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Abstract Malaria poses a serious threat to human life and is prevalent in
tropical and subtropical areas across the globe. Drugs such as quinine, chlo-
roquine (a synthetic version of quinine), artemisinin, and its derivative
compounds have been used to treat malaria. Developing highly effective
chemical scaffolds with minimal toxicity is necessary because malarial para-
sites have become resistant to existing drugs. In this context, 1,2,4,5-tetra-
oxanes have emerged as a crucial framework with notable antimalarial
properties. To improve the effectiveness and combat resistance to various
antimalarial drugs, 1,2,4,5-tetraoxanes have been combined with a variety
of alicyclic, aryl, heteroaryl, and spiro groups including steroid-based, ami-
noquinoline-based, dispiro-based, triazine-based, diaryl-based, and piperi-
dine-based 1,2,4,5-tetraoxanes. We provide an overview of the synthesis
and most important in vitro and in vivo investigations carried out on hybrids
based on 1,2,4,5-tetraoxane as antimalarial drugs. The future development
of malaria treatment may be influenced by the structural changes in differ-
ent hybrids of 1,2,4,5-tetraoxane.
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1 Introduction

Malaria poses a serious threat to human life and is prev-

alent in tropical and subtropical areas across the globe.1

Drugs such as quinine,2 chloroquine (a synthetic version of

quinine), artemisinin, and its derivative compounds have

been used to treat malaria. Developing highly effective

chemical scaffolds with minimal toxicity is necessary be-

cause malarial parasites have become resistant to existing

drugs. In this context, 1,2,4,5-tetraoxanes have emerged as

a crucial framework with notable antimalarial properties.3

To improve effectiveness and combat resistance to various

antimalarial drugs, 1,2,4,5-tetraoxanes have been combined

with a variety of alicyclic, aryl, heteroaryl, and spiro groups

including steroid-based, aminoquinoline-based, dispiro-

based, triazine-based,4 diaryl-based, and piperidine-based

1,2,4,5-tetraoxanes. The objective of this review is to pro-

vide pharmacists and organic/medical chemists with a cur-

rent comprehension of the science behind 1,2,4,5-tetraox-

ane compounds.

Malaria, a lethal infectious disease, has been around for

thousands of years. In humans, this disease is transmitted

by female Anopheles mosquitoes infected with the Plasmo-

dium parasite. Rarely, it can also be passed through congen-

ital transmission and contact with infected blood products

(transfusion malaria).5 According to the World Malaria Re-

port 2023 released by WHO, there were around 608,000

deaths and 249 million new cases of malaria documented

globally in 2022.6 In humans, malaria is caused by five well-

recognized species of Plasmodium: Plasmodium falciparum,

Plasmodium malariae, Plasmodium vivax, Plasmodium

knowlesi, and Plasmodium ovale. Of these, P. falciparum is

the most prevalent and lethal species because it infects all

types of red blood cells (RBCs) found at different stages of

development (from immature young to old RBCs), causing

severe types of malaria-like cerebral malaria. Pregnant
© 2025. The Author(s). SynOpen 2025, 9, 10–24
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women and children under the age of five are the main vic-

tims of malaria fatalities, it causes the majority of global

malaria deaths, resulting in a mortality rate of 20% to 50%

when left untreated.6–13 P. vivax which is less fatal and

found frequently in Central America, India, and some parts

of the Eastern Mediterranean, while P. falciparum species

are found in South and East Asia, South America, the Carib-

bean, the Middle East, and Africa.8,9,11 P. ovale and P. malari-

ae are the two less prevalent and nonlethal species com-

monly found in Africa and Papua New Guinea.6–13 However,

P. knowlesi has been proven to cause a type of malaria simi-

lar to monkey malaria in specific regions of Southeast

Asia.14 Quinine (QN)15,16 and chloroquine (CQ)17,18 both

quinoline -acids from the cinchona plant, were first used

to treat illnesses caused by P. falciparum infections.2,19–28

However, their use was stopped due to the development of

resistance towards them.29–31 At the beginning of 1969,

Youyou Tu was designated by the Chinese government as

the lead scientist for a drug development initiative called

Project 523. In her role as the head scientist of Project 523,

she traveled extensively throughout China, researching his-

torical documents and 380 plant extracts that were being

used to treat mice and monkeys. She discovered that Arte-

misia annua significantly decreased the P. falciparum para-

site in these animals. Based on her findings, Artemisia an-

nua successfully inhibited P. falciparum parasite in these

animals. In 2015, the Nobel Prize in Physiology or Medicine

was awarded for her discovery of artemisinin and dihy-

droartemisinin.32–34 Artemisinin (ART) is a compound with

a sesquiterpene lactone and a 1,2,4-trioxane ring system

where the peroxide group is placed within the ring struc-

ture of the molecule. It has been used to treat drug-resis-

tant P. falciparum malaria. The study disclosed how arte-

misinin and its semi-synthetic analogues showed that their

biological activity is due to the presence of the 1,2,4-triox-

ane ring.35–37 The rich heme content of malarial parasites
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and its catalytic effect on breaking down the endoperoxide

bridge may explain why antimalarial drugs like 1,2,4-triox-

ane are more harmful to the parasites compared to natural

antimalarial terpenoids such as artemisinin (1) and its de-

rivatives. Derivatives, like artemistene (2), dihydroartemisi-

nin (3), artemether (4), arteether (5), artesunic acid (6), so-

dium artesunate (7), and artelinic acid (8), are specifically

deadly to malaria-causing parasites38,39 (Figure 1).

Figure 1  Artemisinin and its derivatives

In 2006, the World Health Organization (WHO) advised

the utilization of a dual-drug combination in ART-based

treatment to prevent the emergence of drug resistance in

malaria parasites.40–43 However, the first case of antimalari-

al resistance to monotherapy with ART was documented in

Cambodia in 2008 because the treatment reached its maxi-

mum effectiveness.44,45 This resistance is due to single nu-

cleotide polymorphisms that can reduce the efficacy of ar-

temisinin.46 Artemisinin and its derivatives encounter ob-

stacles such as resistance, as well as issues like low

solubility in oil/water and sluggish parasite elimination in

malaria patients. Dihydroartemisinin is a derivative of arte-

misinin which led the foundation for the development of

related compounds such as artemether (4), arteether (5),

sodium artesunate (7), and artelinic acid (8).47 These sub-

stances are often known as the first-generation derivatives

of ART and based upon solubility they can be classified into

oil-soluble C(10) -alkyl ethers (artemether and arteether)

and water-soluble C(10) -(substituted) esters (sodium ar-

tesunate and sodium artelinate). These drugs are more sol-

uble in oil/water and more effective against malaria when

compared to the ART drug. Yet, the early modifications of

ART have downsides in aspects such as oil/water improve-

ment and pharmacokinetics, observed in artemether and

arteether, with decreased biological half-lives and poten-

tially harmful effects on the blood system, heart, and cen-

tral nervous system in an animal model.48,49 Artesunate in-

jection, given once daily for a week, shows a success rate of

around 92% in treating malaria patients. However, to pre-

vent resistance from spreading, artesunate is commonly ad-

ministered in combination with other medications. Sodium

artelinate has increased water stability and a longer biolog-

ical half-life (1.5–3.0 h) than artemisinin, however, it

showed decreased efficacy in both in vivo and in vitro ex-

periments and induced nephrotoxicity in healthy rats.50

Other significant issues related to ART-based antimalarials

include higher treatment costs (compared to CQ or QN), in-

adequate physicochemical/pharmacokinetic properties

(like inadequate lipid-/water-partitioning behavior, poor

bioavailability, short plasma half-life, etc.), toxicities, and

limited availability (scarcity in natural sources).51–58 Due to

these obstacles, the treatment of malaria has become more

complicated, prompting the search for new drugs to combat

resistant strains of the disease. Recently, a variety of 1,2,4-

trioxanes, 1,2,4-trioxolanes, and 1,2,4,5-tetraoxanes (Figure

1) have been developed and tested for their effectiveness in

treating malaria.59 1,2,4,5-Tetraoxanes, IUPAC and CAS

name these as 1,2,4,5-tetroxanes but both names are found

in the literature, are entirely synthetic and can be synthe-

sized from inexpensive, easily available materials. Various

factors like substrate type, solvent, addition mode, tem-

perature, concentration, and pH play a role in the synthesis

of tetraoxanes, which can be accomplished using different

techniques.60 Tetraoxanes show enhanced efficacy against

malaria and significantly greater stability.61 Unsymmetrical

dispiro-tetraoxanes, as well as other synthetic tetraoxane

compounds, were discovered to have comparable effective-

ness to, or greater effectiveness than, artemisinin.62 Since

the 1980s, researchers have developed different basic tetra-

oxanes and investigated their efficacy in combatting malar-

ia. A series of research papers have assessed the efficacy of

more than 250 tetraoxanes for combatting malaria. Many

substances have exhibited promising in vivo antimalarial

activity.63,64 The objective of this review is to provide phar-

macists and organic/medical chemists with a current com-

prehension of the science behind 1,2,4,5-tetraoxane com-

pounds.

