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Synthesis of 1,2,4-trioxepanes via application of thiol-olefin
Co-oxygenation methodology
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Abstract—Thiol-olefin co-oxygenation (TOCO) of substituted allylic alcohols generates b-hydroxy peroxides that can be condensed
in situ with various ketones, to afford a series of functionalised 1,2,4-trioxepanes in good yields. Manipulation of the phenylsulfenyl
group in 8a–8c allows for convenient modification to the spiro-trioxepane substituents. Surprisingly, and in contrast to the 1,2,4-
trioxanes examined, 1,2,4-trioxepanes are inactive as antimalarials up to 1000 nM and we rationalize this observation based on
the inherent stability of these systems to ferrous mediated degradation. FMO calculations clearly show that the r* orbital of the
peroxide moiety of 1,2,4-trioxane derivatives 4a and 14b are lower in energy and more accessible to attack by Fe(II) compared
to their trioxepane analogues 8b and 9b.
� 2006 Published by Elsevier Ltd.
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Malaria is a preventable disease caused by Plasmodium
species the most lethal of which is Plasmodium falcipa-
rum. P. falciparum malaria has developed resistance to
the most widely used regimens such as chloroquine and
sulfadoxine/pyrimethamine.1 As a result of the spread
of multi-drug resistant Plasmodia we urgently require
novel antimalarial pharmacophores.2 In the early
1970s, Chinese chemists reported isolation and structure
elucidation of the sesquiterpene 1,2,4-trioxane artemisi-
nin (qinghaosu, 1), the highly active antimalarial compo-
nent of the ancient Artemisia annua (sweet wormwood)
Chinese herbal remedy for fevers.3 This important dis-
covery represented a breakthrough in finding an effective
antimalarial that was not quinoline-based. Sodium
artesunate (2) is a succinic acid half-ester of the reduced
lactol form of artemisinin (1) that, although prone to
hydrolysis, is fast-acting, water-soluble, effective and
widely used in areas of the world where malaria is endem-
ic. Few examples of resistance to such trioxanes have
been seen in the field or in the research laboratory. In
combination with other antimalarial drugs, sodium
artesunate (2) is rapidly becoming the drug of choice in
most third-world cases of malaria.4,5 The disadvantage
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of all semi-synthetic compounds is that their production
requires 1 as starting material and currently the plant
yields of artemisinin remain relatively low.
To address the supply issue, a number of groups have
attempted to produce totally synthetic peroxide ana-
logues, some of which demonstrate remarkable antima-
larial activity.6a During the course of our recent work on
the synthesis of new antimalarial endoperoxides, we
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Scheme 1. Synthesis and crystal structures (ORTEP)7 of substituted 1,2,4-trioxepanes by the TOCO reaction. Reagents and conditions: (a) PhSH

(1.2 equiv), AIBN (0.07 equiv), O2 (excess), ht, 0 �C, CH3CN; (b) ketone, cat. tosic acid.

R2

R1
OO

O
ArS 8a-c

9a: R1 and R2 = (CH2)4; 
Ar = p-Cl-Ph, 81% 
9b: R1 and  R2 = (CH2)5; 
Ar = p-Cl-Ph, 82%
9c: R1 and R2 = Adamantylidene; 
Ar = p-Cl-Ph, 72%

R2

R1
OO

O
ArSO2

O

R2

R1
OO

OH

O

10a: R1 and R2 = (CH2)4; 
Ar = p-Cl-Ph, 87%  
10b: R1 and  R2 = (CH2)5; 
Ar = p-Cl-Ph, 83%
10c: R1 and R2 = Adamantylidene;
Ar = p-Cl-Ph, 89%

11a: R1 and  R2 = (CH2)4; 
Ar = p-Cl-Ph, 87%
11b: R1 and  R2 = (CH2)5; 
Ar = p-Cl-Ph, 83%
11c: R1 and  R2 = Adamantylidene;  
Ar = p-Cl-Ph, 89%

ab

c

R2

R1
OO

O

12a: R1 and  R2 = (CH2)4; 
Ar = p-Cl-Ph, 35%
12b: R1 and  R2 = (CH2)5; 
Ar = p-Cl-Ph, 62%
12c: R1 and  R2 = Adamantylidene; 
Ar = p-Cl-Ph, 70%

de

O

MeO
R2

R1
OO

O

O

N

13a, 13b: R1 and R2 = (CH2)4; 
Ar = p-Cl-Ph, 20%1:3 Z/E 
13c, 13d: R1 and R2 = (CH2)5; 
Ar = p-Cl-Ph, 25% 1:2 Z/E
13e, 13f: R1 and  R2 = Adamantylidene; 
Ar = p-Cl-Ph, 18%1:3

