 26.9.

5.1.4 4-(methoxymethoxy)benzaldehyde (7a)
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4-hydroxybenzaldehyde (1.22 g, 10 mmol) in dry,CH (10 mL)
was cooled to 0 °C. Then NaH (900 mg, 15 mmol) wdded. After
addition, chloro(methoxy)methane (965 mg, 12 mmolry CHCI, (10
mL) was added dropwised. The reaction was warmedraom
temperature and stirred for 24 h. The reaction guenched with NECI
(aq) and extracted with GBI, (3x10 mL). The combined organic layers
were washed with brine, dried over JS&: and concentrated under
reduced pressure. The crude product was purified deyumn
chromatography on silica (petroleum ether/ethykatee20:1) to afford a
compound7a (1.50 g, 90%) as a colorless olH NMR (400 MHz,
CDCl) 5 9.89 (s, 1H), 7.83(d] = 8.8 Hz, 2H), 7.14(d] = 8.8 Hz, 2H),
5.25(s, 2H), 3.49(s, 3HC NMR (100 MHz, CDGJ) & 190.8 , 162.2 ,

131.8,130.7,116.3,94.1,56.3 .

5.1.5 2,3-bis(methoxymethoxy)benzaldehyde (7b)
2,3-dihydroxybenzaldehyde (1.38 g, 10 mmol) in @M,Cl, (10
mL) was cooled to 0 °C. Then NaH (1.80 g, 30 mmd}s added. After
addition, chloro(methoxy)methane (1.93 g, 24 mmoljiry CHCI, (10
mL) was added dropwised. The reaction was warmedraom
temperature and stirred for 24 h. The reaction gquenched with NECI
(ag) and extracted with GBI, (3x10 mL). The combined organic layers
were washed with brine, dried over JS&: and concentrated under

reduced pressure. The crude product was purified doyumn
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chromatography on silica (petroleum ether/ethytateel5:1) to afford a
compound7b (1.90 g, 84%) as a colorless oiH NMR (400 MHz,
CDCI3) 5 10.47 (s, 1H), 7.50 (dd,= 8.0, 1.6 Hz, 1H), 7.41 (dd,= 8.0,
1.6 Hz, 1H), 7.17-7.11 (m, 1H), 5.26 (s, 2H), 5(832H), 3.58 (s, 3H),
3.52 (s, 3H)C NMR (100 MHz, CDGJ) § 190.2, 150.1, 149.9, 130.6,
124.6, 122.3, 120.9, 99.7, 95.3, 57.9, 56.4.
5.1.6 2,4-bis(methoxymethoxy)benzaldehyde (7¢)
2,4-dihydroxybenzaldehyde (1.38 g, 10 mmol) in @M,Cl, (10
mL) was cooled to 0 °C. Then NaH (1.80 g, 30 mmd}p added. After
addition, chloro(methoxy)methane (1.93 g, 24 mmoljiry CHCI, (10
mL) was added dropwised. The reaction was warmedraom
temperature and stirred for 24 h. The reaction guenched with NECI
(ag) and extracted with GBI, (3x10 mL). The combined organic layers
were washed with brine, dried over JS&: and concentrated under
reduced pressure. The crude product was purified dojumn
chromatography on silica (petroleum ether/ethytateel5:1) to afford a
compound7c (1.94 g, 86%) as a colorless oiH NMR (400 MHz,
CDCly) 6 10.27 (s, 1H), 7.73 (d,= 8.8 Hz, 1H), 6.76 (d] = 2.0 Hz, 1H),
6.66-6.69 (m, 1H), 5.21 (s, 2H), 5.15 (s, 2H), 345 3H), 3.41 (s,
3H).C NMR (100 MHz, CDGJ) & 188.4, 163.5, 161.3, 130.2, 120.2,
109.5, 102.6, 94.7, 94.2, 56.6, 56.4.
5.1.7 2,3,4-tris(methoxymethoxy)benzaldehyde (7d)
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2,3,4-trihydroxybenzaldehyde (1.54 g, 10 mmol) g @H,Cl, (10
mL) was cooled to 0 °C. Then NaH (2.10 g, 35 mma}p added. After
addition, chloro(methoxy)methane (2.57 g, 32 mmoljiry CHCI, (10
mL) was added dropwised. The reaction was warmedraom
temperature and stirred for 24 h. The reaction gquenched with NECI
(aq) and extracted with GBI, (3x10 mL). The combined organic layers
were washed with brine, dried over JS&: and concentrated under
reduced pressure. The crude product was purified dojumn
chromatography on silica (petroleum ether/ethykateel5:1) to afford a
compound7d (2.70 g, 94%) as a colorless oiH NMR (400 MHz,
CDCl) & 10.29 (s, 1H), 7.61 (d,= 8.8 Hz, 1H), 7.04 (d] = 8.8 Hz, 1H),
5.27 (s, 2H), 5.27 (s, 2H), 5.15 (s, 2H), 3.6238), 3.58 (s, 3H), 3.51 (s,
3H). **C NMR (100 MHz, CDGJ)  188.9 , 156.6 , 154.2 , 138.9 , 124.9 ,

124.4,111.3,100.3,98.8,94.8,57.9, 5645 .

