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The antimalarial drug methylene blue (MB) affects the redox
behaviour of parasite flavin-dependent disulfide reductases
such as glutathione reductase (GR) that control oxidative stress
in the malaria parasite. The reduced flavin adenine dinucleo-
tide cofactor FADH2 initiates reduction to leucomethylene blue
(LMB), which is oxidised by oxygen to generate reactive
oxygen species (ROS) and MB. MB then acts as a subversive
substrate for NADPH normally required to regenerate FADH2

for enzyme function. The synergism between MB and the per-
oxidic antimalarial artemisinin derivative artesunate suggests
that artemisinins have a complementary mode of action. We
find that artemisinins are transformed by LMB generated from
MB and ascorbic acid (AA) or N-benzyldihydronicotinamide
(BNAH) in situ in aqueous buffer at physiological pH into single
electron transfer (SET) rearrangement products or two-electron
reduction products, the latter of which dominates with BNAH.
Neither AA nor BNAH alone affects the artemisinins. The AA–
MB SET reactions are enhanced under aerobic conditions, and
the major products obtained here are structurally closely relat-
ed to one such product already reported to form in an intracel-
lular medium. A ketyl arising via SET with the artemisinin is in-
voked to explain their formation. Dihydroflavins generated
from riboflavin (RF) and FAD by pretreatment with sodium di-
thionite are rapidly oxidised by artemisinin to the parent fla-
vins. When catalytic amounts of RF, FAD, and other flavins are
reduced in situ by excess BNAH or NAD(P)H in the presence of
the artemisinins in the aqueous buffer, they are rapidly oxi-
dised to the parent flavins with concomitant formation of two-
electron reduction products from the artemisinins ; regenera-
tion of the reduced flavin by excess reductant maintains a cat-

alytic cycle until the artemisinin is consumed. In preliminary ex-
periments, we show that NADPH consumption in yeast GR
with redox behaviour similar to that of parasite GR is enhanced
by artemisinins, especially under aerobic conditions. Recombi-
nant human GR is not affected. Artemisinins thus may act as
antimalarial drugs by perturbing the redox balance within the
malaria parasite, both by oxidising FADH2 in parasite GR or
other parasite flavoenzymes, and by initiating autoxidation of
the dihydroflavin by oxygen with generation of ROS. Reduction
of the artemisinin is proposed to occur via hydride transfer
from LMB or the dihydroflavin to O1 of the peroxide. This hith-
erto unrecorded reactivity profile conforms with known struc-
ture–activity relationships of artemisinins, is consistent with
their known ability to generate ROS in vivo, and explains the
synergism between artemisinins and redox-active antimalarial
drugs such as MB and doxorubicin. As the artemisinins appear
to be relatively inert towards human GR, a putative model that
accounts for the selective potency of artemisinins towards the
malaria parasite also becomes apparent. Decisively, ferrous iron
or carbon-centered free radicals cannot be involved, and the
reactivity described herein reconciles disparate observations
that are incompatible with the ferrous iron–carbon radical hy-
pothesis for antimalarial mechanism of action. Finally, the
urgent enquiry into the emerging resistance of the malaria par-
asite to artemisinins may now in one part address the possibili-
ties either of structural changes taking place in parasite fla-
voenzymes that render the flavin cofactor less accessible to ar-
temisinins or of an enhancement in the ability to use intra-er-
ythrocytic human disulfide reductases required for mainte-
nance of parasite redox balance.
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Introduction

The discovery of artemisinin 1[1] has led to the worldwide use
of 1 and its derivatives dihydroartemisinin (DHA) 2, artemether
3, and artesunate 4 (Figure 1) in combination therapies with
other drugs against malaria.[2] Artemisone 5 is a new derivative

that shows enhanced efficacy in clinical trials.[3] The unusual
nature of the peroxide pharmacophore poses a formidable
challenge to understanding the molecular mechanism of these
remarkable drugs. It is universally considered that any of fer-
rous iron, ferrous hemoglobin [Hb–FeII] , or ferrous heme
[heme–FeII] activate the peroxide[4] via Fenton chemistry to
provide carbon radicals as the nominated cytotoxic agents.[5, 6]

For heme–FeII, the C radicals may alkylate the heme nucleus to
provide adducts that are also assumed to discharge the potent
activities of the parent artemisinin.[7] However, artemisinins, es-
pecially those bearing an amino group at C10,[8] are not easily
decomposed by FeII in aqueous medium.[8, 9] Artemisinins sus-
ceptible to decomposition by Hb– or heme–FeII, such as arte-
misinin 1 itself, display enhanced activities against parasites
cultured under carbon monoxide, a reagent that passivates
Hb– and heme–FeII by virtue of the formation of CO–Hb–FeII

and CO–heme–FeII complexes that block reaction of the FeII

ion with the artemisinin peroxide.[10] Thus, the reaction with
heme in the malaria parasite represents a competing degrada-
tion that results in attrition of efficacy. A consistent correlation
between antimalarial activity and reactivity towards FeII in its
various forms does not exist.[9, 10] In general, the ongoing
debate over the involvement of iron[6] is due in large part to

the rather differing outcomes of
reactions usually conducted with
stoichiometric or excess
amounts of iron-based reagents
in organic or aqueous solvents,
especially those involving heme–
FeII generated under highly re-
ducing conditions. As such, few
of these reactions can be termed
’biomimetic’.[8–11] Artemisinins,
like the sesquiterpene thapsigar-
gin (TG), are reported to inhibit
the parasite endoplasmic reticu-
lum transmembrane calcium
pump PfATP6, a process that is
also posited to require ferrous
iron.[12] It is unclear how structur-
ally diverse peroxides that pos-
sess antimalarial activities at
nanomolar levels in vitro inhibit
PfATP6; binding into the TG cleft
appears not to be an option.[13]

Artemisinins enhance oxida-
tive stress in parasitised erythro-
cytes[14] and display synergism
with doxorubicin, a drug that
also increases oxidative stress.[15]

Antioxidant gene expression in
tumor cells inversely correlates
with the IC50 values for artesu-
nate 4, indicating that oxidative
stress plays a role in the pro-
nounced cytotoxicities of artemi-
sinins against tumor cells.[16]

Rapid generation of reactive oxygen species (ROS) and lipid
peroxidation occur in neuronal cell cultures upon application
of artemisinin.[17] The in vivo pathway to ROS has not been es-
tablished, but the peroxide bridge is clearly required.[18]

Like artemisinins, methylene blue (MB) 6 possesses potent
activity in vitro against Plasmodium falciparum.[19] MB is equi-
potent with artesunate when each is used in combination ther-
apy with amodiaquine against malaria in a clinical setting.[20]

MB has a synergistic action with artemisinins, with FIC50 values
substantially less than unity.[21] This is significant given the
likely targets of MB: the parasite flavoenzymes glutathione re-
ductase (GR) and thioredoxin reductase (TrxR).[22, 23, 24] It is clev-
erly deduced that incipient reduction of MB by the reduced GR
cofactor FADH2 15 (Figure 1) generates leucomethylene blue
(LMB) 7, whose oxidation by oxygen regenerates MB with con-
comitant formation of ROS.[24] NADPH, otherwise required for
reduction of FAD to FADH2, is then hijacked as it becomes en-

Figure 1. Artemisinins and redox-active substrates discussed in this study.
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gaged in a futile cycle involving reduction of MB to LMB. With
this interference to disulfide reductase function, the capacity
of the parasite to counter the enhanced oxidative stress is fa-
tally impaired.

Flavin analogues[25] and riboflavin (RF) 10[26] itself possess ap-
preciable antimalarial activities. The antimalarial activity of RF
is ascribed to a redox cycle involving reduction of parasite
methemoglobin by the reduced riboflavin (RFH2) 11 generated
from RF and NAD(P)H. Thus, RF also acts as a subversive sub-
strate by consuming NAD(P)H. However, RFH2 is rapidly con-
verted by oxygen into the corresponding 4a-hydroperoxide[27]

that reverts to riboflavin upon expulsion of hydroperoxide. In
this way, oxidation of dihydroflavins by oxygen generates
ROS ;[27, 28] this is significant in relation to the results with gluta-
thione reductase described below.

Acquiring an understanding of the mechanism of action of
artemisinins is assuming much greater importance now in the
face of the increasing tolerance of the malaria parasite to arte-
misinins, that is ominously occurring in a region of the world
where resistance to chloroquine was first reported.[29] Develop-
ment of full-blown resistance will effectively mean an end to
efforts to control malaria by chemotherapeutic means.[4, 30]

Given that our previous work points to the unlikelihood of C
radicals or of heme in triggering the antimalarial activity of ar-
temisinins,[8–10] we adopt a rather different approach to a con-
sideration of the molecular mechanism. Because, as pointed
out above, artemisinins generate ROS, and behave synergisti-
cally with drugs such as methylene blue and doxorubicin,
which are themselves redox active, we posit that they act as
electron acceptors, and thereby are likely to interfere with
redox-active cofactors.[9] Iron is not considered to be essential,
although as we have pointed out previously, its presence cer-
tainly will play a role in modulating oxidative stress[31] within
the malaria parasite that is independent of any reaction with ar-
temisinins.[9] Therefore, an examination of the interaction of ar-
temisinins with redox-active, biologically pertinent substrates is
now addressed. We commence with an examination of the re-
duced conjugates of each of MB and the biologically signifi-
cant flavins, the structures of which are shown in Figure 1. The
conjugates are generated catalytically from MB and the flavins
in neutral aqueous buffer, as they would be in the biological
milieu, in the presence of the artemisinin and biological reduc-
tants l-(+)-ascorbic acid (AA) (for MB), the NADH model com-
pound N-benzyl-1,4-dihydronicotinamide (BNAH) 16, and each
of NADH and NADPH. The reductants alone do not affect the
artemisinins. Ferrous iron is not required, and C radicals held
to trigger the parasiticidal process cannot be involved.

Results

Leucomethylene blue

The reduction of MB 6 to LMB 7 by dithionite in pH 7.4 aque-
ous buffer was monitored by disappearance of the absorption
at l 654 nm.[32, 33] Treatment with artemisinin 1 resulted in oxi-
dation of LMB to MB (Figure 2). Dithionite alone has no effect
on artemisinin under these conditions. The lipid-soluble LMB

was extracted into dichloromethane. Treatment of this solution
with 1 also resulted in oxidation of LMB, although in the non-
polar solvent, the reaction was slower (Supporting Informa-
tion). To both mimic biological redox cycling and to facilitate
isolation of products, agents that generate LMB from MB
in situ in the presence of 1 were examined. Ascorbic acid (AA)
at neutral pH reduces MB via single-electron transfer (SET) to
give the radical 7C and then LMB 7 (Scheme 1).[32, 33] If oxygen is
present, oxidation of LMB to MB via 7C takes place. The result-
ing superoxide is converted into hydroperoxide (HOO�) as it
oxidises AA to the ascorbyl radical.[34] The ascorbyl radical does
not react with oxygen, but disproportionates to dehydroascor-
bic acid (DA) and AA. As artemisinin 1 in 1:1 MeCN/aqueous
pH 7.4 buffer is unaffected by excess AA, or a mixture of AA
and DA, the MB–AA system is eminently suited for establishing
whether artemisinins react with LMB 7 or its radical precursor

Figure 2. a) Reduction of methylene blue and re-oxidation by artemisinin:
1. MB (0.015 mmol) in pH 7.4 phosphate buffer under argon treated with
sodium dithionite (0.14 mmol) is converted into LMB 7 as gauged by the dis-
appearance of absorption due to MB at lmax 654 nm. 2. Artemisinin 1
(1.7 � 10�3 mmol in MeCN) added to 7 (3.1 � 10�3 mmol) in the MeCN/aque-
ous pH 7.4 buffer solution under argon results in re-oxidation to MB, as
gauged by the reappearance of absorption at lmax 654 nm; spectra were re-
corded at ~1 min intervals from 0–10 min when oxidation to MB was com-
plete. b) Partial reduction of MB by NADH: 1. Spectrum obtained from a
buffer solution containing 7.8 � 10�5 mmol MB; at l 663 nm, absorption is
1.6. 2. Treatment of the solution with 1.5 � 10�3 mmol NADH gives a spec-
trum with an absorption maximum of 1.18 at l 663 nm, corresponding to a
reduction of ~28 % of the MB to LMB.
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7C. Treatment of MB with a 10-fold excess of AA under argon
resulted in ~20 % reduction of the MB as established by UV
spectroscopy. Addition of MB (0.2 equiv) to artemisinin 1
(1.0 equiv) and AA (4 equiv) under air in the dark over 24 h
gave a mixture containing unchanged artemisinin 1, 2-deoxy-
artemisinin 17, and the furanoacetate 18 (Figure 4 below and
Table 1). Dihydroartemisinin (DHA) 2 provided a mixture con-
taining 2 and the products 2-deoxyDHA 19, the tricarbonyl
compound 20, and the furanodicarbonyl compound 21. Under
argon, the conversion of each of 1 and 2 was markedly lower.
Each of artemether 3, artesunate 4, and artemisone 5 with
MB–AA under air gave related products.

