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Abstract

During the past decade, artemisinin as an antimalarial has been in the spotlight, in part due to

the Nobel Prize in Physiology or Medicine awarded to Tu Youyou. While many studies have
been completed detailing the significant increase in activity resulting from the dimerization of
natural product artemisinin, activity increases unaccounted for by the peroxide bridge have yet to
be researched. Here we outline the synthesis and testing for antimalarial activity of artemisinin
dimers in which the peroxide bridge in one half of the dimer is reduced, resulting in a dimer with
one active and one deactivated artemisinin moiety.
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Artemisinin (1) was isolated in 1972 from Artemisia annua which has been used in Chinese
herbal medicine for over 2000 years.! Since then, various derivatives of the compound have
been synthesized, including dihydroartemisinin (DHA) (2a), artemether (2b), arteether (2c)
and artesunate (2d),2 all of which retain activity against drug-resistant strains of Plasmodium
falciparum (Figure 1).3 For this reason, Artemisinin, or one of its derivatives, are one
component of artemisinin-based combination therapies (ACTs) which currently stand as
frontline treatment for acute, uncomplicated A, falciparum malaria.* Artemisinins also have
been a source of inspiration for the trioxolane antimalarial arterolane, also known as

0Z277 and 0Z439, that were discovered and developed by Vennerstrom and colleagues.> 6
Significant interest has been generated over the outstanding activity of artemisinin dimers
(Figure 1). Posner, O’Neill and others have produced dozens of analogues of the C-10
deoxoartemisinin dimer displaying impressive potency.’~11 The noteworthy increase in
activity of some of the dimers over artemisinin monomers has led our research to investigate
the activity of dimers in which one peroxide bridge is intact while the other is deactivated
by reduction. For comparative studies, we synthesized a set of symmetric artemisinin
dimers containing two endoperoxide bridges and an analogous dimer series containing

only one peroxide bridge, to which we refer herein as the asymmetric artemisinin dimers.

In order to study the additive effect to activity of dimerized artemisinin, our laboratory
optimized methodology to covalently dimerize these molecules utilizing EDCI coupling,
click chemistry, or Mitsunobu reactions. Using these methods, we were able to synthesize
artemisinin dimers in a controlled manner, thereby allowing us to ascertain the impact of the
peroxide bridge number, the linker polarity, and/or linker length on the potency of the dimers
against asexual blood stages of the human malaria parasite Plasmodium falciparum.

ACS Infect Dis. Author manuscript; available in PMC 2022 July 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lichorowic et al.

Page 3

Synthetic Chemistry

Previous research notes the short half-life and limited solubility of artemisinin derivatives

is primarily due to the instability of the C-10 acetal linkage. Metabolism of artemisinin
derivatives, mediated by cytochrome P450, identified the dealkylation to DHA as a major
pathway, 2 suggesting that our analogues should focus on C-10 deoxoartemisinin monomers
and dimers to improve stability.13 14

The synthesis of 10p-deoxoartemisinin (4) is shown in Scheme 1. Commercially available
artemisinin was reduced to DHA (2a) with DIBAL, followed by acylation with benzoyl
chloride to give ester 3. Reaction of 3 with allyl trimethylsilane and zinc chloride gave
10B-allyldeoxoartemisinin (4) (Scheme 1).1°

A significant amount of optimization was required for the synthesis of 10p-
allyldeoxoartemisinin due to the competing elimination reaction. Initially we followed a
published protocol®, and when any versions of anhydrous zinc chloride that was not sealed
in an ampoule were used, the major product was 5 as a result of the elimination pathway
(Scheme 1).

Alkene 4 was diverged into 3-carbon chain lengths by submitting to hydroboration of the
alkene with borane dimethyl sulfide followed by reduction of the organoborane with sodium
perborate to give 6a. Compound 6a was further subjected to reduction of the endoperoxide
bridge with zinc powder and acetic acid to give deoxyartemisinin alcohol 6b (Scheme 2).1°

One of our first goals was to synthesize artemisinin monomers functionalized with clickable
azide and alkyne handles in order to utilize copper- or ruthenium-catalyzed azide-alkyne
cycloaddition (CUAACLE or RUAAC': 18) to effectively dimerize artemisinin. In order

to synthesize artemisinin monomers with azide functionality, alcohols 6a and 6b were
subjected to mesylation to give 7a and 7b, respectively.1®> Nucleophilic substitution with
sodium azide gave artemisinin-azide monomer 8a and 8b, which were reduced with
triphenylphosphine to give amines 9a and 9b, respectively. Two series of clickable alkyne
handles were synthesized, also utilizing alcohols 6a and 6b as a diverging point. Mesyl
esters 7a and 7b were substituted with propargyl alcohol to give propargyl ether monomers
11a and 11b. Alcohols 6a and 6b were oxidized to the corresponding carboxylic acids 10a
and 10b19 (Scheme 3).

The first set of dimers was designed based on previously reported syntheses!? and ease of
producing starting materials. Amine-substituted artemisinin 9 was coupled with carboxylic
acid-substituted artemisinin 10 using EDCI to give all possible dimer combinations,
symmetric artemisinin dimer 12a, symmetric deactivated deoxyartemisinin dimer 12c and
asymmetric artemisinin-deoxyartemisinin dimer 12b. Following the promising results of the
amide dimers, synthesis of the triazole dimers was initiated by way of copper-catalyzed
azide-alkyne cycloaddition (CUAAC).16 It was quickly determined that the peroxide bridge
was not compatible with copper(l) and further experimentally confirmed that artemisinin
containing a reduced peroxide bridge is capable of reacting successfully in CUAAC

with approximately 90% vyield. Previous research has shown that the peroxide bridge
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is susceptible to Fenton chemistry in which copper(1) catalyzes peroxide reduction.20
Because of this ruthenium was used in place of copper and Cp*RuCI(PPh3), was used

to form a triazole between azide 8 and alkyne 11. The reaction produced a variety of side
products making the purification not straightforward. Furthermore, all attempts to prepare
the symmetric bis-peroxide dimer failed to generate the desired product, and therefore

the RUAAC dimerization approach was abandoned after the synthesis of asymmetric mono-
peroxide dimers 13a and 13b and symmetric deactivated deoxoartemisinin dimer 13c
(Scheme 4).

Alternatively, a third set of dimers was synthesized utilizing sequential Mitsunobu?!
reactions of alcohols 6a and 6b with mono-TBS-protected hydroguinone, catechol and
resorcinol. Following the initial Mitsunobu reaction to form 14a — 14d, the protecting group
was removed and a second Mitsunobu reaction was used to complete the symmetric and
asymmetric dimers 16a — 16g (Scheme 5).

Results and Discussion

We determined the potency of all synthesized monomers and dimers against the £,
falciparum asexual blood stages (PfABS) using slight modifications to a previously-
reported, 72-hour, 384-well high content imaging microtiter plate assay?2. We also measured
cytotoxicity against the HepG2 human hepatocellular carcinoma cell line to characterize
selectivity23. The overall trend among the monomers was that the compounds which
maintained the peroxide bridge preserved activity within an approximate pECsgq of 9

for the artemisinin and artesunate controls (Table 1). Among the monomers bearing the
peroxide bridges, alcohol 6a was the most active one followed by azide 8a and alkyne

11a. Monomers bearing the ether bridges, alcohol 6b, azide 8b, and alkyne 11b were
almost 1000-times less potent than their analogues bearing the peroxide bridges. These
three monomers also exhibited a three-fold increase in potency compared to artemisinin and
artesunate. (Table 1).

In order to determine how the number of peroxide bridges affects potency of the dimers,
structurally related dimers were tested together in the same assay plate and repeated in four
or more independent experiments. A one-way ANOVA with Tukey’s multiple comparisons
was performed on matching (based on independent experiments) potency values obtained
between groups of three members (group 1: 12a, 12b, and 12c¢, group 2: 13a, 13b, and
13c, group 3: 16a, 16b, and 16c¢) or a student’s t-test was performed on matching potency
values (based on independent experiments) obtained for groups of two members (group
4:16d and 16e, group 5: 16f and 16g). As expected, dimers containing two peroxide
bridges were among the most potent dimers with pECsg values in the range of 7.56 —

8.63, whereas dimers without a peroxide bridge were devoid of activity (Table 2, Figure
2). Amide-linked dimer 12a with a pECsq of 8.63 was equipotent to the alcohol or azide
monomers 6a and 8a, from which it was synthesized. Bis-peroxide-artemisinin dimers
derived from hydroquinone (16a), resorcinol (16d), or catechol (16f) derivatives displayed
equal or slightly decreased activity compared to their alcohol building block 6a, but their
potency was reduced by a factor of ten in comparison to amide-linked bis-peroxide dimer
12a. These results are in agreement with previous studies reporting antimalarial activity

ACS Infect Dis. Author manuscript; available in PMC 2022 July 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lichorowic et al.

