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Over the last decades, the geographical distribution of certain mosquito species carrying
vector-borne diseases has considerably expanded. They represent a major health
concern as they transmit pathogens causing alarming epidemics. In the absence
of vaccines for most of the mosquito-borne diseases, the use of topical mosquito
repellents is one of the main measures to prevent human-mosquito contacts. Synthetic
repellents are the most used mosquito repellents. However, several concerns about
their safety for consumers have led to a growing demand of natural alternatives.
Here we present an overview of the most commonly used natural-based mosquito
repellents: repellent activity, biological action, composition, stereochemical structure
(when appropriate) and syntheses, paradoxically far from being eco-friendly. We
discuss on future prospective that would combine sustainable chemical processes
and synergistic effects promising for the development of natural, safe and efficient
topical repellents.

Keywords: mosquito, bio-sourced repellent, essential oil, synergy, chemosensation

INTRODUCTION

Mosquitoes represent a serious threat to public health as they are now considered as the deadliest
animal in the world. They are powerful vectors spreading pathogens in human population.
Hematophagous female mosquitoes belonging to the genera Aedes, Anopheles, and Culex can
transmit disabling and deadly diseases. They infect humans with protozoan parasites causing
malaria, oestridean parasites causing myasis, filarioidean parasites causing helminthiasis and
viruses causing Dengue fever, Chikungunya, Japanese encephalitis, Sindbis fever, Rift Valley fever,
West Nile fever, Yellow fever, and Zika (Amraoui et al., 2018). Mosquito-borne diseases outbreaks
have soared over the last decades, exemplified by the 30 fold increase of Dengue fever over the
last 30 years World Health Organization (WHO, 2015). The surge of mosquito-borne diseases
outbreaks can be related to human behavior through climate change, deforestation, urbanization
and globalization. The most striking example is the one of the Asian tiger mosquito – Aedes
albopictus – the most invasive mosquito species in the world (Reinhold et al., 2018), which has
spread from tropical forests in Southeast Asia to other tropical areas and more recently to temperate
regions, as southern parts of Europe (Gasperi et al., 2012; ECDC, 2018), causing several reported
autochthonous disease cases (Roiz et al., 2015; Venturi et al., 2017).
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Unfortunately, no effective vaccine has been yet successfully
developed against the above-mentioned mosquito-borne diseases
except for Japanese encephalitis and Yellow fever (List of
Vaccines | CDC, 2018). The most common control measure
of vector natural populations is primarily based on the use of
insecticides, but such a chemical control has some drawbacks,
as for instance the increasing emergence of resistance to
insecticides (Ranson et al., 2010) and the adverse effects on
human health and environment. Physical protection with bed
nets (Alonso et al., 1991) or long clothes is effective but
their protection vastly depends on the mosquito species biting
behavior (e.g., diurnal or nocturnal species) and obviously not
always adjusted for outdoors activities. These reasons have
brought the attention to the use of personal protection measures,
as repellent formulations, as the most realistic and sensible
approach to protect individuals. Spatial and contact repellents
are often preferred and recommended by health authorities to
prevent mosquitoes’ bites.

In the 1950’s, original plant-based repellents were replaced by
synthetic repellents for their astonishing efficacy. The reference
topical mosquito repellents currently commercialized in the
European Union are the following synthetic molecules: N,N-
diethyl-meta-toluamide (DEET) which is the gold standard of
mosquito repellent, 3-(N-n-butyl-N-acetyl)-amino-propionic
acid ethyl ester (IR3535), 3-phenoxybenzyl (1RS)-cis, trans-
3-(2,2-dichlorovinyl)-2,2-dimethylcyclopropane carboxylate
(permethrin), 2-(2-hydroxyethyl)-1-methylpropylstyrene 1-
piperidine carboxylate (picaridin, also called KBR 3023, icaridin,
or BayrepelTM) and para-menthane-3,8-diol (PMD).

Although being produced by chemical synthesis processes
to be commercialized, IR3535, permethrin and PMD are bio-
sourced while DEET and picaridin do not derive from natural
compounds. The efficacy of DEET and picaridin is unbeatable –
a 15% DEET solution provides 7–8 h of complete protection
time against A. albopictus for example (Barnard and Xue,
2004). However, in the last decade several studies have brought
to light the potential adverse effects on human health and
environment. DEET inhibits the activity of acetylcholinesterase,
a key enzyme of synaptic transmission, leading to neurotoxic
effects in insects but also in humans (Corbel et al., 2009;
Swale et al., 2014). DEET has also been reported to inhibit
Na+ and K+ ion channels of mammalian cortical neurons
and to behave as an allosteric modulator of M3 mAchR in
humans inducing pro-angiogenic effects (Abd-Ella et al., 2015;
Legeay et al., 2016). Moreover, all synthetic repellents can
cause skin irritation; Picaridin has been reported to cause
dermatitis in humans and hepatic toxicity in rats (Picaridin –
A New Insect Repellent | The Medical Letter Inc., 2005).
DEET and its derivatives also damage plastics and synthetic
fibers (Diaz, 2016). Apart from presenting worrying signs of
toxicity, clear hints of mosquito resistance to DEET have been
evidenced lately. Genetic factors (a mutation leading to a non-
response of the receptors involved in DEET recognition in
insects) (Stanczyk et al., 2010) and non-genetic desensitization
(Stanczyk et al., 2013) lead to a significant decrease in
response to the repellent, which will undoubtedly cause
dramatic consequences.