NAD(P)H and models such as N-benzyl-1,4-dihydronicotina-
mide (BNAH) 16 reduce MB, but unlike AA, SET is not in-
volved.[22, 35] Treatment of MB with NADH (20 equiv) in MeCN/
aqueous buffer (pH 7.4) under argon gave ~28 % of LMB
(Figure 2). Whilst artemisinin 1 (1 equiv) was unaffected by
BNAH (4 equiv), addition of MB (0.2 equiv) in the dark after
24 h returned 1, 2-deoxyartemisinin 17, and the ring-opened
precursor 25. With DHA 2, the control reaction with BNAH
(4 equiv) in MeCN/pH 7.4 buffer had an unexpected outcome
in providing the peroxyhemiacetal 26, a compound otherwise
obtained by thermal treatment of DHA.[36] In the absence of
BNAH, there is no rearrangement of DHA. With MB–BNAH
under air, DHA 2 gave 2-deoxyDHA 19 and the previously un-
reported 9-epideoxyDHA 19 e. The structure of 19 e was unam-
biguously determined by X-ray crystallography (see Figure 7
below). Under argon, 19 e was the only product formed. This
was also obtained by treatment of 2-deoxyDHA 19 with BNAH
in MeCN/buffer.

With the exception of 19 e, the products shown in Figure 4
are identical to those obtained from ferrous iron reac-
tions.[5, 8, 9, 11] These are subdivided into two classes: those aris-
ing via formal two-electron reduction and those arising via SET.
Whereas the MB–AA system provides both types, the MB–
BNAH system predominantly gives the reduction products.

Dihydroflavins

Lumiflavine (LF) 8 and riboflavin
(RF) 10 are used as models to
delineate the function of flavin
adenine mononucleotide (FMN)
and flavin adenine dinucleotide
(FAD) in flavoenzymes during re-
duction by NAD(P)H.[37, 38] Reduc-
tion of RF or FAD in 1:1 MeCN/
aqueous pH 7.4 buffer by
sodium dithionite under argon
generated the dihydroflavins.
Addition of artemisinin 1 result-
ed in rapid oxidation. This is il-
lustrated in Figure 3 for the RF–
RFH2 system. Treatment of LF or
RF with NADH (10 equiv) in
MeCN/pH 7.4 buffer under argon

reduced ~26 % of the flavin (Figure 3). Next, when LF
(0.2 equiv) was treated with BNAH (2.0 equiv) in the presence
of artemisinin 1 (1.0 equiv), 1 was reduced to the 2-deoxy
products 17 and 25 within 80 min (Table 2). Small amounts of
other uncharacterised materials were also formed, as indicated
by 1H NMR spectra recorded on reaction mixtures. However,

Scheme 1. SET between artemisinin 1 and MB–AA. 1 is converted by SET from 7C into peroxy radical anion 1C� ,
which rearranges via an O1 radical to the ketyl by insertion into the C3–C4 bond. The ketyl is oxidised to the car-
bonyl 18. Leucomethylene blue anion 7� or LMB 7 is intercepted by artemisinin in heterolytic processes (see
Scheme 2), and accordingly, oxidation of 7� to 7C by oxygen is expected to be a minor pathway. The greater con-
version of 1 with MB–AA under air (Table 1) indicates the importance of the oxygen-initiated radical pathways ;
this may also implicate superoxide in a Haber–Weiss process for conversion of 1 into 1C� (see reference [9]). The
consequence will be an enhanced oxidative flux that arises from recycling of MB via the radical and of oxidation
of the ketyl.

Table 1. Yields of products from methylene blue–leucomethylene blue
redox-mediated decomposition of artemisinins 1–5.

Artemisinin: R (Figure 1)
or peroxide

Method[a] Artemisinin remaining
and product yields [%][b]

(Figure 4)

1: artemisinin
R ==O

1. MB–AA, air 1: 30, 17: 12, 18 : 41
2. MB–AA, Ar 1: 40, 17: 14, 18 : 38
3. MB–BNAH,
air

1: 42, 17: 17, 25 : 32

4. MB–BNAH, Ar 1: 32, 17: 20, 25 : 27

2 : DHA
R =�OH

1. MB–AA, air 2 : 3, 19 : 17, 20 : 6, 21: 26
2. MB–AA, Ar 2 : 91, 20 : 26, 21: 19
3. MB–BNAH,
air

2 : 0, 19 : 16, 19 e : 47

4. MB–BNAH, Ar 2 : 0, 19 e : 63

3 : artemether
R =�OCH3

1. MB–AA, air 3 : 3, 20 : 4, 21: 3, 22 : 59, 23 :
17

2. MB–AA, Ar 3 : 84, 22 : 67, 23 : 26

4 : artesunate
R =�OOC(CH2)2COOH

1. MB–AA, air 4 : 15, 24 : 65
2. MB–AA, Ar 4 : 1, 24 : 63

5 : artemisone
R = 4’-(S,S)-dioxothio-
morpholin-1’-yl

1. MB–AA, air 5 : 24, 20 : 11, 21: 27
2. MB–AA, Ar 5 : 28, 20 : 13, 21: 26

[a] Reactions performed in 1:1 MeCN/aqueous buffer (pH 7.4): 1. artemi-
sinin (1.0 equiv, 0.34 mmol), methylene blue (MB, 0.2 equiv), ascorbic acid
(AA, 4.0 equiv), air, 20 8C, 24 h; 2. as for 1, under argon; 3. artemisinin
(1.0 equiv, 0.34 mmol), MB (0.2 equiv), N-benzyl-1,4-dihydronicotinamide
(BNAH, 4.0 equiv), air, 20 8C, 24 h; 4. as for 3, under argon. [b] Based on re-
acting artemisinin.
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these compounds could not be isolated. Further details are
given in the Experimental Section below and in the Supporting
Information. DHA 2, over the course of 80 min, gave deoxy-
DHA 19, 9-epi-2-deoxyDHA 19 e, and the tricarbonyl com-
pound 20. Notably, the peroxyhemiacetal 26, which possesses
potent antimalarial activity in vitro,[39] was rapidly converted
into the same products. Reactions with RF, although slower,
had identical outcomes (Table 2). The course of the reaction
was readily followed by withdrawing aliquots from the reaction
mixture at 30 min intervals, and examining the NMR spectra.
An example of a time-course experiment with artemisinin and
the RF–BNAH system is given in the Supporting Information,
and is indicative of the cleanliness of these reactions. With
flavin mononucleotide (FMN) 12 or FAD 14 (0.2 equiv) and
NADH or NADPH (each 2 equiv) in MeCN/pH 7.4 buffer under
argon, 1 provided the deoxy products 17 and 25. The reaction

with artesunate 4 does not require MeCN as co-solvent; artesu-
nate is appreciably soluble in pH 7.4 buffer,[3] and it was effi-
ciently reduced by the FAD–NADPH system within 3 h. With
the exception of the artesunate reaction, MeCN was used to
assist the solubilisation of the artemisinins. MeCN, used previ-
ously as a co-solvent in ferrous iron reactions of artemisi-
nins,[8–11] does not affect the outcome of the flavin reactions.
Tetrahydrofuran, N,N-dimethylformamide, and dimethyl sulfox-
ide (DMSO) may also be used as co-solvents, although with
DMSO, the reactions tended to be slower.

9-Epiartemisinin 1 e, with an a-axial methyl group at C9, has
significantly lower antimalarial activities than artemisinin 1 in
vitro.[18, 40] In direct contrast to 1, it reacted sluggishly with the
BNAH–RF system under the same conditions to return a mix-
ture containing 1 e (50 %) and small amounts of the reduction
products 2-deoxy-9-epiDHA 17 e and the ring-opened precur-
sor 25 e (Table 2). Under aerobic conditions, all reactions were
generally far less effective. For example, artemisinin 1 with RF–
BNAH (0.2 and 2 equiv, respectively) after 3 h gave a mixture

Figure 3. a) Oxidation of reduced riboflavin (RFH2) 11 by artemisinin 1: a so-
lution containing 6.6 � 10�4 mmol RF at 37 8C treated with sodium dithionite
(1.4 � 10�2 mmol) under argon results in complete reduction of the RF to
RFH2 (disappearance of absorption at l 370 and 445 nm). This solution is
treated with a solution of artemisinin 1 (Art, 4 � 10�4 mmol) in MeCN with
monitoring of absorption at l 370 and 445 nm every 20 s until complete oxi-
dation had taken place (within 10 min). b) Partial reduction of RF by NADH:
1. A buffer solution of RF containing 9.9 � 10�5 mmol RF gives a spectrum
with an absorption of 0.67 at l 445 nm; 2. The solution is treated with a
buffer solution containing 9.1 � 10�4 mmol NADH; absorption at l 445 nm is
0.5. This corresponds to a reduction of ~26 % of the RF to RFH2.

Table 2. Yields of products from flavin–dihydroflavin redox-mediated de-
composition of artemisinins 1–5 and peroxyhemiacetal 26.

Artemisinin: R
(Figure 1)
or peroxide

Method[a] Artemisinin remaining
and product yields [%][b]

(Figure 4)

1: artemisinin
R ==O

1. LF–BNAH, Ar,
80 min

1: 0, 17: 14, 25 : 54

2. RF–BNAH, Ar, 3 h 1: 5, 17: 26, 25 : 48
3. FMN–BNAH, Ar, 3 h 1: 4, 17: 26, 25 : 55
4. FAD–NADH, Ar, 3 h 1: 9, 17: 19, 25 : 49
5. FAD–NADPH, Ar,
3 h

1: 17, 17: 17, 25 : 48

1 e : 9-epiartemisinin
R ==O

2. RF–BNAH, Ar, 3 h 1 e : 50, 17 e : 5, 25 e : 53

2 : DHA
R =�OH

1. LF–BNAH, Ar,
80 min

2 : 8, 19 : 42, 20 : 19, 19 e : 9

2. RF–BNAH, Ar, 3 h 2 : 0, 19 e : 77

3 : artemether
R =�OCH3

1. LF–BNAH, Ar, 2.5 h 3 : 3, 19 : 17, 20 : 18, 19 e :
48

2. RF–BNAH, Ar, 3 h 3 : 0, 19 : 12, 20 : 5, 19 e : 52

4 : artesunate 6. FAD–NADPH, Ar,
3 h

4 : 1, 19 : 92, 20 : 5

5 : artemisone 1. LF–BNAH, Ar, 6 h 5 : 0, 19 : 12, 20 :11, 19 e : 42

26 : peroxyhemiace-
tal

1. LF–BNAH, Ar,
80 min

26 : 0, 19 : 38, 20 : 8, 19 e : 5

[a] Reactions performed in 1:1 MeCN/aqueous buffer (pH 7.4), except in 6
below, in which pH 7.4 aqueous buffer alone is used: 1. artemisinin
(1.0 equiv, 0.17 mmol), lumiflavine (LF, 0.2 equiv), BNAH (2.0 equiv), argon,
20 8C, 1–6 h; 2. artemisinin (1.0 equiv, 0.17 mmol), riboflavin (RF,
0.2 equiv), BNAH (2.0 equiv), argon, 20 8C, 3 h; 3. artemisinin (1.0 equiv,
0.17 mmol), FMN (0.2 equiv), BNAH (2.0 equiv), argon, 20 8C, 3 h; 4. arte-
misinin (1.0 equiv, 83.94 mmol), FAD (0.2 equiv), NADH (2.0 equiv), argon,
20 8C, 3 h; 5. artemisinin (1.0 equiv, 50.65 mmol), FAD (0.20 equiv), NADPH
(2.0 equiv), argon, 20 8C, 3 h; 6. artesunate (1.0 equiv, 33.56 mmol), FAD
(0.2 equiv), NADPH (2.0 equiv), argon, 20 8C, 3 h. [b] Based on reacting ar-
temisinin.
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containing unreacted 1 (43 %). This may be due to competitive
oxidation by oxygen of the dihydroflavin to the flavin;[27] re-re-
duction of the flavin eventually exhausts the BNAH.

The artemisinins are more rapidly reduced by the flavin–
BNAH or –NAD(P)H systems than by MB–BNAH, even though
the same amounts of the reduced conjugates are generated.
Treatment of an equimolar mixture of RFH2 11 and LMB 7—
generated in aqueous buffer under argon from the precursor
mixture and dithionite—with artemisinin 1 resulted in rapid
oxidation of RFH2 (Figure 5). Onset of LMB oxidation took
place only when the RFH2 was oxidised. Significantly, RFH2 rap-
idly reduced MB to LMB, confirming the deduction that FADH2

in parasite GR reduces MB.[24] In these experiments, it is impor-
tant to ensure that dithionite does not interfere. This was veri-
fied by treating the LMB–RFH2 mixture with solid NaHSO4

under argon to destroy excess dithionite,[10] and adding base
to restore the pH to 7.4 prior to treatment with artemisinin.