Page 5

of dimerized artemisinin to depend on the length and the nature of the linker connecting
the two artemisinin monomers.”~11 In particular, dimers containing polar groups in the
linker have been reported to be more potent than lipophilic dimers.8: 9 19. 24 A similar
activity trend was observed when comparing amide-linked bis-peroxide 12a with the more
hydrophobic ethers of hydroquinone (16a), resorcinol (16d), and catechol (16f).

In contrast, the mono-peroxide-bridged artemisinin dimers, namely the amide 12b, the
triazolo-linked dimers 13a and 13b, and the dihydroxyphenyls 16b, 16g and 16e possessed
structural features that previously have not been tested for antimalarial activity. Surprisingly,
amide 12b as well as triazoles 13a and 13b displayed pECsg values comparable to the
PECs of bis-peroxide-bridged amide 12a. The equipotency of the pair of triazole dimers
13a and 13b also suggests that antimalarial activity is retained irrespective of which of

the two artemisinin moieties is substituted with the peroxide bridge. Quite different results
were obtained with dihydroxyphenyl 16b, 16g and 16e. These three mono-peroxide-bridged
dimers were approximately 10-fold less potent than their bis-peroxide congeners 16a, 16d
and 16f. At the same time, mono-peroxide dimer 16b was almost a 100-fold more potent
than ether-bridged, deactivated derivative 16c.

Cytotoxocity of the artemisinin dimers was dependent primarily on the linkage and
secondarily on the number of peroxide bridges. Dimers were shown to be 5- to 15-fold more
cytotoxic compared to the monomeric artemisinin building blocks (Table 2). Furthermore,
mono-peroxide-bridged molecules appeared to be marginally less toxic compared to the
bis-peroxide analogues. Bis-peroxide- and mono-peroxide-bridged amides 12a and 12b
were slightly less cytotoxic than mono-peroxide-bridged triazoles 13a and 13b, which were
less toxic than bis-hydroxyphenyls.

Resistance to artemisinin has emerged globally and is expressed as reduced susceptibility
at the early ring stage of 2 falciparum asexual blood stage development.25: 28 The relative
potency of a set of structurally related set of dimers (12a, 12b, and 12c) were assessed

for an artemisinin-resistant clone (4G) and compared to an artemisinin-susceptible clone
(W?2) in both the standard 72-hour drug susceptibility assay and an extended ring stage
survival assay (eRSA). We found 12a and 12b inhibited 4G with pECsgq’s of 7.94 (% 0.15,
n=3) and 7.81 (£ 0.26, n=3), respectively, while 12c was inactive. The slightly reduced
potency of 12a and 12b against 4G versus W2 (4.9-5.8 fold) was statistically significant
(P =0.0120 for 12a, £=0.0209 for 12b, unpaired student’s t-test) and in agreement with
our previous report with the clones.2” For the eRSA, tightly synchronized ring stages were
exposed to 700 nM DHA, 12a, 12b, or 12c for 6 hr, the drug was washed out, and percent
parasitemia was determined daily for 5 days. The symmetric artemisinin dimer 12a and
asymmetric artemisinin-deoxyartemisinin dimer 12b both produced responses similar to
DHA (Figure 3). Upon exposure to drug, parasitemia (presence of morphologically normal
P, falciparum blood stages) drops to 0 and only the artemisinin-resistant clone 4G begins to
recover on day 3 when treated with 12c, similar to control. By day 5, we observed recovery
of the drug susceptible W2 clone in 12a and DHA treated parasites. Interestingly, in the
eRSA assay we observed no recovery by day 5 after exposure to 700 nM 12b for both
artemisinin-susceptible and -resiststant clones. As we expected, the symmetric deactivated
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deoxyartemisinin dimer 12c did not affect growth of either the resistant or susceptible clones
of R, falciparum (Table 2). These data demonstrate that artemisnin-resistant 2 falciparum has
reduced susceptibility not only to the artemisinin monomers, but to symmetric artemisinin
dimer 12a and asymmetric artemisinindeoxyartemisinin dimer 12b. Although there appears
to be no major benefit of the dimers over the monomers, the curious result in the eRSA
where we observed no recovery by day 5 after exposure to the asymmetric artemisinin-
deoxyartemisinin dimer 12b warrants further studies with extended recovery periods.

Conclusions

Methods

Potent antimalarial artemisinin dimers containing two peroxide bridges or inactivated
analogues, in which the two peroxide bridges have been replaced by two ether bridges,
have been synthesized and tested for antimalarial potency and selectivity.”-11 Synthetic
routes were developed for novel asymmetric artemisin dimers designed with one peroxide
bridge and an ether bridge to assess their antimalarial activity and selectivity. In order to
utilize the copper-catalyzed azide-alkyne cycloaddition to form a variety of symmetric and
asymmetric artemisinin dimers, four alkyne and azide functionalized artemisinin-derived
analogues were synthesized. Although we quickly determined that copper(l) would not be a
viable option, ruthenium catalysis gave enabled three artemisinin dimers to be synthesized.
Alternative routes were established utilizing an amidation or Mitsunobu reactions to
dimerize artemisinins, which differ from the triazole dimers. Monomeric artemisinin
building blocks as well as dimeric artemisinins were tested for their antimalarial activity
and for selectivity. Of the synthesized artemisinin dimers, the amide- and triazolo-linked
dimers 12a, 13a and 13b were more potent than dimers 16a, 16d, and 16f derived from
bis-hydroxyphenyl. With this set of artemisinin dimers, experimental data was obtained
suggesting for the first time that bis-peroxide-derived artemisinin dimers are equally or
slightly more potent than mono-peroxide analogs. This surprising result suggests that
previously reported potent artemisinin dimers may derive their potency not only by the
number of peroxide bridges, but also by the increased lipophilicity due to the dimerization
process. Simultaneously, cytotoxicity studies confirmed that bis-peroxide analogues are
equally or slightly more cytotoxic than mono-peroxide bridged artemisinin dimers. This
study demonstrates that instead of two peroxide bridges, only one is necessary to preserve
antimalarial activity and maintain potency comparable to artemisinin controls.

Synthetic Chemistry

General.—Unless otherwise noted all reactions were performed in flame-dried round
bottom flasks under argon atmosphere. Tetrahydrofuran was distilled from benzophenone
and sodium metal before use. Anhydrous diethyl ether and dichloromethane were purchased
from EMD Millipore. All other reagents were purchased from Aldrich Chemical Co. and
used without further purification.

Analytical thin layer chromatography was performed on 0.25 mm silica gel 60 Fos4
precoated plates from EMD Millipore. Plates were visualized with ultraviolet light (254
nm) or by treatment with iodine, cerium ammonium molybdate, potassium permanganate or
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ninhydrin stain followed by heating. EMD silica gel 230-400 (particle size 40-63 um) mesh
was used for all flash column chromatography.

NMR spectra were recorded at ambient temperature on a 400 MHz or 500 MHz Varian
NMR spectrometer in the solvent indicated. All IH NMR experiments are reported in

& units, parts per million (ppm) downfield of TMS, and were measured relative to the
signals of chloroform (7.26 ppm) and dimethyl sulfoxide (39.5 ppm) with *H decoupled
observation. Data for 1TH NMR are reported as follows: chemicals shift (6 ppm), multiplicity
(s = singlet, d = doublet, t = triplet, g = quartet, m = multiplet), integration and coupling
constant (Hz) whereas 13C NMR analyses were reported in terms of chemical shift. NMR
data was analyzed by using MestReNova Software version 6.0.2-5475.

The purity of the final compounds was determined to be >95% by high-performance

liquid chromatography (HPLC) using an Agilent 1100 LC/MSD-VL with electrospray
ionization. Low-resolution mass spectra were performed on an Agilent 1100 LC/MSD-VL
with electrospray ionization. Microwave heating was performed in a single-mode Anton
Paar Monowave 300 and all microwave-irradiated reactions were conducted in heavy-walled
glass vials sealed with Teflon septa.

General Procedure A: To a flame-dried round bottom flask was added 6a (202 mg, 0.619
mmol) and anhydrous DCM (9 mL). The solution was cooled on an ice bath to 0 °C
followed by the addition of triethylamine (0.17 mL, 1.24 mmol) and mesy! chloride (90

uL, 1.14 mmol). The reaction was stirred at 0 °C for 1.5 hours. Upon completion by TLC,

10 mL DI water was added and extracted with DCM (3 x 10 mL). The organic extracts

were combined and dried over Nay,SOy, filtered and concentrated under reduced pressure.
Purification by flash column chromatography (5:1 Hex:EtOAc) gave 7a as a white solid (242
mg) in quantitative yield.1°

General Procedure B: NaN3 (180 mg, 2.78 mmol) was added to a stirring solution of 7a
(449 mg, 1.12 mmol) in dimethylformamide (4.3 mL). The reaction mixture was heated to
80 °C and allowed to stir 18 hours. After 18 hours, DI water (3 mL) was added and extracted
with tert-butyl methyl ether (3 x 10 mL). The organic extracts were combined and dried over
NaySQy, filtered and concentrated under reduced pressure to give an orange oil. Purification
by flash column chromatography (20:1 Hex:EtOAc) gave 8a as a white solid (283 mg, 72%).

