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Highly efficient green synthesis and photodynamic
therapeutic study of hypericin and its derivativest

Ying Zhang, Kug Shang, Xiaowen Wu, Siyu Song, Zebo Li, Zhichao Pei®
and Yuxin Pei@®*

A highly efficient synthetic pathway for hypericin (7a) was achieved under mild conditions with an overall
yield over two steps of 92% using emodinanthrone as a starting material, where protohypericin, a key
precursor of hypericin, was synthesized in water with microwave assistance, which was then
photocyclized to hypericin with a high yield via 1 h irradiation in a visible light reactor equipped with
575 nm monochromatic lamps. In addition, the method could be used to synthesize hypericin derivatives
(7b—d) with similar overall yields. Furthermore, their effects of photodynamic therapy (PDT) were
evaluated on A431, HepG-2, and MCF-7 cell lines. The PDT of 7b was better than that of 7a, whereas 7c

and 7d were worse. Unlike other cell lines, MCF-7 was not sensitive to any of 7a—d at the same

rsc.li/rsc-advances concentrations.

Introduction

Hypericin is a natural polycyclic aromatic dianthraquinone
present in the St. John's Wort plant (Hypericum perforatum).* It
has been used as a traditional herbal medicine since ancient
times for its anti-viral, anti-bacterial, and anti-inflammatory
properties as well as to treat depression.>” In recent years, it
has attracted increasing interest due to its potential as an
effective photosensitizer used in photodynamic therapy (PDT)
to fight various cancers.**°

The isolation of pure hypericin from Hypericum perforatum is
a tedious procedure due to its very low content in the plant (0.03
to 0.09%)" and poor solubility in solvents." To meet the needs
of hypericin demand both from academic and industrial areas,
great efforts have been made in the past to develop a way for it to
be chemically synthesized. The first step towards the successful
chemical synthesis of hypericin dates back to 1957, when
Brockmann and his co-workers for the first time reported a total
synthetic pathway of hypericin. Their pathway started from 3,5-
dimethoxybenzoic acid methyl ester and involved 12 steps in
total that resulted in a low overall yield of hypericin of 6% to
9%."> Other total synthetic methods that were later developed
started with ethyl formate, chlorinated ketene or 2-methyl
anthraquinone, and shortened the synthetic pathway to 6 to 8
steps, although none of these methods reached an overall yield
that was higher than 10%.%**"** In addition, these methods were
generally characterized by the usage of extremely high
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temperature, pressure and as having a very long reaction time
(up to 10 days). Besides the total synthesis, semi-synthesis of
hypericin was proposed by Falk and coworkers using emodin
extracted from Cortex frangulae as the starting material.* Falk's
method only required 3 steps, where emodin was first reduced
to emodinanthrone by SnCl, in concentrated HCI with a high
yield of 90%, and then emodinanthrone took place oxidative
dimerization in pyridine to form protohypericin, which was
finally photocyclized to hypericin upon irradiation of visible
light overnight in a moderate yield of 56% (overall yield was
51.6%). Although the overall yield was later increased to 74% by
the same group by introducing microwave assistance in the
synthesis of protohypericin, the reaction was carried out in
a toxic organic solvent DMF and in the presence of a corrosively
organic base potassium t-butoxide.'® Additionally, the photo-
cyclization step of protohypericin to hypericin took place over-
night with a 500 W halogen lamp."” Therefore, it is necessary to
find an efficient pathway for the synthesis of hypericin, where
the required reactions can be performed under mild conditions,
the solvents involved in each step are less or non-toxic, easy to
handle after the reactions, and would preferably be water based
to comply with the standpoints of green chemistry.

