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Abstract

Several 2-carbon-linked trioxane dimer secondary alcohol carbonates 14 and thiocarbonates 15,

combined with mefloquine and administered in a low single oral dose, prolonged the survival

times of malaria-infected mice much more effectively than the popular monomeric antimalarial

drug artemether plus mefloquine. Three dimer carbonates 14 and one dimer thiocarbonate 15
partially cured malaria-infected mice.
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In 2013, a total of 107 countries reported malaria as an ongoing epidemic exposing an

estimated 3.4 billion people to the Plasmdium falciparum malaria parasites.1 Nearly one

million people, mostly children, die each year from infection with malaria.2–4 While

ongoing efforts have been made toward the development of a fully prophylactic malaria

vaccine, only partial success has been reported.5,6 The efficacy of antimalarial

chemotherapy using standard drugs like chloroquine is being severely compromised by

widespread parasite resistance.7,8 Therefore, the discovery of a new class of peroxide-

containing antimalarials such as artemisinin (1)9 and its first generation derivatives

artemether (2) and sodium artesunate (3) has led to their widespread use (Figure 1). Indeed,

the World Health Organization (WHO) now recommends artemisinin combination therapy

(ACT) as standard operating procedure, combining a fast-acting but short-lived trioxane

with a long-lasting adjuvant.10 Current examples of combinations include artemether (2)

plus lumefantrine (4),11 artesunate (3) plus mefloquine (5), and artesunate (3) plus

pyronaridine (6).12 An ideal regimen for curing infected people is a single low oral dose of

ACT. Toward this goal, others13–18 and we19–22 have prepared several artemisinin

derivatives that cure malaria-infected mice.

Guided by structure-activity relationships (SAR), ongoing efforts have been made toward

improving the oral bioavailability and minimizing the metabolic shortcomings of artemisinin

and its first generation derivatives.23 Tethering two artemisinin units together through the

C10 position forms a C10 non-acetal dimeric trioxane structure, which has proven often to

be more antimalarially potent than its corresponding monomeric counterpart.24–26 We have

highlighted the high efficacy of a low single oral dose ACT using new artemisinin-derived

trioxane dimers with linkers of different length: 5-carbon (7),27 4-carbon (8),28 3-carbon

(9),29,30 and 2-carbon (10, Figure 2). Two-carbon-linked trioxane dimer ketone 10 (prepared
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from artemisinin in 36% overall yield) and especially some of its oxime NH-aryl carbamates

11 are effective antimalarials,31 as are 2-carbon-linked dimer secondary alcohols 12a and

12b; using only a single low oral dose of several NH-aryl carbamate derivatives 13
combined with mefloquine hydrochloride substantially prolonged the survival times of

malaria-infected mice (Scheme 1).31,32

Encouraged by our recent results,31,32 we prepared a novel series of 2-carbon-linked dimer

carbonates 14a–l and thiocarbonates 15a–c (Scheme 2). The log P values for all of these

orally bioavailable dimer carbonates 14a–l and thiocarbonate 15a–c range between 7.3–

9.3.33 The log P value of parent secondary alcohol 12b is 6.0.33 The log P of artemether (2)

is 3.5.33 Facile conversion of parent secondary alcohol 12b was accomplished in one step

from commercially available chloroformates and thiochloroformates, producing fifteen

carbonates 14 and thiocarbonates 15 in moderate to high yields. In such cases where the

purified product yield was less than 50% (14b and 14f), starting dimer alcohol was

recovered. All carbonates 14 and thiocarbonates 15 were purified by chromatography on

silica gel and their purity (> 95%) was established through normal phase HPLC analysis

using an isocratic mobile phase (20% EtOAc in hexane).

For preclinical drug development, in vivo efficacy data in mice (as shown in this manuscript)

are more valuable and more stringent than in vitro potency data. Our experience with

trioxanes over the past two decades supports the generalization that, within a family of

antimalarially potent trioxanes, in vitro potency (IC-50) data often do not accurately predict

in vivo efficacy levels. Therefore, we chose to evaluate our new antimalarial trioxane dimers

14 and 15 directly by oral administration in vivo. Stock solutions were prepared by

dissolving mefloquine hydrochloride (2.16 mg) in 113 μL of 7:3 Tween 80:ethanol. Then

0.72 mg of either a dimer carbonate 14 or a dimer thiocarbonate 15 was added. After

approximately 18 hours at room temperature, 1067 μL of deionized water was added, and

then 200 μL of this stock solution was administered by oral gavage one day post infection to

5-week old C57BL/6J male mice (from Jackson Laboratory) that weighed approximately 20

g, which had been infected with P. berghei ANKA strain (2 × 107 parasitized erythrocytes).