Effect of artemisinin on NADPH in glutathione reductase

To complement the foregoing, we conducted a preliminary ex-
amination of the effects of artemisinin 1 on NADPH consump-
tion during flavoenzyme function. For glutathione reductase
(GR), oxidation of FADH2 by 1 must result in enhanced turn-
over of NADPH, as the latter reduces FAD back to FADH2 re-

quired for ultimate conversion of GSSG to reduced glutathione,
GSH. As the malaria parasite P. falciparum GR (PfGR) was inac-
cessible, yeast and recombinant human GR were used. Redox
behaviour of PfGR resembles that of yeast GR.[41] Catalytic turn-
over of MB by PfGR is 100-fold faster than for the human
enzyme.[24] For different GR isoforms, a correlation between
NADPH auto-oxidase activity and MB reductase activity is
noted. Thus, a comparison of the effect of 1 on yeast and
human GR by examination of NADPH turnover is valid. As in
other studies,[24] we ensure that substrate GSSG and cofactor
be kept at a fixed ratio and modest excess with respect to the
enzyme in order to evaluate the effect of 1 on NADPH turn-
over. Whilst ideally, we should seek to demonstrate an effect
corresponding to the low nanomolar concentrations of artemi-
sinins that normally suffice to exert a parasiticidal effect, in this
case, we are dealing with isolated yeast enzyme. Further, it
must be borne in mind that artemisinins selectively and irre-
versibly partition into parasitised erythrocytes.[42] There is no in-
formation on how artemisinins may sequester inside the para-
site cytosol to provide the relative concentrations of artemisi-
nins required to subvert the parasite enzyme. Therefore, the
important issue here in the first instance is to establish if there
is indeed an effect exerted by artemisinins on redox-active fla-
voenzymes. Treatment of yeast GR with GSSG and NADPH in
aqueous buffer at pH 7.4 under argon resulted in consumption
of the NADPH. Next, addition of artemisinin 1 (0.5 equiv with
respect to NADPH) at the outset greatly increased the rate of
consumption and decreased the production of GSH (Figure 6
and figure S2, Supporting Information). When the experiment
was repeated under aerobic conditions, the consumption of
NADPH in the presence of 1 was further increased. Moreover, it
is shown that at the same concentrations in parallel experi-
ments, artemisinin interferes with production of GSH from
GSSG (figure S2, Supporting Information). Control experiments
with yeast GR conducted in the presence of GSSG but in the
absence of artemisinin indicated that NADPH turnover is no
different under argon or under aerobic conditions (figure S3,
Supporting Information). Next, a comparison of the effect of 1
on equivalent concentrations of each of yeast and recombi-
nant human GR was carried out. Remarkably, with human GR,
there was no significant change in turnover of NADPH upon
treatment with 1 under either anaerobic or aerobic conditions
(Figure 6). Further data from sets of parallel experiments are
given in the Supporting Information (figures S4 and S5). Impor-
tantly, treatment of artemisinin with reduced glutathione, the
product of GR function, in MeCN/pH 7.4 aqueous buffer under
argon for 24 h does not induce detectable decomposition of 1.

Discussion

Chemistry and structure–activity relationships

DHA 2 provides the peroxyhemiacetal 26 (Figure 4) via an
open hydroperoxide.[36] Importantly, its formation under such
mild conditions here indicates it must form in vivo when DHA
2 or its prodrug artesunate 4 are used as antimalarial drugs. As
DHA does not rearrange in the absence of BNAH in aqueous

Figure 4. a) Products obtained from artemisinins and catalytic MB–ascorbate,
and from MB or flavins and BNAH/NAD(P)H: a) Reduction products. b)
Single-electron transfer (SET) products. c) DHA peroxyhemiacetal rearrange-
ment product.
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buffer, it is apparent that BNAH, as a potent hydrogen bond
acceptor, must act to facilitate the proton transfers required
for the rearrangement; this is likely initiated via transfer of the
proton from the C10 hydroxy group. The unusual C9 epimer of
deoxyDHA, namely compound 19 e, likely arises via ring open-
ing of deoxyDHA to the C10 aldehyde that undergoes epimeri-
sation at C9 followed by closure; a related process is known.[36]

Given the mild, biomimetic conditions attending its formation,
it is predicted here that compound 19 e should appear among
the various metabolites isolated from patients treated with
DHA, artemether, or artesunate.

The SET products, at the same oxidation level as the starting
artemisinin, are formed with the FeII–FeIII couple,[8, 9, 11] or here
from MB, likely via the initiating electron donor, the LMB radi-
cal 7C. The electron acceptor is MB, dehydroascorbate (DA), or
the ascorbyl radical, and under aerobic conditions, oxygen,
leading to superoxide and hydroperoxide (Scheme 1). It is im-
portant to note that the pathway leading to the dominant
products of the SET process, namely the furano acetates 18,
22, and 24, and the corresponding hydrolysis product 21 from
22 and 24, is fundamentally different from the energetically
demanding insertion of a primary C4 radical into the FeIII�O

bond proposed for the formation of related products in the
iron reactions.[9, 11] However, the current reactions are iron free,
and the insertion as depicted in Scheme 1 must be favoured
kinetically and also have a thermodynamically plausible out-
come in providing the relatively stable ketyl radical. The last
will itself participate in SET by reducing dehydroascorbate to
the ascorbyl radical and oxygen to superoxide. The participa-
tion of ketyl radicals in enzyme-mediated pathways, including
their oxidation by oxygen, is well established.[43] The results de-
scribed herein indicate that the in vivo formation of a furano-
acetate related to those described here does not necessarily
depend on ferrous iron,[44] but more likely requires the pres-
ence of a natural redox system, such as AA–dehydroascorbate
itself, that functions via SET pathways in the presence of an in-
cipient electron donor or acceptor.

For the MB–BNAH, flavin–BNAH, and flavin–NAD(P)H sys-
tems, hydride transfer from LMB or dihydroflavin generated
in situ results in reductive cleavage of the peroxide in artemisi-
nin and oxidation of LMB to MB or dihydroflavin to flavin
(Scheme 2). MB or flavin, in turn, is reconverted by excess
BNAH or NAD(P)H into the reduced conjugates in a catalytic
cycle that continues until the artemisinin is consumed. For the

Figure 5. a) Reduction of methylene blue (MB) 6 by excess reduced riboflavin RFH2 11: effect of adding RFH2 (9 � 10�5 mmol) to MB (9.4 � 10�7 mmol) in aque-
ous pH 7.4 buffer; absorptions at l 370 and 445 nm increase due to formation of RF, and the absorption at l 654 nm from MB decreases to baseline level due
to reduction of MB to LMB 7. b)–d) Oxidation of a mixture of reduced riboflavin RFH2 11 and LMB 7 by artemisinin 1: b) Absorption spectrum of mixture re-
corded upon complete reduction of RF (9.9 � 10�5 mmol) and MB (9.4 � 10�5 mmol) by sodium dithionite (1.4 � 10�2 mmol) in degassed aqueous buffer at
pH 7.4: disappearance of absorptions at l 450 and 370 nm (flavin), and at l 654 nm (MB) (t = 200 s). c) Effect of adding 2 � 10�3 mmol artemisinin (1) in MeCN
and monitoring appearance of absorptions at l 370, 445, and 654 nm: spectra taken between 10–200 s after addition of artemisinin indicate increase of ab-
sorptions at l 370 and 445 nm due to formation of RF. d) Spectra taken between 200–400 s after addition of artemisinin indicate the formation of MB
(lmax 650 nm).
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dihydroflavins, a close analogy is provided by hydride-induced
cleavage of cysteine disulfide mediated by FADH2 within disul-
fide reductases during the catalytic cycle preceding generation
of GSH from GSSG.[25] Indeed, it was the knowledge of this
pathway that suggested to us that the cleavage of the perox-
ide in artemisinin via hydride transfer from dihydroflavins
should occur. Another example is provided by hydride reduc-
tion of quinones mediated by FADH2 in NAD(P)H–quinone oxi-
doreductases (diaphorases).[45] According to Scheme 2, it is im-
portant to note that as the peroxide is embedded in a trioxane
core that is coupled inductively to more remote oxygen
atoms, hydride transfer will drive ring opening of artemisinin 1
to provide the open deoxyartemisinin precursor 25. For each
of the artemisinins 2–5, hydride transfer leads to loss of hy-
droxy, methoxy, succinyl, and thiomorpholine-S,S-dioxide resi-
dues, respectively, to give the open aldehyde that closes to 19,
or via prior epimerisation at C9, to 19 e. At pH 7.4, each of ion-
ised LMB 7� (pKa LMB ~5)[24] and dihydroflavin (pKa LFH2 ~6)[27]

are present, and adduct formation (Scheme 2) is feasible. This
is accommodated by the potent nucleophilicities of the nega-
tively charged nitrogen activated by the para-N,N-dimethylami-
no group in 7� , and of the deprotonated enamine (enamide)
in the dihydroflavin, wherein adduct formation with electro-
philes is reported to be particularly facile.[46] Nevertheless, ex-
amination of product mixtures obtained after neutral workup
of the reaction of 1 with the LF–BNAH system under argon has
not yet provided evidence for flavin–artemisinin adducts. How-
ever, at least in the case of yeast GR in vitro under the condi-
tions described herein, it is unlikely that such adducts can be
stable, or metastable, as the accelerated turnover of NADPH in
yeast GR in the presence of the artemisinin implies that turn-
over of the flavin cofactor is also increased. However, this issue
may become more important in an in vivo situation with fla-
voenzymes, for if the artemisinin–flavin adducts are stable, or
metastable, this may imply irreversible blockade, or suppressed
turnover, of the cofactor, as discussed below.

The reduction of the artemisinins by dihydroflavins corre-
lates with structure–activity profiles of artemisinins and ana-
logues for which an a-axial methyl group at C9[18, 40] or bulky
a groups in the hydrocarbon periphery[47] that buttress the
peroxide suppress antimalarial activities. Such groups must act
to restrict or actually inhibit the approach by dihydroflavin to
the peroxide required for hydride transfer to, or adduct forma-
tion at, O1 (Scheme 2). This is borne out by the sluggish reac-
tivity of 9-epiartemisinin 1 e (Table 2). The electronically cou-
pled processes shown in Scheme 2 rely on transmission of in-
ductive effects via the non-peroxidic oxygen atom of the triox-
ane core to the more remote oxygen atoms that renders O1,
but not O2, susceptible to addition of hydride (or of the dihy-
droflavin, if adduct formation occurs). Examples of the manner
in which such inductive effects modulate the properties of ar-
temisinins have been described previously.[48] The importance
of the trioxane in modulating antimalarial properties is incisive-
ly demonstrated in elegant synthetic studies wherein replace-
ment of the non-peroxidic oxygen atom of the trioxane core
by a methylene group suppresses antimalarial activities to 3–
24 % of those of the corresponding artemisinin, even though

Figure 6. a) Effect of artemisinin 1 on NADPH turnover in yeast GR, and com-
parison between yeast and human GRs at equal enzyme concentrations;
rate of NADPH turnover monitored at l 340 nm for 12 s. a) 1. (green) in
MeCN/buffer (pH 7.4) ; GSSG (4.8 � 10�4 mmol), NADPH (4.8 � 10�4 mmol), GR
(1.65 EU) under argon; 2. (maroon), as for 1 + artemisinin 1 (2.4 � 10�4 mmol
1) ; 3. (blue) as for 2 under air. b) in MeCN/buffer (pH 7.4) ; NADPH
(4.8 � 10�4 mmol), GSSG (4.8 � 10�4 mmol), yeast GR (0.33 EU). 1. (green), con-
trol (GSSG, NADPH, GR,) ; 2. (maroon) effect of 1 (2.4 � 10�4 mmol 1) ; 3. (blue)
as for 2 under air. c) As for part b), but with pH 6.8 buffer with recombinant
human GR (0.35 EU), and NADPH–GSSG as in b). 1. (green) control ;
2. (maroon) effect of addition of artemisinin 1; 3. (blue) repetition of 2 under
air. Details of other experiments including controls and additional figur-
es S2–S6 are given in the Supporting Information.
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the parent artemisinins and derived structures are superimpos-
able.[49] In other words, 1,2,4-trioxanes are intrinsically more
active as antimalarial drugs than their 1,2-dioxane counter-
parts.[50] Finally, we note that the 5-nor-4,5-seco-artemisinin an-
alogue 27 (Figure 1) made by total synthesis possesses an in
vitro antimalarial activity roughly equivalent with that of arte-

misinin.[51] Such a compound is distinctly less capable
of forming C radicals once the peroxide bridge un-
dergoes cleavage by FeII in the Fenton reaction,[52]

but the intact peroxide within the trioxane is clearly
capable of accepting hydride from FADH2.

Flavoenzyme target and ramifications for anti-
malarial activities of artemisinins

It has been reported previously that a lack of FAD
may confer substantial protection from severe malar-
ia.[23] In addition to PfGR, other flavoenzymes that
show enhanced turnover of MB (initiated via reduc-
tion of the MB by the reduced flavin), for example
TrxR or dihydrolipoamide dehydrogenase,[23] are pos-
sible targets for artemisinins. It is suggested that the
ability of the intra-erythrocytic parasite to hold oxida-
tive stress in check through an intense glutathione
metabolism thereby must be disrupted by artemisi-
nin. The even greater turnover of NADPH exerted by
artemisinin under aerobic conditions indicate that au-
toxidation of FADH2 by oxygen takes place.[27, 28] This
correlates with the ability of artemisinins to generate
ROS[14, 17] and indicates that incipient oxidation of
FADH2 by artemisinins interferes either with the
amino acid gate that inhibits ingress of oxygen[53] or
with the intimate stacking arrangement required for
hydride transfer from NADPH to FAD. Thereby FADH2

becomes accessible to oxygen.[24, 25, 28] The synergism
between MB and artemisinins arises as both drugs
enhance turnover of NADPH by each oxidising
FADH2. Artemisinins also re-oxidise LMB, thus acceler-
ating the futile cycling of NADPH with MB. Enhanced
turnover of MB and of ROS is also apparent in the
SET processes involving artemisinins and MB under
aerobic conditions (Scheme 1).