2 Synthetic Methods for Tetraoxanes

Several synthetic approaches have been made to the

synthesis of 1,2,4,5-tetraoxanes.56,65 Some commonly used

methods are acid-catalyzed hydrogen peroxide cyclocon-

densation with ketones or aldehydes,65–68 ozonolysis of

alkenes,69 enol-ethers,70 O-ether oxime,71 and cycloconden-

sation of bis(trimethylsilyl) peroxide with carbonyl com-

pounds catalyzed by trimethylsilyl trifluoromethanesulfon-

ate (TMSOTf).72,73 Asymmetric tetraoxanes can be synthe-

sized by using different catalysts such as SSA (SiO2-H2SO4),74

aliphatic and alicyclic gem-hydroperoxides (MeReO3-HBF4
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catalyst),64 steroidal gem-bis-hydroperoxides (H2SO4 cata-

lyst),75 and gem-bis(trimethylsilylperoxy)alkanes (TMSOTf

catalyst).76 Various other catalysts such as Bi(OTf)3,77 Cl-

SO3H,78 I2,79 Re2O7,59 PMA,80 HPA/NaY,81 ADA-MNPs,82 and

H3+xPMo12–X
+6Mox+5O40

83 are employed to improve the per-

oxy acetalization of aldehydes and ketones and promote the

specific cyclocondensation of these substances (intermedi-

ates) with ketones/aldehydes to generate 1,2,4,5-tetraox-

anes. Figure 2 depicts various techniques used in the syn-

thesis of tetraoxanes.56,59,64–83 The yields of tetraoxanes ob-

tained from these methods are influenced by a variety of

factors, including the structure of the carbonyl compound,

temperature, concentration, pH, addition mode, solvent,

and the equilibrium between the ketone and precursors of

cyclic peroxides.84 The primary approach involves incorpo-

rating hydrogen peroxide into carbonyl compounds, aided

by an acid catalyst, and subsequently initiating the cycliza-

tion of the hydroperoxide intermediate formed (Scheme 1).

Figure 2  An overview of synthetic methods for tetraoxanes

It has been found that the yield of the tetraoxane can be

affected by the reaction conditions, and it has been ob-

served that hexaoxonanes might also result form as byprod-

ucts.85 It is well known that tetraoxanes are thermodynam-

ically stable while hexaoxonanes are kinetically controlled

products, but recent studies revealed that whether tetraox-

anes or hexaoxonanes are kinetically preferred depends on

the relative rates of several steps involved in their forma-

tion. A hypothesized mechanism for the generation of

tetraoxane is illustrated in Scheme 1.85

Scheme 1  Mechanism for tetraoxane formation in the presence of 
H2O2

Various reaction intermediates85 depicted in Scheme 1

have been isolated under varying reaction conditions. It has

always been difficult to purify tetraoxanes: hydroperoxide

impurities can be eliminated by using potassium iodide or

dimethyl sulfide and hexaoxonanes can be removed by re-

crystallization or washing the reaction mixture with cold

methanol. If the conversion fails, hexaoxonanes can be

transformed into tetraoxanes by heating the reaction mix-

ture with perchloric acid in acetic acid.86,87 Spectroscopic

techniques can validate the formation of hexaoxonanes.88

2.1 Safety Concerns in the Synthesis of Cyclic Or-
ganic Peroxides

During the synthesis of cyclic organic peroxides, which

are dangerous compounds when present in their solid form

especially in quantities above 1 gram, explosions caused by

peroxides may occur spontaneously and unpredictably

when handled roughly or when the solid is subjected to im-

pact, friction, static charge, or temperature changes. Solid

peroxide samples should be handled very carefully and dis-

solved in a suitable solvent to minimize the risk of explo-

sion. The synthesis of these substances may only be carried
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out by highly qualified and experienced personnel, under

the use of appropriate safety precautions, and only in small

quantities (ca. 100 mg).89

3 Antimalarial Activities of Tetraoxane De-
rivatives

3.1 Cycloalkanone-Based Tetraoxanes

In 2000, Vennerstrom and co-workers investigated a

range of alkyl-substituted dispiro-1,2,4,5-tetraoxanes.90 Of

all the compounds investigated, five (11a–e) showed activi-

ty with IC50 values between 10 and 30 nM against the CQ-

sensitive D6 and CQ-resistant W2 clones of P. falciparum, in

contrast, the IC50 values for artemisinin (1) are 55 and 32

nM and for compound WR 14899929 (12) they are 8.4 and

7.3 nM (Figure 3).58 Furthermore, certain compounds with-

in this category have displayed moderate in vivo efficacy

(achieving a 40–60% cure rate when given orally at 128

mg/kg/day) against mice infected with P. berghei on days 3,

4, and 5 after infection.

Figure 3  Antimalarial activity of spiro-1,2,4,5-tetraoxanes

Vennerstrom and co-workers also studied the steric ef-

fect of the methyl group at C-1 and C-10 on dispiro-1,2,4,5-

tetraoxanes. The study revealed that tetramethyl-substitut-

ed dispiro-1,2,4,5-tetraoxanes 13a,b had significantly re-

duced antimalaria effectiveness (IC50 = >1000 nM) against

D6 and W2 strains when compared to WR 14899929 (12),

whereas tetraoxane 13c, without steric hindrance, was

found to be active (Figure 3).91

3.2 Steroid-Based Tetraoxanes

In 1996, Šolaja and co-workers synthesized steroidal

1,2,4,5-tetraoxanes and tested their effectiveness against P.

falciparum D6 and W2 strains for antimalarial activity.75

They found that cis-isomer 14a had no antimalarial effects

on tested strains while trans-isomer 14b exhibited some

antimalarial activity (IC50 = 155 nM) against the D6 strain

(Figure 4). The lack of effectiveness against malaria was

identified as being due to a significant steric effect caused

by obstructed ring structures and poor water solubility. In

2000, Šolaja and co-workers prepared tetraoxanes based on

cholic acid with varying diester, acid, and diamide connec-

tions and they were tested against P. falciparum strains D6

and W2.73 The cis compounds were more potent than the

trans compounds. Two tetraoxanes, particularly 15a,b, with

an amide linker, showed strong effectiveness against the D6

strain with IC50 values between 9.29 and 20.08 nM and a

significant SI value (Figure 4). The higher level of activity

could be attributed to the existence of hydrophilic linker or

a stereochemical structure distinct from 14a,b.

Again in 2016, Šolaja and co-workers reported the in

vivo antimalarial activity of steroidal tetraoxane 16 that in-

hibited liver-stage P. berghei infection (IC50 = 0.33 M) (Fig-

ure 4).92 Additionally, at a quantity of 100 mg/kg, it demon-

strated a 91% drop in the parasite liver burden in mice.

Moreover, the compound displayed a certain degree of effi-

cacy with an IC50 of 1.16 M against IV-V P. falciparum ga-

metocytes from the 3D7elo1-pfs16-CBG99 transgenic

strain, compared to DHART with an IC50 of 0.44 M in the

identical model.93 In 2018, Kazakova and co-workers inves-

tigated the effectiveness of 1,2,4,5-tetraoxanes based on de-

oxycholic acids against P. falciparum isolates that are CQ-re-

sistant K1 and CQ-sensitive (T96) (Figure 4).63 In contrast to

CQ (IC50 = 29 nM), compounds 17a,b showed greater poten-

cy with IC50 values between 3.0–7.6 nM against the K1

strain. However, when it came to the T96 strain, 17a,b ex-

hibited moderate activity.