None of the non-bio-sourced repellents appears to be ideal
for a long-term and safe use. In addition, the natural and
environment-friendly criterions are of increasing interest due
to a growing ecological awareness that redefines consumers’
expectations (Pohlit et al., 2011). We dedicated this review to
the recent advances and developments of bio-sourced mosquito
repellents using molecular tools of chemistry and bringing a
new scale of understanding and analysis often restricted to
biology or ecology.

In this review, we compare bio-sourced mosquito repellents
that are allowed for commercialization within the European
Union – IR3535, permethrin and PMD – and other natural active
compounds not commercialized yet as such – methyl jasmonate,
methyl anthranilate and fatty acids derived from glyceridic oils.
We firstly expose their chemical composition, stereochemical
structures, their mode of action, their repellent activity against
mosquito and discuss about their potential impacts on human
health and environment. Then, we present an overview of their
synthesis routes and discuss about their controversial syntheses,
which are not environment-friendly so far. Finally, we discuss
about the potential of new formulations based on mixtures of
different active compounds, which take into account the complex
chemoreception system of mosquitoes.

IR3535 – 3-(N-N-BUTYL-N-ACETYL)-
AMINO-PROPIONIC ACID ETHYL
ESTER

IR3535 or Ethyl ButylAcetylAminoPropionate (EBAAP, EBAP,
Merck 3535, OMS 3065) is an N-acyl β-aminoester. Its
IUPAC designation is 3-(N-n-butyl-N-acetyl)-aminopropionic
acid ethyl ester.

Repellent Activity of IR3535
IR3535 is an efficient topical repellent against reference
mosquito species. It is as effective as DEET, the synthetic gold
standard, in repelling Culex and Aedes species but may be
less effective in repelling Anopheles species. A 20% formulation
of IR3535 provides complete protection against Culex and
Aedes mosquitoes for 7–10 h and for 3–4 h against Anopheles
mosquitoes (Lupi et al., 2013).

Biological Mode of Action of IR3535
The molecular mode of action of IR3535, as well as most
mosquito repellents, is getting more scientific interests but
remains poorly documented (Sparks et al., 2018). Yet in 2011,
Dickens and co-workers have identified two odorant receptors of
Aedes aegypti, AaOR2 and AaOR8, involved in the recognition
of attractive odorants (Bohbot et al., 2011). They tested the
activity of IR3535 against these two receptors AaOR2 and
AaOR8 in an AaOR/AaORco-expressing oocyte system. They
found that IR3535 partially or totally inhibited the current
response upon activation against AaOR2/ORco or AaOR8/ORco,
respectively. In similar experiments, Leal and co-workers tested
the activity of IR3535 against the receptor CquiOR136 of Culex
quinquefasciatus in the CquiOR136/CquiORco-expressing oocyte
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system (Xu et al., 2014). They found that IR3535 activates
the heterodimeric complex CquiOR136/CquiORco, in a dose-
dependent manner and with the best activation constant among
other repellents as DEET. Similarly CquiOR32 was found to be
as well activated by IR3535 (Xu et al., 2018). These three studies
suggest that IR3535 might target and modulate several odorant
receptors within one species of mosquito, and according to the
presence or absence of another odorant molecule. In another
approach, focusing on gustatory receptor neurons of A. aegypti,
Dickens and co-workers showed that gustatory receptors can
be sensitive to IR3535 feeding, although the responding GRs
remain to be identified (Sanford et al., 2013). Much systematic
studies need to be performed to identify all the receptors targeted
by IR3535 and other involved proteins in order to unveil its
repellency mechanism.

Toxicity of IR3535
The toxicity of IR3535 to humans is still questionable since
no extensive studies have been carried out since Klier and
Kuhlow in 1976 (Nentwig, 2003). Oral and dermal toxicity were
tested on laboratory animals and their values are only twice less
harmful than DEET to rats. IR3535 causes serious eye irritation,
permeates human skin after topical application (WHO, 2006;
Specifications and Evaluations for Public Health Pesticides. Ethyl
butylacetylaminopropionate.) and like DEET it may dissolve or
damage synthetic materials (Doggett et al., 2018). However, a
positive point is that this chemical might not be toxic to aquatic
life and does not accumulate in environment as it is the case of
other synthetic repellents (von Elert et al., 2016).

Syntheses of IR3535
The natural origin of IR3535 is controversial. It is not present
in Nature but is classified as a natural repellent and considered
as a biopesticide in the United States. The manufacturer Merck
claims that IR3535 is inspired from nature (Discover the Insect
Repellent IR3535 R© | Merck Global, 2019), while Islam et al. have
classified IR3535 as a natural/synthetic repellent at the same time
(Islam et al., 2017). Its chemical structure (Figure 1) is indeed
inspired from β-alanine, an amino acid naturally occurring in
two peptides carnosine and anserine, and in pantothenic acid
(Patel et al., 2016). But this structural analogy with β-alanine
causes confusion; the chemical synthesis of IR3535 brings clarity
to the situation.

O N

O

O

HO NH2

O

synthetically 
available

natural

IR3535

-alanine

FIGURE 1 | IR3535 backbone related to β-alanine (nature-based backbones
colored in green).

The synthesis of IR3535 is based on the one pot reaction
sequence i) Michael addition of butylamine onto ethylacrylate,
ii) acylation of secondary amine with acetyl chloride (Klier and
Kuhlow, 1976; Jian et al., 2008; Scheme 1).

IR3535 does not derive from β-alanine but from ethylacrylate,
butylamine and acetyl chloride, which are extremely hazardous,
flammable or explosive, irritant, toxic and carcinogen
(PubChem, 2019).

In conclusion, IR3535 presents a fragment of the natural
β-alanine but does not derive from it, hence it should not be
considered as a bio-sourced repellent and the developed chemical
synthesis is far from reaching any eco-friendly criteria.

