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Abstract

In this study, four series of dihydroartemisinin derivatives were designed, synthesized, and
evaluated for anti-toxoplasma gondii activity, and calculated the selectivity index (SI). It was the
higher the SI, the better the effect of this compound against Toxoplasma gondii. Our goal was to
filter out compounds that were bigger SI than the lead compound. The compound with the highest
SI was selected for the anti-toxoplasmosis test in mice in vivo. Among the synthesized compounds,
the (3R, 5aS,6R,8aS,9R, 12R, I 2aR)-3,6,9-trimethyl-decahydro-12H-3,12-epoxy][ 1,2]di-oxepino[4,3
-iJisochromen-10-yl-(te-r¢-butoxycarbonyl)-L-alaninate (A2) exhibited the most potent anti-7.
gondii activity and low cytotoxicity (SI: 6.44), yielding better results than the lead compound DHA
(SI: 1.00) and the clinically used positive-control drug spiramycin (SI: 0.72) in vitro. Furthermore,
compound A2 had better growth inhibitory effects on 7. gondii in vivo than spiramycin did and
significantly reduced the number of tachyzoites in the peritoneal cavity of mice (P<0.01). The
evaluation of the data generated in the T. gondii mouse infection model indicates that compound A2
treatment was a good inhibitor of 7. gondii in vivo and that it was effective in relieving the liver
damage induced by 7. gondii. In addition, the results of a docking study revealed that A2 could
become a better 7. gondii calcium-dependent protein kinasel (7gCDPK1) inhibitor. For this reason,
compound A2 has potential as an anti-parasitic drug. Further studies are required to elucidate the
mechanism of the action of compound A2, as well as to develop drug delivery systems for patients.
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1. Introduction

Toxoplasma gondii (T. gondii), a protozoan parasite, has a global distribution and can infect

virtually all homeothermic animals [1]. It is estimated to infect 2 billion people worldwide [2] with

South America having the highest infection rates [3], which is likely to be correlated with people’s

lifestyles and eating habits. When ingested by mammals, it can increase the rate of abortion and

stillbirth [4]. Although hosts with normal immune function present with no obvious symptoms upon

Toxoplasma infection, parasites can cause the most serious and even life-threatening damage in

people with immune deficiencies [5].

T. gondii has a complex life cycle, multifarious pathogenesis, and different biological

characteristics so that no medicine has been developed to date that is fully effective and can

completely eradicate toxoplasmosis. Clinical drugs used against toxoplasmosis are pyrimethamine,

sulfadiazine, and spiramycin. The combination of sulfadiazine and pyrimethamine has obvious anti-

parasitic effects [6], but it causes a number of severe side effects, such as thrombocytopenia, liver

and kidney complications [7], bone marrow toxicity [8]. Due to the current shortcomings of

toxoplasmosis treatment drugs, there is an urgent need to develop a drug that is highly effective, has

low toxicity and few side effects.

Natural products are sources rich in active compounds against 7. gondii activity.

Dihydroartemisinin (DHA) is obtained by hydrogenation-reduction of artemisinin (Fig. 1. a.) that is

extracted from the traditional Chinese medicine Artemisia annua L. and has a variety of

pharmacological activities, including anti-malarial [9], anti-tumor [10, 11], and anti-viral [12]

activities. In addition to these important pharmacological activities, it was found that DHA also has

anti-T. gondii activity [13, 14]. However, studies have shown that DHA has low solubility in water



and short half-life [15].

Hybridization of two or more pharmacophore units with different mechanisms of action within

the same molecule is rationally attractive [16]. Many natural products increase activity significantly

after the introduction of amino acids [17, 18]. As the basic structure of the protein, introduction of

amino acid fragments into lead compounds may enhance their ability to bind to anti-7. gondii targets.

In the present study, compound I increased its activity against 7. gondii due to the introduction of

amino acids into arctigenin[19].

Cinnamic acid and 2-indole carboxylic acid have many activities, including anticancer [20,

21], antibacterial [22], antiparasitic [23, 24]. The skeleton of compound II is cinnamic acid, and the

compound exhibits good anti-7. gondii activity [25]. The LDsy of Compound III containing an

indole ring was 57 pM against 7. gondii, demonstrating the Toxoplasma killing activity of this

compound [26].

Moreover, nitrogen-containing heterocycle such as quinoline or secondary amino-heterocycles

has also been reported to have anti-7. gondii activity [27]. Compound IV has an EDs, of 78.6 nM

against 7. gondii and exhibits extremely strong antiparasitic activity [29]. In summary, as shown in

Fig. 2, we designed several dihydroartemisinin derivatives containing active fragment as described

above, which are expected to obtain better activity against 7. gondii derivatives.

Therefore, in this study, we used the principle of molecule combination to design and

synthesize novel DHA derivatives and evaluated theirs in vitro anti-7. gondii activity using a

previously established method [28]. We obtained a compound named A2 (Fig. 1. b.) with good

activity anti-T. gondii and low toxicity and evaluated related indicators to further validate its anti-

T. gondii activity in vivo.



Materials and Methods

2.1 Experimental compounds
2.1.1 General procedures

All chemicals and spectral grade solvents were obtained commercially and were used without
further purification. Solvent were dried and used according to standard procedures. All chemical
reactions were monitored by thin-layer chromatography (TLC). The melting points of all
compounds were determined by capillary method (temperature uncorrected). The 'H NMR and *C
NMR spectra were determined on a BRUKER AV-300 (Bruker, Switzerland) using Deuterated
dimethyl sulfoxide (DMSO) as the solvent and the chemical shift unit is ppm. High resolution mass

spectra of the compounds were determined by Thermo Scientific LTQ Orbitrap XL.

2.1.2 Procedure for the preparation of compound A1-A6, B1-B6, C1-C4

A solution of DHA (0.5 mmol) and appropriate carboxyl compounds (1.0 mmol) in dry DCM
(5 mL) was treated with 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDCI)
(1.0 mmol) and N,N-dimethylaminopyridine (DMAP) (0.5 mmol). The mixture was stirred 5-8 h at
room temperature. Until the reaction completed, it was extracted with DCM and the organic phase
was washed with 10% sodium bicarbonate solution and saturated brine, and dried over Na,SOy. The
solid was removed by filtration and the solvent was evaporated under reduced pressure to afford the
crude product that was further purificated by column chromatography (DCM : methanol = 200:1 -
75:1, V/V) to give a white solid. And further characterized by the physical and spectroscopic data

shown below.



(3R,5aS,6R,8aS,9R, 2R, 12aR)-3,6,9-trimethyldecahydro-12H-3, 12-epoxy[ 1,2 ]dioxepino[4, 3-

iJisochromen-10-yl (tert-butoxycarbonyl)glycinate (A1)

M.p. 108-109 °C. Yield: 51%; "H NMR (300 MHz, DMSO-dj): 6 7.31 (t,J= 5.9 Hz, 1H,N-H), 5.69

(d, J=9.7 Hz, 1H, 12-H), 5.58 (s, 1H,10-H), 3.76 (d, J = 6.0 Hz, 2H, -CH,-), 2.37-2.12 (m, 3H),

2.00 (d, J = 14.2 Hz, 1H), 1.80(s, 1H), 1.68-1.51 (m, 5H), 1.39 (s, 9H, (CHs)3), 1.29 (s, 4H), 1.20

(dd, J= 11.1, 6.2 Hz, 1H), 0.89(d, J = 6.1 Hz, 3H), 0.78 (d, J = 7.1 Hz, 3H); '*C NMR (75 MHz,

DMSO-ds): 6 169.77, 156.30, 104.06, 92.58, 91.09, 80.31, 78.81, 51.57, 44.99, 42.40, 36.39, 36.35,

34.16,33.80, 32.11, 28.61 (3C), 25.97, 21.45,20.51, 12.09; ESI-HRMS (m/z) calcd for C,,H36NOg*

[M+H]" 442.2435, found: 442.2436.

(3R,5aS,6R,8aS,9R, 2R, 12aR)-3,6,9-trimethyldecahydro-12H-3, 12-epoxy[ 1,2 ]dioxepino[4, 3-

iJisochromen-10-yl (tert-butoxycarbonyl)-L-alaninate (42)

M.p. 113-114 °C. Yield: 49%; 'H NMR (300 MHz, DMSO-dy): 6 7.39 (d, J = 7.5 Hz, 1H, N-H),

6.23 (d,J=4.0 Hz, 1H, 12-H), 5.43 (s, 1H, 10-H), 4.10-4.00 (m, 1H, -CH-), 2.22 (dd, J=31.2, 13.9

Hz, 3H), 2.07-1.93 (m, 2H), 1.80 (s, 2H), 1.70 -1.51 (m, 4H), 1.38 (s, 9H, -CHs), 1.28 (s, 4H), 1.25

(s, 3H, -CH3), 0.89 (d, J = 6.2 Hz, 3H), 0.78 (d, J = 7.1 Hz, 3H); 3C NMR (75 MHz, DMSO-dp): 6

172.34, 155.63, 104.00, 92.63, 91.08, 80.31, 78.69, 51.60, 49.44, 45.06, 36.43, 36.33, 34.19, 32.25,

28.65 (3C), 25.96, 24.66, 21.47, 20.51, 16.98, 12.11; ESI-HRMS (m/z) calcd for Cy;H3sNOg*

[M+H]* 456.2591, found: 456.2590.