3.3 Adamantane-Based Tetraoxanes

In 2006, the O’Neill group developed unsymmetrical

dispiro- and spiro-1,2,4,5-tetraoxanes and evaluated their

efficacy against malaria under in vitro and in vivo studies.94

Out of all the substances examined, compounds 18a,b dis-

played notable in vivo efficacy (100% inhibition) when ad-

ministered orally at a dose of 30 mg/kg (Figure 5).
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Figure 5  Antimalarial activity of novel adamantane-based 1,2,4,5-tetraoxanes

Figure 4  Antimalarial activity (in vitro and in vivo) of steroidal 1,2,4,5-tetraoxanes
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Compounds 18a,b were tested in the 4-day Peter’s test

to determine their oral in vivo effectiveness against P. ber-

ghei (ANKA) in mice, comparing their ED50 and ED90 values

to artemether (4) having ED50 = 5.88 and ED90 = 10.57

mg/kg. Compound RKA216 (18b) demonstrated exceptional

efficacy when given orally with an ED50 of 3.18 mg/kg and

an ED90 of 3.88 mg/kg.

In 2008, the O’Neill group investigated achiral dispiro-

1,2,4,5-tetraoxanes and evaluated their efficacy in combat-

ting malaria.95 Compound 19a,b showed strong efficacy

with IC50 values of 5.55 and 3.52 nM, respectively, against

the P. falciparum 3D7 strain (Figure 5). When compared to

RKA216 (18b) with an ED50 of 3.18 mg/kg, compounds

19a,b showed considerable in vivo efficacy with ED50 values

of 6.61 and 7.93 mg/kg. It was also found that compounds

19a,b showed no toxicity.

In 2010, the O’Neill group identified a powerful anti-

malarial medication named RKA182 (20) that was effec-

tive against the 3D7 and K1 strains of P. falciparum, with

IC50 values of 0.87 and 1.1 nM, respectively.96 RKA182 (20)

demonstrated noticeable in vivo efficacy in studies, with

ED50 and ED90 doses of 1.33 and 4.18 mg/kg, outperform-

ing the therapeutic medications artemether (4) and arte-

sunate (7). Additionally, RKA182 (20) showed higher wa-

ter solubility, reduced toxicity, and improved absorption,

distribution, metabolism, and excretion (ADME) charac-

teristics.97 The O’Neill group developed a novel series of

second-generation RKA182 (20) analogues by eliminating

the amide bond to enhance metabolic stability.98 They de-

veloped various polar dispiro-1,2,4,5-tetraoxanes and

evaluated their in vitro efficacy against P. falciparum

strains 3D7 and K1. Each compound exhibited strong anti-

malarial properties at very low nanomolar concentrations,

outperforming both CQ and artesunate. Compounds 21a,b

displayed superior effectiveness against the CQ-resistant

K1 strain, which is 25 times more potent than artesunate

and 5 times stronger than RKA182 (20) (Figure 5). Com-

pound 21c (HCl salt) and 21d (ditosylate salt) showed su-

perior effectiveness compared to artesunate in treating P.

berghei ANKA infected mice with ED90 values of 11 and 10

mg/kg, respectively. These results show that this group of

molecules has a high level of activity and better metabolic

stability than RKA182 (20). Further investigation by the

O’Neill group revealed that two mannoxane structure

compounds 22a,b containing a Mannich base displayed

strong in vivo antimalarial properties (>99.7% decrease in

parasitemia after 4 days in P. berghei infected mice) and in

vitro tests (IC50s = 4.8–5.7 nM against NF54 and K1 strains,

respectively) (Figure 5).99 Furthermore, mice that were

given 22a,b lived an average of 27 and 25 days, with 22a

curing 66% of them successfully. Compound 22a exhibits

significantly higher efficacy than aterolane (OZ277)

(achieving a 60% cure rate in 25 days) and RKA182 (20)

(requiring 22 days for cure). Unlike OZ277 and RKA182,

compounds 22a,b exhibit a level of in vitro inhibition of

hematin dimerization that is comparable to CQ and amo-

diaquine. This research also demonstrated the significance

of the Mannich base pharmacophore and the adamantyl

ring in the effectiveness against malaria.

3.4 Dispiro-Based Tetraoxanes

In 2010, Vennerstrom and co-workers synthesized un-

saturated dispiro-1,2,4,5-tetraoxane (+)-dihydrocarvone

and reported its antimalarial efficacy.100 It was found that

enhancement in the polarity of the compound leads to a de-

crease in the efficacy of antimalarial drugs. Compound 23a

showed the most effectiveness with an IC50 of 2.1 nM

against the K1 and NF54 strains (Figure 6).

Figure 6  Antimalarial activity of novel unsaturated 1,2,4,5-tetraoxanes

Compound 23b shows average in vitro antimalarial ef-

fectiveness with IC50 of 6.9 and 6.6 nM against K1 and NF54

strains, respectively. In addition, it shows better in vivo ef-

fectiveness (99.9% cure) in mice infected with P. berghei

when given orally, outperforming ART treatment (98% cure

in the same study).101

3.5 Diaryl-Based Tetraoxanes

In 2009, Rawat and co-workers developed and assessed

the in vitro efficacy of substituted 3,6-diaryl-1,2,4,5-tetra-

oxanes molecules against malaria.102

The results indicate that symmetrical tetraoxanes 24a–

c, with ethyl, propyl, and isopropyl groups on the phenyl

ring, have notable antimalarial activity against the D6 and

W2 strains of P. falciparum. The values of IC50 range from

0.61 to 0.99 M and 0.76 to 1.03 M, respectively (Figure 7).

A few compounds 25a–f in the asymmetric tetraoxanes dis-

played strong effectiveness against the D6 and W2 strains,

showing IC50 values ranging from 0.35 to 0.79 M. Com-

pounds 25a–f are not as potent against the W2 strain as

ART, but they have a similar effectiveness to CQ (0.41 M).

In 2011, Rawat and co-workers investigated the in vitro an-

timalarial efficacy of tetraoxane-imine/amine/amide conju-

gates against P. falciparum strains D6 and W2. When com-

pared to therapeutic drugs like CQ and ART, four com-

pounds 26a–d, imine and amine derivatives, showed

considerable effectiveness, with IC50 values ranging from

0.38 to 2.64 M (D6 strain) and 0.57–1.62 M (W2 strain)

(Figure 7).103
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23a; potent in vitro

IC50 = 2.1 nM (K1 & NF54)

23b; potent in vitro

IC50 = 6.9 nM (K1)
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3.6 Di-adamantane-Based Tetraoxanes

In 2013, the O’Neill group synthesized novel tetraoxane

dimer compounds and evaluated their efficacy in treating

malaria.104 Among them compounds 27a–c exhibited the

highest in vitro antimalarial efficacy against the 3D7 strain

with IC50 values of 4.0, 3.5, and 4.7 nM, respectively (Figure

8).

Moreover, compounds 27a and 27d showed the best ef-

ficacy against the K1 strain with IC50 values of 2.6 and 2.7

nM, respectively. Additionally, some compounds displayed

moderate oral antimalarial effectiveness against P. berghei

ANKA mice but were not as active as artesunate.

3.7 Benzylamino- and Aryloxy-Based Tetraoxanes

In 2016, the O’Neill group investigated an effective

method for synthesizing aryloxy 1,2,4,5-tetraoxanes and

evaluated their efficacy against malaria.105 Each compound

exhibited excellent antimalarial potency (less than 10 nM)

against the P. falciparum 3D7 strain. Three compounds 28a–

c showed strong effectiveness against the strain being test-

ed, with IC50 values between 0.5–3.7 nM, similar to the IC50

of 2.2 nM of artesunate (Figure 9).