PERMETHRIN – 3-PHENOXYBENZYL
(1RS)-CIS,
TRANS-3-(2,2-DICHLOROVINYL)-2,2-
DIMETHYLCYCLOPROPANECARBOXYLATE)

Permethrin is a synthetic pyrethroid insecticide that can
also act as a contact repellent (Roberts et al., 1997). Its
IUPAC designation is 3-Phenoxybenzyl (1RS)-cis,trans-3-(2,2-
dichlorovinyl)-2,2-dimethylcyclopropane- carboxylate).

Always classified as a synthetic repellent, it is noteworthy
that the chemical structure of permethrin is largely inspired
from pyrethrins, which are naturally occurring in flowers of
Chrysanthemum sp. (Figure 2).

Repellent Activity and Toxicity of
Permethrin
Pyrethrins have been used for their insecticidal and
insect-repellent properties for thousands of years. At low
concentrations, they behave like repellents (Roberts et al., 1997);
at higher doses, they act on the nervous system of insects
(Narahashi, 2000); and at very high dose, they become toxic, even
to humans by affecting the GABA neurotransmitter.

O N

O

O
IR 3535

O H2N

O

O

Cl+

SCHEME 1 | Retrosynthesis of IR3535.
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FIGURE 2 | Structure similarity of permethrin, pyrethrins, and chrysanthemic
acid (chrysantemic moiety colored in green).

The chemical instability and the insufficient availability of
pyrethrins have led to synthetic pyrethroids. The commercially
used pyrethroids in mosquito control are permethrin,
deltamethrin, resmethrin and sumithrin. Permethrin is the best-
known synthetic pyrethroid. However, the use of permethrine
as a topical repellent is limited due to a poor repellent efficacy:
A. aegypti bites are delayed by 334 s for a 5% formulation of
permethrin and by 7508 sec for a 50% formulation of DEET
(Miot et al., 2008). Permethrin is mostly used as an insecticide
instead. The insecticide action requires a direct contact with
the mosquito, blocking the voltage-gated sodium channel in
an activated state making the neuronal membranes persistently
depolarized leading to mosquito paralysis and death (Raymond-
Delpech et al., 2005; Field et al., 2017). As DEET, due to a lack of
specificity to insect organisms, neurotoxic effects of permethrin
were reported (Soderlund et al., 2002). Permethrin is more suited
to be used on clothing and bed nets rather than being applied
on the skin, although none cutaneous contact is difficult to be
prevented (a 60 kg adult is exposed to 9.45 g of permethrin per
day if sleeping under a bed net) (Ross et al., 2011; Duvallet and
de Gentile, 2017). Apart from presenting clear signs of toxicity,
evidence of mosquito resistance to permethrin, and other
pyrethroids in general, has been reported for a decade (Moyes
et al., 2017). More recently, it has been noticed that A. albopictus
has evolved resistance to permethrin in territory invaded only
30 years ago (Pichler et al., 2018). In addition to being highly
toxic to aquatic organisms and cold-blooded animals, permethrin
is also known to be extremely toxic to bees (LD50 < 2 µg/bees)
(Sanchez-Bayo and Goka, 2014; Piccolomini et al., 2018).

Syntheses of the Chrysanthemic Moiety
Rather different from the biosynthesis of the chrysanthemyl
skeleton based on the coupling of two molecules of
dimethylallyl pyrophosphate catalyzed by chrysanthemyl

diphosphate synthase, two main strategies have been industrially
developed (Scheme 2).

The first one is based on the addition of an ethyldiazoacetate
to 1,1-dichloro-4-methyl-1,3-pentadiene (Farkaš et al., 1959;
Mizutani et al., 1975; Mori et al., 1978, 1980; O’Neil, 2013).
The key reaction gives a mixture of cis and trans diastereomers
of the chrysanthemic intermediate. The cis/trans ratio varies
depending on the experimental conditions and can also vary with
time due to differential rates of hydrolysis and photolysis. The
cis- and trans-isomers can be separated from one another by
selective crystallization. It is typically a mixture of (−) cis and
(+) trans esters in a 40:60 ratio that is required for a protection
against mosquito. Different ingenious improvements have been
accomplished to induce the formation of the cis-isomer, which
exhibits the best repulsive activity (Abdel-Magid and Bien, 2004).

The second strategy is based on the dehydrohalogenation
of a 3,3-dimethyl-4,6,6,6-tetrachlorohexanoate via successive
1,2-elimination and 1,3-elimination in basic conditions (Itaya
et al., 1977; Kondo et al., 1977). And the 3,3-dimethyl-
4,4,6,6-tetrachlorohexanoate was prepared by the addition
of tetrachloromethane onto ethyl 3,3-dimethyl-4-pentenoate,
promoted by a radical initiator or by irradiation. The extension of
this methodology to (2R)-1,1,1-trichloro-2-hydroxy-4-methyl-3-
pentene and the subsequent formation of trichloromethyl bicyclic
lactone allowed the synthesis of the key enantiomer (1R)-cis of the
chrysanthemic intermediate (Kondo et al., 1980).

Although the chemical skeleton of permethrin is inspired from
natural pyrethrins, the first presented strategies require the use
of ethyl diazoacetate which is flammable, unstable, toxic and

OPP

OPP

chrysanthemyl 
diphosphate synthase

OPP

industrial syntheses

biosynthesis

Cl

Cl
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Cl
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Cl

Cl
Cl

Cl

O

OEt
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ii)

CCl4
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B

SCHEME 2 | (A) Key step of the biosynthetic pathway of chrysanthemic acid
catalyzed by chrysanthemyl diphosphate synthase; (B) industrial syntheses
(i,ii) of the chrysanthemic moiety.
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carcinogen. The second approach required carbon tetrachloride,
which is hepatotoxic and can affect the central nervous system.
A prolonged exposure could be fatal.