5.1.8
(E)-1-(7-hydroxy-5-(methoxymethoxy)-2,2-dimethyl-2Hchromen-8-y
1)-3-(4-(methoxymethoxy)phenyl)prop-2-en-1-one (8a)

Compound6 (0.10 g, 0.36 mmol) in EtOH (3 mL) was cooled to
0 °C. Then KOH (30% aq) (1 mL) was added slowlyteAfaddtion,
compound/a (72 mg, 0.43 mmol) was added. The reaction watetda
50 °C for 6h. After cooling down to 0 °C, 2N HCI svadded to the

reaction mixture until the pH = 5-6. The perciptatas filtered and dried
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to give compounda (0.13 g, 83%) as a red solitH NMR (400 MHz,
CDCly) 6 14.0 (s, 1H), 8.02 (d] = 15.6 Hz, 1H), 7.76 (d] = 15.6 Hz,
1H), 7.55 (dJ = 8.8 Hz, 2H), 7.07 (d] = 8.8 Hz, 2H), 6.62 (d] = 10.0
Hz, 1H), 6.24 (s, 1H), 5.47 (d,= 10.0 Hz, 1H), 5.22 (s, 4H), 3.493 (s,
3H), 3.489 (s, 3H), 1.54 (s, 6KC NMR (100 MHz, CDGJ) & 193.0,
166.9, 159.0, 158.5, 155.8, 142.3, 129.9, 129.4.6,2124.8, 116.8,
116.6, 107.0, 103.6, 95.3, 94.3, 94.2, 78.0, 5865, 28.0.

5.1.9
(E)-3-(2,3-bis(methoxymethoxy)phenyl)-1-(7-hydroxys-(methoxymet

hoxy)-2,2-dimethyl-2H-chromen-8-yl)prop-2-en-1-on€8b)

Compound6 (0.10 g, 0.36 mmol) in EtOH (3 mL) was cooled to
0 °C. Then KOH (30% aq) (1 mL) was added slowlyteAfaddtion,
compound/b (98 mg, 0.43 mmol) was added. The reaction watetda
50 °C for 6h. After cooling down to 0 °C, 2 NHCI svadded to the
reaction mixture until the pH = 5-6. The perciptatas filtered and dried
to give compoundb (0.15 g, 86%) as a red solitH NMR (400 MHz,
CDCly) & 14.05 (s, 1H), 8.23 (d} = 16.0 Hz, 1H), 8.08 (d] = 16.0 Hz,
1H), 7.33 (d,) = 8.0 Hz, 1H), 7.19 (d] = 8.8 Hz, 1H), 7.08 (1] = 8.0 Hz,
1H), 6.61 (d,J = 10.0 Hz, 1H), 6.25 (s, 1H), 5.47 @= 10.0 Hz, 1H),
5.22 (s, 4H), 5.19 (s, 2H), 3.64 (s, 3H), 3.513(), 3.49 (s, 3H), 1.54 (s,

6H).*C NMR (100 MHz, CDGCJ) & 192.0, 165.9, 157.6, 154.9, 149.5,
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145.4, 136.3, 129.8, 127.4, 123.9, 123.5, 119.00.(,1115.7, 106.0,

102.6, 98.4, 94.3,94.2, 93.3, 77.0, 56.9, 55.53,55/.0 .

5.1.10
(E)-3-(2,4-bis(methoxymethoxy)phenyl)-1-(7-hydroxys-(methoxymet
hoxy)-2,2-dimethyl-2H-chromen-8-yl)prop-2-en-1-on€8c)

Compound6 (0.10 g, 0.36 mmol) in EtOH (3 mL) was cooled to
0 °C. Then KOH (30% aq) (1 mL) was added slowlyteAfaddtion,
compound/c (98 mg, 0.43 mmol) was added. The reaction watetida
50 °C for 6h. After cooling down to 0 °C, 2 NHCI svadded to the
reaction mixture until the pH = 5-6. The perciptatas filtered and dried
to give compoundc (146 mg, 84%) as a red solitH NMR (400 MHz,
CDCl) & 14.16 (s, 1H), 8.21 (d = 15.6 Hz, 1H), 8.02 (d] = 15.6 Hz,
1H), 7.60 (dJ = 8.8 Hz, 1H), 6.87 (d] = 2.4 Hz, 1H), 6.76 (dd] = 8.8
Hz, 2.4 Hz, 1H), 6.62 (dl = 10.0 Hz, 1H), 6.24 (s, 1H), 5.47 (= 10.0
Hz, 1H), 5.26 (s, 2H), 5.22 (s, 2H), 5.20 (s, 2851 (s, 3H), 3.50 (s, 3H),
3.49 (s, 3H), 1.54 (s, 6HJC NMR (100 MHz, CDGJ) 5 193.0, 166.9,
158.6, 155.9, 150.5, 146.4, 137.4, 130.8, 128.4.0,2124.5, 120.0,
118.0, 116.7, 107.0, 103.6, 99.5, 95.3, 95.2, 9483), 58.0, 56.5, 56.3,

28.0.

5.1.11
(E)-1-(7-hydroxy-5-(methoxymethoxy)-2,2-dimethyl-2Hchromen-8-y

)-3-(2,3,4-tris(methoxymethoxy)phenyl)prop-2-en-Ione (8d)
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Compound6 (0.10 g, 0.36 mmol) in EtOH (3 mL) was cooled to
0 °C. Then KOH (30% aq) (1 mL) was added slowlyteAfaddtion,
compound7d (123 mg, 0.43 mmol) was added. The reaction waselde
to 50 °C for 6h. After cooling down to 0 °C, 2 NH@hs added to the
reaction mixture until the pH = 5-6. The perciptatas filtered and dried
to give compoundd (180 mg, 91%) as a red solftH NMR (400 MHz,
CDCL) & 14.2 (s, 1H), 8.16 (d] = 15.6 Hz, 1H), 8.04 (d] = 15.6 Hz,
1H), 7.39 (d,J = 8.8 Hz, 1H), 7.00 (d] =8.8 Hz, 1H), 6.61 (d] = 10.0
Hz, 1H), 6.24 (s, 1H), 5.47 (d,= 10.0 Hz, 1H), 5.25 (s, 2H), 5.21 (s, 2H),
5.20 (s, 2H), 5.16 (s, 2H), 3.64 (s, 3H), 3.623(), 3.52 (s, 3H), 3.49 (s,
3H), 1.54 (s, 6H}°C NMR (100 MHz, CDGJ) $192.9, 166.9, 158.5,
155.8, 153.0, 150.9, 139.7, 137.5, 126.7, 124.8,71222.5, 116.8, 111.9,
107.0, 103.5, 100.0, 98.8, 95.3, 95.0, 94.3, 78301, 57.4, 56.5, 56.4,
28.0.