Figure 7  Antimalarial activity of 3,6-diaryl-1,2,4,5-tetraoxanes
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Figure 9  Antimalarial activity of benzylamino- and aryloxy-based 
1,2,4,5-tetraoxanes

When given at a dosage of 30 mg/kg, the lead compound

E209 (28d) exhibited the highest level of in vivo effective-

ness (prevention rate of 99.65%) in mice from P. berghei in-

fection. Furthermore, they described the most effective ap-

proach for synthesizing the lead compound E209.105 After a

thorough assessment, it was concluded that E209 (28d) ful-

fills all requirements specified in the Medicines for Malaria

Venture (MMV) target candidate profile 1 (TCP1), having

the pharmacokinetic attributes needed for a single treat-

ment, alone or with other drugs, and a fast efficacy (PRR

equal to or better than DHART).102 E209 (28d) exhibited

strong in vivo inhibitory effects in the nanomolar range

against various strains of P. falciparum and P. vivax. Addi-

tionally, its effectiveness against P. falciparum was validated

in trials (rodent models). It demonstrates favorable PK-PD

characteristics and reduced levels of parasites similar to

DHART.106

In 2018, the O’Neill group synthesized some new aryl-

carboxamide and benzylamino-based dispiro-1,2,4,5-tetra-

oxanes.107 Compounds 29a–c exhibited the strongest in vi-

tro effectiveness against P. falciparum strain 3D7 showing

IC50 values ranging from 0.84–1.8 nM (Figure 9). It was also

found that N205 (29b) showed greater efficacy against P.

falciparum compared to artesunate (ED90 = 10 mg/kg) fol-

lowing four doses administered daily. According to the ef-

fectiveness of N205 (29b),107 a single oral dose of N205 is

equally potent as several doses of artesunate.

3.8 Aminoquinoline-Based Tetraoxanes

Several research groups have tried to synthesize hybrids

of 1,2,4,5-tetraoxanes with other known pharmacophores

to provide potential leads against malaria. In 2008, Šolaja

and co-workers studied the development and antimalarial

effects of hybrid compounds that merged tetraoxane with

7-chloro-4-aminoquinoline, which they called tetraox-

quines.108 According to activity data compounds, 30a,b ex-

hibited in vitro activity against P. falciparum stains (D6 and

W2) with IC50 values between 2.0–2.33 nM and 5.76–9.05

nM, respectively (Figure 10).

Additionally, compounds 30a,b, with a minimal curative

dose (MCD) of 80 mg/kg, a minimum active dose (MAD) of

20 mg/kg/day, and a maximum tolerated dose (MTD) of

>960 mg/kg, successfully treated mice in a modified

Thompson test for antimalarial blood stage activity.

In 2014, Lopes and co-workers investigated a few hy-

brids based on 1,2,4,5-tetraoxane and 8-aminoquinoline,

assessing their effectiveness against malaria (Figure 10).109

Intraperitoneal injection of the most effective molecule 31,

connected to the other two pharmacophores by an amide

linker, effectively treated animals with blood-stage P. ber-

ghei infection.

Furthermore, Lopes and co-workers also conducted the

development of another series of hybrids based on 1,2,4,5-

tetraoxane-8-aminoquinoline, linking aryl/heteroaryl

groups to the metabolically labile C-5 position of the 8-ami-

noquinoline.110 The majority of the compounds exhibited

high effectiveness against P. falciparum W2 and P. berghei in

laboratory tests, with EC50 values ranging from low nano-

molar to micromolar concentrations. Compounds 32a–d

demonstrated the strongest potency and had comparable

effects to ART on CaCo-2 cells, without causing toxicity

(CC50 = >50 M) (Figure 10). Hybrid molecules with C-5 aryl

modification on the 8-aminoquinoline were discovered to

exhibit improved metabolic stability in microsomes com-

pared to primaquine analogues (C-5 unsubstituted 8-ami-

noquinolines) while retaining their dual-stage antimalarial

efficacy.

Mahmud and co-workers, in 2020, investigated the mo-

lecular docking and quantitative structure-activity relation-

ship (QSAR) of various hybrids that linked 1,2,4,5-tetraox-

ane with 8-aminoquinoline.111 Lopez and co-workers have

already investigated the efficacy of these drugs against the

W2 strain of P. falciparum within red blood cells.110 It was

discovered through molecular docking analysis that 1,2,4,5-

tetraoxane-8-aminoquinoline hybrids have a stronger bind-

ing affinity with P. falciparum lactate dehydrogenase
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(pfLDH) than chloroquine (CQ). This study indicates that

these substances may serve as more effective inhibitors of

pfLDH than CQ.

3.9 2-Cyanopyrimidine-Based Tetraoxanes

In 2014, Moreira, O’Neill, and co-workers synthesized

hybrids of 2-cyanopyrimidine-based 1,2,4,5-tetraoxanes

and examined their efficacy against atovaquone-resistant

(FCR3), 3D7, and W2 strains of P. falciparum for their anti-

malarial effects. Moreover, their ability to block falcipain-2

(FP-2) was also evaluated.112

Out of the tested compounds, three compounds 33a–c

exhibited the most favorable balance of activity and safety

in the evaluation against HEK-293 cells. Compounds 33a

and 33c effectively blocked the W2 and 3D7 strains with

IC50 values between 9.8 and 13.1 nM (Figure 11). The hybrid

compound 33b was selected for its in vivo potent FP-2 in-

hibitory activity in mice infected P. berghei. In comparison

to the control, the in vivo findings indicated a reduction in

parasitemia levels and enhancements in the survival rate of

mice.

Figure 10  Antimalarial activity of aminoquinoline-based 1,2,4,5-tetraoxane hybrids
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Figure 11  Antimalarial activity of 2-cyanopyrimidine-based 1,2,4,5-
tetraoxane hybrids
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4 Mannich Base Based Tetraoxanes

In 2016, Rudrapal and co-workers investigated a novel

category of unique Mannich bases made from tetraoxane-

phenol conjugate and evaluated their in vivo efficacy

against P. falciparum strains, which included CQ-sensitive

(RKL-2) and CQ-resistant (RKL-9) strains (Figure 12).113

Compared to other compounds, two compounds 34a,b with

indole and phenol rings, showed higher efficacy against

RKL-9 (with IC50 of 8.19 and 5.30 g/mL, respectively).

However, they were not as effective as the standard drug CQ

(IC50 = 0.04 g/mL) when tested against the same strain.

Figure 12  Antimalarial activity of Mannich bases of tetraoxane-phenol 
hybrid and 3,6-disubstituted 1,2,4,5-tetraoxane derivatives

In 2019, Kumawat and co-workers synthesized modi-

fied forms of 3,6-disubstituted 1,2,4,5-tetraoxane deriva-

tives and evaluated their efficacy in combating malaria114

(Figure 12). All the prepared compounds were examined for

activity against P. falciparum strains 3D7, RKL-2, and RKL-9.

Compounds with changes at the 3,6-positions of the

1,2,4,5-tetraoxane structure, like trimethyl 35a (IC50 = 1.953

g/mL against 3D7), methyl triphenyl 35b (IC50 = 3.906

g/mL against RKL-9), and dimethyl/diphenyl 35c (IC50 =

3.906 g/mL against RKL-2), showed enhanced effective-

ness.

The structure-activity relationship analysis showed that

the antimalarial activity of the tetraoxane moiety was pro-

moted by trimethyl substitution at positions 3 and 6 on the

tetraoxane core. It could be because the peroxide bond has

the proper steric barrier. The authors postulated that the

enhanced effectiveness against malaria was observed with

phenyl ring additions at positions 3 and 6 of tetraoxane

which receive electrons from tetraoxane.

4.1 N-Sulfonylpiperidine-Based Tetraoxanes

In 2022, Awasthi and co-workers synthesized a range of

symmetrical and non-symmetrical N-sulfonylpiperidine

dispiro-1,2,4,5-tetraoxanes and assessed their effectiveness

against malaria (in vitro and in vivo).115 They initially tested

the in vitro antiplasmodial effectiveness of both symmetri-

cal and non-symmetrical N-sulfonylpiperidine dispiro-

1,2,4,5-tetraoxanes using the HRP-2 assay on the erythro-

cytic phases of P. falciparum strain 3D7, found that the non-

symmetrical tetraoxane showed higher antiplasmodial ac-

tivity compared to the symmetrical tetraoxane (Figure 13).

Figure 13  Antimalarial activity of N-sulfonylpiperidine dispiro-1,2,4,5-
tetraoxanes

Three compounds 36a–c containing a cycloheptyl ring

displayed superior efficacy compared to other analogues,

particularly compound 36b (IC50 = 4.7 ± 0.3 nM against 3D7)

which demonstrated nearly equivalent antimalarial activity

to artemisinin (IC50 = 4.74 ± 0.78 nM against 3D7). Com-

pounds 37, 38, and 39 showed strong antimalarial effects

with IC50 values of 10.54 ± 0.81, 8.43 ± 0.71, and 10.9 ± 1.4

nM, respectively, against the 3D7 strain. Compounds 37 and

38 showed the best in vivo antimalarial effectiveness with

only 0.25% parasitemia after 72 hours. Also, the SAR study

of the synthesized tetraoxane revealed that ring size influ-

enced the antimalarial activity.