METHYL JASMONATE – METHYL
{(3-OXO-2-[(2Z)-2-PENTEN-1-YL]
CYCLOPENTYL}ACETATE

Methyl jasmonate is a chiral cyclopentanone with two ring
members: the first one is a methyl ester, the second carries
a Z-pentenyl group. Its IUPAC designation is methyl {3-oxo-
2-[(2Z)-2-penten-1-yl] cyclopentyl} acetate. Methyl jasmonate
displays two chiral centers in positions and resulting in two pairs
of enantiomers (1R,2S)/(1S,2R) and (1R/2R)/(1S,2S) (Figure 3).

Both cis-methyl epijasmonate (1R,2S) and trans-methyl
jasmonate (1R,2R) are natural key hormones that play essential
roles in plant developmental and defense pathways (Wasternack
and Hause, 2013). Indeed a recent review stated the crucial roles
of jasmonate, that shares common biosynthetic pathway with
methyl-jasmonate, in plant defense against insects (Wang J.
et al., 2019). Although trans-methyl jasmonate is more stable,
the ratio cis/trans-methyl jasmonate varies greatly in plants,
20/80 in undamaged and 60/40 in damaged plant materials,
suggesting non-redundant roles of both diastereoisomers
(Tamogami et al., 2011).

Repellent Activity and Biological Mode of
Action of Methyl Jasmonate
Among diverse applications [flavor and fragrance agent,
promising anti-cancer drug (Cohen and Flescher, 2009)], methyl
jasmonate appears to behave as a good repellent against nymphs
of the tick species Ixodes ricinus (Garboui et al., 2007). The
repellent efficacy of methyl jasmonate against mosquito species
remains poorly documented. Yet Leal and co-workers found that
methyl jasmonate targets the same OR (CquiOR136) as DEET
and IR3535 in C. quinquefasciatus, and suggested that methyl

FIGURE 3 | Natural and synthetically available structures of methyl jasmonate
stereoisomers.

jasmonate might be its natural ligand. As well, a similar study
showed that methyl dihydrojasmonate, the saturated analog,
demonstrated a strong repellency against C. quinquefasciatus
and triggered a high odorant induced current response in the
overexpressed CquiOR136/CquiORco Xenopus oocyte system
(Zeng et al., 2018). However, no discrimination between the
two natural diasteroisomers (1R,2S) and (1R,2R) versus mosquito
repellency has been studied yet.

Syntheses of Methyl Jasmonate
Methyl jasmonate is present in extremely low quantities in plants
(Jasminum grandiflorum, Rosmarinus officinalis) and red algae
(Galium latifolium). Given its importance, many efforts have been
made to synthetize methyl jasmonates (epi, ent-epi, cis/trans,
racemic, enantiopur) and analogs such as dihydrojasmonates
(Scheme 3). A great variety of strategies have been studied
for the construction of the cyclic moiety: preparation of a
functionalized bicycle (Sisido et al., 1969), preparation of
a chloroindenone by cycloaddition (Chapuis et al., 2006),
functionalization of a cyclopentanone into 2 then 1 position
(Buchi and Egger, 1971; Näf and Decorzant, 1978; Kataoka
et al., 1987), functionalization of a cyclopentanone into 1 then

SCHEME 3 | (A) Key steps of the octadecanoid pathway of cis- and
trans-methyl jasmonates in plants; (B) retrosynthesis based on industrial
syntheses of methyl jasmonate.
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2 position (Luo and Negishi, 1985; McDougal and Schaus, 2003;
Ito et al., 2005). In any cases, the Z olefin part was built by
Wittig reaction, whereas the methyl ester group was introduced
by homologation, opening of a lactone, oxidative cleavage of
a C = C bond or Michael addition. In each case, syntheses of
racemic or enantiopur methyl jasmonates correspond to complex
total syntheses (from 4 to 16 steps), and remains a challenge
especially to reach eco-friendly conditions (Deau, 2011).

METHYL ANTHRANILATE – METHYL
2-AMINOBENZOATE

Methyl anthranilate is an amino ester comprising an aromatic
backbone. Its IUPAC designation is methyl 2-aminobenzoate.

Methyl anthranilate is a natural product, present in small
amounts in Washington concord grapes (Vitis labrusca) and in
extracts of various plant species, such as neroli, bergamot, lemon,
jasmine and mandarin. In plants, it might play a role in defense
pathways since it was found to be formed in maize after herbivore
damage (Köllner et al., 2010). It exhibits a pleasant fruit-like
flavor and is used as a perfume, as a flavoring agent in drugs,
candies, chewing gum, and soft drinks.

Repellent Activity of Methyl Anthranilate
Methyl anthranilate is extensively used as an agricultural
bird repellent sprayed on crops, in landfills and airports.
Recently, methyl anthranilate and analogs (ethyl anthranilate,
butyl anthranilate, and methyl N,N-dimethyl anthranilate) were
identified as potent repellents against Drosophila melanogaster
in a computational structure-activity screen exhibiting similar
skeleton as DEET (Figure 4; Kain et al., 2013). Methyl
anthranilate, ethyl anthranilate and methyl N,N-dimethyl
anthranilate have shown good repellent properties against
A. aegypti. They presented similar activity as DEET in host-
seeking experiments and a stronger oviposition deterrence than
DEET (Afify et al., 2014). However, the biological action and

methyl anthranilate

natural synthetically available

ethyl anthranilate

methyl N,N-dimethyl anthranilate
DEET

OMe

O

NMe2

OMe

O

NH2

OEt

O

NH2

NEt2

O

FIGURE 4 | Structure similarity of anthranilate derivatives and DEET.

targeted receptors of these repellents in mosquito are still unclear
(Kain et al., 2013; Silbering et al., 2016).