In this paper, as shown in Scheme 1, a greatly more efficient,
facile and environmentally friendly method for the synthesis of
hypericin (7a) was developed. This method started with the
easily available emodinanthraquinone, from where its
precursor protohypericin was obtained in water by using
microwaves and the irradiation of protohypericin in acetone
with 575 nm visible light. This method resulted in a high
hypericin overall yield. Furthermore, we delightedly found that
the strategy could be successfully adapted for the synthesis of
the derivatives of hypericin (7b-d), which are especially

This journal is © The Royal Society of Chemistry 2018
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Scheme 1 General synthetic pathway of hypericin (7a) and its deriv-
atives (7b—d). Reagents and conditions: (1) 1.5% NaOH/H,O, pyridine-
N-oxide, FeSO4-7H,0, 105 °C, 10 W, 70 min, N, by microwave reactor;
(2) 575 nm monochromatic light, acetone, N,, 60 min.

significant in new photosensitizer discovery'®" used in cancer
photodynamic therapy.

Experimental
General remarks

All reagents and solvents were purchased from commercial
suppliers and used without further purification unless specified.
Dimethyl sulfate, N-bromosuccinimide (NBS), 18-crown-6 and
benzoyl peroxide (BPO) were purchased from Energy Chemical
Reagent Co. Triphenyl phosphine and tin(u) chloride dehydrate
(SnCl,-2H,0) were purchased from Sinopharm Chemical Reagent
Co. Butyraldehyde was purchased from TCI. Benzaldehyde was
purchased from Aladdin. Ferrous sulfate heptahydrate (FeSO,-
-7H,0) was purchased from Tianjin Bodi Chemical Co., Ltd. 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was
purchased from Kehao Biotech Co., Ltd. Flash chromatography
was performed using silica gel with a grain size of 40-63 pm
(Qingdao Haiyang Co., Ltd). RPMI 1640 medium, Dulbecco's
Modified Essential Medium (DMEM) and trypsin-EDTA solution
were obtained from Gibco BRL Co., Ltd. Penicillin/streptomycin
was purchased from Nanjing KeyGen Biotech, fetal bovine serum
was purchased from YuanhengJinma Co., Ltd.

"H NMR and "*C NMR spectra were recorded on a Bruker 500
MHz Spectrometer with working frequencies of 500 MHz for "H
and 125 MHz for '°C, respectively, in DMSO-ds, MeOH-d, or
CDCl;. The residual signals from DMSO-d (*H: 6 2.50 ppm; *C:
4 39.52 ppm), or MeOH-d, (*H: ¢ 3.31 ppm; *C: 6 49.00 ppm),
CDCI; (*H: 6 7.26 ppm; *C: 6 77.00 ppm) were used as internal
standards. HRMS (High Resolution Mass Spectrometer) anal-
ysis was performed on Agilent 1290-6540 UHPLC Q-TOF-HRMS.
Microwave assisted syntheses were performed with Discover SP
(USA). Photochemical reaction was performed with a Rayonet
Chamber Reactor (Model RPR-100) equipped with 16 of 575 nm
monochromatic lamps (25 W per lamp, 400 W in total, USA).
The UV-Vis spectra were recorded with a Shimadzu 1750 UV-
Visible spectrophotometer (Japan) at 298 K. The melting
points were measured by a WRS-2 melting point apparatus
(Shanghai, China) with a range of room temperature to 300 °C.
The compounds 4, 12, 14 were prepared according to the pub-
lished procedures®”** (details can be found in ESIT).
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1,3,8-Trihydroxy-6-methylanthracen-9(10H)-one (5a). Compound
5a was synthesized by following a published procedure.* To
a 250 mL flask, emodin (1.36 g, 5.0 mmol) was stirred in 100 mL
glacial acetic acid (98%) at 60 °C. Then SnCl,-2H,0 (7.9 g, 35
mmol) dissolved in 50 mL concentrated hydrochloric acid was
added dropwise into the flask. Then this resulting solution was
refluxed for 2 h, which was then poured into ice water. The
precipitate formed was filtered, washed with deionized water,
and then vacuum dried. The crude was purified by flash column
chromatography (eluent: petroleum ether/ethyl acetate = 4: 1,
v/v) to give 5a as a pale yellow solid (1.22 g, 96%). "H NMR (500
MHz, DMSO-d) 6 12.37 (s, 1H), 12.21 (s, 1H), 10.82 (s, 1H), 6.77
(s, 1H), 6.67 (s, 1H), 6.42 (s, 1H), 6.22 (d,J = 4.3 Hz, 1H), 4.29 (s,
2H), 2.32 (s, 3H) ppm.*