4.2 N-Benzoylpiperidine-Based Tetraoxanes

Again in 2024, Awasthi and co-workers synthesized a

certain number of mixed N-benzoylpiperidine-based

1,2,4,5-tetraoxane analogues and reported their antimalari-

al property against chloroquine-sensitive P. falciparum

strain 3D7.116 Some of them showed very good antimalarial

activity in the nanomolar range comparable to the artemis-

inin (IC50 = 5.97 ± 0.61 nM). Compounds 40 and 41 both

have the same structural units (N-benzoyl-substituted

tetraoxane) except compound 40 with the formyl group

present in the para-position showed higher antimalarial ac-

tivity (IC50 = 6.35 ± 0.55 nM) than 41 (IC50 = 7.28 ± 0.57 nM);

compounds 42 and 43 were found to be less active with

than 40 and 41.
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Figure 14  Antimalarial activity of N-benzoylpiperidine-based dispiro-
1,2,4,5-tetraoxanes

In all above reported compounds as shown in Figure 14,

it is observed that substituents and their nature have a de-

ciding role in antimalarial activity; formyl-, fluoro-, and

chloro-substituted tetraoxanes possessed greater activity.

They also performed molecular docking studies by taking

falcipain-2 enzyme (receptor macromolecule) on synthe-

sized tetraoxanes. Molecular docking studies revealed that

tetraoxanes 40 and 43 bind the active site of the falcipain-2

enzyme through H-hydrogen bonding and hydrophobic in-

teractions which are the foremost interpretation for their

activity.

5 Mechanism of Action of Dispiro-1,2,4,5-
tetraoxanes

The specific mechanism of action for these tetraoxanes

remains to be identified. The O’Neill group have demon-

strated the possible agents responsible for the antimalarial

effects of RKA182 (20) in 1,2,4,5-tetraoxane activity,96 by

conducting mechanistic examinations of dispiro-1,2,4,5-

tetraoxane 20 in THF with iron(II) bromide and a radical

trapping agent TEMPO. The authors hypothesized that re-

gioisomeric alkoxy radicals are formed by the cleavage of

the O1–O2 bond. These regioisomeric radicals undergo -

scission, resulting in the formation of primary and second-

ary carbon-centered radicals. TEMPO captured these radi-

cals to produce the respective aminoxy adducts 44 and 45

(Scheme 2). The O’Neil group117 conducted modeling re-

search with heme and RKA182 (20), and found that heme

favored binding with 1,2,4,5-tetraoxane through a less hin-

dered oxygen atom. They also conducted docking experi-

ments and discovered that the closest distance was be-

tween heme Fe(II) and the oxygen of RKA182, with the low-

est energy conformations measuring between 2.4 and 2.8 Å

(Scheme 3). Docking simulations showed that the heme

Fe(II) tends to interact more with the less hindered oxygen

atom of 1,2,4,5-tetraoxane.

Scheme 2  Proposed mechanisms for the iron-mediated degradation 
of RKA182 and its TEMPO adducts

Scheme 3  Heme alkylation by RKA182
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6 Conclusion

Tetraoxane derivatives/hybrids have been identified as a

new category of antimalarial endoperoxides, serving as an

important treatment option for malaria with potent anti-

malarial properties over the last three decades. There is

scope for further exploration in the synthesis of new

1,2,4,5-tetraoxane derivatives that have the potential to ex-

hibit druglike effects against different types of Plasmodium

species. 1,2,4,5-Tetraoxane compounds linked with a ste-

roid, triazine, amine, aminoquinoline, dispiro, piperidine, or

diaryl derivatives were designed and synthesized for their

effectiveness against malaria. Some of these compounds ex-

hibit impressive in vitro antimalarial activity. In this current

review article, we have outlined the synthesis and effective-

ness against malaria of 1,2,4,5-tetraoxane derivatives/hy-

brids and the impact of structural changes on their antima-

larial properties. Eventually, these 1,2,4,5-tetraoxane deriv-

atives coupled with different aryl/heteroaryl/alicyclic/spiro

groups will assist medicinal chemists in concentrating on

creating powerful new compounds against diverse strains

of Plasmodium species.

Conflict of Interest

The authors declare no conflict of interest.

Funding Information

Upendra Kumar Patel is thankful to the Council of Scientific and In-

dustrial Research (CSIR) HRDG New Delhi, India (Grant no.

09/013(0933)/2020-EMR-I) for the Junior Research Fellowship and

Senior Research Fellowship. Alka is thankful to CSIR-UGC, New Delhi,

India, for providing the Junior Research Fellowship and Senior Re-

search Fellowship (Award Ref. no. 105/(CSIR-UGC NET JUNE 2019)).

Alka Agarwal is thankful to Banaras Hindu University and the Insti-

tute of Eminence (IoE No. Dev scheme No. 6031), Varanasi, India, for

financial support.Council of Scientific and Industrial Research (09/013(0933)/2020-EMR-I)Council of Scientific and Industrial Research-University Grants Commission (105)Banaras Hindu University and the Institute of Eminence (6031)

Acknowledgment

The authors would like to thank Banaras Hindu University for provid-

ing the infrastructure facility.

References

(1) Kar, N. P.; Kumar, A.; Singh, O. P.; Carlton, J. M.; Nanda, N. Para-

sites Vectors 2014, 7, 265.

(2) Achan, J.; Talisuna, A. O.; Erhart, A.; Yeka, A.; Tibenderana, J. K.;

Baliraine, F. N.; Rosenthal, P. J.; D’Alessandro, U. Malar. J. 2011,

10, 144.

(3) Abdul Rahaman, T. A.; Rajendra, T. N.; Suhas, K. P.; Ippagunta, S.

K.; Chaudhary, S. Med. Res. Rev. 2024, 44, 2266.

(4) Kumar, N.; Khan, S. I.; Rawat, D. S. Helv. Chim. Acta 2012, 95,

1181.

(5) Sharma, C.; Awasthi, S. K. Recent Advances in Antimalarial Drug

Discovery – Challenges and Opportunities, In An Overview of

Tropical Diseases; Samie, A., Ed.; IntechOpen: Croatia, 2015, 39.

(6) World Malaria Report 2023; WHO: Geneva, 2023,

www.who.int/teams/global-malaria-pro-

gramme/reports/world-malaria-report-2023.

(7) Warrell, D. A. Schweiz. Med. Wochenschr. 1992, 122, 879.

(8) Verma, A.; Joshi, H.; Singh, V.; Anvikar, A.; Valecha, N. Malar. J.

2016, 15, 492.

(9) Joshi, H.; Prajapati, S. K.; Verma, A.; Kang’a, A.; Carlton, M. J.

Trends Parasitol. 2008, 24, 228.

(10) Mendis, K.; Sina, B.; Marchesini, P.; Carter, R. Am. J. Trop. Med.

Hyg. 2001, 64, 97.

(11) González-Cerón, L.; Martinez-Barnetche, J.; Montero-Solís, C.;

Santillán, F.; Soto, A. M.; Rodríguez, M. H.; Espinosa, B. J.;

Chávez, O. A. Malar. J. 2013, 12, 243.

(12) Dhingra, N.; Jha, P.; Sharma, V. P.; Cohen, A. A.; Jotkar, R. M.;

Rodriguez, P. S.; Bassani, D. G.; Suraweera, W.; Laxminarayan,

R.; Peto, R. Lancet 2010, 376, 1768.

(13) Olliaro, P. Clin. Infect. Dis. 2008, 47, 158.

(14) The Africa Malaria Report 2003; WHO: Geneva, 2003.

(15) Pink, R.; Hudson, A.; Mouriès, M. A.; Bendig, M. Nat. Rev. Drug

Discovery 2005, 4, 727.