5.1.12
(E)-1-(5,7-dihydroxy-2,2-dimethyl-2H-chromen-8-yl)3-(4-hydroxyph
enyl)prop-2-en-1-one (9a)

Compound8a (50 mg, 0.12 mmol) in MeOH (4 mL) and THF (1
mL) was added. The reaction mixture was cooled¥G,G@hen 2N HCI (1
mL) was added. After addtion, the mixture was hdate60 °C for 30
min. The mixture was poured in cold NaHC@q) and extracted with

EtOAc (3x10 mL). The combined organic layers wessked with brine,
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dried over NgSQO, and concentrated under reduced pressure. The crude
product was purified by column chromatography dicasi(petroleum
ether/ethyl acetate 4:1) to afford a compo@ad15 mg, 38%) as a red
solid. '"H NMR (400 MHz, DMSO) 13.84 (s, 1H), 10.83 (s, 1H), 10.17
(s, 1H), 7.84 (dJ = 16.0 Hz, 1H), 7.64 (d] = 16.0 Hz, 1H), 7.55 (d] =

8.6 Hz, 2H), 6.87 (dJ = 8.6 Hz, 2H), 6.52 (d] = 10.0 Hz, 1H), 5.96 (s,
1H), 5.57 (dJ = 10.0 Hz, 1H), 1.49 (s, 6HJC NMR (100 MHz, DMSO)

0 192.4, 165.3, 160.5, 160.1, 155.9, 143.3, 13026.4, 125.1, 124.0,
116.9, 116.5, 105.6, 102.5, 96.2, 78.1, 28.0; HRHKESI) m/z: Calcd for

CaoH170s [M-H] 337.1081; found, 337.1086.

5.1.13
(E)-1-(5,7-dihydroxy-2,2-dimethyl-2H-chromen-8-yl)3-(2,3-dihydrox

yphenyl)prop-2-en-1-one (9b)

Compounddb (50 mg, 0.102 mmol) in MeOH (4 mL) and THF (1
mL) was added. The reaction mixture was cooled¥G,dhen 3N HCI (1
mL) was added. After addtion, the mixture was hddte60 °C for 30
min. The mixture was poured in cold NaHE(q) and extracted with
EtOAc (3x10 mL). The combined organic layers wessked with brine,
dried over NgSO, and concentrated under reduced pressure. The crude
product was purified by column chromatography dicai(petroleum
ether/ethyl acetate 2:1) to afford a compo@hd(6 mg, 16%) as a red

solid.*H NMR (400 MHz, DMSO) 13.83 (s, 1H), 10.83 (s, 1H), 9.70 (s,
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1H), 9.19 (s, 1H), 8.04 (dl = 16.0 Hz, 1H), 7.64 (d) =16.0 Hz, 1H),
7.01 (d,J=8.0 Hz, 1H), 6.85 (d] = 8.0 Hz, 1H), 6.70-6.74 (m, 1H), 6.50
(d, J = 10.0 Hz, 1H) 5.9,5 (s, 1H), 5.54 (d] = 10.0 Hz, 1H), 1.48 (s,
6H).*C NMR (100 MHz, DMSO)$ 192.8, 165.8, 160.3, 156.1, 146.4,
146.3, 139.2, 126.9, 125.3, 122.8, 119.8, 119.3,41116.8, 105.8, 102.6,
96.2, 78.3, 27.8; HRMS (ESI) m/z: Calcd fosg8,/0s [M-H] 353.1031;

found, 353.1041.

5.1.14
(E)-1-(5,7-dihydroxy-2,2-dimethyl-2H-chromen-8-yl)3-(2,4-dihydrox

yphenyl)prop-2-en-1-one (9¢)

Compound8c (50 mg, 0.102 mmol) in MeOH (4 mL) and THF (1
mL) was added. The reaction mixture was cooled¥G,dhen 3N HCI (1
mL) was added. After addtion, the mixture was hédte60 °C for 30
min. The mixture was poured in cold NaHE(q) and extracted with
EtOAc (3x10 mL). The combined organic layers wessked with brine,
dried over NgSO, and concentrated under reduced pressure. The crude
product was purified by column chromatography dicai(petroleum
ether/ethyl acetate 2:1) to afford a compo@ad10 mg, 27%) as a red
solid. '"H NMR (400 MHz, DMSO) 14.21 (s, 1H), 10.74 (s, 1H), 10.31
(s, 1H), 9.98 (s, 1H), 8.05 (d,= 15.6 Hz, 1H), 7.85 (d} = 15.6 Hz, 1H),
7.34 (d,J = 8.4 Hz, 1H), 6.50 (dJ = 10.0 Hz, 1H), 6.41 (d] = 2.4 Hz,

1H), 6.35-6.30 (m, 1H), 5.92 (s, 1H), 5.53 Jds 10.0 Hz, 1H), 1.49 (s,
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6H).*C NMR (100 MHz, DMSO) 192.8 , 166.0 , 161.7, 159.9, 159.8,
156.1, 140.6, 132.2, 125.1, 123.3, 117.0, 114.8.5,0105.6, 103.2,
102.5, 96.2, 78.1, 27.7; HRMS (ESI) m/z: Calcd @gH;;0s [M-H]

353.1031,; found, 353.1034.