Each mouse (four mice per group) was treated orally with a single 200 μL dose of stock

solution, corresponding to a dose of 6 mg/kg of trioxane dimer in combination with 18

mg/kg of mefloquine hydrochloride. As expected, all 2-carbon-linked dimer carbonates 14
and thiocarbonates 15 produced antimalarial chemotherapeutic results. The mouse survival

data are shown in Table 1.

Parasitemia levels were evaluated on day 3 after infection and showed >99.9% suppression

in all trioxane dimer-treated mice, indicating very rapid and high antimalarial activity. In

contrast, the control mice (infected but no drug) had an average of 10% (9, 10, 11, 10)

parasitemia on day 3 after infection, which resulted in their death on an average of 7 days (6,

7, 7, 8) after infection. All trioxane dimers 14 and 15 (with the exception of the two

carbonates 14a and 14f) displayed average survival times longer than that of the antimalarial

drug artemether (2, 21.5 day average survival). Mefloquine hydrochloride alone (18 mg/kg)

prolonged mouse survival until only day 18. Fluoroethyl carbonate 14c (26 days),

chloroethyl carbonate 14e (28 days), and chlorophenyl carbonate 14l (26 days) had average

survival times notably longer than that of artemether (2, 21.5 days). Most significantly, 2-
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carbon-linked dimer thiocarbonate 15b prolonged survival of all four of the malaria-infected

mice till at least day 30 using only one 6 mg/kg oral dose of this trioxane dimer. Mouse

survival until day 30 with no parasitemia detected is a widely accepted measure of a drug’s

antimalarial efficacy and indicates a complete cure. Day 30 survival with no parasitemia and

with normal behavior and appearance was achieved in one of four mice treated with

fluoroethyl carbonate dimer 14c, with chloroethyl carbonate dimer 14e, and with

chlorophenyl carbonate dimer 14l. All four mice treated with thiocarbonate dimer 15b
survived till at least day 30, at which time one of the four mice in this group had no

detectable parasitemia and behaved normally and looked healthy. As determined by

analytical thin layer chromatography, thiocarbonate 15b is stable at pH 2 for at least 24

hours at 37 °C. Several sulfur-containing antimalarial trioxanes have been reported

recently.13,21,22,27,29,34

In conclusion, it is noteworthy that the partially curative carbonates 14c, 14e, 14l and

thiocarbonate 15b all had average survival times (26–30 days) which were considerably

higher than the average survival times of their parent dimer secondary alcohol 12b (19.5

days). This preclinical drug development result suggests that these orally bioavailable dimer

carbonates and thiocarbonates act as new chemical entities and possibly as prodrugs35 of the

parent dimer alcohol 12b. Dimer secondary alcohol 12b represents a versatile platform for

preparation of other derivatives.
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SAR structure-activity relationship

ACT artemisinin combination therapy

HPLC high performance liquid chromatography

DMAP 4-dimethylaminopyridine
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Figure 1.
Artemisinin (1), first generation derivatives (2 & 3), and adjuvant therapeutic drugs used in

ACT (4–6).
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Figure 2.
Representative 5-, 4-, 3-, and 2-carbon-linked dimer trioxanes
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Scheme 1.
Two-carbon-linked dimer derivatives
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Scheme 2.
Two-carbon-linked dimer carbonates 14a–l and thiocarbonates 15a–c
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Table 1

In vivo antimalarial efficacy using a single oral dose of trioxane dimer (6 mg/kg) combined with mefloquine

hydrochloride (18 mg/kg) in P. berghei ANKA-infected mice

trioxane survival after infection
(days)

avg survivala % parasitemia suppressionb

12b 14, 20, 21, 23 19.5 >99.9

14a 14, 15, 15, 30 18.5 >99.9

14b 13, 23, 30, 30 24 >99.9

14d 23, 21, 23, 30 24.3 >99.9

14f 21, 14, 15, 20 17.5 >99.9

14g 23, 21, 21, 30 23.8 >99.9

14h 21, 20, 23, 30 23.5 >99.9

14i 30, 23, 14, 30 24.3 >99.9

14j 27, 20, 21, 30 24.5 >99.9

14k 30, 20, 14, 23 21.8 >99.9

15a 23, 20, 21, 29 23.3 >99.9

15c 15, 23, 30, 30 24.5 >99.9

controls:

vehicle (no drug) 6, 7, 7, 8 7 0c

artemether (2) 6 mg/kg +
mefloquine HCl 18 mg/kg

23, 27, 13, 23 21.5 >99.9

mefloquine HCl 18 mg/kg alone 13, 15, 23, 20 17.8 >99.9

a
Best results are in bold type.

b
Denotes determination on day 3 after infection.

c
An average of 10% parasitemia was determined on day 3 after infection.
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