(3R,5aS,6R,8aS,9R, 2R, 12aR)-3,6,9-trimethyldecahydro-12H-3, 12-epoxy[ 1,2 ]dioxepino[4, 3-



iJisochromen-10-yl (tert-butoxycarbonyl)-L-valinate (A3)

M.p. 117-118 °C. Yield: 48%; 'H NMR (300 MHz, DMSO-dy): 6 7.29 (d, J = 8.3 Hz, 1H, N-H),

5.69 (d,J=9.6 Hz, 1H, 12-H), 5.56 (s, 1H, 10-H), 3.91-3.80 (m, 1H, -CH-), 2.32 (s, 1H), 2.25-2.11

(m, 1H), 2.03 (dd, J = 17.0, 10.3 Hz, 2H), 1.81 (d, J = 7.2 Hz, 1H), 1.56 (m, 5H), 1.38 (d, J = 8.1

Hz, 9H, -CH;), 1.26 (s, 3H), 1.24-1.11 (m, 2H), 0.98-0.87 (m, 9H, ,-CH;), 0.79 (d, J= 7.0 Hz, 3H);

3C NMR (75 MHz, DMSO-d;): 6 171.33, 156.17, 103.93, 92.62, 90.95, 80.26, 78.72, 59.99, 51.57,

45.09,36.44,36.28, 34.20, 32.09, 29.92, 28.67 (3C), 25.93, 24.68,21.46,20.51, 19.42, 18.82, 12.17;

ESI-HRMS (m/z) calcd for C,sH4oNOg™ [M+H]* 484.2910, found: 484.2909.

(3R,5aS,6R,8aS,9R, 2R, 12aR)-3,6,9-trimethyldecahydro-12H-3, 12-epoxy[ 1,2 ]dioxepino[4, 3-

iJisochromen-10-yl (tert-butoxycarbonyl)-L-leucinate (A4)

M.p. 122-123 °C. Yield: 59%; 'H NMR (300 MHz, DMSO-dy): 6 7.35 (d, J = 7.9 Hz, 1H, N-H),

5.67 (d, J=9.7 Hz, 1H, 12-H), 5.57 (s, 1H,10-H), 4.01 (s, 1H, -CH-), 2.30 (s, 1H), 2.16 (m, 1H),

2.00 (m, 2H), 1.84-1.78 (m, 1H), 1.68-1.51 (m, 7H), 1.37 (d, J = 7.3 Hz, 9H, -CHs), 1.28 (s, 4H),

1.19 (dd, J = 10.6, 6.4 Hz, 2H), 0.93-0.84 (m, 9H), 0.78 (d, J = 6.9 Hz, 3H); 3C NMR (75 MHz,

DMSO-dg): 0 172.22,155.93,136.13, 103.98, 92.64, 91.06, 80.30, 78.71, 52.46, 51.59, 45.06, 36.43,

36.32,34.19, 32.24, 28.65 (3C), 25.94, 24.66, 24.63, 23.23, 21.67,21.48, 20.51, 12.11; ESI-HRMS

(m/z) calcd for CpsHyuNOg™ [M+H]* 498.3066, found: 498.3067.

(3R,5aS,6R,8aS,9R, 2R, 12aR)-3,6,9-trimethyldecahydro-12H-3, 12-epoxy[ 1,2 ]dioxepino[4, 3-

iJisochromen-10-yl (tert-butoxycarbonyl)-L-methioninate (A5)

M.p. 166-168 °C. Yield: 56%; 'H NMR (300 MHz, DMSO-d;): 6 7.42 (d, J = 7.9 Hz, 1H, N-H),



5.68 (d,J=9.7 Hz, 1H, 12-H), 5.57 (s, 1H, 10-H), 4.13 (m, 1H, -CH,-), 2.31 (s, 1H), 2.25-2.12 (m,
2H), 2.05 (s, 2H), 1.94-1.82 (m, 3H, S-CHs), 1.80 (s, 1H), 1.67-1.47 (m, 7H), 1.39 (s, 9H, CHs),
1.28 (s, 4H), 1.20 (m, 2H), 0.89 (d, J = 6.2 Hz, 3H), 0.79 (d, J = 7.1 Hz, 3H); '*C NMR (75 MHz,
DMSO-d,): 6 171.67, 155.94, 103.99, 92.78, 91.03, 80.28, 78.85, 52.97, 51.57, 45.04, 36.44, 36.31,
34.19 , 32.15, 30.60, 29.93, 28.64 (3C), 25.93, 24.67, 21.46, 20.50, 15.00, 12.12; ESI-HRMS (m/)

calcd for C,sHpNOgS™ (M+H)* 516.2625, found: 516.2626.

(3R,5aS,6R,8aS,9R, 2R, 12aR)-3,6,9-trimethyldecahydro-12H-3, 12-epoxy[ 1,2 ]dioxepino[4, 3-
iJisochromen-10-yl (tert-butoxycarbonyl)-L-phenylalaninate (A6)

M.p. 114-115 °C. Yield: 72%; '"H NMR (300 MHz, DMSO-dy): é 7.35 (s, 1H, N-H), 7.27 (s, 5H,
Ar-H), 5.70 (d, J= 9.3 Hz, 1H, 12-H), 5.59 (s, 1H, 10-H), 4.20 (s, 1H, -CH-), 3.11-2.85(m, 2H, -
CH,-), 2.33 (s, 1H), 2.17 (d, J=12.7 Hz, 1H), 2.01 (d, /= 11.8 Hz, 1H), 1.81 (s, 1H), 1.72-1.49 (m,
5H), 1.33 (s, 9H, -CHj3), 1.29 (s, 4H), 1.25-1.15 (m, 2H), 0.85 (d, J = 28.3 Hz, 6H); 3C NMR (75
MHz, DMSO-dy): 6 171.21, 155.73, 138.06, 129.68 (2C), 128.62 (2C), 126.85, 104.01, 92.86,91.10,
80.32,78.78,55.53,51.60,45.07,36.42, 36.34, 36.24,34.29,32.21 , 28.59 (3C), 25.95, 24.68, 21.47,

20.52, 12.13; ESI-HRMS (m/z) calcd for CyoH4oNOg* [M+H]* 532.2910, found: 532.2911.

(3R,5aS,6R,8aS,9R, 2R, 12aR)-3,6,9-trimethyldecahydro-12H-3, 12-epoxy[ 1,2 ]dioxepino[4, 3-
iJisochromen-10-yl cinnamate (B1)

M.p. 120-122°C; Yield: 89%; 'H NMR (300 MHz, DMSO-dy) 6 7.80 (d, J= 16.0 Hz, 1H), 7.56 (q,
2H, Ar-H), 7.49-7.35 (m, 3H, Ar-H), 6.52 (d, /= 16.0 Hz, 1H), 5.95 (d, /= 9.8 Hz, 1H, 12-H), 5.52

(s, 1H, 10-H), 2.70 (dd, J= 9.0, 5.5 Hz, 1H), 2.42 (td, J = 14.0, 3.9 Hz, 1H), 2.07 (dd, J=9.0, 5.6



Hz, 1H), 1.97 - 1.89 (m, 1H), 1.87 - 1.63 (m, 3H), 1.58 (s, 1H), 1.53 (d, J = 7.6 Hz, 1H), 1.46 (s,

3H, 13-CH3), 1.39 -1.26 (m, 2H), 1.00 (d, J = 5.7 Hz, 3H), 0.92 (d, J = 7.1 Hz, 3H). '*C NMR (75

MHz, DMSO-dy) 6 165.36, 146.37, 134.33, 131.24, 129.41(2C), 129.05(2C), 117.92, 104.06, 92.34,

91.08,80.37,51.60,45.10,36.44,36.37,34.19,32.12, 25.98, 24.68, 21.52,20.54, 12.34; ESI-HRMS

(m/z) calced for CH3sNOg™ [M+H]* 442.2435, found: 442.2436.

(3R,5aS,6R,8aS,9R, 2R, 12aR)-3,6,9-trimethyldecahydro-12H-3, 12-epoxy[ 1,2 ]dioxepino[4, 3-

iJisochromen-10-yl (E)-3-(4-fluorophenyl)acrylate (B2)

M.p. 110-111°C; Yield: 86%; 'H NMR (300 MHz, DMSO-dy) 6 7.87 (q, 2H, Ar-H), 7.77 (d, J =

16.1 Hz, 1H), 7.28 (t, 2H, Ar-H), 6.71 (d, J= 16.1 Hz, 1H), 5.80 (d, J= 9.7 Hz, 1H, 12-H), 5.62 (s,

1H, 10-H), 2.47 - 2.36 (m, 1H), 2.21 (dd, J = 18.9, 8.5 Hz, 1H), 2.01 (d, J = 14.1 Hz, 1H), 1.82 (d,

J=17.4Hz, 1H), 1.62 (dd, J = 24.6, 7.6 Hz, 3H), 1.52 - 1.39 (m, 2H), 1.29 (s, 3H, 13-CH3), 1.26 -

1.12 (m, 2H), 0.90 (d, J = 6.2 Hz, 3H), 0.83 (d, J = 7.1 Hz, 3H); '*C NMR (75 MHz, DMSO-d,) &

165.32, 163.95 (d, J = 248.25), 145.13, 131.46 (d, J = 8.7 Hz)(2C), 131.05 (d, J = 3.1 Hz), 117.82

(d, J=2.2 Hz), 116.44(d, J = 21.75)(2C), 104.06, 92.34, 91.08, 80.36, 51.61, 45.10, 36.45, 36.45 ,

34.20, 32.12, 25.97, 24.68, 21.53, 20.53, 12.32; ESI-HRMS (m/z) calcd for Co4H30FOs" [M+H]*

433.2026, found: 433.2027.