5.1.15
(E)-1-(5,7-dihydroxy-2,2-dimethyl-2H-chromen-8-yl)3-(2,3,4-trihydr

oxyphenyl)prop-2-en-1-one (9d)

Compound8d (50 mg, 0.09 mmol) in MeOH (4 mL) and THF (1
mL) was added. The reaction mixture was cooled¥G,dhen 3N HCI (1
mL) was added. After addtion, the mixture was hddate60 °C for 30
min. The mixture was poured in cold NaHE(@q) and extracted with
EtOAc (3x10 mL). The combined organic layers wessked with brine,
dried over NgSO, and concentrated under reduced pressure. The crude
product was purified by column chromatography dicai(petroleum
ether/ethyl acetate 2:1) to afford a compo@add(6 mg, 18%) as a red
solid.'H NMR (400 MHz, DMSOY 14.12 (s, 1H), 10.73 (s, 1H), 9.84 (s,
1H), 9.24 (s, 1H), 8.61 (s, 1H), 7.99 ®= 16.0 Hz, 1H), 7.90 (d] =
16.0 Hz, 1H), 6.92 (d] = 8.8 Hz, 1H), 6.49 (d] = 10.0 Hz, 1H), 6.41 (d,
J=8.8 Hz, 1H), 5.93 (s, 1H), 5.53 (@= 10.0 Hz, 1H), 1.48 (s, 6HjC
NMR (100 MHz, DMSO)s 192.7, 165.9, 160.0, 156.0, 149.6, 148.1,

140.8, 133.5, 125.2, 123.4, 120.6, 116.9, 115.8,6.A05.7, 102.5, 96.2,
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78.1, 27.8; HRMS (ESI) m/z: Calcd foedE;;O; [M-H] 369.0980; found,

369.0981.

5.1.16  1-(5,7-dihydroxy-2,2-dimethyl-2H-chromen-8{yethan-1-one
(11)

Compound6 (557 mg, 2.0 mmol) in MeOH (10 mL) was cooled to
0 °C, then 3N HCI (2.5 mL) was added. After addtitme mixture was
heated to 60 °C for 6h. The mixture was pouredcid 8laHCQ (aq) and
extracted with EtOAc (3x20 mL). The combined orgafayers were
washed with brine, dried over P80, and concentrated under reduced
pressure. The crude product was purified by colehmomatography on
silica (petroleum ether/ethyl acetate 20:1) to raffa compound.l (250
mg, 53%) as a yellow solidH NMR (400 MHz, DMSOY 13.55 (s, 1H),
10.83 (s, 1H), 6.47 (d,= 10.0 Hz, 1H), 5.90 (s, 1H), 5.52 (k= 10.0 Hz,
1H), 2.58 (s, 3H), 1.45 (s, 6HJC NMR (100 MHz, DMSO)$ 203.0,
165.3, 160.4, 157.0, 125.2, 116.7, 105.1, 102.8,98.3, 33.3, 27.8.
5.1.17
1,1'-(methylenebis(5,7-dihydroxy-2,2-dimethyl-2H-chomene-6,8-diyl

))bis(ethan-1-one) (12)

Compoundll (234 mg, 1.0 mmol) in Cl, (10 mL) was added
polyformaldehyde (15 mg, 0.5 mmol). The reactioxtore was heated
to 60 °C for 8h. Solvent was removed under redymedsure and the

residue was purified by by column chromatographysitina (petroleum
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ether/ethyl acetate 50:1) to afford a compod2d(170 mg, 71%) as a
yellow solid.'H NMR (400 MHz, CDC}) & 15.81 (s, 2H), 9.43 (s, 2H),
6.63 (d,J = 10.0 Hz, 2H), 5.43 (d = 10.0 Hz, 2H), 3.75 (s, 2H), 2.67 (s,
6H), 1.47 (s, 12H).**C NMR (100 MHz, CDGJ) § 202.8, 160.2, 157.3,

154.9, 124.0, 116.0, 104.9, 104.0, 102.4, 77.17,2K.9, 14 4.

5.1.18
(2E,2'E)-1,1'-(methylenebis(5,7-dihydroxy-2,2-dimdtyl-2H-chromen

e-6,8-diyl))bis(3-(4-(methoxymethoxy)phenyl)prop-2n-1-one) (13a)

Compoundl12 (0.24 g, 0.5 mmol) in EtOH (3 mL) was cooled to
0 °C. Then KOH (30% aq) (1 mL) was added slowlyteAfaddtion,
compound/a (200 mg, 1.2 mmol) was added. The reaction watetda
50 °C for 6h. After cooling down to 0 °C, 2N HCI svadded to the
reaction mixture until the pH = 5-6. The perciptatas filtered and dried
to give compound.3a (343 mg, 88% ) as a red solitH NMR (400 MHz,
CDCl) 6 9.69 (s, 2H), 8.11 (d] = 15.6 Hz, 2H), 7.82 (d] = 15.6 Hz,
2H), 7.56 (dJ = 8.8 Hz, 4H), 7.08 (d] = 8.8 Hz, 4H), 6.68 (d] = 10.0
Hz, 2H), 5.48 (dJ = 10.0 Hz, 2H), 5.22 (s, 4H), 3.82 (s, 2H), 3.496H),
1.53 (s, 12H)**C NMR (100 MHz, CDGJ) § 192.7, 162.9, 159.1, 158.7,
155.3, 143.2, 130.1, 129.3, 125.0, 124.9, 117.4.6,1106.6, 105.3,

103.8, 94.2, 78.1, 56.2, 28.0, 15.8.