General Procedure C: PPhs (155 mg, 0.591 mmol) was added to a stirring solution of 8a
(139 mg, 0.394 mmol) in anhydrous MeOH (4 mL) and refluxed under inert atmosphere
for 1.5 hours. The reaction mixture was concentrated under reduced pressure, the residue
dissolved in 1.0 M HCI (5 mL) and extracted with CH,Cl5 (2 x 10 mL). The aqueous phase
was then treated with 2.0 M NaOH until basic and extracted with CH,Cl, (2 x 10 mL). The
organic extracts were dried over NaySQOy, filtered and concentrated under reduced pressure
to give 9a as a crude oil (89 mg, 70%).

General Procedure D: To a stirring solution of 6a (200 mg, 0.613 mmol) in CCly4 (0.2
mL), acetonitrile (0.2 mL) and DI water (0.3 mL) was added NalO4 (275 mg, 1.287 mmol),
followed by ruthenium(l11) chloride hydrate (catalytic amount). The reaction was stirred for
at room temperature for 30 minutes, then 15 mL of diethyl ether was added and stirred an
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additional 10 minutes. The reaction mixture was dried over Na,SOy, filtered through a pad
of Celite and concentrated under reduced pressure to give a white foam which was used in
the next step without further purification.®

General Procedure E: To a flame-dried round bottom flask was added 60% sodium hydride
(11 mg, 0.272 mmol), anhydrous DMF (2.5 mL) and propargyl alcohol (21.4 pL, 0.371
mmol). The reaction mixture was allowed to stir at room temperature 15 minutes before
adding 7a (100 mg, 0.247 mmol) and continuing to stir for 1 hour before adding 60%
sodium hydride (5 mg) and propargyl alcohol (7.1 uL). Upon disappearance of starting
material as determined by TLC, the reaction was quenched with DI H,0 (4 mL) and
extracted with tert-butyl methyl ether (3 x 5 mL). The organic layers were then dried over
Na,SOy, filtered and concentrated under reduced pressure. Purification by flash column
chromatography (10:1, Hex:EtOAc) gave 11a (74 mg, 82%).

General Procedure F: To a flame-dried round bottom flask was added carboxylic acid

10a (94 mg, 0.279 mmol), DCM (3.0 mL), amine 9a (90 mg, 0.277 mmol) and N-
methylmorpholine (91 pL, 0.830 mmol). Reaction mixture was cooled to 0 °C and stirred for
10 minutes before adding EDC-HCI (63.6 mg, 0.332 mmol) and HOBt (45mg, 0.333 mmol).
The reaction was allowed to warm to room temperature and stirred overnight. Dilute with
DCM (30 mL) and was with 2 M HCI (3 x 15 mL), saturated bicarbonate (3 x 15 mL) and
brine (15 mL). The organic layers were then dried over Na,SOy, filtered and concentrated
under reduced pressure. Purification by flash column chromatography (95:5, DCM:MeOH)
gave 12a (103 mg, 57%).1°

General Procedure G: To a solution of azide 8b (20 mg, 0.060 mmol) and alkyne 12a
(20 mg, 0.054 mmol) in anhydrous DMF (0.5 mL), was added Cp*RuCI(PPh3), (4 mg, 10
mol%). Microwave vial was evacuated and backfilled with argon then run in microwave
reactor at 110 °C for 20 minutes. Solvent was evaporated and 13a was isolated by column
chromatography in 42% yield.

General Procedure H: To a flame-dried round bottom flask was added PPhs (22 mg, 0.084
mmol) and anhydrous THF (0.2 mL). The stirring solution was cooled to 0 °C before adding
DIAD (16.6 pL, 0.084 mmol) dropwise, followed by 4-((zert-butyldimethylsilyl)oxy)phenol
(19 mg, 0.084 mmol) and finally 6a (25 mg, 0.077 mmol). The reaction was allowed to
warm to room temperature and stirred for 3 hours. When no further reaction can be seen by
TLC, the reaction was poured over DI water and DCM (1 mL: 2 mL). The aqueous layer
was extracted with DCM (3 x 2 mL), dried over Na,SQOy, filtered and concentrated under
reduced pressure. Purification by flash column chromatography (50:1, Hex:EtOAc) gave 14a
(35 mg, 86%).

General Procedure I: To a stirring solution of 14a (150 mg, 0.284 mmol) in THF (1 mL
mL), was added TBAF (1M in THF, 0.3 mL) dropwise at 0 °C. The reaction was allowed to
warm to room temperature and stir for 15 minutes or until completion by TLC. The reaction
mixture was poured over DI water and DCM (1 ml: 2 mL) and then the aqueous layer

was extracted with DCM (3 x 2 mL), dried over Nay;SQOy, filtered and concentrated under
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reduced pressure. Purification by flash column chromatography (20:1, Hex:EtOAc) gave 15a
(110 mg, 93%) as a white foamy solid.

DeoxyART-alcohol, 3C 6b. Zinc dust (1 g) was activated by washing with 5% HCI, DI
water, EtOH, and diethyl ether, then dried in vacuo. Activated zinc dust (75 mg, 0.722
mmol) was added to a stirring solution of 6a (500 mg, 1.556 mmol) in acetic acid (52
mL). The reaction mixture was stirred at room temperature for 72 hours, with more zinc
dust (75 mg) being added at 24 and 48 hours. After 72 hours, the reaction mixture was
filtered through celite and washed with DCM. The filtrate was neutralized with saturated
sodium bicarbonate, then the organic layer was separated and washed with saturated
sodium bicarbonate, brine and water. The organic extracts were combined and dried over
Na,SQy, filtered and concentrated under reduced pressure. Purification by flash column
chromatography (2:1 Hex:EtOAc) gave 6b as a white solid (417 mg) in 86% yield. R = 0.34
(1:1, Hex:EtOAc). IH NMR (399 MHz, CDCls) 6 5.28 (s, 1H), 4.12 (ddd, /= 10.3, 7.1,

3 Hz, 1H), 3.68 (s, 2H), 2.21 (m, 1H), 1.98 — 1.74 (m, 5H), 1.73 — 1.65 (m, 4H), 1.65 —
1.52 (m, 3H), 1.51 (s, 3H), 1.27 — 1.14 (m, 4H), 0.89 (d, /= 5.8 Hz, 3H), 0.87 (d, /= 7.6
Hz, 3H). 13C NMR (100 MHz, CDCls) 6 107.21, 97.37, 82.63, 68.71, 62.82, 45.51, 40.47,
35.74, 34.71, 34.67, 30.34, 30.01, 28.08, 25.37, 282, 22.33, 18.95, 12.21.

ART-mesyl ester, 3C 7a was synthesized following general procedure A in quantitative
yield. Rs = 0.56 (1:1, Hex:EtOAc). 1H NMR (399 MHz, CDCl3) 6 5.26 (s, 1H), 4.33 - 4.22
(m, 2H), 4.21 - 4.12 (m, 1H), 2.98 (s, 3H), 2.60 (m, 1H), 2.28 (td, J= 14.3, 6 Hz, 1H), 2.09
—1.94 (m, 2H), 1.94 — 1.71 (m, 3H), 1.70 — 1.42 (m, 5H), 1.36 (s, 3H), 1.31 - 1.17 (m, 4H),
0.92 (d, J=5.7 Hz, 3H), 0.83 (d, /= 7.5 Hz, 3H). 13C NMR (100 MHz, CDCl3) & 103.09,
89.28, 81.14, 74.34, 70.18, 52.22, 44.14, 37.47, 37.27, 36.57, 34.40, 30.38, 27.30, 26.10,
25.38, 24.89, 24.75, 20.19, 12.8.

DeoxyART-mesyl ester, 3C 7b was synthesized following general procedure A in 90%
yield. Rf = 0.67 (1:1, Hex:EtOAc). 1H NMR (399 MHz, CDCls) § 5.25 (s, 1H), 4.35 - 4.21
(m, 2H), 4.13 -4.03 (m, 1H), 2.99 (s, 3H), 2.27 — 2.14 (m, 1H), 2.01 — 1.51 (m, 10H), 1.49
(s, 3H), 1.37 — 1.09 (m, 5H), 0.90 — 0.82 (m, 6H). 13C NMR (100 MHz, CDCls) & 107.186,
97.26, 82.58, 70.34, 67.95, 45.42, 40.41, 37.40, 35.70, 34.63, 34.62, 29.79, 27.08, 26.68,
25.31, 23.85, 22.27, 18.90, 12.23.