The implication of flavoenzymes as targets for arte-
misinins brings into focus a large body of data relat-
ing to the effect of inhibitors on flavoenyzmes at
large. Thus, in another sense, if the residue arising via
reduction of the artemisinin by the dihydroflavin
in vivo remains noncovalently linked (by hydrogen
bonding,[54] for example) to the flavin such as FAD,
and needs to diffuse away to expose the flavin to re-
duction by NADPH, then at the least, GR or TrxR func-
tion, for example, will be slowed. Although the role
of antimalarial redox-active substrates MB, and anti-
malarial flavins and riboflavin, in generating ROS is
discussed above,[25, 26] an additional consideration is
that such substrates including redox-active quinones
and their hydroquinone conjugates[55] may form

p complexes or hydrogen bonded noncovalent adducts with
the FAD, and thus interfere, both physically and through mod-
ulation of redox potential,[56] with transfer of reducing equiva-
lents from NADPH.

The greater sensitivity to artemisinins of yeast GR, used here
as a surrogate for parasite GR, in comparison with the relative

Scheme 2. Reduction of artemisinin 1 and artemether 3 by LMB 7 or reduced flavins.
Generation of LMB 7 from MB 6 or dihydroflavin from the flavin in situ is coupled with
oxidation of BNAH to BNA+ or of NAD(P)H to NAD(P)+ . Oxidation of the reduced conju-
gates by the artemisinin regenerates MB or flavin, which in turn is reduced in a catalytic
cycle by the excess of BNAH or NAD(P)H (not shown). a) Leucomethylene blue 7 or b) di-
hydroflavin transfers hydride to O1 of artemisinin 1 to generate MB or flavin and 25.
c) Hydride transfer to artemether 3 drives ring opening with loss of methoxyl. d) Adduct
formation from reaction of dihydroflavin enamide through 4a with O1 of artemisinin 1
and collapse of adduct to generate flavin. Equivalent processes may involve prior depro-
tonation at, and reaction through, N5 of the dihydroflavin or through N10 of 7� (BH and
BD� proton source and base in the reaction medium; the C5a H atom and C6 methyl
group of artemisinins in some intermediate structures are omitted for clarity).
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lack of sensitivity of human GR provides a putative model to
explain the pronounced cytotoxicities of artemisinins against
the malaria parasite vis-�-vis mammalian cell lines. However,
those factors[24] that render yeast (or parasite) GR more suscep-
tible than human GR to each of MB and the artemisinins must
be clarified. The putative difference in sensitivities between
parasite and human GR to artemisinins further suggests the
malaria parasite either may acquire resistance through muta-
tions that render the parasite flavoenzyme structurally more
akin to the human enzyme, or it may enhance the use of intra-
erythrocytic GR, that is unaffected by artemisinins, for mainte-
nance of redox balance.[25, 57, 58] A point of focus in this regard
may be the binding of NADPH in the parasite GR active site
that differs from the human enzyme. Replacement of His 219
in the human enzyme by Gly 207 in the parasite enzyme
makes for a less tenacious binding of NADPH,[25] and this may
have an effect on the parasite GR system when under assault
by artemisinins.

Conclusions

In summary, artemisinins act both as one-electron transfer
agents and two-electron acceptors in the absence of iron.
They are likely to interfere with flavin cofactors of redox-active
intraparasitic enzymes. Given that structurally simpler antima-
larial-active peroxides[59] likely interact with the same systems,
the design of new artemisinins and analogues may therefore
more fruitfully refocus on a consideration of activity against fla-
voenzymes. The susceptibility of flavin cofactors has ramifica-
tions well beyond malaria chemotherapy, as artemisinins are
active against other parasitic and non-parasitic pathogens.[16, 60]

In particular, the behaviour of artemisinins disclosed herein di-
rects attention to the possibility of artemisinins interfering
with diaphorases and other flavoenzymes important in tumori-
genesis, where now, among others, the flavin cofactors in
redox-active thioredoxin reductase (TrxR)[61] and DT-diaphor-
ase[62] must be considered as potential targets.

X-ray crystal structure determination of 9-epideoxyDHA 19 e

A crystal specimen of dimensions 0.30 � 0.14 � 0.12 mm3 was
used for collection of a full sphere of diffraction data to q=

67.58 on an Oxford Diffraction Gemini CCD diffractometer at
173 K using copper (CuKa) radiation. The crystal belongs to
the monoclinic system with chiral space group P2(1). The mo-
lecular structure was successfully solved and refined to R1 =

0.0280, wR2 = 0.0743 and indicates the molecule to be 9-epi-
deoxydihydroartemisinin, C15H24O4, compound 19 e. A summa-
ry of crystallographic data is listed in Table 3, and the data
have been deposited with the Cambridge Crystallographic
Data Centre: CCDC 782559 (19 e) contains the supplementary
crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

The absolute configuration of the compound is supported
by refinement of the Flack parameter to a value of �0.04(8)
and indicates the configuration of 9S,10S for the stereochemi-

cal centers of interest. The molecular geometry for all three
crystallographically independent molecules is very similar, in
each case with a twist-boat conformation found for the pyran
ring containing the hemiacetal functionality. Typical displace-
ments from the mean plane for the ring atoms are C1 0.00, C12

�0.32, C8a + 0.31, C9 0.00, C10 �0.35, and O11 + 0.37 �. This
rather unusual arrangement is to decrease axial interactions
between the C9 methyl substituent and O1, the residual pyran
oxygen remaining from the peroxide functionality of the

Table 3. Crystallographic data for compound 19 e.

Parameter Value

empirical formula C15H24O4

formula weight [Da] 268.34
temperature [K] 173(2)
wavelength [�] 1.54178
crystal system monoclinic
space group P2(1)
unit cell dimensions [�] a = 13.73020(10), a = 908

b = 9.12650(10), b= 96.1610(10)8
c = 17.1569(2), g = 908

volume [�3] 2137.49(4)
Z 6
density (calcd) [mg m�3] 1.251
absorption coefficient [mm�1] 0.724
F(000) 876
crystal size [mm] 0.30 � 0.14 � 0.12
q range for data collection 2.59–67.478
index ranges �16�h�16, �9�k�10, �20� l�20
reflections collected 30 038
independent reflections 7238 [R(int) = 0.0254]
completeness to q= 66.508 99.4 %
absorption correction semiempirical from equivalents
maximum transmission 1.00
minimum transmission 0.59
refinement method full-matrix least-squares on F2

data/restraints/parameters 7238/1/514
goodness-of-fit on F2 1.019
final R indices [I>2 s(I)] R1 = 0.0280, wR2 = 0.0734
R indices (all data) R1 = 0.0294, wR2 = 0.0743
absolute structure parameter �0.04(8)
largest diff. peak and hole [e ��3] 0.158 and �0.135

Figure 7. Labelling scheme for compound 19 e (at left). Structure of 19 e
showing one of the three crystallographically independent molecules (right).

ChemMedChem 2010, 5, 1282 – 1299 � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemmedchem.org 1291

Artemisinin Oxidation of Leucomethylene Blue and Dihydroflavins

www.chemmedchem.org


parent compound, which are unfavorable for a chair configura-
tion, as confirmed by MM2 molecular dynamics simulation. The
labelling scheme for compound 19 e and structure showing
one of the three crystallographically independent molecules is
shown in Figure 7.

Experimental Section

Artemisinins 1–3 were supplied by the Kunming Pharmaceutical
Corporation (China), artesunate 4 was supplied by Dr. Robert
Carter, Abbott–Knoll AG, Basel (Switzerland), and each of artemi-
sone 5[3] and 9-epiartemisinin 1 e[40] were prepared according to
published procedures. Methylene blue (certified, BSC, Sigma–Al-
drich), l-(+)-ascorbic acid (>99 %, puriss, Sigma–Aldrich), nicotina-
mide (Aldrich, �99 %), lumiflavine (>97 %, Sigma), riboflavin (98 %,
Acros), FMN (73–79 %, Sigma), FAD (�95 %, Sigma), NADH (97 %,
Sigma), NADPH (~90 %, Fluka), reduced l-glutathione (�98 %,
Sigma–Aldrich), glutathione reductase from baker’s yeast, ammoni-
um sulfate suspension, 100–300 U (mg protein�1; Sigma) and
human glutathione buffered aqueous solution,
�12 U (mg protein�1, recombinant; Sigma) were used as received.
All reactions were carried out under an atmosphere of air or argon
as indicated. The solvents ethyl acetate and hexane were distilled
prior to use: ethyl acetate from magnesium sulfate and hexane
from calcium chloride. Column chromatography was performed
with Merck silica gel 60 (0.04–0.063 mm). UV/Vis spectra were re-
corded on an Agilent 8453 instrument, and 1H and 13C NMR spectra
were obtained as solutions in CDCl3 on a Bruker AV 400 spectrome-
ter operating at 400 and 100 MHz, respectively. CDCl3 was used as
solvent unless otherwise stated. Melting points were carried out
on an Leica Hot Stage DME E compound Microscope and are cor-
rected. Mass spectral data were obtained on an API QSTAR high-
performance triple quadrupole time-of-flight mass spectrometer
with electrospray ionisation, and on a Waters Micromass GCT pre-
mier ToF high-resolution mass spectrometer (CI+ , methane). Infra-
red spectra were recorded on a Perkin–Elmer PC 16 spectrometer.
Single-crystal X-ray structure measurements were carried out on a
Bruker Smart-APEX CCD four-circle diffractometer or an Oxford
Xcalibur PD X-ray diffractometer Cu source.

N-Benzyl-1,4-dihydronicotinamide 16 : This was prepared by the
following modification of the published procedure.[63] A stirred so-
lution of nicotinamide (5 g, 0.041 mol) and benzyl bromide
(6.33 mL, 0.053 mol, 1.3 equiv) in THF (50 mL) under nitrogen was
heated under reflux at an oil bath temperature of 80 8C for 6 h.
After 6 h, the mixture was concentrated under reduced pressure.
The residual solid was washed with hexane into a sintered glass
funnel, and the white solid so obtained was dried under high
vacuum. The N-benzylnicotinamide (9.36 g, 78 %) was used without
further purification: 1H NMR ([D6]DMSO): d= 5.94 (s, 2 H), 7.41–7.43
(m, 3 H), 7.57–7.60 (m, 2 H), 8.19 (s, 1 H), 8.25–8.30 (t, 1 H), 8.63 (s,
1 H), 8.97–8.99 (d, 1 H, J = 8.2 Hz), 9.33–9.35 (d, 1 H, J = 5.8 Hz),
9.68 ppm (s, 1 H). A mixture of the N-benzylnicotinamide (3.87 g,
13.2 mmol) was stirred with sodium carbonate (7.14 g, 67.4 mmol,
5.1 equiv) in deionised water (93 mL) at 20 8C under nitrogen re-
sulting in the formation of an orange-coloured solution. Sodium di-
thionite (9.19 g, 52.8 mmol, 4.0 equiv) was added slowly. The reac-
tion mixture was stirred for 4 h, during which time the mixture
became yellow with eventual formation of a yellow precipitate.
The precipitate was collected by filtration, thoroughly washed with
water, and dried under reduced pressure to obtain a yellow solid
(2.60 g, 92 %) that was dried under high vacuum, and then stored
in the dark under argon. The N-benzyl-1,4-dihydronicotinamide 16

was able to be recrystallised from dichloromethane to give pale-
yellow plates, mp: 118.5–119.5 8C; 1H NMR: d= 3.16 (d, 2 H, J =
1.5 Hz), 4.28 (s, 2 H, -CH2Ph), 4.72–4.77 (m, 1 H), 5.39 (s, 2 H, NH2),
5.73 (dd, 1 H, J = 1.4, 1.4 Hz), 7.15 (d, 1 H, J = 0.8 Hz), 7.22–7.38 ppm
(m, 5 H, ArH); MS (CI) C13H14N2O calcd for [M+1] 215.1184, found:
215.1182. However, the material prior to recrystallisation was of
sufficient purity for use in the catalytic experiments; purity before
use was checked by 1H NMR spectroscopy.