5.1.19

(2E,2'E)-1,1'-(methylenebis(5,7-dihydroxy-2,2-dimdtyl-2H-chromen
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e-6,8-diyl))bis(3-(2,3-bis(methoxymethoxy)phenyl)mp-2-en-1-one)

(13b)

Compoundl12 (0.24 g, 0.5 mmol) in EtOH (3 mL) was cooled to
0 °C. Then KOH (30% aq) (1 mL) was added slowlyteAfaddtion,
compoundrb (270 mg, 1.2 mmol) was added. The reaction watetda
50 °C for 6h. After cooling down to 0 °C, 2N HCI svadded to the
reaction mixture until the pH = 5-6. The perciptatas filtered and dried
to give compound.3b (367 mg, 82%) as a red solfth NMR (400 MHz,
CDCly) § 9.70 (s, 2H), 8.30 (d] = 16.0 Hz, 2H), 8.17 (d] = 16.0 Hz,
2H), 7.34 (dd,J = 8.0, 1.2 Hz, 2H), 7.20 (dd,= 8.0, 1.2 Hz, 2H), 7.09 (t,
J=8.0 Hz, 2H), 6.67 (d] = 10.0 Hz, 2H), 5.48 (dl = 10.0 Hz, 2H), 5.22
(s, 4H), 5.20 (s, 4H), 3.82 (s, 2H), 3.66 (s, 6352 (s, 6H), 1.52 (s, 12H).
3C NMR (100 MHz, CDGJ) & 192.9, 163.0, 158.8, 155.4, 150.5, 146.5,
138.4, 130.7, 127.7, 125.1, 124.6, 120.1, 118.Z,.21106.6, 105.3,

103.8, 99.5, 95.2, 78.2, 58.0, 56.3, 28.0, 15.8.

5.1.20
(2E,2'E)-1,1'-(methylenebis(5,7-dihydroxy-2,2-dimdtyl-2H-chromen
e-6,8-diyl))bis(3-(2,4-bis(methoxymethoxy)phenyl)mp-2-en-1-one)
(13c)

Compoundl12 (0.24 g, 0.5 mmol) in EtOH (3 mL) was cooled to

0 °C. Then KOH (30% aq) (1 mL) was added slowlyteAfaddtion,

compound/c (270 mg, 1.2 mmol) was added. The reaction watetida
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50 °C for 6h. After cooling down to 0 °C, 2N HCI svadded to the
reaction mixture until the pH = 5-6. The perciptatas filtered and dried
to give compound.3c (250 mg, 56%) as a red solfti NMR (400 MHz,
CDCly) & 9.71 (s, 2H), 8.26 (d] = 16.0 Hz, 2H), 8.09 (d] = 16.0 Hz,
2H), 7.60 (d,J = 8.8 Hz, 2H), 6.87 (d] = 2.4 Hz, 2H), 6.76 (dd] = 8.8,
2.4 Hz, 2H), 6.68 (d) = 10.0Hz, 2H), 5.47 (d] = 10.0 Hz, 2H), 5.27 (s,
4H), 5.20 (s, 4H), 3.82 (s, 2H), 3.52 (s, 6H), 360 6H), 1.52 (s,
12H).PC NMR (100 MHz, CDGJ) § 192.9, 163.0, 160.5, 158.6, 157.8,
155.3, 138.2, 128.4, 125.0, 124.7, 119.3, 117.4.6.0106.6, 105.3,

103.7, 103.6, 94.8, 94.3, 78.0, 56.4, 56.3, 25(3.1

5.1.21
(2E,2'E)-1,1'-(methylenebis(5,7-dihydroxy-2,2-dimdtyl-2H-chromen
e-6,8-diyl))bis(3-(2,3,4-tris(methoxymethoxy)phenyprop-2-en-1-one)
(13d)

Compoundl12 (0.24 g, 0.5 mmol) in EtOH (3 mL) was cooled to
0 °C. Then KOH (30% aq) (1 mL) was added slowlyteAfaddtion,
compound/d (340 mg, 1.2 mmol) was added. The reaction watetida
50 °C for 6h. After cooling down to 0 °C, 2N HCI svadded to the
reaction mixture until the pH = 5-6. The perciptatas filtered and dried
to give compound.3d (387 mg, 76%) as a red solftH NMR (400 MHz,
CDCly) & 9.72 (s, 2H), 8.24 (d] = 15.6 Hz, 2H), 8.13 (d] = 15.6 Hz,

2H), 7.40 (d,J = 8.8 Hz, 2H), 7.01 (d] = 8.8 Hz, 2H), 6.66 (d] = 10.0
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Hz, 2H), 5.47 (dJ = 10.0 Hz, 2H), 5.25 (s, 4H), 5.21 (s, 4H), 5.8464H),
3.81 (s, 2H), 3.65 (s, 6H), 3.62 (s, 6H), 3.526(d), 1.52 (s, 12H):°C
NMR (100 MHz, CDC)) 6 192.7, 163.1, 158.7, 155.3, 153.2, 151.1,
139.7, 138.5, 125.9, 125.0, 124.6, 122.6, 117.2.0,1106.6, 105.2,
103.7, 100.0, 98.8, 95.0, 78.1, 58.2, 57.4, 5@84),215.8.
5.1.22
(2E,2'E)-1,1'-(methylenebis(5,7-dihydroxy-2,2-dimdtyl-2H-chromen
e-6,8-diyl))bis(3-(4-hydroxyphenyl)prop-2-en-1-onejl4a)
Compoundl3a (78 mg, 0.10 mmol) in MeOH (3 mL) and THF (3
mL) was added. The reaction mixture was cooled¥G,G@hen 2N HCI (1
mL) was added. After addtion, the mixture was heé#abed40 °C for 10 h.
The mixture was poured in cold NaHg@q) and extracted with EtOAc
(3x10 mL). The combined organic layers were washid brine, dried
over NaSO, and concentrated under reduced pressure. The pradact
was purified by column chromatography on silicati@eum ether/ethyl
acetate 4:1) to afford a compoufda (28 mg, 40%) as a red solitH
NMR (400 MHz, DMSO) 15.36 (s, 2H), 10.17 (s, 2H), 7.92 {d; 15.6
Hz, 2H), 7.72 (dJ = 15.6 Hz, 2H), 7.56 (d = 8.8 Hz, 4H), 6.87 (d] =
8.8 Hz, 4H), 6.63 (dJ = 10.0 Hz, 2H), 5.60 (d} = 10.0 Hz, 2H), 3.78 (s,
2H), 1.50 (s, 12H)*C NMR (100 MHz, DMSOY 192.5, 163.7, 160.7,

154.5, 143.9, 130.9, 126.4, 125.7, 123.6, 117.8.6,1107.3, 105.2,
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103.0, 78.0, 27.9, 16.3; HRMS (ESI) m/z: Calcd @§Hs50:0 [M-H]

687.2236; found, 687.2219.