ART-azide, 3C 8a was synthesized following general procedure B in 72% yield. R¢ = 0.71
(2:1, Hex:EtOAc). 'H NMR (399 MHz, CDCls) 6 5.29 (s, 1H), 4.21 — 4.14 (m, 1H), 3.35
(m, 2H), 2.64 (m, 1H), 2.31 (td, /= 14.3, 4.0 Hz, 1H), 2.05 - 1.99 (m, 1H), 1.94 — 1.86 (m,
2H), 1.78 (ddd, J= 13, 7.3, 5 Hz, 1H), 1.68 — 1.57 (m, 4H), 1.52 — 1.43 (m, 2H), 1.40 (s,
3H), 1.33 — 1.22 (m, 4H), 0.95 (d, /= 5.9 Hz, 3H), 0.86 (d, /= 7.5 Hz, 3H). 13C NMR (100
MHz, CDClI3) 6 103.22, 89.27, 81.23, 74.75, 52.38, 51.41, 44.33, 37.58, 36.67, 34.53, 30.42,
27.07, 26.64, 26.23, 25.02, 24.83, 20.29, 12.99.

DeoxyART-azide, 3C 8b was synthesized following general procedure B in 94% yield. R¢ =
0.81 (2:1, Hex:EtOAc). IH NMR (500 MHz, CDCls) 6 5.18 (d, /= 5.5 Hz, 1H), 4.00 (t, /=
12.9 Hz, 1H), 32 - 17 (m, 2H), 2.20 — 2.07 (m, 1H), 1.91 - 1.82 (m, 1H), 1.82 — 1.66 (m,
3H), 1.66 — 1.58 (m, 2H), 1.58 — 1.46 (m, 2H), 1.46 — 1.36 (m, 5H), 1.25 - 1.05 (m, 4H),
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0.95 - 0.85 (m, 1H), 0.85 — 0.75 (m, 6H). 13C NMR (126 MHz, CDCl3) & 106.79, 97.10,
82.32, 67.66, 51.14, 45.28, 40.30, 35.50, 34.53, 34.49, 29.62, 28.08, 26.05, 25.14, 23.66,
22.13, 18.74, 12.04.

ART-amine, 3C 9a was synthesized following general procedure C in 70% crude yield. The
crude oil was carried on to the next step without further purification.

DeoxyART-amine, 3C 9b was synthesized following general procedure C in 98% crude
yield. The crude oil was carried on to the next step without further purification.

ART-carboxylic acid, 3C 10a was synthesized following general procedure D in
quantitative crude yield. The crude was carried on to the next step without further
purification.

DeoxyART-carboxylic acid, 3C 10bwas synthesized following general procedure D in 72%
crude yield. The crude was carried on to the next step without further purification.

ART-propargyl ether, 3C 11a was synthesized following general procedure E in 82% yield
as a white solid. R¢ = 0.50 (2:1, Hex:EtOAc). 1H NMR (399 MHz, CDCl3) 6 5.27 (s, 1H),
4.16 - 4.12 (m, 1H), 4.11 (d, /= 2.2 Hz, 2H), 3.61 — 3.48 (m, 2H), 2.64 (m, 1H), 2.39 (t, J
= 2.1 Hz, 1H), 2.29 (td, J= 14.0, 9 Hz, 1H), 2.04 — 1.96 (m, 1H), 1.95 — 1.83 (m, 2H), 1.80
—-1.72 (m, 1H), 1.68 — 1.41 (m, 6H), 1.38 (s, 3H), 1.36 — 1.17 (m, 4H), 0.93 (d, J= 6.0 Hz,
3H), 0.84 (d, J= 7.5 Hz, 3H). 13C NMR (100 MHz, CDCl5) 6 103.21, 89.05, 81.23, 80.18,
75.36, 74.18, 69.88, 58.06, 52.45, 44.48, 37.52, 36.67, 34.56, 30.41, 27.59, 26.24, 25.89,
24.97, 24.80, 20.30, 13.12.

DeoxyART-propargyl ether, 3C 11b was synthesized following general procedure E in
89% yield as a white solid. R¢ = 0.68 (2:1, Hex:EtOAc). IH NMR (399 MHz, CDCl3) & 5.21
(s, 1H), 4.08 (d, J= 2.2 Hz, 2H), 4.06 — 99 (m, 1H), 3.58 — 3.43 (m, 2H), 2.36 (t, /= 2.1

Hz, 1H), 2.15 (m, 1H), 1.93 — 1.84 (m, 1H), 1.83 - 1.68 (m, 3H), 1.64 (dd, J= 12, 5.2 Hz,
2H), 1.60 — 1.47 (m, 3H), 1.45 (s, 3H), 1.30 — 1.06 (m, 5H), 0.96 — 0.86 (m, 1H), 0.86 — 0.79
(m, 6H). 13C NMR (100 MHz, CDCl5) 6 106.84, 97.25, 82.44, 80.12, 74.10, 69.89, 68.14,
57.97, 45.42, 40.40, 35.60, 34.63, 34.60, 29.73, 27.79, 26.67, 25.26, 23.76, 22.22, 18.86,
12.13.

ART-ART amide dimer 12a was synthesized following general procedure F in 57% yield
as a white foam. R¢ = 0.25 (95:5 DCM:MeOH). 1H NMR (500 MHz, CDCl5) 6 5.90 (t, J=
5.0 Hz, 1H), 5.29 (d, /= 2 Hz, 2H), 4.18 — 4.13 (m, 1H), 4.05 (dd, J= 9.6, 6.1 Hz, 1H), 3.34
(tt, /=13, 6.5 Hz, 1H), 3.24 (dq, /=10, 6.4 Hz, 1H), 2.76 — 2.68 (m, 1H), 2.64 (dt, /= 14.1,
7.0 Hz, 1H), 2.44 (ddd, J= 14.6, 8.8, 5.7 Hz, 1H), 2.37 — 2.28 (m, 2H), 2.24 (dt, /= 14.9,
7.6 Hz, 1H), 2.05 - 1.97 (m, 2H), 1.96 — 1.84 (m, 3H), 1.84 — 1.71 (m, 5H), 1.69 — 1.51 (m,
8H), 1.40 (d, J= 9 Hz, 6H), 1.31 (ddd, J= 21, 13, 4.0 Hz, 8H), 0.98 — 0.93 (m, 6H), 0.87 (d,
J=17.6 Hz, 3H), 0.85 (d, J= 7.6 Hz, 3H). 13C NMR (100 MHz, CDCl5) § 173.02, 103.40,
130.21, 89.09, 88.68, 81.18, 81.12, 76.21, 75.39, 52.49, 52.33, 44.54, 44.32, 39.44, 37.48,
37.38, 36.59, 36.56, 34.82, 34.50, 34.47, 30.38, 30.21, 29.74, 27.76, 26.96, 26.21, 26.16,
25.12,24.91, 24.75, 24.68, 20.27, 20.24, 13.28, 13.02. HRMS: m/z calcd for C3gHggNOg
[M+H]* 648.4107; found 648.4108.
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ART-DeoxyART amide dimer 12b was synthesized following general procedure F in 78%
yield as a white foam. Rf = 0.23 (1:1, Hex:EtOAc). 1H NMR (500 MHz, CDCl3) 6 5.87 (t, J
=5.2 Hz, 1H), 5.29 (s, 1H), 5.24 (s, 1H), 4.17 — 4.11 (m, 1H), 4.06 — 3.99 (m, 1H), 3.45 -
3.36 (m, /=15, 6.7 Hz, 1H), 3.18 — 3.10 (m, 1H), 2.65 (m, 1H), 2.35 - 2.27 (m, 2H), 2.22
(m, 2H), 2.05-1.97 (m, 1H), 1.95-1.82 (m, 5H), 1.81 - 1.73 (m, 3H), 1.71 - 1.61 (m, 5H),
1.58 (dd, /=12.3, 5.6 Hz, 4H), 1.46 (s, 3H), 1.40 (s, 3H), 1.30 (dd, /= 14, 2 Hz, 2H), 1.27 -
1.21 (m, 4H), 1.21 - 1.14 (m, 3H), 0.95 (d, J= 6.1 Hz, 3H), 0.88 (d, /= 5.9 Hz, 3H), 0.86 (d,
J=7.9 Hz, 3H), 0.84 (d, /= 7.6 Hz, 3H). 13C NMR (100 MHz, CDCls) 6 173.20, 106.95,
103.17, 97.11, 89.02, 82.37, 81.10, 75.38, 67.92, 52.32, 45.27, 44.32, 40.44, 39.32, 37.44,
36.58, 35.61, 34.55, 34.46, 33.82, 30.36, 29.71, 29.59, 27.82, 27.30, 26.85, 26.12, 25.14,
24.86, 24.74, 23.76, 22.19, 20.22, 18.81, 13.02, 12.16. HRMS: my/z calcd for C3gH5gNOg
[M+H]* 632.4157; found 632.4163.