(16) Weiss, J. D.; Lucas, C. D. T.; Nguyen, M.; Nandi, K. A.; Bisanzio,

D.; Battle, E. K.; Cameron, E.; Twohig, A. K.; Pfeffer, A. D.; Rozier,

A. J.; Gibson, S. H.; Rao, C. P.; Casey, D.; Bertozzi-Villa, A.; Collins,

L. E.; Dalrymple, U.; Gray, N.; Harris, R. J.; Howes, E. R.; Kang, Y.

S.; Keddie, H. S.; May, D.; Rumisha, S.; Thorn, P. M.; Barber, R.;

Fullman, N.; Huynh, K. C.; Kulikoff, X.; Kutz, J. M.; Lopez, D. A.;

Mokdad, H. A.; Naghavi, M.; Nguyen, G.; Shackelford, A. K.; Vos,

T.; Wang, H.; Smith, L. D.; Lim, S. S.; Murray, J. L. C.; Bhatt, S.;

Hay, I. S.; Gething, W. P. Lancet 2019, 394, 322.

(17) Battle, E. K.; Lucas, C. D. T.; Nguyen, M.; Howes, E. R.; Nandi, K.

A.; Twohig, K. A.; Pfeffer, A. D.; Cameron, E.; Rao, C. P.; Casey, D.;

Gibson, S. H.; Rozier, A. J.; Dalrymple, U.; Keddie, H. S.; Collins, L.

E.; Harris, R. J.; Guerra, A. C.; Thorn, P. M.; Bisanzio, D.; Fullman,

N.; Huynh, K. C.; Kulikoff, X.; Kutz, J. M.; Lopez, D. A.; Mokdad,

H. A.; Naghavi, M.; Nguyen, G.; Shackelford, A. K.; Vos, T.; Wang,

H.; Lim, S. S.; Murray, J. L. C.; Price, N. R.; Baird, J. K.; Smith, L. D.;

Bhatt, S.; Weiss, J. D.; Hay, I. S.; Gething, W. P. Lancet 2019, 394,

332.

(18) Haldar, K.; Bhattacharjee, S.; Safeukui, I. Nat. Rev. Microbiol.

2018, 16, 156.

(19) Goldberg, D. E.; Siliciano, R. F.; Jacobs, W. R. Cell 2012, 148, 1271.

(20) Hussain, H.; Specht, S.; Sarite, S. R.; Hoerauf, A.; Schulz, B.;

Krohn, K. J. Med. Chem. 2011, 54, 4913.

(21) Ranson, H.; Jensen, B.; Wang, X.; Prapanthadara, L.; Hemingway,

J.; Collins, F. H. Insect Mol. Biol. 2000, 9, 499.

(22) Greenwood, M. B.; Fidock, A. D.; Kyle, E. D.; Kappe, H. I. S.;

Alonso, L. P.; Collins, H. F.; Duffy, E. P. J. Clin. Invest. 2008, 118,

1266.

(23) Curtis, F. C.; Mnzava, E. A. Bull. W. H. O. 2000, 78, 1389.

(24) Winstanley, A. P.; Ward, A. S.; Snow, W. R. Microbes Infect. 2002,

4, 157.

(25) Bacon, P.; Spalton, J. D.; Smith, S. E. Br. J. Ophthalmol. 1988, 72,

219.

(26) Gething, W. P.; Patil, P. A.; Smitet, L. D.; Guerra, A. C.; Elyazar, I.

R. F.; Johnston, L. G.; Tatem, J. A.; Hay, I. S. Malar. J. 2011, 10, 378.

(27) Coatney, G. R. Am. J. Trop. Med. Hyg. 1963, 12, 121.

(28) Teixeira, C.; Vale, N.; Pérez, B.; Gomes, A.; Gomes, J. R. B.;

Gomes, P. Chem. Rev. 2014, 114, 11164.

(29) Sanchez, C. P.; McLean, J. E.; Stein, W.; Lanzer, M. Biochemistry

2004, 431, 6365.
SynOpen 2025, 9, 10–24



23

U. K. Patel et al. ReviewSynOpen
(30) Burgess, S. J.; Selzer, A.; Kelly, J. X.; Smilkstein, M. J.; Riscoe, M.

K.; Peyton, D. H. J. Med. Chem. 2006, 49, 5623.

(31) Baro, N. K.; Callaghan, P. S.; Roepe, P. D. Biochemistry 2013, 52,

4242.

(32) Youyou, Tu. Significance of Winning the 2015 Nobel Prize in Phys-

iology or Medicine, Editorial: Liu W., Liu Y; Cardovasc, Diagn.

Ther., Ed.; 2016, 6: 1,.

(33) Tu, Y. Nat. Med. 2011, 17, 1217.

(34) Tu, Y. Angew. Chem. Int. Ed. 2016, 55, 10210.

(35) (a) Peter, S.; Jama, S.; Alven, S.; Aderibigbe, B. A. Molecules 2021,

26, 7521. (b) Ekiert, H.; Knut, E.; Świątkowska, J.; Klin, P.;

Rzepiela, A.; Tomczyk, M.; Szopa, A. Molecules 2021, 26, 2503.

(c) Woerdenbag, H. J.; Moskal, T. A.; Pras, N.; Malingre, T. M.

J. Nat. Prod. 1993, 56, 849.

(36) Asawamahasakda, W.; Ittarat, I.; Pu, Y. M.; Ziffer, H.; Meshnick,

S. R. Antimicrob. Agents Chemother. 1994, 38, 1854.

(37) Dolivo, D.; Weathers, P.; Dominko, T. Acta Pharm. Sin. B 2021,

11, 322.

(38) Ghosh, S.; Chetia, D.; Gogoi, N.; Rudrapal, M. BioTechnologia

2021, 102, 257.

(39) del Pilar Crespo, M.; Avery, T. D.; Hanssen, E.; Fox, E.; Robinson,

T. V.; Valente, P.; Taylor, D. K.; Tilley, L. Antimicrob. Agents

Chemother. 2008, 52, 98.

(40) Watson, O. J.; Gao, B.; Nguyen, T. D.; Tran, T. N.-A.; Penny, M. A.;

Smith, D. L.; Okell, L.; Aguas, R.; Boni, M. F. Lancet Microbe 2022,

3, 701.

(41) Dodoo, A. N. O.; Fogg, C.; Asiimwe, A.; Nartey, E. T.; Kodua, A.;

Tenkorang, O.; Ofori-Adjei, D. Malar. J. 2009, 8, 2.

(42) Pongtavornpinyo, W.; Hastings, I. M.; White, N. J.; Yeung, S.;

Mills, A. J. Am. J. Trop. Med. Hyg. 2004, 71, 179.

(43) Alker, A. P.; Lim, P.; Sem, R.; Shah, N. K.; Yi, P.; Bouth, D. M.;

Tsuyuoka, R.; Maguire, J. D.; Fandeur, T.; Ariey, F.;

Wongsrichanalai, C.; Meshnick, S. R. Am. J. Trop. Med. Hyg. 2007,

76, 641.

(44) Fairhurst, R. M.; Nayyar, G. M. L.; Breman, J. G.; Hallett, R.;

Vennerstrom, J. L.; Duong, S.; Ringwald, P.; Wellems, T. E.;

Plowe, C. V.; Dondorp, A. M. Am. J. Trop. Med. Hyg. 2012, 87, 231.

(45) Lu, F.; Culleton, R.; Zhang, M.; Ramaprasad, A.; Seidlein, L. V.;

Zhu, H. Z. G.; Tang, J.; Liu, Y.; Wang, W.; Cao, Y.; Xu, S.; Gu, Y.; Li,

J.; Zhang, C.; Gao, Q.; Menard, D.; Pain, A. N. Engl. J. Med. 2017,

376, 991.

(46) Thuy-Nhien, N.; Tong, N. K T. N. T.; Vy, N. T.; Thanh, N. V.; Van H,

T.; Huong-Thu, P.; Quang, H. H.; Boni, M. F.; Dolecek, C.; Farrar,

J.; Thwaites, G. E.; Miotto, O.; White, N. J.; Hiena, T. T. Antimi-

crob. Agents Chemother. 2017, 61, 1578.

(47) Noreen, N.; Ullah, A.; Salman, S. M.; Mabkhot, Y.; Alsayari, A.;

Badshah, S. L. J. Global Antimicrob. Resist. 2021, 27, 142.

(48) Rudrapal, M.; Chetia, D. Drug Des., Devel. Ther. 2016, 10, 3575.

(49) Kyle, D. E.; Teja-Isavadharm, P.; Li, Q.; Leo, K. Med. Trop. (Mar-

seille) 1998, 58, 38.

(50) White, N. J. Trans. R. Soc. Trop. Med. Hyg. 1994, 88, 41.