5.1.23
(2E,2'E)-1,1'-(methylenebis(5,7-dihydroxy-2,2-dimdtyl-2H-chromen
e-6,8-diyl))bis(3-(2,3-dihydroxyphenyl)prop-2-en-1ene) (14b)
Compoundl3b (90 mg, 0.10 mmol) in MeOH (3 mL) and THF (3
mL) was added. The reaction mixture was cooled¥G,dhen 2N HCI (1
mL) was added. After addtion, the mixture was heé#abe40 °C for 10 h.
The mixture was poured in cold NaHg@q) and extracted with EtOAc
(3x10 mL). The combined organic layers were washid brine, dried
over NaSQ, and concentrated under reduced pressure. The pradact
was purified by column chromatography on silicati@eum ether/ethyl
acetate 2:1) to afford a compoufdb (26 mg, 37%) as a red solitH
NMR (400 MHz, DMSO) 15.30 (s, 2H), 9.71 (s, 2H), 9.22 (s, 2H), 8.15
(d, J = 15.6 Hz, 2H), 7.99 (d] = 15.6 Hz, 2H), 7.02 (d} = 7.2 Hz, 2H),
6.86 (d,J = 7.6 Hz, 2H), 6.72 (1) = 7.8 Hz, 2H), 6.61 (d] =10.0 Hz,
2H), 5.55 (dJ = 9.6 Hz, 2H), 3.76 (s, 2H), 1.48 (s, 12HE NMR (100
MHz, DMSO) s 193.0, 163.7, 154.6, 146.6, 146.3, 139.8, 12625,9,
122.7, 119.8, 119.4, 117.6, 117.2, 107.2, 105.3,0,0/9.6, 78.2, 27.8,
16.3; HRMS (ESI) m/z: Calcd for &H350:, [M-H] 719.2134; found,

719.2112.
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5.1.24
(2E,2'E)-1,1'-(methylenebis(5,7-dihydroxy-2,2-dimdtyl-2H-chromen

e-6,8-diyl))bis(3-(2,4-dihydroxyphenyl)prop-2-en-1ene) (14c)

Compoundl3c (90 mg, 0.10 mmol) in MeOH (3 mL) and THF (3
mL) was added. The reaction mixture was cooled¥G,G@hen 2N HCI (1
mL) was added. After addtion, the mixture was heé#abe40 °C for 10 h.
The mixture was poured in cold NaHg@q) and extracted with EtOAc
(3x10 mL). The combined organic layers were washid brine, dried
over NaSO, and concentrated under reduced pressure. The pradact
was purified by column chromatography on silicati@eum ether/ethyl
acetate 2:1) to afford a compoufdc (25 mg, 35%) as a red solitH
NMR (400 MHz, DMS0)s 16.20 (s, 2H), 10.41 (s, 2H), 10.06 (s, 2H),
8.16 (d,J = 15.6 Hz, 2H), 7.94 (d] = 15.6 Hz, 2H), 7.36 (d] = 8.8 Hz,
2H), 6.60 (dJ = 10.0 Hz, 2H), 6.43 (d = 2.4 Hz, 2H), 6.34 (dd} = 8.8,
2.4 Hz, 2H), 5.57 (dJ = 10.0 Hz, 2H), 3.75 (s, 2H), 1.49 (s, 12H¢
NMR (100 MHz, DMSO)s 192.8, 163.8, 162.0, 160.2, 154.7, 141.7,
132.5,125.7,122.7,117.2, 114.3, 108.7, 107.2,11A03.2, 103.1, 78.1,
66.8, 27.7, 16.0; HRMS (ESI) m/z: Calcd forls<0:, [M-H] 719.2134;

found, 719.2106.

5.1.25
(2E,2'E)-1,1'-(methylenebis(5,7-dihydroxy-2,2-dimdtyl-2H-chromen

e-6,8-diyl))bis(3-(2,3,4-trinydroxyphenyl)prop-2-enl-one) (14d)
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Compoundl3d (102 mg, 0.10 mmol) in MeOH (3 mL) and THF (3
mL) was added. The reaction mixture was cooled¥G,G@hen 2N HCI (1
mL) was added. After addtion, the mixture was heé#abed40 °C for 10 h.
The mixture was poured in cold NaHg@q) and extracted with EtOAc
(3x10 mL). The combined organic layers were washid brine, dried
over NaSO, and concentrated under reduced pressure. The pradact
was purified by column chromatography on silicati@eum ether/ethyl
acetate 1:1) to afford a compouhdd (20 mg, 26%) as a red solitH
NMR (400 MHz, DMSO) 16.07 (s, 2H), 9.89 (s, 2H), 9.32 (s, 2H), 8.66
(s, 2H), 8.09 (dJ = 15.6 Hz, 2H), 7.98 (d} = 15.6 Hz, 2H), 6.93 (d] =
8.8 Hz, 2H), 6.60 (d] = 10.0 Hz, 2H), 6.42 (d} = 8.8 Hz, 2H), 5.56 (d]
= 10.0 Hz, 2H), 3.74 (s, 2H), 1.48 (s, 12f. NMR (100 MHz, DMSO)

6 192.8, 163.7, 154.7, 149.9, 148.5, 133.5, 12622.7, 121.2, 117.1,
115.2, 108.5, 107.1, 105.2, 103.0, 79.6, 78.2, ,271kb.2;
HRMS (ESI) m/z: Calcd for £H350.4 [M-H]- 751.2032; found, 751.203

0
5.2 Biology evaluation
5.2.1 Cell lines and culture conditions

PC12 cell line was obtained from the Shanghai tinss of Biological
Sciences (Shanghai, China). Cells were grown at@1 RPMI-1640

supplemented with 10% fetal bovine serum, 2.05 nhiagnine, and 1%
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penicillin/streptomycin in a humidified atmospharentaining 5% CQ

The medium was replaced once every third day.