Syntheses of Methyl Anthranilate
Commercial methyl anthranilate is produced by organic
syntheses which largely differ from the biosynthesis pathway,
which derives from shikimic acid and chorismic acid through the
shikimate pathway (Wang and Luca, 2005; Scheme 4). Numerous
synthetic pathways and manufacturing processes have been
developed in which the challenge is the introduction of the amino
group. The most common industrial processes are based on a
Hoffmann-Type Rearrangement from phthalic anhydride (Gao,
Lianjia, 2011), a key intermediate for the production of phthalate
esters plasticizers, which are endocrine disruptors. Other classic
strategies are based on the reaction sequence nitration/reduction
(Min et al., 2016) and diazotation/reduction (Markiewicz et al.,
2010), which requires sodium azide, a severe poison.

Various metal-catalyzed N-arylations have also been described
(Xia and Taillefer, 2009; Siddegowda et al., 2012; Huang et al.,
2017; Li et al., 2017). This strategy is elegant but combines an
acute toxic solvent (DMF) and a hazardous catalyst [Cu(acac)2],
which is suspected of damaging fertility and known to be toxic
for aquatic ecosystem.

Recently, an original process has been established from an
elegant C-H amination by the pyridinium radical cation (Ham
et al., 2019). This methodology is of academic interest, but is

- esterification
- oxidative esterification
- transesterificationcarbonylation

- Hoffmann type rearrangement
- nitration/reduction
- diazotation/reduction
- diazo group transfer
- N-arylation
- C-H amination

industrial synthesesbiosynthesis

OMe

NH2

O

anthranilic acid
NH2

O

OH

OH

OH

OHO

HO

shikimic acid

shikimate
pathway

OH

O

OHO

CH2

COOH

NH2

O

OMe

methyl anthranilate

chorismic acid

1 or 2 steps

3 steps

A B

SCHEME 4 | (A) Key steps of the biosynthetic pathway of methyl anthranilate
in plants; (B) retrosynthesis based on industrial syntheses of methyl
anthranilate.
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not commercially scalable at any stage of the process. Moreover,
the experimental conditions (CH3CN, CH2Cl2) raise concerns in
terms of toxicity or carcinogenic activity.

Another methodology is the introduction of the carboxyl
group via the ortho-carbonylation of aniline derivatives
(Houlden et al., 2009) or the amidocarbonylation of
functionalized aryl halides (Fairlamb et al., 2007).

The preparation of the methyl ester can be achieved by
classic esterification (Cai et al., 2018; Frost et al., 2019),
transesterification (Wang Y.-W. et al., 2019) or oxidative
esterification of 2-amino benzylalcohol (Powell and Stahl, 2013;
Salam et al., 2014; Stahl et al., 2015; Hu and Li, 2017), and of
2-aminobenzaldehyde (Sarkar and Khan, 2015).

PMD – 2-(2-HYDROXYPROPAN-2-YL)-5-
METHYL CYCLOHEXAN-1-OL

Para-Menthane-3,8-Diol is a 10-Carbon cyclic terpene diol
whose structure is close to menthol andα-terpineol (Figure 5).
Its IUPAC designation is 2-(2-hydroxypropan-2-yl)-5-methyl
cyclohexan-1-ol.

Repellent Activity of PMD
Para-menthane-3,8-diol is considered as the natural and safe
topical repellent alternative to DEET (Diaz, 2016). Several studies
have demonstrated the high repellent activity and longevity
of PMD against Aedes, Anopheles, and Culex genera (Barnard
and Xue, 2004; Carroll and Loye, 2006), similar to DEET
(Carroll and Loye, 2006; Goodyer et al., 2010; Drapeau et al.,
2011), while having low toxicity – except eye irritation which is
observed for all non-toxic natural active ingredients – and no
adverse effect reported (Reifenrath et al., 2009). For example,
a 26% PMD formulation provided complete protection for 7–
8 h against A. albopictus and Ochlerotatus triseriatus and for 3 h
against Culex nigripalpus, which is comparable to a 7% DEET
formulation (Barnard and Xue, 2004). Moreover, recent studies
have shown that the time of action of PMD-based formulation
could be increased by the addition of vanillin or similar aromatic
aldehydes (Davies and Moses, 2017). The addition of 15% of
vanillin to a solution of 20% of PMD significantly changes
the time of protection from 5 to 9 h of complete protection,
while vanillin alone does not present any repellent activity. The

OH

OH

PMD

*

*
* OH

menthol

*

*
*

OH

-terpineol

*

natural and synthetically available

FIGURE 5 | Structure similarity of PMD, menthol and terpineol. *asymmetric
centers.

explanation of such behavior is still hypothetic. Vanillin as an
aromatic aldehyde could react with the diol moiety of PMD
and form acetal derivatives, which could serve as a reservoir of
PMD for prolonging the repulsive effect of the mixture. However,
this hypothesis needs to be carefully considered as a pioneer
study showed that the addition of vanillin to other repellents as
DEET – that cannot covalently react with vanillin – increased
systematically their time of action although not in the same
proportion (Khan et al., 1975).