(51) van Vianen, P. H.; Klayman, D. L.; Lin, A. J.; Lugt, C. B.; van Engen,

A. L.; van der Kaay, H. J.; Mons, B. Exp. Parasitol. 1990, 70, 115.

(52) Garner, P.; Graves, P. M. PLoS Med. 2005, 2, 105.

(53) Park, B. K.; O’Neill, P. M.; Maggs, J. L.; Pirmohamed, M. Br. J. Clin.

Pharmacol. 1998, 46, 521.

(54) Tang, Y.; Dong, Y.; Vennerstrom, J. L. Med. Res. Rev. 2004, 24,

425.

(55) Shukla, M.; Rathi, K.; Hassam, M.; Yadav, D. K.; Karnatak, M.;

Rawat, V.; Verma, V. P. Med. Res. Rev. 2024, 44, 66.

(56) Terent’ev, A. O.; Kutkin, A. V.; Starikova, Z. A.; Antipin, M. Y.;

Ogibin, Y. N.; Nikishin, G. I. Synthesis 2004, 2356.

(57) Yadav, N.; Sharma, C.; Awasthi, S. K. RSC Adv. 2014, 4, 5469.

(58) Vennerstrom, J. L.; Fu, H. N.; Ellis, W. Y.; Ager, A. L. Jr.; Wood, J.

K.; Andersen, S. L.; Gerena, L.; Milhous, W. K. J. Med. Chem. 1992,

35, 3023.

(59) Ghorai, P.; Dussault, P. H. Org. Lett. 2009, 11, 213.

(60) Opsenica, D.; Angelovski, G.; Pocsfalvi, G.; Juranić, Z.; Žižak, Ž.;

Kyle, D.; Milhouse, W. K.; Šolaja, B. A. Bioorg. Med. Chem. 2003,

11, 2761.

(61) Opsenica, D. M.; Radivojević, J.; Matić, I. Z.; Štajner, T.;

Knežević-Ušaj, S.; Đurković-Đaković, O.; Šolaja, B. A. J. Serb.

Chem. Soc. 2015, 80, 1339.

(62) Terent’ev, A. O.; Borisov, D. A.; Vil’, V. A.; Dembitsky, V. M. Beil-

stein J. Org. Chem. 2014, 10, 34.

(63) Yamansarov, E. Y.; Kazakov, D. V.; Medvedeva, N. I.;

Khusnutdinova, E. F.; Kazakova, O. B.; Legostaeva, Y. V.;

Ishmuratov, G. Y.; Huong, L. M.; Ha, T. T. H.; Huong, D. T.;

Suponitsky, K. Y. Steroids 2018, 129, 17.

(64) Iskra, J.; Danièle, B. D.; Bégué, J. P. Tetrahedron Lett. 2003, 44,

6309.

(65) Kim, H.-S.; Nagai, Y.; Ono, K.; Begum, K.; Watayo, Y.; Hamada,

Y.; Tsuchiya, K.; Masuyama, A.; Nojima, M.; McCullongh, K.

J. Med. Chem. 2001, 44, 2357.

(66) Šolaja, B. A.; Terzić, N.; Pocsfalvi, G.; Genena, L.; Tinant, B.;

Opsenica, D.; Milhous, W. K. J. Med. Chem. 2002, 45, 3331.

(67) Milas, N. A.; Harris, S. A.; Panagiotakos, P. C. J. Am. Chem. Soc.

1939, 61, 2430.

(68) Adam, W.; Asensio, G.; Curci, R.; Marco, J. A.; González-Núñez,

M. E.; Mello, R. Tetrahedron Lett. 1992, 33, 5833.

(69) Keul, H. Chem. Ber. 1975, 108, 1198.

(70) Wojciechowski, B. J.; Pearson, W. H.; Kuczkowski, R. L. J. Org.

Chem. 1989, 54, 115.

(71) Ito, Y.; Yokaya, H.; Umehara, Y.; Matsuura, T. Bull. Chem. Soc. Jpn.

1980, 53, 2407.

(72) Jefford, C. W.; Jaber, A.; Boukouvalas, J. Synthesis 1988, 391.

(73) Opsenica, D.; Pocsfalvi, G.; Juranic, Z.; Tinant, B.; Declercq, J.-P.;

Kyle, D. E.; Milhous, W. K.; Šolaja, B. A. J. Med. Chem. 2000, 43,

3274.

(74) Amado, P. S. M.; Frija, L. M. T.; Coelho, J. A. S.; O’Neill, P. M.;

Cristian, M. L. S. J. Org. Chem. 2021, 86, 10608.

(75) Todorović, N. M.; Stefanovic, M.; Tinant, B.; Declercq, J.-P.;

Makler, M. T.; Šolaja, B. A. Steroids 1996, 61, 688.

(76) Kim, H.-S.; Tsuchiya, K.; Shibata, Y.; Wataya, Y.; Ushigoe, Y.;

Masuyama, A.; Nojima, A.; McCullough, K. J. Chem. Soc., Perkin.

Trans. 1 1999, 1867.

(77) Sashidhara, K. V.; Avula, S. R.; Singh, R. L.; Palnati, G. R. Tetrahe-

dron Lett. 2012, 53, 4880.

(78) Khosravi, K.; Asgari, A. J. Adv. Chem. 2015, 11, 3381.

(79) Kumar, N.; Khan, S. I.; Sharma, M.; Atheaya, H.; Rawat, D. S.

Bioorg. Med. Chem. Lett. 2009, 19, 1675.

(80) Yan, X.; Chen, J.; Zhu, Y. T.; Zhu, C. Synlett 2011, 2827.

(81) Khosravi, K.; Zendehdel, M.; Naserifar, S.; Tavakoli, F.; Khalaji,

K.; Asgari, A. J. Chem. Res. 2016, 40, 744.

(82) Khosravi, K.; Karimi, A. R.; Naserifar, S. Iran. J. Catal. 2017, 7, 11.

(83) Yaremenko, I. A.; Radulov, P. S.; Belyakova, Y. Y.; Demina, A. A.;

Fomenkov, D. I.; Barsukov, D. V.; Subbotina, I. R.; Fleury, F.;

Terent’ev, A. O. Chem. Eur. J. 2020, 26, 4734.

(84) McCullough, K. J.; Morgan, A. R.; Nonhebel, D. C.; Pauson, P. L.;

White, G. J. J. Chem. Res. Synop. 1980, 2, 36.

(85) For a review see: Dong, Y. Mini. Rev. Med. Chem. 2002, 2, 113;

and references cited therein.

(86) Story, P. R.; Lee, B.; Bishop, C. E.; Denson, D. D.; Busch, P. J. Org.

Chem. 1970, 35, 3059.

(87) Sanderson, J. R.; Zeiler, A. G.; Witterdink, R. J. J. Org. Chem. 1975,

40, 2239.
SynOpen 2025, 9, 10–24



24

U. K. Patel et al. ReviewSynOpen
(88) Dong, Y.; Vennerstorm, J. L. J. Heterocycl. Chem. 2001, 38, 463.

(89) Tasca, J.; Lavat, A.; Nesprias, K.; Barreto, G.; Alvarez, E.; Eyler, N.;

Cañizo, A. J. Mol. Catal. A 2012, 363–364, 166.

(90) Vennerstrom, J. L.; Dong, Y.; Andersen, S. L.; Ager, A. L.; Fu, H.-

N.; Miller, R. E.; Wesche, D. L.; Kyle, D. E.; Gerena, L.; Walters, S.

M.; Wood, J. K.; Edwards, G.; Holme, A. D.; McLean, W. G.;

Milhous, W. K. J. Med. Chem. 2000, 43, 2753.

(91) McCullough, K. J.; Wood, J. K.; Bhattacharjee, A. K.; Dong, Y.;

Kyle, D. E.; Milhous, W. K.; Vennerstrom, J. L. J. Med. Chem. 2000,

43, 1246.

(92) Terzic, N.; Konstantinović, J.; Tot, M.; Burojević, J.; Djurković-

Djaković, O.; Srbljanović, J.; Štajner, T.; Verbić, T.; Zlatović, M.;

Machado, M.; Albuquerque, I. S.; Prudćncio, M.; Sciotti, R. J.;

Pecic, S.; D’Alessandro, S.; Taramelli, D.; Šolaja, B. A. J. Med.

Chem. 2016, 59, 264.