DeoxyART-DeoxyART amide dimer 12c¢ was synthesized following general procedure F in
52% yield as a white foam. R¢ = 0.32 (1:1, Hex:EtOAc). 1H NMR (500 MHz, CDCl3) 6 5.90
(t, J=5.1 Hz, 1H), 5.25 (s, 1H), 5.22 (s, 1H), 4.07 — 3.97 (m, 2H), 3.40 — 3.31 (m, 1H),

3.10 (td, /=12.7, 6.9 Hz, 1H), 2.35 - 2.25 (m, 1H), 2.25 - 2.12 (m, 3H), 1.95 — 1.87 (m,
2H), 1.87 - 1.80 (m, 3H), 1.79 — 1.72 (m, 2H), 1.70 — 1.51 (m, 10H), 1.48 (s, 3H), 1.44 (s,
3H), 1.33 - 1.08 (m, 11H), 0.89 — 0.78 (m, 12H). HRMS: m/z calcd for C3gHsgNO7 [M+H]*
616.4208; found 616.4210.

DeoxyART-ART triazole dimer 13a was synthesized following general procedure G in
42% yield. 'H NMR (500 MHz, CDCls) & 7.59 (s, 1H), 5.27 (s, /= 10.5 Hz, 1H), 5.25 (s,
1H), 4.55 (d, J= 9 Hz, 2H), 4.46 — 4.32 (m, 2H), 4.18 — 4.08 (m, 2H), 3.55 — 3.45 (m, 2H),
2.70 — 2.59 (m, 1H), 2.31 (td, J= 14.0, 9 Hz, 1H), 2.24 - 2.14 (m, 1H), 2.13 - 1.98 (m, 3H),
1.98 - 1.81 (m, 6H), 1.81 — 1.73 (m, 3H), 1.71 — 1.53 (m, 9H), 1.50 (s, J= 2.9 Hz, 3H),
1.39 (s, 3H), 1.32 — 1.20 (m, 8H), 0.95 (d, J= 5.9 Hz, 3H), 0.88 (d, /= 5.5 Hz, 3H), 0.86 —
0.81 (m, 6H). 13C NMR (100 MHz, CDCl5) 6 139.80, 133.90, 107.10, 1025, 97.29, 89.19,
82.53, 81.28, 75.26, 70.45, 67.99, 60.84, 52.45, 48.23, 45.46, 44.45, 40.45, 37.59, 36.71,
35.71, 34.67, 34.57, 30.47, 29.83, 29.75, 28.20, 27.68, 27.64, 26.28, 25.92, 25.34, 25.03,
24.85, 23.94, 22.31, 20.34, 18.93, 13.12, 12.25. HRMS: m/zcalcd for C3gHgoN3Og [M+H]*
700.4532; found 700.4544.

ART-DeoxyART triazole dimer 13b was synthesized following general procedure G in
35% yield. IH NMR (399 MHz, CDCl3) & 7.60 (s, 1H), 5.24 (d, /= 7.3 Hz, 2H), 4.56 (s,
1H), 4.47 — 4.38 (m, 1H), 4.25 - 4.14 (m, 1H), 4.10 - 4.00 (m, 1H), 3.56 — 3.40 (m, 2H),
2.69 — 2,56 (m, 1H), 2.39 — 2.25 (m, 1H), 2.25 - 2.13 (m, 2H), 2.12 - 1.97 (m, 3H), 1.97
—-1.81(m, 4H), 1.81 - 1.53 (m, 11H), 1.48 (s, 3H), 1.47 — 1.41 (m, 3H), 1.39 (s, J=12.0
Hz, 3H), 1.33 - 1.12 (m, 9H), 0.95 (d, /= 5.9 Hz, 3H), 0.88 (d, /= 5.5 Hz, 3H), 0.85 (d,
J=7.6 Hz, 3H), 0.82 (d, J= 7.6 Hz, 3H). 13C NMR (100 MHz, CDCl5) & 134.04, 133.40,
107.01, 103.24, 97.35, 89.26, 82.57, 81.24, 74.83, 70.67, 68.27, 60.85, 52.42, 48.33, 45.51,
44.36, 40.48, 37.56, 36.71, 35.72, 34.70, 34.68, 34.56, 30.41, 29.85, 28.13, 27.90, 26.84,
26.47, 26.27, 25.36, 25.00, 24.85, 289, 22.32, 20.33, 18.95, 13.02, 12.26. HRMS: m/z calcd
for C3gHgoN30g [M+H]* 700.4532; found 700.4543.
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DeoxyART-DeoxyART triazole dimer 13c was synthesized following general procedure G
in 54% yield. 1TH NMR (500 MHz, CDCl3) 6 7.58 (s, 1H), 5.24 (s, 2H), 4.54 (s, 2H), 4.48
—4.31(m, 2H), 4.15 - 4.08 (m, 1H), 4.08 — 4.01 (m, 1H), 3.54 — 3.47 (m, 1H), 3.47 — 3.39
(m, 1H), 2.26 — 2.14 (m, 2H), 2.13 - 2.02 (m, 1H), 2.00 — 1.73 (m, 10H), 1.69 (d, /=9 Hz,
2H), 1.66 (d, /= 4.4 Hz, 2H), 1.61 — 1.53 (m, 3H), 1.50 (s, 3H), 1.47 (s, 3H), 1.35 - 1.16 (m,
10H), 0.90 — 0.80 (m, 14H). HRMS: m/z calcd for C3gHgpN3O7 [M+H]* 684.4583; found
684.4591.

ART-OPhOPG para 14a was synthesized following general procedure H in 86% yield. R¢
=0.77 (2:1, Hex:EtOAc). 1H NMR (399 MHz, CDCl5) 6 6.81 — 6.70 (m, 4H), 5.31 (s, 1H),
4.25-4.18 (m, 1H), 4.03 - 88 (m, 2H), 2.75 - 2.63 (m, 1H), 2.39 — 2.27 (m, 1H), 2.17 -
1.98 (m, 2H), 1.96 — 1.86 (m, 1H), 1.86 — 1.74 (m, 2H), 1.74 — 1.56 (m, 5H), 1.41 (s, 3H),
1.38 —1.26 (m, 4H), 0.96 (d, J= 6.6 Hz, 12H), 0.87 (d, /= 7.5 Hz, 3H), 0.15 (d, /=1 Hz,
6H). 13C NMR (100 MHz, CDCls) & 153.74, 149.34, 120.72, 115.35, 103.32, 89.18, 81.32,
75.36, 68.27, 52.50, 44.52, 37.62, 36.73, 34.61, 30.47, 27.58, 26.31, 26.15, 25.87, 25.08,
24.86, 20.37, 18.32, 13.19, —4.35.

DeoxyART-OPhOPG para 14b was synthesized following general procedure H in 58%
yield. Rs = 0.78 (2:1, Hex:EtOAc). 1H NMR (399 MHz, CDCl5) § 6.78 — 6.70 (m, 4H), 5.28
(s, J=0Hz, 1H), 4.18 — 4.09 (m, 1H), 3.94 (dtd, /= 15.5, 9.1, 6.3 Hz, 2H), 2.29 — 2.15 (m,
1H), 2.03 - 1.90 (m, 2H), 1.89 — 1.73 (m, 3H), 1.73 — 1.50 (m, 6H), 1.48 (s, 3H), 1.31 - 1.17
(m, 4H), 0.96 (s, 9H), 0.91 - 0.84 (m, 6H), 0.15 (s, 6H).

ART-OPhOPG meta 14c was synthesized following general procedure H in 62% yield. R¢
=0.81 (2:1, Hex:EtOAc). 1H NMR (500 MHz, CDCl3) & 7.09 (t, /= 8.1 Hz, 1H), 6.51 (dd,
J=8.1,1.9 Hz, 1H), 6.44 — 6.38 (m, 2H), 5.32 (s, 1H), 4.28 — 4.18 (m, 1H), 4.05 — 90 (m,
2H), 2.76 — 2.63 (m, 1H), 2.32 (td, /= 14.0, 9 Hz, 1H), 2.16 — 2.06 (m, 1H), 2.02 (dt, J
=7.5,4.3Hz, 1H), 1.96 — 1.87 (m, 1H), 1.87 - 1.77 (m, 2H), 1.77 - 1.57 (m, 5H), 1.41

(s, 3H), 1.37 - 1.25 (m, 4H), 0.98 (s, /= 20.4 Hz, 9H), 0.96 (d, J= 6.0 Hz, 3H), 0.87 (d,
J=17.6 Hz, 3H), 0.19 (s, J= 15 Hz, 6H). 13C NMR (100 MHz, CDCl3) & 160.33, 156.81,
129.68, 112.46, 107.59, 106.97, 103.24, 89.13, 81.24, 75.21, 67.67, 52.44, 44.46, 37.56,
36.68, 34.56, 30.42, 27.38, 26.26, 26.08, 25.79, 25.03, 24.82, 20.32, 18.28, 13.12, —4.30.