UV/Vis absorption spectroscopy

1. Leucomethylene blue (LMB)–artemisinin (Figure 2 a and fig-
ure S1, Supporting Information): MB (5 mg, 0.015 mmol) in phos-
phate buffer (pH 7.4, 5 mL) under argon was treated with sodium
dithionite (10 mg, 0.14 mmol) resulting in the disappearance of ab-
sorption at l 654 nm, and a colour change from blue to pale-
yellow as 7 was formed. This solution (1 mL), containing 7 (3.1 �
10�3 mmol) in MeCN/aqueous pH 7.4 buffer (1 mL) under argon
was injected into a UV cuvette. Next, a solution of artemisinin 1
(1.7 � 10�3 mmol in 0.1 mL MeCN) was injected into the UV cuvette
containing the solution of 7. The resulting solution was stirred con-
tinuously whilst spectra were recorded at ~1 min intervals from 0–
10 min, when no further oxidation of 7 took place. Repetition of
the reduction of MB by dithionite and extracting the LMB into di-
chloromethane followed by a UV/Vis study of the effect of artemisi-
nin on LMB in the dichloromethane solution is described in the
Supporting Information.

2. Reduction of methylene blue (MB) by NADH (Figure 2 b): A so-
lution was prepared from MB 6 (2.0 mg) and degassed pH 7.4
aqueous buffer (1 mL) to give a final concentration of 6 �
10�3 mmol mL�1. This solution (100 mL) was diluted by the addition
of degassed buffer (4 mL) to generate a solution containing 1.5 �
10�4 mmol mL�1; 0.5 mL of the solution, containing 7.8 � 10�5 mmol
MB was placed in the cuvette at 37 8C. The cuvette was sealed
with a septum and argon was circulated through the cuvette
whilst the solution was magnetically stirred. The spectrum was re-
corded; A = 1.62 at l 663 nm (spectrum 1). Next, the NADH solu-
tion was prepared from NADH (3.0 mg) and degassed pH 7.4 aque-
ous buffer (3 mL) to give a final concentration of 1.4 �
10�3 mmol mL�1 NADH; 1.0 mL of this solution, containing 1.5 �
10�3 mmol NADH was injected into the cuvette. Amax = 1.18 at
663 nm (spectrum 2), corresponding to a reduction of ~28 % of the
MB to LMB.

3. Oxidation of reduced riboflavin (RFH2) 11 by artemisinin 1
(Figure 3 a): Riboflavin (RF) 10 (5 mg) was dissolved in degassed
1:1 MeCN/pH 7.4 buffer (2 mL) and 100 mL of this solution was di-
luted by addition of degassed water (900 mL) to generate a solu-
tion containing 6.6 � 10�4 mmol RF in the UV cuvette at 37 8C. Solid
sodium dithionite (1 mg, 1.4 � 10�2 mmol) was then added. The
cuvette was sealed with a septum, and argon was circulated
through the cuvette whilst the solution was magnetically stirred.
Once complete reduction of the RF had taken place, as gauged by
disappearance of absorptions at l 445 and 370 nm, a solution of
artemisinin 1 in MeCN (40 mL containing 4 � 10�4 mmol 1) was in-
jected into the cuvette. Absorptions at l 370 and 445 nm were
monitored every 20 s until complete oxidation had taken place
(within 10 min).

4. Reduction of riboflavin (RF) by NADH (Figure 3 b): RF 10
(3 mg) was dissolved in degassed pH 7.4 buffer (2 mL), and 100 mL
of this solution was diluted by addition of degassed buffer (4 mL)
to generate a solution containing 9.9 � 10�5 mmol mL�1 RF; 1 mL
(9.9 � 10�5 mmol) of the solution was placed in the cuvette at
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37 8C. The cuvette was sealed with a septum, and argon was circu-
lated through the cuvette whilst the solution was magnetically
stirred. The spectrum 1 was recorded, with A = 0.67 at l 445 nm.
The NADH solution was prepared from NADH (3.0 mg) and de-
gassed pH 7.4 aqueous buffer (3 mL) to give a final concentration
of 1.4 � 10�3 mmol mL�1. The solution (650 mL) containing 9.1 �
10�4 mmol NADH was injected into the cuvette. The spectrum 2
was recorded, with A = 0.5 at l 445 nm. This corresponds to a re-
duction of ~26 % of the RF to RFH2.

5. Reduction of methylene blue (MB) 6 by excess reduced ribo-
flavin RFH2 11 (Figure 5 a): Methylene blue (2.4 mg) was dissolved
in pH 7.4 buffer (2 mL), and 10 mL of this solution was diluted by
addition of buffer (3.99 mL) to generate a solution containing 9.4 �
10�6 mmol mL�1 MB; 0.1 mL of this solution containing 9.4 �
10�7 mmol MB was placed in the cuvette at 37 8C and diluted with
0.9 mL degassed buffer. The cuvette was sealed with a septum,
and argon was circulated through the cuvette whilst the solution
was magnetically stirred. RF (3 mg) was dissolved in pH 7.4 phos-
phate buffer (2 mL), and 100 mL of this solution was diluted by the
addition of phosphate buffer (3.99 mL) to generate a solution con-
taining 9 � 10�5 mmol mL�1; 1 mL of this solution containing RF (9 �
10�5 mmol) was injected into a cuvette under argon, and then
solid sodium dithionite (1 mg, 1.4 � 10�2 mmol) was added. Argon
was circulated through the cuvette whilst the solution was mag-
netically stirred. After reduction, excess dithionite was removed by
careful treatment with solid NaHSO4. The elimination of dithionite
was monitored by disappearance of the absorption from dithionite
at l 320 nm. Solid Na3PO4 was then added to restore the solution
to pH 7.4. The solution (under argon) was transferred to the first
cuvette. Absorptions at l 370, 445, and 654 nm were monitored
every 5 s (within 200 s) (Figure 5 a); however, due to the time scale
of the experiment, it was not possible to monitor incipient reduc-
tion of MB or of oxidation of the reduced riboflavin immediately
after mixing.

6. Oxidation of reduced riboflavin RFH2 11 and leucomethylene
blue LMB 7 by artemisinin 1 (Figure 5 b–d): RF 10 (3 mg) was dis-
solved in degassed pH 7.4 buffer (2 mL), and 100 mL of this solution
was diluted by the addition of degassed buffer (4 mL) to generate
a solution containing 9.9 � 10�5 mmol mL�1 RF; 1 mL (9.9 �
10�5 mmol) of the solution was placed in the cuvette at 37 8C. A
solution of MB in degassed pH 7.4 buffer (1 mL containing 9.4 �
10�5 mmol) was added. Solid sodium dithionite (1 mg, 1.4 �
10�2 mmol) was then added. The cuvette was sealed with a
septum, and argon was circulated through the cuvette whilst the
solution was magnetically stirred. The absorption spectra are given
in Figure 5 b: absorption spectrum of mixture recorded upon com-
plete reduction of RF and MB; the disappearance of absorptions at
l 370 and 450 nm (flavin), and at l 650 nm (MB) (t = 200 s) are ap-
parent. A solution of artemisinin (60 mL, containing 2 � 10�3 mmol
artemisinin 1 was injected into the cuvette and appearance of ab-
sorptions at l 370, 445, and 650 nm were monitored every 10 s.
Spectra taken between 10–200 s after addition of artemisinin indi-
cate increase of absorptions at l 370 and 445 nm due to formation
of flavin (Figure 5 c). Spectra taken between 200–400 s after the ad-
dition of artemisinin indicate the ultimate formation of MB
(lmax 654 nm; Figure 5 d). Oxidation of RFH2 is rapid. Once oxidation
to the flavin has taken place, then oxidation of LMB by artemisinin
ensues. Very likely, rapid recycling of incipient MB, produced by ox-
idation of LMB by artemisinin, with the reduced flavin takes place
to regenerate oxidised flavin and LMB.

7. Effect of artemisinin 1 on yeast glutathione reductase
(Figure 6 and figure S2 Supporting Information): Oxidised gluta-

thione (GSSG, 20 mg, 3.2 � 10�2 mmol) in degassed pH 7.4 aqueous
buffer (2 mL) was diluted 1:10 with degassed water to give a con-
centration of GSSG of 1.6 � 10�3 mmol mL�1. The yeast reduced glu-
tathione reductase solution (233 EU, 0.1 mL) was diluted to 1 mL
by addition of degassed pH 7.4 aqueous buffer. The NADPH solu-
tion was prepared from NADPH (3.0 mg) and degassed pH 7.4
aqueous buffer (3 mL) to give a final concentration of 1.2 �
10�3 mmol mL�1. The NADPH solution (0.4 mL, 4.8 � 10�4 mmol), the
GSSG solution (0.3 mL, 4.8 � 10�4 mmol), degassed pH 7.4 buffer
(1 mL) and MeCN (20 mL) were added to a UV cuvette (d = 1 cm) at
37 8C and treated with the yeast GR solution (0.04 mL containing
1.65 EU). The rate of NADPH turnover was followed by monitoring
the decrease in absorption at lmax 340 nm for 10 min. Three experi-
ments were carried out: 1. control, to measure the rate of NADPH
decrease; 2. effect of the addition of artemisinin in MeCN solution
(20 mL containing 2.4 � 10�4 mmol artemisinin) prepared from arte-
misinin (7.0 mg) and MeCN (2 mL) on the rate of NADPH decrease;
and 3. repetition of 2 with solutions exposed to air (Figure 6 and
Supporting Information figure S2a). After 10 min, a solution (20 mL)
of di-5,5’-dithiobis-2-nitrobenzoic acid (Ellman’s reagent, 29.7 mg)
in methanol (25 mL) was added to the UV cuvette in order to eval-
uate the effect of artemisinin on the formation of reduced gluta-
thione (GSH) under argon by monitoring absorption at
lmax 412 nm; 1. control, 0.5 � 10�4 mmol mL�1 GSH; 2. effect of arte-
misinin on GSH production, decrease to 0.35 � 10�4 mmol mL�1

(Supporting Information figure S2b).

8. Comparison of the effect of artemisinin 1 on NADPH turnover
in yeast glutathione reductase with NADPH turnover in the ab-
sence of artemisinin (Figure 6 and figure S3 Supporting Informa-
tion): GSSG (20 mg, 3.2 � 10�2 mmol) in pH 7.4 aqueous buffer
(2 mL) was diluted 1:10 with water to give a GSSG concentration
of 1.6 � 10�3 mmol mL�1. Yeast GR solution (147 EU, 0.1 mL) was di-
luted to 1 mL by addition the of pH 7.4 buffer. NADPH solution
was prepared from NADPH (3.0 mg) and pH 7.4 buffer (3 mL) to
give a final concentration of 1.2 � 10�3 mmol mL�1. The NADPH so-
lution (0.4 mL, 4.8 � 10�4 mmol), the GSSG solution (0.3 mL, 4.8 �
10�4 mmol), and pH 7.4 buffer (1 mL) were added to the cuvette at
37 8C and treated with the yeast GR solution (0.33 EU, 0.015 mL).
The rate of NADPH turnover was followed by monitoring absorp-
tion decrease at lmax 340 nm for 14 s: 1. control under argon (blue
line); 2. under air (maroon line).

9. Direct comparison of the effects of artemisinin 1 on each of
yeast and human recombinant glutathione reductase (figures S4
and S5, Supporting Information): All solutions were degassed.
Oxidised glutathione (GSSG, 20 mg, 3.2 � 10�2 mmol) in pH 7.4
aqueous buffer (2 mL) was diluted 1:10 with water to give a con-
centration of GSSG of 1.6 � 10�3 mmol mL�1. Yeast reduced gluta-
thione reductase solution (147 EU, 0.1 mL) was diluted to 2 mL by
the addition of pH 7.4 aqueous buffer. The NADPH solution was
prepared from NADPH (3.0 mg) and pH 7.4 aqueous buffer (3 mL)
to give a final concentration of 1.2 � 10�3 mmol mL�1. The NADPH
solution (0.4 mL, 4.8 � 10�4 mmol), the GSSG solution (0.3 mL, 4.8 �
10�4 mmol), pH 7.4 buffer (1 mL) and MeCN (20 mL) were added to
a UV cuvette (d = 1 cm) at 37 8C and treated with the yeast GR so-
lution (0.33 EU, 0.015 mL). The rate of NADPH turnover was fol-
lowed by monitoring the decrease in absorption at lmax 340 nm
from NADPH for 10 min. The experiment was carried out in tripli-
cate, and the results are illustrated in figures S4 and S5 in the Sup-
porting Information: 1. control ; 2. effect of the addition of artemisi-
nin in MeCN solution (20 mL containing 2.4 � 10�4 mmol artemisi-
nin) prepared from artemisinin (7.0 mg) and MeCN (2 mL).
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GSSG (20 mg, 3.2 � 10�2 mmol) in pH 6.8 aqueous buffer (2 mL) was
diluted 1:10 with water to give a concentration of GSSG of 1.6 �
10�3 mmol mL�1. Recombinant human glutathione reductase solu-
tion (12 EU, 0.02 mL) was diluted to 0.5 mL by addition of pH 6.8
aqueous buffer. The NADPH solution was prepared from NADPH
(3.0 mg) and pH 6.8 aqueous buffer (3 mL) to give a final concen-
tration of 1.2 � 10�3 mmol mL�1. The NADPH solution (0.4 mL, 4.8 �
10�4 mmol), the GSSG solution (0.3 mL, 4.8 � 10�4 mmol), pH 6.8
buffer (1 mL) and MeCN (20 mL) were added to the UV cuvette at
37 8C and treated with human GR solution (0.35 EU, 0.05 mL). The
rate of NADPH turnover was followed by monitoring the decrease
of absorption at lmax 340 nm for 10 min. The experiment was car-
ried out in triplicate, and the results are illustrated in figures S4
and S5, Supporting Information: 3. control ; 4. effect of addition of
artemisinin in MeCN solution (20 mL containing 2.4 � 10�4 mmol ar-
temisinin) prepared from artemisinin (7.0 mg) and MeCN (2 mL).