Biological Mode of Action of PMD
The olfactory receptors targeted by PMD have not been studied
in details yet. However, Dickens and co-workers found that PMD
partially inhibits, and clearly less than IR3535, the odorant-
induced activation of AaOR2 and AaOR8 in A. aegypti (Bohbot
et al., 2011); while Leal and co-workers found that PMD
activates CquiOR136 and CquiOR32 in C. quinquefasciatus
in the absence of an agonist (Xu et al., 2014, 2018). Apart
from the sensory receptors, another class of proteins, the
odorant binding proteins (OBPs), play an important role
in the sensory system of mosquitoes (Leal and Leal, 2015).
Among various functions, they transport hydrophobic odorant
through the aqueous sensillar lymph to receptors embedded
on dendritic membranes of olfactory receptor neurons (Sparks
et al., 2018; Venthur and Zhou, 2018). They constitute the
first recognition step for an odorant/gustative compound before
reaching receptors, where the second recognition step takes
place. Leal and co-workers have identified two OBP, CquiOBP2
and CquiOBP5, in C. quinquefasciatus that bind PMD with
micromolar affinities (Yin et al., 2015). Interestingly, these two
OBPs bind PMD with a 10 fold affinity difference, suggesting a
potential selectivity toward PMD.

Stereoisomers of PMD
Para-menthane-3,8-diol presents three asymmetric centres and
has theoretically eight stereoisomers. However, only mixture
of the four stereoisomers, C1-C2-cis/C2-C5-trans-PMD and
C1-C2-trans/C2-C5-trans-PMD, occur in nature (Figure 6).
The repellent activity of each four natural stereoisomers was
individually tested but gave inconsistent results. Whereas Barasa
et al. (2002) have established that the four natural stereomers
have similar repellent activity against Anopheles gambiae, Lett
and Kraus (1992) have found that the cis isomer was more active
than the trans isomer as an insect repellent.

Para-menthane-3,8-diol is naturally present in plants, which
are rich in citronellal. PMD was found in essential oils (EO)
of Citrus hystrix (Rutaceae), Corymbia citriodora (Myrtaceae),
Cymbopogon winterianus (Poaceae), and Melissa officinalis
(Lamiaceae). Contrary to citronellal, natural PMD is present in
trace amounts in some EOs. The EO of C. citriodora leaves has
the highest PMD content, about 0.7% [0.5% of (+)-PMD, 0.2% of
(−)-PMD]. Interestingly, Degani et al. (2016) showed that the EO
of C. citriodora leaves from plants grown under shade had higher
levels of PMD, about 5% [4%(+)-PMD, 1%(−)-PMD].

It is clear that the hydrodistillation of leaves produces very low
quantities of PMD; the development of natural PMD production
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cannot meet market demand. That is why the majority of the
PMD used in repellents is derived from synthetic processes.

Syntheses of PMD
The biosynthesis of PMD has not been reported yet. However,
one can assume that a hypothetical biosynthesis of PMD in
leaves rich in citronellal consists of the ene-carbonyl reaction of
citronellal followed by the addition of H2O onto the intermediate
isopulegol (Scheme 5).

Most of the industrial syntheses of PMD bio-mimic this
reaction sequence and are catalyzed by Brønsted acids and more
rarely Lewis acids. After the pioneering works of Zimmermann
(Zimmerman and English, 1953), Takasago’s group (Kenmochi
et al., 1999; Yuasa et al., 2000) has produced intense efforts to
prepare a scalable preparation of PMD catalyzed by aqueous
sulfuric acid. In the three studies, the syntheses led to a mixture
of PMD, isopulegol, citronellal and an acetal (p-menthane diol
citronellal acetal); and led to a mixture of stereosiomers of PMD.
Following the work of Lett and Kraus (1992), the experimental
conditions have been extensively optimized to favor the cis isomer
[cristallisation at low temperatures (Shiroyama et al., 2001;
Komatsuki et al., 2013), addition of surfactants (Clark et al., 1984;
Dell, 2010, 2013) or phase transfert agents (Xuedong, 2013)].

Recently, greener processes have been described to synthesize
PMD but not always at an industrial level. The reaction
catalyzed by aqueous sulfuric acid was adapted to continuous
flow and led to a modest yield (54%) despite high temperature
(85◦C–145◦C) (Zeelie et al., 2009). Citric acid was used
as an alternative natural catalyst (Schöftner, 2015), but led
to modest cis/trans ratios (48/52-55/45). Micelles were also
added to the citric acid catalyzed reaction and decreased its
acidity (Clark et al., 1984). Although these methods using
citric acid seem to be more environment-friendly, they require
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SCHEME 5 | (A) Hypothetical biosynthesis of PMD in plants enriched in
citronellal; (B) bio-inspired industrial syntheses of PMD catalyzed by Brønsted
or Lewis acids. * asymmetric centers.

systematic work-up processes, neutralization and extraction,
which generate unsatisfactory Sheldon factors (mass ratio of
waste to desired product).

Another eco-friendly strategy consisted of generating an
acidic solution, pH = 3.6, by the addition of CO2 into the
aqueous reaction mixture. However, a pressure of 1 MPa was
required (Cheng et al., 2009), which limits the large-scale
development of this synthesis, as such high pressure represents
an industrial risk.

The synthesis of PMD catalyzed by Lewis acid was less
studied, because of less efficient and slow reactions. Kocovsky
et al. used Mo(CO)5(OTf)2 as a Lewis catalyst in DME and
obtained 80% of the cis stereoisomers after 48 h (Kočovský et al.,
1999). Although this high stereoselectivity, the preparation of
the catalytic complex was delicate, hazardous, expensive and
the solvent toxic. A polyanionic supramolecular gallium-based
assembly was used for driving protonation at the aldehyde oxygen
of citronellal and a subsequent cyclization into PMD. Although
this complex worked in water at moderate temperatures and
at pH = 3.2, 10 mol% Ga and 28 h at 60◦C were required to
promote the reaction (Hart-Cooper et al., 2012), making the
process difficult for an industrial development.