4,5,7-Trihydroxy-10-0x0-9,10-dihydroanthracene-2-carboxylic acid
(5b). Compound 5b was synthesized by following a published
procedure.” To a 50 mL flask, compound 4 (300 mg, 1.0 mmol) was
dissolved in 20 mL glacial acetic acid at 60 °C. To this solution,
SnCl,-2H,0 (1.59 g, 7.0 mmol) dissolved in 11 mL concentrated
hydrochloric acid was added drop wise. Then this resulting solution
was refluxed for 2 h, which was then poured into ice water. The
precipitate formed was filtered, washed with deionized water, and
vacuum dried. The crude was purified by flash column chromatog-
raphy (eluent: petroleum ether/ethyl acetate = 4 : 1, v/v) to give 5b as
a pale yellow solid (0.3 g, 92%). "H NMR (500 MHz, DMSO-dg) 6 13.24
(br, 1H), 12.29 (s, 1H), 12.22 (s, 1H), 10.99 (s, 1H), 7.46 (s, 1H), 7.27 (s,
1H), 6.445-6.439 (m, 1H), 6.25 (d, J = 2.7 Hz, 1H), 4.42 (s, 2H) ppm.**

1,3,8-Trihydroxy-6-pentylanthracen-9(10H)-one (5¢). Compound
5c¢ was synthesized by following a published procedure with modi-
fication.” To a 25 mL flask, 12 (55.6 mg, 0.15 mmol) was dissolved
in 7 mL glacial acetic acid. To this solution, SnCl, - 2H,0 (270 mg, 1.2
mmol) dissolved in 4 mL 33% HBr was added drop wise. After being
refluxed for 1.5 h, the reaction mixture was then poured into ice
water. The precipitate formed was filtered, washed with deionized
water, and vacuum dried. The crude product was purified by flash
column chromatography (eluent: petroleum ether/ethyl acetate =
6 : 1, v/v) to give 5c as a pale yellow solid (33.6 mg, 71%). "H NMR
(500 MHz, DMSO-ds) 6 12.37 (s, 1H), 12.20 (s, 1H), 10.81 (s, 1H), 6.77
(s, 1H), 6.66 (s, 1H), 6.41 (d, ] = 1.3 Hz, 1H), 6.23 (d, ] = 2.2 Hz, 1H),
4.29 (s, 2H), 2.55 (t, ] = 7.45 Hz, 2H), 1.60-1.54 (m, 2H), 1.34-1.23
(m, 4H), 0.86 (t,J = 7.0 Hz, 3H) ppm; "*C NMR (125 MHz, DMSO-d,)
6 191.0, 165.0, 164.5, 161.7, 151.7, 145.0, 141.9, 119.1, 114.4, 113.0,
108.4, 107.3,100.9, 35.4, 32.3, 30.9, 29.8, 21.9, 13.9 ppm. HRMS: m/z
caled for CyoH,00, [M + H]' 313.1440, found 313.1439. M.p.: 161.4-
162.0 °C.