Electron transfer and reduction experiments

All experiments described below involving the use of each of as-
corbic acid (AA) and BNAH as reductants with each of methylene
blue (MB), lumiflavine (LF), and riboflavin (RF) were conducted in
parallel with control experiments with artemisinins in the absence
of MB, LF, and RF respectively. In each case, the blank experiment
returned unreacted artemisinin.

1. Artemisinin and 9-epiartemisinin: a. Methylene blue (MB)–ascor-
bic acid (AA): A mixture of artemisinin (95.2 mg, 0.34 mmol), MB
(25 mg, 0.20 equiv), and AA (238 mg, 4.0 equiv) in MeCN/pH 7.4
phosphate buffer (1:1, 5 mL, adjusted to pH 7.40) was stirred for
24 h, either in air or under argon in the dark. 1,3,5-Trimethoxyben-
zene (9.5 mg, 56.5 mmol) was added, followed by aqueous NaHSO4

(0.5 m, 5 mL). The mixture was treated with diethyl ether (10 mL),
and the aqueous layer was separated and extracted with diethyl
ether (3 � 10 mL). The combined organic layer was washed with
brine (5 mL), dried (MgSO4), and filtered, and then concentrated
under reduced pressure to leave a pale residue that was taken into
CDCl3. The solution was examined by 1H NMR spectroscopy by
using the following signals for establishing yields: artemisinin 1
d= 5.82 ppm (H-12, singlet), deoxyartemisinin 17 d= 5.59 ppm (H-
12, singlet), and the furanoacetate 18 : d= 6.59 ppm (singlet)
against the singlet at d= 6.08 ppm due to the aromatic protons of
the standard. Yields are listed in Table 1. Additional information on
the NMR method for determining yields is given in the Supporting
Information. For identification of the products, the mixture from a
separate reaction not containing standard was submitted to chro-
matography with ethyl acetate/hexanes (20:80!30:70) to give ar-
temisinin 1, deoxyartemisinin 17 identified by comparison with an
authentic sample,[36] mp: 118–119 8C (lit.[64] mp: 109–111 8C), and
the furanoacetate 18 as a colourless solid, mp: 93–94 8C, identical
with the sample obtained by ferrous-iron-catalyzed decomposition
of artemisinin in our laboratory.[9]

b. MB–BNAH: A mixture of artemisinin (93.4 mg, 0.33 mmol), MB
(25 mg, 0.067 mmol, 0.2 equiv), and BNAH (287 mg, 1.34 mmol,
4 equiv) were stirred in 1:1 MeCN/pH 7.4 buffer solution (5 mL)
under argon for 24 h in the dark. The mixture was treated with the
standard, quenched with aqueous NaHSO4, and extracted with di-
ethyl ether as described above. The organic layer was washed with
brine (5 mL), dried (MgSO4), and filtered, and then concentrated
under reduced pressure to leave a pale residue that was taken into
CDCl3. The solution was examined by 1H NMR spectroscopy by
using the following signals for establishing yields: artemisinin 1
d= 5.82 ppm (H-12, singlet), deoxyartemisinin 17 d= 5.59 ppm (H-

12, singlet), ring-opened reduction product 25 d= 5.45 ppm (H-12,
singlet) against the singlet at d= 6.08 ppm due to the aromatic
protons of the standard. Yields are listed in Table 1. The ring-
opened reduction product is unstable, and undergoes spontane-
ous ring closure to deoxyartemisinin 17. However, it was able to
be isolated in partially purified form by rapid flash chromatography
with ethyl acetate/hexanes (50:50) as a viscous gum that reverted
to 17. It is identified by spectroscopic data as follows (artemisinin
numbering used throughout): 1H NMR d= 0.87 (d, J = 6.0 Hz, 3 H, 6-
CH3), 1.25 (d, J = 6.8 Hz, 3 H, 9-CH3), 1.52 (s, 3 H, 3-CH3), 3.34 (dq, J =
7.0, 4.2 Hz, 1 H, H-10), 5.45 ppm (s, 1 H, H-12); 13C NMR d= 19.43,
20.56, 22.93, 25.27, 27.11, 34.74, 36.04, 36.19, 39.34, 48.32, 48.82,
87.45, 97.01, 108.30, 181.01 ppm; IR (KBr): ñmax = 624, 868, 943,
1015, 1085, 1180, 1207, 1265, 1386, 1458, 1706 (C=O), 2874, 2937,
3422 cm�1 (RCOOH); MS (CI) C15H24O5 calcd for [M+1]: 285.1702;
found: 285.2723; calcd for [M+1]�H2O: 267.1596, found: 267.1555
(base peak); the peak corresponding to loss of H from the carbox-
ylic acid at [M�1], calcd for C15H23O5 : 283.1545, found: 283.1546, is
present.

c. Lumiflavine (LF)–BNAH: Artemisinin (47.2 mg, 0.17 mmol), LF
(8.6 mg, 0.033 mmol, 0.2 equiv), and BNAH (71.7 mg, 0.33 mmol,
2 equiv) were stirred in 1:1 MeCN/pH 7.4 buffer solution (5 mL)
under argon for 80 min. The standard was added to the reaction
mixture that was quenched by addition of NaHSO4 as described
above. Yields of products are listed in Table 2. These were estab-
lished as described above for MB–BNAH.

d. Riboflavin (RF)–BNAH: Artemisinin (95.3 mg, 0.34 mmol), RF
(25.4 mg, 0.2 equiv), and BNAH (144.7 mg, 2.0 equiv) were stirred
in 1:1 MeCN/phosphate buffer (5 mL, adjusted to pH 7.40) for 3 h
under argon. The standard 1,3,5-trimethoxybenzene (8.3 mg,
49.35 mmol) was added, followed by aqueous NaHSO4 (1 m, 5 mL).
The resulting mixture was worked up as described above to yield a
yellow residue that was analyzed by 1H NMR spectroscopy as de-
scribed above.

e. Riboflavin (RF)–BNAH time-course experiment: In this experiment,
the standard was added with the reactants at the beginning of the
reaction. Artemisinin (71.1 mg, 0.252 mmol), riboflavin (19.1 mg,
0.20 equiv), BNAH (108.2 mg, 2.0 equiv), and 1,3,5-trimethoxyben-
zene (5.7 mg, 33.89 mmol) were stirred in 1:1 MeCN/phosphate
buffer (17.5 mL, adjusted to pH 7.40) under argon. At the first
minute, ~0.7 mL of the reaction mixture was withdrawn and imme-
diately added to aqueous NaHSO4 (1 m, 1 mL); 1 mL diethyl ether
was employed to dilute the extract. The aqueous layer was sepa-
rated and extracted with diethyl ether (3 � 1 mL). The combined or-
ganic layer was washed with aqueous NaHSO4 (1 m, 2 mL), followed
by brine (2 mL), and then dried (MgSO4). After filtration, the solu-
tion was concentrated under reduced pressure, and the residue
was taken into CDCl3 and the 1H NMR spectrum was obtained. The
steps were repeated at 30, 60, 90, 120, 150, and 180 min. Under
these conditions, the progressive formation of each of the open
ring-opened reduction product 25 and deoxyartemisinin 17 was
easily followed. The appearance of a signal in the 1H NMR spec-
trum at d= 5.65 ppm has yet to be assigned. It is not possible to
isolate any product containing such a signal after chromatography
of the reaction mixture as described in b. above. Additional infor-
mation and figures are given in the Supporting Information.

f. Riboflavin (RF)–MB–BNAH: Artemisinin (47.8 mg, 0.169 mmol), RF
(12.8 mg, 0.2 equiv), methylene blue (12.6 mg, 0.2 equiv), and
BNAH (72.4 mg, 2.0 equiv) were stirred in 1:1 MeCN/phosphate
buffer (1:1, 5 mL, adjusted to pH 7.4) for 1.5 h under argon. 1,3,5-
Trimethoxybenzene (4.9 mg, 29.13 mmol) and solid NaHSO4·H2O
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(707.5 mg, 5.12 mmol) were added, followed by diethyl ether
(10 mL). The aqueous layer was separated and extracted with di-
ethyl ether (3 � 5 mL). The combined organic layer was washed
with aqueous NaHSO4 (1 m, 10 mL) followed by brine (10 mL), and
then dried (MgSO4). After filtration, the solution was evaporated
under reduced pressure to leave a residue that was analyzed by
1H NMR spectroscopy. The signal due to the proton at H-10 (singlet
was used for establishing yields): artemisinin 1 d= 5.85 ppm, de-
oxyartemisinin 17 d= 5.69 ppm, 9-epideoxyartemisinin 17 e d=
5.66 ppm, and ring-opened carboxylic acid 25 d= 5.45 ppm. The
residue was shown to consist of artemisinin 1 (27 %) and the fol-
lowing products (yields based on reacting artemisinin): deoxyarte-
misinin 17 (21 %), 9-epideoxyartemisinin 17 e (6 %), and the ring-
opened carboxylic acid 25 (53 %).

The reaction was repeated precisely under the foregoing condi-
tions and time (1.5 h), but in the absence of MB. The product mix-
ture consisted of artemisinin 1 (28 %) and the following products
(yields based on reacting artemisinin): deoxyartemisinin 17 (29 %),
9-epideoxyartemisinin 17 e (5 %), and the ring-opened carboxylic
acid 25 (45 %).

g. FMN–BNAH : Artemisinin (47 mg, 0.17 mmol), FMN (22.8 mg,
0.20 equiv), and BNAH (72.1 mg, 2.0 equiv) were stirred in MeCN/
phosphate buffer (1:1, 5 mL, adjusted to pH 7.4) under argon for
3 h. 1,3,5-Trimethoxybenzene (4.5 mg, 26.8 mmol) and then solid
NaHSO4·H2O (730 mg, 5.29 mmol) were added, followed by diethyl
ether (10 mL). The aqueous layer was separated and extracted with
diethyl ether (3 � 5 mL). The combined organic layer was washed
with aqueous NaHSO4 (1 m, 10 mL) followed by brine (10 mL), and
then dried (MgSO4). The solution was then concentrated under re-
duced pressure to leave a residue that was analyzed by 1H NMR
spectroscopy as described above.

h. FAD–NADPH: A mixture of artemisinin (14.3 mg, 50.65 mmol),
FAD (8.4 mg, 0.20 equiv), and NADPH (49.9 mg, 1.2 equiv) were
stirred in MeCN/phosphate buffer (1:1, 1.5 mL, adjusted to pH 7.4)
under argon for 3 h. 1,3,5-Trimethoxybenzene (2.4 mg, 14.27 mmol)
and solid NaHSO4·H2O (147.0 mg, 1.065 mmol) were then added.
Diethyl ether (3 mL) was employed to dilute the reaction mixture.
The aqueous layer was separated and extracted with diethyl ether
(3 � 2 mL). The combined organic layer was washed with aqueous
NaHSO4 (1 m, 3 mL) and brine (3 mL), and then dried (MgSO4). The
ether was evaporated under reduced pressure to leave a pale-
yellow residue that was analyzed for the presence of each of arte-
misinin 1 and the reduction products 17 and 25 by 1H NMR spec-
troscopy as described above.

i. Artemisinin-reduced glutathione (GSH): Artemisinin (47.1 mg,
0.17 mmol) and GSH (104.5 mg, 0.34 mmol, 2.0 equiv) were stirred
in 1:1 MeCN/pH 7.4 buffer solution (5 mL) under argon for 24 h.
The standard 1,3,5-trimethoxybenzene was added to the reaction
mixture that was quenched by addition of NaHSO4 as described
above. Diethyl ether (10 mL) was added to the mixture. The aque-
ous layer was separated and extracted with diethyl ether (3 �
5 mL). The combined organic layer was washed with aqueous
NaHSO4 (1 m, 10 mL) followed by brine (10 mL), and then dried
(MgSO4). After filtration, the solution was evaporated under re-
duced pressure to leave a residue that was analyzed by 1H NMR
spectroscopy. This showed the presence of artemisinin (98.5 %).