(3R,5aS,6R,8aS,9R, 2R, 12aR)-3,6,9-trimethyldecahydro-12H-3, 12-epoxy[ 1,2 ]dioxepino[4, 3-

iJisochromen-10-yl (E)-3-(4-chlorophenyl)acrylate (B3)

M.p. 100-102°C; Yield: 79%; '"H NMR (300 MHz, DMSO-d;) ¢ 7.82 (d, J = 8.5 Hz, 2H, Ar-H),

7.76 (d,J=16.1 Hz, 1H), 7.51 (d, J= 8.5 Hz, 2H, Ar-H), 6.77 (d, J= 16.1 Hz, 1H), 5.80 (d, J=9.8



Hz, 1H, 12-H), 5.62 (s, 1H, 10-H), 2.40 (d,J=7.3 Hz, 1H), 2.18 (dd, J= 19.0, 8.6 Hz, 1H), 2.01

(d, J =142 Hz, 1H), 1.81 (s, 1H), 1.69 -1.55 (m, 3H), 1.52 - 1.35 (m, 2H), 1.29 (s, 3H, 13-CH),

1.21 (dd, J = 11.0, 5.8 Hz, 2H), 0.90 (d, J = 6.2 Hz, 3H), 0.83 (d, J = 7.1 Hz, 3H); '*C NMR (75

MHz, DMSO-dg) 6 165.24, 144.95, 135.76, 133.33, 130.79(2C), 129.46(2C),118.77 104.06, 92.41,

91.08, 80.36,51.61,45.09,36.43,36.36,34.20,32.12,25.97, 24.68, 21.51,20.54, 12.32; ESI-HRMS

(m/z) calced for CyH;30ClO06" [M+H]" 449.1730, found: 449.1731.

(3R,5aS,6R,8aS,9R, 2R, 12aR)-3,6,9-trimethyldecahydro-12H-3, 12-epoxy[ 1,2 ]dioxepino[4, 3-

iJisochromen-10-yl (E)-3-(4-bromophenyl)acrylate (B4)

M.p. 95-96°C; Yield: 80%; 'H NMR (300 MHz, DMSO-dy) 6 7.77 (d, J = 16.1 Hz, 1H), 7.73 (d, J

= 5.1 Hz, 2H, Ar-H), 7.64 (d, J= 8.5 Hz, 2H, Ar-H), 6.78 (d, J = 16.1 Hz, 1H), 5.80 (d, J= 9.8 Hz,

1H, 12-H), 5.62 (s, 1H, 10-H), 2.41 (s, 1H), 2.26 - 2.13 (m, 1H), 2.01 (d, J = 13.7 Hz, 1H), 1.81 (s,

1H), 1.69 - 1.56 (m, 3H), 1.54 - 1.39 (m, 2H), 1.29 (s, 3H, 13-CHs), 1.25 - 1.12 (m, 2H), 0.90 (d, J

= 6.3 Hz, 3H), 0.83 (d, J = 7.1 Hz, 3H); *C NMR (75 MHz, DMSO-d;) & 165.24, 145.05, 133.66,

132.39 (2C), 130.98 (2C), 124.65, 118.84, 104.07, 92.42, 91.09, 80.36, 51.61, 45.10, 36.46,36.37,

34.19, 32.11, 25.97, 24.68, 21.52, 20.53, 12.32; ESI-HRMS (m/z) caled for C4H3,BrO¢"™ [M+H]*

493.1225, found: 493.1227.

(3R,5aS,6R,8aS,9R, 2R, 12aR)-3,6,9-trimethyldecahydro-12H-3, 12-epoxy[ 1,2 ]dioxepino[4, 3-

iJisochromen-10-yl (E)-3-(4-methoxyphenyl)acrylate (B5)

M.p. 90-91°C; Yield: 84%; 'H NMR (300 MHz, DMSO-dy) d 7.75 (s, 2H, Ar-H), 7.70 (s, J = 16.0

Hz, 1H), 7.01 (s, 2H, Ar-H), 6.58 (d, J = 16.0 Hz, 1H), 5.80 (d, /= 8.6 Hz, 1H), 5.61 (s, 1H), 3.81



(s, 3H), 2.51 (s, 1H), 2.41 (s, 1H), 2.21 (s, 1H), 2.03 (s, 1H), 1.82 (s, 1H), 1.62 (d, J = 11.3 Hz, 3H),
1.47 (s, 2H), 1.29 (s, 3H, 13-CH3), 1.25 (s, 2H), 0.87 (d, J = 20.7 Hz, 6H); 3C NMR (75 MHz,
DMSO-d;) & 165.62, 161.87, 146.18, 130.91 (2C), 126.98, 115.12, 114.89 (2C), 104.04, 92.14,
91.05, 80.37, 55.83, 51.62, 45.11, 36.45, 36.38, 34.21, 32.13, 25.98, 24.68, 21.55, 20.54, 12.35.

ESI-HRMS (m/z) calcd for C,sH330,7 [M+H]* 445.2226, found: 445.2225.

(3R,5aS,6R,8aS,9R, 2R, 12aR)-3,6,9-trimethyldecahydro-12H-3, 12-epoxy[ 1,2 ]dioxepino[4, 3-
iJisochromen-10-yl (E)-3-(3,4-dimethoxyphenyl)acrylate (B6)

M.p. 85-86 °C; Yield: 83%; 'H NMR (300 MHz, DMSO-d;) é 7.69 (d, J = 15.9 Hz, 1H), 7.42 (s,
1H, Ar-H), 7.31 (d, J = 8.3 Hz, 1H, Ar-H), 7.00 (d, J = 8.3 Hz, 1H, Ar-H), 6.65 (d, J= 15.9 Hz,
1H), 5.80 (d, J= 9.7 Hz, 1H, 10-H), 5.61 (s, 1H, 10-H), 3.79 (t, J = 7.0 Hz, 6H, -OCHj3), 2.41 (s,
1H), 2.26 - 2.14 (m, 1H), 2.01 (d, /= 12.5 Hz, 1H), 1.81 (s, 1H), 1.67 - 1.55 (m, 3H), 1.49 (s, 2H),
1.29 (s, 3H, 13-CH3), 1.26 - 1.14 (m, 2H), 0.90 (d, J = 6.2 Hz, 3H), 0.83 (d, J = 7.1 Hz, 3H); 13C
NMR (75 MHz, DMSO-dy) J 165.67, 151.72, 149.47, 146.56, 127.20, 123.79, 115.33, 111.97,
110.99, 104.04, 92.11, 91.03, 80.36, 56.08, 56.07, 51.61, 45.12, 36.47, 36.38, 34.20, 32.13, 25.98,
24.69, 21.54, 20.54, 12.36; ESI-HRMS (m/z) caled for CycH350g" [M+H]* 475.2331, found:

475.2333.

(3R,5aS,6R,8aS,9R, 2R, 12aR)-3,6,9-trimethyldecahydro-12H-3, 12-epoxy[ 1,2 ]dioxepino[4, 3-
iJisochromen-10-yl 1H-indole-2-carboxylate (C1)
M.p. 98-99 °C. Yield: 57%; '"H NMR (300 MHz, DMSO-dy): 6 12.02 (s, 1H, N-H), 7.69 (d, J = 8.0

Hz, 1H, Ar-H), 7.49 (d, J = 8.3 Hz, 1H, Ar-H), 7.36-7.26 (m, 2H, Ar-H), 7.10 (t, J = 7.5 Hz, 1H,



Ar-H), 5.91 (d,J=9.7 Hz, 1H, 12-H), 5.67 (s, 1H, 10-H), 2.55 (m, 1H), 2.27-2.15 (m, 1H), 2.01 (d,

J=15.2 Hz, 1H), 1.90-1.78 (m, 1H), 1.73-1.59 (m, 3H), 1.43 (m, 3H), 1.29 (s, 3H), 1.22 (m, 2H),

0.90 (t, J= 6.8 Hz, 6H); *C NMR (75 MHz, DMSO-dj): 6 160.31, 138.23, 127.16, 126.78, 125.55,

122.6,120.83, 113.18, 109.53, 92.65, 91.20, 80.41, 51.64, 45.12, 36.43, 36.37, 34.20, 32.21, 25.96,

24.68, 21.57, 20.54, 12.33; ESI-HRMS (m/z) calcd for C,4H,0NOgNat [M+Na]* 450.1887, found:

450.1891.