1,3,8-Trihydroxy-6-phenethylanthracen-9(10H)-one (5d).
Compound 5d was synthesized by following a published
procedure with modification.”” To a 100 mL flask, 14 (40 mg,
0.85 mmol) was dissolved in 30 mL acetic acid. To this resulting
solution, SnCl,-2H,0 (1.53 g, 6.8 mmol) dissolved in 20 mL
33% HBr was added drop wise. After being refluxed for 1.5 h, the
reaction mixture was then poured into 50 mL ice water. The
precipitate formed was filtered, washed with deionized water,
and vacuum dried. The crude was purified by flash column
chromatography (eluent: petroleum ether/ethyl acetate = 6 : 1,
v/v) to give 5d as a pale yellow solid (265 mg, 90%). "H NMR (500
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MHz, DMSO-dg) 6 12.37 (s, 1H), 12.21 (s, 1H), 10.85 (s, 1H), 7.30—
7.23 (m, 4H), 7.20-7.15 (m, 1H), 6.85 (s, 1H), 6.74 (s, 1H), 6.43 (d,
J = 1.2 Hz, 1H), 6.22 (d, J = 2.1 Hz, 1H), 4.30 (s, 2H), 2.93-2.85
(m, 4H) ppm. *C NMR (125 MHz, DMSO-d;) 6 191.1, 165.0,
164.6, 161.7, 150.7, 145.0, 142.0, 141.2, 128.4, 128.3, 126.0,
119.3, 114.6, 113.2, 108.4, 107.4, 101.0, 37.2, 36.0, 32.4 ppm.
HRMS: mj/z caled for CyH;s0, [M + H]" 347.1283, found
347.1281. M.p.: 196.7-197.1 °C.

General procedure for the synthesis of protohypericin and its
derivatives

To a microwave 10 mL tube, 5a, 5b, 5¢, or 5d (0.5 mmol, 1
equiv.), pyridine-N-oxide (2.5 mmol, 5 equiv.), FeSO,-7H,0
(10 mg, 36 pmol), and NaOH (40 mg, 1.0 mmol) were dissolved
in 2 mL ultrapure water. The mixture was placed in a microwave
reactor at 10 W, 105 °C under argon atmosphere for 70 min. The
reaction mixture was then cooled to room temperature, and was
acidified with 3% hydrochloric acid. The precipitate was
filtered, washed with deionized water, and vacuum dried. The
purification with column chromatography on silica gel by using
petroleum ether/ethyl acetate/methanol (4:8:1, v/v/v) as
eluent gave 6a-d, respectively.

Protohypericin (6a). Purple solid (122 mg, 96%). "H NMR
(500 MHz, DMSO-d;) 6: 14.36 (br, 2H), 12.86 (br, 2H), 7.20 (s,
2H), 6.74 (s, 2H), 6.33 (s, 2H), 2.05 (s, 6H) ppm.>

1,3,4,6,8,15-Hexahydroxy-7,16-dioxo-7,16-dihydrodibenzo
[a,0]perylene-10,13-dicarboxylic acid (6b). Purple solid
(270 mg, 96%). 'H NMR (500 MHz, DMSO-d) 6 14.69 (s, 2H),
14.47 (s, 2H), 7.77 (s, 2H), 7.73-7.69 (m, 1H), 7.68-7.63 (m, 1H),
6.62 (s, 2H) ppm.>®

1,3,4,6,8,15-Hexahydroxy-10,13-dipentyldibenzo|a,o]perylene-
7,16-dione (6¢). Purple solid (140 mg, 90%). '"H NMR (500 MHz,
DMSO-dq) 6 14.37 (s, 2H), 12.84 (s, 2H), 7.19 (s, 2H), 6.73 (s, 2H),
6.33 (s, 2H), 2.39-2.21 (m, 4H), 1.38-1.07 (m, 12H), 0.80 (t, ] =
6.9 Hz, 6H) ppm. **C NMR (125 MHz, DMSO-d,), 6 184.4, 174.0,
168.3, 160.0, 147.5, 136.4, 129.8, 127.9, 125.3, 119.6, 115.4,
113.5, 104.2, 99.7, 35.3, 30.8, 29.6, 21.8, 13.6 ppm. HRMS: m/z
caled for C33H3405 [M — H] 7, 617.2176, found: 617.2171. M.p. >
300 °C.*