9-Epiartemisinin: a1. RF–BNAH: 9-Epiartemisinin 1 e (47.6 mg,
0.169 mmol), RF (12.6 mg, 0.20 equiv), and BNAH (72.3 mg,
2.0 equiv) were stirred in MeCN/phosphate buffer (1:1, 5 mL, ad-
justed to pH 7.4) under argon for 3 h. 1,3,5-Trimethoxybenzene
(3.7 mg, 22 mmol) and then solid NaHSO4·H2O (715 mg, 5.18 mmol)

were added to the mixture, followed by diethyl ether (10 mL). The
aqueous layer was separated and extracted with diethyl ether (3 �
5 mL). The combined organic layer was washed with aqueous
NaHSO4 (1 m, 10 mL) and brine (10 mL) and then dried (MgSO4).
After filtration, the solution was evaporated under reduced pres-
sure to leave a residue that was analyzed by 1H NMR spectroscopy
by using the following signals for establishing yields: 9-epiartemisi-
nin 1 a d= 5.92 ppm (H-12, singlet), 9-epideoxyartemisinin 17 e d=
5.751 ppm (H-12, singlet), ring-opened reduction product 25 e d=
5.30 ppm (singlet), and a formate ester d= 8.186 ppm (doublet, J =
0.4 Hz). The experiment was repeated without internal standard.
Flash chromatography of the residue over silica gel with ethyl ace-
tate/hexanes (20:80) gave 9-epiartemisinin 1 e and 9-epideoxyarte-
misinin 17 e. With ethyl acetate/hexanes (50:50) a small amount of
a compound believed to be a formate ester and then the ring-
opened reduction product 25 e were obtained. The 9-epideoxyarte-
misinin 17 e was obtained as fine white needles, mp: 130–132 8C.
1H NMR: d= 0.92 (d, J = 5.6 Hz, 3 H, 6-CH3), 1.10–1.40 (m, 4 H), 1.47
(d, J = 8.0 Hz, 3 H, 9-CH3), 1.51 (s, 3 H, 3-CH3), 1.55–1.63 (m, 2 H),
1.71–1.78 (m, 3 H), 1.86–1.90 (m, 1 H), 1.94 (dd, J = 13.6, 3.6 Hz, 1 H),
2.34–2.40 (dq, J = 15.2, 7.6 Hz, 1 H, 9-H), 5.75 ppm (s, 1 H, H-12);
13C NMR d= 19.33, 20.88, 22.76, 24.83, 31.90, 34.43, 34.72, 36.14,
40.27, 42.87, 45.50, 82.90, 100.59, 110.22, 173.48 ppm; IR (KBr):
ñmax = 1741 cm�1 (C=O); MS (CI) C15H22O4 calcd for [M+1]: 267.1596,
found: 267.1598.

The unknown compound, likely a formate ester, was obtained as
an amorphous white solid. 1H NMR: d= 0.90 (d, J = 6.0 Hz, 3 H, 6-
Me), 1.12 (d, J = 7.2 Hz, 3 H, 9-Me), 1.47 (s, 3 H, 3-Me), 2.20–2.26 (m,
1 H), 3.16–3.23 (m, 1 H), 6.35 (s, 1 H, H-12), 8.19 ppm (d, J = 0.4 Hz,
1 H, -CHO?); 13C NMR d= 16.93, 19.34, 23.09, 24.15, 25.34, 34.28,
35.93, 36.25, 38.30, 47.17, 47.86, 87.57, 95.57, 110.07, 161.01,
183.35 ppm; IR (KBr): ñmax = 1712.9, 1736.3 cm�1.

The ring-opened reduction product 25 e was obtained as a viscous
unstable gum, that reverted to 9-epideoxyartemisinin 17 e on
standing. 1H NMR: d= 0.86 (d, J = 6.4 Hz, 3 H, 6-Me), 1.13 (d, J =
6.8 Hz, 3 H, 9-Me), 1.39 (s, 3 H, 3-Me), 2.73–2.81 (m, 1 H), 5.30 ppm
(s, 1 H, H-12); 13C NMR d= 17.65, 19.45, 22.91, 24.04, 27.08, 34.72,
35.73, 35.92, 40.47, 47.91, 49.64, 87.43, 98.18, 107.33, 185.01 ppm;
IR (KBr): ñmax = 3413 (COOH), 1698 cm�1 (C=O). The peak corre-
sponding to the molecular ion could not be found in the mass
spectrum; the base peak corresponds to [M+1]�H2O: MS (CI)
C15H24O5 calcd for [M+1]: 285.1702; calcd for [M+1]�H2O:
267.1596, found: 267.1584; the peak corresponding to loss of H
from the carboxylic acid at [M�1], calcd for C15H23O5: 283.1545,
found: 283.1541, is present.

a2. Control : A control experiment was carried out as follows. 9-Epi-
artemisinin 1 e (47.6 mg, 0.169 mmol) and BNAH (72.1 mg,
2.0 equiv) were stirred in MeCN/phosphate buffer (1:1, 5 mL, ad-
justed to pH 7.40) for 3 h in argon. 1,3,5-Trimethoxybenzene
(3.7 mg, 22 mmol) and NaHSO4·H2O (724 mg, 5.24 mmol) were
added, followed by diethyl ether (10 mL). Workup was carried out
as described above to give a residue, the analysis of which by
1H NMR spectroscopy indicated the presence of 9-epiartemisinin
1 e (98 %) and artemisinin 1, d= 5.85 (H-12, singlet) (2 %).

2. Dihydroartemisinin (DHA): a. MB–AA: DHA 2 (96.4 mg,
0.34 mmol), MB (26 mg, 0.2 equiv), and AA (238 mg, 4.0 equiv)
were stirred in MeCN/phosphate buffer (1:1, 5 mL, adjusted to
pH 7.4) for 24 h, either under air or argon. 1,3,5-Trimethoxybenzene
(11.8 mg, 70.2 mmol) was added, followed by aqueous NaHSO4

(0.5 m, 5 mL). The mixture was treated with diethyl ether (10 mL),
and the aqueous layer was separated and extracted with diethyl
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ether (3 � 10 mL). The combined organic layer was washed with
brine (5 mL), dried (MgSO4), and filtered, and then concentrated
under reduced pressure to leave a pale residue that was taken into
CDCl3. The solution was examined by 1H NMR spectroscopy by
using the following signals for establishing yields: DHA 2 d=

5.37 ppm (singlet) and 5.595 ppm (singlet) for each of the a and
b epimers, deoxyDHA 19 d= 5.28 ppm (singlet) and 5.32 ppm (sin-
glet) for each of the a and b epimers, tricarbonyl compound 20
d= 9.72 ppm (doublet), furanodicarbonyl compound 21 d=
9.91 ppm (singlet). For identification of the products, the mixture
from a separate reaction not containing standard was submitted
to chromatography with ethyl acetate/hexanes (10:90!40:60) to
give the tricarbonyl and furanodicarbonyl compounds 20 and 21
as oils identical with samples previously prepared in our laborato-
ry,[8, 9, 11] and deoxyDHA 19, fine needles, mp: 142–144 8C (lit.[61] mp:
142–143 8C), identical with an authentic sample prepared by hydro-
genation of DHA according to the published method.[61]

b1. MB–BNAH: DHA (95 mg, 0.334 mmol), MB (25 mg, 0.067 mmol,
0.2 equiv), and BNAH (286.9 mg., 1.34 mmol, 4 equiv) in MeCN/
pH 7.4 buffer (1:1, 5 mL) was stirred under argon. After 24 h, 1,3,5-
trimethoxybenzene (9.5 mg, 0.056 mm) was added as internal NMR
standard followed by aqueous NaHSO4 (0.5 m, 5 mL). Diethyl ether
(10 mL) was added, the aqueous layer was separated, and the
latter extracted with further portions of diethyl ether (3 � 10 mL).
The combined organic layer was washed with brine (5 mL), then
dried over MgSO4. After filtration and concentration of the filtrate
under reduced pressure, the residue was taken into CDCl3. 1H NMR
spectroscopic measurements were conducted as described above.
For estimation of the yield of 9-epideoxyDHA 19 e, the doublet at
d= 5.03 due to H-10 was used. In order to isolate and characterise
the 9-epideoxyDHA 19 e, the following reaction was carried out.
DHA (190 mg, 0.67 mmol), MB (50 mg, 0.13 mmol, 0.2 equiv), and
BNAH (574 mg, 2.68 mmol, 4 equiv) were stirred in the 1:1 MeCN/
pH 7.4 buffer solution (10 mL) under argon for 24 h. The mixture
was treated with solid NaHSO4·H2O (1.6 g) and extracted with di-
ethyl ether (3 � 15 mL). The combined organic extract was washed
with brine (30 mL) and dried (MgSO4). The solvent was evaporated
under reduced pressure, and the residue was submitted to flash
chromatography with ethyl acetate/hexanes (35:65) to give the
product that was recrystallised from ethyl acetate to give 19 e
(63.5 mg) as colourless bars, mp: 144–145 8C; 1H NMR: d= 0.88
(3 H, d, J = 6.0 Hz, 6-Me), 1.12 (3 H, d, J = 6.8 Hz, 9-Me), 1.16–1.46
(5 H, m), 1.50 (3 H, s, 3-Me), 1.56–1.74 (6 H, m), 1.82–1.87 (1 H, m),
2.80 (1 H, d, J = 6 Hz, -OH), 5.03 (1 H, dd, J = 7.6, 6 Hz, H-10),
5.41 ppm (1 H, s, H-12); 13C NMR: d= 18.01, 18.89, 21.33, 23.04,
32.05, 33.76, 33.80, 34.45, 40.93, 43.48, 44.50, 81.91, 93.75, 96.64,
106.45 ppm; MS (ESI) C15H24O4 calcd for [M+1]: 269.1753, found:
269.1765; calcd for [(M+1)�H2O]: 251.1647, found: 251.1647 (base
peak).

b2. BNAH (control): DHA (190 mg, 0.67 mmol) and BNAH (576 mg,
2.7 mmol, 4 equiv) in MeCN/pH 7.4 buffer (1:1, 10 mL) was stirred
under argon. After 24 h, the mixture was treated with aqueous
NaHSO4 (0.5 m, 10 mL). Diethyl ether (20 mL) was added, the aque-
ous layer was separated, and the latter extracted with further por-
tions of diethyl ether (3 � 20 mL). The combined organic layer was
washed with brine (5 mL), then dried over MgSO4. After filtration
and concentration of the filtrate under reduced pressure, the resi-
due was submitted to flash chromatography with ethyl acetate/
hexanes (30:70) to give the product as a viscous pale-yellow oil.
The 1H NMR spectrum indicated the presence of a 2:1 mixture of
epimers of 26. 1H NMR (major epimer): d= 0.74 (d, J = 6.8 Hz, 1 H),
0.83 (d, J = 7.6 Hz, 3 H, 6-Me), 0.92 (d, J = 6 Hz, 3 H, 9-Me), 1.08–1.18

(m, 2 H), 1.18–1.45 (m, 5 H), 1.53–1.79 (m, 6 H), 1.79–2.08 (m, 7 H),
2.13 (s, 3 H, COCH3), 2.24–2.34 (m, 1 H), 2.43–2.68 (m, 3 H), 5.07 (s,
1 H, H-10), 10.28 ppm (s, 1 H, CHO); 1H NMR (minor epimer): d=
0.74 (d, J = 6.8 Hz, 1 H), 0.83 (d, J = 7.6 Hz, 3 H, 9-Me), 0.92 (d, J =
6 Hz, 3 H, 6-Me), 1.08–1.18 (m, 2 H), 1.18–1.45 (m, 5 H), 1.53–1.79
(m, 6 H), 1.79–2.08 (m, 7 H), 2.13 (s, 3 H, COCH3), 2.24–2.34 (m, 1 H),
2.43–2.68 (m, 3 H), 5.067 (s, 1 H, H-10), 10.17 ppm (s, 1 H, CHO). The
product is matched directly with the authentic sample obtained by
thermal decomposition of DHA.[36]

c1. BNAH–LF: A mixture of DHA (47.5 mg, 0.17 mmol), LF (8.6 mg,
0.033 mmol, 0.2 equiv), and BNAH (71.7 mg, 0.33 mmol, 2.0 equiv)
in MeCN/pH 7.5 aqueous buffer (5 mL) was stirred under argon for
80 min. After addition of standard and aqueous NaHSO4 as de-
scribed for the corresponding reaction involving artemisinin, the
mixture was worked up to give a pale-yellow residue that was ana-
lyzed by 1H NMR spectroscopy as described in the DHA–MB–BNAH
experiment above.

c2. Peroxyhemiacetal 26–BNAH–LF : A mixture of the peroxyhemia-
cetal 26 (54 mg, 0.19 mmol), LF (9.8 mg, 0.04 mmol, 0.2 equiv), and
BNAH (81.4 mg, 0.38 mmol, 2.0 equiv) in 1:1 MeCN/pH 7.4 buffer
1:1 was stirred under argon for 80 min. Addition of standard and
aqueous NaHSO4 was followed by workup as described above to
leave a residue, the examination of which by 1H NMR spectroscopy
revealed the presence of each of the reduction products 19 and
19 e, and the tricarbonyl compound 20 (Table 2).

d. RF–BNAH: A mixture of DHA (96.0 mg, 0.34 mmol), RF (25.4 mg,
0.2 equiv) and BNAH (145.5 mg, 0.68 mmol, 2.0 equiv) in MeCN/
phosphate buffer (1:1, 5 mL, adjusted to pH 7.4) was stirred under
argon for 3 h. 1,3,5-Trimethoxybenzene (8.3 mg, 49.35 mmol) and
solid NaHSO4·H2O (458 mg, 3.32 mmol) were added, followed by di-
ethyl ether (10 mL). The aqueous layer was separated and extract-
ed with diethyl ether (3 � 5 mL). The combined organic layer was
washed with aqueous NaHSO4 (1 m, 10 mL), and then brine
(10 mL). It was dried (MgSO4), filtered, and concentrated under re-
duced pressure. The pale residue was analyzed by 1H NMR spec-
troscopy, that showed the presence solely of 9-epideoxyDHA 19 e
(H-10; d= 5.03) (77 %).