13a, 13c,13d- Z series
13b, 13d, 13f - E series

Scheme 2. Synthesis of substituted 1,2,4-trioxepanes by functional group manipulation of the phenylsulfenyl group. Reagents and conditions: (a)

m-CPBA (2.2 equiv), CH2Cl2, room temperature, 24 h; (b) m-CPBA (1.0 equiv), CH2Cl2, room temperature, 6 h; (c) 2,6-lutidine (4.2 equiv),

trifluoroacetic acid anhydride (3.8 equiv), acetonitrile, room temperature; (d) Ph3P@CHCO2Me (1.1 equiv), CH2Cl2, room temperature, 3 h; (e)

Ph3P@CHCONEt2 (1.1 equiv), CHCl3/H2O (1:1 v/v), NaOH (1.5 equiv), room temperature, 3 h.
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utilized a thiol-olefin co-oxygenation (TOCO) reaction
to generate bicyclic peroxides (3a) and endoperoxide
cysteine protease pro-drugs (3b)6b structurally related
to yingzhaosu A. By replacement of the terpene with an
allylic alcohol we have recently described the one-pot syn-
thesis of some simplified 1,2,4-trioxane analogues (4a)
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Scheme 3. Attempted synthesis of trioxane 12d by reductive amina-

tion. Reagents and conditions: (a) aldehyde 11c (1 equiv), morpholine

(1.3 equiv) NaBH(OAc)3 (1.3 equiv), CH2Cl2, 18 h, room temperature.

Table 1. In vitro antimalarial activity versus the 3D7 strain of

Plasmodium falciparum14,15
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Compound R1 R2 and R3 IC50 (nM)

9a p-Cl–Ph–SO2–CH2– (CH2)4 >1000

9b p-Cl–Ph–SO2–CH2– (CH2)5 >1000

9c16a p-Cl–Ph–SO2–CH2– Adamantylidine >1000

12c16b –CH@CHCO2CH3– Adamantylidine >1000

14a6c,17 p-Cl–Ph–SO2–CH2– (CH2)4 99.8

14b6c,17 p-Cl–Ph–SO2–CH2– (CH2)5 136.9

14c6c,17 p-Cl–Ph–SO2–CH2– Adamantylidine 188.7

14d6c,17 p-Cl–Ph–S–CH2– (CH2)4 110.5

Artemisinin 12.6

Parasites were maintained in continuous culture according to the

method of Trager and Jensen.14 IC50 values were measured according

to the methods described by Desjardins.15
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and (4b).6c In this communication, we report on the
TOCO mediated synthesis of the 1,2,4-trioxepane phar-
macophore, iron catalysed decomposition studies and
preliminary in vitro antimalarial assessment.

The synthesis6d of target 1,2,4-trioxepanes 8a–8c in-
volves the in situ generation of a phenylthiol radical
(AIBN/hv) which attacks the double bond of the homo-
allylic alcohol 5a in a Markonikov fashion. The tertiary
radical that is generated is trapped with molecular oxy-
gen to form the peroxy radical 6; radical hydrogen
abstraction produces the a-hydroxyperoxide 7 and thi-
ophenyl radical that continues the cycle. After consump-
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Scheme 4. Ferrous mediated degradation of trioxane 14e and TEMPO

conditions: (a) Trioxane 14e (1 equiv), FeBr2 (1 equiv) TEMPO (1.3 equiv),
tion of the alcohol 5a catalytic amounts of tosic acid and
the requisite ketone are added to enable 1,2,4-trioxepane
formation. In the free radical component of this chemis-
try high dilution is essential to prevent competitive for-
mation of side products (Scheme 1).
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display potent activity both in vitro and in vivo.8–11 The
sulfides were converted into the corresponding sulfones
using excess amount of m-chloroperbenzoic acid in
dichloromethane in excellent yields. The presence of
the sulfenyl group within the trioxepane skeleton also
provided us with the opportunity to prepare the alde-
hydes 11a–11c from the corresponding sulfides by the
Pummerer reaction. The sulfides 8a–8c were converted
to the corresponding sulfoxides 10a–10c using stoichi-
ometric amount of mCPBA in dichloromethane. The
two diastereomers of the intermediate sulfoxides formed
could be separated by column chromatography but they
were used in situ for the Pummerer reaction as shown in
Scheme 2. The aldehydes could then be converted to
vinyl esters and amides by Wittig chemistry with the
appropriate ylide. The rationale for the synthesis of
12a–13c is based on the observation by Singh et al.12

that several vinyl ester 1,2,4-trioxane derivatives have
excellent in vivo activity profiles. For esters 12a–12c,
only the E-configured esters were produced [as evi-
denced by the large vinylic coupling constant (JH–H =
16.2 Hz)]. For the vinyl amides 13a–13c, a mixture of
products was obtained with isomer ratios varying from
1:2 to 1:3 Z/E. The isomers could be readily separated
by flash column chromatography.

Attempts to enhance water solubility of the trioxepanes
by either reductive amination to produce 12d or
oxidation of the aldehyde 11c were unsuccessful. In
the former case we observed decomposition of the
trioxepane ring system to 2-adamantanone. For sub-
strate 11c the major product of the reaction was 13,
the reductive amination product of 2-adamantanone
and morpholine (Scheme 3).