ART-OPhOPG ortho 14d was synthesized following general procedure H in 68% yield. R¢
=0.84 (2:1, Hex:EtOAc). 1H NMR (399 MHz, CDCl3) & 6.92 — 6.74 (m, 4H), 5.31 (s, 1H),
4.26 —4.17 (m, 1H), 4.08 — 3.92 (m, 2H), 2.74 — 2.63 (m, 1H), 2.32 (td, /= 14.0, 8 Hz, 1H),
2.22-2.09 (m, 1H), 2.07 - 1.97 (m, 1H), 1.95 - 1.56 (m, 8H), 1.41 (d, /= 7.3 Hz, 3H), 1.37
—1.14 (m, 4H), 1.00 (s, 9H), 0.95 (d, /= 5.9 Hz, 3H), 0.87 (d, /= 7.5 Hz, 3H), 0.16 (s, 6H).
13C NMR (100 MHz, CDCI3) 6 150.69, 144.93, 121.83, 121.08, 120.65, 1109, 1019, 89.10,
81.22, 75.38, 68.21, 52.39, 44.42, 37.51, 36.65, 34.53, 30.44, 27.70, 26.27, 26.22, 25.82,
24.97, 24.80, 20.29, 18.44, 13.12, -4.50, -4.52.

ART-OPhOH para 15a was synthesized following general procedure | in 93% yield as a
white foamy solid. R¢ = 0.60 (3:1, Hex:EtOAc). 1H NMR (399 MHz, CDCl3) & 6.76 (s, 4H),
5.33 (s, 1H), 4.18 (d, /= 6.3 Hz, 1H), 3.92 (dt, /= 22.0, 7.8 Hz, 2H), 2.77 — 2.64 (m, 1H),
2.33 (td, /= 14.0, 8 Hz, 1H), 2.13 -1.97 (m, 2H), 1.90 (d, /= 10.9 Hz, 1H), 1.85-1.44
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(m, 7H), 1.41 (s, 3H), 1.38 = 1.21 (m, 5H), 0.96 (d, /= 5.8 Hz, 3H), 0.87 (d, /= 7.5 Hz,
3H). 13C NMR (100 MHz, CDCls) & 153.22, 149.74, 116.12, 115.73, 103.48, 89.12, 81.34,
75.53, 68.39, 52.49, 44.53, 37.60, 36.69, 34.58, 30.42, 27.49, 26.24, 25.98, 25.05, 24.83,
20.36, 13.22.

DeoxyART-OPhOH para 15b was synthesized following general procedure I in
quantitative yield. Rs = 0.32 (3:1, Hex:EtOAc). 1H NMR (399 MHz, CDCl3) 6 6.80 —

6.69 (m, 4H), 5.30 (s, 1H), 4.19 — 4.08 (m, 1H), 4.01 — 83 (m, 2H), 2.29 — 2.15 (m, 1H), 2.04
—1.90 (m, 2H), 1.90 — 1.83 (m, 1H), 1.83 - 1.75 (m, 2H), 1.75 - 1.65 (m, 3H), 1.65 - 1.51
(m, 3H), 1.49 (s, 3H), 1.35 - 1.13 (m, 5H), 0.93 — 0.83 (m, 6H).

ART-OPhOH meta 15¢ was synthesized following general procedure | in 86% yield. Rf =
0.16 (3:1, Hex:EtOAc). H NMR (399 MHz, CDCl3) & 7.07 (t, /= 8.0 Hz, 1H), 6.51 — 6.39
(m, 3H), 5.34 (s, 1H), 4.20 (dd, /= 11.8, 4.8 Hz, 1H), 4.02 — 3.87 (m, 2H), 2.76 — 2.65 (m,
1H), 2.33 (td, /= 14.0, 8 Hz, 1H), 2.18 — 1.98 (m, 3H), 1.97 — 1.86 (m, 1H), 1.85 - 1.74 (m,
2H), 1.73 - 1.44 (m, 5H), 1.41 (s, 3H), 1.36 — 1.16 (m, 4H), 0.95 (d, /= 5.7 Hz, 3H), 0.86
(d, J= 7.5 Hz, 3H). 13C NMR (100 MHz, CDCls) & 160.37, 157.46, 130.03, 107.84, 106.80,
103.60, 102.11, 89.08, 81.31, 75.62, 67.57, 52.41, 44.49, 37.51, 36.62, 34.50, 30.34, 27.14,
26.10, 25.80, 24.97, 24.75, 20.31, 13.19.

ART-OPhOH ortho 15d was synthesized following general procedure | in quantitative
yield. R¢ = 0.55 (3:1, Hex:EtOAc). IH NMR (500 MHz, CDCls) 6 6.94 (d, J= 6.5 Hz, 1H),
6.91-6.79 (m, 3H), 5.34 (s, 1H), 4.37 — 4.26 (m, 1H), 4.20 — 4.08 (m, 2H), 2.74 — 2.64 (m,
1H), 2.35 (td, /= 14.0, 8 Hz, 1H), 2.18 — 2.01 (m, 3H), 2.01 — 1.89 (m, 2H), 1.87 — 1.71 (m,
3H), 1.71 - 1.57 (m, 3H), 1.44 (s, 3H), 1.39 — 1.28 (m, 4H), 0.98 (d, /= 5.8 Hz, 3H), 0.89
(d, J=7.5 Hz, 3H). 13C NMR (126 MHz, CDCI3) & 146.13, 146.09, 121.43, 120.04, 114.69,
112.11, 103.18, 89.29, 81.18, 74.75, 68.93, 52.30, 44.29, 37.52, 36.63, 34.49, 30.42, 27.28,
26.29, 26.13, 24.99, 24.79, 20.23, 12.92.

ART-OPhO-ART para 16a was synthesized following general procedure H in 51% yield
as a white solid. R¢ = 0.58 (2:1, Hex:EtOAc). 1H NMR (399 MHz, CDCl3) & 6.81 (s, 4H),
5.31 (s, 2H), 4.24 — 4.16 (m, 2H), 4.02 — 3.86 (m, 4H), 2.75 - 2.62 (m, 2H), 2.32 (td, J=
14.1, 8 Hz, 2H), 2.16 1.96 (m, 5H), 1.95 — 1.85 (m, 2H), 1.85-1.73 (m, 5H), 1.72 - 1.55
(m, 8H), 1.40 (s, 6H), 1.37 1.21 (m, 8H), 0.95 (d, J= 5.8 Hz, 6H), 0.86 (d, J= 7.5 Hz, 6H).
13C NMR (100 MHz, CDCls3) 6 153.24, 115.47, 103.28, 89.09, 81.27, 75.35, 68.34, 52.44,
44.46, 37.55, 36.66, 34.54, 30.41, 27.52, 26.28, 26.04, 25.01, 24.80, 20.34, 13.18. HRMS:
my/z caled for C4oHgaO19 [M+H]* 727.4416; found 727.4411.

ART-OPhO-DeoxyART para 16b was synthesized following general procedure H in 67%
yield as a white solid. R¢ = 0.68 (2:1, Hex:EtOAc). 1H NMR (399 MHz, CDCl3) 6 6.81 (s,
4H), 5.30 (s, 1H), 5.27 (s, 1H), 4.23 - 4.16 (m, 1H), 4.15 - 4.08 (m, 1H), 4.02 — 3.85 (m,
4H), 2.75-2.61 (m, 1H), 2.31 (td, /= 14.0, 9 Hz, 1H), 2.27 — 2.15 (m, 1H), 2.10 - 1.73

(m, 11H), 1.73 - 1.50 (m, 10H), 1.47 (s, 3H), 1.40 (s, 3H), 1.35 - 1.12 (m, 8H), 0.95 (d, J=
5.9 Hz, 3H), 0.90 — 0.84 (m, 9H). 13C NMR (100 MHz, CDCl3) & 153.28, 153.17, 115.48,
115.36, 106.98, 103.26, 97.35, 89.09, 82.53, 81.26, 75.33, 68.36, 68.19, 68.18, 52.44, 45.46,
44.47, 40.44, 37.55, 36.67, 35.67, 34.67, 34.65, 34.55, 30.41, 29.81, 27.80, 27.52, 26.68,
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26.27, 26.04, 25.33, 25.01, 24.80, 23.84, 22.28, 20.33, 18.93, 13.16, 12.25. HRMS: m/z
calcd for CgoHggOg [M+H]* 711.4467; found 711.4460.

DeoxyART-OPhO-DeoxyART para 16¢ was synthesized following general procedure H in
58% yield. R¢ = 0.73 (2:1, Hex:EtOAc). 1H NMR (399 MHz, CDCl5) 6 6.81 (s, 4H), 5.28 (s,
2H), 4.12 (ddd, J=10.5, 7.1, 4 Hz, 2H), 3.94 (ddt, /= 31.8, 9.2, 6.3 Hz, 4H), 2.28 - 2.15
(m, 2H), 2.02 — 1.89 (m, 4H), 1.89 - 1.73 (m, 6H), 1.73 — 1.65 (m, 4H), 1.65 — 1.50 (m, 6H),
1.48 (s, 6H), 1.32 — 1.12 (m, 10H), 0.92 — 0.83 (m, 12H). 13C NMR (100 MHz, CDCl5) &
153.28, 115.39, 107.01, 97.38, 82.56, 68.23, 68.21, 45.49, 40.47, 35.70, 34.69, 34.67, 29.83,
27.82, 26.70, 25.36, 286, 22.30, 18.95, 12.27. HRMS: m/z calcd for C4pHgoNaOg [M+Na]*
717.4337; found 717.4330.