(3R,5aS,6R,8aS,9R, 2R, 12aR)-3,6,9-trimethyldecahydro-12H-3, 12-epoxy[ 1,2 ]dioxepino[4, 3-

iJisochromen-10-yl 5-chloro-1H-indole-2-carboxylate (C2)

M.p. 126-127 °C. Yield: 45%; 'H NMR (300 MHz, DMSO-d,): § 12.23 (s, 1H, N-H), 7.76 (d, J =

1.7 Hz, 1H, Ar-H), 7.50 (d, J = 8.8 Hz, 1H, Ar-H), 7.30 (dd, J = 9.0, 1.9 Hz, 2H, Ar-H), 5.91 (d, J

=9.7 Hz, 1H, 12-H), 5.67 (s, 1H, 10-H), 2.53(s, 1H), 2.19 (dd, J = 19.0, 8.7 Hz, 1H), 2.01 (d, J =

14.2 Hz, 1H), 1.83 (d,J= 7.8 Hz, 1H), 1.63 (m, 3H), 1.45 (m, 3H), 1.28 (s, 3H), 1.21 (m, 2H), 0.88

(d, J = 7.4 Hz, 6H); '3*C NMR (75 MHz, DMSO-d;): ¢ 160.03, 136.56, 128.22, 128.10, 125.73,

125.34, 121.70, 114.88, 109.02, 104.11, 92.86, 91.22, 80.41, 51.63, 45.10, 36.44, 36.37, 34.20,

32.20, 25.96, 24.69, 21.56, 20.55, 12.32; ESI-HRMS (m/z) caled for C4H9CINOg" (M+H)*

462.1677, found: 462.1677.

(3R,5aS,6R,8aS,9R, 2R, 12aR)-3,6,9-trimethyldecahydro-12H-3, 12-epoxy[ 1,2 ]dioxepino[4, 3-

iJisochromen-10-yl 6-bromo-1H-indole-2-carboxylate (C3)

M.p. 116-118 °C. Yield: 47%; 'H NMR (300 MHz, DMSO-d,): § 12.17 (s, 1H, N-H), 7.67 (d, J =

9.0 Hz, 2H, Ar-H), 7.33 (s, 1H, Ar-H), 7.25 (d, J = 8.5 Hz, 1H, Ar-H), 5.91 (d, J = 9.4 Hz, 1H, 12-



H), 5.68 (s, 1H, 10-H), 2.53(s, 1H), 2.19 (d, J = 13.0 Hz, 1H), 2.02 (d, J = 13.8 Hz, 1H), 1.83 (s,

1H), 1.64 (d, J = 12.3 Hz, 3H), 1.40 (d, J = 40.6 Hz, 3H), 1.29 (s, 3H), 1.19 (d, J = 7.4 Hz, 2H),

0.88 (dd, J=15.8, 8.2 Hz, 6H); 13C NMR (75 MHz, DMSO-dj): 6 160.06, 138.83, 127.64, 126.12,

124.63, 123.99, 118.45, 115.57, 109.70, 104.10, 92.84, 91.22, 80.39, 51.61, 45.09, 36.43, 36.36,

34.19, 32.21, 25.96, 24.67, 21.55, 20.53, 12.31; ESI-HRMS (m/z) calcd for C24H29BrNOg" [M+H]*

506.1178, found: 506.1179.

(3R,5aS,6R,8aS,9R, 2R, 12aR)-3,6,9-trimethyldecahydro-12H-3, 12-epoxy[ 1,2 ]dioxepino[4, 3-

iJisochromen-10-yl 5-methoxy-1H-indole-2-carboxylate (C4)

M.p. 165-166 °C. Yield: 65%; 'H NMR (300 MHz, DMSO-d,): J 11.89 (s, 1H, N-H), 7.38 (d, J =

9.0 Hz, 1H, Ar-H), 7.16 (d, J = 20.4 Hz, 2H, Ar-H), 7.01-6.90 (m, 1H, Ar-H), 5.89 (d, /= 9.8 Hz,

1H, 12-H), 5.67 (s, 1H, 10-H), 3.77 (s, 3H, -OCHj), 2.53(s, 1H), 2.29-2.15 (m, 1H), 2.01 (d, J =

15.5 Hz, 1H), 1.82 (s, 1H), 1.64 (d,J = 13.8 Hz, 3H), 1.58-1.35 (m, 3H), 1.29 (s, 3H), 1.27-1.09 (m,

2H), 0.89 (dd, J = 9.3, 6.8 Hz, 6H); '*C NMR (75 MHz, DMSO-d,): 6 160.21, 154.53, 133.61,

127.48, 126.90, 117.34, 114.10, 109.05, 104.10, 102.41, 92.56, 91.19, 80.43, 55.69, 51.65, 45.12,

36.43, 36.38, 34.22, 32.22, 2597, 24.69, 21.57, 20.56, 12.34; ESI-HRMS (m/z) calcd for

CysH3oNO;" [M+H]* 458.2173, found: 458.2178.

2.1.3 Procedure for the preparation of compound D

A solution of dihydroartemisinin (2.0 g, 7.04 mmol) in anhydrous dichloromethane (75 mL)

was stirred at 0°C. Succinic anhydride (845 mg, 8.45 mmol) and anhydrous piperidine (2.1 mL,

21.12 mmol) were added and the solution was stirred from 0°C to 25°C for 2 hours. The reaction



mixture was washed with 10% HCIL, The crude mixture was purified by flash column

chromatography using 1-2% methanol / dichloromethane / 1% acetic acid as eluent to get white

solid (D), (yield: 85%), and further characterized by the physical and spectroscopic data shown

below.

M.p. 140-142 °C Yield: 85%; 'H NMR (300 MHz, DMSO-d,): § 12.26 (s, 1H, -OH), 5.67 (d, J =

9.7 Hz, 1H, 12-H), 5.57 (s, 1H, 10-H), 2.67-2.53 (m, 4H, -CH,-), 2.29 (s, 1H), 2.17 (d, J= 10.0 Hz,

1H), 2.00 (d, J = 13.7 Hz, 1H), 1.80 (s, 1H), 1.61 (d, J = 9.8 Hz, 3H), 1.56-1.38 (m, 3H), 1.29 (s,

3H, 13-CHs), 1.26-1.12 (m, 2H), 0.89 (d, J = 6.3 Hz, 3H, -CH3), 0.77 (d, J = 7.1 Hz, 3H, -CH).

2.1.4 Procedure for the preparation of compound EI-E10

A 25 mL round bottomed flask was charged with D (100 mg, 0.26 mmol), heterocyclic rings

(0.51 mmol), EDCI (0.51 mmol) and DMAP (0.26 mmol) and DCM (5 mL). This reaction mixture

was stirred at room temperature for 5~8 h. The mixture was extracted with DCM and the organic

phase was washed with saturated sodium bicarbonate solution and brine, and dried over Na,SO,.

The solid was removed by filtration and the solvent was evaporated under reduced pressure to afford

the crude product further purified by chromatography (DCM : MeOH= 100:1~30:1) and

characterized by the physical and spectroscopic data shown below.

(3R,5aS,6R,8aS,9R, 2R, 12aR)-3,6,9-trimethyldecahydro-12H-3, 12-epoxy[ 1,2 ]dioxepino[4, 3-

iJisochromen-10-yl 4-oxo-4-(quinolin-5-ylamino)butanoate (E1)

M.p. 124-125 °C. Yield: 49%; 'H NMR (300 MHz, DMSO-d,): § 10.53 (s, 1H, N-H), 8.89 (d, J =



2.4 Hz, 1H, Ar-H), 8.70 (s, 1H, Ar-H), 7.93 (t, J = 8.5 Hz, 2H, Ar-H), 7.60 (dt, J = 14.8, 6.8 Hz,

2H, Ar-H), 5.69 (d, J=9.7 Hz, 1H, 12-H), 5.56 (s, 1H, 10-H), 2.76 (s, 4H, -CH,-),2.31 (s, 1H), 2.18

(t, J = 12.0 Hz, 1H), 2.05-1.95 (m, 1H), 1.79 (s, 1H), 1.59 (d, J = 8.8 Hz, 3H), 1.53-1.36 (m, 3H),

1.29 (s, 3H, 13-CH3), 1.25-1.13 (m, 2H), 0.87 (d, J = 6.2 Hz, 3H), 0.77 (d, J = 7.0 Hz, 3H); 1*C

NMR (75 MHz, DMSO-dy): ¢ 171.61, 171.10, 144.78, 144.57, 133.32, 128.99, 128.34, 128.15,

128.11,127.50, 122.20, 104.05, 92.24, 91.08, 80.33, 51.58, 45.04, 36.43, 36.36,34.15,32.11, 31.08,

29.10,25.99,24.64,21.47,20.49, 12.18; ESI-HRMS (m/z) calcd for CogH35sN,07" [M+H]" 511.2438,

found: 511.2444.

(3R,5aS,6R,8aS,9R, 2R, 12aR)-3,6,9-trimethyldecahydro-12H-3, 12-epoxy[ 1,2 ]dioxepino[4, 3-

iJisochromen-10-yl 4-oxo0-4-(quinolin-5-ylamino)butanoate (E2)

M.p. 149-150 °C. Yield: 40%; 'H NMR (300 MHz, DMSO-d,): § 10.14 (s, 1H, N-H), 8.91 (d, J =

2.7 Hz, 1H, Ar-H), 8.50 (d, J = 8.4 Hz, 1H, Ar-H), 7.85 (d, J = 6.7 Hz, 1H, Ar-H), 7.80-7.69 (m,

2H, Ar-H), 7.56 (q, 1H), 5.71 (d, J = 9.8 Hz, 1H, 12-H), 5.58 (s, 1H, 10-H), 2.88-2.72 (m, 4H, -

CH,-),2.31 (s, 1H), 2.26-2.12 (m, 1H), 2.01 (d, J= 11.1 Hz, 1H), 1.87-1.75 (m, 1H), 1.69-1.54 (m,

3H), 1.46 (d, J = 8.7 Hz, 3H), 1.29 (s, 3H, 13-CH;), 1.24-1.09 (m, 2H), 0.89 (d, J = 6.2 Hz, 3H),

0.77 (d, J=7.1 Hz, 3H); 3*C NMR (75 MHz, DMSO-dj): 6 171.74, 171.05, 150.88, 148.59, 134.40,

132.03,129.52 (2C), 126.49, 121.86, 121.31, 104.05, 92.22, 91.08, 80.34, 51.60, 45.05, 36.44, 36.38,

34.18, 32.15 , 30.75 , 29.37, 26.00, 24.66, 21.47, 20.52, 12.23; ESI-HRMS (m/z) calcd for

ngHg,5N207Jr [1\/I‘f‘H]+ 51 12438, found: 511.2444.