10,13-Dibenzyl-1,3,4,6,8,15-hexahydroxydibenzo| a,o]perylene-
7,16-dione (6d). Purple solid (97 mg, 94%). "H NMR (500 MHz,
DMSO-de) 6 14.40 (s, 2H), 12.89 (s, 2H), 7.33 (s, 2H), 7.24-7.18
(m, 4H), 7.16-7.04 (m, 6H), 6.82 (s, 2H), 6.36 (s, 2H), 2.70-2.54
(m, 8H) ppm. *C NMR (125 MHz, DMSO-d¢) 6 184.1, 174.3,
168.0, 162.1, 147.5, 139.9, 127.6, 127.5, 127.2, 125.5, 125.1,
121.6, 120.4, 119.0, 117.9, 108.6, 105.7, 102.3, 21.2, 18.7 ppm.
HRMS: m/z caled for C,;4Hz00g [M — H]™, 685.1863, found:
685.1871. M.p. > 300 °C.

General procedure for the synthesis of hypericin and its derivatives

To a 50 mL flask, 6a, 6b, 6¢, or 6d (0.25 mmol, 1.0 equiv.) dis-
solved in 20 mL acetone was irradiated for 60 min by means of
575 nm monochromatic lamps. The color of the mixture
changed from hyacinthine to prunosus. The solvent was
removed under vacuum. The crude was purified by flash
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chromatography on silica gel by using petroleum ether/ethyl
acetate/methanol (2 : 8 : 0.5, v/v/v) as eluent to give respective
7a-d.

Hypericin (7a). Purple solid (122 mg, 96%). 'H NMR
(500MHz, DMSO-ds) 6 14.66 (s, 2H), 14.03 (s, 2H), 7.31 (s, 2H),
6.44 (s, 2H), 2.65 (s, 6H) ppm.>

1,6,8,10,11,13-Hexahydroxy-7,14-dioxo-7,14-dihydrophenanthro
[1,10,9,8-0pqra]perylene-3,4-dicarboxylic acid (7b). Purple solid
(135 mg, 96%). "H NMR (500 MHz, DMSO-d¢) 6 14.73 (s, 2H),
14.11 (s, 2H), 7.51 (s, 2H), 6.61 (s, 2H) ppm.**

1,3,4,6,8,13-Hexahydroxy-10,11-dipentylphenanthro[1,10,9,8-
opqra]perylene-7,14-dione (7c). Purple solid (144 mg, 94%). 'H
NMR (500 MHz, MeOD) 6 7.24 (s, 2H), 6.69 (s, 2H), 1.40-1.12 (m,
6H), 1.08-0.94 (m, 2H), 0.93-0.80 (m, 4H), 0.74-0.61 (m, 6H),
0.47 (t, J = 7.2 Hz, 6H) ppm. C NMR (125 MHz, DMSO-dj)
6 191.5, 165.4, 165.0, 162.2, 152.1, 145.4, 142.4, 119.6, 114.9,
113.5,108.9, 107.8, 101.4, 40.5, 40.3, 40.2, 40.0, 39.8, 39.7, 39.5,
35.8, 32.8, 31.4, 30.3, 22.4, 14.4 ppm. HRMS: m/z caled for
C3sH3,04 [M + HJ', 617.2175, found: 617.2176. M.p. > 300 °C.

3,4-Dibenzyl-1,6,8,10,11,13-hexahydroxyphenanthro[1,10,9,8-
opqra]perylene-7,14-dione (7d). Purple solid (160.6 mg, 94%). 'H
NMR (500 MHz, MeOD) 6 7.34 (s, 2H), 6.75 (s, 2H), 6.35-6.21 (m,
6H), 6.12-6.00 (m, 4H), 3.80-3.69 (m, 2H), 3.54-3.45 (m, 2H),
2.76-2.67 (m, 2H), 2.13-2.03 (m, 2H) ppm. *C NMR (125 MHz,
MeOD) 6 185.89, 172.4, 167.9, 162.6, 147.1, 139.1, 127.6, 127.0,
126.7, 125.7, 124.4, 121.9, 120.9, 118.1, 117.2, 108.9, 105.6,
103.1, 39.0, 38.9 ppm. HRMS: m/z caled for C44H,505 [M + H]',
685.1857, found: 685.1858. M.p. > 300 °C.