ART-OPhO-ART meta 16d was synthesized following general procedure H in 48% yield.
Rf = 0.51 (2:1, Hex:EtOAc). IH NMR (399 MHz, CDCl3) 6 7.14 (t, J= 8.1 Hz, 1H), 6.53
—6.42 (m, 3H), 5.31 (s, 2H), 4.26 — 4.16 (m, 2H), 4.07 — 3.88 (m, 4H), 2.75 - 2.61 (m,
2H), 2.32 (td, /= 14.0, 7 Hz, 2H), 2.19 — 1.54 (m, 19H), 1.41 (s, 6H), 1.37 - 1.25 (m,

9H), 0.95 (d, J= 5.8 Hz, 6H), 0.87 (d, /= 7.5 Hz, 6H). 13C NMR (100 MHz, CDCl5)

8 160.42, 129.85, 106.73, 103.31, 101.55, 89.10, 81.29, 75.38, 67.74, 52.45, 44.48, 37.57,
36.67, 34.56, 30.42, 27.44, 26.30, 26.11, 25.03, 24.82, 20.36, 13.20. HRMS: m/z calcd for
C4oHe3019 [M+H]* 727.4416; found 727.4419.

ART-OPhO-DeoxyART meta 16e was synthesized following general procedure H in 62%
yield. Rf = 0.59 (2:1, Hex:EtOAc). IH NMR (399 MHz, CDCl5) § 7.13 (t, J= 8.0 Hz, 1H),
6.54 — 6.42 (m, 3H), 5.31 (s, 1H), 5.28 (s, 1H), 4.25 — 4.16 (m, 1H), 4.16 — 4.07 (m, 1H),
4.07 -3.90 (m, 4H), 2.75 - 2.63 (m, 1H), 2.39 — 2.27 (m, 1H), 2.27 - 2.15 (m, 1H), 2.16
—1.75 (m, 12H), 1.73 — 1.56 (m, 9H), 1.49 (s, 3H), 1.41 (s, 3H), 1.37 — 1.21 (m, 8H), 0.95
(d, J=5.8 Hz, 3H), 0.92 — 0.83 (m, 9H). 13C NMR (100 MHz, CDCl5) & 160.43, 129.82,
107.01, 106.69, 106.65, 103.30, 101.46, 97.35, 89.07, 82.54, 81.27, 75.42, 68.20, 67.71,
67.60, 52.44, 45.45, 44.48, 40.43, 37.55, 36.66, 35.68, 34.66, 34.65, 34.54, 30.41, 29.82,
27.83, 27.45, 26.62, 26.29, 26.08, 25.34, 25.02, 24.80, 286, 22.28, 20.36, 18.95, 13.21,
12.27. HRMS: mv/z calcd for C4oHgzOg [M+H]* 711.4467; found 711.4466.

ART-OPhO-ART ortho 16f was synthesized following general procedure H in 44% yield.
Rf = 0.63 (2:1, Hex:EtOAc). IH NMR (399 MHz, CDCl3) & 6.95 — 6.80 (m, 4H), 5.30 (s,
2H), 4.25 - 4.15 (m, 2H), 4.14 - 3.95 (m, 4H), 2.74 — 2.61 (m, 2H), 2.31 (td, /= 14.0, 8
Hz, 2H), 2.19 - 2.05 (m, 2H), 2.06 — 1.97 (m, 3H), 1.95 - 1.74 (m, 6H), 1.74 — 1.54 (m,
8H), 1.40 (s, 6H), 1.35 - 1.23 (m, 9H), 0.95 (d, /= 5.8 Hz, 6H), 0.87 (d, J= 7.5 Hz, 6H).
13C NMR (100 MHz, CDCls3) 6 149.18, 121.15, 114.24, 103.27, 89.08, 81.27, 75.28, 68.87,
52.44, 44.48, 37.56, 36.67, 34.57, 30.41, 27.49, 26.29, 25.93, 25.03, 24.81, 20.36, 13.21.
HRMS: m/z caled for C4oHg3010 [M+H]* 727.4416; found 727.4423.

ART-OPhO-ART ortho 16g was synthesized following general procedure H in 44% yield.
Rf = 0.66 (2:1, Hex:EtOAc). H NMR (399 MHz, CDCl3) & 6.95 — 6.80 (m, 4H), 5.30 (s,
1H), 5.27 (s, 1H), 4.24 — 4.15 (m, 1H), 4.15 - 4.04 (m, 3H), 4.04 — 3.94 (m, 2H), 2.76 -
2.62 (m, 1H), 2.32 (td, /= 14.0, 8 Hz, 1H), 2.26 — 2.05 (m, 3H), 2.03 — 1.75 (m, 9H), 1.75
—1.64 (m, 6H), 1.64 — 1.49 (m, 4H), 1.47 (s, 3H), 1.40 (s, 3H), 1.35 - 1.20 (m, 8H), 0.95
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(d, J=5.9 Hz, 3H), 0.91 — 0.81 (m, 9H). 13C NMR (100 MHz, CDCl5) & 149.25, 149.06,
121.14, 120.97, 114.23, 113.89, 106.98, 103.29, 97.34, 89.02, 82.52, 81.26, 75.45, 68.89,
68.68, 68.04, 52.46, 45.45, 44.51, 40.44, 37.54, 36.66, 35.68, 34.66, 34.65, 34.57, 30.39,
29.79, 27.71, 27.51, 26.55, 26.29, 25.90, 25.34, 25.01, 24.80, 23.84, 22.27, 20.36, 18.95,
13.22, 12.30. HRMS: m/z calcd for C4oHgoNaOg [M+Na]* 733.4287; found 733.4288.

Parasitology

Plasmodium falciparum Cultivation: P, falciparum strain W228. 29 was continuously
cultured in RPMI media (Gibco) supplemented with 10% inactivated human plasma
(Interstate Blood Bank) and 5% hematocrit (Interstate Blood Bank) based on

methods previously described.30 Forty-eight hours before assay initiation, parasites were
synchronized using filter-sterilized 5% D-sorbitol (Millipore-Sigma) in water such that
assays were started with >90% rings as previously described.3!

Drug plate preparation and compound treatment of P. falciparum assay
plates: Following synthesis, compound powder was diluted to 10 mM in dehydrated,
sterile DMSO (Tocris) and a duplicate-well, 12-point, 3-fold semi log dilution series was
prepared at 1000x final concentration in 384 well plates (Greiner Bio-one) in DMSO using
a Biomek 4000 (Beckman Coulter). Plates were sealed using foil sealing tape (VWR) and
kept in a desiccator until used to inoculate £ falciparum assay plates. Assay plates were
prepared by plating 20 uL of culture media to pre-wet all wells, followed by addition of
compound using a 40-nL pin tool (V&P Scientific) as previously described.32 Plates were
then inoculated with 20 UL £ falciparum culture at 2% parasitemia and 0.75% hematocrit,
leading to dilution of all test compounds to 1x and DMSO to 0.1% in complete media.
Assay plates were maintained in bioassay dishes with water cups to prevent edge effect due
to evaporation for 72-96 hours as previously described.22:25

Imaging and Data Analysis: After 72-96 hours of incubation, assay plates were
simultaneously stained and fixed by adding to each well 40 uL of PBS containing 20 ug/mL
Hoechst 33342 (Thermo Fisher Scientific) and 0.1% glutaraldehyde (Electron Microscopy
Resources), similar to that previously described.?2 Plates were maintained for 24 hours in

4 °C and imaged the following day using the Lionheart FX high content imager (Biotek).
Using a 4x objective, a single field of view was captured for each well using the DAPI filter
and a background flattening algorithm to reduce Hoechst 33342 autofluorescence to identify
Hoeschst 33342-stained parasite DNA. The net DNA-area data was then exported to CDD
Vault (Collaborative Drug Discovery) and inhibition values normalized using the DMSO
negative control and the dihydroartemsinin positive control wells whereby:

% Inhibition = 100 X ( Raw Data — Average Negative Control )

Average Positive Control — Average Negative Control

Compound potency was determined by constructing a dose-response curve fit using the
Levenberg-Marquardt algorithm33: 34 to calculate pECsg’s. Outliers, if any, were identified
by comparing inhibition values across replicate wells and were manually removed using
CDD Vault’s user interface. Each grouping of compounds was tested in 4 or 5 independent
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experiments and the presented data is the average and standard deviation from all
independent experiments.