(3R,5aS,6R,8aS,9R, 2R, 12aR)-3,6,9-trimethyldecahydro-12H-3, 12-epoxy[ 1,2 ]dioxepino[4, 3-



iJisochromen-10-yl 4-oxo0-4-(quinolin-8-ylamino)butanoate (E3)

M.p. 156-157 °C. Yield: 43%; 'H NMR (300 MHz, DMSO-d,): § 10.21 (s, 1H, N-H), 8.94 (dd, J =

42, 1.6 Hz, 1H, Ar-H), 8.60 (d, J= 7.6 Hz, 1H, Ar-H), 8.41 (dd, J = 8.3, 1.6 Hz, 1H, Ar-H), 7.69-

7.61 (m, 2H, Ar-H), 7.57 (t, J = 7.9 Hz, 1H, Ar-H), 5.69 (d, J = 9.8 Hz, 1H, 12-H), 5.55 (s, 1H,

10-H), 2.93 (t, J = 6.3 Hz, 2H, -CH,-), 2.82-2.71 (m, 2H, -CH,-), 2.29 (d, J = 6.5 Hz, 1H), 2.17 (d,

J=13.7Hz, 1H), 1.99 (d, J= 13.0 Hz, 1H), 1.85-1.76 (m, 1H), 1.59 (d, J= 10.2 Hz, 3H), 1.44 (dd,

J=253,16.4 Hz, 3H), 1.29 (s, 3H, 13-CH3), 1.25-1.11 (m, 2H), 0.87 (d, J = 6.2 Hz, 3H), 0.77 (d,

J=7.1Hz, 3H); 3C NMR (75 MHz, DMSO-dj): 6 171.69, 170.76, 149.26, 138.55, 137.01, 135.04,

128.31, 127.41, 122.54, 122.23, 117.16, 104.03, 92.20, 91.06, 80.32, 51.58, 45.05, 36.42, 36.36,

34.16, 32.12, 31.57, 29.29, 25.99, 24.65, 21.47, 20.50, 12.18; ESI-HRMS (m/z) calcd for

ngHg,5N207Jr [1\/I‘f‘H]+ 51 12438, found: 511.2444.

quinolin-3-yl ((3R,5aS,6R,8aS,9R,12R,12aR)-3,6,9-trimethyldecahydro-12H-3, 12-epoxy[1,2]dio-

xepino[4,3-iJisochromen-10-yl) succinate (E4)

M.p. 126-127 °C.Yield: 34%; '"H NMR (300 MHz, DMSO-dy): 6 8.74 (d, J = 2.6 Hz, 1H, Ar-H),

8.18 (d, J = 2.4 Hz, 1H, Ar-H), 8.13-7.97 (m, 2H, Ar-H), 7.86-7.74 (m, 1H, Ar-H), 7.66 (t, J= 7.5

Hz, 1H, Ar-H), 5.73 (d, J = 9.8 Hz, 1H, 12-H), 5.59 (s, 1H, 10-H), 3.01 (t, J = 6.2 Hz, 2H, -

CH,-),2.85 (m, 2H, -CH,-), 2.33 (s, 1H), 2.26-2.12 (m, 1H), 2.01 (dd, J = 16.2, 5.6 Hz, 1H), 1.88-

1.76 (m, 1H), 1.70-1.55 (m, 3H), 1.54-1.37 (m, 3H), 1.27 (s, 3H, -CH), 1.26-1.10 (m, 2H), 0.89 (d,

J=6.2Hz, 3H),0.78 (d, J="7.1 Hz, 3H); 3C NMR (75 MHz, DMSO-d,): 6 171.49, 171.27, 146.44,

144.35, 129.79, 129.22, 128.42, 128.30, 127.89, 126.75, 104.07, 98.53, 92.50, 91.11, 80.34, 51.59,

45.03,36.42,36.36, 34.17, 32.13,31.57, 29.16, 25.97, 24.66, 21.46, 20.52, 12.22; ESI-HRMS (m/z)



caled for C,3H34NOg*" [M+H]* 512.2278, found: 512.2279.

quinolin-5-yl  ((3R,5aS,6R,8aS,9R,12R, 12aR)-3,6,9-trimethyldecahydro-12H-3, 12-epoxy[1,2]dio-
xepino[4,3-iJisochromen-10-yl) succinate (E3)

M.p. 87-88 °C.Yield: 30%; '"H NMR (300 MHz, DMSO-dj): 6 8.97 (d, J= 2.6 Hz, 1H, Ar-H), 8.37
(d, J= 8.5 Hz, 1H, Ar-H), 7.97 (d, /= 8.4 Hz, 1H, Ar-H), 7.79 (t, /= 8.0 Hz, 1H, Ar-H), 7.60 (q,
1H, Ar-H), 7.41 (d, J= 7.5 Hz, 1H, Ar-H), 5.74 (d, J= 9.6 Hz, 1H, 12-H), 5.60 (s, 1H, 10-H), 3.10
(tJ= 6.4 Hz, 2H, -CH>-), 2.90 (t, /= 6.4 Hz, 2H, -CH,-), 2.33 (s, 1H), 2.26-2.13 (m, 1H), 2.01 (d,
J=13.6 Hz, 1H), 1.81 (s, 1H), 1.69-1.56 (m, 3H), 1.46 (m, 3H), 1.28 (s, 3H, 13-CH3), 1.22 (d, J =
11.6 Hz, 2H), 0.89 (d, /= 5.9 Hz, 4H), 0.78 (d, J = 6.9 Hz, 3H); 13C NMR (75 MHz, DMSO-dy): ¢
171.48, 171.32, 151.60, 146.39, 130.51, 129.95, 129.57, 127.50, 122.35, 119.38, 104.07, 92.53,
91.13, 80.34, 51.59, 45.02, 36.43, 34.37, 34.17, 32.13, 29.20, 29.10, 25.98, 24.66, 21.46, 20.52,

12.22; ESI-HRMS (m/z) calcd for C,sH34NOg™ [M+H]" 512.2278, found: 512.2279.

quinolin-8-yl  ((3R,5aS,6R,8aS,9R,12R, 12aR)-3,6,9-trimethyldecahydro-12H-3,12-epoxy[1,2]dio-
xepino[4,3-i]isochromen-10-yl) succinate (E6)

M.p. 74-76 °C.Yield: 39%; 'H NMR (300 MHz, DMSO-dy): 6 8.91 (dd, J=4.2, 1.5 Hz, 1H, Ar-H),
8.50-8.41 (dd, /= 8.3, 1.5 Hz 1H, Ar-H), 7.92 (d, /= 8.2 Hz, 1H, Ar-H), 7.67-7.58 (m, 2H, Ar-H),
7.53 (d, J=17.6 Hz, 1H, Ar-H), 5.72 (d, J=9.7 Hz, 1H, 12-H), 5.60 (s, 1H), 3.06 (t,J= 6.4 Hz, 2H,
-CH,-), 2.85 (t,J= 6.4 Hz, 2H, -CH,-), 2.32 (s, 1H), 2.17 (d, /= 10.3 Hz, 1H), 2.01 (d, J= 14.6 Hz,
1H), 1.81 (s, 1H), 1.67-1.55 (m, 3H), 1.47 (d, /= 12.0 Hz, 3H), 1.29 (s, 3H, 13-CHj3), 1.20 (dd, J =

11.2, 6.4 Hz, 2H), 0.89 (d, J = 6.2 Hz, 3H), 0.76 (d, J = 7.1 Hz, 3H); '*C NMR (75 MHz, DMSO-



ds): 0 171.22, 171.11, 151.10, 147.31, 140.89, 136.71, 129.56, 126.87, 126.61, 122.60, 121.99,

104.06, 92.43, 91.11, 80.34, 51.59, 45.05, 36.43, 36.36, 34.17, 32.11, 29.31, 28.99, 25.99, 24.66,

21.47,20.52, 12.21; ESI-HRMS (m/z) calcd for CogH34NOg*™ [M+H]* 512.2278, found: 512.2279.