Cell culture

The breast cancer cell line (MCF-7), human hepatoma cell line
(HepG-2) and the human skin basal cell carcinoma (A431) were
obtained from American Type Culture Collection. MCF-7 and
A431 cells were cultured at 37 °C under a humidified 5% CO, in
DMEM (Dulbecco's Modified Eagle Medium) medium supple-
mented with 10% fetal bovine serum, 1% penicillin/
streptomycin; and HepG-2 cells were cultured in the same way
except the culture medium used was RPMI 1640.

Cell viability assay

The relative cell viability of compound 7a (7b, 7¢, or 7d) was
evaluated in vitro by MTT assay. HepG-2, MCF-7 or A431 cells
were seeded respectively in 96-well plates at a density of 5 x 10>
cells per well in 100 pL RPMI 1640 or DMEM medium, and grew
for 24 h at 37 °C. Then the medium was replaced by 90 pL fresh
medium and 10 pL 7a (7b, 7c, or 7d) in PBS (containing 0.2%
DMSO-dg) at different concentrations (0.2, 0.4, 0.6, 0.8, 1.0 pM).
After 4 h incubation, the cells were washed with PBS for 3 times,
and then fresh medium was added. The cells were exposed to
a LED array photosource (A = 595-600 nm, 8.6 mW cm™>) for
30 min, and further cultured for 24 h at 37 °C. Then 10 pL fresh
medium containing MTT (5 mg mL ") was added to each well.
After 4 h incubation, 100 pL. DMSO was added to each well to
dissolve formazam crystals. Finally, the plate was gently shaken
for 10 min and the absorbance at 490 nm was recorded with
a microplate reader.

This journal is © The Royal Society of Chemistry 2018
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Results and discussion
Reaction optimization for synthesis of protohypericin

Protohypericin was the key precursor to the synthesis of
hypericin, therefore the dimerization of emodinanthrone
leading to protohypericin was recognized as the key step in this
method.'® The synthesis of protohypericin has been extensively
studied, which can be summarized in two methods based on
starting materials, (1) emodin-type:**** by using potassium
hydroxide as a base, protohypericin can be synthesized in the
presence of hydroquinone in water. The drawbacks are
extremely long reaction time (7-20 days) and low yield (25-
72%); (2) emodinanthrone-type:**"” by using potassium ¢-but-
oxide or piperidine as a base, protohypericin can be obtained in
a moderate yield (70-78%) in a short time. While the drawbacks
here are the requirement of notorious organic solvents (DMF or
pyridine) and a still unsatisfying yield. Based on the discoveries
previously reported in the literature, we chose emodinanthrone
as a starting material for our method in order to pursue the
development of an economic, green, and efficient synthetic
method of protohypericin. In our method, the dimerization of

Table 1 Reaction optimization for synthesis of 6a.
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emodinanthrone was performed in a microwave reactor by
using cheap and easy to handle inorganic bases (such as NaOH,
KOH, and LiOH) as a replacement for the organic bases, and
water as solvent instead of the organic solvents. The reaction
conditions were varied to study their effect on the yield, and the
results were summarized in Table 1.

The various parameters, including the amount of pyridine
N-oxide (PNO), catalyst, FeSO,-7H,O0, base, reaction tempera-
ture and time, were thoroughly investigated. As shown in
Table 1, the presence of pyridine N-oxide (PNO) and a suitable
redox catalyst in the reaction were crucial for the reaction, with
either absence leading to failure. For example, in the absence
of PNO, 6a was obtained with only 6% yield, which demon-
strated that PNO was an indispensible oxygen transfer reagent
in this reaction system. While the absence of FeSO,-7H,0 led
to no reaction at all.? In addition, ferric chloride could be used
to substitute FeSO,-7H,0 without compromise of the yield*
but copper chloride could not.? The variation of the amount of
PNO did not influence the yield much provided that the other
reaction conditions were kept unchanged,"”* where the best
yield of 96% was obtained when PNO was 5 equivalents;"'* The

OH O OH

IO

microwave, 10 W
—_—

OH O

HO I |
HO.