Selected 1,2,4-trioxepanes depicted in Scheme 2 were
subjected to in vitro antimalarial assessment versus the
3D7 strain of P. falciparum according to a published
procedure and the data are recorded in Table 1. For
comparison several 1,2,4-trioxanes were also included
in the screen. Remarkably, all of the 1,2,4-trioxepanes
synthesized were inactive as antimalarials up to a con-
centration of 1000 nM. This is stark contrast to the cor-
responding spiro 1,2,4-trioxanes where activities as low
as 99.8 nM were recorded.

Recent studies in the Dussault group have described the
use of the 1,2,4-trioxepanes as a carbonyl protecting
group due to the exceptional stability of this ring system
under a range of different reaction conditions.13a Since
the interaction of endoperoxide antimalarials with iron
is key to their biological mechanism of action13b we rea-
soned that the poor activity of this series may be down
to inherent lack of reactivity and enhanced stability of
the 1,2,4-trioxepane ring compared with the 1,2,4-triox-
ane heterocycle. Thus, we decided to the compare the
ferrous mediated degradation of a selected 1,2,4-triox-
ane with the corresponding 1,2,4-trioxepane.

Exposure of 1,2,4-trioxane 4a to 1 equivalent of ferrous
bromide in the presence of the spin-trapping agent
TEMPO produced several products that were character-
ized by standard techniques (Scheme 4). Notably, all of
4a was consumed during the 24 h reaction period. The
mechanistic pathway depicted in Scheme 4 can rational-
ize the formation of isolated iron degradation products;
the major product of this reaction was the TEMPO spin-
trapped adduct 16c that is produced by association of
ferrous iron with O1 to form the oxy radical intermedi-
ate that fragments by b-scission to produce the primary
carbon-centred radical. This radical species is intercept-
ed by TEMPO to produce the adduct 16c;18 in addition,
small quantities of alkyl bromide 16d are also produced.
The alternative pathway proceeds through the forma-
tion of the alternative oxyl radical species 15a by associ-
ation of O2 with ferrous iron (Scheme 4). Fragmentation
produces ketone 18 and cyclohexanone (from the car-
bon-centred radical species 15c). Our results are consis-
tent with the recent iron degradation studies on
cyclohexyl functionalized 1,2,4-trioxanes where both
products of the O1 and O2 pathways were observed.19

The reaction of the corresponding 1,2,4-trioxepane 8b
under the same conditions led to poor turnover of
substrate (<15%) (Scheme 5). No products of the O2



Figure 1. Low energy conformations of 1,2,4-trioxane 4a and 1,2,4-trioxepane 8b with the r* orbital mapped onto the electron density molecular

surface.
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pathway were observed; only products of the O1 path-
way were detected with 11% of the spin-trapped adduct
17b constituting the major product of the reaction.

In order to rationalize this difference in reactivity molec-
ular modelling studies were performed. A conformation-
al search using a Monte-Carlo method using the
MMFF94 forcefield20 was performed on molecules 4a,
14b and 8b, 9b. Each conformer generated was subjected
to a single point energy calculation at a semi-empirical
level using PM3 parameters and the energy of the r*

orbital of the peroxide bond was calculated. The Boltz-
mann weighted average energy of the orbital was com-
pared for the trioxane and trioxepane molecular pairs
4a/14b and 8b/9b. The Boltzmann weighted average of
the exposed surface area of the oxygen atoms in the per-
oxide bond was also calculated for each compound in
order to assess the accessibility of the peroxide to attack
by Fe(II). Interestingly, the energy of the r* orbital of
the peroxide bond for the trioxane compounds was
markedly lower than that of the corresponding trioxe-
panes for both the sulfide (�0.44 kcal/mol difference)
and sulfone (�3 kcal/mol difference). Figure 1 displays
a low energy conformation of 4a and 8b with the r*

orbital mapped onto the molecular electron density sur-
face. It is noteworthy that the accessibility to r* for the
trioxane would appear to be much greater than that of
r* of the trioxepane. Additionally, the trioxane mole-
cules have a larger exposed surface area (�18 Å2) of
the peroxide oxygen atoms compared to the correspond-
ing trioxepanes (�16 Å2). Thus, the two factors of the
accessibility and energy of the r* orbital of the peroxide
bond could account for the surprisingly low biological
activity observed and very poor turnover in the spin-
trapping experiments of the 1,2,4-trioxepane com-
pounds compared to the 1,2,4-trioxanes.

In summary, thiol-olefin co-oxygenation (TOCO) of
substituted allylic alcohols generates b-hydroxy perox-
ides that can be condensed in situ with various ketones,
to afford a series of functionalised 1,2,4-trioxepanes in
good yields. Surprisingly, endoperoxides in this class
are inactive up to 1000 nM and we rationalize this
observation based on the inherent stability of these sys-
tems to ferrous mediated degradation.21 FMO calcula-
tions support the degradation studies in the sense that
the r* orbital of the peroxide bridge in 1,2,4-trioxanes
is lower in energy and more accessible to attack by
Fe(II) compared to their trioxepane analogues.
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