5.2.2 Cytotoxic analysis in human normal cells lin&llUVEC

HUVEC cells (100QuL) were cultured in 96-well plates at a density of
5 x10 cells per well for 24 h. 0.5L of compounds (solved in DMSO)
were added to each well to culture for addition&dlid Then 20uL of
MTT solution (5 mg/ml) was added to each well andubated for
another 4 h. The cells in each well were then sl with DMSO
(100 uL for each well) and the optical density (OD) wasarded at 490
nm. DMSO was used as positive control and thg V&@lues were derived
from the mean OD values of the triplicate testswerusing Graph Pad
Prism 5.0.
5.2.3 MTT assay in HO,-damaged PC12 cells

H,O.-induced PC12 cells oxidative-damage model wasbksited

and the cell viability was evaluated by MTT assayaameasure of the
antioxidant activity of test compounds. Gallic gadwell-known potent
antioxidant, was used as a positive control. ByjeRC12 cells were
plated in 96-well plates at a density of 5xX@lls per well in 90uL
medium. After 24 h incubation, DMSO, test compouad,gallic acid
(0.01, 0.1, 1, 10 and 1QMM) were added to each well and incubated for
0.5 h. Subsequently,.B, (100 uM) was added and cells were incubated

for 2 h to induce cell injury. MTT assay was pemied as mentioned
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above. For each treatment, the mean cell viabiias calculated from
three independent experiments. The DMSO-treatedtralen were
assigned a cell viability value of 100%.
5.2.4 Flow cytometric analysis of apoptosis

Cells were assayed by the Annexin-V-FITC Apoptdsesection Kit
(BD Biosciences, USA) according to the manufactarastructiong30].
Briefly, PC12 cells were treated using the samehoekas for MTT assay.
The concentrations of compountdd or gallic acid were 10uM.
Damaged PC12 cells were harvested, washed twide iegtcold PBS,
and resuspended in 1x binding buffer at a concémtraof 1x10
cells/mL. Subsequently, the cells were stained wih pL
Annexin-V-FITC and GuL PI (50ug/mL) for 15 min in the dark at 25 °C,
and analyzed by flow cytometry.
5.2.5 LDH assay

The plasma membrane damage of PC12 cells was deésltoy the
release of LDH into the medium [24] . PC12 cellsi@ cells/mL in 6
cm dish) were treated as described in MTT assag. cdncentration of
compoundl4d or gallic acid was 1QM. The supernatant was harvested
for the spectrophotometric determination of the LDdease using an
assay kit (Nanjing Jiancheng Co., China) accortiinthe manufacturer’s
protocol; the absorbance of samples was read and00
5.2.6 8-OHdG assay
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8-hydroxy-2' -deoxyguanosine (8-OHdG) is one of phedominant
forms of free radical-induced oxidative lesionsddras therefore been
widely used as a biomarker for oxidative stf@&. PC12 cells (3x10
cells/mL in 6 cm dish) were treated using the same¢hod as described
for MTT assay. The concentration of compourdd or gallic acidwas 10
uM. Damaged PC12 cells were harvested by centrifoigatvashed twice
with PBS (pH 7.0), and resuspended with CHAPS Ipsier (110puL)
for 30 min on ice. After repeated freezing and timgwfor 5 times, the
lysate was centrifuged (15000 rpm, 15 min) to abtaupernatant.
Oxidative DNA damage (8-hydroxy-2'-deoxyguanosieeid/guanosine
ratio) was assayed by the assay kit (Nanjing JeamghCo., China)
according to the manufacturer’s instructions.
5.2.7 GSH assay

Glutathione (GSH) is an important antioxidant eneyrReduced
GSH levels indicate oxidative stress and decreastitiency of
antioxidant system [26] . GSH peroxidase activigswneasured at 405
nm based on the rate of oxidation of reduced diwdat to oxidized
glutathione by KO, under the catalysis of glutathione peroxidase.Z2C1
cells (3x18 cells/mL in 6 cm dish) were treated using the same¢hod
as described in MTT assay. The concentration ofpmamd14d or gallic
acidwas 1QuM. Damaged PC12 cells were harvested by centrifigat
washed twice with PBS (pH 7.0), and resuspend€&HAPS lysis buffer
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(110 uL) for 30 min on ice. The lysate was centrifuge8dQ0 rpm, 15
min) to obtain supernatant. GSH assay was perfoused an assay kit
(Nanjing Jiancheng Co., China) according to the ufagturer’s
instructions.
5.2.8 Antioxidant activity by FRAP assay

The ferric reducing antioxidant power (FRAP) measurthe
antioxidant capacity to reduce the *Feipyridyl-s-triazine (TPTZ)
complex to the ferrous form [31]. A mixture confaimp phosphate buffer
(0.2 M, pH 6.6, 251L) and potassium ferricyanide (1.0% w/v, gb)
was freshly prepared and warmed to 37 °C. Diffemmtcentrations of
the compoundl4d or DMSO (10uL) were added to the mixture and
incubated at 50 °C for 20 min. Subsequently, taobdcetic acid (2L
10%), HO (25uL) and ferric chloride (2%L) were added to the mixture
and incubated for 10 min. The decrease in absorptidhe complex was
measured at 660 nm. Each analysis was performedpiicate. The
vitamin C (Vc) standard was diluted to differentcentrations (100-600
mg/mL) for the experiment. The ferric-reducing aritlant power in the
reaction medium was calculated from the calibratiorve derived from a
serial dilution of the Vc standard. The equivalantounts of Vc for test
compound were calculated from three independergraxpnts.