) § /)¢

water, N,
5a O‘
OH O OH
6a (up to 96 %)
Reaction conditions
Entry PNO (equiv.) Catalyst (equiv.)? Base T (°C) ¢t (min) Yield® (%)
1“ 5.0 0.08 1.5% NaOH 105 70 96
2 — 0.08 1.5% NaOH 105 70 6
3 5.0 — 1.5% NaOH 105 70 N.D
4 3.2 0.08¢ 6.0% NaOH 105 70 94
5 5.2 0.08° 6.0% NaOH 105 70 Very low
6 — 3.0% 6.0% NaOH 105 70 N.D
7 3.5 0.08 1.5% NaOH 105 70 93
8 4.5 0.08 1.5% NaOH 105 70 91
9 5.0 0.08 0.5% NaOH 105 70 77
10 5.0 0.08 1.0% NaOH 105 70 94
11 5.0 0.08 2.0% NaOH 105 70 96
12 5.0 0.08 5.0% NaOH 105 70 76
13 5.0 0.08 1.5% LiOH 105 70 71
14 5.0 0.08 3.6% LiOH 105 70 95
15 5.0 0.08 1.5% KOH 105 70 77
16 5.0 0.08 2.1% KOH 105 70 93
17 5.0 0.08 1.5% NaOH 90 70 72
18 5.0 0.08 1.5% NaOH 100 70 90
19 5.0 0.08 1.5% NaOH 120 70 88
20 5.0 0.08 1.5% NaOH 105 50 86
21 5.0 0.08 1.5% NaOH 105 60 90
22 5.0 0.08 1.5% NaOH 105 80 89
23 5.0 0.08 1.5% NaOH 105 90 90

% The optimized conditions: 5a, 120 mg, 1 elciluivalent; microwave, 10 W; water (2 mL); N, atmosphere. ” The catalyst was FeSO,-7H,O unless

specified. ¢ Isolated yield. N.D: no detection.

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 (a) UV-Vis absorption spectra of 6a and 7a (0.04 M in acetone);
(b) emission spectrum of the monochromatic lamp with a maximum
peak at 575 nm.

base, such as NaOH, helps to dissolve emodinanthrone in the
reaction mixture and has obvious influence on the yield. A
concentration of NaOH lower than 0.5% or higher than 5%
decreased the yield from over 90% to about 76%. It's worth to
mention that LiOH and KOH, which have similar chemo-
physical properties as NaOH, gave more or less equally good
yields (95% for LiOH" and 93% for KOH"), although the
concentration of the two hydroxides used was slightly higher
than that of NaOH. The study on the effect of reaction
temperature disclosed that the yield increased with the
temperature and reached to a peak value (96% at 105 °C, see
Falk et al'); further increase of the temperature did not
benefited a higher yield, for instance, 88% was obtained at
120 °C.V This might be ascribed to the possibility that high
temperature led to side reactions, such as the oxidation of
hydroxyl groups in emodinanthrone. The screening on reac-
tion time proved that the yield increased with the reaction
time* and reached the best yield of 96% at 70 min.* After
this point, the yield decreased slightly with the reaction time
with about 6%,*>** which may due to the decomposition of
protohypericin in the hot basic solution.

Notably, the reaction can be carried out in gram-scale with
91.6% yield under the optimized conditions (see ESIf).

Synthesis of hypericin and its derivatives

It was known that a major method to obtain hypericin was the
photocyclization of protohypericin irradiated with visible light.
The light sources reported previously include sunlight,”
halogen,"” glow,* and high-/low-pressure mercury lamps.* The
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BN 0.8 uM 1.0 4M

a)

Cell Viability (%)
Cell Viability (%)

7a 7b 7c 7d 7a 7b

0.2 pM I 0.4 uM [ 0.6 pM
N 0.8 xM N 1.0 4™
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reaction time varied from 10 min claimed by Falk et al.* to 24 h
by Kim et al.* as well as the yield from 31% to 92%. We spec-
ulated the enormous variation of the reaction time and yield
might result from the emission difference of the light sources.