Cytotoxicity Assessment: The HepG2 human hepatocyte line from hepatocellular
carcinoma (ATCC HC-8065) were cultured in rat collagen I-coated (5 pg/cm?) flasks
(Corning) at 20-90% confluence in EMEM (Lonza) supplemented with 1 mM Sodium
Pyruvate (Lonza), 2 mM L-glutamine (Gibco) and 10% fetal bovine serum (Hyclone) in a
cell culture incubator at 37 °C and 5% CO,. Cells were passed by treating with Trypsin

LE (Gibco) for 7 minutes at 37 °C. Toxicity assays were started by harvested cells from a
flask, counting viability by trypan blue, and seeding 2000 live cells in 40 pL per well into
rat-tail collagen I-coated 384-well plates (Greiner Bio-one) using a Biomek NX (Beckman
Coulture). Compounds were then added using the 40 nL pin tool as above, using the same
source plate used for P falciparum assay as above. After 72 hours, media was removed

and cells were fixed with 4% paraformaldehyde (Thermo Fisher Scientific) in PBS and then
stained with 10 ug/mL Hoechst 33342 for 1 hour. The entire culture area of each well of
assay plates were imaged with a Lionheart FX with a 4x objective, and net hepatic nuclei
per well quantified. Data were loaded into CDD Vault for normalization, curve fitting, and
pCCxgq calculation as described above, but using puromycin as the positive control instead of
2a. All compounds were tested in 3 or 4 independent experiments, and the presented data is
the average and standard deviation from all independent experiments.

Extended Ring Stage Survival Assay (eRSA): Tightly synchronized ring stages of
artemisinin-susceptible (W2) and -resistant (4G clone of ARC08-22)27 P. falciparum strains
were exposed to 700 nM DHA, 12a, 12b or 12c in a tissue culture treated flat bottom 48
well plate (Corning Inc) for 6 hours at 1% parasitemia and 3% hematocrit. After 6 hours of
drug exposure, infected erythrocytes were washed 3 times with RPMI medium and returned
to standard growing conditions. The eRSA assay was performed as previously described
with modification to extend the recovery observation period to day 5.3° 36 Daily blood
smears were prepared, stained with Giemsa, and parasitemia quantified by microscopical
observations. Parasitemia was assessed for morphologically normal asexual blood stages of
P, falciparum.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Artemisinin (1), its derivatives (2), and trioxolanes 0Z277 and OZ439
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Figure 2.
Structurally related groups of dimers were assayed together with > 4 independent

experiments and potency compared by either a one-way ANOVA with matching potency
values (based on independent experiments) followed by Tukey’s multiple comparisons

or a student’s t-test with matching potency values (based on independent experiments).
Individual data points represent the pECsq calculated from an independent experiment, bar
indicated average, and P-value is indicated above respective comparisons; a ~-value <0.05 is
considered significant.
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Figure 3.
The potency of 12a, 12b, and 12c for artemisinin-susceptible (W2)(A) and -resistant (4G)

(B) P falciparum clones was assessed by using an extended ring-stage survival assay.
Parasites were exposed to 700 nM of each drug for 6 hours and parasitemia assessed every
24 hours for five days. (W2, n=4; 4G, n=2)
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Scheme 1.
Synthesis of 10p-allyldeoxoartemisinin?

4Reagents and conditions: (i) DIBAL, DCM, —78 °C, 2 h, quant.; (ii) BzCl, py, DCM, 0 °C,
16 h, 97%; (iii) ally-TMS, ZnCl,, 1,2-DCE, 4A MS, 0 °C, 3 h, 81%.
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6a 6b

Scheme 2.
Synthesis of deactivated deoxoartemisinin®

4Reagents and conditions: (i) 1. BH3.SMe,, t-butyl methyl ether, 0 °C, 24 h; 2.
NaB03.4H,0, t-butyl methyl ether/H,O, rt, 24 h, 69%; (ii) Zn, AcOH, rt. 72 h, 90%.

ACS Infect Dis. Author manuscript; available in PMC 2022 July 09.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Lichorowic et al. Page 25

6a X=0-0 7a X=0-0; quant 8a X=0-0; 84%
6b X=0 7b X=0; 90% 8b X=0; 94%

10a X=0-0; quant 11a X=0-0; 82% 9a X=0-0; 71%
10b X=0; 72 % 11b X=0; 89% 9b X=0; 98%
Scheme 3.

Synthesis of alkyne and azide-substituted artemisinin monomers?

4Reagents and conditions: (i) MsCI, NEt3, CH,Cl,, 0 °C, 1.5 h; (ii) NaN3, DMF, 80 °C,
16 h; (iii) PPh3, MeOH, reflux 2 h; (iv) RuCls, NalOg4, ACN, CCly, H50, rt, 30 min; (V)
propargyl alcohol, NaH, anh DMF, rt, 3 h.
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Scheme 4.
Synthesis of amide and triazole artemisinin dimers?

4Reagents and conditions: (i) EDCI-HCI, NMM, HOBt, DCM, 0 °C to rt, 18 h; (ii)
Cp*RuClI(PPh3),, DMF, MW, 110 °C, 20 min.
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15a para, X=0-0; 93%
15b para, X=0; quant.
15¢ meta, X=0-0; 86%
15d ortho, X=0-0; quant.

16a para, X'=0-0, X?=0-0; 51%
16b para, X'=0-0, X?=0; 67%
16¢ para, X'=0, X?=0; 58%

16d meta, X'=0-0, X?=0-0; 48%
16e meta, X'=0-0, X?=0; 62%
16f ortho, X'=0-0, X?>=0-0; 44%
16g ortho, X'=0-0, X?=0; 44%

Scheme 5.
Synthesis of bis(3-deoxoartemisininpropoxy)benzenes?

4Reagents and conditions: (i) mono-TBS-protected hydroquinone, catechol or resorcinol,
PPhs, DIAD, anh THF, 0 °C to rt, 3 h; (ii) TBAF, THF, rt, 15 min; (iii) 6a or 6b, PPhs,
DIAD, anh THF,0°Ctort, 3 h.
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Table 1

In vitro antimalarial activity of artemisinin derivatives against the £ falciparum asexual blood stages (PfABS)
and cytotoxicity against HepG2.

Compound X R PfABS pECs (+S.D.)  Cytotoxicity pCCs (S.D.)  Selectivity Index

6a 0-0 WWw 7.95 (0.14) < 5.00 (0.00) > 891

6b 0 v <5.10 (0.21) < 5.00 (0.00) N.D.

8a 0-0 8.53 (0.34) <5.32 (0.28) > 1620
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Compound X R PfABS pECs (+S.D.)  Cytotoxicity pCCs (¥S.D.)  Selectivity Index
8b (0] ‘N(/\ < 5.00 (0.00) < 5.00 (0.00) N.D.
N3
11a 0-0 “’(/\ 9.22 (0.16) <5.00 (0.00) > 16600
0
N
11b o -“’K/\ 5.40 (0.14) <5.00 (0.00) >251
0
N
artesunate 8.95 (0.34) 5.45 (0.34) 3160
artemisinin 8.47 (0.32) < 5.00 (0.00) > 2950
DHA 9.06 (0.24) <5.07 (0.18) > 9770
puromycin 7.33(0.22) 6.39 (0.24) 8.71

Page 29

Values represent mean (+ standard deviation) from all independent experiments (n=4 for P/ABS, n=3 for cytotoxicity). A value of <5.00 indicates
inactivity at all concentrations tested; N.D. indicates not determined due to inactivity. If one or more result was <5, then pEC50 = 5 was used to

determine the S.D..
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Table 2

Page 30

In vitro antimalarial activity of artemisinin dimers against £, falciparum asexual blood stages (PfABS) and
cytotoxicity against HepG2.

Compound Structure PfABS pECsq (£S.D.)  Cytotoxicity pCCsgg (£S.D.) Se:i(até\)/(lty
12a 8.63 (0.28) 5.51(0.21) 1320
12b 8.58 (0.33) 5.49 (0.35) 1230
12¢ < 5.00 (0.00) < 5.00 (0.00) N.D.
13a 8.43 (0.19) 6.12 (0.17) 204

ool ed
P a
13b St f.-u’\/\]/\ 8.39 (0.14) 6.04 (0.06) 224
R
N
13c 5.67 (0.19) < 5.00 (0.00) > 4.68
16a 7.69 (0.11) 6.88 (0.19) 6.46
16b 6.71 (0.13) 6.44 (0.10) 1.86
16¢ <5.19 (0.26) < 5.00 (0.00) N.D.
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Compound Structure PfABS pECsq (£S.D.)  Cytotoxicity pCCsg (£S.D.) Se:i%tle\)/(lty

€0 60

16d [0 S P 7.56 (0.13) 7.10 (0.28) 2.88

) 5

16e 6.93 (0.18) 6.66 (0.07) 1.86

16f 7.99 (0.16) 7.00 (0.34) 9.78
A0 o 52N

169 Ao, C"" {o-\__j} {: 7.19 (0.16) 6.77 (0.21) 2.63

Values represent mean (+ standard deviation) from all independent experiments (n=4 for PfABS, n=3 for cytotoxicity). A value of <5.00 indicates
inactivity at all concentrations tested; N.D. indicates not determined due to inactivity. If one or more result was <5, then pEC50 = 5 was used to

determine the S.D..
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