5.2.9 Antioxidant activity by ABTS assay
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Radical scavenging activity of compouddd was measured by a
modified ABTS assay [32]. The ABTS radical cati@say is one of the
most commonly used methods for screening and etraduantioxidants
currently. To prepare ABTS stock solution, ABTS plewwas dissolved
in sodium acetate buffer to a final concentratioi@ mM. HO, (35%,
172.7 uL) was added to the ABTS solution to produce ABHESical
cation (ABTS). The ABTS mixture was kept in dark for 12 h before use.
The ABTS working solution was freshly prepared hlutthg ABTS'
mixture with sodium acetate to an absorbance dd @f7650hm. The
ABTS assay was performed in 96-well plates comainest compounds
(5.5uL) and ABTS working solution (13QL). The mixture was gently
shaken by a microplate reader for 30 seconds. Tserption of the
complex was measured after 10 min at 650 nm. Thg #lues for the
test compound were calculated from three indepenegperiments by
nonlinear regression using Graph Pad Prism 5.0.

5.3 Statistical analysis

All data were expressed as mean + S.D. Results amab/zed by
one-way analysis of variance (ANOVA), and signifitdifferences were
determined by post-hoc Tukey test using SPSS 2ift@are. ##P < 0.01

compared to control cells; **P < 0.01 compared {@Htreated cells.
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Figure captions:

Fig. 1 Toxicity of compoundl and9a on PC12 cell. Cell viability of test
compound-treated PC12 cells was evaluated by MThyadG, was

calculated to reflect the cytotoxicity of test coyopds.

Fig. 2 Antioxidant activity of compound 9a, 9b, 9c, 9d aadllic acid.
Antioxidant activity of test compounds was evaldatesing the
H,O,-induced PC12 cells oxidative-damage model. Celbiity in test
compound (9a, 9b, 9c, 9d, 1QM) pre-treated PC12 cells was evaluated
by MTT assay. The DMSO-treated controls were agsigncell viability
value of 100%. Gallic acid was used as a positmatrol. ##P < 0.01

compared to control cells; *P < 0.01 compared {@Htreated cells.
Fig. 3 Comparsion of antioxidant activity between compo@adind 14a.

Antioxidant activity of test compounds was evaldatesing the
H,O,-induced PC12 cells oxidative-damage model. Celbiity in test
compound (9, 14a, 100M) pre-treated PC12 cells was evaluated by
MTT assay. The DMSO-treated controls were assigmexll viability
value of 100%. Gallic acid was used as appositoarol. ##P < 0.01

compared to control cells; **P < 0.01 compared {@Htreated cells.

Fig. 4 Comparsion of antioxidant activity between monor@ey 9c, 9d

and 14b, 14c, 14d
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Antioxidant activity of test compounds was evaldatesing the
H,O,-induced PC12 cells oxidative-damage model. Celbiity in test
compound (9b, 9c, 9d, 14b, 14c, 14d, 100 pre-treated PC12 cells was
evaluated by MTT assay. The DMSO-treated contrasewassigned a
cell viability value of 100%. Gallic acid was usad appositive control.
##P < 0.01 compared to control cells; *P < 0.0lmpared to

H,O,-treated cells.

Fig. 5 Compoundl4d attenuated bD,-induced apoptosis of PC12 cells.
(A) Morphological changes (at 200 x) in PC12 célesated with HO,
(100uM, 2 h) and compounii4d (10 uM, 0.5 h). Control cells were only
treated with medium containing 0.1% dimethyl suifiex(DMSO). Cells
treated with gallic acid (1QM) were used as positive control. (B) The
protective effect of compounti4d (10 uM) on apoptosis in BD,-injured
PC12 cells using double staining with Annexin V/Ballic acid (10uM)

was used as positive control.

Fig. 6 Effects of compound4d pretreatment on the release of LDH (A);
the generation of 8-OHdG (B); and the level of G&Hi, in H,O,-injured
PC12 cells. Cells were pretreated with compotid (10 uM) for 0.5 h
and then incubated with,B, (100 uM, 2 h). All data are presented as
means = SD, n = 3. ##P < 0.01 compared to congitd;cP < 0.05, **P

< 0.01 compared to JD,-treated cells.
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Table 1 Toxicity of compound 1 and 9a on HUVEC cell.

(um) Compound 1 Compound 9a
Mean IC;, 18.92 41.15
S.D. 1.02 7.56

Table 2 The cell viability after pre-treated with test compound (100 uM) in H,O,-damaged PC12 cells.

Compound 9a 9b 9¢ 9d 14a 14b 14c 14d

Cell Viability (%) 20.59 54.46 24.08 84.02 44.86 77.54  43.40 85.25

S.D. 4.46 2.97 2.04 2.53 1.79 3.90 1.80 3.39




Table 3 Equivalent amounts of V¢ and EC, values representing ABTS* radicals scavenging activity of compound 14d
and gallic acid. Each value represents percent means = SD of three independent experiments conducted in triplicate.
EC,,indicates concentration of drug causing 50% scavenging of ABTS* radicals.

Equivaent amount of Vc Scavenging activity of

Compound (mg/mmol) ABTS*
(ECso, UM)
Gallic acid 531.02 & 26.47 0.35 = 0.01

Compound 14d 648.44 + 9.50 0.54 + 0.09
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Figure 5 Compound 14d attenuated H,O,-induced apoptosis of PC12 cells.
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Highlights

Four ring-closing analogs of Desmethylxanthohumol were synthesized.

The catechol motif is critical for the antioxidant activity.

The dimers show better antioxidant activity than the corresponding monomers.
Compound 14d was identified as the most potent antioxidant activity.

LA

Compound 14d decreased apoptosis in H,O,-treated PC12 cells.