Although the syntheses PMD are bio-inspired, the
indiscriminate “natural” classification assigned to PMD is
debatable as it is produced by chemical syntheses, far from being
environmental-friendly.
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PMD IN ESSENTIAL OILS (EOS)

Syntheses of PMD Within EOs
In a context of attractiveness to natural products, the synthesis of
PMD catalyzed by Brønsted acids can be performed using directly
EOs enriched in citronellal. The EO of C. citriodora, containing
a range of 73–80% of citronellal has been the most studied.
Two strategies were described to promote the transformation of
citronellal within the EO of C. citriodora into PDM (Figure 7).
Xuedong added a mixture of 0.1–0.2% brominated polystyrene
resin, tributylamine (acute toxicity) and sulfuric acid (0.3%) to
the EO (Xuedong, 2013) while Drapeau et al. added citric acid
to the EO (Drapeau et al., 2011). Although the second strategy
is eco-friendlier, a subsequent neutralization step due to the
solubility of citric acid in PMD was required and induced the
formation of wastes (extraction solvent, inorganic salts) which
presents a negative environmental impact (Wilson, 2007).

The current appellation of repellents containing PMD made
from EO of C. citriodora can cause confusions (Citriodiol R©,
PMDRBO, “oil of lemon eucalyptus,” “Eucalyptus citriodora
oil, hydrated, cyclized”). These products are considered and
presented as “natural” but have gone through a chemical
transformation. However, a substance is considered as
“natural” when it is obtained from materials of plant, animal,
microbiological or mineral origin by natural processes. This
questions the natural status that could be attributed to modified
or PMD enriched EO (Yuasa et al., 2000). Repellents containing
PMD synthesized from C. citriodora EO do not meet the above-
mentioned requirements and cannot be considered as “natural.”
Besides, it is necessary to clearly distinguish PMD enriched EOs
that offer a long-term protection from EOs with PMD naturally
occurring in negligible amounts (<1%) whose repellent effect
is much shorter.

Repellent Activity of PMD Within EOs
Comparison between the repellent activity of PMD by itself
and mixed with an EO led to interesting results. Drapeau et al.
(2011) showed that an EO from C. citriodora containing 13%
of PMD has a repellent activity 1.5 times longer than a 13%
solution of pure PMD produced by Takasago company and 10
times longer than the non-modified parent EO from C. citriodora.
Three hypotheses can be raised here to explain the increased

 Essential Oil 
of Corymbia citriodora
containing citronellal

citric acid

OH

OH

PMD in Essential Oil

H2SO4, 
brominated polystyrene resin,

(C4H9)3N

FIGURE 7 | Syntheses of PMD directly from EO of Corymbia citriodora
catalyzed by Lewis acids.

repellent activity of a solution of PMD within an EO versus a
solution of pure PMD. The EO could modify the physicochemical
properties of a solution of PMD and slower the evaporation rate
of PMD. Thermogravimetric analyses were performed but could
not support this hypothesis, as PMD within C. citriodora EO has
the same vapor pressure as pure PMD (Drapeau et al., 2011).
A second hypothesis is that PMD within C. citriodora EO could be
partially trapped as the acetal described in Scheme 5 and slowly
releases it upon time. However, this hypothesis is not verified,
as the quantity of this acetal is negligible in comparison to the
quantity of PMD within the EO (Drapeau et al., 2011). A third
hypothesis is that mixing PMD with an EO could have a higher
repellent activity than pure PMD. However, the experiment
performed to assess the repellent activity was conducted by
comparing the duration of repellency and not by evaluating the
absolute repellency at a single time. It is therefore not possible to
conclude accordingly, but such additive/synergistic effects should
be specifically addressed.

The capacity to boost the repulsive activity against mosquitoes
by mixing a combination of natural compounds deserves
special attention.

THE SYNERGISTIC EFFECT OF BLENDS

Repellent Activity of EOs Linked to the
Sensory System of Mosquitoes
Rare studies have focused on mixing active compounds of
repellents but have clearly evaluated their subsequent repellent
activity against mosquitoes (Pohlit et al., 2011; Islam et al.,
2017). Odalo et al. (2005) studied the repellent activities against
Anopheles gambiae of EOs from six plant species growing in
Kenya, their major constituents and synthetic EOs made from
mixing these major constituents. The major constituents of
the EOs were tested individually and showed a relatively high
repellent activity, but not as high as the parent EOs. Interestingly,
the synthetic EOs showed either a comparable or higher repellent
activity than the corresponding parent EOs. These results suggest
additive or synergistic effects of the interaction of blended EO
constituents (and/or also suppressive repellency diminishing
effects of non-active components).

Taking into account the complexity of the sensory system and
the vast repertoire of sensory receptor proteins of a mosquito
species (Sparks et al., 2018), this observation is not surprising.
An optimal repellent activity could be obtained with an adapted
mixture of components. In insects, besides few exceptions, the
same molecule can activate different sensory receptors, and the
same receptor can be activated by different molecules (Andersson
et al., 2015). Thus, increasing the number of active molecules
present in a blend of repellent compounds could potentially
lead to the activation of several receptors, triggering olfactory
sensory neurons hosting these receptors to concurrently send
multiple signals to higher brain centres of the insect and
potentially synergizing the overall repellent effect. Besides, using
a mixture of repellent molecules could as well slow down the
appearance of resistance toward a given repellent formulation
as loss-of-function mutations should take place on different
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sensory genes at the same time. Nonetheless, these two ideas
remain to be tested.