(3R,5aS,6R,8aS,9R, 2R, 12aR)-3,6,9-trimethyldecahydro-12H-3, 12-epoxy[ 1,2 ]dioxepino[4, 3-

iJisochromen-10-yl 4-(diethylamino)-4-oxobutanoate (E7)

M.p. 130-131 °C Yield: 43%; '"H NMR (300 MHz, DMSO-dy): ¢ 5.65 (d, J = 9.7 Hz, 1H, 12-H),

5.55 (s, 1H, 10-H), 3.32-3.21 (m, 4H, -CH,-), 2.59 (s, 4H, -CH,-), 2.36-2.25 (m, 1H), 2.24-2.13 (m,

1H), 2.00 (d, J= 14.1 Hz, 1H), 1.87-1.76 (m, 1H), 1.68-1.53 (m, 3H), 1.45 (m, 3H), 1.29 (s, 3H, 13-

CH;), 1.26-1.16 (m, 2H), 1.13 (t, J= 7.0 Hz, 3H, -CH3), 1.00 (t, J= 7.0 Hz, 3H, -CH3), 0.89 (d, J =

6.2 Hz, 3H, -CH3), 0.76 (d,J="7.1 Hz, 3H, -CH;); *C NMR (75 MHz, DMSO-d,): 5 171.78, 169.92,

104.02, 91.99, 91.03, 80.33, 51.60, 45.06, 41.52, 39.87, 36.44, 36.37, 32.14, 29.54, 27.51, 25.98,

24.67,21.48,20.53,14.43, 13.52, 12.16; ESI-HRMS (m/z) calcd for Cp3H3sNO; [M+H]™ 440.2648,

found: 440.2649.

(3R,5aS,6R,8aS,9R, 2R, 12aR)-3,6,9-trimethyldecahydro-12H-3, 12-epoxy[ 1,2 ]dioxepino[4, 3-

iJisochromen-10-yl 4-morpholino-4-oxobutanoate (E8)

oil, Yield: 50 %; 'H NMR (300 MHz, DMSO-d,):  5.65 (d, J = 9.8 Hz, 1H, 12-H), 5.55 (s, 1H, 10-

H), 3.61-3.51 (m, 4H, -CH,-), 3.45 (m, 4H, -CH,-), 2.61 (s, 4H, -CH,-), 2.30 (s, 1H), 2.25-2.13 (m,

1H), 2.00 (d, J = 14.6 Hz, 1H), 1.80 (s, 1H), 1.61 (d, J= 11.8 Hz, 3H), 1.53-1.38 (m, 3H), 1.29 (s,

3H, -CHs), 1.26-1.10 (m, 2H), 0.89 (d, J = 6.1 Hz, 3H, -CH;), 0.77 (d, J = 7.1 Hz, 3H, -CH;); 13C

NMR (75 MHz, DMSO-dy): 6 171.74,169.91, 104.03, 92.05, 91.05, 80.34, 66.53 (2C), 51.60, 45.59,



45.06, 42.06, 36.44, 36.36, 34.18, 32.16, 29.37, 27.47, 25.99, 24.66, 21.48, 20.53, 12.18; ESI-

HRMS (m/z) caled for Co3H3eNOg* [M+H]* 454.2440, found: 454.2441.

(3R,5aS,6R,8aS,9R, 2R, 12aR)-3,6,9-trimethyldecahydro-12H-3, 12-epoxy[ 1,2 ]dioxepino[4, 3-

iJisochromen-10-yl 4-0x0-4-(4-phenylpiperazin- 1-yl)butanoate (E9)

M.p. 144-145 °C.Yield: 55%; 'H NMR (300 MHz, DMSO-dy): & 7.23 (t, J = 7.7 Hz, 2H, Ar-H),

6.95 (d, J=8.1 Hz, 2H, Ar-H), 6.81 (t, J= 7.2 Hz, 1H, Ar-H), 5.65 (d, J=9.7 Hz, 1H, 12-H), 5.55

(s, 1H, 10-H), 3.59 (s, 4H), 3.15 (s, 2H, -CH,-), 3.08(s, 2H, -CH,-), 2.64 (d, J= 11.2 Hz, 4H, -CH,-),

2.28 (s, 1H), 2.16 (d, J = 14.4 Hz, 1H), 1.99 (d, J = 15.4 Hz, 1H), 1.79 (s, 1H), 1.60 (m, 3H), 1.47

(m, 3H), 1.29 (s, 3H, -CHj), 1.21 (d, J=20.8 Hz, 2H), 0.88 (d, J = 5.9 Hz, 3H, -CH;), 0.77 (d, J =

6.7 Hz, 3H, -CH3); '3C NMR (75 MHz, DMSO-dy): 0 171.77, 169.71, 151.28, 129.46 (2C), 119.78,

116.32 (2C), 104.04, 92.05, 91.05, 80.35, 51.61, 49.13, 48.76, 45.05, 44.95, 41.51, 36.43, 36.37,

34.18, 32.15, 29.43, 27.61, 25.99, 24.66, 21.47, 20.53, 12.21; ESI-HRMS (m/z) calcd for

Ca0H41N,O7" [M+H]* 529.2908, found: 529.2909.

(3R,5aS,6R,8aS,9R, 2R, 12aR)-3,6,9-trimethyldecahydro-12H-3, 12-epoxy[ 1,2 ]dioxepino[4, 3-

iJisochromen-10-yl 4-(4-benzylpiperazin-1-yl)-4-oxobutanoate (E10)

M.p. 136-138 °C.Yield: 53%; 'H NMR (300 MHz, DMSO-d,): § 7.32 (s, 5H), 5.64 (d, J= 9.7 Hz,

1H, 12-H), 5.55 (s, 1H, 10-H), 3.49 (s, 2H, -CH,-), 3.45 (s, 4H, -CH,-), 2.59 (s, 4H, -CH,-), 2.34

(m, 4H, -CH,-), 2.25 (m, 1H), 2.17 (d, J = 11.5 Hz, 1H), 2.00 (d, J = 13.2 Hz, 1H), 1.80 (s, 1H),

1.60 (d, J= 11.2 Hz, 3H), 1.53-1.36 (m, 3H), 1.29 (s, 3H, -CH;), 1.25-1.13 (m, 2H), 0.89 (d, /= 5.8

Hz, 3H, -CH;), 0.76 (d, J = 6.8 Hz, 3H, -CHs); 3C NMR (75 MHz, DMSO-d,): 6 171.73, 169.51,



138.31,132.78, 129.34 (2C), 128.67 (2C), 127.47, 104.03, 92.03, 91.05, 80.34, 62.35, 53.16, 52.74,

51.62, 45.07, 41.69, 36.44, 36.39, 34.20, 32.15, 29.43, 27.60, 26.00, 24.67, 21.49, 20.53, 12.20;

ESI-HRMS (m/z) calcd for C,3H;5NOgNat [M+Na]* 476.2254, found: 476.2256.

2.2 Cell line maintenance

HeLa cells were cultured in DMEM, supplemented with 100 units/mL Penicillin and 100

ug/mL streptomycin and 10% heat-inactivated FBS and maintained at 37°C and 5% CO,. Cells were

from Molecular Drug Research Center, Yanbian University.

2.3. Parasite strains

This experiment used the virulent RH strain of 7. gondii that were cryopreserved and

resuscitated by our laboratory and maintained by serial intraperitoneal passage in KM female mice,

which were purchased from Experiment Center, Yanbian University.

2.4 Animals

All experimental procedures were conducted in conformity with institutional guidelines for the

care and use of laboratory animals in Yanbian University, Jilin, China, and conformed to the

National Institutes of Health Guide for Care and Use of Laboratory Animals (Number of license

SCXK 2011-0007). All mice were kept in a central animal care facility with free access to water

and rodent food during the experiment.

2.5 Evaluation of anti-Toxoplasma activity in vitro



Cells were plated in 96-well plates at appropriate densities to ensure exponential growth

throughout the experimental period (3 x 103 cells per well) and then allowed to adhere for 24 h at

37°C. The cells were infected with 7. gondii (1.5 x 10* tachyzoites/well), and then T. gondii-infected

cells were incubated for 24 h. All compounds were stocked at the concentration of 100 mM in

DMSO. Serial dilutions (1~1000 pmol/L) of each compound were tested. The final concentration

of DMSO solvent did not exceed 0.01%. After 24 h of incubation, 10 pL. of MTT (Thiazolyl Blue

Tetrazolium Bromide, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H -tetrazolium bromide)

solution (5 mg/ml) was added to each well. Plates were then incubated for a further 3.5-4 h. ICsy in

HeLa cells, ICsoin T. gondii and selectivity index (Selectivity) were calculated by Excel software.

Selectivity index was a measure of specific resistance to 7. gondii. Calculated using the formula

shown in Table 2.

2.6 In vivo experiments

Thirty female mice were randomly divided into five groups: normal group, untreated group

(infected untreated group), infected with 100 mg/kg spiramycin-treated group, infected with A2-

treated group and infected with DHA-treated groups, six in each group and then intraperitoneally

injected with 2 x 103 tachyzoites of the T. gondii RH strain. Four hours after the mice were infected,

they were gavaged at a dose of 100 mg/kg, while the normal and untreated group was given the

same dose of physiological saline. Administered once a day for 4 consecutive days. At the last day,

heart blood samples were collected after anesthesia to separate the serum, and then mice were

sacrificed by cervical dislocation. The number of tachyzoites in the abdominal cavity of the mice

was counted under the light microscope and the inhibition rate of the parasites was calculated.



2.7 Liver biochemical parameters

Serum levels of aspartate transaminase (AST) and alanine aminotransferase (ALT) were
measured according to the method of [29]. The substrate reaction of ALT or AST and serum was
carried out under incubation at 37 °C for 30 min, then added 2,4-dinitrophenylhydrazine (2,4-DNPH)
and held for 20 min. Finally, NaOH was added and allowed to react for 5 min. The absorbance at
505 nm was measured.