3. Artemether : a. MB–AA: Artemether (101 mg, 0.34 mmol), MB
(25 mg, 0.20 equiv) and AA (236 mg, 4.0 equiv) were stirred in
MeCN/phosphate buffer (1:1, 5 mL, adjusted to pH 7.4 for 24 h
under air or argon. 1,3,5-Trimethoxybenzene (9.0 mg, 53.5 mmol)
was added, followed by aqueous NaHSO4 (0.5 m, 5 mL). The mix-
ture was processed as described above, and the residue analyzed
by 1H NMR spectroscopy by using the following signals for estab-
lishing yields: artemether 3 d= 5.36 ppm (singlet), furanoacetate
22 6.21 ppm (singlet), 4-hydroxydeoxyartemether 23 5.24 ppm (sin-
glet), tricarbonyl compound 20 9.71 ppm (singlet), and the furano-
dicarbonyl compound 21 9.91 ppm (singlet). A further signal at d=
8.08 ppm (singlet) is evident in the NMR spectrum, and this is ten-
tatively ascribed to a formate ester; attempts to isolate the com-
pound by chromatography were not successful ; the amount pres-
ent is ~4 %. The other products were isolated by chromatography
with ethyl acetate/hexanes (10:90!40:60) and identified as de-
scribed above, or according to published data. The furanoacetate
22 is identified by comparison with a sample obtained by ferrous-
iron-induced decomposition of artemether.[11] It was obtained as
white rectangular shaped crystals, mp: 93–94 8C (lit.[11] mp: 96–
97 8C); 1H NMR d= 0.88 (d, J = 7.2 Hz, 6-Me), 0.92 (d, J = 6.4 Hz, 9-
Me), 1.27–1.36 (m, 1 H), 1.47–1.51 (m, 1 H), 1.60–1.66 (m, 2 H), 1.76–
1.97 (m, 5 H), 2.12 (s, -OCOMe), 2.35–2.43 (m, 1 H), 3.41 (s, -OMe),
3.88–3.94 (ddd, J = 8.2, 8.2, 7.6 Hz, 1 H, H4), 4.23–4.28 (ddd, J = 9.6,
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8.0, 2.0 Hz, 1 H, H-4), 4.61–4.62 (d, J = 4 Hz, 1 H), 6.23 ppm (s, 1 H, H-
12); 13C NMR: d= 13.11, 21.21, 22.33, 25.40, 28.43, 31.29, 34.06,
36.53, 47.67, 56.33, 56.64, 69.29, 81.24, 88.87, 104.09, 170.00 ppm;
MS (CI) C16H26O5 calcd for [M]+ : 298.1780, found: 298.1777; calcd
for [M+1]: 299.1858, found: 299.1801; calcd for [M+1]�MeOH:
267.1596, found: 267.1587. 4-Hydroxy-2-deoxyartemether 23 was
obtained as an oil. It has been previously characterised as needles,
mp: 65–67 8C.[11] However, spectroscopic data match that previous-
ly reported; 1H NMR spectrum d= 0.85 (d, J = 6.4 Hz, 6-Me), 0.90 (d,
J = 7.6 Hz, 9-Me), 1.55 (s, 3-Me), 2.42–2.46 (m, 1 H), 3.37 (s, -OMe),
3.55–3.56 (m, 1 H, H-4), 4.62 (d, J = 4.0 Hz, 1 H, H-10), 5.25 ppm (s,
1 H, H-12); 13C NMR d= 12.98, 19.49, 21.68, 25.65, 30.98, 31.05,
35.38, 35.45, 41.36, 43.15, 56.73, 70.25, 84.82, 94,15, 102.17,
108.57 ppm; MS (CI) C16H26O5 calcd for [M]+ : 298.1780, found:
298.1742; calcd for [M+1]: 299.1858, found: 299.1806; calcd for
[M+1]�H2O: 281.3673, found: 281.1762; calcd for [M+1]�MeOH:
267.1596, found: 267.1599; 238.1574 (100).

b. LF–BNAH: A mixture of artemether (49.9 mg, 0.17 mmol), LF
(8.6 mg, 0.03 mmol, 0.2 equiv), and BNAH (71.7 mg, 0.33 mmol,
2.0 equiv) in MeCN/pH 7.4 buffer (5.0 mL) under argon was stirred
for 2.5 h, and then treated with standard and aqueous NaHSO4 as
described for the corresponding reaction involving artemisinin.
Workup gave a pale residue that was analyzed by 1H NMR spec-
troscopy as described in the DHA–MB–BNAH experiment above.

c. RF–BNAH: Artemether (99.9 mg, 0.33 mmol), RF (25.1 mg,
0.2 equiv), and BNAH (144.2 mg, 2.0 equiv) were stirred in MeCN/
phosphate buffer (1:1, 5 mL, adjusted to pH 7.40) under argon for
3 h. 1,3,5-Trimethoxybenzene (7.2 mg, 42.8 mmol), solid NaHSO4

(994 mg, 7.2 mmol), and diethyl ether (10 mL) were added sequen-
tially. The aqueous layer was separated and extracted with diethyl
ether (3 � 5 mL). The combined organic layer was washed with
aqueous NaHSO4 (1 m, 10 mL), brine (10 mL), and then dried
(MgSO4). The solution was filtered and concentrated under reduced
pressure. The residue was analyzed by 1H NMR spectroscopy as de-
scribed above by using the signals for 9-epideoxyDHA 19 e at d=
5.03 ppm (doublet), deoxyDHA 5.34 ppm (singlet) and 5.364 ppm
(singlet) for each of the a and b epimers, respectively, and for the
tricarbonyl compound 20 at 9.73 ppm (doublet). Approximately
3 % of another compound, apparently a formate ester, with a
signal at d= 8.08 ppm (singlet), was present in the product mix-
ture, but could not be isolated.

4. Artesunate: a1. MB–AA: Artesunate (130 mg, 0.34 mmol), MB
(25.5 mg, 0.20 equiv) and AA (238 mg, 4.0 equiv) were stirred in
MeCN/phosphate buffer (1:1, 5 mL, adjusted to pH 7.4) under air or
argon for 24 h. 1,3,5-Trimethoxybenzene (6.8 mg, 40 mmol) was
added, followed by aqueous NaHSO4 (0.5 m, 5 mL) and diethyl
ether (5 mL). The mixture was processed as described for the DHA
reaction above, and the residue was analyzed by 1H NMR spectros-
copy by using the following signals for establishing yields: artesu-
nate 4 d= 5.41 ppm (singlet) and the furanoacetate 24 6.18 ppm
(singlet). A small amount of another product, designated as a for-
mate ester with a signal at d= 8.04 ppm was also present (~3 %) in
the product mixture. However, this product could not be isolated.
The furanoacetate 24 was isolated after chromatography of the
mixture and elution with ethyl acetate/hexanes (25:75) as a colour-
less oil, the spectroscopic data of which are in accord with those
of an authentic sample previously prepared in our laboratory[9] and
as reported.[11]

a2. AA (control): To establish if artesunate undergoes hydrolysis to
DHA under the reaction conditions,[36] the following control experi-
ment was carried out. Artesunate (130 mg, 0.34 mmol) and AA

(238 mg, 4.0 equiv) were stirred in MeCN/phosphate buffer (1:1,
5 mL, adjusted to pH 7.40) under air for 24 h. 1,3,5-Trimethoxyben-
zene (10.1 mg, 60.05 mmol) was added, and the mixture was
worked up as described above to leave a crystalline residue. Analy-
sis by 1H NMR spectroscopy using the signal at d= 5.412 ppm (sin-
glet, H-10) indicated that it consisted solely of artesunate (99.2 %
recovery).

b. FAD–NADPH: Artesunate (12.9 mg, 33.56 mmol), FAD (5.7 mg,
0.2 equiv), and NADPH (56.3 mg, 2.0 equiv) were stirred in phos-
phate buffer (1 mL, adjusted to pH 7.40) under argon for 3 h. 1,3,5-
Trimethoxybenzene (2.5 mg, 14.86 mmol) and solid NaHSO4·H2O
(168.9 mg, 1.223 mmol) were added, and the resulting mixture was
treated with diethyl ether (2 mL). The aqueous layer was separated
and extracted with diethyl ether (3 � 2 mL). The combined organic
layer was washed with 4 mL aqueous NaHSO4 (1 m, 4 mL) and then
brine (4 mL). The organic solution was dried over MgSO4, then fil-
tered and concentrated by evaporation under reduced pressure.
The residue was analyzed by 1H NMR spectroscopy by using the
peaks due to artesunate at d= 5.43 ppm (singlet), deoxyDHA 19 at
5.345 ppm (singlet) and 5.365 ppm (singlet) for each of the a and
b epimers, respectively, the tricarbonyl compound 20 at d=
9.734 ppm (singlet), and a second compound believed to be a for-
mate ester at d= 8.065 ppm (singlet). As in a1 above, the last com-
pound could not be isolated, but the amount present is estimated
to be 5 %. It likely converts into the tricarbonyl compound 20
during chromatography.

5. Artemisone : a1. MB–AA: Artemisone (134.5 mg, 0.335 mmol),
MB (25.4 mg, 0.2 equiv), and AA (237 mg, 4.0 equiv) were stirred in
MeCN/phosphate buffer (1:1, 5 mL, adjusted to pH 7.4) under air or
argon for 24 h. 1,3,5-Trimethoxybenzene (12.1 mg, 71.94 mmol) was
added, followed by aqueous NaHSO4 (0.5 m, 5 mL), and then dieth-
yl ether (5 mL). The aqueous layer was separated and extracted
with diethyl ether (3 � 3 mL). The combined organic layer was
washed with brine (5 mL), dried (MgSO4), and then filtered and
concentrated by evaporation under reduced pressure to leave a
residue that was analyzed by 1H NMR spectroscopy by using the
following signals for establishing yields: artemisone 5 d=
5.275 ppm (singlet), tricarbonyl compound 20 9.71 ppm (singlet),
and furanodicarbonyl compound 21 9.91 ppm (singlet).

a2. AA (control): To establish if artemisone undergoes hydrolysis
under the reaction conditions to DHA, the following control experi-
ment was carried out. Artemisone (135 mg, 0.34 mmol) and AA
(238 mg, 4.0 equiv) were stirred in MeCN/phosphate buffer (1:1,
5 mL, adjusted to pH 7.4) under air for 24 h. 1,3,5-Trimethoxyben-
zene (11.1 mg, 66.00 mmol) was added, and the reaction mixture
was worked up as described above to leave a residue, the analysis
of which by 1H NMR spectroscopy revealed the presence of artemi-
sone (d= 5.257 ppm; singlet, H-10) (96.4 % recovery).

b. LF–BNAH: Artemisone (67.1 mg, 0.167 mmol), LF (8.6 mg,
0.033 mmol, 0.2 equiv), and BNAH (71.7 mg, 0.34 mmol, 2.0 equiv)
in MeCN/pH 7.4 buffer (1:1, 5.0 mL) were stirred under argon for
6 h. After addition of the standard 1,3,5-trimethoxybenzene
(3.6 mg) and solid NaHSO4·H2O (500 mg), the reaction mixture was
diluted with diethyl ether (10 mL). The aqueous layer was separat-
ed and extracted with diethyl ether (3 � 5 mL). The combined or-
ganic layer was washed with aqueous NaHSO4 (1 m, 10 mL), fol-
lowed by brine (10 mL). After drying (MgSO4), the organic solvent
was evaporated under reduced pressure to leave a residue that
was analyzed by 1H NMR spectroscopy using the following signals
for establishing yields: artemisone 5 d= 5.267 ppm (singlet, H-10),
9-epideoxyDHA 19 e 5.01 (doublet, H-10), deoxyDHA 19 5.33 ppm
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(singlet, H-10), and 5.35 ppm (singlet, H-10) for each of the a and
b epimers, respectively, and tricarbonyl compound 20 9.719 ppm
(singlet, CHO).

c. RF–BNAH: Artemisone (135 mg, 0.34 mmol), RF (25 mg,
0.20 equiv), and BNAH (144 mg, 2.0 equiv) were stirred in MeCN/
phosphate buffer (1:1, 5 mL, adjusted to pH 7.4) under argon for
3 h. 1,3,5-Trimethoxybenzene (7.3 mg, 43.4 mmol) and solid NaH-
SO4·H2O (1.002 g, 7.26 mmol) were added, followed by diethyl
ether (10 mL). The aqueous layer was separated and extracted with
diethyl ether (3 � 5 mL). The combined organic layer was washed
with aqueous NaHSO4 (1 m, 10 mL), followed by brine (10 mL).
After drying (MgSO4), the organic solvent was evaporated under re-
duced pressure to leave a residue that was analyzed by 1H NMR
spectroscopy using the signals for establishing yields as described
above.
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