Potential Toxicity of EOs
In this context, the chemical diversity of EOs composition
should be an advantage (Pohlit et al., 2011). The repellent
action against A. albopictus of 14 Lamiaceae-derived EOs
and 24 of their terpenes was recently assessed (Giatropoulos
et al., 2018). Origanum mantzuranum and Satureja thymbra
(Lamiaceae) EOs had a high repellency against A. albopictus,
due to their high content in carvacrol and thymol. These
terpenes prevented A. albopictus landings on the skin to a greater
extent than DEET. However, although their efficacy and their
natural origin, the utilization of natural EOs as topical mosquito
repellent should be carefully considered. Some of their active
compounds, mainly terpenes, present adverse effects even at the
low concentrations they are found in EOs (Llana-Ruiz-Cabello
et al., 2014). Thymol can cause eye and skin damages, has
led to skin irritation and sensitization, and is considered to
be between moderately and very toxic (Gosselin et al., 1976;
Salehi et al., 2018). Carvacrol provokes skin irritation, has
been classified as very toxic to humans with an oral lethal
dose of 50 mg/kg and showed moderate cytotoxic effects in
HeLa cells (Gosselin et al., 1976; Opdyke, 1979; Sharifi-Rad
et al., 2018). Apart from these two specific compounds, the
major components of EOs used in mosquito repellents, that
are citronellal, linalool, eugenol and its derivatives, also raised
health concerns (Pohlit et al., 2011). Citronellol causes serious
eye and skin irritation while linalool and eugenol are classified
as allergenic substances (Restrictions and Allergens | Oxford
Biosciences, 2003); eugenol and its derivatives are also classified
as reasonably recognized to be human carcinogens (Strickman
et al., 2009; National Toxicology Program, 2016 14th Report
on Carcinogens).

Using EOs as a repellent, or adding active molecules to
trigger a synergistic effect to it, is not without risk, since
some EOs contain potentially hazardous molecules for health.
Pinpointing the compounds detected by mosquitoes from a
given formulation, and hence those that are not detected,
would help to reduce the number of molecules to be used
and get rid of the unwanted side effects of non-detected

compounds. This knowledge would help to design mixtures of
natural compounds with an optimized repellency and decreasing
considerably their toxicity.

Repellent Activity of Fatty Acids Derived
From Glyceridic Oil
Glyceridic oils, obtained by pressing fruits of plants, are widely
used as carrier of EO components in mosquito repellent
formulations. However, numerous glyceridic oils – castor,
mustard, neem, margosa, olive, and soybean oils for example –
present as stand-alone a repellent activity against mosquitoes
(Pohlit et al., 2011). They have been tested as topical repellents
and/or in burned sticks and provided mixed responses. An
interesting example is the 2% soybean oil formulation, which
exhibited repellency comparable to a 15% DEET solution
against A. albopictus, C. Nigripalpus, and Aedes triseriatus
(Barnard and Xue, 2004).

A few studies have focused on identifying the active
compounds within glyceridic oils, which are constituted of a
mixture of glycerides (Figure 8).

However, it has been known for some time that mosquitoes
are sensitive to free long-chain fatty acids (Hwang et al., 1984).
More recently, Zhu et al. (2018) studied the repellent activity
of a glyceridic oil, the coconut oil and its hydrolyzed products
mixed and separately, free fatty acids. While the coconut oil itself
does not present any repellent activity, the mixture of free fatty
acids and some of them individually present an impressive and
long-lasting repellency, better than DEET, against blood-sucking
insects. Interestingly, the authors noted that the mixture of free
fatty acids has a better repellent activity than any of the free
fatty acids alone, suggesting a synergistic effect. However, this
effect was studied extensively only on stable flies and would be
interesting to extend to mosquitoes, which already showed a
higher sensitivity to the mixture of free fatty acids compared to
DEET at similar concentrations.

CONCLUSION

Mosquito repellent formulations are facing new societal
challenges that demand a high repellent activity of sustainable
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and natural products. Bio-sourced mosquito repellents represent
an interesting and alternative tool of protection against rising
vector-born diseases in the context of globalization. The
bio-sourced repellents that were presented in this review,
IR3535, pyrethrin and its derivatives, methyl jasmonate, methyl
anthranilate and PMD, show a topical repellent activity similar to
the best synthetic repellents as DEET and picaridine. However,
the reagents and processes used in the synthetic routes leading
to bio-sourced repellents are far from respecting a sustainable
chemistry. Their industrial productions are clearly different
from their biosynthesis pathways and are often based on
reaction conditions that do not meet the REACH regulation.
Their natural origin can be fully artificial as their carbon
backbones present a natural moiety but do not synthetically
derived from natural compounds. Much effort remains to
be realized for developing mosquito repellents that can be
certified as natural.

Although the toxicity of some components should be carefully
addressed, the utilization of Essential Oils as mosquito repellents
has shown renewed emphasis. The recent observation of
additive/synergistic effects in EOs and in glyceridic oils, in which
mixture of active compounds give a higher repellent activity than
isolated active compounds, could become a potential solution. It
would help the design of mixtures of natural, active and non-toxic
compounds. PMD generated from citronellal within the EO of is
the most striking example so far.

The recent discoveries on mosquito chemoreception should
be considered to deepen this new approach of designing

repellent mixtures. However, the current partial understanding
of the complex chemoreception and the subsequent neural
responses of mosquitoes restrict the design of new and efficient
bio-sourced repellents. Multidisciplinary research combining
insect neurobiology and green chemistry is crucial to develop
highly efficacious repellents based on combination of nature-
derived compounds.
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