The glutathione (GSH) was measured according to the method of [30]. The liver homogenate
was mixed with half volume trichloroacetic acid (20%, w/v) and centrifuged at 4000 rpm for 10
min. Then, phosphate buffer (phosphate 0.3 mol/L, pH 7.5) and 5,5-dithio-bis-(2-nitrobenzoic acid)
(0.04%, w/v) were added to the separated supernatant and mixed thoroughly. After 5 min at room
temperature, the absorbance was measured at 412 nm. Malondialdehyde (MDA) was measured by
the standard method [31] with minor modifications. The liver homogenate supernatant was mixed
with thiobarbituric acid (0.5%, w/v) and heated in boiling water bath for 1 h, then cooled quickly
and centrifuged at 6000 rpm for 10 min, the absorbance of pink colored supernatant was measured
at 532 nm. Tetraethoxypropane replaced the liver homogenate in the standard sample.
2.8 The molecular docking study

The molecular docking study was performed using Discovery Studio (DS) 2017. The ligand
and protein were prepared, hydrogen was added and water molecules were deleted by DS Server.
The result of docking was treated with DS Client. In this study, the crystal structure of 7. gondii
calcium-dependent Protein Kinase 1 from Toxoplasma gondii (7gCDPK1, 3N51. pdb) was chosen
for docking. The xyz coordinates (19.4414, 14.3063, 63.6324, radius 9.9 A) of protein residues were

defined as the binding site sphere. The protocol, Dock Ligant (CDOKER) was used to perform the



docking. The output poses of the ligands generated were analysed based on the LibDockScore

function.

3. Results and discussion

3.1 Chemistry

Natural products play a leading role in drug discovery and structural modifications of active

natural products is an effective way of discovering potentially active molecules, lead compounds,

and new drugs. Modification of the natural compounds is used to be potential anti-7. gondii agents

[32-35]. DHA, a sesquiterpene natural compound containing peroxy bridge bond (R-O-O-R’),

which was found to have anti-7. gondii activity [13, 14]. The outlines for the synthesis of the starting

and of the target compounds are presented in Scheme 1 and Table 1. Due to the light sensitive nature

of the peroxy bridge structure in DHA and its derivatives [36], all compounds should be stored in

the dark in dry conditions.

In order to react with the 12-OH of DHA, we first need to protect the amino group of the amino

acid with di-fert-butyl dicarbonate (Boc,O). N-Boc amino acids were synthesized by the reaction of

amino acid and Boc,O under NaOH catalytic conditions [37]. Synthetic cinnamic acid and 2-indole

carboxylic acid are all based on substituted benzaldehyde. Synthetic cinnamic acid requires one step

reaction, while 2-indole carboxylic acid requires three steps, so the yield of cinnamic acid was much

higher than that of 2-indole carboxylic acid [38, 39].

The reagents EDCI and DMAP play a fundamental role in the condensation reactions of
carboxyl and amino or hydroxyl groups. In addition to their role in accelerating the chemical
reaction, these reagents circumvent the unfavorable formation of water and promote the reaction to
proceed in the forward direction. We can increase one of the raw materials to increase the yields.

The yield of A1-A7, B1-B6, and C1-C4 was 40%-89%, and the yield of E1-E10 was 29%-55%.



3.2 Evaluation of biological activities

3.2.1 Evaluation of anti-Toxoplasma activity in vitro (MTT assay)

MTT assay was used to determine the cytotoxicity and the anti-7. gondii activity of DHA and

derivatives on host cells (Table 2). In vitro, the anti-T. gondii activity was expressed as the

selectivity index (SI), which was calculated as the ratio between the CCs, value for host cells non-

infected with Toxoplasma and the 1Cs, for 7. gondii cultivated in host cells (SI= CCs / 1Csp) [28,

40]. When the SI level is higher than data of spiramycin, and the toxicity of the compound to the

host cells (HeLa cells) is lower and the compound reduces the infection of the host cells by 7. gondii,

the compounds are thought to dwell better anti-7.gondii activity effect [28]. As shown in Table 2,

compounds Al, A2, A5, B1, B3, B4, C2, El, E2, E4, E6, E7, E9, and E10 exhibited stronger anti-

T. gondii activity than the lead compound DHA (SI: 1.00). Furthermore, when compared to the

clinical toxoplasmosis drug spiramycin, most of the compounds showed stronger anti-parasitic

activity, with selectivity indexes from 0.83 to 6.44.

Compounds A1-A6 were products of the reaction of N-Boc amino acids with DHA. Compared

with lead compound DHA, toxicity (ICsy in HeLa Cells) of most compounds was reduced. Within

compounds Al, A2, A3 and A4, compound A2, which was the product of the reaction of alanine

with DHA, demonstrated the strongest anti-7. gondii capacity, suggesting that it can interfere with

the binding of 7. gondii to its key targets with high selectivity. The compounds B1-B6 were the

products of the reaction of cinnamic acids and DHA, and almost all compounds were less toxic to

host cells than that of DHA. Among them selectivity index of compounds B1, B3 and B4 was greater

than that of spiramycin, indicating that these three compounds were the better safety than spiramycin.

The compounds C1-C4 were the products of the reaction of indole-2-carboxylic acids and DHA. As



shown in Table 2, the toxicity of the four target compounds was higher than the unmodified DHA,
probably due to the multiple other activities and targets of the indole fragment [41, 42]. However,
the selectivity index of all compounds except C4 was greater than that of spiramycin and showed
some anti-7. gondii activity. Compounds E1~E10 are products of the reaction of succinic acid with
substituted heterocycles. The selectivity of the group was greater than 0.72, and they all exhibited
higher anti-7. gondii activity than spiramycin. Interestingly, comparison of the aminoquinoline with
the corresponding hydroxyquinoline revealed that the aminoquinoline forms have lower toxicity. In

short, the compound A2 was the best choice in these compounds for further studies in vivo.

3.2.2 The number of tachyzoites in vivo

To examine whether compound A2 was also anti-7. gondii effects in vivo, we evaluated by
counting the number of 7. gondii in each group of mice’ abdominal cavities [43]. The number of
intraperitoneal tachyzoites in the untreated (infected untreated group) mice was 2.25x10°. After
treatment with 100 mg/kg spiramycin, the number of tachyzoites in the abdominal cavity of the
mice was reduced to approximately 1.06x10° and the inhibition rate was 53.1%. Thus, this
treatment can significantly reduce the number of tachyzoites (P < 0.05). The inhibition rate of DHA
was 40.6%, indicating that DHA had a weaker ability to inhibit tachyzoites than spiramycin (P <
0.05). The number of tachyzoites in ascitic fluid of compound A2 treated mice significantly reduced,
with the inhibitory rates being 70.8% (P < 0.01) (Table 3) (Fig. 3). The results showed that A2 had
better inhibitory effects on 7. gondii in vivo than DHA and 100 mg/kg spiramycin did. This showed
that A2 has a better effect in inhibiting 7. gondii in vivo.

3.2.3 Liver and spleen index



Liver has been shown to be the major site of tissue pathology during acute, lethal toxoplasmosis

in mice [44], while the spleen plays an important role in coordinating both adaptive and innate

immune responses [45]. For these reasons, liver and spleen indices were used to evaluate the

protective effect of drugs on viscera. As shown in Figure 4, compared with the normal group, the

liver index of the mice infected by T. gondii increased slightly, while the spleen index increased

significantly. The spleen index of mice in the untreated group was significantly higher than that of

the normal group, indicating that splenomegaly of the immune-related organ had been caused by

acute T. gondii infection (P < 0.05). Compared with the normal group, there was improvement of

the splenomegaly of the low-dose spiramycin-, DHA- and compound A2-treated groups (P < 0.05),

after administration of the compounds in the infected mice. This showed that compound A2 can

effectively relieve the splenomegaly caused by 7. gondii infection.

3.2.4 ALT and AST

The liver is the body's largest gland organ. In addition to detoxifying various metabolites,

synthesizing proteins and biochemicals necessary for digestion, it also has a central role in the

pathophysiology of parasitic infection [46]. The level of serum ALT and AST activity is a very

sensitive indicator used to evaluate liver injury, whereby their increase reflects to some extent the

degree of the damage (Fig. 5). Compared with the normal group, the serum ALT level was increased

in the untreated mice, indicating that acute Toxoplasma infection can cause liver damage.

Spiramycin, DHA and A2 can relieve liver damage and slightly reduce enzyme levels (P< 0.05).

Similarly, compared with the untreated group, the AST content of all the treated groups were

significantly reduced (P < 0.05). Although DHA and A2 could significantly reduce the number of



tachyzoites in the mouse peritoneal cavity, there was significant difference in the ALT and AST

levels in the serum of the DHA and A2 groups (P< 0.05) compared with that in the normal group,

showing they could not completely reduce the serum ALT and AST levels.