The UV-Vis spectra of 6a and 7a were shown in Fig. 1a.
Considering>**”** protohypericin has a strong absorption band
at 525-590 nm while no obvious absorption for 7a at 575 nm, we
chose monochromatic lamps with a maximum emission peak at
575 nm as visible light source (Fig. 1b) to perform the photo-
cyclization of 6a. The monitoring of the reaction by TLC dis-
played that the reaction was completed at 1 h, where an isolated
yield of 96% was obtained by flash chromatography. The reac-
tion has very good reproducibility and can be performed on
large scale with little compromise to the yield (89.8%, see ESIT).

To study the applicability of the synthetic pathway developed
above, the derivatives of hypericin with different substituents
were synthesized accordingly, where methyl groups on 10- and
11- positions in hypericin (7a) were replaced with carboxyl
groups for 7b, pentyl groups for 7¢, and phenethyl groups for
7d, respectively. As descripted in Scheme 1, starting with 5b-c,
the analogues of emodinanthrone 5a, respective 6b-d were
successfully synthesized with satisfying to excellent isolated
yields (90-96%) under the optimized conditions screened for
5a, which were subjected to irradiation of visible light to give
corresponding 7b-d with excellent yields (94-96%). This indi-
cates that the synthetic pathway developed in the present work
has good applicability for the derivatives of hypericin, which is
significant in photosensitizer discovery based on natural
bioactive molecules.

Photodynamic therapy study

Photodynamic therapy (PDT) is a noninvasive technique that is
used to treat and detect small and superficial tumors.”***
Hypericin has been regarded as an effective natural photosen-
sitizer,>**” and has gained increasing attention as a potential
alternative treatment for various cancers due to its unique
photochemical properties and photobiological activities.****
To explore the potential of the three derivatives 7b-d as
photosensitizer for PDT, A431, HepG-2, and MCF-7 cell lines
were used for cell cytotoxicity evaluation at a concentration
range of 0.2-1.0 pM with MTT assay. For comparison, hypericin
was used as a control. As displayed in Fig. 2, 7b showed better

0.2 M [N 0.4 uM I 0.6 M
0.8 yM [ 1.0 uM

8 3 -4

Cell Viability (%)

8

7c 7d

7a 7> Tc 7d

Fig. 2 Cell viability of A431 cells (a); HepG2 cells (b); and MCF-7 cells (c) determined by MTT cell viability assay. The cells were incubated with
compound 7a—d, respectively, and irradiated with 595-600 nm light for 30 min.
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cytotoxicity to the test cell lines than 7a, while the cytotoxicity of
7c and 7d were much less than that of 7a at the same concen-
trations. This may be attributed to the better water solubility of
7b. The results imply that the properties of the substituents on
position of 10- and 11- in hypericin molecules are strongly
related to its photocytotoxicity: changing methyl groups to
hydrophilic ones (such as -COOH for 7b) can enhance the
hydrophilicity of a resulting compound and hence create
a better photocytotoxicity; on contrary, the more hydrophobic
and steric the substituents, the worse the photocytotoxicity (for
instance, comparing methyl groups in 7a with pentyl in 7c or
phenethyl in 7d)."**>*¢ These founding are in line with those
reported in the literature.”>*%*

Conclusions

In summary, we developed an economic, green and highly
efficient synthetic pathway for preparing hypericin and its
derivatives under mild reaction conditions. Water was used as
the solvent in the key step of emodinanthrone dimerization.
The reaction time of the photocyclization of protohypericin was
greatly shortened to 1 h. Furthermore, the PDT effect of 7b is
better than those of 7a, 7c¢ and 7d. These results indicate the
derivatives of hypericin synthesized in the present work have
the potential as photosensitizers for fighting cancers.
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