(93) D’Alessandro, S.; Silvestrini, F.; Dechering, K.; Corbett, Y.;

Parapini, S.; Timmerman, M.; Galastri, L.; Basilico, N.;

Sauerwein, R.; Alano, P.; Taramelli, D. J. Antimicrob. Chemother.

2013, 68, 2048.

(94) Amewu, R.; Stachulski, A. V.; Ward, S. A.; Berry, N. G.; Bray, P. G.;

Davies, J.; Labat, G.; Vivas, L.; O’Neill, P. M. Org. Biomol. Chem.

2006, 4, 4431.

(95) Ellis, G. L.; Amewu, R.; Sabbani, S.; Stocks, P. A.; Shone, A.;

Stanford, D.; Gibbons, P.; Davies, J.; Vivas, L.; Charnaud, S.;

Bongard, E.; Hall, C.; Rimmer, K.; Lozanom, S.; Jesús, M.;

Gargallo, D.; Ward, S. A.; O’Neill, P. M. J. Med. Chem. 2008, 51,

2170.

(96) O’Neill, P. M.; Amewu, R. K.; Nixon, G. L.; Bousejra El Garah, F.;

Mungthin, M.; Chadwick, J.; Shone, A. E.; Vivas, L.; Lander, H.;

Barton, V.; Muangnoicharoen, S.; Bray, P. G.; Davies, J.; Park, B.

K.; Wittlin, S.; Brun, R.; Preschel, M.; Zhang, K.; Ward, S. A.

Angew. Chem. Int. Ed. 2010, 49, 5693.

(97) Vennerstrom, J. L.; Arbe-Barnes, S.; Brun, R.; Charman, S. A.;

Chiu, F. C.; Chollet, J.; Dong, Y.; Dorn, A.; Hunziker, D.; Matile, H.

Nature 2004, 430, 900.

(98) Marti, F.; Chadwick, J.; Amewu, R. K.; Burrell-Saward, H.;

Srivastava, A.; Ward, S. A.; Sharma, R.; Berry, N.; O’Neill, P. M.

Med. Chem. Commun. 2011, 2, 661.

(99) Chadwick, J.; Amewu, R. K.; Marti, F.; Garah, F. B.-E.; Sharma, R.;

Berry, N. G.; Stocks, P. A.; Burrell-Saward, H.; Wittlin, S.;

Rottmann, M.; Brun, R.; Taramelli, D.; Parapini, S.; Ward, S. A.;

O’Neill, P. M. ChemMedChem 2011, 6, 1357.

(100) Dong, Y.; McCullough, K. J.; Wittlin, S.; Chollet, J.; Vennerstrom,

J. L. Bioorg. Med. Chem. Lett. 2010, 20, 6359.

(101) Dong, Y.; Matile, H.; Chollet, J.; Kaminsky, R.; Wood, J. K.;

Vennerstrom, J. L. J. Med. Chem. 1999, 42, 1477.

(102) Kumar, N.; Khan, S. I.; Rajalakshmi, G.; Kumaradhas, P.; Rawat,

D. S. Bioorg. Med. Chem. 2009, 17, 5632.

(103) Kumar, N.; Khan, S. I.; Atheaya, H.; Mamgain, R.; Rawat, D. S. Eur.

J. Med. Chem. 2011, 46, 2816.

(104) Amewu, R. K.; Chadwick, J.; Hussain, A.; Panda, S.; Rinki, R.;

Janneh, O.; Ward, S. A.; Miguel, C.; Burrell-Saward, H.; Vivas, L.;

O’Neill, P. M. Bioorg. Med. Chem. 2013, 21, 7392.

(105) O’Neill, P. M.; Sabbani, S.; Nixon, G. L.; Schnaderbeck, M.;

Roberts, N. L.; Shore, E. R.; Riley, C.; Murphy, B.; McGillan, P.;

Ward, S. A.; Davies, J.; Amewu, R. K. Tetrahedron 2016, 72, 6118.

(106) O’Neill, P. M.; Amewu, R. K.; Charman, S. A.; Sabbani, S.; Gnädig,

N. F.; Straimer, J.; Fidock, D. A.; Shore, E. R.; Roberts, N. L.; Wong,

M. H.-L.; Hong, W. D.; Pidathala, C.; Riley, C.; Murphy, B.;

Aljayyoussi, G.; Gamo, F. J.; Sanz, L.; Rodrigues, J.; Gonzalez

Cortes, C.; Herreros, E.; Angulo-Barturén, I.; Jiménez-Díaz, M. B.;

Ferrer Bazaga, S.; Santos Martínez-Martínez, M.; Campo, B.;

Sharma, R.; Ryan, E.; Shackleford, D. M.; Campbell, S.; Smith, D.

A.; Wirjanata, G.; Noviyanti, R.; Price, N. R. N.; Marfurt, J.;

Palmer, M. J.; Copple, I. M.; Mercer, A. E.; Ruecker, A.; Delves, M.

J.; Sinden, R. E.; Siegl, P.; Davies, J.; Rochford, R.; Kocken, C. H.

M.; Zeeman, A.-M.; Nixon, G. L.; Biagini, G. A.; Ward, S. A. Nat.

Commun. 2017, 8, 15159.

(107) O’Neill, P. M.; Stocks, P. A.; Sabbani, S.; Roberts, N. L.; Amewu, R.

K.; Shore, E. R.; Aljayyoussi, G.; Angulo-Barturén, I.; Jiménez-

Díaz, M. B.; Ferrer Bazaga, S. Santos Martínez M.; Campo, B.;

Sharma, R.; Charman, S. A.; Ryan, E.; Chen, G.; Shackleford, D.

M.; Davies, J.; Nixon, G. L.; Biagini, G. A.; Ward, S. A. Bioorg. Med.

Chem. 2018, 26, 2996.

(108) Opsenica, I.; Opsenica, D.; Lanteri, C. A.; Anova, L.; Milhous, W.

K.; Smith, K. S.; Šolaja, B. A. J. Med. Chem. 2008, 51, 6216.

(109) Miranda, D.; Capela, R.; Albuquerque, I. S.; Meireles, P.; Paiva, I.;

Nogueira, F.; Amewu, R.; Gut, J.; Rosenthal, P. J.; Oliveira, R.;

Mota, M. M.; Moreira, R.; Marti, F.; Prudêncio, M.; O’Neill, P. M.;

Lopes, F. ACS Med. Chem. Lett. 2014, 5, 108.

(110) Capela, R.; Magalhães, J.; Miranda, D.; Machado, M.; Sanches-

Vaz, M.; Albuquerque, I. S.; Sharma, M.; Gut, J.; Rosenthal, P. J.;

Frade, R.; Perry, M. J.; Moreira, R.; Prudêncio, M.; Lopes, F. Eur. J.

Med. Chem. 2018, 149, 69.

(111) Mahmud, A. W.; Shallangwa, G. A.; Uzairu, A. Beni-Suef Uni. J.

Basic Appl. Sci. 2020, 9, 19.

(112) Oliveira, R.; Guedes, R. C.; Meireles, P.; Albuquerque, I. S.;

Goncalves, L. M.; Pires, E.; Bronze, M. R.; Gut, J.; Rosenthal, P. J.;

Prudêncio, M.; Moreira, R.; O’Neill, P. M.; Lopes, F. J. Med. Chem.

2014, 57, 4916.

(113) Gogoi, J.; Chetia, D.; Kumawat, M. K.; Rudrapal, M. Indian J.

Pharm. Educ. Res. 2016, 50, 591.

(114) Kumawat, M. K.; Singh, U. P.; Chetia, D. Pharm. Chem. J. 2019, 53,

822.

(115) Singh, P.; Sharma, C.; Sharma, B.; Mishra, A.; Agarwal, D.;

Kannan, D.; Held, J.; Singh, S.; Awasthi, S. K. Eur. J. Med. Chem.

2022, 244, 114774.

(116) Kumar, A.; Agarwal, D.; Sharma, B.; Gupta, R. D.; Awasthi, S. K.

ACS Omega 2024, 9, 31611.

(117) Bousejra-El Garah, F.; Wong, M. H.-L.; Amewu, R. K.;

Muangnoicharoen, S. Maggs J. L.; Stigliani, J.-L.; Park, B. K.;

Chadwick, J. Ward S. A.; O’Neill, P. M. J. Med. Chem. 2011, 54,

6443.
SynOpen 2025, 9, 10–24