3.2.5 MDA and GSH

MDA is the major degradation product of lipid peroxidation and can cause changes in the

structure of hepatocytes, leading to their swelling and necrosis [47]. MDA content reflects the

degree of damage of liver cells from another angle [48]. When the liver is damaged, it undergoes a

large amount of lipid peroxidation. Acute toxoplasmosis in humans can damage many tissues and

organs including the liver and can cause a series of liver pathological changes including hepatitis,

hepatomegaly and hepatic granuloma [49-51]. GSH, the major non-protein thiol in humans and

other mammals, can react with peroxides to exert antioxidative effects and reduce liver damage

[52]. Compared with the normal group, the GSH content in the liver homogenate of the untreated

group was significantly decreased (P<0.01), and the acute Toxoplasma gondii infection caused the

decrease of the antioxidant GSH in mice (Fig. 3). Compared to that in the untreated group, DHA

and Compound A2 could increase the GSH content, where compound A2 had a significant effect

(P<0.01), indicating that the drug can increase the amount of GSH and protect the liver. The content

of MDA was increased by acute Toxoplasma infection (P< 0.01). Compound A2 had obviously

stronger effect than spiramycin in reducing the content of the harmful substance MDA (P< 0.01),

but DHA did not. Therefore, we can know compound A2 can reduce the body damage caused by

Toxoplasma gondii by increasing the content of protective factor GSH and reducing the content of

damage factor MDA.

3.3 Docking analysis



It has been reported in the literature that dihydroartemisinin acts on calcium channel-dependent
proteins of Toxoplasma gondii to be anti-7. gondii [53]. CDPKs are a serine/threonine-like protein
kinase that is directly regulated by Ca?' and is not dependent on Calmodulin (CaMs) and
phospholipids. We used the computer-aided drug design software Discovery Studio 2017 Server for
molecular model construction and protein structure treatment to complete the docking of the target
compounds with the calcium-dependent Protein Kinase 1 from Toxoplasma gondii (TgCDPKI1,
3N51. pdb) (Fig. 7, 8). The compound with the strongest anti-7. gondii activity was selected for the
molecular docking experiments. Thus, compound A2 and receptor protein preprocessing were
performed using the corresponding modules in the Discovery Studio 2017 Client running on the
server. Meanwhile, the lead compound DHA also was docked with target protein to prove the
difference between its activity of anti-7. gondii and A2. The docking process was performed
according to the CDOCKER protocol, where the technical parameter Pose Cluster Radius was reset
to 0.5 and the other parameters were unchanged. Docking of the active site was set to the coordinates
x =19.4414,y = 14.3063, and z = 63.6324 as the center, with a radius of 9.9 A. It can be found that
the docking results of compound A2 and DHA with target protein were as follows (Table 4): “at this
time, the CDOCKER Interaction energy value of compound A2 was -50.9219 kcal/mol’. Clearly,
compound A2 may interact with receptor proteins residue LYS80 and MET112 which The bond
lengths between A2 were 3.07, 2.87, 3.05 and 2.39. At the same time, the CDOCKER Interaction
energy value of DHA was -28.4487 kcal/mol. DHA may interact with receptor proteins residue
TRY 131 which The bond lengths between DHA was 1.89. These data indicated that the compound
A2 has stronger binding affinity to 7gCDPK1 than DHA and may play a key role in anti-7.gondii

activity. In addition, it is suggested that the structure of DHA may have a better binding effect on



the TeCDPKI1 receptor protein, thereby exerting its anti-toxoplasmosis activity, and therefore has

further structural modification value.

4. Conclusion

In this study, four series of dihydroartemisinin derivatives were synthesized and evaluated for

their anti-7. gondii activity in vitro. Most of the target compounds not only had activity against 7.

gondii but also had lower toxicity towards the host cells. Compound A2 was the best choice for in

vivo experiments and could effectively kill Toxoplasma gondii tachyzoites in the peritoneal cavity

of mice. All effects of in vivo experiment were similar or superior to those of the positive-control

drug spiramycin. In addition, the results of a docking study revealed that compound A2 could

become a better 7. gondii calcium-dependent protein kinase 1 inhibitor. Hence, the DHA-derived

compound A2 had the potential for becoming an anti-parasitic drug, pending further in-depth

mechanistic studies.
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Fig. 1. a. Artemisinin and DHA b. Compound A2
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Dihydroartemisinin

Scheme 1. Reagents and conditions for the synthesis of DHA derivatives: a. EDCI, DMAP, DCM,

r.t.; b. Succinic anhydride, piperidine, ice bath; ¢. RH, EDCI, DMAP, DCM, r.t..
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Fig. 3. Effect of compounds on the number of tachyzoites in mice, n = 6, #<0.05 compared with

untreated group; ##p<0.01 compared with untreated group; §p<0.05 compared with spi group.
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Fig. 4. Effect of compounds on spleenand liver weights in T.gondii-infected KM mice, n =6,

#p<0.05 compared with untreated group; *p<0.05 compared with the normal group.
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Fig. 5. Effect of compounds on ALT and AST levels in 7. gondii-infected KM mice, n =
6,*p<0.05compared with the normal group; **p<0.01 compared with the normal group; #p<0.05

compared with untreated group.
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Fig. 6. Effect of compounds on GSH and MDA levels in T.gondii-infected KM mice, *p < 0.05
compared with the normal group; **p < 0.01 compared with the normal group; #p < 0.05

compared with untreated group; ##p < 0.01 compared with untreated group; §p < 0.05compared

with spi group.
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Fig. 7. Profile of compound A2 in the T7gCDPK1-ATP pocket (3N51.pdb).
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Fig. 8. Profile of DHA in the TgCDPK1-ATP pocket (3N51.pdb).
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Table 1. Substituents of target compounds

. B " H
L 00 H 0-0> 'H 0-0/ 'H
00N oy °Ho 1o 0O
O
H O o \%\
o
\E:S\NHBOC xR g R
A1-6 B1-6 C1-4 E1-10
Compd. R Compd. R Compd. R Compd. R
Al ;fiH B2 p-F C3 6-Br E6 £ %
S |
‘:{N/\CH
A2 ;‘iCHS B3 p-Cl C4 5- OCHj; E7 ()
A3 CHs B4 p-Br El N ‘ ES8 f{@
AN °
CH3 H
A4 CHy B5 p-OCH; E2 < E9 A
N N K/N
MCHS H . | \©
. Ly
As L~ o B6  34diOCH, E3 A E10 ove
H
Nx
A6 ;\/@ Cl 5-H E4 £ L
B1 -H C2 5-Cl ES £




Table 2. In vitro 7. gondii inject-inhibition on host cells and cytotoxicity of Compounds.

Compound IC50 in HeLa Cells (uM)? IC50 in 7.gondii-infected HeLa cells (uM)® Selectivity*

Al 654.0+£18.2 448.0+5.3 1.46
A2 912.1+£16.3 141.0+£2.8 6.44
A3 3533 +15.1 502.7+13.6 0.70
A4 >1000 946.8 +28.2 0.95
AS 740.0 +20.8 340.2 +£24.3 2.17
A6 266.5+£21.0 >1000 0.27
Bl >1000 946.8 £18.2 1.06
B2 272.9+9.8 >1000 0.27
B3 7402 £17.8 3405+ 11.5 2.17
B4 350.2 +18.5 242.9+8.9 1.45
BS 312.5+£12.6 589.0+14.3 0.53
B6 674.5+16.2 >1000 0.68
Cl 179.0+11.2 216.8+13.4 0.83
C2 1342 +8.3 853+5.9 1.58
C3 170.7 +5.8 188.6+9.9 0.91
C4 180.4 +15.8 389.3+21.0 0.46
El 870.1 +£22.1 2172+12.2 4.01
E2 478.3+£8.2 303.2+10.3 1.58
E3 839.1 £ 14.8 >1000 0.84
E4 2140+ 11.5 2102+ 15.6 1.02
ES 192.6 £7.2 452.8+13.9 0.43
E6 329.1+£19.9 323.4+18.5 1.02
E7 557.4+10.0 2604 +11.2 2.14
E8 4343 +£18.2 4732 +13.8 0.92
E9 >1000 808.9+18.2 1.24
E10 797.0+£19.5 279.6 £9.4 2.85
spiramycin 189.0 £2.1 2622+7.5 0.72
DHA 311.0£11.7 311.3+8.8 1.00

a = Median toxicity dose, a measure of cytotoxicity against host cells.

b = Median inhibitory concentration, a measure of tachyzoite inhibition.

¢ = Therapeutic index, a measure of efficacy, calculated by ICsy in HeLa cells/ICsq in T.gondii.
When ICs, in HeLa cells > 1000.00, Selectivity =1000/1Csq in T.gondii; When ICs, in T.gondii >

1000.00; Selectivity = ICs in HeLa cells/1000



Table 3. Mice peritoneal 7. gondii inhibition rate

Spi DHA A2

Mice peritoneal 7.
gondii inhibition 53.1%+11.1% 40.6% + 13.3% 70.8% + 4.2%
rate(%)?

a = (untreated group - treated group) / untreated group x 100%



Table 4. The data of molecular docking results

Carbon-hydrogen

-CDOCKER Interaction Hydrogen bond
Compound bond
energy (kcal/mol) - -
Residue/bond lengths ~ Residue/bond lengths
LYS80/3.07 MET112/3.05
A2 50.9219

MET112/2.87
DHA 28.4487 TRY131/1.89

MET112/2.39
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Highlights

® Four series of dihydroartemisinin derivatives were synthesized, and evaluated for
their anti-7. gondii activity in vitro.

® Compound A2 were found to be the better anti-7. gondii activity than the lead
compound and the positive drug in in vitro and in vivo.

® Compound A2 had better growth inhibitory effects on 7. gondii in vivo than
spiramycin did and significantly reduced the number of tachyzoites in the

peritoneal cavity of mice (P <0.01).
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